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Abstract

Personalized drugs, as well as disease-specific and condition-dependent drug release, have been highly desired in drug
delivery systems for effective and safe therapies. Four-dimensional (4D) printing, as a newly emerging technique to develop
drug capsules, displays unique advantages that can autonomously control drug release according to the actual physiological
circumstances. Herein, core—shell structured hydrogel capsules were developed using a multimaterial extrusion-based 4D
printing method, which consists of a model drug as the core and UV cross-linked poly(N-isopropylacrylamide) (PNIPAM)
hydrogel as the shell. Owing to the lower critical solution temperature (LCST)-induced shrinking/swelling properties, the
prepared PNIPAM hydrogel capsules showed temperature-responsive drug release along with the topography changes in the
cross-linked PNIPAM network. The in vitro drug release test confirmed that the PNIPAM hydrogel capsules can autonomously
control their drug release behaviors according to changes in ambient temperature. Moreover, the increased shell thickness of
these capsules causes an obvious reduction in drug release rate, distinctly indicating that the drug release behavior can be
well adjusted by setting the shell thickness of the capsules. The proposed 4D printing strategy pioneers the paradigm of smart
drug release by showing great potential in the smart controlled release of drugs and macromolecular active agents.
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Introduction

Traditional dosage forms for oral drug delivery are mainly
tablets and two-piece capsules, with the major issues being a
fixed dose and limited dosage strength of drugs [1]. However,
for the treatment of a given type of disease, the individual
needs of each patient may be different [2, 3]. The increasing
demand for personalized drugs (in terms of dosage strength,
release time, and/or drug combinations) [4, 5] by specific
individuals is changing the landscape of drug manufacturing,
urging the drug industry to consider new methods of drug
production [1, 6-9].

3D printing (3DP) is a computer-aided manufacturing
process that assembles materials into parts via layer-by-
layer deposition or solidification processes [10]. The 3DP
approach offers various advantages suited to meeting the
challenges facing the drug sector, including rapid prototyp-
ing, multimaterial integration, the fabrication of complex
geometries [11], and the possibility of using a wide range of
excipients to solubilize [12], target, or control drug release
[13]. To date, several methods have been leveraged to fabri-
cate personalized drugs, such as fused deposition modeling
(FDM) [14-17], stereolithography (SLA) [1, 18, 19], extru-
sion printing [20, 21], selective laser sintering (SLS) [22]
and inkjet printing [13, 23, 24] 3DP processes. Among them,
the extrusion 3D printing process has the advantages of eas-
ily adjusted printing conditions, low machine operating cost,
simplicity, and convenient customization [25-27]. Moreover,
it can be used to print biopolymer materials carrying living
cells [28]. In contrast, 4D printing, as an emerging technique
originating from 3D printing where the material shape, prop-
erties, and functionality are able to transform under external
stimuli, shows promising capabilities and has broad poten-
tial applications [25, 29]. Smart materials that can transform
their morphologies in response to external stimuli, such as
hydrogels, shape memory materials, and liquid crystalline
elastomers, are widely applied in 4D printing technologies
[30, 31].

Hydrogels are three-dimensional, cross-linked networks
of water-soluble polymers [32], offering an environment
similar to that of natural tissues [33]. Owing to their high
elasticity, softness, and biocompatibility [34], hydrogels have
been applied in various medical fields, such as cellular immo-
bilization [35], bioengineering, and regenerative medicine
[36-38]. The unique physical properties of hydrogels have
sparked particular interest in their utility in drug delivery sys-
tems [39—41]. Since the traditional manufacturing processes
of hydrogel drugs can produce 2D forms or simple 3D struc-
tures by templating, the number of hydrogel drugs produced
by 3DP is gradually increasing. However, challenges still
remain in the application of the current 3DP hydrogel drugs,
such as: only a single type of drug can be loaded [1, 42];
printed hydrogel drugs have poor shape fidelity [43, 44];

sometimes the hydrogel must be soaked in the drug solu-
tion to load the drug [39]; and the release modes of drugs
are mostly delayed, immediate and/or constant release [45],
which cannot be controlled in real time by environmental
stimuli and do not fully utilize the advantages of 3DP hydro-
gel drugs [46].

