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required for bioreactors enabling immobi-
lizing enzymes, cells or microorganisms 
on the surface of the reactor’s internal 
packing. Such internal packings are scal-
able and in fact allow transferring batch 
toward continuous processes.[1] The bio-
chemical reaction is performed in living 
cells on the surface or catalyzed by the 
immobilized enzyme on the surface, 
making the surface to volume ratio the 
main factor affecting the process effi-
ciency.[2] Hollow fiber membrane bioreac-
tors[3,4] and packed-bed bioreactors[5] both 
show high surface to volume ratios and 
are therefore the two established reactor 
types in industrial processes. Key to the 
performance of such packed-bed reactors 
is tuning the properties of the particles 
that define the desired reactor characteris-
tics. These particles’ properties range from 
the material with a specific surface charge, 
softness, or rigidity to the macroscopic 
structure with particular particle size, 
shape, and desired surface roughness.[6] 
They affect the biological environment, 
including the adhesion and development 
of cells, and the engineering performance 
indicators, such as the hydraulic resist-

ance, the packing density, and the surface to volume ratio. For 
example, the particle softness affects the cells adhesion[7] as well 
as the flow-dependent compressibility of the packed bed, which 
increases the pressure loss.

The influence of particle shape on pressure drop, perme-
ability, and active catalyst surface is also applied on a larger scale 
at fixed bed reactors for particle sizes of several centimeters. By 
tailoring particle shapes, from spherical to cylindrical, tubular 
or more complex-shaped particles, the hydrodynamic pressure 
drop and the active surface area are tailored for the specific appli-
cation in experiments[8] as well as in simulation.[9] Such irreg-
ular assemblies of porous any-shape particles are a promising 
alternative to applications of periodic open cellular structures 
(POCS) as a fixed bed. The POCS geometry allows predicting 
and tailoring of the hydrodynamic properties, including the 
pressure drop.[10,11] However, tailoring any-shape particle assem-
blies’ porosity and pressure drop holds great benefits regarding 
automated fabrication, process adjustment, and installation.

For bioprocessing and tissue engineering applications, 
assemblies made from double-digit micrometer-sized particle 

Today, millimeter-sized nonspherical any-shape particles serve as flexible, 
functional scaffold material in chemical and biochemical reactors tailoring 
their hydrodynamic properties and active surface-to-volume ratio based on 
the particle’s shape. Decreasing the particle size to smaller than 100 μm 
would be desired as it increases the surface-to-volume ratio and promotes 
a particle assembly based on surface interactions, allowing the creation of 
tailored self-assembling 3D scaffolds. This study demonstrates a continuous 
high-throughput fabrication of microscopic 3D particles with complex shape 
and sub-micron resolution using continuous two-photon vertical flow lithog-
raphy. Evolving from there, in-channel particle fabrication into a confined 
microfluidic chamber with a resting fluid enables the precise fabrication of a 
defined number of particles. 3D assemblies with various particle shapes are 
fabricated and analyzed regarding their permeability and morphology, repre-
senting convective accessibility of the assembly’s porosity. Differently shaped 
particles highlight the importance of contact area regarding particle–particle 
interactions and the respective hydraulic resistance of an assembly. Finally, 
cell culture experiments show manifold cell–particle interactions promising 
applicability as bio-hybrid tissue. This study pushes the research boundaries 
of adaptive, responsive, and permeable 3D scaffolds and granular media by 
demonstrating a high throughput fabrication solution and a precise hydrody-
namic analysis method for micro-particle assemblies.

1. Introduction

Constructing percolating interconnected internal surface is 
a prerequisite for surface controlled reactions as for instance 
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building blocks enhance the surface-to-volume ratio and allow 
cells to interact with the geometrical structures of similar-sized 
objects. Several fabrication techniques are applied in research 
to fabricate such complex-shape micro-particles and can be 
structured in batch fabrication, horizontal-flow lithography, and 
vertical-flow lithography. Batch fabrication includes molding 
techniques for rods[12,13] and 3D printing of complex 3D parti-
cles on a static substrate using two-photon polymerization.[14] 
These batch techniques are not suited for continuous fabrica-
tion and are therefore hardly scalable. Microfluidic horizontal-
flow lithography enables the fabrication of anisometric parti-
cles by exposing light perpendicularly into a photo-resin-filled 
channel. For example, rod-shaped particles can be fabricated 
by centering the photo resin by a jet and pulsating a spotlight 
source.[15] More complex 2.5D particles can be fabricated by 
projecting photo-masked-shaped parallel light into a channel, 
which is filled with the liquid photo-resin so that particles are 
formed in the shape of the light beam, and the height of the 
channel.[16] This technique is applied for various materials[17] 
and flow interruption during particle formation improves its 
resolution.[18] In addition, high-resolution two-photon polymeri-
zation can be applied in a horizontal flow for the fabrication of 
3D particles by correcting the laser pathway in flow-direction 
depending on the print-time.[19] Rotating the illumination direc-
tion parallel to the fluid flow results in vertical flow lithog-
raphy, which was implemented with a stop-flow set-up using 
UV-projection.[20] However, high-resolution in-flow printing is 
only possible by moving the polymerization level away from 
the channel walls inside the center of the laminar flow profile. 
Lölsberg et al. suggested this technique by applying two-photon 
polymerization in the vertical flow and fabricating high-resolu-
tion micro-tubular structures with sub-micron-sized porosity.[21]

