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The development of high-fidelity three-dimensional (3D) tissue models can minimize the need for animal models
in clinical medicine and drug development. However, physical limitations regarding the distances within which
diffusion processes are effective impose limitations on the size of such constructs. That is because larger-size
constructs experience necrosis, especially in their centers, due to the cells residing deep inside such constructs
not receiving enough oxygen and nutrients. This hampers the sustained in vitro growth of the tissues which is
required for achieving functional microtissues. To address this challenge, we used three types of 3D printing
technologies to create perfusable networks at different length scales and integrate them into such constructs.
Toward this aim, networks incorporating porous conduits with increasingly complex configurations were
designed and fabricated using fused deposition modeling, stereolithography, and two-photon polymerization
while optimizing the printing conditions for each of these technologies. Furthermore, following network
embedding in hydrogels, contrast agent-enhanced micro-computed tomography and confocal fluorescence mi-
croscopy were employed to characterize one of the essential network functionalities, namely the diffusion
function. The investigations revealed the effects of various design parameters on the diffusion behavior of the
porous conduits over 24 h. We found that the number of pores exerts the most significant influence on the
diffusion behavior of the contrast agent, followed by variations in the pore size and hydrogel concentration. The
analytical approach and the findings of this study establish a solid base for a new technological platform to
fabricate perfusable multiscale 3D porous networks with complex designs while enabling the customization of
diffusion characteristics to meet specific requirements for sustained in vitro tissue growth.

Statement of significance: This study addresses an essential limitation of current 3D tissue engineering, namely,
sustaining tissue viability in larger constructs through optimized nutrient and oxygen delivery. By utilizing
advanced 3D printing techniques this research proposes the fabrication of perfusable, multiscale and custom-
izable networks that enhance diffusion and enable cell access to essential nutrients throughout the construct. The
findings highlighted the role of network characteristics on the diffusion of a model compound within a hydrogel
matrix. This work represents a promising technological platform for creating advanced in vitro 3D tissue models
that can reduce the use of animal models in research involving tissue regeneration, disease models and drug
development.

1. Introduction efficacy of the drug before clinical use. In vitro models can serve either as

an important alternative to in vivo models or an additional tool for drug

As life expectancy continues to increase, continued improvement of
medical treatments, curing of chronic diseases, and more efficient
healthcare systems become increasingly challenging. For example, drug
screening for providing cost-effective and targeted drugs and treatments
[1] is limited by the need for animal models to assess the safety and
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screening provided they are clinically relevant [2-5].

It is generally accepted that cell growth in 3D in vitro models may
more accurately reflect the in vivo tissue microenvironment than 2D cell
cultures [2]. Therefore, continuous efforts are focused on developing
such models to study the etiology and progress of diseases, to test the
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toxicity and therapeutic effects of new drugs, to generate functional
microtissues for tissue engineering or transplantation, and for regener-
ative approaches to restore the function of failed tissues. Examples
include models for cancer [6-9], heart [10-13], liver [14-18], and lung
[19,20] diseases, as well as vascularized tissue models [21-25].

While engineering in vitro models continues to make progress in
reproducing the physiology and anatomy of human tissues and organs in
vitro [26,27], several challenges are still encountered, such as model
scalability for industrial and clinical applications, efficient in vitro tissue
vascularization and perfusion, and the sustained in vitro growth of
functional tissues [28-30].

One of the major causes of these challenges is represented by the
limited diffusion of nutrients and oxygen throughout the 3D constructs
which can lead to adverse effects on cell metabolism and function, and
eventually lead to local tissue necrosis [31-33]. As a result, the size of
such tissues can only reach several hundred microns to a few millime-
ters, depending on the tissue type [33]. At the same time, for most ap-
plications, it is necessary to simultaneously culture multiple cell types in
different areas of the construct [34], guide cell differentiation by sup-
plying specific factors, maintain long-term tissue growth and function-
ality through stable supply and exchange of nutrients, oxygen, bioactive
agents, and metabolites [35-37].

From an engineering perspective, these challenges are addressed by
various approaches. One of the most investigated approaches relies on
the generation of perfusable channels within the constructs by using
sacrificial materials. For example, Liu et al. [16] reported a
multi-material bioprinting strategy using sacrificial ink to fabricate 3D
centimeter-scale networks with perfusable channels, which supply the
nutrients and oxygen to liver constructs.

To generate multiscale networks that meet the requirements for
functional tissue culture, Kinstlinger et al. [38] successfully manufac-
tured complex hierarchical channel networks by using sacrificial tem-
plates. Despite significant contributions to accelerating the
manufacturing process and fabricating all-scale biomimetic hierarchical
networks, the functionality of such networks for sustaining the in vitro
tissue growth without channel collapse is yet to be proven [39].

Based on the demand for sustained in vitro tissue growth, Kolesky
et al. [40,41] developed a method to fabricate a multichannel network
using Pluronic F127 as the sacrificial material. A cell-laden tissue
construct with >1cm thickness was established that could be perfused
within a chip system for over 6 weeks. However, the complexity of such
a network is insufficient to adequately facilitate versatile in vitro tissue
culture.

Even though great progress has been made in the fabrication of
perfusable channels with sacrificial materials, there is still a challenge to
find a balance between the manufacturing scale, complexity of channel
configuration, network long-term stability, and functional versatility.

Coaxial printing is another approach to achieve the goal of gener-
ating channel networks for in vitro tissue growth. To create 3D multi-
channel networks for sustained tissue constructs, Gao et al. [42] created
3D hydrogel-based vessel-like structures using pre-crosslinked hollow
alginate filaments which were extruded through a coaxial nozzle. In
another study, Gao et al. [43] utilized 3D coaxial cell printing to fabri-
cate blood vessel-like structures using a hybrid bioink. However, the
fabrication of intricate 3D multichannel networks with coaxial printing
remains challenging.

Despite notable advancements in creating perfusable channels for in
vitro models, a technological platform that would overcome the existing
limitations, mostly related to the versatility in designs and multiscale
fabrication, is yet to be developed. Moreover, achieving a sustained and
controllable perfusion by using such 3D networks to enable the supply,
exchange, and removal of products needed for the in vitro growth of a
functional microtissue is yet to be explored and exploited.

