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Micro and nanoparticles made from polymers, metals, ceramics, and lipids are
crucial for biomedical devices, energy storage, and electronics. Traditional
fabrication methods like grinding, milling, and emulsification result in
monolithic shapes and heterogeneous sizes. To improve shape control, tech-
niques such as photolithography, inkjet printing (IJP), and molding are
employed. Water-soluble molds are particularly promising for materials with
solvent incompatibility, thermolability, and poor mechanical properties.
Among them, lipids are interesting for their use in biomedical applications,
however, current fabrication methods limit lipid microparticles to monolithic
spherical shapes. This study presents calcium-based water-soluble 3D micro
molds fabricated using two-photon polymerization (TPP) for complex-shaped
lipid microparticles. TPP-fabricated organogels are converted to hydrogels,
loaded with calcium nitrate, and calcined into Ca-based materials. Lipids are
infiltrated into PVA-coated Ca-based molds via IJP, and selective mold leaching

in water creates lipid microparticles with 2 um resolution. The lipid micro-
particles can encapsulate and release lipophilic and hydrophilic drugs.

Micro and nanoparticles are essential components in various applica-
tions, including biomedical devices'?, energy storage®*, and electronic
systems’. These particles have been fabricated from diverse materials,
mainly polymers, metals, ceramics, and lipids. Micro and nanoparticles
are mostly fabricated using conventional processes such as
emulsification®, precipitation’, milling®, and nucleation growth’. How-
ever, these have limitations in size precision since they rely mostly on
physical breaking and self-assembly, which results in polydisperse
particles. Furthermore, they are not suitable for producing complex
non-spherical shapes due to the high mechanical forces applied during
the process, as well as surface tension in emulsification and crystal-
lographic directionality in nucleation growth methods. Therefore
alternative approaches have been employed to overcome these lim-
itations, such as photolithography'’, inkjet printing (IJP)", molding',
soft lithography', and microfluidics”. These technologies allow the
precise control of size and shape by light exposure path control
(photolithography), spatial material deposition control (JJP), and

injection and stamping in predefined shapes (molding, soft litho-
graphy). However, materials must be compatible with these methods
to fabricate complex-shaped micro and nanoparticles with high reso-
lution, such as photopolymerizable resin for photolithography or
moderate viscosity for |JP, thus limiting the variability of the materials.

Particles made of lipids find applications in various fields,
including pharmaceutics'", cosmetics', and food packaging". Their
application as drug delivery devices has opened up new possibilities
for advanced drug delivery systems. Lipids can dissolve and encap-
sulate active pharmaceutical ingredients (APIs) that exhibit poor water
solubility’® and can encapsulate and stabilize hydrolysis-sensitive APIs
until the onset of release, such as mRNA lipid nanoparticles'. Fur-
thermore, lipids can be used for sustained drug release over a pro-
longed time due to their inherent poor water permeability except
phospholipids®. Most micro and nano lipid particles are spherical
because they are fabricated through emulsification-evaporation, and
microfluidics, by exploiting the hydrophobicity and amphiphilicity of
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the lipids®. However spherical lipid components have low interaction
with biological barriers such as mucosal tissue and with cells***, and
are limited in their release control?’. Manufacturing lipid particles with
complex shapes can provide better drug release control, but can also
be used to provide additional functions such as external manipulation
or interaction with biological barriers for advanced drug delivery.

Non-spherical lipid structures with millimeter resolution have
been fabricated by IJP*?*, pneumatic extrusion methods**, and
conventional molding” for drug delivery implants and self-emulsifying
drug delivery systems (SEDDS) tablets. However, their dimension is on
the millimeter scale and their designs are relatively simple 2D or 2.5D
shapes such as cubes and cylinders. The main obstacles to the
microfabrication of more complex-shaped lipid particles are the poor
mechanical properties of lipids, their low melting temperature, and the
compatibility of lipids with organic solvents, which makes it virtually
impossible to produce such components by conventional manu-
facturing techniques.

3D molds with the desired negative geometry that can be infil-
trated with materials of interest and that are soluble for selective
removal afterward, enable the fabrication of complex shapes without
altering the properties of the molded materials. Additive manu-
facturing such as pneumatic extrusion®*%, stereolithography (SLA)*°*,
or two-photon polymerization (TPP)*> have been used to fabricate
soluble molds. However, these methods typically involve mold dis-
solution via aprotic and non-polar organic solvents or the thermal
degradation of the mold above 100 °C which is not compatible with
lipids. Therefore, a water-soluble mold compatible with lipids is
required for the fabrication of complex-shaped lipid particles. Kleger
et al. developed a 3D water-soluble NaCl mold shaped by pneumatic
extrusion® and SLA followed by calcination®, but the resolution of the
mold was limited to a hundred micrometers due to the manufacturing
technologies and the use of NaCl particles with a diameter of 2 um in
the printing resin. In addition, the infiltration of materials into the mold
using a syringe is not compatible with micro-sized molds. Water-
soluble polyvinyl alcohol (PVA) molds with millimeter resolution have
been fabricated by fused deposition modeling (FDM)*. Aabith et al.
further enhanced the resolution of PVA mold down to tens of microns
by direct ink-writing technology. Although the resolution of the mold
goes down to microns, the complexity of the design is limited to
simple 2.5 dimensions®.