In today’s state-of-the-art particle fabrication technolo-
gies, the production of any-shape micro particles in a rea-
sonable size range for bioprocessing and tissue engineering 
applications is limited regarding 3D complexity, resolution, 
and throughput. Therefore, the analysis of micro-particle 
assemblies are to date limited to spherical rigid and soft par-
ticles.[22–25] The morphology of an assembly depends strongly 
on its formation process, which results from particle interac-
tions, extensively studied for nano-particle self-assembly within 
the last 30 years.[26] All the progress in nano-particle assembly 
ranging from molecular synthesis to controlled 1D, 2D, and 3D 
arrangement, emerges in assemblies with tremendous preci-
sion by considering all material properties including compo-
sition, crystal structure, surface chemistry, and morphology. 
However, nano-particle self-assemblies are restricted to a few 
tens of micrometers.[26,27] Accomplishing technical applications 
requires larger micron-scale building blocks by transferring 
molecular synthesis routes and nano-particle properties to 3D 
micro-particle fabrication and functionalization. The micro-par-
ticle’s shape determines the particle-contact points and thereby 
activates the interaction of particles depending on their prop-
erties, including charge, softness, and solvent wettability.[28,29] 
This will potentially enable a layer-by-layer in-flow particle 
self assembly creating a 3D-structure (Figure 1) similar to the 
various applications in layer-by-layer assemblies of nanoparti-
cles and macromolecules.[30] The roadmap toward a controlled 
macroscopic 3D-assembly opens many questions regarding the 

assembly process[26] and the assembly’s behavior upon appli-
cation of forces, such as permeation or the interaction of cells 
with the self-assembled bio-hybrid tissues.

This study applies the vertical flow two-photon lithography 
(VFL) technology[21] in a continuous process for fabricating 
complex 3D shaped particles (Figure  1a) from different mate-
rials. These particles are inflow self assembled in microfluidic 
channels as 3D scaffold and the scaffolds’ hydraulic resistances 
and packing densities are analyzed via permeation experiments. 
Engineering the particle’s 3D shape permits a description of the 
assemblies’ hydraulic resistances depending on particle shape, 
size and material. Finally, a first application as cell tissue dis-
closes biocompatibility and manifold cell-particle interactions.

2. Results and Discussion

2.1. Continuous Vertical Flow Any-Shape Particle Fabrication

3D any-shaped particles with 20 μm diameter are synthesized 
continuously using a VFL process. The channel design of Löls-
berg et al.[21] enables 3D any-shape particle synthesis by moving 
a two-photon laser in a single xy-plane while the flow transports 
the printed xy-slice continuously in the z-direction (Figure 2a,b). 
The print time of each xy-slice is adapted to the flow rate by 
adding a wait command depending on the trajectory length 
of the laser path using a python script (Figure S1, Supporting 
Information). This script additionally removes all z-movement 
commands from the print file, so that Nanoscribe’s “Describe” 
software can be used to slice complex geometries.

The printing layer inside the outlet channel is located 200 μm 
above the glass slide and is limited by the objective’s focal dis-
tance. The channel design promotes a laminar flow profile with 
parallel streamlines at the printing level. However, the particles’ 
shape unravels a nonuniform flow depending on the print posi-
tion. We printed cubes in the centered symmetry axes of the 
outlet channel (r = 0 μm), at two positions further discentered 
from the symmetry axes at a radial distance of 82 and 165 μm 
and analyzed their height-to-width ratio as well as their distor-
tion angle α (Figure 2d,e). Particles printed in the center of the 
channel show the desired height-to-width ratio and distortion 
angle α of 90°, while the discentered particles show undesired 
geometry (Figure 2 d1–d3). The shifted distortion angle α can 
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Figure 1.  Tailoring micro-particle’s shape by novel fabrication methods 
empowers a new roadmap toward creating self-assembled layer-by-layer 
in-flow assemblies, as envisioned in this assembly collage of single par-
ticle SEM micrographs. Applied as tissue, the particle shape and mate-
rial would tailor the assembly’s stability and its hydraulic resistance for 
nutrient supply.
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be correlated to nonparallel streamlines in the print layer as a 
result of an undeveloped laminar flow profile and suits well to 
CFD simulations (Figure  2d). The increased height-to-width 
ratio of the particles printed at a radius of 82 μm is also a result 
of the undeveloped laminar flow profile with a ring-shaped 
velocity profile at the beginning of the outlet channel. The CFD 
simulations phenomenologically confirm the ring-shaped pro-
file at the print position (Figure 2d). Still, the relative flow veloc-
ities at the three printing positions do not match the measured 
particle height-to-width ratio. Hence, a precise height-to-width 
ratio was achieved using an iterative fabrication process with 
subsequent size analysis using a microscope.

Additionally, we evaluated the fabrication velocity of the VFL 
in comparison to traditional two-photon direct laser writing 
on a substrate applying the same processing parameters. The 
particles in VFL were printed one after each other at two offset 
positions (Figure 2b) with an x/y-distance of 20 μm to prevent 
the particles from adhering to one another. Thus, the particles 
could be printed directly one after the other, with no waiting 
time between two particles. Additionally, the VFL does not per-
form z-movement of the stage between the printed layers, so 
that the printing time per single particle also decreases. Both 
effects result in an accelerated fabrication velocity of VFL 
(Figure 2c) in comparison to two-photon direct laser writing on 
a substrate. However, the accelerated fabrication of VFL in com-
parison to traditional direct laser writing depends on the geom-
etry of the printed structure. In VFL, each printed layer must 
last the same duration because the flow velocity is constant. 
Wait commands compensate trajectory length variations per 

layer. Accordingly, structures with a similar trajectory length 
per layer achieve the greatest time-wise benefit. The final abso-
lute speeds depend on the particle’s size, its uniformity, the sur-
face roughness, and the overall printed volume.