In this study, we have explored the potential of 3D printing tech-
nology for the fabrication of multiple scales (from multi-millimeter scale
down to micrometer scale) 3D channel networks with increasingly
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complex designs, namely single-channel network (SCN), multichannel
network (MCN), and dendritic network (DDN). In addition, we have
incorporated pores along the channels with controllable size and spatial
distributions. The effects of the main network characteristics on the
diffusion of model substances throughout engineered hydrogel matrices
were evaluated by contrast agent-enhanced micro-computed tomogra-
phy (micro-CT) and confocal fluorescence microscopy in an attempt to
establish a new platform for the design and fabrication of fit-for-purpose
perfusable channel networks.

2. Materials and methods
2.1. Design of the channel networks

We designed three types of network structures, each tailored to
represent specific functional requirements (Fig. 1a). The first type, SCN,
is designed to quantitatively study the influence of network design pa-
rameters on diffusion processes. The second type denoted as MCN,
features both inlet and outlet connections, enabling it to be seamlessly
integrated with external tubes and pumps, thereby forming a closed-
loop system. This configuration permits controlled perfusion of the
constructs. Additionally, the design allows for the adjustment of such
parameters as the number of channels, their bending angles, and the size
and number of pores on each channel to satisfy various design objec-
tives, including a controlled spatial distribution of different bioactive
agents in specific zones of the constructs. The third type, the DDN, en-
compasses a singular inlet and multiple outlets where each branch is
equipped with a customizable number of pores, each with its own
tailored dimensions. This design configuration is relevant for satisfying
the diffusion requirements of an entire system, particularly within the
context of larger-scale tissue constructs. The adaptability of this struc-
ture allows for the adjustment of branches and pores to optimize diffu-
sion processes and deliver oxygen and nutrients to areas deep into the
construct. All the designs were generated using computer-aided design
(CAD) software and were additively manufactured as described below.

2.2. Multiscale additive manufacturing of the networks

To fabricate the designed networks over different length scales, three
different 3D printing methods (Fig. 1b) have been used, namely fused
deposition modeling (FDM), stereolithography (SLA), and two-photon
polymerization (2PP). The process began with the generation of STL
format files from the CAD designs.

2.2.1. FDM

Polylactic acid (PLA, UltiMaker PLA-green, 750 gr Natural with a
filament diameter of 2.85 mm) was used for FDM printing. An Ultimaker
3 (UltiMaker B.V., The Netherlands) printer with a nozzle diameter of
0.25 mm was used to print the networks with a brim at the multi-
millimeter scale having a wall thickness of 0.50 mm, a channel diam-
eter of 2 mm, and a layer thickness of 0.06 mm without support.
Meanwhile, the infill density was set at 20 % and the printing bed
temperature was 60 °C. We systematically varied the printing temper-
ature from 210 °C to 220 °C and adjusted the printing speed from 9 to 30
mm/s to study how these variables influence the print quality. Upon
finishing the printing process, the excess material was eliminated
manually using a cutter and sandpaper. The specimens were then pol-
ished to a smooth finish with P500 sandpaper and finally cleaned in
ethanol.

2.2.2. SLA

SLA was employed for the fabrication of the mm-scale networks.
FormLab 3 (FormLabs Inc., Somerville, MA, USA) was used together
with the “Clear” resin (FLGPCL04, FormLabs, USA). Designs in the STL
format were subsequently sliced using the 3D printing slicer (Preform,
Formlabs) to prepare the files for export to the FormLab 3 printer. We
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Fig. 1. (a) Design parameters and models of the three different networks: single-channel network (SCN), multiple-channel network (MCN), and dendritic network
(DDN); (b) the 3D printing methods employed to fabricate the networks across multiple scales, ranging from multi-millimeter to micrometer dimensions. FDM =
fused deposition modeling; SLA = stereolithography; 2PP = two-photon polymerization.

printed the SCNs and MCNs, with the same heights (i.e., 30 mm height in
total) and a channel diameter of 2 mm under 5 different printing angles
(0°, 30°, 45°, 60°, and 90°) with a 50 pm layer thickness. Support
structures were automatically generated in the Preform, with minor
adjustments made to ensure proper adhesion to the surface of the
specimens. Upon completing the printing process, all the specimens
underwent a cleaning procedure using Formlabs Form Wash Machine
(FormLabs Inc., Somerville, MA, USA) for 15 min, followed by immer-
sion in fresh isopropanol for 10 min to thoroughly remove any residual
resin from the surface. Then, a high-pressure air gun was used to clean
both the surface of the specimens and the interior of the channels. This
step was essential for removing any remaining resin or debris, thereby
ensuring the cleanliness and integrity of the fabricated components,
especially to ensure that the pores on the channel walls were open.
Subsequently, the specimens were subjected to a curing process in
Formlabs Form Cure Machine (FormLabs Inc., Somerville, MA, USA) for
20 min, at a temperature of 60 °C. Lastly, the support structures were
removed using flush cutters, and the specimens were polished using
P500 sandpaper.

2.2.3. 2PP

We used 2PP to fabricate microscale networks using a Photonic
Professional GT machine (Nanoscribe, Eggenstein-Leopoldshafen, Ger-
many) equipped with a femtosecond fiber laser (780 nm wavelength,
100 fs pulse duration, 80 MHz frequency). The IP-Q photoresist
(Nanoscribe GMbH, Eggenstein-Leopoldshafen, Germany) was used for
all the prints. The dip-in configuration (DiLL) and a 10 x objective lens
(NA = 0.3) were employed in the Galvo writing mode. Designs in the STL
format were processed in Describe (Nanoscribe, Eggenstein-
Leopoldshafen, Germany) to generate a GWL (general writing lan-
guage) file.