TPP enables the fabrication of structures with complex geome-
tries and resolutions down to a single micron*. Consequently, TPP
has been utilized for printing soft materials®®, ceramic composites®,
and metals*® by incorporating micro or nanoparticles or ions into the
photoresist. However, implementing active substances before photo-
polymerization requires extra effort to optimize the photoresist
and printing conditions, such as uniform particle distribution and
photoresist composition according to materials. To address these
challenges, a method that infuses active substances into a photo-
polymerized organogel follows by calcination, enabling the printing of
various materials has been developed*. However, this method was
demonstrated using SLA, which is limited in resolution compared to
TPP and results in different polymerization densities.

In this work, we developed calcium-based water-soluble 3D micro
molds using TPP and used them as templates for the fabrication of
complex-shaped lipid microparticles. The fabrication of the 3D soluble
micro molds was achieved by TPP of a polyethylene glycol diacrylate
(PEGDA)/dimethyl sulfoxide (DMSO) organogel, followed by solvent
exchange to transform the organogel into a hydrogel loaded with a
calcium nitrate solution, and then calcination to remove the polymeric
components, resulting in water-soluble Ca-based materials. TPP allows
the fabrication of complex shapes with a resolution of 1um. However,
the polymer network fabricated with a photosensitive medium with a
high concentration of photoinitiator by TPP is dense, making it chal-
lenging to infuse a sufficient amount of Ca precursor, which is

necessary for retaining its shape after calcination. Here, we propose to
use a DMSO-based photosensitive medium to manufacture a 3D
organogel by TPP and apply the sparse infill exposure method to
overcome this challenge. Afterward, the lipid is infiltrated into the
micro mold by IJP to precisely fill the microcavity. Selective leaching of
the soluble mold results in complex-shaped lipid microparticles. Both
hydrophilic and lipophilic drugs and magnetic nanoparticles (MNP)
have also been mixed with the lipid to manufacture lipid micro-
particles to demonstrate lipid microparticles’ potential in drug deliv-
ery application.

Results and discussions

The fabrication of the water-soluble 3D micro mold starts with the 3D
printing of a DMSO organogel by TPP using a photosensitive medium
containing PEGDA and DMSO (Fig. 1a). DMSO has been chosen as a co-
solvent for the medium because it has a lower volatility than other
polar aprotic solvents and is miscible with both PEGDA and the photo-
initiator. The low volatility of DMSO minimizes changes in the photo-
sensitive medium properties during TPP due to solvent evaporation,
since TPP operates in an open environment with a small amount (less
than 100 pL) of photosensitive medium. The optimization of the TPP
condition and photosensitive medium composition can be found in
Supplementary Fig. S1. Organogel structures with both negative and
positive resolutions down to 2 um can be fabricated using TPP with a
photosensitive medium (Supplementary Fig. S2). Throughout TPP,
DMSO organogel microstructures with different designs of negative
cavities (helix, scaffold) with openings have been successfully fabri-
cated (Fig. 1a, Supplementary Fig. S3).

After printing, the DMSO organogel is immersed in DMSO to
exchange unpolymerized PEGDA molecules with DMSO. During this
process, DMSO penetrates the cross-linked walls to access the voids,
dilutes the uncrosslinked PEGDA, and subsequently replaces it. Then a
two step solvent infusion is performed to replace DMSO with water
and then water with an aqueous solution of 5.07 M calcium nitrate
tetrahydrate solution which transforms the DMSO organized into a
hydrogel loaded with Ca** (Fig. 1b). This hydrogel converts into a Ca-
based structure by calcination at 700°C. Rapid thermal decomposition
during the calcination hinders uniform isotropic shrinkage, forming
cracks and defects in the structure*. To minimize the risk of cracking
during calcination, the process has been carried out with a tempera-
ture ramp of 0.2 °C/min under argon flow. The original 3D structure of
DMSO organogel remained intact after calcination, except for a
reduction in its volume regardless of its design (Fig. 1c, Supplementary
Fig. S4). The resulting Ca-based structure is soluble in water, but its
high porosity makes it unsuitable to be used as a mold. To overcome
this problem, a polyvinyl alcohol (PVA) layer was coated on the Ca-
based structure to fill the pores with PVA by simply dipping it in a PVA
solution (Fig. 1d). PVA has been selected as a coating material because
it has a high solubility in water while it is insoluble in lipids, and forms
uniform thin films on the hydrophilic surfaces*’.

3D lipid microparticles are manufactured by infiltrating molten
lipids into the water-soluble 3D micro mold by JP (Fig. 1e). IJP allows a
precise filling of the micro mold by printing nanoliters of molten lipid
droplets into its opening of 100 um in diameter, without depositing
lipids on the surface of the mold, which might hinder the leaching
process carried out afterward. In this research, we dispersed drugs
(5-fluorouracil (5-FU) or Fenofibrate) and MNP into the molten lipid to
use the 3D lipid microstructures as a drug delivery device for its
potential application. Finally, a 3D lipid microparticle is obtained by
dissolving the mold in water at 20 °C, followed by drying at 20 °C, as
shown in Fig. 1f. To demonstrate the versatility of our technology, we
fabricated 3D lipid structures with different designs and material
compositions (with and without MNP) (Supplementary Fig. S5).

For ordinary TPP printing of polymers, the laser exposes the full
volume of the 3D structure sequentially, polymerizing 100% of the 3D
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design, as shown in Fig. 2a. In 3D printing, such a full exposure is
generally referred to as “solid interior fill or “solid fill”. However, when
using a solid fill strategy, the fabricated hydrogels did not keep their
original shape after calcination but instead crumbled into a white
powder. The TGA of the Ca®* loaded hydrogel made with the solid fill
strategy (Fig. 2a) shows that the gel contained 4.7 wt% of Ca precursor,
and retained 2.5 wt% of its original mass after calcination. This may be
due to the high density of the polymerized part, resulting in a poor
infusion of the Ca precursor in the polymer matrix.