The VFL process prints the particles a as rigid structure, 
polymerizing the complete inner volume of the printed parti-
cles. However, as known for other two-photon polymerization 
processes, the process parameters, including the laser power, 
the writing speed, and the hatching distance, influence the 
degree of conversion and the respective material properties 
significantly.[31,32] Therefore, the fabrication parameters for this 
study were chosen with hatching and slicing distance (x/y  = 
0.3 μm, z = 0.6 μm) significantly smaller than the voxel diam-
eters (x/y = 0.6 μm, z = 3 μm) with a high laser power applied 
(100%, 50  mW). These processing parameters with mainly 
overlapping voxels result in a high degree of conversion and 
symmetric material properties in all three dimensions.[31] How-
ever, the elliptical shape of the two-photon polymerization voxel 
results in slight deviations of the surface roughness of the par-
ticles (Figure 2 d1,d3). This surface resolution can be increased 
by decreasing the hatching and slicing distance, which, just like 
any other two-photon polymerization process, will increase the 
printing time.

Using VFL, 3D particles were fabricated continuously by 
printing for 72 h resulting in more than 150 000 particles. This 
proof of principle showcases the potential of the automated, 
continuous, and scalable particle fabrication technology toward 
a high throughput production of 3D structures and discloses 
micron-sized any-shape structures to the next level of potential  
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Figure 2.  Continuous VFL particle synthesis. a) Visual representation of the fabrication process. b) Micrograph of the continuous fabrication process 
with particles printed one after the other in a zigzag pattern. c) Comparison of the fabrication velocity of VFL with traditional two-photon lithography. 
d) Cross-section of a 3D computational fluid dynamics (CFD) simulation of the flow field and micrographs of the particles, depending on the print 
position ((d1) at r = 0 μm, (d2) at r = 82 μm, (d3) at r = 165 μm). e) Analysis of the particles’ shape at different print positions.
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applications. Though, the technological limitations of direct 
laser writing also present in the VFL process, the overall 
throughput mainly depends on the fabricated volume, resulting 
in a tradeoff between resolution and sample size. Smaller objec-
tive magnifications reduce the printing time by increasing the 
voxel volume but simultaneously reduce the resolution and vice 
versa. Direct laser writing VFL is therefore advantageous for 
high-resolution micron-scale particles. Technology transfer to 
larger structures and higher fabrication rates requires increased 
energy input, increased scan speeds, and adaptive voxel sizes. 
Based on the small channel diameters, the flow rate is highly 
laminar (Re  <  1) and does not limit the process even if up-
scaled for larger structures.

2.2. Hydraulic Resistance of Any-Shape Particle Assemblies

2.2.1. Microfluidic Trapping of Any-Shape Particles

In a scaffold applications, perfusion of cell-covered tissues 
accelerates nutrient and oxygen supply compared to diffusive 
mass transport. Accordingly, the scaffold’s hydrodynamic resist-
ance is of great importance for potential applications. We ana-
lyze the hydrodynamic properties of scaffold like any-shape 
particle assemblies by inserting free-flowing 3D particles inside 
a microfluidic channel and assembling them on a porous filter 
structure. These filter structures are located at the inlet and 
outlet and trap the particles in the observation and analysis 
domain (Figure 3c). The particles were fabricated directly inside 
the analysis domain by two-photon printing in a resting fluid 
(Figure 3b), enabling precise control of particle material, size, 

shape, and amount. After the printing process, the remaining 
liquid resin was removed by flushing developer solvent and 
afterward filtration fluid through the channel system perme-
ating the assembly (see Experimental Section for details).

For analyzing the particles’ influence on the hydraulic resist-
ance of an assembly, we chose three different particle shapes: 
Spheres (d  = 20  μm), porous spheres with 8  μm holes along 
all axes (d  = 20  μm), and P-Schwarz triple periodic minimal 
surface (TPMS) unit cells (d = 20 μm) (Figure 3a). Additionally, 
we chose a mixture of polydisperse particles with a pyramid-
distributed size range from 10 to 30 μm (details in Figure S4, 
Supporting Information). We varied the particle’s softness by 
applying a rigid material with a Young’s Modulus of 4730 MPa 
(IP-L) and a soft material with a Young’s Modulus of 15.3 MPa 
(IP-PDMS). The 20 μm sized soft spheres with holes squeezed 
through the filter structure, though, we increased the diameter 
of the soft particles to 40 μm.

2.2.2. Repeatability of Permeation Experiments for Rigid and 
Soft Particles

The permeation experiments were performed by increasing and 
subsequently releasing the feed pressure in small steps from 20 
to 150 mbar and measuring the flow permeating the packed bed 
of particles over three cycles (Figure 4b,e). The assembly was in 
situ visualized in a brightfield microscope (Figure 4a,d) and the 
relative compression of the assembly was evaluated by image 
analysis (Figure  4c,f). Finally, the void fraction of the packing 
was calculated by combining the exact amount of trapped par-
ticles in the analysis domain with the overall assembly volume.
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Figure 3.  Direct 3D particle in-channel fabrication by a) two-photon printing of any-shape particles b) in a non-moving fluid. (a) shows a collage of 
single particle SEM micrographs of the different particle shapes investigated in this study. c) The channel design traps the any-shape particles by two 
filter structures at the inlet and outlet.
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The trapping of particles between two filter structures ena-
bles a repetition of the permeation cycles with the same par-
ticles by forward- and backward flushing. With this unique 
experimental design, we are not only able to accurately deter-
mine the particle number and shape but can also optically 
study the filtration process in situ and couple this to specific 
resistances of the particle assembly via flux and pressure data. 
We performed three permeation cycles for each experiment, 
each with a backflushing and ultrasonication cycle in between, 
redispersing the particles.