Square silicon wafer substrates (25 x 25 x 0.725 mm?®) were cleaned
with acetone (Sigma-Aldrich, Darmstadt, Germany) and isopropyl
alcohol (IPA) (Sigma-Aldrich, Darmstadt, Germany), followed by acti-
vation with a 15-minute oxygen plasma treatment and silanization in a 2
% solution of 3-(trimethoxy silyl)propyl methacrylate (Sigma-Aldrich,
Darmstadt, Germany) in ethanol. The substrates were then rinsed in
acetone, demineralized water, and dried with compressed air. A droplet
of IP-Q photoresist was deposited on the silanized silicon substrates. The
fabrication parameters included a laser power (LP) of 45 mW and a
scanning speed (v) of 100,000 pm/s, while the hatching distance (h)
varied from 0.20 pm to 0.68 pm in 0.16 pm steps, and the slicing distance
(s) varied from 0.5 pm to 3.2 pm in steps of 0.9 pm. Due to the size of the
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structures exceeding the print field of the 10 x objective lens, they were
split into hexagonal blocks (1000 x 866 x 301 pm?®), which were ori-
ented vertically. Following printing, the specimens were immersed in
1,2-propanediol monomethyl ether acetate (PGMEA) solution (Sigma-
Aldrich, Darmstadt, Germany) for 25 min, followed by a 30-second
immersion in a methoxy-nonafluorobutane C4F9OCH3 solution (Novec
7100, Sigma-Aldrich, Darmstadt, Germany). Finally, the specimens were
dried by blow-drying with compressed air.

Each 2PP-printed network had 6 pores per channel and the designed
pore diameter was 17 pm. This compares to FDM and SLA printed net-
works which had 6 pores per channel with a design pore diameter of 800
pm. After printing under various conditions, we compared the actual
printed pore diameters with the designed sizes to evaluate the quality of
the printed specimens. Therefore, three specimens were analyzed for
each printing method, and two pores were randomly selected from each
specimen for measurement. All the pore diameters were measured by
using Image J (Image J, 1.54f) [44]. Each pore was measured 6 times,
and the means and the corresponding standard deviations were
considered for comparison.

2.3. Diffusion experiments

2.3.1. Hydrogel printing to embed the channel networks

Sodium alginate powder (Thermo Fisher Scientific, Waltham, USA)
was dissolved in 0.9 % NaCl solution and stirred with a magnetic stirrer
to form alginate hydrogel with concentrations of 3.0 % and 5.0 %.
Subsequently, calcium chloride powder (CaCly, Sigma Aldrich, Saint
Louis, USA) was dissolved in distilled water to create a 500 mM CaCl,
solution. 3D-printed boxes with perforated lids were fabricated to
accommodate the networks and the hydrogel. The hydrogel was cast in
the box containing the network using a syringe with a 0.46 mm nozzle
diameter. The alginate layer had a thickness of 10 mm. The casting was
performed from the bottom up until a fixed height to encapsulate the
network and avoid the air bubbles. The box was then covered with the
perforated lid and the CaCl; solution was added to crosslink the alginate
in situ. Subsequently, the specimens were sealed and placed in a fridge
until the diffusion tests.

2.3.2. Diffusion experiments

To visualize the diffusion process throughout the hydrogel matrix, a
micro-CT scanner (Quantum FX®, Caliper, Canada) and an iodixanol-
based contrast agent (1.320 + 0.001 g/ml, 60 % w/v, Stemcell Tech-
nologies, Germany) with a molecular weight of 1550.2 g/mol were used.
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When delivering the contrast agent into the network, it was important to
maintain a leakage-proof system. This was ensured by using two
Eppendorf tubes connected to the network and sealing the connections
with parafilm (Fig. 2a). The setup enabled a continuous supply of the
contrast agent while preserving an appropriate atmospheric pressure to
enable uninterrupted diffusion. It also eliminated the possible drying of
the contrast agent during the tests. A support structure was used to
maintain the specimen orientation inside the micro-CT machine to
ensure proper alignment for the diffusion process. The field of view
(FOV) was established at 40 mm x 40 mm, sufficient to image the
specimen and to allow for a full view of all the parts of the setup relevant
to analyzing the diffusion process. The tests were performed using a tube
current of 180 pA and a tube voltage of 90 kV, resulting in a specimen
scan time of 2 min and a voxel size of 78 x 78 x 78 pm®. During the
scanning of the specimen, the platform was rotated 360° to thoroughly
examine the three-dimensional spatial distribution within the specimen.
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y
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If the preview did not provide complete coverage, adjusting to a larger
FOV or repositioning the specimen was necessary to ensure all the
required data was acquired. After each micro-CT scan, the specimen was
wrapped with parafilm and kept under a controlled humidity environ-
ment. This environment served the dual purpose of maintaining a
consistent humidity of about 40 % and temperature levels around 21+1
°C, thereby preserving specimen integrity until the subsequent scan. We
acquired images at ty (before adding the contrast agent) and t = 2, 20,
60, and 90 min as well as t = 2, 3, 4, 5, 6, and 24 h. The diffusion ex-
periments were performed by using the SCN networks printed by the
SLA process because this process offered the best balance between res-
olution and scalability that enabled the fabrication of optimal final
sample sizes needed for the diffusion experiments and the associated
methodologies. The SCN networks were designed to capture the effects
of the pore sizes (i.e., 0.8 mm and 1.6 mm), number of pores (i.e., 1 pore
and 6 pores), and alginate concentration (ie., 3 % and 5 %) on the

Leakage-Proof System

Container

Sealing Film

Fig. 2. (a) 3D printed SCN networks by SLA printing embedded in the alginate hydrogel matrix together with the leakage-proof setup used for the contrast agent-
enhanced micro-CT experiments; (b) the measurement methods of the vertical and lateral diffusion distances. A = diffusion area; Dy, = vertical largest diffusion

distance; Dynq = lateral largest diffusion distance; Dp = pore diameter.
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diffusion of the contrast agent over time. Three specimens were tested
for each set of experimental conditions. For each specimen tested, we
recorded the gray values corresponding to the contrast agent present
within the supply tube for calibration. The corresponding results were
then used to calculate the mean values of the contrast agent concen-
tration and to analyze the diffusion process with time.

2.3.3. Image processing and data analysis

After image acquisition from micro-CT, all the stacks were exported
to Image J (Image J, 1.54f) for processing. We chose a mid-sagittal slice
of each specimen as the representative image at the middle of pores
along the SCN to study the diffusion of the contrast agent into the
hydrogel matrix. We set the unit of the experimental images to pixel,
converted them to 8-bit, and then extracted the gray value (G) of the
pixels in the images. We employed an experimentally validated linear
relationship between the initial gray value of the alginate hydrogel at
time t = 0 and the gray value of the contrast agent, along with their
respective concentrations:

C=kG+b @
, where C is the normalized concentration of contrast agent within the
hydrogel (% of contrast agent), G is the gray value (from 0 to 255), while
k and b are constants.