To infuse a large amount of calcium nitrate into the 3D hydrogel
mold, another filling strategy was implemented during TPP fabrication,
generally referred to as “sparse infill” in 3D printing. In this method, the
laser exposes the contour of the 3D shape for shell fabrication and
builds a homogeneously distributed scaffold inside the shell (Fig. 2a).
This results in the interior of the 3D part being only partially filled (40
to 60% of the volume is filled). The calcium nitrate-infused hydrogel
made with the sparse infill strategy kept its original 3D oraganogel
shape after calcination. The TGA of the corresponding calcium nitrate-
infused hydrogel (5.07 M Ca** concentration) (Fig. 2a) shows that the
gel contained 19.2 wt% water and retained 16.1 wt% of its original mass
after calcination. The sparse infill exposure method not only
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Fig. 1| Schematics and optical images of the fabrication of water-soluble 3D
micro molds and lipid microparticles. a TPP fabrication of a dimethyl sulfoxide
(DMSO)/ polyethylene glycol diacrylate (PEGDA) organogel (b) Transformation
into a Ca®* hydrogel by the development of the structure in DMSO and two steps
solvent infusion in water and in calcium nitrate tetrahydrate precursor.

Calcination

significantly decreases the TPP process time by 40-60% compared to
the solid fill exposure strategy but also provides conditions for infus-
ing a much larger volume of calcium nitrate solution into the hydrogel
structure thanks to the interconnected voids inside the shell. There-
fore, the sparse infill exposure method has been used for all TPP
components fabricated in this research.

Figure 2b shows the DSC profile of the sparse infill hydrogel
infused with calcium nitrate solution (10 °C/min temp ramp followed
by isothermal hold at 600 °C for 30 min under nitrogen flow). The
positive heat flow from 30 °C followed by an endothermic peak at
88 °C and the mass loss in TGA until 100 °C, correspond to the water
infused into the hydrogel that evaporates below 100 °C and dehydra-
tion of the calcium nitrate tetrahydrate*’. From the TGA of the sparse
infill hydrogel infused with calcium nitrate solution, the onset of mass
loss is 230 °C, while the onset of mass loss of the hydrogel made with
the solid fill strategy is 310 °C (Fig. 2a). This difference is related to the
different amounts of calcium nitrate (which is an oxidizer) present in
the structures that enhance the decomposition of PEGDA by oxidation
which corresponds to the exothermic peak at 230 °C in DSC and is
further supported by no mass loss at 230 °C in TGA of hydrogel
without calcium nitrate (Supplementary Fig. S6). The exothermic peak
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¢ Calcination of a Ca** hydrogel under argon flow at 0.2 °C/min to form a Ca-based
mold. d PVA coating of the Ca-based mold. e Infiltration of molten lipid-drug-
magnetic nanoparticles (MNP) mixture into the water-soluble 3D micro mold by JP
of molten lipids into its opening. f Selective leaching of the mold in water at 20 °C
and drying to obtain the complex-shaped lipid microstructure.
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Fig. 2 | Effect of printing conditions and material composition on the fabrica-
tion of Ca-based mold and chemical characterization of Ca-based mold.

a Optical images of 3D organogels built using solid fill and sparse infill strategies
and the TGA profiles of the corresponding hydrogel infused with calcium nitrate
precursor at 1°C/min. b DSC profiles of hydrogel infused with calcium nitrate at
10 °C/min. ¢ SEM images of calcined Ca*" hydrogels prepared with photosensitive
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medium containing 35 vol% and O vol% DMSO, along with their TGA profiles.

d Optical images of calcined hydrogels prepared with 0.93 M and 5.07 M calcium
nitrate precursor and the relationship between Ca?* concentration and its dimen-
sions remaining after calcination (n = 3). e EDS analysis of the Ca-based mold. f XRD
analysis of the Ca-based mold. Ref. ICSD #, reference pattern from Inorganic Crystal
Structure Database (details in Experimental methods).

at 313 °C corresponds to the decomposition of the PEGDA matrix by
oxygen** which is in agreement with the TGA of PEGDA hydrogel
without calcium precursor infusion shows an onset of mass loss
around 310 °C (Supplementary Fig. S6). The decomposition of the
PEGDA matrix continues until 600 °C, which can be seen both from the
TGA of the hydrogel with and without calcium precursor infusion
caused by the rapid heating rate without isothermal hold. The endo-
thermic peak at 512 °C corresponds to the melting of anhydrous cal-
cium nitrate”. The exothermic peak at 538°C is related to the
transition of calcium nitrate into calcium oxide. Finally, the peak at

