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Nanoliter Liquid Packaging in a Bioresorbable Microsystem
by Additive Manufacturing and its Application as a
Controlled Drug Delivery Device

Jongeon Park, Arnaud Bertsch, Cristina Martin-Olmos, and Juergen Brugger*

Precise packaging of nanoliter amounts of liquid in a microsystem is
important for many biomedical applications. However, existing liquid
encapsulation technologies have limitations in terms of liquid waste,
evaporation, trapped bubbles, and liquid degradation. In this study, multiple
additive manufacturing techniques for nanoliter liquid packaging in
bioresorbable microsystems is used. Two-photon photolithography is used for
bioresorbable reservoir fabrication, while inkjet printing (IJP) is used for
precise nanoliter liquid packaging. Dual IJP allows for micro-reservoirs to be
filled with precise amounts of drug solution and subsequently and rapidly
sealed with a layer of lipids mixed with Fe3O4 nanoparticles. Combining these
two printing techniques can overcome the previous limitations of liquid
encapsulation technologies. To demonstrate the relevance of this technique, a
wirelessly activated, bioresorbable multi-reservoir microcapsule that can be
used for controlled drug delivery is presented. The microcapsules and their
content are shown to be stable during fabrication, storage, and operation.
Multiple cargo release events are triggered independently by the local melting
of the sealing layer, resulting from magnetically induced Fe3O4 nanoparticle
heating. The operation of the capsule is demonstrated in tissue phantoms
and in vitro cell cultures.
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1. Introduction

Packaging nanoliter (nL) to microliter (μL)
volumes of liquid in microsystems is sig-
nificant for biomedical applications. Par-
ticularly for lab-on-chip,[1] microanalytical
systems,[2] and drug delivery systems,[3]

providing reservoirs filled with reactants or
drugs on microsystems simplifies these sys-
tems by minimizing their interface with
external components and protecting the
cargo. However precisely packaging nL
volumes of liquid inside sealed micro-
reservoirs is more challenging than it may
seem. In some reported cases, evapora-
tion of the liquid during the fabrication
process is an issue that prevents the fill-
ing of the reservoirs with a precisely de-
fined amount of liquid.[4] Several tech-
niques have been reported to minimize the
loss of nL-volume liquid during packaging.
“In-liquid” sealing approaches, which are
based on the alignment and bonding of
the micro-reservoir and sealing layer while
immersed in a large volume of the liq-
uid that is supposed to be packaged

in the reservoir, have been developed.[5] Okayama et al. developed
an in-liquid bonding technique that enables the sealing of sili-
con cavities filled with aqueous and glycerin-based liquids using
a PDMS membrane and UV adhesive. However, direct UV irradi-
ation of the encapsulated liquid is not suitable for biomedical ap-
plications as many drugs and biomolecules degrade under such
conditions.[6] Vastesson et al.[5b] presented an in-liquid bonding
method based on the bonding between gold films and reservoirs
made of off-stoichiometry thiol-ene polymer and encapsulated nL
to μL amounts of aqueous drug solution. Although in-liquid seal-
ing can be used successfully to package a precise amount of liquid
without loss during fabrication, a large amount of liquid is wasted
during fabrication, which is not appropriate when encapsulating
expensive materials.

To minimize liquid waste, the “fill, and seal” approach in
which the reservoir is manually filled, then sealed with a metal
or polymer layer can be used.[7] Matsumoto et al.[7a] encapsu-
lated nL amounts of liquid inside silicon cavities coated with
parylene by bonding it at 200 °C. However, this method proved
to be unreliable for packaging precise amounts of liquid in
each reservoir and is not appropriate for liquids having a low
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boiling point and for encapsulating temperature-sensitive cargo.
Another drawback of the “fill and seal” approach is that it is very
difficult to completely fill a reservoir with liquid due to the evapo-
ration of the liquid during the time gap between filling and seal-
ing that is caused by the alignment and bonding of the sealing
layer.[7b] Furthermore, air bubbles are generally trapped in sealed
reservoirs, which can interfere with the operation of the liquids
on-chip.

Liquid packaging can be improved by using a self-assembled
polymer membrane to form a sealing layer directly over the
liquid surface, rather than bonding the sealing layer. This ap-
proach can mitigate issues with liquid evaporation and pre-
vent the entrapment of air bubbles during fabrication, as it
does not require alignment or bonding processes. Recently,
Coppola et al.[8] developed a rapid liquid packaging method
based on poly lactic-co-glycolic acid (PLGA) film formation on
a water interface, which exploits the Marangoni spreading of
PLGA dissolved in dimethyl carbonate (DMC) above water and
subsequently followed by the diffusion of the organic solvent
into the aqueous phase. The organic solvent extraction into
the aqueous phase, which allows the formation of the PLGA
films has the disadvantage of being toxic to cells. Addition-
ally mixing an organic solvent with the aqueous phase may
have an adverse effect on drugs or biological cargo, which
makes this liquid encapsulation method inappropriate for most
biomedical applications.

In summary, the major drawbacks of liquid packaging tech-
niques presented so far are their compatibility with cargo, liq-
uid evaporation, and liquid waste. Furthermore, previous studies
have not considered cargo alteration or liquid loss during reser-
voir sealing, as well as the passive and active release of packaged
cargo. However, these considerations are important when apply-
ing liquid packaging in a biomedical context, such as drug release
applications.[9]

We propose using dual inkjet printing (IJP) as a method for
precisely packaging nL volumes of liquid in microcapsules with
minimal liquid loss, minimal effect on the cargo, and mini-
mal cargo waste. To create a small multi-reservoir capsule that
could pass through a syringe, we used two-photon polymer-
ization (TPP) with a biocompatible and bioreorbable polymer
based on polyethylene glycol diacrylate (PEGDA).[10] We filled
the capsule using IJP with drugs that had different pharmacoki-
netics, hydrophilic, and lipophilic properties. We precisely dis-
pensed a controlled volume of drugs into each reservoir, which
was then sealed by IJP with a layer of molten lipids mixed
with magnetic nanoparticles (MNP) that was subsequently so-
lidified. The IJP of the lipid MNP mixture sealing layer is per-
formed within a few seconds after the first IJP of the drugs.
This minimizes liquid evaporation and cargo degradation dur-
ing fabrication while also enabling the on-demand opening of
the solidified sealing layer through alternating magnetic field
(AMF)-triggered heating. We investigated the effect of fabrica-
tion, storage, and in vitro operation on the packaged cargo, in-
cluding quantitatively examining liquid loss during fabrication
and storage. We also looked at the physical and chemical alter-
ation of the cargo and capsule during fabrication, storage, and
in vitro operation over a prolonged period, as well as the cargo
release from the capsule. We performed controlled drug release

from the fabricated device in vitro using cell cultures and tissue
phantoms to demonstrate the feasibility of the capsule obtained
by the proposed liquid packaging technology as a drug delivery
system.

2. Results

2.1. Nano-Liter Liquid Packaging in a Microcapsule by Dual IJP

A bioresorbable micro-reservoir was fabricated by TPP tech-
niques using a PEGDA-based photoresist (Figure 1A). It has a
square footprint, with side lengths of 800 μm and a total height
of 500 μm, which makes it small enough for injection through a
17-gauge syringe. Its lower part is composed of 9 identical inde-
pendent containers of cylindrical shape, each having a volume of
5.6 nL, to be filled with the drug solutions. On top of each reser-
voir, a 200 μm × 200 μm square cavity of different heights (170,
120, and 70 μm) is defined to be filled with the sealing layer inks.

A precise filling method was used to fill each reservoir in the
capsule with ≈5.6 nL of drug solution using IJP technology. The
drug solution was dispensed in 50 droplets, each having a volume
of ≈113 pL, as shown in Figure 1B. The hydrophilic and lipophilic
drugs, including 5-fluorouracil (5-FU), docetaxel (DTX), doxoru-
bicin hydrochloride (DOX), and curcumin (CUR), were printed
using dimethyl sulfoxide (DMSO) aqueous solutions as a solvent.
The stability of these drugs in solution was appropriate for liq-
uid drug delivery as they are stable at −20 °C and slowly degrade
≈37 °C. [11] DMSO, an amphiphilic solvent, was used as a co-
solvent to dissolve a mixture of hydrophilic and lipophilic drugs.
It is classified as a class 3 solvent by the FDA and is considered
safe for use inside the body in small amounts (less than 50 mg
per day).[12] The composition of the drug solutions used in our
study is presented in Table 1, where each drug was chosen as
its saturated concentration at different DMSO concentrations to
achieve maximum drug loading. To visualize the solution encap-
sulation, 1 mg mL−1 of Methylene blue (MB) was added to the
solution. The viscosity of the solutions was suitable for the IJP
process to take place at room temperature, which did not affect
the drug stability in any way.

