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Abstract

Bioprinting of Advanced Therapy Medicinal Products offers promising new strategies for
personalized medicine, but it requires comprehensive, non-destructive characterization and
quality monitoring. To support patients with tailor-made constructs composed of hydrogels
and cells derived from allogeneic donors or autologous samples, several challenges must
be addressed—such as on-demand production, robust manufacturing, appropriate stor-
age and logistics, and destruction-free quality control—before successful translation into
clinical applications or pharmacy is possible. Although experience in cryo-preservation,
blood banking, and organ donation helps to identify critical process parameters, detect-
ing variations in manufacturing and ensuring product stability remain essential. Quality
monitoring of 3D-printed objects before and after storage by magnetic resonance imaging
(MRI) is complemented here by measurements of total mass and volume. These established
methods provide rapid, non-destructive feedback and have well-characterized statistical
limitations. Total mass can be assessed quickly; however, such integral measurements do
not reveal information about internal structures. MRI, in contrast, offers detailed, spatially
resolved insights. By combining these analytical modalities, we quantitatively analyzed
the storage stability of 3D-printed hydrogels—without living cells in this study—in or-
der to demonstrate and validate the analytical approach. We describe a workflow for
measuring mass and geometry of 3D-printed hydrogel lattices before and after storage
under varying process parameters. Critical quality attributes (cQAs), including overall and
internal structural fidelity as well as mass conservation, were monitored. The presented
workflow supports the development of cryopreservation protocols and has potential appli-
cations in biomaterial development for bioprinting and in quality assessment of tailor-made
artificial tissues.

Keywords: bioprinting; 3D printing; storage; freeze-thaw; hydrogel; magnetic resonance imaging

1. Introduction

Personalized medicine requires sophisticated logistics as well as appropriate storage
and transport of tailor-made Advanced Therapy Medicinal Products (ATMPs) [1]. While
liquid or solid dosage forms are commonly used and can be stored for years, printed
artificial tissues require dedicated handling and pose storage challenges that—so far—
have only been encountered in the fields of cryopreservation, blood banking, and organ
donation. In particular, failures in batch processing or delays must be avoided at all
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costs. Concepts currently under discussion include direct linkage of manufacturing and
patient application within specialized clinics, or centralized production combined with
safe transport of ATMPs [2—4]. In any case, protocols for short- and long-term storage
must be developed, including non-destructive, rapid quality control methods to ensure
product stability.

Common storage conditions for sensitive pharmaceutical and medical materials today
range from —15 to —25 °C, or between 2 and 8 °C for short-term storage. When gentle
storage conditions and low energy consumption are required, freezing stress must be
avoided [5,6]. Frozen storage and transport at —20 °C are also routinely used in the food
industry for cold-chain logistics [7]. If long-term storage is needed, or when cell-based
products must be preserved, cooling to —196 °C is possible, as applied in various cell-based
applications [5,8]. However, storage at —196 °C is costly due to specialized equipment and
high energy demand—besides the potential impact on the material itself. An alternative
is storage at —80 °C, a temperature used for certain COVID-19 vaccines [5] as well as for
fibroblasts encapsulated in alginate microspheres [9,10]. Currently, only short-term cell
storage is routinely implemented. In summary, appropriate storage conditions depend on
the specific product and its stability.

To ensure quality and stability throughout production, logistics, and storage, non-
destructive, reliable, and rapid monitoring is required. For practical implementation in
healthcare environments, analytical tools that are commonly available in medical settings
are preferred. Non-destructive analytical methods are needed to monitor product quality,
including scaffold stability. As an initial step toward quality control and as proof of princi-
ple, 3D-printed scaffolds were studied under typical storage conditions in this work. The
critical quality attributes (cQAs) addressed here concern geometric properties, structural
integrity, composition, and water loss.