600 °C corresponds to the CaO-mediated exothermic decomposition
of organic compound residues that remained after the incomplete and
slow decomposition of PEGDA starting from a lower temperature.
When fabricating the organogel, a photosensitive medium with a
lower DMSO concentration is beneficial for achieving sufficient poly-
merization density to form a polymer matrix by TPP, with 35 vol%
DMSO being the upper limit (Supplementary Fig. S1). However, when
the concentration of DMSO in the organogel decreases, the rate and
amount of solvent exchange by infusion also decrease due to the
higher reticulation of the obtained polymer network. Figure 2c¢ shows
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the TGA of hydrogel components infused with calcium nitrate solution
fabricated with 35 vol% and 0 vol% DMSO photosensitive medium. The
hydrogel prepared from a Ovol% DMSO photosensitive medium
infused with 5.07 M Ca®* precursor retained only 8 wt% of its original
mass while the one prepared with 35 vol% DMSO infused with 5.07 M
Ca* precursor retained 12.7 wt% after calcination. Although a higher
degree of reticulation of the polymer network hinders the solvent
infusion process, the calcined hydrogel prepared with O vol% DMSO
photosensitive medium retained its original shape because of the
precursor infused into the voids created by the sparse infill exposure
method. However, it shrank to 58% of its initial dimension with large
defects and cracks. In comparison, the same component prepared with
35vol% DMSO shrank to 87% of its original dimensions without
observable defects or cracks on its exterior by microscope (Fig. 2c).
Therefore, a 35 vol% DMSO photosensitive medium has been used for
all fabrication processes in this research to facilitate solvent infusion
and to maintain the original shape and dimensions after calcination.

The shrinkage of the calcined calcium nitrate-infused hydrogel is
influenced by the Ca* concentration of the precursor. Figure 2d shows
that the dimension of the calcined hydrogel are linearly proportional
to the Ca®* concentration of its precursor. The hydrogel prepared with
a 0.93 M Ca* precursor retained its original shape without observable
cracks or defects by microsope on its exterior after calcination
(Fig. 2d), with 22% shrinkage in its original dimensions, retaining 2.2 wt
% of its original weight (Supplementary Fig. S7). Although hydrogel
fabricated by sparse infill prepared with 0.93 M precursor retained a
similar weight after calcination (2.2 wt%) with the solid hydrogel pre-
pared with a 5.07 M precursor (2.5 wt%), it retained its original shape,
while the solid hydrogel formed white powder instead. This is due to
the interconnected distribution of the infused Ca precursor in the
hydrogel, thanks to the interconnected voids created by sparse infill
exposure, thus allowing isotropic shrinkage of the Ca-based mold
without changing the dimensions of the organogel.

The energy dispersive X-ray spectroscopy (EDS) mapping of the
Ca-based structure obtained after calcination showed a homogeneous
distribution of Ca, C, and O throughout its surface (Fig. 2e). The XRD
analysis of this component (Fig. 2f) revealed that the infused calcium
nitrate tetrahydrate was mainly converted to calcium carbonate
(CaCO3) in aragonite (61wt%) and calcite (28 wt%) forms (Supple-
mentary Fig. S8) after calcination. The calcium carbonate is formed by
the reaction between calcium oxide and carbon dioxide produced by
the polymer decomposition. The prevalence of aragonite which is a
high-pressure polymorph of calcium carbonate suggests that there
was naturally generated internal pressure in the structure during cal-
cination. Internal pressure may be caused by the material inside the
voids of the scaffold filling the interior of the structure decompose
faster than the one of the outer shell due to their different material
densities. The remaining calcium content corresponds to calcium
hydroxide (8 wt%) and calcium oxide (3 wt%). Calcium oxide is gener-
ated from the decomposition of calcium nitrate, and calcium hydro-
xide is formed by the reaction of calcium oxide with water molecules.
EDS and XRD analysis revealed that the Ca-based structure formed
after calcination is composed entirely of water-soluble materials.

The porosity of the mold can be controlled by adjusting the
scaffold fill density using the sparse infill method, which is regulated
by scaffold spacing and scaffold wall thickness (Supplementary
Table S2). We fabricated cuboid organogels with dimensions of
1000 x 1000 x 500 um at different scaffold fill densities (22%, 47%,
73%) (Fig. 3a). After transferring the organogels into Ca-based struc-
tures by solvent exchange with 5.07 M Ca* precursor and calcination,
the volume and weight of the cuboids were measured to calculate the
porosity of each structure. Structures with a higher scaffold fill density
exhibited higher porosity because the scaffold structure reduced
the available volume for the infused Ca precursor. The porosity of
the solid-filled structure after calcination, with dimensions of

1000 pm x 1000 um x 5 um infused with 5.07 M Ca* precursor (32%), is
lower than that of the structure fabricated using the sparse infill
method (39% porosity at a 22% scaffold fill density) while there is more
shrinkage in dimension (73% of original volume) than the structure
fabricated by sparse infill method (87%). Therefore, the increase in
porosity can be attributed to the shrinkage difference between the
void and scaffold regions, which is likely caused by variations in Ca
concentration between these parts. The porosity of the structure had a
significant impact on leaching time; the higher the porosity of the Ca
mold, the shorter the leaching time as shown in Fig. 3a. However, a
higher scaffold filing density results in longer total TPP writing time
with a 20% increase when the filling density is increased by 25%.

The external morphologies of the Ca-based mold before and after
the PVA coating were observed using scanning electron microscopy
(SEM). The Ca-based mold retained its original 3D shape without
cracks and defects larger than 10 um in its exterior (Fig. 3b) (Other
designs are shown in Supplementary Fig. S9). SEM images at higher
magnification of the mold surface indicate that the surface is highly
porous with interconnected cracks of width narrower than 1um. The
clusters of particles on the surface may have been generated by the
residual calcium precursor on the hydrogel surface. However, after
PVA coating, the number of cracks and defects decreased on the
exterior surface according to SEM image (Fig. 3¢) with PVA filling the
pores, resulting in a smoother surface without cracks or pores. Filling
the bare Ca-based mold required 1550 lipid droplets as the printed
lipid permeated into the pores of the bare mold, while the PVA-coated
mold required 420 droplets only. This result indicates that the PVA
coating effectively improved the structural integrity and its imper-
meability to lipids.