Figure 1C, shows how IJP was utilized to dispense the sealing
layer for each container that had been previously filled with the
drug solution. In this process, different print heads in the same
inkjet printer were utilized for both filling the reservoirs with the
drug solution and then closing them by printing the sealing ma-
terial. This method, which we have termed “dual IJP” in this pa-
per allowed for a rapid switch, less than 5 s between dispensing
the drug solution and the sealing layer. Since the amount of liq-
uid evaporation is proportional to the time between dispensing of
liquid cargo and the sealing layer, this method of operation mini-
mizes liquid losses due to evaporation and allows for precise con-
trol of the volumes encapsulated. A detailed demonstration of the
entire printing process of filling and sealing of the drug solution
by dual IJP is shown in Video S1 (Supporting Information).

The sealing material used in this study is a lipid mixture
consisting of mono-, di-, and triglycerides esters of fatty acids
with a low hydroxide ratio (Suppocire CM), which includes
0.5 wt.% of lecithin and 8 wt.% of lipid-coated Fe3O4 nanopar-
ticles as MNPs. The homogenous distribution of nanoparticles
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Figure 1. Nanoliter liquid packaging in micro-reservoir by IJP. Schematics of the fabrication process: A) Top: TPP fabrication of PEGDA-based micro-
reservoir. Bottom: Design and dimension of drug solution packaged capsule composed with sealing layer, drug solution, and PEGDA reservoir. B) IJP
of solution of drugs with multiple pharmacokinetics dissolved in DMSO-aqueous solvent. C) Top: IJP of the molten lipid-MNP mixture after IJP of drug
solutions with a time gap of less than 5 s (dual IJP). Bottom: Marangoni spreading molten lipid-MNP above the drug solution. D) Top: Solidification of
the lipid sealing layer at 30 °C for 6 h. Bottom: Optical image of the final capsule. E) Wirelessly active controlled release feature of the capsule: 1. Heating
and melting of sealing layers by AMF heating of incorporated MNP in the sealing layer 2. Sequential opening of sealing layers with different thicknesses
by their dissolution time gap 3. Direct release of drug solution that enables simultaneous delivery of multiple drugs with different pharmacokinetics.
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Table 1. Composition of all solutions used in this study.

Solution
n°

DMSO
[%]

Water
[%]

5-FU
[mg mL−1]

DTX
[mg mL−1]

DOX
[mg mL−1]

CUR
[mg mL−1]

1 70 30 50 10 0 0

2 30 70 30 3 0 0

3 70 30 0 0 50 10

4 30 70 0 0 30 3

5 70 30 50 0 0 0

6 70 30 0 10 0 0

7 30 70 30 0 0 0

8 30 70 0 3 0 0

in the molten lipid-MNP mixture without aggregation has
been confirmed by direct light scattering (DLS) measurement
(Figure S1A, Supporting Information). The lipid-MNP mixture
has a melting temperature of 39 °C; therefore, the print head
is heated to 50 °C during the IJP process to lower the viscosity
of the molten lipid-MNP mixture (Figure S1B, Supporting In-
formation). When heated to 50 °C, the lipid mixture melts and
exhibits a lower density (0.86 g mL−1) and lower surface ten-
sion than water, allowing it to spread out evenly above the aque-
ous drug solution by the Marangoni effect. The estimated tem-
perature of the molten lipid droplet when it lands on the liquid
surface is 49.9 °C, indicating that the lipid droplet remains in a
molten state when it lands on the liquid surface (Supporting text
1). Once cooled down, the lipid mixture reverts to its solid form
and forms a tight seal for each reservoir. The lipid mixture is in-
soluble in water in its solid form and has very low solubility in
water in its molten state. The effect of DMSO on the lipid mix-
ture was also investigated. Additionally, the lipid layer is biocom-
patible and enzymatically degrades in the human body,[13] mak-
ing it an attractive material for liquid packaging in biomedical
applications.

Finally, the microcapsule with the encapsulated liquid cargo
was solidified at 30 °C for 6 h (Figure 1D). After solidification,
the capsule was stored at −20 °C to minimize the vapor pres-
sure and vapor permeation through the capsule and to prevent
the degradation of the encapsulated drugs.[11] Figure 1D displays
an optical camera image of the final liquid encapsulated capsule,
with the brown upper layer representing the lipid-MNP sealing
layer and the blue liquid below indicating the drug solution. Ad-
ditional SEM and cryo-SEM images of the resulting capsule are
presented in Figure S2 (Supporting Information).

The Fe3O4 nanoparticles mixed with the lipids, exhibit a soft-
magnetic behavior (Figure S1C, Supporting Information). This
means that the magnetic nanoparticles present in the sealing
layer can be heated using an AMF, inducing the melting of the
sealing layer and the release of the corresponding reservoir con-
tent. Using an AMF for different time scales allows for the se-
quential opening of the various reservoirs in one capsule, de-
pending on the thickness of the sealing layer that closes them.
The thinner layer will open first, and the thickest one will open
last, resulting in the possibility to trigger the release of drugs in-
dependently from each reservoir (Figure 1E). IJP allows for the
precise dispensing of the required volume of the sealing layer by
controlling the number of droplets, thus differentiating the thick-

ness of the sealing layer. Therefore, multiple drug release events
can be triggered at chosen points in time, or the simultaneous
release of multiple drugs contained in different reservoirs can be
performed. This allows for unprecedented control over the phar-
macokinetic effects during drug administration.

2.2. Sealing Layer Characterization

In the initial version of the sealing material, which did not con-
tain lecithin in the lipid mixture, the drug solution packaged in
the capsule leaked out (Figure S3, Supporting Information). To
address this issue, lecithin was added as a surfactant in the seal-
ing layer between materials with different surface tensions: poly-
mer surface (reservoir) and lipid (sealing layer). The addition of a
moderate amount of lecithin in the sealing layer significantly re-
duced drug leakage. The relationship between drug leakage and
lecithin concentration is presented in Figure S3 (Supporting In-
formation). On a cross-sectioned Cryo-SEM image of the capsule
without lecithin in the sealing layer, a gap between the polymer
surface and the lipid sealing layer was observed (Figure 2A). In
contrast, the sealing layer with lecithin was tightly attached to the
polymer surface without gaps or defects (Figure 2B), unlike the
sealing layer without lecithin.

Lipids may be crystallized into different polymorphs during
cooling,[14] which can affect sealing properties and cargo release
kinetics. Hence, it is important to control the physical state of
the solidified lipids for the consistent quality of the capsule. We
tested two different methods of solidifications, either by keeping
them at 30 °C for 6 h (Method 1) or by freezing the capsules at
−20 °C for a few seconds (Method 2). Solidification of the sealing
layer above its glass transition temperature (Method 1) enables
the transformation of unstable lipid polymorphs into the most
stable crystalline form. Differential scanning calorimetry (DSC)
results of a solidified lipid membrane prepared by this process
showed one melting peak (Figure S1D, Supporting Information),
which indicates that a solidified lipid membrane exists in one
stable crystalline state.

There was a leakage of the encapsulated drug solution in the
capsule prepared by Method 2, whereas the capsule prepared by
Method 1 showed tight sealing without leakage (Figure S3, Sup-
porting Information). The PEGDA-based polymer surface of the
capsule was analyzed by X-ray photoelectron spectroscopy (XPS)
after the removal of the solidified sealing layer in both cases. The
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Figure 2. Sealing layer characterization. A) Cryo-SEM image of the interface between lipid sealing layer with no lecithin and micro-reservoir and B)
interface between lipid sealing layer with 0.5% lecithin (cross-sectioned view) C) XPS result of PEGDA-based material surface that detached from lipid
sealing layer after solidified at −20 and 30 °C. D) Contact angle of the PEGDA-based material surface measured 10 s after the waterdrop cast. Cryo-SEM
image of the cross-section of the capsule with the sealing layer of 0.5% lecithin solidified at 30 °C for 6 h: E) Interface of lipid sealing layer, drug solution,
and micro-reservoir. F) Magnified image of lipid sealing layer (the bright dots are MNPs).