In this paper, we propose multimaterial extrusion-based
4D printed hydrogel capsules for smart controlled drug
release. The 4D-printed capsules have a core—shell struc-
ture, where the “core” is composed of a model drug, and the
“shell” is composed of poly(N-isopropylacrylamide) (PNI-
PAM) hydrogel cross-linked by UV irradiation [47-49].
PNIPAM is a representative thermosensitive polymer that
displays a lower critical solution temperature (LCST) phase
transition in water, and it undergoes a rapid hydrophilic-
hydrophobic transition at approximately 32 °C [50]. Due to
its thermo-responsive characteristics, the PNIPAM hydrogel
demonstrates LCST-induced shrinking/swelling properties,
which can cause the changed topography of the cross-linked
PNIPAM network. The temperature sensitivity of PNIPAM
hydrogel was explored by measuring the swelling ratio (SR)
of the hydrogel at different temperatures. Moreover, the
effects of hydrogel capsule shell thickness and environmen-
tal temperature on drug release properties were investigated.
Finally, the in vitro drug release profiles of the hydrogel
capsules were analyzed to explore the self-controlled drug
release behavior based on the environmental conditions.

Experimental section
Materials

The monomer N-isopropylacrylamide (NIPAM, 2% stabi-
lizer), the photoinitiator a-ketoglutaric acid, the cross-linker
N,N’-methylenebisacrylamide (MBAA), the rheology mod-
ifier Carbomer 940, and NaOH were all purchased from
Shanghai Macklin Biochemical Co., Ltd. (China). The model
drugs Brilliant Blue and Lemon Yellow were obtained
from Tianjin Duofuyuan Industrial Co., Ltd. (China). The
phosphate-buffered solution (PBS) was purchased from
Shanghai Ruichu Biotech Co., Ltd. (China). All materials
were used as received, and all solutions were prepared using
ultrapure water (resistivity = 18.2 MQ-cm).

Preparation of printing inks

We prepared the NIPAM printing ink according to a previous
report [51]. First, NIPAM was dissolved in water to form
a 2 mol/L solution. Then, Carbomer 940 powder (1.0, 3.0,
and 5.0% (w/v)) was added to 10 mL of 2 mol/L. NIPAM.
Two hundred microliters of 0.1 mol/L a-ketoglutaric acid
and 40 pL of 0.1 mol/L MBAA were added to the precursor
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ink, followed by mixing using a planetary centrifugal mixer
(Thinky, AR-100). As the carbomer swelled to a different
extent at different pH values, 70 WL of 10 mol/L NaOH was
used to adjust the pH level, and the NIPAM printing ink was
mixed again and degassed for 5 min.

To prepare printing inks containing the model drugs, Car-
bomer 940 powder (1.0% (w/v)) and 0.05 g of model drug
(Brilliant Blue and Lemon Yellow) were added to 10 mL of
water, followed by mixing using a Thinky mixer. After adjust-
ing the pH level, the inks were mixed again and degassed for
5 min.

Subsequently, all of the inks were loaded into syringes
for later use. Before the syringes were assembled on the 3D
printer, the inks were degassed again to ensure that there were
no bubbles affecting the subsequent printing performance.

Measurement of rheological properties

The rheological properties of NIPAM printing inks with dif-
ferent carbomer concentrations were measured by a theome-
ter (MCR702, Anton-Paar) with a 25 mm diameter plate at
25 °C. To quantitatively determine the storage modulus (G')
and loss modulus (G”) as a function of oscillation stress,
dynamic oscillation stress sweep experiments were carried
out within shear stresses from 1 to 1000 Pa at a frequency
of 1 Hz. To explore the viscosity of NIPAM printing inks at
different carbomer concentrations, a steady-state flow exper-
iment was carried out with shear rates ranging from 0.01 to
1000 s~ 1.