The shape of the rigid assemblies looks different in each 
cycle, predominantly with thicker assemblies at the channel 
walls and a thinner assembly in the channel center position 
(Figure  4a). The assembly’s shape depends on the formation 
process and the particles’ location before creating the assembly. 
The rigid particles made from IP-L resin tend to arrange at 
the channel surface while being in solution. Therefore, most 
particles arrive at the filter structure at the top and bottom 
during the assembly’s formation, resulting a v-shape of the 
assembly (see Figure  S7, Supporting Information for the for-
mation process). The soft IP-PDMS particles have a lower ten-
dency to accumulate at the channel wall and therefore create 
homogeneous assemblies.

The rigid spheres show repeatable flow rates and compres-
sion curves during all three cycles (Figure  4a–c). The soft par-
ticles show an increased variation in the flow, primarily upon 
the first permeation cycle. The measured flow is higher during 
pressure increase (Figure  4e) than during pressure release. 
The compression curve (Figure  4f) supports the flow measure-
ment by an irreversible relative compression of 10%. Although 
the flow measurements represent similar results of the second 
and third permeation cycle (Figure  4d), redispersion was not 
entirely successful creating agglomerates affecting the assem-
bly’s formation process (Figure  S5, Supporting Information). 
Accordingly, the compression curve during repermeation of soft  
particles shows mainly the irreversible share of the compression. 
The similar slope of all three decompression cycles confirms the 
theory about reversible and irreversible compression, which was 
similarly reported in microfluidic filtration experiments filtering 
soft spherical PEG particles.[33] The phenomenon of a reversible 
and irreversible hydraulic resistance upon compression of soft 
matter was also reported for biofilms on membrane surfaces 
using optical coherence tomography.[34,35] This study illustrates 
the difference between hard and soft particles during compression 
and confirms the importance of particle rigidity upon tailoring 
reorientations and the inner structure of particle assemblies.

Small 2022, 18, 2107508

Figure 4.  Three permeation cycles with backflushing and ultrasonic treatment in between for a–c) rigid 20 μm sized particles and d–f) soft 40 μm 
sized particles. Each cycle is analyzed by b,c) the permeating flow at different pressure steps and c,f) the relative compression of the assembly during 
pressure stepping. The data from the relative compression is taken from the micrographs of each pressure step. a,d) Exemplarly micrographs of the 
assemblies in the highest compression state show that each cycle results in a different morphology.
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2.2.3. Correlation of the Hydraulic Resistance and Packing Density 
to the Amount of Particles

The coupled in-chip fabrication and subsequent analysis 
method, including microfluidic trapping of a well-defined 
amount of any-shaped particles and filtration procedure, allows 
the investigation of different particle amounts influencing the 
hydraulic resistance and the packing density for rigid and soft 
particles. However, as the assemblies’ degree of agglomera-
tion after the first permeation cycle unreproducibly affects the 
hydraulic resistance of the second and third permeation cycle, 
we only take the hydraulic resistance of the first pressure cycle 
into account. Figure  5a shows the permeating flux interpo-
lated at 100  mbar transassembly pressure. The corresponding 
assemblies are visualized in the micrographs in Figure 5d,e. In 
some cases, few particles were printed onto the glass due to a 
slight deviation angle between microfluidic chip and printing 
plane direction (Figure  5e2). If these fixed particles were pre-
liminary outside the particle assembly area, the experiment was 
counted, decreasing the initial particle count for the hydraulic 
resistance calculation.

The 20  μm diameter rigid spheres show a decreasing flow 
with increasing particle number (Figure 5a,d1–d3). The 20 μm 
sized soft particle measurement (Figure  5 d4) uncloses that 
the particle material’s softness and deformability influences 
the hydraulic resistance significantly. The same amount of 

soft particles results in a fourfold hydraulic resistance com-
pared to the same sized rigid particles. (Figure 5c) Transferring 
the filtrate flux equation  (1) for membrane processes[36] to the 
hydraulic resistance of an assembly gives an estimate about the 
relationship between particle mass and hydraulic resistance. 
The equation goes

J
p

R mm( · )µ α
=

∆
+

� (1)

while J is the permeating flux, Δp the transassembly pressure, 
μ the fluid viscosity, Rm the filter structure resistance, α the 
specific assembly resistance, and m the mass of the particle 
assembly per unit channel cross section  area. Fitting this fil-
trate flux equation  for the measured resistances for different 
assembly masses m (Figure 5c), results in a linear correlation of 
particle mass and hydraulic resistance. The extrapolated inter-
ception with the y-axis, Rm, indicates that the filter structure’s 
resistance Rm has a great share of the overall hydraulic resist-
ance. The empty channel resistances without particles were 
measured for six individual channels (Data in Figure S6, Sup-
porting Information) and added as triangles to Figure 5c. The 
different values for rigid and soft particles result from the two 
working fluids, isopropanol and ethanol. The two fluids had to 
be used to suppress the agglomeration of the particles for the 
two material systems. Due to the different solvent resistances, a 
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Figure 5.  Influence of particle number on a) permeation flow, b) volume fraction, and c) hydraulic resistance for rigid (back) and differently sized soft 
(gray) particles. The permeating flow (a) is interpolated for a trans-assembly pressure of 100 mbar. The volume fraction (b) is calculated from the 
micrographs of the corresponding experiments (d) and (e). The particle mass in (c) calculates from the particle number, its diameter and the material 
density. The interpolation of the three masses represents the linear correlation. The triangles at zero-mass represent the hydraulic resistance of six 
individually measured empty channel resistances with the respective solvent.
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precise comparison of rigid and soft particles is not reasonable. 
However, extrapolating the linear relationship of the particle 
mass suits the measured empty channel resistances and con-
firms the accuracy of the measurement.