XPS results exhibit a much larger 2p peak of Phosphorous for the
Method 1 sample (Figure 2C), indicating that a larger amount of
lecithin is present on the surface (lecithin is the only molecule
involved that contains phosphorous). The contact angle of water
on the same samples measured after 10 s was 38.8° and 90.5° in
Method 1 and Method 2 samples, respectively (Figure 2D). Again,
the presence of a larger amount of lecithin on the surface of the
polymer in Method 1 can explain this drop in contact angle, with
lecithin acting as a surfactant.

A cross-section of the drug solution-filled capsule obtained by
Method 1 was observed by cryo-SEM. Figure 2E shows the inter-
face between the wall of the micro-reservoir, drug solution, and
sealing layer, which indicates that the drug solution is structurally
isolated by the sealing layer. A high-magnification image of the
sealing layer (Figure 2F) shows that it has no defects or pores and
that the MNPs are homogeneously distributed and without ag-
glomeration. The top view SEM image of the capsule shows that
the upper sealing layer part that contacts with the outside envi-
ronment is tightly attached to the reservoir surface without a gap
(Figure S2D, Supporting Information). All these results indicate
that lecithin acting as a surfactant between the micro-reservoir
surface and sealing layer is a significant factor for effective seal-
ing.

2.3. Liquid Loss from the Capsule During Fabrication, and
Storage

Figure 3A displays the Thermogravimetric analysis (TGA) of a
capsule containing a solution of 30% DMSO in water (Solu-

tion 2), measured immediately after fabrication and after 30 days
of storage at −20 °C. Water and DMSO evaporate at 100 and
180 °C respectively, the PEGDA-based polymers decompose af-
ter 250 °C, and lipids start to decompose at 300 °C, leaving only
the MNPs at a temperature higher than 500 °C. To determine the
amount of liquid present in the capsule, the remaining mass af-
ter 700 °C was subtracted from the mass after the 180 °C plateau.
This value was then compared to the mass calculated by multi-
plying the number of printed droplets by the volume of a single
droplet and the density of the packaged liquid. The TGA mea-
surement showed a 3.8% difference (52 ng) from the calculated
value (54 ng), which can be attributed to liquid loss during the
capsule fabrication process. To minimize this loss, inkjet print
heads can be switched faster in dual IJP, or the humidity or tem-
perature of the printing environment can be adjusted for a lower
evaporation rate.

The ability of the capsule to retain its contents with minimal
evaporation is crucial in determining its expiration time and dis-
tribution. After 30 days of storage at −20 °C, the remaining liquid
in the capsule was 50 ng, which corresponds to a 4% difference
from the calculated initial value. These results suggest that there
was no significant solvent loss during the storage of the sample.

2.4. Characterization of the Chemical Degradation of Drugs
During Fabrication, Storage, and In Vitro Operation

Liquid chromatography-mass spectrometry (LC-MS) was per-
formed on Solution 1 to evaluate if the dissolved drugs un-
dergo chemical degradation during storage, implantation, and
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Figure 3. Characterization of physical and chemical alteration of packaged drug and capsule components during fabrication, storage, and in vitro
operation. A) Liquid loss from the capsule: TGA analysis results of freshly fabricated device (Device after 0 days), device stored at −20 °C for 30 days
(Device after 30 days), PEGDA-based micro-reservoir, and lipid sealing layer. B) Degradation of drug: % ratio of remaining 5-Fu and DTX amount with
the initial state of the drug solution incubated at 37 °C (in vitro operation), and −20 °C (storage) for 30 days and drug solution after the liquid packaging
process. (*p < 0.05; ns, p > 0.05; n = 3) C) Alteration of lipid sealing layer during in vitro operation: Amount of water and DMSO intake in the lipid
membrane and amount of lipid erosion placed at 37 °C. (n = 5) D) Amount of drug remaining in drug solution after liquid packaging process under
two different solidification temperatures (at 30 and −20 °C) % of initial drug concentration (n = 3) E) Alteration of the micro-reservoir during in vitro
operation: Degradation amount of TPP-fabricated PEGDA-based cube placed in PBS and 70% DMSO solvent at 37 °C that obtained from TGA. (n = 3)
F) DMSO concentration change during capsule in vitro operation: Cumulative DMSO permeation amount through the 70% DMSO and 30% DMSO
aqueous solvent encapsulated capsule in PBS at 37 °C. (n = 5) Cryo-SEM image of the cross-section of the capsule after G) 14 days and H) 50 days of
in vitro drug release.

fabrication. The 3 following conditions were tested: Storage con-
dition: −20 °C for 30 days, In vitro condition: 37 °C for 30 days,
and Packaging condition: 30 °C for 6 h after IJP. The area under
the peak of the extracted ion chromatograms for 5-FU and DTX
was divided with the ones of 5-FU and DTX in freshly prepared
drug solution to obtain the relative remaining amount of drugs
in each condition (Figure 3B). There was no significant degrada-
tion in any condition except for DTX stored at 37 °C for 30 days
that shows a 5% degradation. This indicates that the effect of the
liquid packaging process developed, and that the storage condi-

tion of a capsule does not induce cargo degradation. However, if a
drug solution is implanted and kept at human body temperature
for a prolonged period, it may degrade.

2.5. Characterization of the Capsule’s Components Changes
During In Vitro Operation

We evaluated the temporal evolution of DMSO and water content
intake into the PEGDA-based reservoirs and sealing layer, as well
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as the degradation of these materials. To prepare the sealing layer,
we followed the same procedure as the liquid encapsulating pro-
cess, which involved drop-casting the molten sealing layer on the
liquid surface and solidifying it at 30 °C for 6 h, followed by plac-
ing it on the liquid surface at 37 °C. The sealing layer showed ef-
fective water-sealing properties, with less than 0.5% water intake
and erosion over 50 days of the experiment (Figure 3C). How-
ever, DMSO intake into the sealing layer was 9% of the initial dry
weight of the sealing layer (Figure 3C). The DMSO content of the
sealing layer that solidified at −20 °C was less than 2% after 1 day,
indicating that DMSO intake into the sealing layer was mainly
caused by diffusion into the molten sealing layer during the solid-
ification process. The DMSO content in the sealing layer contin-
uously increased throughout the experiment, reaching 25% after
40 days and saturating from there (Figure 3C). The erosion of the
lipid layer, which was measured by its change in dry weight, fol-
lowed the same trend as the DMSO intake and appeared to stop
after 40 days. This suggests that ≈25% of the molecules forming
the lipid sealing layer were slowly removed for 40 days, while the
rest maintained an efficient but slightly porous barrier against
DMSO permeation. These results suggest the possibility of ob-
taining a much tighter seal by removing some of the molecules
from the lipid mix and keeping only those present in the layer
remaining after 40 days of exposure to DMSO.

As for the DMSO, there was drug molecules intake into the
molten sealing layer during the fabrication process. This was
measured by preparing a bigger capsule with the same compo-
nents and design ratio compared with the previous microcapsule,
by IJP the molten sealing layer on Solutions 1 and 3 in the same
condition as for the capsule fabrication. Solidification of the seal-
ing layer was carried out at 30 °C and −20 °C for 6 h to evaluate
the effect of the solidification process on the drug migration. The
amount of drug that diffused into the sealing layer during the fab-
rication process was evaluated by measuring the amount of drug
remaining in the drug solution after the removal of the solidified
lipid layer. For all four studied drugs, more than 10% of the drugs
in drug solutions migrated into the sealing layer during fabri-
cation with a 30 °C solidification process (Figure 3D). DTX and
CUR intake into the sealing layer was slightly larger than 5-FU
and DOX because of their higher partition coefficient. Less than
2% of drugs migrated into the sealing layer during the −20 °C
solidification process, showing that drug intake was dominantly
caused by drug diffusion into the molten sealing layer during the
solidification process at 30 °C.

It has already been proven that PEGDA-based polymers can be
slowly degraded by ester bond hydrolysis in vivo over months.[10]

Their degradation products have low cytotoxicity and can be par-
tially metabolized.[15] The degradation of the PEGDA-based poly-
mer immersed either in water or in 70% DMSO was measured to
investigate the PEGDA-based reservoir alteration under in vitro
operation conditions. Cubes of 260 μm sides were fabricated by
TPP and immersed in centrifuge tubes containing either 1 mL of
PBS or 1 mL of 70% DMSO. The cubes were incubated at 37 °C
for 180 days and their mass was measured at various time points,
as presented in Figure 3E. After 180 days, the cubes placed in PBS
lost 27% of their weight, whereas the ones in 70% DMSO lost
2.5% of their weight only. This indicates that the used PEGDA-
based polymer is degraded by hydrolysis, but that the presence of
DMSO inhibits this effect. The PEGDA-based polymer was found

to have a low water swelling ratio (Figure S4, Supporting Infor-
mation). Accelerated degradation of the capsule under 0.01 m
NaOH solution is shown in Figure S5 (Supporting Information).