4D printing

The samples were printed by a homemade extrusion 3D
printer with freely designable printing parameters. Syringes
with 0.34 mm inner nozzle diameter were used to load the
printing inks and extrude strands. The syringes were assem-
bled on the 3D printer. In the extrusion process, the extrusion
pressure changed with the printing speed and nozzle diam-
eter. Open-source slicing software (Slic3r) was employed to
regulate the parameters. The 3D printing process was per-
formed under ambient conditions. The printed samples were
placed in an airtight box from which oxygen was expelled by
constant nitrogen flux, and then exposed to UV light (365 nm)
for 40 min to fix their shape.

Microstructure of PNIPAM hydrogels at different
temperatures

The internal microstructure of PNIPAM hydrogels at differ-
ent temperatures was observed through a scanning electron
microscope (Model Evol8 Carl Zeiss, Oberkochen, Ger-
many). Samples of the hydrogels were lyophilized in a
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freeze-drying oven (LGJ-10C, Beijing Four Ring Scientific
Instrument Factory Co., Ltd., China) for 48 h and coated
with gold before scanning electron microscopy (SEM) exam-
ination. Two distinct treatment methods were adopted for
different hydrogel samples before lyophilization. In the first
method, when the swollen hydrogel samples reached the
equilibrium swelling state in water at different temperatures,
they were frozen thoroughly at — 50 °C for 24 h and then
lyophilized. In the other method, when the swollen hydro-
gel samples reached the equilibrium swelling state in water
at different temperatures, they were immediately frozen in
liquid nitrogen and then lyophilized.

Macroscopic morphology of PNIPAM hydrogels
at different temperatures

The macroscopic morphology of PNIPAM hydrogels at
different temperatures was observed through a digital micro-
scope (VHX-6000, KEYENCE). Before the observations,
the swollen hydrogel sheet samples reached the equilibrium
swelling state in water at room temperature. An infrared cam-
era (FLIR E8, USA) was used to measure the temperature
variations in the hydrogel sheet samples, and temperature
data were obtained from the surface of the hydrogel and heat-
ing plate.

Determination of swelling ratio (SR)

The PNIPAM hydrogels were blotted with filter paper to
remove any uncured liquid formulation on the surface imme-
diately after UV curing, and they were weighed (W;).
Subsequently, the hydrogels were placed in water at dif-
ferent temperatures for 12 h. The weight of the hydrogels
was recorded at regular time intervals (W), and any excess
water was carefully wiped off before weighing the samples.
After the testing was finished, the hydrogels were dried and
weighed (Wy). SR was calculated using the following equa-
tion: SR = W/W;. The water content of PNIPAM hydrogel
after UV curing was calculated using the following equation:
water content (%) = (1 — Wyq/W;) x 100%.

In vitro drug release

In order to investigate the controlled release properties of the
hydrogel capsules, we explored the drug release parameters
of the capsules with a shell thickness of 2 mm at different
temperatures and different shell thicknesses (2, 4, and 6 mm)
at 22 °C. The hydrogel capsules were placed into vials con-
taining 40 mL of PBS (pH = 7.4) at different temperatures.
Then, 50 L of the release medium was removed at each pre-
determined time point. The amount of Brilliant Blue released
was measured by a UV-Vis spectrophotometer (Evolution
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Fig. 1 Rheological properties of NIPAM printing inks. a Log—log plot
of shear storage modulus (G') and shear loss modulus (G”) as a func-
tion of shear stress for NIPAM printing inks with varying carbomer

350, Thermo Fisher Scientific (China) Co., Ltd.). All cap-
sule release experiments were carried out in triplicate.

