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1. Introduction

Biomimetic characterization by micro-computed
tomography (uCT) of 3D hollow fibre membrane
network bioreactors for tissue engineering

Giuseppe Falvo D'Urso Labate,® Chiara Morano,” Thomas De Schryver,®

Harry Zaverdas,® Luigi De Napoli,® Gionata Fragomeni, ¢ Luc Van Hoorebeke,®
Patrick Segers,” Matthieu N. Boone,© Konstantinos Theofilatos,” Joerg C. Gerlach?
and Gerardo Catapano () *P

Hollow Fiber Membrane Bioreactors (HFMBs) support mammalian cell culture at high cell density by
enabling effective transport of nutrients, gases and metabolites to/from cells and by offering high mem-
brane surface area-to-bioreactor volume ratios, scalability and flexibility in design. A recent study showed
that shell-and-tube HFMBs with cells in the extracapillary space (ECS) for medicine may be designed to
mimic the bone architecture for bone tissue engineering (TE). A more transport-efficient HFMB, the BRx-
HFMB, consists of a 3D stack of alternating cross-woven mats of microporous and gas-permeable hollow
fiber membranes with cells in the ECS and medium flowing inside the membranes. This design was
shown to support the culture of a large mass of densely packed cells with high oxygen and nutrient meta-
bolic demands similar to bone cells. Its biomimicry and rationale for good performance are poorly
characterized, hindering exploitation of its characteristics for bone TE. Herein, we report the architectural
and biomimetic characterization of pore/void distribution in the ECS of laboratory BRx-HFMBs using non-
invasive non-destructive micro-computed tomography and advanced image analysis to minimize arti-
facts. The results suggest that the ECS pore architecture and specific surface area of BRx-HFMBs mimic
those of bone tissue, favoring cell migration around, and adhesion on, membranes at clinical cell den-
sities. The membrane network architecture enables cell perfusion with medium, and membranes act as
spatially distributed oxygen sources promoting oxygen transport through the cell construct over longer
distances than in static bioreactors. This supports the use of BRx-HFMBs to develop cellular models of
bone tissue for drug testing and precision medicine.

of nutrients, dissolved gases and metabolites to/from the cells,
protect sensitive cells from fluid-mechanical stresses, feature