We additionally calculated the assembly’s particle volume 
fraction (Figure 5b) by dividing the real volume of the particles 
by the measured assembly volume obtained from the micro-
graphs (see Experimental Section). The particle volume fraction 
increases for increasing particle number for rigid and soft par-
ticles, indicating a denser packing. Upon permeation, a larger 
assembly experiences an increased drag force toward the filter 
structure because the hydraulic resistance of all particle layers 
sums up. Accordingly, particles tend to fill up voids and rear-
range in the assembly toward the filter structure as shown in 
the study of Lueken et  al.[33] and increase the overall volume 
fraction. As expected, same-sized particles made from a soft 
material show higher packing densities (Figure  5 d3,d4). On 
the one hand, the soft material deforms reversibly under flow 
compression. On the other hand, the softness promotes filling 
voids smaller than the original particle diameter, which is not 
accessible for rigid particles. The significantly higher hydraulic 

resistance of the soft 20 μm sized particles suits the increased 
particle volume fraction.

2.2.4. Tailoring Pressure Loss by Particle Shape

The direct laser wiring process allows the fabrication of non-
spherical 3D particles, enabling a tailored hydrodynamic 
resistance and packing density. This section  investigates how 
the assembly’s hydrodynamic resistance and packing density 
depend on the particles’ shape and porosity.

Porous particles were generated by introducing 8 μm holes 
for the 20 μm  sized rigid particles and 16  μm holes for the 
40  μm sized soft particles along all three axes and analyzed 
in comparison to the identically sized spheres (Figure  6). 
Rigid and soft porous particles decrease the flow upon per-
meation. The porosity does not influence the volume frac-
tion for the rigid particles, but increases strongly for the soft 
particles (Figure  6b). For those soft particles, the deformation 
(Figure  6 d3) compresses the holes and increases the volume 
fraction (Figure 6b). However, it must be noticed that the holes 
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Figure 6.  Influence of different particle shapes on the flow a) at 100 mbar TMP and b) volume fraction for differently shaped particles. c1) Baseline 
are rigid (black) 20 μm sized particles in the shape of spheres and d1) they are compared to porous spheres with 8 μm holes, c2) P-schwarz unit cell 
particles, and d2) 10–30 μm sized polydisperse particle mixture. Additionally, c3) soft (grey) 40 μm sized spheres are compared with d3) 40 μm sized 
spheres with 16 μm holes.
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are not considered in calculating the particle volume. Accord-
ingly, for the soft particles, the holes increase the compressi-
bility of the assembly resulting in a denser packing with smaller 
permeable voids but does not contribute to increased permea-
tion. The counter-intuitive permeation data of the rigid particles 
with holes result from the direct contact between single par-
ticles. Spherical particles contact each other at a single point, 
generating larger voids between the particles. The particles with 
holes can smoothly adapt into the ring-shaped openings of the 
holes from the neighboring particle. This contact reduces the 
distance between the particle center points and void sizes in 
the assembly, increasing the hydraulic resistance.[25] Addition-
ally, the ring-shaped contact increases attractive forces between 
particles and reduces particle mobility inside the assembly. On 
the one hand, reduced mobility supports nonuniformity and 
decreases the average particle volume fraction. On the other 
hand, the ring-shaped particle contact reduces the particle dis-
tance and increases the particle volume fraction. Although the 
reduced mobility and the reduced particle distance counteract 
the particle volume fraction, both phenomena superpose with 
the hydraulic resistance of the overall assembly. Therefore, they 
support the experimental data of a constant particle volume 
fraction (Figure 6b) with increased resistance (Figure 6a).

The polydisperse sample consists of 1000 particles with sizes 
from 10 to 30  μm (Figure  S4, Supporting Information). The 
P-Schwarz unit-cell particles and the polydisperse sample behave 
similar to the porous spheres, increasing the hydraulic resistance 
compared to spheres. This phenomenon can also be related to 
an increased number of contact points reducing the average void 

size inside the assembly. The increased particle volume fraction 
of the polydisperse sample confirms this phenomenon.

The hydraulic resistance analysis illustrates the impor-
tance of the particle shape for tailoring the pressure loss of 
an assembly. Smaller particles increase the surface relative to 
its volume, such that the influence of attractive contact forces 
between particles gains importance compared to larger any-
shape particles. Furthermore, the 3D shape gives an additional 
set of design parameters, including the number of contact 
points and contact area to tailor attractive and repulsive particle 
interactions additionally to the material properties, for example, 
the Gibbs free energy.[37]