Results and discussion
Rheological properties of the printing inks

The smart hydrogel capsules were printed by an extrusion
3D printer, and the rheological properties of the printing
ink affected the quality of the prints. We used carbomer as
the rheological modifier; therefore, it was necessary to first
determine the concentration of carbomer. The rheological
behaviors of NIPAM printing inks with different carbomer
concentrations are shown in Fig. 1a. It can be seen that, at the
initial section of the curves, the shear storage modulus G’ of
the inks is larger than the shear loss modulus G”, indicating
that the inks are in a stable gel state with excellent elastic-
ity. When the shear stress is larger than a certain value, the
shear loss modulus G” exceeds the shear storage modulus
G, indicating the liquid state of the printing inks. The shear
storage modulus G’ and the shear loss modulus G” increase
with the concentration of carbomer. The viscosity of NIPAM
printing ink is also a crucial factor for 3D printing. Figure 1b
describes the viscosity as a function of the shear rate. The vis-
cosity value increased from 7757.6 to 23,269 Pa-s under a low
shear rate (10~2 s~ 1), and it increased from 0.89 to 3.21 Pa-s
under a high shear rate (10° s=!). The inks clearly show
shear-thinning behavior, and the ink with higher carbomer
concentration has higher viscosity. We further compared the
extrusion fluency of inks with different carbomer concentra-
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concentrations. b Log—log plot of viscosity as a function of shear rate
for NIPAM printing inks with varying carbomer concentrations

tions (Fig. S1, Supplementary Information). We found that
5% (w/v) carbomer was too much to be uniformly dispersed
in the printing inks, which led to the nozzle easily clogging
during printing. The ink with 3% (w/v) carbomer required
a prolonged time or a greater extrusion pressure to extrude
the ink due to its high viscosity. In contrast, the inks with
1% (w/v) carbomer showed excellent performance under the
same printing parameters, and the printed shape also exhib-
ited high fidelity [51]. Moreover, less rheology modifiers in
the ink will increase the water content of the hydrogel and
better maintain its original properties, promoting the diffu-
sion of drugs and nutrients [52]. Therefore, we used inks with
1% (w/v) carbomer for printing.

Multimaterial extrusion 4D printing

Figure 2a displays the schematic diagram of the home-
made multimaterial extrusion 3D printer, whose printing
parameters can be freely designed. Figure 2b provides a
schematic illustration of the 4D-printed hydrogel capsules
with a core—shell structure. The ‘“core” is composed of
the model drug, and the “shell” is composed of PNIPAM
hydrogel. Figure 2c shows the shape of a printed hydrogel
capsule with a shell thickness of 2 mm before and after UV
irradiation. The hydrogel capsule was cross-linked by UV
irradiation. First, the photoinitiator a-ketoglutaric acid was
activated into radicals by 365 nm UV light and then interacted
with the monomer NIPAM and cross-linker MBAA to form
PNIPAM hydrogels [47, 49, 50]. The printed shape exhibits
high fidelity, and the capsule is able to retain its shape until
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Fig.2 4D printing of hydrogel capsules. a Schematic diagram of the
homemade extrusion 3D printer. b Left-right schematic of the 4D-
printed hydrogel capsules, including the overall structure of core—shell,

fully UV cross-linked, as required. The structure and shape
of the capsules were close to the predesigned conditions.

Characterization of PNIPAM hydrogel
Influence of temperature on the microstructure

Figure 3 exhibits SEM photographs of the internal
microstructure of freeze-dried hydrogel samples. It is worth
noting that, to more accurately observe the relative pore
size of PNIPAM hydrogel at different temperatures, two dis-
tinct treatment methods were adopted for different hydrogel
samples before lyophilization. Figures 3a and 3b show the
internal microstructure of 22 °C and 42 °C hydrogel samples
that were both thoroughly frozen at — 50 °C for 24 h before
lyophilization, respectively. Figures 3¢ and 3d show the inter-
nal microstructure of 22 °C and 42 °C hydrogel samples
that were both immediately frozen in liquid nitrogen before
lyophilization, respectively. As seen in Fig. 3, the PNIPAM
hydrogels presented a honeycomb-like structure and uniform
distribution. Due to the influence of lyophilization process
conditions, varied pore sizes were observed on the hydrogels
treated by the two different methods but under the same tem-
perature. The hydrogels at 42 °C (Figs. 3b and 3d) exhibited
a denser microstructure than those at 22 °C (Figs. 3a and
3c). As the temperature increased, the internal pore size of
the hydrogel reduced, indicating that the hydrogel has dif-
ferent pore sizes at different temperatures and exhibits good
temperature sensitivity.