In this article, we describe a workflow for quality monitoring in contexts requiring
controlled freezing conditions according to the current standard of the Parenteral Drug
Association [11], with a focus on structural integrity as a cQA. Scientific analy-ses of cell
localization, viability, and optimization of cooling gradients to avoid local pro-duct stress
have been investigated elsewhere [12-15]. One well-established imaging method suitable
for large, non-transparent objects—and previously applied for the analy-sis of 3D-printed
constructs [16-21]—is Magnetic Resonance Imaging (MRI). Widely used in medicine for
high-contrast imaging of soft tissue, MRI allows rapid image acquisition without contrast
agents [22-24]. In this study, MRI was combined with mass monitoring, as deviations in
mass can serve as an early indication of internal changes that warrant further investigation.

2. Materials and Methods
2.1. Overview of the Analytical Workflow

The general workflow combining 3D printing of hydrogels or bioprinting of biomate-
rials, including cells, initial object characterization via mass and shape, storage, characteri-
zation of the stressed objects and consecutive analysis is depicted in Figure 1.

2.2. Three-Dimensional Printing of Hydrogel

The 3D printing was performed as described in [17]. In brief, a lattice structure
composed of a hydrogel made from an alginate-nanocellulose blend (Bioink “Cellink”,
Cellink AB, Gothenburg, Sweden; one single batch of the ready-to-use material; product
information available at the manufacturer’s website) was printed at room temperature
(22 £ 1 °C) using a pneumatic extrusion-based device (3DDiscovery, regenHU, Villaz-
St-Pierre, Switzerland). The printed construct formed a rectangular lattice with outer
dimensions of approximately 10 mm x 10 mm in the x- and y-directions.
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Figure 1. Workflow of generation and monitoring the quality changes of 3D printed hydrogel lattices
after storage: The samples (with a variation in individual mass) were stored according to three
storage protocols. Mass, volume and shape changes caused by the storage process were monitored
by weighing and by MRI in addition to internal structural changes.

Characterization of the hydrogel was carried out by the manufacturer: its rheological
properties range from 2.6 to 7.5 kPa-s at 0.01 s~! and 1.0 to 1.9 Pa-s at 200 s—!. The pH
of the solution is reported as 6.5-7.4. The material was supplied in 3 mL cartridges as a
ready-to-use formulation and was applied according to the manufacturer’s instructions
without additional preparation steps. It consists of alginate and hydrated cellulose fibrils
and is suitable for bioprinting applications, including those using living cells. The accom-
panying gelation solution, also part of the commercial “Cellink” product, contains 50 mM
calcium chloride.

The printed geometry was a rectangular lattice with outer dimensions of about
10 mm x 10 mm in the x- and y-directions. The printing height (z-dimension) of the
scaffolds was varied to produce hydrogel lattices of different masses. Gelation via crosslink-
ing with Ca?* ions was achieved by immersing the printed objects in the ready-to-use
gelation solution (Bioink, Cellink, Gothenburg, Sweden) for 20 min at room temperature
(22 £ 1 °C). Excess moisture was removed afterward [17]. All samples were prepared
carefully and consistently, thereby avoiding variations in preparation such as differences
in swelling or degree of crosslinking. Varying these parameters is reasonable for future
studies once the analytical tools are fully established. For this study, material parameters
were therefore considered as constant.
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The resulting masses of the printed hydrogel objects ranged from 429 mg to 1010 mg
(moist mass). Since the statistical errors of both MRI and mass measurements are known,
and confidence in new workflows and analytical methods requires an understanding of
both reproducibility and the applicable bandwidth, this approach was chosen. The resulting
differences in surface-to-volume ratio may influence structural integrity during storage.

2.3. Hydrogel Mass

Before the mass was determined, the hydrogel lattices were checked for condensation
of water droplets on their surface. If present, any excess moisture was carefully removed
with a wiping tissue. The masses were recorded at room temperature by special accuracy
balances directly after printing and again after storage. Mass changes along the process
chain were calculated as follows:

Mpefore — mafter

MDeo[100%)] = %100

Mpefore
The same approach was chosen for volume changes due to storage at low temperatures.