Hollow Fiber Membrane Bioreactors (HFMBs) were first pro-
posed in 1972 for the co-culture of mammalian cells at quasi-
in vivo density." Since then, they have been slowly becoming
an established upstream technology for mammalian cell
culture in biomedicine.>® They enable cell culture and co-
culture at high density and the effective and selective transport
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high membrane surface area-to-bioreactor volume ratios, and
minimize contamination risks.”” They are also cost-effective,
easily scalable up and down, and flexible in design and oper-
ation. So far, their flexibility in design has been mainly
exploited in technical applications, such as in wastewater treat-
ment processes.®® In substitutive and regenerative medicine,
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various bioreactors have been proposed to engineer biological
substitutes of tissues or organs to replace missing or malfunc-
tioning body parts or that are used in bioartificial organs to
assist patients with metabolic insufficiency. Such a therapeutic
strategy could be used in clinics to promote healing of tissues
that regenerate, such as bone or the liver in fractured or acute
liver failure patients, respectively, or to provide the missing
synthetic functions in patients on extracorporeal artificial drug
supplementation or blood detoxification treatments, such as
diabetic or renal failure patients, respectively. Alternatively,
tissue engineered cell substitutes could serve as personalized
in vitro cellular models to screen drugs in substitution of
animal testing.’®"" To produce cell constructs that structurally
resemble the natural tissue or organ, are metabolically compe-
tent, and match the size of the missing tissue/organ, organ or
tissue-specific cells are isolated, seeded into a porous scaffold
that replaces the natural extra-cellular matrix (ECM), and cul-
tured in a bioreactor. There, they are challenged with time-
varying paracrine and exogenous biochemical and fluid-
mechanical cues that promote cell migration inside the
scaffold, proliferation, differentiation, and reorganization in
similar structures to the natural organ or tissue. Over the
years, the importance of scaffold characteristics mimicking the
natural ECM has become evident.”> An ideal porous TE
scaffold should present adherent cells with an architecture,
dissolved and immobilized biochemical cues, and physical
characteristics that mimic the natural ECM (i.e., it should be
biomimetic)."”>" It is generally agreed that the architecture of
TE scaffolds should feature a distribution of voids (hereinafter
referred to as pores) characterized by: (1) a highly intercon-
nected porous network similar to the natural tissue, to host a
clinically relevant mass of cells at high physiological cell
density and enable their reorganization as in the natural
tissue; (2) a large scaffolding surface area, to permit adhesion
of a large number of cells; and (3) a bimodal pore size distri-
bution with pores larger than 300 pm, to permit cell migration
into the innermost scaffold regions, and smaller pores a few
microns large, to facilitate dissolved oxygen and nutrient
supply to cells (as well as waste metabolite removal) anywhere
in the scaffold and maintain cells viable and functional.">"®
Bone is a dynamic, hierarchical, highly heterogeneous
natural composite differing from other tissues in the high per-
centage of the ECM, integrating organic and inorganic phases,
and the low percentage of cells. Similar to the TE of other
tissues, research in bone TE has been mainly focused on the
development of porous scaffolds, made of polymers, metals,
ceramics and glasses, or combined into hybrid scaffolds,
mimicking the hierarchical architecture and morphology, and
the mechanical, chemical and biochemical properties of the
bone ECM, and that are osteoconductive (to permit coloniza-
tion, migration, adhesion and proliferation of osteogenic, vas-
cular and immune cells), osteoinductive (to recruit progenitor
cells through biomolecular signalling and promote their differ-
entiation) and osteointegrating (to enable the structural and
functional connection of the cell construct with the bone of
the recipient). Details on the many biomaterials and fabrica-
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tion techniques proposed for bone TE may be found in the
reviews available in the literature.”' In the case of bone,
maintaining the homeostasis of the bone microenvironment
has been shown to be fundamental for bone regeneration and
repair.”>”*® The bone microenvironment is characterized by a
dynamic combination of physiological (e.g., peculiar cell types,
interactions among neighbouring cells and exchange of para-
crine signals), chemical (e.g, soluble nutrients, dissolved
oxygen, proteins, hormones and signalling species, such as
cytokines and VEGF), and physical aspects (e.g., morphology,
stiffness, porosity, and mechanical, fluid-mechanical or mag-
netic stimulation), all of which affect the metabolic behaviour
of cells. To culture a cell construct in the presence of interplay-
ing physiological, chemical and physical cues typical of the
bone microenvironment, biomaterials have been developed
that, in addition to mimicking the bone ECM, elicit controlled
cell responses by varying their surface morphology, porosity,
pore size distribution, wettability, charge and the presence of
chemical functions, to quote but a few. Oxygen is a chemical
signal that plays an important role in bone metabolism and
regeneration and influences the balance between new bone
formation by osteoblasts and resorption by osteoclasts.”®*”
Under normal physiological conditions, cells in the bone are
cultured under hypoxic conditions. However, successful bone
regeneration after an injury depends on well-defined changes
of dissolved oxygen concentrations across time and space oscil-
lating between a hypoxic phase (to recruit mesenchymal stem
cells, to start angiogenesis and to favour chondrogenesis) and
a reoxygenation phase (to favour osteoblast differentiation, to
meet the high oxygen demand of osteoblasts and prevent cellu-
lar necrosis, to synthesize the ECM and mineralize it). Most
bioreactors proposed for the culture of many of these scaffolds
seeded with osteogenic cells cannot reproduce the bone micro-
environment for oxygen. This has promoted the search for new
bioreactors integrating biomimetic scaffolds and oxygen
supply to mimic the bone microenvironment for oxygen.
Shell-and-tube HFMBs are the HFMBs more often used in
medical applications. In these HFMBs, cells are seeded and
cultured in the extra-capillary space (ECS) of a bundle of paral-
lel hollow fibre membranes assembled in a closed housing/
shell. Medium flows in the membrane lumina, as shown in
Fig. 1a. In TE applications, shell-and-tube HFMBs may repli-
cate cell organization around the local network of blood
vessels and the mechanisms of oxygen supply typical of
natural tissues like bone and the liver.?® The hollow fibre
membranes scaffold the seeded cells in a similar fashion to
the natural ECM, with cells organizing around the HF mem-
branes as they would around blood vessels in some natural
tissues. The medium flowing in the membrane lumen supplies
dissolved oxygen and nutrients to tissue (and removes waste
metabolites) similar to the blood circulating in the Haversian
canals in the bone and the vessels of the portal triads in the
liver acinus. From there, oxygen is transported radially to the
cells around the membranes similar to the function performed
by the Volkmann canals in the bone and the sinusoids spread-
ing from the portal triads in the liver acinus. Model-driven