Influence of temperature on macroscopic morphology

Figures 4a and 4d show the infrared images of hydrogels
taken by an infrared camera, where the real-time temper-
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ature distribution of the PNIPAM hydrogel sheet samples
is clearly shown. Figures 4b and 4e are the enlarged views
indicated by the crosshairs in Figs. 4a and 4d, respectively.
Figures 4c and 4f display the 3D morphology images of
Figs. 4b and 4e, respectively. Figures 4b and 4e show the
surface macroscopic morphology of the hydrogels at approx-
imately 23 °C and 36.3 °C, respectively. As seen, “sweat”
appears on the hydrogel surface with increasing temperature
(Fig. 4e), and the morphology of the hydrogel with “sweat” is
more directly reflected by the 3D composite image (Fig. 4f).
Moreover, the overall size of the hydrogel sheet sample
gradually decreases, and the volume shrinks with increasing
temperature (Movie S1, Supplementary Information). These
volume changes can be attributed to the alteration of polymer
hydration state with the temperature change. Temperature
variations can affect the hydrophobic interactions between
groups and the hydrogen bonding between macromolecular
chains. In aqueous media at approximately 32 °C, PNIPAM
undergoes a rapid hydrophilic-hydrophobic transition, and
this temperature is termed LCST [50, 53]. When the tem-
perature is lower than LCST, the polymer molecular chain is
stretched, and the water molecules are dispersed in the net-
work structure. Meanwhile, when the temperature rises above
LCST, the interactions between the polymer chain segments
increase, and the network structure shrinks. As aresult, water
molecules are squeezed out, resulting in a volume decrease,
which leads to the phenomenon of “sweating.” The above
observations indicate that the PNIPAM hydrogel has high
sensitivity to temperature.

Temperature sensitivity of PNIPAM hydrogel

The thermal sensitivity of PNIPAM hydrogel was deter-
mined by measuring the SR of the hydrogel at different
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Fig.3 SEM photographs of PNIPAM hydrogels. The internal internal microstructure of ¢ 22 °C and d 42 °C hydrogel samples that
microstructure of a 22 °C and b 42 °C hydrogel samples that were were immediately frozen in liquid nitrogen before lyophilization
thoroughly frozen at — 50 °C for 24 h before lyophilization, and the

C
s362m
; 3 D 285.96
. 2030
composite ner
. 1208
image =
w16
0.00
-

Fig.4 Macroscopic morphology of PNIPAM hydrogels at different ¢, f Morphological 3D composite images of hydrogels. e Surface macro-
temperatures. a, d Real-time temperature distribution of hydrogels. scopic morphology of hydrogel at approximately 36.3 °C
b Surface macroscopic morphology of hydrogel at approximately 23 °C.
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temperatures. Body temperature is one of the major phys-
iological parameters related to health state [54]. Normally,
the body temperature varies from 35 to 42 °C, and values
lower than 35 °C are considered as hypothermia [55]. In
aqueous media at approximately 32 °C, PNIPAM undergoes a
rapid hydrophilic-hydrophobic transition. To better evaluate
the temperature sensitivity of the PNIPAM hydrogel above
and below its LCST, the hydrogel was assessed over a wide
temperature range, including the body temperature window.
Figure 5 illustrates the influence of temperature on the SR
of PNIPAM hydrogel. PNIPAM hydrogels at lower tempera-
tures had a higher SR than those at higher temperatures, while
the hydrogels at higher temperatures reached an equilibrium
swelling state earlier than those at lower temperatures. When
PNIPAM hydrogel is kept at a lower temperature, internal
hydrogen bonds between amide groups and water molecules
become dominant, thus facilitating the swelling of the PNI-
PAM network in water [39, 56]. However, the hydrophobic
interactions between hydrophobic segments surge as the tem-
perature increases, weakening the hydrogen bonds between
amide groups and water molecules, resulting in hydrogel
shrinking [50, 56, 57]. As a result, the water molecules are
squeezed out, leading to a decrease in the hydrogel volume.
Therefore, hydrogels at higher temperatures had a lower SR,
and they reached an equilibrium swelling state earlier than
those at lower temperatures. Since the average water content
of the UV-cured PNIPAM hydrogel was 76%, the hydrogel
at 42 °C—much higher than LCST—shows deswelling at
the beginning of the curve, as shown in Fig. 5. It is seen
in the figure that PNIPAM hydrogel has excellent temper-
ature sensitivity, and its internal pore size can change with
temperature. The pore size is approximately constant at a
certain temperature when the hydrogel reaches the equilib-
rium swelling state. These properties lay the foundation for
achieving a smart controlled drug release from 4D-printed
hydrogel capsules under different temperature stimuli.