2.4. Protocol of Sample Treatment: Data Acquisition and Storage Processes

All samples were positioned individually within a 20 mL single-use vial (Carl Roth,
Karlsruhe, Germany) after the initial weighing. The vials were then sealed with a lid and
parafilm and subsequently transferred to the MRI device. For each of the three storage
process types, four hydrogel samples with varying masses were selected (Table 1). Storage
conditions were chosen according to common storage scenarios. Uncontrolled cooling was
considered as a “worst case scenario”.

Table 1. Overview of the investigated samples with the corresponding masses before storage under
three different storage conditions (1 = 4 samples per storage condition).

Initial Mass [mg] Storage Temperature Object Nomenclature
482 C1
642 C2

5°C
654 C3
797 C4
429 F1
469 F2
—20°C
693 F3
1010 F4
566 N1
635 N2
—196°C/—-80°C
801 N3
802 N4

Samples designated for cooled storage were placed in a refrigerator at +5 °C for
22-24 h in sealed vials. For storage at —20 °C, samples were kept in a freezer for 22-24 h,
also in sealed vials. The third storage process combined rapid freezing in liquid nitrogen
with subsequent storage at —80 °C to simulate long-term storage. For this procedure, the
single-use vials containing the samples were immersed in liquid nitrogen for 30 min, during
which evaporation could occur through the loosely closed lid. Afterwards, the vials were
sealed and stored in a freezer at —80 °C for 20 h.
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After the designated storage times, all samples were equilibrated to room temperature
(20 £ 2 °C) for 60 min in their sealed vials before MRI measurement at +20 °C. Each storage
condition was applied to four 3D-printed objects, resulting in n = 4 per condition.

Please note that the objects had different initial masses and dimensions as it is reality
of 3D printed hydrogel-based scaffolds. Nevertheless, similar masses allow a direct first
impression on the overall reproducibility over the above described workflow.

2.5. Imaging and Image Analysis

An Avance HD III SWB 200 MHz spectrometer capable of imaging, equipped with a
MICWB40 20 mm birdcage probe (Bruker BioSpin GmbH, Ettlingen, Germany), was used
for MRI All samples were measured at 20 °C in ambient air to achieve high image contrast.
The measurement duration of the selected “rapid acquisition with relaxation enhancement”
(RARE) protocol (Callaghan, 1991; Bernstein et al., 2004) [22,23] was 26 min (see Supporting
Information, Table S1), as described in detail in [17].

In brief, a series of 15 axial slices through the object was acquired with an inter-
slice distance of 0.5 mm for both freshly printed and stored lattices. Using an in-plane
field of view of 12 mm x 12 mm, 12.5 mm x 12.5 mm, or 13 mm X 13 mm, the cho-
sen geometric parameters ensured sufficient coverage of the sample. A maximum in-
plane digital resolution of 47 um/px (x—y direction) was achieved. By accepting a lower
z-resolution of approximately 0.4 mm, the measurement time could be reduced com-
pared to acquiring a full 3D data set, resulting in a so-called 2.5D image data set of the
hydrogel lattice.

The measured image stacks before and after storage of the hydrogel lattices were
analyzed within the software Avizo Amira (Version 2022.1, Thermo Fisher Scientific, Darm-
stadt, Germany). Before analysis, the orientation of the slices was aligned with the “Register
Images” function. An image thresholding routine was executed, using the following se-

s

quence of standard Avizo operations “Auto Thresholding”, “Closing by Reconstruction”,
“Remove small Spots”, “Erosion and Opening” followed by a “Marker-Based Watershed”.
The generated data was used to approximate the 3D volume of the stack by considering

the inter-slice distance of 0.5 mm appropriately.