The normalized concentration of the crosslinked alginate hydrogel
(Cp) was considered 0 %, while the normalized concentration of the
contrast agent (Cpqx) was 100 %. We inserted the measured gray values
of hydrogel and contrast agent into Eq. (1) to calculate k and b, which
are specific to our experiments. This approach enabled the determina-
tion of the solute concentration within the crosslinked hydrogel at any
diffusion time and distance when the gray value in such pixels was
obtained.

Subsequently, we applied two rectangular areas with different sizes
as our region of interest (ROI) to measure the vertical and lateral dif-
fusions within a specimen (Fig. 2b). During the vertical diffusion mea-
surements, we assessed and determined the largest vertical diffusion
distance (i.e., Dymax), Which was the distance from the pore to the
farthest diffuse pixel that could be detected along the vertical direction.
The measurement of this distance involves selecting the pixel located at
the center of the pore and tracing along the vertical direction until
reaching the last pixel, after which there are five consecutive pixels with
a normalized concentration value of 0 %. Simultaneously, the average
concentration of all the pixels along each transverse line segment
spanning the pore diameter from the pore’s initiation to the largest
diffusion distance was gauged. In the case of lateral diffusion, we simi-
larly gauged the largest lateral diffusion distance (ie., Dpmqyc) and
calculated the average concentration value of all the pixels within each
vertical line segment, using the pore as the center and the largest vertical
diffusion distance as the measurement unit.

2.3.4. Fitting to analytical solutions

For a detailed investigation of all the relevant parameters, we fitted a
function obtained using analytical solutions to our experimental data to
analyze the relationship between vertical diffusion distance, diffusion
time, and solute concentration within the context of the underlying
physics. We defined a function corresponding to the analytical solution
of the 2D Fick’s second law of diffusion for a semi-infinite boundary
condition. This is derived from the standard mass diffusion equation
(Crank, 1975) [45] as presented in (McOwen, 2003) [46] using the error
function (erfc) and describes how a substance diffuses over time from a
constant concentration boundary into a semi-infinite medium. For this
semi-infinite boundary condition (e.g., the initial concentration at the
pore is fixed), the analytical solution can be written as:

C(x,t) = Cyxerfc ( ()]

)
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, where Cy is the initial concentration, erfc is Gauss complementary error
function, D is the diffusion coefficient, x is the vertical diffusion dis-
tance, and t is diffusion time. This function was used as the fitting
function for nonlinear curve fitting in Origin (2021, USA).

We plotted all groups of data to get scatter plots showing the contrast
agent concentration along vertical diffusion distance at fixed time
points, and then performed the fitted curve fitting for the relationship
between vertical diffusion distance and contrast agent concentration
using the following equation:

X

2 X «/DEtﬁxed>

, where Cj is the initial concentration, erfc is the Gauss complementary
error function, Dg is the equivalent diffusion coefficient, x is the vertical
diffusion distance, and tfy.q is the fixed diffusion time.

C(x) = Coxerfc < 3)

2.3.5. Statistical analysis

Origin (2021, USA) and Prism (10.2.3, GraphPad, US) were utilized
for printing and diffusion results, including average pore sizes, Dymax
Dimax, and diffusion area (i.e., A) to calculate the means, standard de-
viations, and p values. All the experiments were performed with at least
three replicates. We performed a normality test using the Shapiro-Wilk
test with alpha = 0.05 to confirm the normal distribution of the data in
each group. We also performed a Student’s t-test for the diffusion
experiment focusing on a single parameter. We conducted an ordinary
one-way ANOVA test, followed by post-hoc analysis using Tukey’s
multiple comparison test for comparing the means of more than two
experimental groups. For all the analyses, a p-value < 0.05 was consid-
ered statistically significant.

3. Results
3.1. Fabrication efficiency

Based on the design considerations and optimization of the printing
parameters, we successfully fabricated all three types of network designs
(i.e., SCN, MCN, and DDN) employing the FDM, SLA, and 2PP printing
techniques (Fig. 3). We could, therefore, realize the designed channel
networks in a wide range of length scales from multi-millimeter to
micrometer scales.

3.1.1. FDM

We systematically studied the effects of the printing speed and
printing temperature on the shape, size, and reproducibility of the
different PLA networks, which allowed us to identify the optimum FDM
printing conditions.

At low temperatures (i.e., T = 210-213 °C), the networks collapsed
when printing at low speeds (i.e., <9 mm/s) whereas uneven pore di-
ameters were observed when printing at high speeds (i.e., over 21 mm/s)
(Fig. 4a). For temperatures between 213 and 216 °C, the printed spec-
imens exhibited very good shape fidelity over a large range of printing
speeds. However, higher temperatures (i.e., T > 216 °C) resulted in
excessive melting of the PLA filament, leading to collapsed structures at
low printing speeds and significant residue or strings on the surface of
the specimens at high printing speeds necessitating thorough cleaning.

Within the range of the studied printing temperatures, it was
observed that printing reproducibility was notably enhanced for a
printing temperature of 215 °C. Consequently, this temperature was
selected as the optimal printing temperature used for the subsequent
experiments. At this printing temperature, the effects of printing speeds
between 9 and 21 mm/s on network shape fidelity and pore sizes were
systematically investigated (Fig. 4b).

The results indicated that the printed pore diameter at a speed of 9
mm/s closely approximated the original design size of 800 ym (i.e., 780
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2PP

Fig. 3. The 3D networks printed with the optimal conditions by using FDM, SLA, and 2PP methods.

+ 67 pm). However, the relatively large standard deviation of the pore
size suggested poor reproducibility. Among the remaining printing
speeds, 15 mm/s exhibited a relatively smaller standard deviation of
pore size and maintained an acceptable average pore size of 830 + 35
pm, rendering it a more favorable option as it balances geometrical fi-
delity with reproducibility, as compared to the pore sizes of 870 + 27
pm, 880 + 18 pm, and 860 + 97 pm at 12, 18, and 21 mm/s, respec-
tively. These findings underscored the critical interplay between print-
ing temperature and speed in achieving optimal print quality. Therefore,
for a printing temperature of 215 °C, a printing speed of 15 mm/s was
expected to balance the competing requirements of geometrical fidelity,
reproducibility, and manufacturing speed. Under these printing condi-
tions, networks featuring all the designed parameters could be suc-
cessfully printed by FDM.