In vitro drug release profiles
Effect of temperature on drug release

The hydrogel capsules have a core—shell structure, where
the “core” is composed of the model drug Brilliant Blue,
and the “shell” is composed of PNIPAM hydrogel. Figure 6a
shows the schematic diagram of the temperature-dependent
release of PNIPAM hydrogel shell. Regular PNIPAM hydro-
gels containing drugs shrink rapidly at high temperatures,
resulting in a rapid and uncontrollable drug release [39, 57].
In contrast, the core—shell hydrogel capsules featuring PNI-
PAM hydrogel as the capsule shell exhibit the advantage of
self-controlled drug release behavior according to ambient
temperature. Normally, the body temperature varies from 35
to 42 °C, while patients with hypothermia have body temper-
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Fig.5 Influence of temperature on the SR of PNIPAM hydrogel

atures below 35 °C [55]. As shown in Fig. 6b, experiments on
drug release from hydrogel capsules with a shell thickness of
2 mm were conducted over a wide temperature range, includ-
ing the body temperature window. After 12 h, more than 80%
of the Brilliant Blue was released from the hydrogel capsules
at the relatively low temperatures of 22 °C and 27 °C, while
the proportions of drug released at 32 °C, 37 °C, and 42 °C
were approximately 77%, 68%, and 60%, respectively. These
experimental results indicate that high temperature triggers
arelatively low drug release behavior. Drug release is highly
dependent on the contact between the drug and the release
media in the hydrogel shell. The mesh size regulates steric
interactions between the drug and the hydrogel network [58,
59]. The larger the size of hydrogel mesh, the more release
media can be easily contained, thus facilitating drug release
[53, 60]. As the temperature increases, the hydrogel mesh
gradually shrinks, and less water is contained in the hydrogel
shell (Fig. 6a), thus reducing the contact between water and
the drug inside the capsule. As the pore size of the hydrogel
decreases, the resistance of water and drug release from the
capsule to the outside increases, which results in slower drug
release. On the other hand, when the temperature decreases,
the internal pore size of the hydrogel shell increases, which
allows the drug release from the inside of the hydrogel cap-
sule to the outside by diffusion [39, 61]. Temperature is the
“transfer switch” for the drug release rate of the core—shell
hydrogel capsules, which can slow down drug release at
higher temperatures and promote it at lower temperatures.
Hydrogel capsules are particularly suitable for loading long-
term therapeutic drugs that physicians do not recommend
patients to take orally when body temperatures are high [62,
63].
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Fig. 6 Effect of temperature on drug release. a Schematic diagram of the temperature response of the PNIPAM hydrogel shell. b Model drug release
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Fig. 7 Effect of shell thickness on drug release. a Longitudinal section schematic diagram of hydrogel capsules with different shell thicknesses.
b Model drug release profiles of hydrogel capsules with different shell thicknesses at 22 °C