3. Results
3.1. Qualitative Analysis of the 3D Printed Objects

The 2.5D MRI data sets were reconstructed into image stacks and examined for visual
changes as an initial qualitative analysis. The observations from four objects under each of
the three storage conditions are summarized below and already demonstrate the impact of
storage conditions at the qualitative level:

The four objects stored at +5 °C showed high similarity in contour and shape before
and after storage (Figure 2 (C1-C4)). The overall outline and small protrusions at the ends
of extruded lines within each layer (example in object “C4yefore”, arrow a) remained intact.
Even the internal structure was preserved at the spatial resolution of MRI, as seen from the
very small air bubbles (small black dots within the object) in object C1. The defined central
lattice structure in object C2 was also maintained. In object C3, the lattice holes appeared
more pronounced after storage. Brighter regions in the grayscale MR images represent
higher water content or greater water-molecule mobility than the surrounding hydrogel,
suggesting that the hydrogel may have shrunk while liquid water remained trapped within
the channels between printed strands. Similar observations were made for object C4.
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Figure 2. Comparison of exemplary axial MRI slices from the center of the lattices before and after
storage sorted by storage condition +5 °C (objects C1-C4)/—20 °C (objects F1-F4)/—196°C (objects
N1-N4). In plane x and y-directions are shown as well as the grayscale next to the individual image
which indicates the MR amplitude. Arrow “a” indicates a small protrusion at the end of the extruded
line in an image layer, which stays intact after storage of the hydrogel lattice (image C4, after storage,
where the protrusion is visible rotated in a 90° angle). Arrow “b” indicates an air-filled cavity in the
lattice F3. In the “after storage” measurement, this cavity is still visible, but filled with water. Further
details are discussed in the text.

Storage at —20 °C (Figure 2 (F1-F4)) did not affect the overall contour of the hydrogel
lattices in three of the four samples. However, the objects exhibited shrinkage, indicating a
loss of embedded water. In object F3, a channel that had been filled with air before storage
(F3pefore, arrow b) appeared filled with water afterward. A closer inspection revealed
changes in the internal structure across all samples: water-rich regions appeared brighter,
whereas dense areas appeared darker. In object F4,¢.., pronounced internal damage
was visible as dark lines and a row of lattice holes, suggesting reduced water content
and potentially crack formation induced by freezing. In contrast, F1,¢e,—F3,fter showed
marbling patterns with lighter regions, indicating inhomogeneous water distribution and
increased transverse relaxation times. Such features are commonly associated with water
in less restricted environments. Macroscopically, these may represent water-filled cracks or
regions of hydrogel with lower density.
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For the objects frozen at —196 °C (Figure 2 (N1-N4)), the effects of storage were more
variable compared to the +5 °C and —20 °C conditions. While the outer contour was
largely preserved, the degree of shrinkage differed markedly: object N1 showed substantial
shrinkage, whereas N3 and N4 shrank only slightly. Water that filled internal lattice holes
before storage was removed and replaced by air. Object N2 shows a minor destruction
of the hydrogel starting at one edge of the structure after storage. N4 shows a decent
modification of the inner structure.

3.2. Impact of Storage Conditions on Mass and Volume of Hydrogel Lattices

MRI measurements and mass determination were used as orthogonal analytical tech-
niques (Figure 3) to quantitatively characterize the 3D-printed hydrogel lattices before and
after storage. Again, the results obtained after the three storage procedures are compared
with the initial state of the printed lattices.