Further experiments were conducted to evaluate the perme-
ation through the capsule of the solvents in which the drugs are
dissolved: Solvent permeation may induce drug permeation or
drug crystallization in the reservoir. The temporal evolution of the
permeation of DMSO was evaluated through the capsules filled
with 70% DMSO, and 30% DMSO. The capsules were prepared
with the same design, dimensions, and procedures as the pre-
vious capsule (Figure 3F). The DMSO permeation through the
PEGDA-based material was found to be negligible (Figure S6,
Supporting Information), indicating that the DMSO permeation
through the capsule dominantly occurs through the sealing layer.
Both for 70% DMSO and 30% DMSO an initial DMSO release
is observed, corresponding to the DMSO migration in the lipid
layer during the sealing layer solidification. DMSO was slowly re-
leased from the capsule until day 15 and day 35 for 70% DMSO
and 30% DMSO, respectively. There was an increase in the re-
lease rate afterward: this may be related to structural changes re-
lated to the sealing layer erosion by DMSO. Figure 3G and H
present Cryo-SEM pictures obtained after 14 and 50 days of in
vitro operation, respectively, for a capsule filled with 70% DMSO.
These images illustrate the structural changes that occur over
time in the sealing layer.

2.6. In Vitro Drug Release Study without External Triggering

To study the leakage of the different drug solutions packaged in
the capsules (Solutions 1 to 8 in Table 1), the devices were im-
mersed in PBS and the evolution of the drug concentrations re-
leased in the PBS with time was measured by UV–vis spectrom-
etry. Figure 4A,C show the temporal evolution of the cumulative
drug release of the four studied drugs (5-FU, DTX, DOX, CUR)
dissolved in 70% DMSO (Solutions 1 and 3) and 30% DMSO
(Solutions 2 and 4) respectively. The encapsulated drugs can be
possibly released from the capsule through three different paths:
1. Permeation through the lipid sealing layer, 2. Permeation
through the PEGDA-based reservoir, 3. Release through a gap be-
tween the sealing layer and reservoir. However, we have shown
previously that the sealing layer and the reservoir are tightly at-
tached without gaps (Figure 2B), and there is no apparent defect
or pore in the sealing layer at the initial state (Figure 2E,F). 5-FU
and DTX release through a reservoir sealed with epoxy was less
than 2% for 50 days (Figure 4D), which is less than 10% of the
cumulative released amount from the PEGDA reservoir sealed
with the lipid layer during the same period (Figure 4A). This in-
dicates that the permeation of drugs through the lipid sealing
layer should be seen as the main cause of drug leakage from the
capsules.

The release profile of 5-FU in both 70% (Solution 1) and 30%
(Solution 2) DMSO through the sealing layer follows a similar
trend to that of DMSO seen previously (Figure 3F). The initial
release of 5-FU can be associated with the drug intake into the
sealing layer during fabrication (Figure 3D). After the initial re-
lease, there was a period of slow and constant release that lasted
14 days for 70% DMSO and 35 days for 30% DMSO. Finally,
the drug release rate increased after that period. This behavior
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Figure 4. In vitro drug release study from the capsule. A) Drug release profile of 70% DMSO solvent-drug solutions (Solution 1,3 in Table 1) packaged
capsule fitted with Higuchi model (black dash-dot line) and first-order model (red dash-dot line) B) Theoretically calculated drug release trend based on
Higuchi model and first-order model fitted with experimentally obtained values from Figure 4A (black dot box). C) Drug release profile of 30% DMSO
solvent-drugs solutions (Solution 2,4 in Table 1) packaged capsule fitted with theoretically calculated drug release trend based on Higuchi model and
first-order model. (n = 3) D) Drug release through the PEGDA reservoir: Drug release profile of 5-FU and DTX from the 70% DMSO solvent-drugs
solution packaged PEGDA reservoir sealed with epoxy. (n = 3) E) Drug release profile of the capsule containing solution and solid form of 5-FU and DTX
without sealing layer. (n = 3) F) Drug release profile of capsule which packaged solid form of 5-FU and DTX. (n = 3).

correlates clearly with the one seen in Figure 3F for the perme-
ation of DMSO alone, which is a strong indication that the re-
lease of 5-FU and DMSO are linked. In the case of 70% DMSO,
the 5-FU release slowed down after 35 days and released 82% of
encapsulated 5-FU. Degradation of the drugs during in vitro op-
eration for 50 days and drug molecules binding to the sealing
layer and micro-reservoir surface may contribute to the fact that
the final released amount does not reach 100%. Figure S7 (Sup-
porting Information) shows optical images of the capsules with
70% and 30% DMSO after 50 days of in vitro drug release. The
drug release of DOX from the capsule (Figure S8, Supporting In-
formation) (which has a similar affinity with water and DMSO as
5-FU) follows the same profile as 5-FU, both for solution in 70%
DMSO (Solution 3) and 30% DMSO (Solution 4) with differences
in drug release rates. This is coherent with their different diffu-
sion and partition coefficients (Table 2, Supporting text 2).

The drug release profiles of DTX and CUR are different from
the ones of DOX and 5-FU. In both 70% DMSO (Solutions 1 and
3) and 30% DMSO (Solutions 2 and 4), there is an initial release
during the first day of ≈3% of the encapsulated drug due to the
initial intake of drugs into the sealing layer during the fabrica-
tion (Figure 3D), this amount is smaller than in the case of 5-FU
and DOX since DTX and CUR have a lower diffusion coefficient

in the lipid layer than 5-FU and DTX (Table 2). In the case of
70% DMSO, both drugs released 30% of their encapsulated drugs
after 50 days without significant changes in drug release rates,
whereas for 30% DMSO, DTX released 20% and CUR released
10% of their encapsulated drugs after 50 days without significant
changes in the drug release rate. Both DTX and CUR are highly
lipophilic drugs and exhibit poor water solubility and limited sol-
ubility in DMSO. Unlike hydrophilic drugs, the release of DMSO
did not affect the DTX and CUR release kinetics. The difference
in their release behavior compared to 5-FU and DOX likely relates
to their differences in solubility and hydrophilicity/lipophilicity.

To elucidate the drug release mechanism from the capsule,
a semi-empirical analysis was carried out by applying different
drug release models to the experiments presented in Figure 4A,C
(Table S1, Supporting Text 3).[16] As we observed a change of be-
havior in the drug release rates after 14 days for 70% DMSO and
after 35 days for 30% DMSO, the semi-empirical analysis was also
divided into two parts accordingly. The model trend line with the
highest R2 value is considered to adequately account for the ex-
periment results.

The first-order model, which follows Fick’s diffusion law, ad-
equately accounted for the release profile of 5-FU and DOX in
all cases. The calculated drug release trends obtained from the
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Table 2. Experimentally measured permeability, partition, and diffusion coefficient of 5-FU, DTX, DOX, and CUR dissolved in 70%, 30% DMSO concen-
tration aqueous solvent through lipid and PEGDA membrane. (Methods explained in Supporting Text 2).

Permeability
coefficient [mm2/day]

Partition
coefficient

Diffusion
coefficient [mm2/day]

5-FU to lipid, 70% 2.63 × 10−6 1.85 × 10−4 1.42 × 10−2

DTX to lipid, 70% 4.27 × 10−6 8.496 5.00 × 10−7

5-FU to PEGDA, 70% 4.29 × 10−7 8.00 × 10−4 5.36 × 10−4

DTX to PEGDA, 70% 9.36 × 10−6 0.194 4.83 × 10−6

DOX to lipid, 70% 1.25 × 10−6 1.28 × 10−4 9.76 × 10−3

CUR to lipid, 70% 3.85 × 10−6 5.344 7.20 × 10−7

5-FU to lipid, 30% 2.20 × 10−6 1.73 × 10−4 1.27 × 10−2

DTX to lipid, 30% 3.89 × 10−6 8.537 4.58. × 10−7

DOX to lipid, 30% 9.65 × 10−7 9.90 × 10−5 9.74 × 10−3

CUR to lipid, 30% 2.18 × 10−6 3.03 7.20 × 10−7

first-order model equation (Equation S5, Supporting Text 4) are
shown in Figure 4B,C (red dotted line) alongside experimental
data, with an R2 value higher than 0.95 indicating a good fit. The
first-order release model depends on the changes in drug con-
centration inside the capsule.