2.3. Particles as Scaffolds for a Bio-Hybrid Tissue

The application of particle assemblies as scaffolds for cell tissue 
is advantageous due to the flexibility in processing, such as 
pipetting , and its ability to react to ambient conditions, such 
as a given reactor shape or a permeating flow. Furthermore, 
tuning the particle geometry can increase the surface-to-volume 
ratio and tailor the hydrodynamic properties of an assembly. On 
the next step toward showcasing such a 3D biohybrid tissue, 
we cultivated mouse fibroblast cells in a petri dish, which was 
partly covered with VFL-printed 20 μm sized spherical particles 
with 8 μm holes made from non-cycotoxic and low fluorescent 
IP-VISIO resin (Figure  7a). After four days of cultivation, we 
visualized the interaction of cells and particles using laser scan-
ning confocal microscopy.
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Figure 7.  Confocal micrographs of VFL-fabricated 20 μm sized particles with 8 μm holes as cell culture tissue. A 3D visualization of the particles (green) 
in the cell-assembly is generated from a confocal z-stack image. a) The particles seem slightly deformed because of the tilted 3D z-stack visualization. 
Interactions of the cells and particles (red) are visualized as b) confocal micrograph in an overview and c,d) in two detailed visualizations. I) signs 
cell-infiltration into the porous particles, II) shows actin filament percolating porous particles, and III) displays actin filament attaching to the particle 
surface connecting the assembly.
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IP-VISIO’s zeta potential at pH7 is −44.8  ±  0.5  mV and its 
contact angle (Table  1) demonstrates good wettability for the 
particles used in cell culture experiments. In literature, con-
tact angles of 60–80° for fibroblast cells could be determined 
as optimum.[38] With a contact angle of 70.9° for water, the 
fabricated particles are located in the middle of the optimum 
range. However, in terms of protein adsorption and cell adhe-
sion, surface wettability cannot be decoupled from other impact 
factors such as surface charge, surface roughness, functional 
chemistry or mechanical stiffness.[39]

During cultivation, the cells spread on the surface of the 
well-plate and grew inside the areas where particles were 
located (Figure  7b). The close-up micrographs in Figure  7c,d 
reveal a smooth transition from areas without particles to areas 
with particles. The apparent darker areas in Figure  7b at the 
particle-covered areas are attributed to the limited field of depth 
of confocal imaging, fluorescent signal loss by the particles, 
and microbubbles attaching to the particles during cell seeding. 
The cells show a manifold interaction with the particles, infil-
trating the porous structures of the particles (Figure  7I) and 
percolating and connecting various particles by the actin fila-
ment (Figure 7 II,III)

Figure 7a additionally reveals another artifact of the VFL fab-
rication method. Two of the visualized particles result from the 
start-up procedure of the VFL fabrication process, where the 
vertical flow was not in a steady state yet. In this specific experi-
ment, the print was started early during this start-up procedure, 
squeezing the first few hundred particles in z-dimension.

This study shows manifold interactions between the parti-
cle’s geometry and the cells and encourages to study further the 
influence of particle shape, material, and surface roughness on 
cell–particle interaction. Specifically, adaptations of biodegrad-
able direct laser writing materials to VFL technology[40–43] would 
open a pathway to broaden the applicability as biohybrid tissue.

2.4. Particle Agglomeration and Self-Assembly

The any-shape particles reveal different agglomeration and self-
assembly tendencies, which mainly depend on two aspects. The 
first most prominent aspect is the wettability of the particle 
material by the solvent. Dissolving the particles in a nonwetting 
aqueous solvent supports particle agglomeration by minimizing 
the wetted surface. A well-wetting solvent, such as isopropanol, 
encourages the dispersion of single particles. Contact angle 
measurements prove the well-wetting behavior of the applied 
permeation fluids ethanol and isopropanol in Section  2.2 for 
IP-PDMS and IP-L, respectively. Additional contact angles 

are added for completeness. The hydraulic resistance studies 
unravel the second aspect of particle agglomeration. Particles 
with larger contact areas and more contact points increase the 
interparticle attractive forces and promote agglomeration. The 
assembly compression studies confirm these observations. 
Compressed assemblies with increased inter-particle contact 
area result in more robust agglomerations withstanding the 
executed ultrasonic treatment.

Particularly during the cell cultivation experiments, the parti-
cles agglomerate in the well plate assembling in certain regions, 
while other areas do not contain any particles (Figure 7b). This 
inhomogeneity results from the sample preparation process. 
After particle fabrication and purification, the isopropanol dis-
solved particles are pipetted into the wellplate, spreading evenly 
around the whole area of the well plate. After evaporation of the 
isopropanol, the cells are seeded with the aqueous cell-culture 
medium. The aqueous solvent has a significantly higher contact 
angle to the IP-VISIO particle material and acts as a nonwetting 
solvent, promoting particle mixing and agglomeration during 
the initial fluid flow. The few single particles remaining in the 
well plate stuck to the well plate without being redispersed by 
the aqueous cell culture medium. This example represents a 
macroscopic self assembly process of any-shape micro particles 
triggered by solvent exchange.

3. Conclusion

This study demonstrates an in-flow two-photon direct laser 
writing approach for the continuous high-throughput fabri-
cation of microscopic 3D any-shape particles for tissue engi-
neering applications. The printing process was successfully 
executed to fabricate 150 000 particles in 72 h, proving con-
tinuous processibility. The hydraulic permeation properties of 
printed particles were analyzed by assembling particles with 
different amounts and shapes in microfluidic channels and 
measuring the hydraulic resistance by permeation. The unique 
microfluidic trapping method allows comparability of different 
particle amounts, materials, and shapes matching the filtrate 
flux equation. The particle shape defines the contact points 
of neighboring particles in an assembly and influences the 
hydraulic resistance significantly. Further investigations on the 
assemblies’ structural properties and their hydraulic resistances 
should tackle upscaling the channel dimensions to reduce wall 
effects and develop permeation models for predicting the par-
ticle-dependent resistance. As a first step toward an scaffold 
application as biohybrid tissue, mouse fibroblast cells were cul-
tivated on the continuously printed particles and showed mani-
fold interactions with particle assemblies. This study illustrates 
the particles’ tendency to assemble and agglomerate depending 
on the solvent and the particle shape. Combining these insights 
of 3D particle assembly with differently shaped particles will 
substantially contribute toward establishing a tailored micro-
particle 3D self-assembly process in future work. For describing 
the assembly process for this scaled particles, the particle inter-
actions, the solvent wettability, and the influence of the parti-
cle’s shape with its specific contact points and surface needs 
to be accounted for. Increasing complexity, the proposed direct 
laser writing method will also allow a combination of differently 
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Table 1.  Contact angles of the applied materials with Water, Isopropanol 
and Ethanol as liquid phase.