Figure 3d shows SEM images of a lipid structure fabricated
through lipid infiltration and mold leaching using a water-soluble 3D
micro mold. The complex design of the cavity inside the original mold
design was unchanged by solvent exchange, calcination and PVA
coating. SEM images of lipid microparticles with other designs are
shown in Supplementary Fig. S10. The SEM images at higher magnifi-
cation of their surface shows pores and wrinkles with clusters of
aggregated MNPs. Careful handling of lipid microparticles is required
due to their poor mechanical properties.

To evaluate the resolution limits of the developed technology,
helix-shaped lipid microparticles with varying dimensions were fabri-
cated with a 25x magnification objective. These microparticles fea-
tured helical body diameters (representing the width of the helix lines)
of 10, 6, 4, 2, 1, and 0.5 um. The microstructures were fabricated on a
plate with 100 um thickness to facilitate easy handling of the samples.
Using the developed method, we successfully fabricated micro-
structures with helical body diameters down to 2 um (Fig. 3e). How-
ever, lipid microparticles with 1um and 0.5um diameters failed to
obtain the helical form (Fig. 3f). This limitation is attributed to the
resolution constraints of the TPP system, as the process was con-
ducted using a 25x magnification objective resulting in a voxel size of
0.5 um in the x-y plane and 2 ym in the z-direction. The resolution of
the structure can be further improved by using higher objectives
for TPP.

Figure 4a depicts the in vitro accelerated degradation of a helix
lipid microparticle immersed in a 30 mg/ml lipase solution at 37 °C.
The structure degrades starting from its exterior surface over time and
is completely degraded after 8 min, leaving traces of MNPs that were
encapsulated inside the lipid. In comparison, helix lipid microparticles
with the same dimensions and material composition didn't show
degradation under optical observation in phosphate-buffered saline
(PBS) at 37 °C over 3 days (Supplementary Fig. S11).

Evaluating the drug loading efficiency of the fabricated lipid
microparticles is important to apply them in drug delivery applica-
tions. Selective leaching of the soluble mold is a pivotal step in opti-
mizing drug loading efficiency. Initially, the lipid microparticle
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Fig. 3 | Effect of porosity in leaching time and SEM images of the mold and the
lipid microparticle. a Effect of the scaffold fill density in the organogel structure
on the porosity of the Ca-based structure and their leaching time (n = 3) and optical
images of different scaffold fill densities. b Ca-based mold before PVA coating. ¢ Ca-
based mold after PVA coating. d Lipid microparticle encapsulating MNPs. e Helix
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lipid microparticles with varying dimensions, featuring helical body diameters of
ranging from 10 to 0.5 um. f Enlarged images of helical lipid microparticles with
diameters of 1 um and 0.5 um, showing imperfections due to insufficient fabrication
resolution.

contacts water through the mold opening, gradually increasing its
exposure as the mold degrades, leading to unwanted drug release into
the leaching medium. Figure 4b shows the drug loading efficiency of
5-FU (hydrophilic drug) encapsulated into helix lipid microparticles
exposed to different temperatures during leaching. The microparticle
prepared at 20 °C exhibited the highest drug loading efficiency with

83% remaining in the structure after leaching, followed by 72% for the
one prepared at 2 °C, and 52% for the one prepared at 37 °C. This trend
is attributed to the inverse relationship between dissolution time and
temperature, while the drug release rate is directly proportional to
temperature. Therefore, finding the optimal temperature is essential
to minimize drug loss during the leaching process.
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b Drug loading efficiency of 5-FU encapsulated in helical lipid microparticles pre-
pared at different leaching temperatures. ¢ In vitro drug release profile of the helix
lipid microparticle immersed in PBS at 37 °C (n = 3). d Magnetic hysteresis curve of

30 helix lipid microparticles e Time-lapse images of the magnetic manipulation
of a helix lipid microparticle by a rotating magnetic field and the velocity of the
lipid microparticles under different rotating magnetic field frequencies (n = 3).

f Time-lapse images of the magnetic manipulation of a cubic scaffold lipid micro-
particles by a magnetic gradient.

Figure 4c shows the in vitro drug release profile of 5-FU and
fenofibrate encapsulated in lipid microparticles immersed in PBS at
37°C. After an initial burst release on day 1, a continuous release is
observed at a decreasing rate until day 21 for both 5-FU and fenofi-
brate. 72.1% of the loaded 5-FU has been released for 21 days while
24.5% of fenofibrate has been released during the same period. 5-FU
particles are dispersed in an undissolved state (Supplementary
Fig. S12) within the lipid matrix because it is a hydrophilic drug with a
water solubility of 12.2 mg/mL*. Its release is primarily governed by
diffusion through water-infiltrated pores that are either inherently
present or formed due to the dissolution of the drug particles over
time. This mechanism results in a relatively fast release rate for 5-FU. In
contrast, fenofibrate is soluble in the lipid matrix (Supplementary
Fig. S12) because it is a lipophilic drug with very low water solubility
(0.3 pg/mL) and a high solubility in lipids (100 mg/mL)*. Its release
occurs by diffusion through the lipid matrix or by degradation of lipid,
which leads to a slower release rate compared to 5-FU. The use of lipid
components allows the encapsulation and release of poorly water-
soluble drugs. This cannot be achieved by biodegradable polymers but
is possible with lipids because they can dissolve poorly water-soluble
drugs. This can increase the applicability of drug delivery devices to a

diverse range of drugs since many advanced newly developed drugs
are poorly water-soluble*”*%,