The Higuchi model adequately accounted for the release pro-
file of DTX and CUR in all studied cases. The Higuchi diffusion
model is the best fit for the experimental data corresponding to
conditions where a slow diffusion occurred through the sealing
layer with a fast partition of drugs into the sealing layer. The cal-
culated drug release trend obtained by the Higuchi model equa-
tion (Equation S6, Supporting Text 4) is shown with experimen-
tal data points in Figure 4B,C (black dotted line). The fact that
drug release was independent of drug concentration changes in
the reservoirs under conditions where the Higuchi model fit well
with the experiments indicates that the sealing layer membrane
that closes the reservoirs was replenished with drug molecules
faster than they diffuse in the outer medium. This is consistent
with the high partition coefficient and low diffusion coefficient
measured for DTX and CUR.

Drug release profiles of capsules packaging one single drug
only (Solutions 5 to 8) (Figure S9, Supporting Information) have
similar release profiles as capsules packaging multiple drugs
with different pharmacokinetics (Solutions 1 and 2). This demon-
strates that encapsulating multiple drugs with different release
pharmacokinetics does not affect the intrinsic drug release kinet-
ics at least for the 4 drugs used in this study. This feature can be
used to better adapt the therapy to the patient by simultaneous
delivery of multiple combinations of drugs using a single cap-
sule. Storing the capsule at −20 °C for 30 days did not change the
release kinetics of the drugs from the capsule (Figure S10, Sup-
porting Information), thereby directly supporting the negligible
effect of capsule storage, which facilitates the capsule’s distribu-
tion and long-term supply to the patient.

Figure 4E compares the release profiles of 5-FU and DTX from
the capsule when these drugs are encapsulated either as solid
powders or as drug solutions in 70% DMSO. In this experiment,
the drugs were simply placed in the capsules without a sealing
layer, and the capsules were then immersed in PBS. Both cap-
sules containing drugs in solution released almost 100% of their
cargo within 30 min. Capsules containing 5-FU in solid powder

form released 85% of the drug within 3 h, while capsules contain-
ing DTX released only ≈0.3% of the drug in the same period due
to its low water solubility. This indicates that delivering poorly
water-soluble drugs in solution form directly can significantly en-
hance the efficiency of drug delivery.

Figure 4F shows the release profiles of 5-FU and DTX pack-
aged as a solid powder in capsules, this time with a lipid sealing
layer. After an initial burst release of ≈1% of the drugs occurring
during the first day, the capsules are placed in PBS. Both drugs
are released similarly for the following 35 days of the experiment,
with a total cumulative drug release of ≈3% during this period. It
verifies that the water permeation into the capsule is negligible,
which means the fabricated capsule acts as a sealing barrier to
protect the packaged cargo from the water environment. It also
reveals the role of solvent in the drug release mechanism that
maintains the partition of the drug into the lipid layer by physi-
cal contact. Packaging drugs in solid form is a good way to protect
them from their environment as it has been seen that water per-
meation through the lipid layer is minimal.

2.7. Magnetically Triggered Heating of the Capsule

Figure 5A shows the evolution of the temperature of the top sur-
face of the capsule’s sealing layer subjected to an AMF at a fre-
quency of 111 kHz and intensity of 24 mT in air. Figure 5B shows
the corresponding IR temperature images. The temperature of
the sealing layer increased up to 40 °C in 5 min and remains con-
stant at ≈40 °C for 30 min. The stabilization of the temperature
at 40 °C is a sign of a phase transition of the sealing layer. After
the phase transition, the temperature increased to 47 °C due to
the Brownian relaxation mechanism related to the rotation of the
magnetic nanoparticles in the melted lipid matrix. The duration
required for melting the sealing layer can be controlled by the
concentration of the magnetic nanoparticles in the lipid layer, as
well as by the frequency and intensity of the magnetic field.[17]

The heating process of the sealing layer can cause changes in
temperature in both the packaged drugs and surrounding tissues
(when the capsule is implanted). Potentially resulting in drug
degradation and tissue damage. To investigate this, temperature
changes were measured in a larger version of the capsule (made
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Figure 5. In vitro Magnetically triggered drug release study from the capsule. A) Temperature change of the sealing layer surface in air under AMF
exposure over time, and B) corresponding IR images. C) Temperature changes of the macro capsule model placed in tissue phantom under AMF
exposure: sealing layer’s surface, drug solution, and tissue phantom contact with sealing layer. D) Drug release profile of 70% DMSO solvent-drugs
solution packaged capsule under continuous AMF exposure in PBS, each pulsatile drug release corresponds with the opening of sealing layer with
different thickness. E) Drug release profile of wirelessly active drug release control from 70% DMSO solvent-drugs solution packaging capsule for 12
days by exposing AMF at 3,6, and 9 days. (n = 3) F) Wirelessly active drug release control from 30% DMSO solvent-drugs solution packaged capsule
for 30 days by exposing AMF at 17, 23, and 29 days. (n = 3) G) AMF triggered drug release of the capsule in cancer tissue-mimicking phantom: UV
absorbance of tissue phantom with and without AMF exposure, H) and optical images of the capsule in tissue phantom under AMF exposure.

from one well from a 96-well strip plate with the same contact
area to liquid volume ratio as the microcapsule) using an optical
temperature sensor (Figure 5C). During 150 min of exposure to
the AMF, the temperature in the sealing layer increased from 26
to 42 °C, while the temperature of the packaged liquid and the
tissue phantom changed to a lesser extent, from 26 to 32 °C and
from 26 to 28 °C, respectively. After 150 min, the sealing layer
melted, and the molten sealing layer diffused into the surround-
ing tissue. The diffusion of the molten sealing layer is followed

by a general drop in temperature in all materials probed, thereby
regulating the maximum temperature to 42 °C. This feature can
be utilized as a self-regulatory function of the device to avoid over-
heating of the surrounding tissue. It should be noted that this
experiment provides only a preliminary indication of the tem-
perature evolution in and around the microcapsule. Because it
was conducted using a larger device at the mm scale (Figure S11,
Supporting Information), which may result in slower temper-
ature changes than in the microenvironment. In addition, our
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experiments were conducted at room temperature (24 °C), not
at physiological temperature. Nonetheless, these results indicate
that the temperature changes remain of limited magnitude and
are unlikely to induce significant drug degradation or tissue dam-
age, as normal tissue does not sustain significant damage when
exposed to 44 °C for 1 h.[18]

2.8. Magnetically Triggered Sealing Layer Opening and Drug
Release Study

Figure 5D shows the temporal evolution of the release of 5-FU
and DTX from Solution 1 packaged in the microcapsule placed
in PBS during continuous AMF exposure. Three release events
of both drugs were observed, which occurred after 60, 80, and
100 min. The release of the drugs in PBS is fast and takes place
within ≈10 min. The sequential release of both drugs corre-
sponds to the dissolution of the molten sealing layers of different
thicknesses, with the thinner sealing layers (70 μm in thickness)
opening first after 60 min, the medium one (120 μm in thick-
ness) opening after 80 min, and the thickest (170 μm in thick-
ness) opening last, after 100 min.

Figure 5E shows the temporal evolution of the release of 5-FU
and DTX in 70% DMSO from capsules placed in PBS for which
the AMF is exposed for 60 min only at chosen time points on
days 3, 6, and 9, respectively. The concentration of the drug was
measured 60 min after the AMF exposure. Each triggering step
allows the opening of a set of reservoirs with a different sealing
layer thickness (Figure S12, Supporting Information), which re-
sults in a sequential release of the drugs contained in the cap-
sule on demand. Only a very limited amount of drug leaks from
the capsules between the triggering events (less than 1%). Con-
fronting the time needed to open the capsule with the one shown
in Figure 5D, it turns out that at each exposure to AMF, some of
the unopened sealing layer is lost (Figure S12, Supporting In-
formation). However, this thinning of the sealing layer does not
result in unwanted release. Figure 5F is like Figure 5E, for drugs
in 30% DMSO. Here the release is triggered after long durations
on days 17, 24, and 29. The actively controlled release of multiple
drugs over their pharmacokinetics in a programmable manner
for a prolonged time from the single capsule can be achieved by
controlling AMF exposure.