Resin IP-PDMS IP-VISIO IP-L

H2O 108.3 70.9 66.9

Isopropanol 29.5a) 36.4a) 30.0a)

Ethanol 30.7a) 37.7a) 32.0a)

a)The droplet quickly wetted the material, fully covering the resin sample; therefore, 
the first contact frame was evaluated.
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shaped particles to generate custom layer-by-layer scaffolds 
(Figure  1) with, for example, capillary size and porosity gra-
dients. The integration of capillary gradients is a promising 
method[39,44] to improve cell growth into 3D particle assemblies 
and is realizable with the here proposed particle fabrication 
method. This highlights the flexibility of the VFL technology 
for single any-shape particles and allows for the fabrication of 
“smart” scaffolds for tissue engineering applications. On this 
pathway toward a controlled in-flow assembly, the shape-influ-
ence on the rheology of cohesive granular media,[45] as well as 
the analysis of particle orientation and of the assembly’s mor-
phology are of major importance.

4. Experimental Section
Microfluidic Device Fabrication: The microfluidic channels for VFL as 

well as the hydrodynamic analyses were both fabricated as described 
by Lölsberg et  al.[46] A negative structure of the channel was printed 
onto a glass substrate (Carl Roth, 25 × 57 × 1 mm) using two-photon 
direct laser writing (Nanoscribe GmbH, Photonic Professional GT2) and 
fully polymerized using an ultraviolet light source (302  nm, 8  W). The 
structure was afterward molded using polydimethylsiloxane (PDMS) 
elastomer (Dow, SylgardTM184 Silicone Elastomer Kit) and holes 
were punched (Rapid-Core 1.2  mm) into the PDMS mold for tubing 
connection. After cleaning by ultrasonication in isopropanol (Carl Roth, 
99.5%) the mold was bonded to a 170 μm thick microscopy cover slide 
applying an absolute oxygen pressure of 0.3  mbar at 60  W for 30  s 
(Diener, Zepto model 3 Plasma System).

Continuous Vertical Flow Two-photon Lithography: The continuous 
vertical flow channel and process was adapted from Lölsberg et  al.[21] 
The printing files were prepared by first constructing a 3D object of 
the particle (Autodesk, Inventor 2021), slicing the stl design using the 
Describe software (Nanoscribe, Describe 2.5.5) (solid, slicing 0.6  μm, 
hatching 0.3  μm), and subsequently processing the gwl file for VFL 
using a phyton script, which performs two processing steps (File S1, 
Supporting Information). First, the script removed all z-movements 
from the gwl file because the moving fluid performs the z displacement. 
Second, it adjusted the print-time of each layer to the same value 
by adding wait commands for each printing layer. Elsewise, small 
cross-section  layers with short print times would reduce the z-height 
compared to large cross-section layers. The liquid resin was flushed into 
the channel using a syringe pump (Harvard Apparatus, PHD ULTRA) 
and a syringe (SGE Gas Tight, 2.5 mL) with a flowrate of 17 μL h−1. The 
syringe was connected to the microfluidic chip using FEP tubing (Darwin 
Microfluidics, OD: 1/16″ ID: 1/32″). The outlet tubing (Smiths Medical, 
fine bore polythene, OD: 1.09 mm, ID: 0.38 mm) transferred the liquid 
resin and solidified particles into a 1.5  mL tube (Eppendorf, 1.5 mL). 
The particles were printed alternating at two positions with a particle 
distance of 20 μm, ensuring that particles did not attach to each other 
(Video S2, Supporting Information). The printing process was performed 
with a two-photon polymerization printing device (Nanoscribe GmbH, 
Photonic Professional GT2) applying a 25× objective, a scan speed 
of 65 000  μm s−1, and an laser power of 100% (50  mW minus optical 
losses). The harvested sample was developed and separated from the 
liquid resist by dilution, centrifugation, and subsequently pipetting the 
supernatant. This procedure was repeated three times using 1-methoxy-
2-propyl-acetate (Sigma Aldrich, 99%) (10.000 s−1, 10 min) and six times 
using isopropanol (Sigma Aldrich, 99%) (5.000 s−1, 5 min).

In-Channel Particle Fabrication: The hydraulic resistances of 
the assemblies were measured by printing the particles inside a 
microchannel inside the analysis domain with two filter structures 
having a size of H/W/L of 100/300/3000  μm. The microfluidic PDMS 
channel was manually filled with the photoresist (IP  L or IP  PDMS, 
Nanoscribe GmbH) using a syringe and then placed in the two-
photon printer (Nanoscribe GmbH, Photonic Professional GT2) in 

oil-immersion mode using a 25× objective. The resist was given 30 min 
to rest to avoid currents caused by the filling. The particles were sliced 
using the Describe software (solid, slicing 0.6  μm, hatching 0.3  μm) 
and printed (scan speed 65 000  μm s−1, laser power 100%, z-direction 
downward) as an array with a distance of 25  μm away from the 
membrane structure (Figure 3). (Video S3, Supporting Information) The 
filtration experiments were prepared by removing the liquid photoresist 
by flushing solvent through the channel using a constant pressure pump 
(Elveflow, OB1 Mk3+). First, tubing and channels were filled with the 
new solvent by flushing from inlet  1 to outlet  1 and inlet 2 to outlet 2. 
Afterward, both outlets were closed, and the solvent was flushed 
from inlet  1 to inlet  2. The rigid IP  L particles were developed using 
first Acetonitrile and afterward Isopropanol as filtration fluid. The soft 
IP PDMS particles were developed using ethanol as a developer and as a 
working fluid. The Young’s Modulus of the materials was taken from the 
material’s datasheet.