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Scheme of the BRx-HFMB — schematic comparison of the struc-
tures and operations of (a) the shell-and-tube hollow fiber membrane
bioreactor (HFMB) operated in closed-shell mode; and (b—d) the 3D
membrane network hollow fiber membrane bioreactor (BRx-HFMB)
operated in perfusion mode — (b) structure and (c and d) operation.

approaches have been developed for closed-shell HFMB design
in which nutrients, dissolved oxygen and metabolites are
transported by pure diffusion®*>' or solute transport is
enhanced by spontaneously occurring Starling flows.>>”**> On
this account, HFMBs have been proposed for engineering
bone tissue and for extra-corporeal assistance to malfunction-
ing liver tissue. Recently it was shown that the ECS of shell-
and-tube HFMBs may feature a controlled pore distribution
and architecture mimicking the natural bone only if they are
equipped with rolled mats of cross-woven hollow fibre mem-
branes.*® Cell proliferation, to near in vivo density, and differ-
entiation, accompanied by the secretion of ECM components,
reduce the hydraulic permeability of the ECS. As the cell con-
struct matures, this causes solute transport to cells to occur
mainly by diffusion. This limits the pathlength over which
nutrients and dissolved oxygen effectively diffuse into the cell
construct and the mass of viable cells that can be cultured per
unit HFMB volume. In these HFMBs, even when tissue-specific
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cells are co-cultured with endothelial cells (ECs), ECs may
align and form neo-vessels in the ECS oriented in the direction
of the Starling flows along the bioreactor axis (as shown in
Fig. 1a). This limits perfusion in mature co-cultured constructs
and cell survival and functions, reducing the therapeutic effec-
tiveness of HFMBs, as has been often reported for bioartificial
livers.?”*®

A more transport-efficient HFMB design, today termed a
mass exchanger hollow fibre membrane bioreactor (BRx-
HFMB), was proposed in the early 1990s by Gerlach (Fig. 1b).**
This bioreactor design, then considered unconventional,
exploited the possibilities offered by the mats of cross-woven
hollow fibre membranes with varying separation and physical-
chemical properties originally developed for blood
oxygenators.’”*! As shown in Fig. 1b-d, the BRx-HFMB is a
four-compartment HFMB consisting of a three-dimensional
(3D) stack of repeating flat modular units each made of pairs
of cross-woven parallel microporous membrane mats for thera-
peutic plasmapheresis (TP) with an interposed cross-woven
membrane mat for blood oxygenation (BO). Cells are cultured
in the bioreactor ECS outside the membranes (i.e., the ECS or
cell compartment, CC). The membranes in each mat are
rotated by about 45 degrees with respect to those in the adja-
cent mats, and the ends of each membrane type are bundled
together, polyurethane is cast over them, and they are
equipped with separate inlet and outlet headers, after cutting
the membrane length excess with a sharp blade. Oxygen-rich
gas flows through the lumina of the BO membranes (i.e., the
gas compartment, GC). Nutrients and oxygen-rich medium
flow through the lumina of the two TP membrane mats.