To investigate the opening of the sealing layer and the subse-
quent drug release in conditions like these of a capsule implanted
in tissues, tissue phantoms were prepared, made of 1.5% agarose
and 0.5% sodium alginate in water. The obtained gel is known to
have mechanical properties like cancerous tissues.[19] Capsules
filled with Solution 1 were placed in such tissue phantoms di-
rectly solidified inside spectroscopy cuvettes. Figure 5G shows
the evolution of the absorbance in the prepared cuvettes before
and after their exposure to the AMF used for opening the seal-
ing layer, for 30 and 90 min. The increase of the peak of UV–vis
absorbance at ≈260 nm can be observed over time and is related
to the sequential opening of the reservoirs and the release of the
drug it contains in the capsule. Figure 5H shows the diffusion
of molten sealing layers into the tissue phantom, and the release
of the drug solution encapsulate by 120 μm sealing layer under
continuous AMF exposure, while the drug solution encapsulated
by 170 μm sealing layer is not released despite the diffusion of

the molten sealing layer. This reveals that the sequential open-
ing of the sealing layers according to their thickness is caused by
the difference in the time it takes for the molten sealing layer to
completely diffuse into the tissue phantom.

2.9. In vitro Demonstration of a Capsule and its Drug Release
Effect on Cells

The effect of the capsule opening and the release of the drug so-
lutions they contain was evaluated on different cell lines in vitro.
A375 (human epidermal cancer cell line) and HACAT (human
epidermal cell line) were cultured for 3 days before capsules filled
with Solution 1 were inserted in the cell cultures such that their
sealing layer was placed in contact with the cells (Figure S13, Sup-
porting Information). After the capsule was inserted, the cells
were cultured for 6 additional days and exposed to an AMF for
60 min on days 1, 3, and 5 as illustrated by the gray zones in
Figure 6A,C, leading to the sequential opening of the different
reservoirs. Presto blue cell viability assays were performed on
the cell cultures 24 h after the reservoir opening is triggered, as
shown in Figure 6A,C. It clearly shows the decrease in cell via-
bility with each subsequent reservoir opening in the case of both
cell lines. Control experiments show only a very limited decrease
of cell viability when the capsule does not contain drug and only
the capsule opening mechanism (AMF exposure) and solvent af-
fects the cell viability (noted +AMF/-Drug) or when a capsule that
contains drugs is never opened by AMF (noted -AMF/+Drug) af-
ter day 1. The reason for the significant drop in cell viability on
day 1 in the -AMF/+Drug group is due to the initial burst release
of the drug.

Figure 6B,D show fluorescence images of cells in culture
submitted to the same protocol described previously in the
case of Figure 6A,C, but for different cell viability assays. In
these figures, the top rows show cells dyed with fluorescein-5-
isothiocyanate (FITC) and cyanine3 (CY3) where green fluores-
cence indicates live cells and red indicates dead cells, while the
bottom rows show cells dyed with 4′,6-diamidino-2-phenylindole
(DAPI) that stains the nucleus of live cells in blue. There was a de-
crease in cell viability with each subsequent exposure of the cells
to drugs on days 2, 4, and 6, as the staining of the cells is per-
formed 24 h after one set of reservoirs is opened by subjecting
the capsule to an AMF (labeled +AMF/+Drug). The same con-
trol experiments as in Figure 6A,C are also performed and the
corresponding pictures taken on day 6 are shown in Figure 6B,D
(labeled +AMF/-Drug and -AMF/+Drug similarly as described in
the previous paragraph). Fluorescence images of cells from con-
trol experiments on days 2 and 4 are shown in Figure S14 (Sup-
porting Information). These control experiments show good vi-
ability of the cells that is coherent with Presto blue cell viability
assay results (Figure 6A,C).

For the two types of cells cultured, Figure 6E compares the cell
viability on day 6 using the Presto blue viability assay. When no
drug is present in the capsule, the cell growth does not show a
significant difference after 6 days, with or without a capsule in
contact with the cells and with or without opening of the capsule
by the AMF exposure. It indicates that the capsule components
and the solvent are nontoxic to cells and the effect of AMF and
AMF-induced heat is negligible on cells. When drugs are present
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Figure 6. In vitro demonstration of the capsule’s-controlled drug release feasibility in oncology application. A) Presto blue fluorescence-based cell
viability of A375 cells and C) HACAT cells incubated with capsule encapsulating drug solution with (+AMF/+Drug) and without (-AMF/+Drug) AMF
exposure, and capsule encapsulating solution without drugs with AMF exposure (+AMF/-Drug) for 6 days. (n = 5) And corresponding fluorescence
images of B) A375 and D) HACAT cells stained with FITC/CY3, and DAPI. E) Statistical analysis of presto blue fluorescence-based cell viability of A375
and HACAT cells under different conditions +AMF/+Drug, +AMF/-Drug, -AMF/+Drug, and -AMF/-Drug on day 6. (*p < 0.05; ns, p > 0.05; n = 5) F)
Statistical analysis of the presto blue fluorescence-based cell viability of A375 and HACAT cells incubated with a capsule containing drug solvent, drug
solution, and the solid drug without sealing layer after 1 day. (*p < 0.05; ns, p > 0.05; n = 5)

in the capsule, cell viability is affected, when the reservoirs re-
main closed as some of the drugs gradually release over time,
and even more when they are opened and the drug they contain
is released. Corresponding fluorescence images supporting our
experimental results are shown in Figure S15 (Supporting Infor-
mation).

Figure 6F compares the cell viability 24 h after the cells are
subjected to different conditions: Cells without any perturbation

constitute the control, cells in contact with an open capsule con-
taining only the 70%DMSO (Solvent), cells in contact with an
open capsule containing Solution 1 (Drug solution), and cells in
contact with an open capsule containing solid drugs in the same
amount as Solution 1 (Solid drug). Again, only the presence of
drugs has a significant impact on cell viability, with a much larger
impact on cell viability after 24 h observed for drugs in solution
compared to drugs in solid form, which is coherent with the

Adv. Funct. Mater. 2023, 2302385 2302385 (12 of 16) © 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

 16163028, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202302385 by B
ibliothèque D

e L
'E

pfl-, W
iley O

nline L
ibrary on [30/05/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



www.advancedsciencenews.com www.afm-journal.de

release profile presented in Figure 4E. Corresponding fluores-
cence images of the experiments are shown in Figure S16 (Sup-
porting Information).

3. Discussion

We have developed a new technological approach to package nL
volumes of liquid accurately inside a microcapsule that contains
multiple reservoirs for drug delivery as its target application. The
developed fabrication process results from the combined use of
advanced additive micro-manufacturing technologies: TPP for
the reservoir fabrication and dual IJP for reservoir filling and seal-
ing. Our work presents a first, but significant step toward new
liquid handling strategies, and our results may trigger further re-
search along this line toward engineering of components made
by additive manufacturing for in vivo applications. Here we used
a resin based on PEGDA that is bioresorbable and biocompatible
but that is not yet approved for implantation by FDA and other
regulatory bodies. We are also aware that further development
of the resins used for TPP is still needed before this technology
can be considered for implants. The high versatility of additive
manufacturing also means that this technology can be applied to
other biomedical applications beyond drug delivery, such as lab-
on-chip and analytical systems.

The use of dual IJP for filling and sealing the reservoirs is of
great interest as it solves many of the problems encountered in
previous attempts to develop nL liquid packaging in microsys-
tems. IJP allows for precise dispensing of pL volumes of liquid
inside the reservoirs, minimizing cargo waste and enabling pre-
cise dosage of dispensed volumes. Additionally, IJP minimizes
liquid evaporation during the fabrication process as the sealing
layer can also be dispensed by IJP after a delay of only a few sec-
onds. This is advantageous as the liquid dispensing and packag-
ing processes do not involve high temperature, UV-irradiation,
or organic solvents, which can affect the cargo. IJP also allows
for high flexibility in materials, enabling the packaging of liquid
cargos other than drug solutions, such as colloidal emulsions or
nanoparticle suspensions. In the implementation presented in
this work, a sealing layer made of lipids mixed with magnetic
nanoparticles was dispensed on top of a drug solution in a molten
form. The spreading of the sealing layer above the aqueous solu-
tion by the Marangoni effect was based on a simple and well-
controlled process. The solvent used to dissolve the drugs in this
study was a mixture of DMSO and water. While water is immisci-
ble and impermeable with the lipids used, the same is not true for
DMSO or drugs. As a result, some amount of DMSO and drugs
can migrate into the lipid layer during solidification, leading to an
initial burst-release of these components followed by continuous
slow permeation of DMSO and drugs through the capsule in the
operating environment. This effect can be viewed as a drawback
or an asset, depending on the context. On one hand, it limits the
precise temporal control over the release of the packaged compo-
nents. On the other hand, it can be leveraged to provide a passive
release of hydrophilic drugs as a secondary drug release mech-
anism, in addition to the burst release obtained by opening the
sealing layer.