The magnetic hysteresis curve of 30 helix lipid microparticles with
the encapsulated iron oxide MNPs indicates that it has super-
paramagnetic properties (Fig. 4d). The helical structure enables the
manipulation of the lipid microparticle in a liquid environment under
low Reynolds number conditions by rotation along its longitudinal axis
in a corkscrew motion*’. Therefore, helix lipid microparticles can be
externally manipulated in a liquid by exposing them to an external
rotating magnetic field (ERMF). By controlling the direction and fre-
quency of the ERMF, the helix lipid microparticle can be guided in
locomotion in PBS, as depicted in Fig. 4e. The locomotion of helix lipid
microparticles can be found in Supplementary Movie 1. Its velocity
increased linearly with the increase in ERMF frequency, reaching a
maximum velocity of 92 um/s at 3 Hz frequency, followed by a huge
decrease at higher frequency (Fig. 4e. The decrease in velocity is
caused by the unsynchronized physical rotation with the ERM field due
to insufficient magnetization, a phenomenon known as step-out
frequencies®. Non-helix shape lipid microparticles such as cubic
scaffolds can be manipulated by magnetic gradient as shown in Fig. 4f
(Supplementary Movie 2)
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Discussion

In this study, we developed a fabrication process for complex-shaped
lipid microparticles with a resolution of 2 um using water-soluble 3D
micro molds. The water-soluble micro molds were fabricated through
TPP with solvent exchange, followed by calcination and PVA coating.
Lipid infiltration was then achieved via IJP, followed by leaching. Our
method has several advantages over the state of the art of previous
water-soluble molds which were fabricated using salt particle-loaded
ink by SLA** and PVA micro molds by direct ink writing®. The main
advantage of our approach compared to salt particle-loaded inks is its
resolution down to 2um, whereas salt particle-loaded inks have a
resolution of a few hundred micrometers. This difference is due to the
intrinsic size of submicron salt particles, leading to light scattering and
absorption caused by dispersed microparticles, while our approach
uses a particle-free photoresist. Also, our method can be applied to
both SLA and TPP, whereas the salt ink method can only be applied to
SLA due to the high concentration of particles (65wt%), which is a
further drawback in the quest for high resolution. Furthermore, our
method can be used for further miniaturization after photo-
polymerization by controlling the calcium precursor concentration,
unlike salt-loaded inks whose shrinkage is predetermined by the
dimension of the photopolymerized structure. Finally, our method
does not involve surfactants or any complex photoresist preparation
processes to reduce viscosity and improve the dispersion of salt
microparticles in the photoresist. It uses a simple polymer, organic
solvent, and photoinitiator mixture. The one downside of our Ca-PVA
approach is that it may not be compatible with the fabrication of
materials that can damage the PVA coating, such as molten metals at
high temperatures. Compared to the state of art of PVA micro mold,
our approach overcame the resolution limit of PVA micro-molds which
is constrained to tens of microns due to the physical diameter of the
direct ink printer nozzle, to the single-micron range by using TPP.
Furthermore, our approach enables the fabrication of complex-shaped
3D structures, such as helices and overhangs, which are not easily
achievable with direct ink writing technology.

The sparse infill method allowed large amounts of calcium nitrate
solution to infuse into the structure, overcoming the poor solvent
infusion caused by the high degree of reticulation of polymer networks
created by TPP. After calcination, the structures shrank to 50%-90% of
their original dimensions, depending on the calcium precursor con-
centration, allowing further miniaturization of the mold after printing.
TGA, DSC, and EDS analyses confirmed that the Ca-based mold is fully
water soluble.

A PVA coating was applied to the Ca-based mold to fill the pores
and prevent lipid permeation. Selective leaching of the mold with water
left only the lipid microparticles. The leaching step reduced the
encapsulation efficiency of the cargo inside the microparticles and
limited fabrication with fast-dissolving SEDDS lipid materials. The
leaching time can be reduced by increasing the porosity, which is
achieved by increasing the scaffold fill density of the structure. How-
ever, this comes with a trade-off, as higher scaffold fill density results in
longer total TPP writing time. Future studies should focus on optimizing
the pH and temperature of the leaching medium to address these lim-
itations. The resolution and miniaturization of the lipid microparticles
can be further enhanced by designing small features down to 1um by
using higher objectives with smaller voxel volume with a tradeoff with
printing speed. However, the difficulty in handling the mold and the
lipid microparticles needs to be addressed beforehand. For scalable
mass production and to reduce the fabrication cost, TPP can be
replaced by other more economical fabrication tools such as SLA while
keeping the resolution of 10-50 um which is much lower than the state
of the art of current water-soluble molds. Furthermore, by controlling
the shrinkage of the mold through adjustments in calcium precursor
concentration as shown in Fig. 2d, the resolution of mold prepared by
SLA can be improved below its fabrication limit to match that of TPP.

The developed water-soluble mold is compatible with lipids dur-
ing the leaching step without erosion and shape change of the lipids by
the solvent. It also eliminates the physical disassembly process for the
removal of the mold which prevents the stress-induced fracture in
mechanically fragile lipids. Furthermore, shape complexity and 2 um
resolution inherited from the TPP expand the design and precision
limitation of previous lipid fabrication processes.