10 %
, c1 c2 c3 c4
- -
10 %

-20 %

cool @ 5°C

-30 %

Deviation before / after

-40 %
Object
10 %

F1 F2 F3 F4
0%
.. 1 H .
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Deviation before / after

-40 %
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-10 %
20 %

-30 %

Deviation before / after

-40 %
Object

H Volume difference B Mass difference

Figure 3. Monitoring of mass (black squares) and volume (green squares) changes in the individual
hydrogel lattices by comparison of mass and MRI data before and after storage. (A): cooled storage at
+5 °C, (B): Freezing at —20 °C, (C): Protocol of freezing in liquid nitrogen at —196 °C and subsequent
storage at —80 °C.
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After storage at 5 °C (Clafrer—C4afier), the mass and volume of the four hydrogel
samples were slightly reduced, corresponding to 91.5-100.3% of the initial volume and
95.9-100.9% of the initial mass (i.e., <8.5% volume loss and <4.1% mass loss). The agree-
ment between the 3D volume calculations based on MR images (Avizo) and the mass
measurements was high. The largest percentage deviation occurred in object C1, which
had the lowest initial mass among the four samples in this group. Analysis of object C2
(Supplementary Material, Figure S1) revealed only minor changes. With an initial mass
of 642 mg, the calculated volume after storage increased by 0.3%, whereas the measured
mass decreased by 1.2%, equivalent to a theoretical difference of 7.7 mg. This deviation
may result from false-positive detection of a water droplet or an imaging artifact in the MRI
data and provides an estimate of the statistical error of the measurements and subsequent
data processing, which is below 5%. Both the volume and mass analyses showed small
decreases for samples C3 and C4.

Samples F1-F4 stored at —20 °C lost volume and mass due to freezing effects
(Figure 3B). While three samples (F1-F3) showed shrinkage of 10.8-14.5% and good agree-
ment between volume and mass measurements, one sample exhibited much stronger
shrinkage: F4, retained only 64.0% of its initial 3D volume (36% loss) and 71.6% of its
initial mass (28.4% loss), indicating substantial water loss accompanied by deformation.
Notably, F4 was the sample with the highest initial mass in the F-series. The complementary
nature of the two analytical methods becomes clear: although mass determination provides
high precision, it cannot reveal local structural changes within the samples. Non-destructive
imaging techniques are required to obtain internal structural insight.

Object F4,fer (Figure S2) showed not only an increase in porosity in the MR images,
but also darker ridges between larger bright regions. The outer surface appeared rough,
whereas it had appeared smooth before storage (Figure 2, F4petore). Such roughness intro-
duces uncertainty in volume calculations, as the inter-slice distance of 0.5 mm is relatively
large compared to the size of the surface irregularities detected within the xy-slices. Conse-
quently, mass may serve as a more accurate integral measure under these circumstances.
MRI, however, provides crucial information about the internal structural integrity of the
hydrogel, as reflected in the grayscale image contrast. The MR signal intensities of the
darker ridges and brighter regions differ substantially within the hydrogel cube. Whereas
mass offers only a single integrated value, MR imaging enables segmentation of these
regions and identification of internal structures or defects. For more detailed analyses, MRI
with higher spatial resolution and optimized contrast parameters should be considered,
potentially using higher magnetic fields.

The mass loss of samples N1-N4 stored at —196 °C showed good reproducibility:
91.4-93.8% of the initial mass was retained after storage (Figure 3C). The 3D volume
analysis in Avizo agreed well with the mass measurements for two samples (N3 and N4).
For the two smaller objects, volumes of 72.2% (loss: 27.8%, N1,¢e,) and 105.8% (apparent
divergence: —5.8%, N2,¢or) were calculated. N1 and N2 clearly illustrate the limitations
of the analytical approach and are therefore included in the study: While the increased
volume of N2 is a false positive estimation with numerical errors on the order of a few
percent, the large loss for N1 possibly hints at unrecorded parts of the object N1,e,. Parts of
the object might be lost either during acquisition or during thresholding: As the sample N1
is one of the low-mass objects (initial mass 566 mg, i.e., small height along z in comparison
to the x and y dimensions) and shrinkage in the axial plane is visible in the images in
Figure 2, a shrinkage along z will increase the uncertainty of volume calculation in Avizo.
The measurement was performed with an inter-slice distance of 0.5 mm, which may have
resulted in outer regions of the scaffold falling between slices and therefore being missed.
Furthermore, in slice 2 of N2, (Figure S3), a shadow is visible; however, the area detected



Appl. Sci. 2025, 15, 12648

9o0f11

by the software for volume calculation is defined by a user-selected threshold, which may
lead to false-positive errors. Depending on the chosen threshold, this numerical error can
vary considerably, and therefore the selection of the threshold requires particular attention
during data analysis.