The produced capsule contains multiple independent reser-
voirs with varying sealing layer thicknesses, which allow them
to be opened sequentially on demand using AMF. The drug

release mechanism, which is based on the sequential removal
of the molten sealing layer by AMF, has been demonstrated in
a liquid environment (PBS) and tissue phantoms with mechani-
cal properties like those of cancer tissue. However, before using
such a device in a medical context, further in vivo studies need to
be conducted to validate its function once implanted. The release
mechanism can be further adjusted to accommodate additional
delivery steps by varying not only the thickness of the sealing
layer deposited to close each reservoir but also the concentration
of MNP mixed with the lipids.

The capability of wirelessly controlling multiple releases of
cargo from the capsule provides unprecedented flexibility in drug
release from a single capsule. It allows for precise control over the
opening of each reservoir, enabling customization of the drug re-
lease profiles, and thereby facilitating personalized drug delivery.
It also allows for choosing the dosage of each drug release event
after the capsule has been implanted by defining the number of
reservoirs opened simultaneously. Direct drug solution release
can enhance the therapeutic effect of poorly water-soluble drugs
and increase the variability and efficacy of the therapy by deliv-
ering multiple drugs simultaneously. In addition, the different
reservoirs can be filled with different drugs for improved ther-
apeutic flexibility. However, the capsule has a limitation due to
its bioresorbable properties: once implanted, all the drugs con-
tained in the capsule will eventually be released into the patient’s
tissues. It is not possible to permanently close some of the reser-
voirs or stop administering the drugs they contain. Additionally,
enzymatic degradation of the lipid layer may compromise its abil-
ity to seal in vivo, which could increase the rate of drug release
from the capsule and reduce its lifespan.

The in vitro cell experiments performed in our study demon-
strate the potential of microcapsules for drug delivery as chemo
implants with localized on-demand drug release control, increas-
ing the effectiveness of drug delivery through direct solution
administration. The drugs used in the present study were typ-
ical cancer treatment drugs, however, such capsules have the
potential for drug delivery applications other than cancer treat-
ment, by packaging other therapeutic compounds such as anti-
inflammatory drugs or drugs used for psychotherapies. The
amount of drug delivered is determined by the volume of the
reservoir, concentration, and stability of the drug solution. In
cases where higher doses are required, increasing the reservoir
volume or number can increase drug loading but may compro-
mise the minimal invasiveness of the capsule. Applying our nL
liquid packaging technology to drug delivery applications paves
the way for advanced micro drug delivery implants with the fol-
lowing advantages: It is small enough to be injected into the
body with minimal invasion through a syringe, and no further
surgery is required after implantation since it is made of fully
bioresorbable materials. It can deliver multiple drugs with pro-
grammable control for prolonged periods according to their phar-
macokinetics.

4. Experimental Section
Fabrication of Bioresorbable Capsules: The PEGDA-based photoresist

was prepared by mixing PEGDA (Mn = 250), pentaerythritol tetraacrylate
(PETA), and Irgacure-369 (Sigma–Aldrich, St. Louis, MO, USA) with an
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85:14.5:0.5 wt.% ratio. The photoresist was drop casted on a silicon sub-
strate and positioned into the TPP tool (Photonic Professional GT; Nano-
scribe GmbH, Eggenstein-Leopoldshafen, Germany). TPP was carried out
with a wavelength of 390-nm, 17 mW power laser using a 10 times magnifi-
cation lens. The photoresist was exposed with the 3D design defined in an
STL file. The printing time of the single reservoir is six minutes. The non-
exposed photoresist was developed by propylene glycol methyl ether ac-
etate (Sigma–Aldrich, St. Louis, MO, USA) for 15 min and rinsed with iso-
propanol for 3 min. The obtained capsule was treated with an O2 plasma
of 200 W for 30 s.

Liquid Packaging Inside the Capsule: Drug solutions were prepared by
dissolving different drugs 5-FU, DTX, DOX, and CUR (Sigma–Aldrich, St.
Louis, MO, USA) in DMSO (Merck & Co., Kenilworth, NJ, USA) mixed with
water at different ratios. All water used in this paper was distilled water. All
prepared drug solutions were mixed for 20 min using a vortex mixer and
5 min with an ultrasound sonicator. The lipid layer was prepared by mixing
0.5 wt.% lecithin (Sigma Aldrich, St. Louis, MO, USA) with bio-grade lipid
(Suppocire CM; Gattefosse SAS, Lyon, France) at 50 °C for 20 min. The
Fe3O4 MNPs (100 nm lipid coated; Chemicell GmbH, Berlin, Germany)
were added with a concentration of 8 wt/vol% in the melted lipid mix-
ture and mixed for 20 min using a vortex mixer and 15 min by ultrasound
sonication. The prepared drug solutions and the lipid-MNP mixture were
dual inkjet printed by an automatic inkjet printer (JetlabII, MicroFab Tech-
nologies, Inc., Plano, TX, USA). The temperature of the lipid-MNP mixture
reservoir, connection tube, and print head was maintained at 65, 70, and
50 °C, respectively, during printing.

Cryo-SEM of Capsules: For cryo-SEM imaging, the capsules were
placed in a 3 mm diameter support (M. Wohlwend GmbH, Sennwald,
Switzerland) together with a cryo-protectant solution (dextran 40 in M-
solution (20% w/v), Sigma–Aldrich, St. Louis, MO, USA). The loaded sup-
port was vitrified within milliseconds by using a high-pressure freezing
system (Leica EM ICE). The support was fixed in the cryo-SEM holder in
a liquid nitrogen workstation (Leica EM VCM) and trimmed while operat-
ing a cryo ultramicrotome (Leica EM UC7) at −110 °C. This step consists
of cryo planning the sample, to do so the top 80 um of the sample was
removed using a trim knife (Diatome, Hatfield, PA, USA). The cryo-SEM
holder was transported to a cryo e-beam coater (Leica EM ACE 600) in a
vacuum cryo transfer system (Leica VCT500) keeping it in a vacuum and
at −170 °C. A freeze etching process (also known as ice sublimation) was
necessary to remove the ice crystal layer that formed on the surface. The
sample was warmed up to −93 °C for 20 min at 3 °C min−1 and kept at
−93 °C for 1 min, to then bring it back steadily (3 °C min−1) to −150 °C.
After this step, the sample was coated with 3 nm of Pt (e-beam coating) for
better imaging contrast with the SEM (Zeiss GeminiSEM 500). The cryo-
SEM stage was maintained at −140 °C and the images were taken using
the in-lens detector, at an energy of 1.7 keV and with an aperture of 10 mm.
The working distance was set at 4.5 mm for optimized resolution.

XPS: PEGDA layers were manually detached from the lipid layer be-
fore analysis by XPS (Kratos Analytical Ltd, Manchester, UK) with 225 W
excitation power (on the anode, not X-rays, which was not given as it fluctu-
ates greatly during the lifetime of the anode), X-ray area of 400 × 700 μm2,
and exposure time of 1 h for each sample.

Water Contact Angle Measurement: The water contact angle was mea-
sured 10 s after water drop casting using Krüss DSA-30E (KRUSS GmbH,
Germany).

TGA Measurement of Capsules: TGA of the capsules packaging Solu-
tion 2 was measured under N2 environment. After keeping the sample
for 1 min at 30 °C, the temperature was increased from 30 to 180 °C at
5 °C min−1. Then the temperature was maintained for 20 min at 180 °C
followed by a ramp from 180 to 700 °C at 5 °C min−1, and the temperature
was held for 10 min at 700 °C.

LC-MS Analysis: For LC, drug solutions were diluted at a 1:20 ratio us-
ing 0.1% formic acid in water. The separation was performed using a col-
umn of 2.1 mm diameter and 100 mm height (HSST3). For each measure-
ment, 2 μL of sample was injected into the column, and each sample was
injected in duplicate. Two mobile phases: A: 0.1% formic acid in water, and
B: 0.1% formic acid in acetonitrile were mixed in different ratios according
to the gradient condition. The gradient condition of the LC was started at

1% B for 1.7 min, then ramped to 80% B in 0.3 min, held 80% B for 1 min,
ramped to 95% B in 0.5 min, and held 95% B for 0.5 min. Returned to
initial 1% B conditions in 0.5 min and then equilibrated for 2.5 min. The
mobile phases were injected into the column with a 0.4 mL min−1 flow
rate.