3.1.2. SLA

In the case of SLA printing, the orientation of the network allows for
the adjustment of both printing time and pore diameter. Therefore, the
effects of printing angles from 0° to 90°on the pore sizes and printing
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time were evaluated for SCN and MCN (Fig. 4c).

The largest deviations from the designed pore sizes were observed
when the specimens were oriented at 0° and 90° for both SCN and MCN.
The average pore size of the SCN was 820 + 32 pm and 780 + 32 pm at
0° and 90°, while that of MCN was 800 + 36 pm and 810 + 45 pm.
Notably, orientations of 30°, 45°, and 60° exhibited better shape fidelity
compared to the printing results at 0° and 90°. For example, the pore
sizes of the SCN were, respectively, 800 + 9 pm, 810 + 13 pm, and 790
+ 3 pum for the printing angles of 30°, 45° and 60°, while those of MCN
were 800 £+ 7 pm, 810 + 13 pm and 800 + 32 pm for the same printing
angles (Fig. 4c). Despite the longer printing time associated with a 30°
orientation (around 130 and 220 min for SCN and MCN, respectively),
the relatively small standard deviation of its printed pore sizes (i.e., 09
and 7 pm in both networks) suggested it was the most suitable choice
among the orientations considered.

3.1.3. 2pPpP
In this case, we used a 17 pm pore as the original design size and
measured the pore sizes of the SCN specimens printed under different
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hatching and slicing distances (Fig. 4d). Overall, the structures exhibited
high fidelity to the original design dimensions, especially when the
hatching distance was h = 0.20 pm and the slicing distance was s = 0.50
pm. More specifically, the pore size measurements of the printed net-
works in this condition were remarkably close to the intended 17 pm
diameter, displaying an average pore size of 17.0 + 0.1 pm. When the
hatching distance was 0.36 and 0.52 pm, and the slicing distance was
1.40 and 2.30 pm, the pore size had less accuracy as compared to the
designed size with an average pore size 16.5 + 0.1 and 16.2 + 0.3 pm,
respectively. However, the pore size was 15.6 + 0.3 pm with 0.68 pm
hatching distance and 3.20 pm slicing distance, which had a larger de-
viation as compared to the designed size. These values demonstrated, as
expected, that the specimens printed using 2PP exhibited superior
dimensional accuracy as compared to those fabricated using FDM and
SLA methods, with significantly lower standard deviations that indi-
cated enhanced reproducibility.

Further insights into the findings related to network shape fidelity
after printing revealed some size differences between individual pores
measured along the network channel. Therefore, we selected the spec-
imens printed by using the best conditions for each printing method and
compared the diameters of pore 1 and pore 2 (Table S1). The results
indicated that the 2PP printed specimens exhibited the smallest size
difference between the two pores, with only a 0.29 % deviation from the
designed size of 17 pm. In contrast, the FDM and SLA specimens showed
0.42 and 0.71 % deviations, respectively, relative to the original pore
size of 800 pm. Although the difference between both pores of the FDM
specimens was smaller than that of the SLA specimens, the variation in
size within the individual pores of the FDM specimens was greater,
indicating less consistency.
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3.2. Diffusion experiments

Following the diffusion experiments, we performed 3D re-
constructions of the contrast agent-enhanced micro-CT images of all the
specimens (Video S1), to visualize the diffusion within the constructs. In
the layer-by-layer reconstruction, we selected the cross-section of the
center of the SCN channel as a reference surface to study the effects of
various parameters on diffusion. 2D projections were used for quanti-
fication of the results (Figure S1).

3.2.1. Effects of the pore size

For these experiments, SCNs with one pore of either 0.8 mm or 1.6
mm were used. The hydrogel concentration was 3.0 % and the test
duration was 6 h (i.e., 0.8 mm-3 %—1 pore-6 h and 1.6 mm-3 %—1 pore-
6 h).

After 6 h of diffusion, the results indicated that the diffusion area
corresponding to the 1.6 mm pore was larger than that of the 0.8 mm
pore (Fig. 5a). Quantification of the largest diffusion distance in both
vertical and lateral directions showed a vertical diffusion distance of 3.3
=+ 0.2 mm for the 0.8 mm pore vs. a vertical diffusion distance of 3.9 +
0.2 mm for the 1.6 mm pore (Fig. 5b). In the lateral direction, the 0.8
mm pore resulted in a total diffusion distance of 5.4 + 0.2 mm vs. 6.6 +
0.2 mm in the case of the 1.6 mm pore.

The profiles of the diffused contrast agent concentrations indicated
the largest gradients closest to the pore (within 1 mm distance from the
pore center) in both directions (Fig. 5¢). In addition, the distribution of
the contrast agent concentration within the diffusion area also showed
differences between the small and the large pores. For the pore size of
0.8 mm, the normalized concentration decreased along the vertical
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distance from above 47 % closest to the pore (highest values in the
middle) to 0.09 % further away from the pore (at the maximum vertical
diffusion distance). For the pore size of 1.6 mm, the normalized con-
centration varied between 55 % and 0.10 % along the same distance.

3.2.2. Effects of the number of pores

In this section, SCN with single pore or six pores with a pore diameter
of 1.6 mm were used. The hydrogel concentration was 3.0 % and the test
duration was 6 h. (ie, 1.6 mm-3 %—1 pore-6 h and 1.6 mm-3 %—6
pores-6 h).

After 6 h of diffusion, the diffusion distance and diffusion area of the
single-pore specimens were smaller than the average values observed in
the 6-pore specimens (Fig. 6a). More specifically, quantification of the
largest diffusion distance in the vertical directions showed a vertical
distance of 3.9 + 0.2 mm for the single pore specimens vs. a vertical
distance of 6.2 &+ 0.2 mm for the 6-pore specimens. Meanwhile, single-
pore specimens resulted in a total area of 24.1 + 0.8 mm? vs. 31.9 +
0.7 mm? in the case of the 6-pore specimens as shown in Fig. 6b. From a
single to a 6-pore configuration, a 32 % increase in the concentration of
the contrast agent within the diffusion area was observed after 6-hour
diffusion.