Effect of shell thickness on drug release

Figure 7a presents a longitudinal section schematic dia-
gram of hydrogel capsules with different shell thicknesses
but the same “core” size. Since UV curing time affects the
crosslinking degree and thus the release of drug, in order to
make the crosslinking degree of the hydrogel capsules with
different thicknesses as similar as possible, capsules with
different shell thicknesses were irradiated by UV light for
40 min. The longer UV light irradiation time would allow
the NIPAM monomers to cross-link as completely as possible
into PNIPAM hydrogel, thus reducing the effect of different
crosslinking degrees and for a better comparison of the drug

release results. Figure 7b shows the drug release profiles of
hydrogel capsules with different shell thicknesses (2, 4, and
6 mm) at 22 °C. After 9 h, approximately 80% of the Bril-
liant Blue was released from the hydrogel capsule with a
shell thickness of 2 mm, while the amounts of drug released
from the capsules with shell thicknesses of 4 mm and 6 mm
were approximately 42% and 11%, respectively. According
to the experimental results, drug release becomes slower as
the shell thickness increases. The time it takes for the drug
to diffuse through the hydrogel further depends on the dif-
fusion length [58, 61]. Therefore, the shell thickness of the
hydrogel capsules affects drug release. The diffusion length
extends with the increase of shell thickness of the hydrogel
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Fig.8 4D-printed PNIPAM
hydrogel “multieffect single
capsules”. a Sample
photographs of 4D-printed
hydrogel capsules containing
multiple drugs before (left) and
after (right) UV curing.

b Sample photographs of
4D-printed hydrogel capsules
containing multiple drugs and
different doses of a single drug
before (left) and after (right) UV
curing

capsules, resulting in a slower release rate, and a longer time
period required to release the same amount of drug.

It can be seen from these data that, among the factors
affecting drug release from the hydrogel capsules, tempera-
ture and shell thickness play critical roles. Therefore, we can
program the release behavior by designing the shell thickness
of the printed capsules.

Design of “multieffect single capsules”

In drug delivery, to treat one or more diseases, patients
may need to take a drug multiple times or take multiple
drugs at once [6]. However, different patients have differ-
ent individual needs, and they may need different plasma
concentrations for different drugs. According to the forego-
ing results of the in vitro drug release profiles, it can be seen
that the PNIPAM hydrogel capsules can self-change drug
release behavior under different temperatures, and the drug
release can be programmed by designing the shell thickness
of the capsules. Since the rate of drug diffusion through the
hydrogel depends on the diffusion length, with the increase
of shell thickness of the hydrogel capsules, the drug release
becomes slower. As an extension of the above results and
for a proof of concept, we designed 4D-printed smart hydro-
gel capsules containing multiple drugs and different doses
of a single drug (Fig. 8); Brilliant Blue and Lemon Yellow
were used as the model drugs. The demonstration represents
a conceptual design illustrating that the type and dose of
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drugs can be customized according to the individual needs
of patients, and that drug release can be controlled by both
the thickness of the hydrogel shell around the drug core and
the release temperature of the capsule to achieve release on
demand through such “multieffect single capsules.”

Conclusions

In summary, we have demonstrated that the multimaterial
extrusion-based 4D-printed core—shell hydrogel capsules are
capable of self-regulating drug release profiles, and intro-
duced the design of smart hydrogel capsules containing
multiple drugs and different doses of a single drug. The
results are promising, such as achieving release on demand
and fabricating functional “multieffect single capsules.”
Multimaterial extrusion 4D printing can independently and
precisely control the drug type(s), drug dosage, and shell
thickness, which are conducive to personalized drug cus-
tomization. The analysis of the rheological properties of
NIPAM printing inks showed that ink with 1% (w/v) car-
bomer was the most conducive to printing. The PNIPAM
hydrogel was demonstrated to have excellent temperature
sensitivity, which endows the hydrogel capsules with a high
response to environmental stimuli. In vitro, drug release
studies of the hydrogel capsules revealed that the capsules
can self-change drug release behavior according to ambient
temperature, and that drug release can be programmed by
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adjusting the shell thickness of the capsules. This demon-
stration represents a proof of concept illustrating that the
combination of 4D printing technology and smart materi-
als can control drug release in a new and unique fashion. In
contrast to traditional passive drug release control, the 4D-
printed drug capsules introduce an active control method.
The presented 4D-printed hydrogel capsules may be more
suitable for loading long-term therapeutic drugs that physi-
cians do not recommend patients to take orally when body
temperatures are high. These capsules pioneer the paradigm
of smart release, with extensive prospects for application in
the smart controlled release of drugs and macromolecular
active agents.
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