4. Discussion

The workflow combining MRI and mass measurements was chosen to monitor the
impact of different hydrogel storage processes in terms of shape fidelity, internal structural
preservation, and mass conservation—critical quality attributes for product stability. In
addition, both techniques, MRI and weighing, are available in medical environments.
Beyond the costly clinical MRI scanners used for human imaging, low-field MRI systems
based on permanent magnets are available and could be well suited for quality control of
scaffolds. While the surfaces of extrusion-printed 3D objects are somewhat irregular—and
the volume calculated from MR images in Avizo depends strongly on the geometric MRI
parameters—mass determination is straightforward but provides only global information.
For this study, which used geometrically simple objects, mass therefore served as an
independent and complementary analytical tool.

For gentle storage at +5 °C, excellent agreement between mass and volume data was
achieved. After freezing at —196 °C, shrinkage in the z-direction was observed, which
represents the smallest dimension of the low-mass hydrogels. In this case study, the mass
measurements indicated that low-resolution 2.5D MRI reaches its limits in approximating
the volume of complex three-dimensional objects. These limitations may be mitigated by
full 3D imaging, ideally at higher magnetic field strengths to improve the signal-to-noise
ratio. The advantage of non-destructive imaging for assessing the internal structure of
non-transparent objects became particularly clear for the hydrogels stored at —20 °C: MRI
detected changes within the interior of the hydrogels, whereas mass measurements only
revealed higher mass loss in those objects with larger initial mass.

A limitation of this preliminary case study—while demonstrating the potential of
combined analytical approaches—was the spatial resolution of the 2.5D MRI protocol. Short
measurement times were required to minimize moisture loss from the hydrogels, but this
also introduced uncertainty in volume estimation. Future work may focus on elucidating
the nature of structural changes induced by freezing and storage, which will require further
optimization of MRI parameters. Moreover, deformed or more complex structures could
be characterized using advanced MRI techniques. Additional opportunities lie in applying
sophisticated data-analysis strategies, such as those developed for image recognition in
human imaging [25,26].

5. Conclusions

Complementary analytical tools—mass measurement and MRI—revealed the impact
of storage on 3D-printed hydrogels. The storage conditions significantly affected both the
mass and volume of the hydrogel lattices, as detected by weighing and volume recon-
struction, respectively. While the overall shape of the prints was preserved, water-filled
regions were emptied due to freezing processes. Beyond these macroscopic measures,
MRI also revealed internal structural changes within the hydrogels: in one sample, dark
lines indicated crack formation, whereas in others, bright regions suggested areas of lower
hydrogel density, pointing to density inhomogeneities within the cross-linked lattices.

These two orthogonal methods may provide a suitable workflow for rapid, non-
destructive characterization of bioprinted hydrogels. Further methodological refine-
ment could enable at-line quality control of artificial tissues and potentially allow post-
implantation monitoring via MRL
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /app152312648/s1, Figure S1: MR images of object C2 before
(C2before) and after (C2after) the storage at 5 °C.; Figure S2: Detailed view of object F4,¢, after the
storage at —20 °C, Figure S3: Object N1, after the storage at —196 °C/—80 °C. Table S1: Main
parameters of the MRI RARE sequence applied in the study.
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The following abbreviations are used in this manuscript:

MRI Magnetic Resonance Imaging
cQA Critical quality attributes
ATMP  Advanced Therapy Medicinal Products
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