The BRx-HFMB may be operated under a hydrostatic
pressure difference between the medium compartments
upstream (i.e., the upstream medium compartment, UMC) and
downstream (i.e., the downstream medium compartment,
DMC) of the cell layer. Under such conditions, the medium
enters the bioreactor UMC, permeates the membrane wall at a
controlled rate, bathes the cells (which consume nutrients and
oxygen), flows outside and around the BO membranes (where
it is enriched in the oxygen diffusing out of these membranes
and depleted in carbon dioxide diffusing out of the medium
and into the BO membranes), and eventually filters into the
bioreactor DMC from where it leaves the bioreactor. The BRx-
HFMB has been used for the culture and co-culture of cells
with high oxygen and nutrient metabolic demands, such as
primary human and porcine liver cells (proposed as the core
of a bioartificial liver for assistance to liver failure patients),*>
and induced pluripotent and embryonic stem cells.**™® It has
been shown that the co-culture of parenchymal and non-par-
enchymal liver cells in the BRx-HFMB ECS with a controlled
medium flux perfusing the cell-seeded ECS could maintain a
large mass of liver cells (up to 800 g)*° viable at densities as
high as 10° cells per mL (ref. 50) for several weeks and could
even foster cell re-organization as in the natural liver and
differentiation.”* These characteristics make the BRx-HFMB
appealing also for bone tissue engineering for the high meta-
bolic demands of bone cells. Despite the reported interesting
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results, little attention has been paid to the characterization of
the architectural and biomimetic properties of the pore (i.e.,
void) distribution in the BRx-HFMB. This is likely due to the
bioreactor complex structure and the structural damage
caused (and the artifacts introduced) by invasive and destruc-
tive investigation techniques, such as embedding in paraffin
followed by cutting with sharp blades. To the best of our
knowledge, to date, quantitative information on the architec-
ture and biomimicry of the BRx-HFMB ECS is still lacking.

To bridge this gap, in this paper we report on the structural
and biomimetic characterization of the pore distribution in
the ECS of laboratory-scale BRx-HFMB prototypes. Micro-com-
puted tomography (uCT), a non-invasive and non-destructive
analytical technique, coupled to advanced image analysis was
used to minimize possible artifacts. We focused on the archi-
tectural features that influence cell migration, adhesion, and
reorganization around the membranes. Biomimicry was evalu-
ated by comparing these characteristics to those of natural
equine femur tissue and a commercial hydroxyapatite scaffold
used for bone TE and regenerative medicine.

2. Materials and methods

The methods used for this investigation are similar to those
reported for previous investigations. For this reason, their
description may resemble those reported by Falvo D’Urso
Labate et al.,*®>* occasionally verbatim.

2.1 The 3D membrane network bioreactor

Two laboratory-scale prototypes of BRx-HFMBs were used with
a cell-chamber of a nominal 8 ml volume®® which were kindly
donated by Hybrid Organ GmbH (Berlin, Germany). The bio-
reactors were manufactured by casting a polyurethane housing
around a 3D network of hollow fibre membranes consisting of
a stack of flat repeating modular units made of overlaid alter-
nating mats of cross-woven hollow fibre membranes for thera-
peutic plasmapheresis and blood oxygenation, as described
above. In particular, the prototypes were equipped with mats
of parallel cross-woven microporous polyethersulfone (mPES)
HF membranes for TP featuring a 300 pm inner diameter, a
100 pm wall thickness and a 0.5 pm maximal pore size (3M,
Wuppertal, Germany); mats of cross-woven microporous poly-
propylene (PP) Oxyphan™ HF membranes for BO featuring a
280 pm inner diameter, a 50 pm wall thickness, and a 0.2 pm
maximal pore size (3M, Wuppertal, Germany); and a loose
bundle of regenerated cellulose (RC) HF membranes for hemo-
dialysis (HD) with an outer diameter of about 220 pm (3M,
Wuppertal, Germany), as an additional spatially distributed
route for separately delivering biochemical cues to the cells.