Drug-incorporated lipid microparticles released both water-
soluble and poorly water-soluble drugs over a prolonged period. Fur-
thermore, by incorporating MNPs into the lipid structures and shaping
them as helix, these lipid microparticles can be manipulated magne-
tically in vitro. These features open up the possibility of our technol-
ogy for targeted drug delivery as its future application. Future studies
are crucial to establish the capability of drug-loaded lipid micro-
particles for in vitro and in vivo drug delivery, paving the way for their
application in targeted drug delivery systems.

The developed technology to fabricate Ca-based water-soluble
molds may enable more technological opportunities beyond what is
shown in this study. The technology can be extended to molding
various materials that are insoluble or slowly soluble in water, such as
biodegradable polymers or molten metal. This allows their fabrication
into complex-shaped objects without the defect-vulnerable interfaces
often created by other manufacturing technologies such as binder
jetting or fused deposition modeling since utilize powder-based or
layered deposition processes that can lead to weak spots and incon-
sistencies in the final product™*?. Complex-shaped lipid microparticles
have the potential to be applied to various fields in addition to drug
delivery applications. For example, in bioresorbable electronics,
complex-shaped lipid microparticles may serve as substrates for
electronic components, improving mechanical properties by being
designed in specific shapes like serpentine or honeycomb structures
while possessing high biocompatibility and biodegradability com-
pared to synthetic biodegradable polymers.

Methods

Fabrication of water-soluble 3D micro molds

The PEGDA/DMSO-based photosensitive medium was prepared by
mixing 65 vol% of PEGDA (Mn =575), 35 vol% of DMSO, and 50 mg/ml
of Irgacure-369 (Sigma-Aldrich, St. Louis, MO, USA). The photo-
sensitive medium was drop-cast on a silicon substrate and placed into
the TPP tool (Photonic Professional GT; Nanoscribe GmbH, Eggen-
stein-Leopoldshafen, Germany). TPP was carried out with a laser power
of 150 mW using a 10x and 25x magpnification objective lenses in direct
contact with the medium (most printing has been done with the 10x
objective unless otherwise stated). Sparse infill and solid fill methods
for the 3D structure exposure were programmed by Describe software
(Photonic Professional GT; Nanoscribe GmbH, Eggenstein-Leopold-
shafen, Germany) (Detailed parameters are shown in Supplementary
Table S1). After printing, the 3D organogel was immersed in 80°C
DMSO for 24 hours, 80°C water for 12 hours, and finally in a 5M cal-
cium nitrate tetrahydrate solution for 24 hours for solvent infusion.
Calcination was performed under 20 mbar argon flow in a tubular
furnace (Tube furnaces; Carbolite Gero GmbH, Neuhausen, GER) with a
0.2 °C/min temperature ramp to 700 °C and a 3 °C/min temperature
ramp during the cooling phase. For the PVA coating, PVA (M,,
31,000-50,000; Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
deionized water at a concentration of 20 mg/ml. A 2L of the PVA
solution was drop-casted on the top of the Ca-based structure using a
micropipette. This allowed to fully immerse the Ca-based structure in
the PVA solution. The water evaporated within 5 minutes after drop
casting and the structure was further dried over 12 h before infiltration.
The mold is handled using precision tweezers on a silicon substrate
and observed under an optical microscope to rotate and align the
holes in the desired direction. Translation of the mold is achieved by
moving the silicon substrate.
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Infiltration of molten lipid by [JP

The lipid was prepared by mixing a lipid mixture consisting of mono-,
di-, and triglycerides esters of fatty acids with a low hydroxide ratio
(Suppocire CM; Gattefosse SAS, Lyon, France) with Fe30, MNPs
(100 nm lipid coated; Chemicell GmbH, Berlin, GER) with a con-
centration of 5wt% and with drugs: 5-fluorouracil (5-FU) 5mg/ml or
Fenofibrate 50 mg/ml (Sigma-Aldrich, St. Louis, MO, USA) at 50 °C for
20 min using a vortex mixer and 15 min by ultrasound sonication. The
prepared lipid mixture was inkjet printed by an automatic inkjet
printer (Jetlabll; MicroFab Technologies, 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.

Selective leaching of the mold and drying

The lipid-infiltrated mold was immersed in distilled water (pH 5.3) at
different temperatures (2 °C, 20 °C, and 37 °C) under 200 rpm orbital
shaking. Depending on the temperature, the time required for total
dissolution of the mold varied: 48 h at 2 °C, 8 h at 20 °C, and 5 hours at
37 °C. After, the lipid microparticles were retrieved from the water, and
dried overnight at 20 °C.

Dimension measurement

The reference to the dimension after calcination corresponds to the
dimension of the calcium ion-infused hydrogel. The side length of the
structure has been measured by an optical microscope and compared
to the same side length after calcination. The shrinkage value was
calculated assuming isotropic shrinkage in all directions, using the
three-squared ratio of the side lengths

TGA

TGA (TGA 4000; Perkin Elmer, Waltham, MA, USA) was performed
under a 20 ml/min synthetic air (20% oxygen, 80% nitrogen) flow
environment. The samples were heated with an isothermal hold for
1min at 30 °C, followed by a temperature increase to 700 °C with a
ramp rate of 1°C/min. 30 molds were loaded into crucibles right after
they were taken out from the calcium precursor which resulted in the
average starting mass of 7.5+ 0.3 mg.