The distribution of the contrast agent within the diffusion area also
showed differences between the specimens with different pore numbers
(Fig. 6¢). For the 6-pores specimens, the normalized concentration
decreased along the vertical distance from above 63 % closest to the pore
(highest values in the middle) to 0.11 % further away from the pore (at
the maximum vertical diffusion distance). For the 1 pore specimens, the
normalized concentration varied between 55 % and 0.10 % along the
same distance.

3.2.3. Effects of alginate concentration
Following 6 h of diffusion of the contrast agent through a pore of 0.8
mm SCN into alginate hydrogels of 5 % and 3 % (i.e., 0.8 mm-5 %—1
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3) are expressed as mean =+ standard deviation (SD). Statistical significance is

pore-6 h and 0.8 mm-3 %—1 pore-6 h), slight differences were observed
regarding the diffusion area and distance in both diffusion distance and
diffusion area between the 5 % and 3 % alginate hydrogel specimens
(Fig. 7a). Specifically, quantification of the largest diffusion distance in
the vertical direction resulted in a vertical distance of 2.9 + 0.2 mm for
the 5 % alginate hydrogel specimens as compared to 3.3 £+ 0.2 mm for
the 3 % alginate hydrogel specimens. Additionally, the total lateral
diffusion distance was 4.8 + 0.3 mm for the 5 % alginate hydrogel
specimens vs. 5.4 + 0.2 mm for the 3 % alginate hydrogel specimens
(Fig. 7b).

Furthermore, both in the 5 % and 3 % alginate hydrogel specimens,
the normalized solute concentration exhibited the same trend (Fig. 7c),
decreasing along the vertical distance from approximately 47 % in the
pore vicinity (with the highest values at the center) to 0.09 % further
from the pore (at the largest vertical diffusion distance). At the same
time, the normalized solute concentration of the 5 % alginate hydrogel
specimens was slightly smaller than that of the 3 % alginate hydrogel
specimens for any given diffusion distance.

3.2.4. Effects of diffusion time

Extending the diffusion time from 6 h to 24 h, under otherwise
similar conditions (i.e., 3 % alginate hydrogel, 1.6 mm pore, and 1 pore
configuration, 1.6 mm-3 %—1 pore-6 h and 1.6 mm-3 %—1 pore-24 h)
resulted in longer-term diffusion profiles (Fig. 8a). In contrast to the
minor differences observed between superficial and middle-range areas,
the 24-hour diffusion of the contrast agent resulted in an increased
diffusion distance and area as compared to the diffusion experiments
performed for only 6 h (Fig. 8a, b).

More specifically, the vertical diffusion distance increased from 3.9
+ 0.2 mm to 6.8 & 0.3 mm, and the lateral diffusion distance from 6.6 +
0.2 mm to 11.5 + 0.7 mm as the diffusion time increased from 6 h to 24
h diffusion, respectively.

The distribution of the contrast agent concentration within the
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diffusion area also showed differences between the 6 h and 24 h diffu-
sion specimens (Fig. 8c). For the 6 h specimens, the normalized con-
centration decreased along the vertical distance from >55 % closest to
the pore (highest values in the middle) to 0.10 % further away from the
pore (at the largest vertical diffusion distance, 3.9 4+ 0.2 mm). For the 24
h specimens, the normalized concentration varied between 60 % and
0.09 % along the same direction.

A second model system consisting of gelatin/glucose, was also
investigated (Figure S4) and the results demonstrated the suitability of
the proposed platform for studying clinically relevant compounds, and
its adaptability to different assessment methods, such as uCT and fluo-
rescence confocal microscopy, which are frequently used in tissue en-
gineering and regenerative medicine.

3.2.5. Comparison of all the parameters

Histograms of the largest vertical and lateral diffusion distances of
the specimens with all the parameter combinations were also generated
to more intuitively observe and compare the impact of each parameter
on the diffusion behavior (Figs. 9a and b). As it was clear from this
comparison, the largest vertical and lateral diffusion distances for the 3
% hydrogel specimens were 13.4 % greater distances relative to the 5 %
concentration hydrogel specimens. As for the effects of the pore size, the
largest vertical and lateral diffusion distances increased by 17.3 % and
22.6 %, respectively, for the 1.6 mm pore as compared to the 0.8 mm
ones. Regarding the effects of the number of pores, the largest vertical
diffusion distance of the 6-pore specimens increased by 59.5 % as
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3) are expressed as mean =+ standard deviation (SD). Statistical significance is

compared to the 1-pore specimens. Finally, the maximum vertical and
lateral diffusion distances of the specimens that diffused for 24 h rose by
72.9 % and 76.1 %, respectively, compared to the specimens that
diffused for 6 h. Each group of specimens with different parameter
combinations had a similar improvement in vertical and lateral diffusion
distances, which further proved the validity of the experiments and the
reliability of the data.

3.2.6. Results of curve fitting to the analytical solution

The goodness of fit was evaluated using the coefficient of determi-
nation (R?) and root mean square error (RMSE) (Table 1). In addition,
the equivalent diffusion coefficient D was calculated to quantify the
diffusion ability of the designed specimens (Table 1). The R? values of
the four groups ranged between 0.91 and 0.95, while RMSE ranged
between 0.07 and 0.08 mm?/s, which indicated the goodness of fitting.
Moreover, an average Dg was also calculated from 1.5 h to 6 h (Fig. 9d).
This fitting was consistent with the basic principles of Brownian motion
and Fick’s laws of diffusion governing the relationship between contrast
agent concentration and diffusion distance in a 2D diffusion process at
fixed diffusion time points.