2.2 Characterization of the bioreactor ECS architecture

The architectural features of the intermembrane ECS voids
outside and among the hollow fibre membranes (herein
termed “pores”) were characterized using micro-computed
tomography and advanced image analysis techniques, as
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described below. In the analysis of images, the contribution of
the intra-capillary space and the membrane walls to the ECS
volume was excluded throughout. The architecture of the ECS
was characterized in terms of its porosity ¢, pore interconnec-
tivity I,,, specific surface area a,, and mean pore diameter dpp,,
as described below. The reported values of the first three archi-
tectural parameters are averaged estimates in four volumes of
interest (VOI) (one in each bioreactor quadrant in the y-z
plane), in symmetrical positions with respect to the y-z and x—
y planes passing through the cell seeding port, in both bio-
reactor prototypes (i.e., n = 8). Each VOI was a cuboid with a
square cross-section 5.85 x 5.85 mm? large, orthogonal to the

smoothing &
de-noising

thresholding &
binarization

Fig. 2 Image acquisition and pre-processing — scheme of the bio-
reactor image acquisition procedure by pCT and of the image pre-pro-
cessing procedure leading to the 3D reconstruction of the extra-capil-
lary space of the BRx-HFMB. Approximate positions of VOI are shown as
white dashed squares.

This journal is © The Royal Society of Chemistry 2026
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plane of the membrane mats (i.e., the y-z plane in Fig. 2), and
3.7 mm long along the x axis (i.e., parallel to the plane of the
membrane mats). The values of the fourth parameter are aver-
aged over at least five measures on five different 2D regularly
spaced cross-sections in each VOI in both bioreactor proto-
types (i.e., n = 200). The size and location of the VOI were
selected to make it possible to describe the 3D membrane
network as a continuum (i.e., the size of a VOI much greater
than the membrane diameter) and to gather information
representative of the microenvironment where cells are cul-
tured (ie., the VOI large enough to be representative of the
culture zone, yet small enough to permit characterization of
the ECS architecture in the four quadrants of the bioreactor).

The biomimicry of the BRx-HFMB ECS was assessed with
respect to bone tissue and potential bone substitutes by com-
paring the values of the bioreactor architectural parameters to
those of the following three benchmarks: natural equine
femur trabecular bone tissue (EFT); a commercial narrow pore
hydroxyapatite scaffold (NPHA) used as a synthetic bone sub-
stitute (tradename EngiPore® — PFS015005-23-00); and a shell-
and-tube HFMB equipped with densely packed cross-wound
membrane mats (HDCW-HFMB). The architectural character-
istics of these benchmarks are reported in Falvo D’Urso Labate
et al. (2022 and 2016).>%°*

2.3 Image acquisition and pre-processing

High-resolution pCT images of the BRx-HFMB ECS were
acquired and pre-processed to facilitate their analysis accord-
ing to the steps shown in Fig. 2. 2D images of the bioreactor
cross-sections were obtained after scanning and reconstruction
with the High-Energy CT system Optimized for Research
(HECTOR), a pCT scanner specifically developed for research
by the Ghent University Center for X-ray Tomography in collab-
oration with X-Ray Engineering (XRE bvba, Ghent, Belgium).>*
The X-ray source employed for the acquisition of 2D images
was operated at a voltage of 140 kV and a current of 71 pA.

2D images were acquired on surfaces orthogonal to the
plane of the membrane mats in the middle and at the two
ends of each bioreactor (i.e., n = 3). The pore architecture was
reconstructed from the images acquired in the middle of the
bioreactor, the most representative part of its structure. The
isotropic voxel size typically ranged between 93 pm® and
103 pm®. Generally, the 2D cross-sectional images were
affected by significant levels of noise and poor contrast. Noise
and contrast were optimized by subjecting images to smooth-
ing and de-noising procedures with purposely developed AlI-
based algorithms written in Python organized in an image pre-
processing pipeline consisting of established image-analysis
methods implemented with the scikit-image and OpenCV
libraries. The workflow included membrane masking, edge
smoothing, quantitative comparison of candidate denoising
filters, and filter selection based on residual noise minimiz-
ation, as described in detail in the image pre-processing pipe-
line section. Then, the contrast-enhanced greyscale 2D images
were thresholded and binarized and their 3D architecture was
reconstructed with Image] (NIH, Bethesda, MA, USA)*® at a
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threshold value equal to 33 (on a scale ranging from 0 to 255)
to better distinguish solid parts from voids (i.e., the pores).
Finally, the architectural parameters were estimated either in
the four VOIs shaped as cuboids with the axis parallel to the
membrane mats (x-direction in Fig. 2), or on flat regions of
interest (ROI) taken at regular distances from the outermost
VOI cross-section, as described below.