DSC

DSC (DSC 8000, Perkin Elmer; Waltham, MA, USA) was performed
under a 20 ml/min nitrogen flow environment. The samples were
heated with an isothermal hold for 1 min at 30 °C followed by a tem-
perature increase to 600 °C with a ramp rate of 10 °C/min and an
isothermal hold for 10 min at 600 °C. 10 molds were loaded into cru-
cibles right after they were taken out from the calcium precursor which
resulted in the average starting mass of 2.4 + 0.2 mg.

XRD

XRD samples are prepared by grinding Ca-based microstructures into
powder to fill the amorphous zero-background sample holders with
dimensions of 10 x 10 x 0.1 mm. XRD measurements were conducted
using Bruker D8 Discover (Bruker, Billerica, MA, USA) in Bragg Bren-
tano mode. The equipment was equipped with a Johansson Kalphal
monochromator and a LynxEye 1D detector. Experimental patterns
were compared to references from the Inorganic Crystal Structure
Database®.

Porosity measurement and leaching time measurement

1000 x 1000 x 500 um cuboids with varying scaffold spacing and scaf-
fold wall thicknesses were fabricated for different scaffold fill densities
(Supplementary Table S2). For the material density (shell part), cuboid
structures with dimensions of 1000 um x 1000 um x 5 ym, matching the
thickness of the shell part in the sparse infill method, using the solid fill
method have been fabricated. The cuboids underwent the same solvent

exchange and calcination process to convert them to Ca-based cuboids.
The volume of the cuboids was calculated through optical microscope
measurements, and their mass was measured. The porosity of the
cuboids was determined using Eq. (1), where density refers to the mean
density of the various calcium-based materials, calculated from XRD
analysis results.

_ Cuboids weight x Density
Cuboids volume

Porosity(%)= (1 > x100 1)

To measure the leaching time of the cuboids, they were immersed
in water at 20 °C under 200 rpm orbital shaking, and the time for
complete dissolution under optical observation was measured.

SEM and EDS

Samples are observed by SEM (SEM merlin; Thermo Fisher Scientific,
Waltham, MA, USA) at an acceleration voltage of 4 kV. The samples are
fixed on Si substrate by carbon tape or PVA (only for PVA-coated
mold). EDS was performed by the same instrument by using the EDS
detector (X-Max 50 mm? detector; Oxford Instruments, Abingdon,
UK), with an applied voltage of 6 kV.

In vitro degradation of lipid microparticles

A lipase solution has been prepared by dissolving 30 mg/ml (Lipase
from porcine pancreas; Sigma-Aldrich, St. Louis, MO, USA) in deio-
nized water. The lipid microparticles were immersed in 2 ml of lipase
solution and PBS at 37 °C and its optical image was observed over time.

In vitro drug loading efficiency measurement

Drug-loaded lipid microparticles were completely dissolved in 100 pL
of DMSO by incubating at 37 °C and 30 rpm for 24 h. After incubation,
the absorbance of the DMSO was measured using a UV-vis spectro-
photometer (NanoDrop™ 2000c Spectrophotometers; Thermo Fisher
Scientific, Waltham, MA, USA) to determine the drug concentration.
The drug loading efficiency was calculated using Eq. (2),

CV 2

Drug loading efficiency = nL
P p

where C, refers to the drug concentration in DMSO, V; is the volume of
DMSO (100 pL), n is the number of immersed lipid microparticles (10),
C, is the drug concentration in the lipid mixture, and V;, is the volume
of the lipid particles (estimated by a 90% shrinkage of their original
design).

In vitro drug release measurement

Lipid microparticles were placed in a 2mL micro-centrifuge tube
containing 100 uL of PBS and incubated at 37 °C on a 30 rpm orbital
shaker. A 2 uL aliquot of the supernatant was withdrawn, and its UV
absorbance was measured at each measurement point using PBS as a
blank with a UV-vis spectrophotometer (NanoDrop 2000C). After
each measurement, the tubes were refilled with fresh PBS. This method
allows the measurement of the main absorption peaks of the two drugs
used in this study (5-FU: 265 nm, Fenofibrate: 290 nm). At each mea-
surement point, the concentration of each drug present in the super-
natant was obtained using a previously established calibration curve.

Magnetic hysteresis curve measurement

The magnetic hysteresis of 30 lipid microparticles was measured in a
-20 to 20k Oe magnetic field using a SQUID magnetometer (Quantum
Design MPMS system; Quantum Design GmbH, Pfungstadt, GER) at
room temperature.
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In vitro magnetic manipulation

A single helix lipid microparticle was put in a glass dish filled with PBS
solution. For electromagnetic actuation, the lipid microparticle in the
PBS solution was manipulated under an external ERMF with 30 mT
intensity with in-plane rotation generated by the magnetic actuation
system (Minimag; Magnebotix, Zurich, Switzerland). Cubic scaffold
lipid microparticle was immersed in the same condition and manipu-
lated with a magnetic gradient with an intensity of 2000 mT/cm. Time-
lapse images were obtained using an optical microscope at 14 fps to
track the position of the lipid microparticles.

Statistical analysis

Data collected by at least three independent experiments are pre-
sented as the mean + standard deviation. All data with a repetition
number has been obtained from the particles/molds fabricated from
the different batches.

Data availability

All data that support the key findings in this study are available within
the main text and the Supplementary Information file. Source data are
provided with this paper. Any additional requests for information are
available from the corresponding authors upon request. Source data
are provided with this paper.
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