Hydrodynamic Permeation Experiments: A reservoir containing the 
working fluid was connected to the constant pressure pump. In between 
the reservoir and the microfluidic chip two flow sensors (Bronkhorst 
Coriolis Flow Rate Sensor, Elveflow, Microfluidic Flow Rate Sensor 
MFS2, Elveflow) and a pressure sensor (Microfluidic Pressure Sensor 
MPS1, Elveflow) were installed and connected via FEP tubing. All flow 
data presented in this study were measured using the MFS2 sensor. The 
outlet channel of the chip was connected to a waste reservoir. During 
filtration experiments, the assembly was situated on an optical light 
microscope (Leica DM IL LED, 10× objective) and recorded using Basler 
Video Recording Software. The filtration experiments were conducted 
immediately after the development using isopropanol (IP L) and ethanol 
(IP PDMS) as the working fluids. For this purpose, the two outlets were 
closed, and the pressure was set to 50 mbar. After particles accumulation 
at the filter structure, the pressure controller was increased to 200 mbar, 
resulting in a TMP of ≈150  mbar and reduced step-wise in 30  mbar 
steps. This procedure was called a filtration cycle. After each permeation 
cycle, the assembly was backflushed and sonicated for 5 min (Elmasonic 
xtra TT) to redisperse the particles. The filtration cycle was repeated 
three times for each experiment. The pressure and flow data for each 
pressure step were obtained by taking the average from the last 10 s 
corresponding to 19 data points. Additionally, a corresponding image was 
taken from the assembly. In some cases, several particles were printed 
onto the glass due to a slight deviation angle between microfluidic chip 
and printing plane direction. In this case, the stuck particles were not 
counted and not considered for hydraulic resistance calculation.

Particle Volume Fraction: The particle volume fraction was calculated 
with

V
A h

φ =
·p

p,total

As c
� (2)

where φp is the particle volume fraction at the highest pressure step, 
Vp,total the total volume of all particles in the assembly, AAs the x/y 
area of the assembly, and hc the height of the channel (100  μm). AAs 
was manually measured for all filtration experiments from microscopic 
images of the respective first filtration cycle at the highest pressure step 
using ImageJ. The total particle volume of the spheres with holes was 
calculated without considering the holes.

Cell Culture: The interaction of particles with L929 mouse fibroblast 
cells was investigated in self built PDMS wells. PDMS and crosslinker 
(Dow, SylgardTM184 Silicone Elastomer Kit) were poured in a petri dish 
in a ratio of 10:1 and were cured at 60  °C overnight. Subsequently, a 
PDMS slab was cut out from the petri dish, and wells were integrated 
using a 4 mm biopsy puncher (EMS, Rapid-Core 4.00 mm). The PDMS 
slab was then plasma bonded to a microscopy cover slide applying an 
absolute oxygen pressure of 0.3  mbar at 60  W for 30  s (Diener, Zepto 
model 3 Plasma System). Finally, the PDMS wellplate was sterilized at 
121 °C for 20 min (SystecTM VX-95). 20 μm sized spherical particles with 
8  μm holes were printed using continuous VFL using IP-VISIO resist, 
which was noncytotoxic according to ISO 10993-5/ USP 87 (Nanoscribe 
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GmbH & Co. KG). The low auto-fluorescence of the IP-VISIO resist was 
advantageous for laser-based imaging applications. Particles suspended 
in isopropanol (Sigma Aldrich, 99%) were added to the wells and 
the isopropanol was evaporated at room temperature under sterile 
conditions. Subsequently, the wellplates were washed multiple times 
with sterile MilliQ water. Finally, they were incubated overnight in Roswell 
Park Memorial Institute (RPMI) 1640 medium (4500  mg L-1 glucose, 
L-glutamine, sodium pyruvate, sodium bicarbonate) supplemented with 
10% v/v fetal bovine serum and 1% v/v penicillin streptomycin. Cells 
were seeded at a concentration of 10 000 cells per well. After 4 days of 
cultivation, the cells were fixed in 4% v/v paraformaldehyde (PFA) for 
15  min, permeabilized in a 0.1% v/v Triton X-100 solution for 15  min 
and rinsed thoroughly in phosphate-buffered saline (PBS 1×). For the 
analysis of cell-particle interactions, the cells were stained for nuclei 
and F-actin by exposing the specimen to DAPI solution (Abcam, UK) 
for 5  min and Phalloidin-iFluor 488 reagent (Abcam, United Kingdom) 
for 120 min. Finally, the samples were imaged using a TCS SP8 Falcon 
confocal microscope (Leica, Germany).

Analysis of Material Properties: Contact wetting angle of the materials 
were measured using SurPass 3 (Anton Paar). The zeta potential of 
the IP-VISIO material was measured at pH7 using DSA10 (Krüss) by 
calculating an average value standard deviation from five measurements.
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Supporting Information is available from the Wiley Online Library or 
from the author.
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