4. Discussion
Clinically relevant 3D in vitro models are in great demand for disease

modeling, drug screening, tissue engineering, and regenerative medi-
cine [3,4]. Nevertheless, limitations related to biofabrication and
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diffusion of needed factors to sustain tissue growth make the scale-up of complex geometries were successfully fabricated at various length
such models very challenging [47]. scales. These networks can be incorporated into constructs to form a

In this study, by leveraging multiple 3D printing technologies, per- platform for the supply of oxygen and nutrients and the removal of
fusable 3D channel networks with controlled porosity and increasingly metabolic byproducts during in vitro tissue growth. Such a platform has
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Table 1

Results of fitting curves to the analytical solution.
Parameters 1.6 mm-3 1.6 mm-3 0.8 mm-3 0.8 mm-5

%—6 %—1 %—1 %—1
R-square 0.96 0.96 0.95 0.92
RMSE (mmz/s) 0.071 0.072 0.080 0.082
Dg (x 107%) 7.2+ 0.3 4.8 £0.2 3.9+0.2 21+0.1
(mm?/s)

great versatility in terms of design and scalability showing great po-
tential for the establishment of an integrated technology that enables the
development of superior 3D in vitro models for various applications. In
addition, the proposed platform provides additional possibilities to
tailor and control the biofunctionalities of the 3D in vitro tissue model for
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any given application, which go beyond those offered by the existing
models [16,38,40-42] (e.g., diffusion properties and spatial control of
the diffused factors or supplied cells).

4.1. Multiscale printing of the porous 3D networks

Each printing method used for the fabrication of the porous networks
has its own advantages and limitations (Table 2). The printing condi-
tions were optimized for each method to achieve the best geometric fi-
delity for each network design. In the case of FDM printing, the collapse
of the networks when applying higher temperatures or lower printing
speeds can be due to a too-low channel wall thickness. If the number of
printed layers of the channel wall is <2 (i.e., the wall thickness is <0.5
mm), the material can start to deform, affecting the stability of the
printed structure. Therefore, ensuring that each printed channel
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Table 2
Comparison of the three printing techniques used to produce the porous
networks.

Characteristic/ FDM SLA 2PP
Method
General [48]
Resolution >50 um >25 pm ~1pm
Scalability Highly scalable Limited Poor scalability
scalability
Material Wide range of Limited to Limited to
compatibility materials photopolymer specialized
resins photosensitive
resins
Cost Low, widely Cost-effective High; expensive
available equipment
equipment
Specific to the
study
Channel pore >800 um 400 to ~1000 <400 um
size um
Network design Moderate; Large Moderate High; Complex

networks but
limited resolution
for small features (<
400 pm)

Thick (>0.5 mm)

complexity designs but small

networks

Channel wall
thickness

Moderate (>0.3
mm)

Thin (< 100 pm)

includes a minimum of a two-layer wall was necessary, with a three-
layer wall being the most optimal configuration. This approach guar-
anteed that the walls of the printed structure remained robust, pre-
venting deformation or collapse caused by excessively thin walls.

In the case of SLA printing, optimizing the printing angle was
important because it significantly influenced both the network shape
fidelity and the printing time (Fig. 4b). Because the network is printed
layer by layer, varying the printing angle results in different numbers of
layers needed to print each pore. This variation contributes to pore size
accuracy, as more layers typically introduce a higher potential for er-
rors. This can explain why compared to a printing angle of 30°, the
specimens printed at 0° and 90° exhibited larger standard deviations,
with individual specimens deviating significantly from the designed size
of 800 pm. Furthermore, when the printing angle was 90°, there was
enough support and adhesion for printing the bottom half of the pore.
However, some unevenness or even slight deformation is expected while
printing the upper half of the pore due to the lack of particularly good
support (Figure S2). These findings highlight the need to check the sizes
of all the pores incorporated into a specimen when evaluating its geo-
metric fidelity, particularly in the case of FDM and SLA methods that
rely on layer-by-layer printing.

In FDM and SLA layer-by-layer printing, the first layer is often the
one with the highest printing accuracy and good adhesion. However, as
the number of printed layers increases, there is a considerable proba-
bility that subsequent layers will not maintain the same accuracy. This
may result in a slightly different diameter between the first printed pore
and the last printed pore on the same specimen.

For the 2PP, the pore size fidelity of the 2PP-printed specimens was
highly accurate. As the hatching and slicing distances increased, the
pore sizes deviated more from the intended 17 pm, but still exhibited
greater accuracy and reproducibility than those printed using FDM and
SLA methods. However, due to the relatively small size of 2PP-printed
specimens, manually handling them and conducting diffusion experi-
ments remains a challenge.

The networks proposed in this study are designed to study the in vitro
growth and functions of microtissues under pathophysiological condi-
tions. In practice, the manufacturing processes used to create the multi-
scale porous networks can be upscaled to different extents, provided that
the optimum design for a specific tissue is established. For example,
while 2PP offers capabilities for fabricating intricate networks with high
resolution, its scalability could be achieved by integrating automation
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(such as automated print removal and reload), allowing for the fabri-
cation of multiple structures in the same print. For the stereolithography
process suited for larger structures than 2PP, scalability could be ach-
ieved by using larger printing plates. In addition, automation of cleaning
and curing steps would enable high-volume production. The FDM pro-
cess benefits from relatively lower costs and wider accessibility. Scal-
ability for this method can be addressed by enlarging the printing plates
or by using parallel printing modules. With the build plates of the FDM
printers used in our study (20 x 20 cm), 20 networks could be printed in
one run, taking up to 12 h.

4.2. Effects of network features and hydrogel concentration on diffusion

Despite the many studies focused on the incorporation of perfusable
channels within hydrogels [42,43], a physics-based understanding of
the diffusion processes is lacking. We used contrast agent-enhanced
micro-CT and analytic solutions of Fick’s equation to elucidate the
physics of the diffusion process governing the function of such perfus-
able networks. This is important because the diffusion of any molecule
(including the contrast agent) through a porous channel network into a
hydrogel matrix is influenced by multiple factors. These include the
channel diameter, pore diameter, the number of pores, the size of the
molecule, and hydrogel attributes.

4.2.1. Effects of network features on diffusion

Among the different network parameters investigated here, the
number of pores had the most prominent effect on the diffusion area. By
adjusting the distance between the pores, one can optimize the diffusion
distances according to the requirements of a particular application.
Furthermore, by adjusting the pore size and the number of pores, the
porous network can provide more controllable and customizable func-
tions compared to the non-porous network.

Meanwhile, the highest solute concentration diffusing through the
pore can only reach around 55 % (Fig. 6¢) because each measurement
covered the average concentration of all the pixels on a line segment of a
certain length (i.e., largest vertical diffusion distances of each group).
The concentration in the middle of this measurement segment was
higher (e.g., 85.18 %), while the concentration at both ends was lower
(e.g., 0.10 %), resulting in a mean value of 45-65 % after averaging.