MS was performed using an Exploris ™240 Orbitrap interfaced with the
HESI ionization source in negative mode (0 to 2 min) and then in posi-
tive mode (2 to 7 min). MS spectra were acquired in the 100–1200 m/z
mass range at a resolution set to 120k, with the mild trapping option and
2 μscans, with ion transfer tube temperature at 325 °C. The peak area of
the XIC chromatograms (MEW 50 ppm) for the 2 main ion species (m/z:
129.0107 for 5-FU and 808.3539 for DTX) was integrated for the quantifi-
cation of the 5-FU and DTX in the sample.

In Vitro DMSO Permeation Measurement: To evaluate the permeation
of DMSO, capsules filled with 30% and 70% DMSO were incubated in
200 μL of PBS at 37 °C for 50 days. At each time point, the supernatant
was withdrawn, and its UV absorbance was measured by a UV–vis spec-
trophotometer (NanoDrop™ 2000c Spectrophotometers, Thermo Fisher
Scientific, Waltham, MA, USA). The DMSO concentration was calculated
by integrating the area under the measured curve from 200 to 250 nm
wavelength.

Measurement of the Erosion and Solvent Intake in the Lipid Membrane:
A lipid membrane 200–300 μm in average thickness was prepared by drop
casting 10 μL of lipid heated at 50 °C on the surface of 70% DMSO, and
PBS (PBS, pH 7.4, Thermo Fisher Scientific, Waltham, MA, USA) and solid-
ified at 25 °C. The lipid membranes floating on the liquid surface were in-
cubated at 37 °C, 30 rpm in an orbital shaker. At each measurement point,
the membranes were withdrawn from the liquid, then the remaining liq-
uid on their surface was carefully removed, and their weight was measured
(wet mass). Then the membranes were placed in a vacuum chamber for
3 days to dry them, and their mass was measured again (dry mass). Ero-
sion was calculated by dividing the dry mass minus the initial mass by the
initial mass. And solvent uptake was calculated by dividing the wet mass
minus the dry mass by the dry mass.

Degradation and Water Content Measurement of Polymerized PEGDA-
Based Material: Ten cubes with a dimension of 260 μm in the X, Y, and
Z axis, made by TPP using the same PEGDA-based photoresist used for
the fabrication of the micro reservoir, were placed in a centrifuge tube with
1 mL of PBS, and 1 mL of 70% DMSO in water for one-time point measure-
ments. The tubes were incubated at 37 °C, with a 30 rpm orbital shaker. For
each measurement, the cubes were centrifuged and washed with DI water
3 times. The cubes were withdrawn from the water, then the remaining
water on their surface was removed. TGA measurement was performed in
an N2 environment with a temperature ramp from 30 to 700 °C with tem-
perature held at 180 and 430 °C for 20 min. The remaining cube mass was
obtained by subtracting the mass measured after maintaining the temper-
ature at 180 °C and the water intake in the cube was calculated by sub-
tracting the mass measured after maintaining the temperature at 180 °C
from the initial mass.

In Vitro Drug Release Measurement: For all in vitro drug release ex-
periments, five capsules filled with drug solution of different drugs (5-FU,
DTX, DOX, CUR) with different DMSO concentrations (30%, 70%) were
placed in a 2 mL micro-centrifuge tube containing 200 μL of PBS incubated
at 37 °C, 30 rpm orbital shaker. The supernatant was withdrawn, and its
UV absorbance was measured at each measurement point with PBS as a
blank using a UV–vis spectrophotometer (NanoDrop 2000C) that allows
identifying the main absorption peaks of the four drugs used in this study
(5-FU:265 nm, DTX:227 nm, DOX:485 nm, CUR:425 nm). After each mea-
surement, the tubes were refilled with fresh PBS. At each measurement
point, the concentration of each drug present in the supernatant was ob-
tained using a previously established calibration curve. Comparing these
measurements to the initial concentration of each of the drugs packaged
in the capsule allows us to establish the cumulative drug release profile
with time. Drug-loaded capsules sealed with epoxy were prepared to in-
vestigate the drug release through the PEGDA-based reservoir. Capsules
loaded with drugs in solid form rather than dissolved in solvents were pre-
pared. In that case, the capsules were first loaded with drugs in solution
and then placed in a vacuum chamber for 3 days to evaporate the solvent.
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Capsules that packaged drugs in solid form were prepared by placing the
drug solution packaged capsule that was prepared as same as the drug
solution packaged capsule used for in vitro drug release measurement in
a vacuum chamber for 3 days.

Magnetically-Triggered Drug Release Study: Five capsules filled with
drug solutions were placed in a 2 mL centrifuge tube filled with 200 μL
PBS. The tubes were thermally insulated by a Styrofoam case and ex-
posed to AMF with a frequency of 111 kHz and 24 mT intensity us-
ing a MagneTherm system (Nanotherics Ltd, Warrington, UK) at a des-
ignated time point. Before and after exposure to AMF, the samples
were incubated at 37 °C, 30 rpm in an orbital shaker condition. The
drug concentration was measured right after the AMF exposure us-
ing a UV–vis spectrophotometer as same as the in vitro drug release
measurement.

In Vitro Drug Release Study in Tissue Phantoms: The cancer tissue-
mimicking phantom was prepared by dissolving 1.5% agarose, and
0.5% sodium alginate (Sigma–Aldrich, St. Louis, MO, USA) in wa-
ter and heating the mixture using a microwave at 700 W for 10 s,
then cooled down to 40 °C. 750 μL tissue phantom solution was
poured into UV cuvette (Semi micro cuvette, BrandTech Scientific,
Inc., Essex, UK) and solidified. Five drug solution packaged capsules
were placed on top of the obtained hydrogel layer and 750 μL tis-
sue phantom solution was poured above the capsule and solidified.
Drug release from the capsules and drug concentration measure-
ments were performed similarly as previously presented, with a tissue
phantom prepared without capsules as a reference for UV-absorbance
measurement.

Magnetically-Triggered Temperature Changes Study: The temperature of
the capsule’s sealing layer surface when exposed to AMF was measured
with an IR thermal camera (Microscope optics, Optris GmbH, Berlin, Ger-
many), and the temperatures of the drug solution, agarose gel, and in
the center of the sealing layer were measured using optical fiber tempera-
ture sensors (PRB-100 OSENSA’s fiber optic, OSENSA Innovations Corp.,
Burnaby, Canada), which were placed inside the agarose gel, and sealing
layer before their solidification.

In Vitro Cell Viability Study: A375 and HACAT cells were cultured in
RPMI 1640 growth medium (Thermo Fisher Scientific, Waltham, MA,
USA) mixed with 10% fetal bovine serum (Thermo Fisher Scientific),
100 g mL−1 of penicillin (Thermo Fisher Scientific), and 10 g mL−1 of
streptomycin (Thermo Fisher Scientific). Both cell lines were seeded in
a flat-bottomed 96-well strip plate (Corning Inc., NY, USA) with 1 ×
104 cells mL−1 concentration (100 μL). Cells were incubated at 37 °C,
5% CO2, and humidity exceeding 80% for 3 days to sufficiently prolif-
erate before the addition of the capsule. Five capsules filled with drug
solutions were sterilized by spraying 70% EtOH on the surface before
use. The stripped wells were sealed with a breathable film and placed
into a sterilized Styrofoam thermal insulation cage, before placing it in
the AMF generator (MagneTherm). Cell proliferation was measured 24 h
later. The cell medium was also changed 24 h after exposure to the
AMF.

Cell viability assay was performed by dispensing 10 μL prestoblue
reagent (Thermo Fisher Scientific, Altham, MA, USA) on the cells, which
were subsequently incubated for 1 h at 37 °C. The fluorescence was mea-
sured with Tecan Sunrise (Tecan, Männedorf, Switzerland) with excita-
tion and emission wavelength of 560–590 nm, respectively. Live/dead
cell allays were performed by Fluorescence cell images were taken
by staining cells with fluorescein-5-isothiocyanate (FITC) (green color
for live cells) + cyanine3 (CY3) (red color for dead cells) and 4′,6-
diamidino-2-phenylindole (DAPI) (blue color for live cell’s nucleus) dyes
for 30 min and their fluorescence was imaged using an IN-Cell Analyzer
2000 (GE Healthcare, Chicago, IL, USA).

Statistical Analysis: Data collected by at least three independent exper-
iments were presented as the mean ± standard deviation. The significant
difference between sample groups was determined by one-way ANOVA
with Tukey’s for post-hoc analysis. For all analyses, statistical significance
was expressed as a p-value, p-value smaller than 0.05. (* p < 0.05) was
considered statistically significant. All data were analyzed using Microsoft
Excel (Microsoft, Redmond, WA, USA).
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