4.2.2. Effects of hydrogel concentration on diffusion

It is noteworthy that the 5 % alginate hydrogel specimens were found
to exhibit a slower initial diffusion rate than that of the 3 % alginate
hydrogel specimens (Fig. 9d). That is because the diffusivity of a
hydrogel system depends on the number of physical or chemical cross-
linking sites per unit volume in the hydrogel polymer network [49,50].
For the same volume, a hydrogel with a higher concentration contains
more crosslinking sites, resulting in a smaller pore size (around 60 nm)
within the hydrogel mesh [51]. A higher alginate concentration will,
thus, lead to the diffusing molecules having more difficulty penetrating
the hydrogel mesh and diffusing.

4.2.3. Effects of time on diffusion

Considering the curves of different time points (Figure S3), we found
that the fitted curves deviated more from the experimental data points
for the diffusion times 2, 20, and 60 min. This could be caused by the
hydrogel attempting to enter the pores to different extents, causing the
diffusion distance and solute concentration of each specimen to be
initially more variable. This situation disappeared after 60 min, as
indicated by the more stable values of the equivalent diffusion coeffi-
cient Dg.

Furthermore, during the curve fitting process, we found that the Dg
of two groups of specimens (i.e., 1.6 mm-3 %—1-6 h and 1.6 mm-3 %—
6-6 h) during the first 1.5 h of diffusion was very close. This may be
explained by the fact that no overlap between the diffusion areas of
adjacent pores occurred during the first 1.5 h of diffusion in the 6-pore
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network.

The diffusion experiments indicated that the number of pores had the
most significant impact on the diffusion behavior of the contrast agent
used, followed by the pore size and hydrogel concentration. Various
combinations of parameters can be used to produce the desired diffusion
behavior. Based on our results regarding the effects of various parame-
ters on the diffusion behavior of such constructs, the local concentra-
tions and diffusion distances at different time points can be tailored to
realize a controllable perfusion by this platform. In addition, designing
pores with different sizes on the same branch with an optimized inter-
space may enable achieving differential concentrations of the same
agent in different locations with high precision.

To this end, a 3D mesh diagram was generated to depict the
normalized concentration of the contrast agent diffusing through pores
with diameters of 1.6 mm and 0.8 mm for the 3 % hydrogel and 6-hour
diffusion period (Fig. 10a and b). The diagram may serve as a design aid
for predicting the relevant values (e.g., pore size and gel concentration),
allowing for the estimation of the time required to attain a specific
concentration at a defined diffusion distance or determining the con-
centration reached at a particular vertical diffusion distance within a
specified time frame. Such a physics-based, rational approach provides
valuable insights for guiding the future designs of similar perfusable

networks, enabling the customization of diffusion characteristics to
meet specific requirements.

4.3. Limitations

Some experimental limitations need to be considered when inter-
preting the results of the current study. This study focused on fabricating
multi-scale networks for in vitro tissue culture, utilizing three additive
manufacturing methods: FDM, SLA, and 2PP. While these methods were
chosen, it is worth noting that alternatives, such as powder bed fusion
and volumetric printing [52] can also achieve network preparation.
Additionally, the characterization of diffusion, a key function of the
network, was conducted using three key parameters namely pore size,
number of pores, and alginate concentration, with each experiment
involving three specimens to conclude. Nevertheless, expanding the
specimen number could enhance the robustness of the conclusions.

The constant-concentration boundary condition was used to study
diffusion as much as possible independently from other mass transport
mechanisms. In practice, in situ constant-concentration diffusion ex-
periments are less challenging experimentally than in situ constant-flux
or more complex boundary conditions. For future cell experiments,
perfusion will likely be required. While the discrepancy between the
model system studied here and the one likely used in cell experiments

(a)
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can be considered a limitation of the current study, it is important to
realize that perfusion is expected to accelerate mass transport further,
thereby assisting in cell nutrition and oxygenation.

In the selection of the contrast agent, the uncharged iodixanol-based
contrast agent was selected as our model compound. In future tests, it
would also be interesting to choose contrast agents with different
charges, such as positively or negatively charged, to study the effect of
charge on diffusion. Alternatively, a wider selection of hydrogels can be
applied. For example, alginate carries a negative charge [53]. By
choosing hydrogels with different charges or crosslinking methods, the
impact of hydrogel charge and contrast agent charge on the diffusion
behavior can be studied. Nevertheless, the investigation of diffusion
behavior of two distinct model systems underscores the capability of the
designed porous networks to enable controlled spatiotemporal diffusion
of various molecules into hydrogels with different properties. In addi-
tion, it reveals the versatility of the proposed platform that allows
quantitative evaluation of diffusion by using two different methods,
namely micro-CT and fluorescence microscopy, which are frequently
used in the fields of tissue engineering and regenerative medicine.

5. Conclusions

We used three types of additive manufacturing techniques (i.e., FDM,
SLA, and 2PP) to fabricate rationally designed 3D multi-channel per-
fusable networks that enable sustained in vitro tissue in 3D tissue models
at different length scales. For each method, the optimum printing con-
ditions were identified based on the resulting geometric fidelity of three
different network designs (i.e., single-channel networks, multi-channel
networks, and dendritic networks). The findings highlighted the role
of printing speed and temperature (FDM), printing angle (SLA), and
hatching and slicing distances (2PP) in determining the geometric fi-
delity of the resulting networks. The diffusion experiments combined
with contrast agent-enhanced micro-CT analyses revealed that the
number of pores per channel has the most significant impact on the
diffusion behavior of the studied contrast agent, followed by variations
in the pore size and hydrogel concentration. Furthermore, the experi-
mental results followed Fick’s law of diffusion and enabled the predic-
tion of diffusion distances and concentration profiles for specific pore
sizes. Taken together, the findings of this study set the technological and
methodological basis for the development of novel tailor-made networks

that can be incorporated into 3D tissue models for sustaining in vitro
tissue growth.

Norm. Concen.
—__(% of contrast agent)

g 70.00
310 60.00
0
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b 40 30.00
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Fig. 10. 3D diagram of the normalized concentration as a function of vertical diffusion distance and diffusion time for pore diameters of 0.8 (a) mm and 1.6 (b) mm.
All the other conditions were the same (i.e., 3 % hydrogel and a 6-hour diffusion period).
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