2.4 Image pre-processing pipeline

The 2D images were pre-processed by applying the smoothing
and de-noising pipeline schematically shown in SI Fig. S1. The
procedure was initialized with the extraction of different subsets
of images from the whole set of images for each bioreactor. Two
cuboid VOI were identified in the middle of each bioreactor in a
symmetrical position with respect to the sagittal plane of the
bioreactor, with the axes parallel to the planes of the membrane
mats (ie., the x-direction), over a length of 3.7 mm. Each VOI
contained a stack of about 400 reconstructed 2D images. 10
images were randomly selected in each stack according to the
stratified sampling procedure and were used as test samples to
seek the most effective filter in reducing the inherent noise. The
sampling procedure ensured the representation of all areas of
each bioreactor. The test images were subjected to a sequence of
pre-processing techniques to smooth the edges of the mem-
brane cross-sections and to reduce their inherent noise. The pro-
cedures were developed and implemented by using the Python
scikit-image®® and OpenCV®’ library packages. As is often the
case, it was assumed that the statistical noise derived from
image acquisition is distributed according to a Gaussian prob-
ability density function,*® as shown in eqn (1), where % is the
additive white noise to a pixel, u is the mean grey value, and ¢ is
its standard deviation. ¢ provides information on the spread of
the noise distribution, and it is indicative of the noise strength
of the input signal:*®

1 =

e 22 (1)

G(h) =

o\ 21

The first step was to estimate the standard deviation of the
Gaussian noise for each image in the 10-image stack, o. In the
second step, the edges of the membrane cross-sections were
smoothed to avoid erratic uneven membrane surfaces in the
3D reconstruction of the various bioreactor parts. A mask was
applied to distinguish the ring-like structure of the mem-
branes from the background. The grey-scale nature of the
images permitted the implementation of Otsu’s thresholding
to automatically categorize each pixel into white (the mem-
brane) or black (the background).®® Smoothing was performed
only on the membranes by using OpenCV’s Gaussian Blur
function and by recombining the membranes with the back-
ground. In the third step, the filter was sought that was most
efficient at reducing the inherent Gaussian noise, o, of images
among the following four filters: the Total Variation (TV)
filter,°" with weights 0.1 and 0.2; the Bilateral filter®*®* with s
= 0.05 and 0.1; the Wavelet filter;** and the Non-Local Means
(NLM) filter.®® The TV filter reduces the total variation of the
signal to approximate the original signal, by keeping the edges
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and by removing unwanted details. The Bilateral filter pre-
serves the edges by averaging pixels based on their spatial clo-
seness and radiometric similarity. The Wavelet filter uses the
wavelet representation of the image, where noise is rep-
resented by minuscule values in the wavelet spectrum, set to 0.
The NLM filter preserves details and smooths a target pixel by
using the weighted averages of all the pixels, rather than only
the neighboring ones. The average inherent ¢ of noise in the
selected 10 images was then calculated. Each denoising filter
was applied to these 10 images and the average ¢ value was
recalculated. The filter yielding the greatest reduction in ¢ was
selected and used for de-noising all the other images in the
stack of each VOI after they had been subjected to the same
smoothing procedure described previously. The entire compu-
tational workflow was made available in the public GitHub
repository (see the Data availability statement), inclusive of the
Python notebook and user instructions for the sequence of
preprocessing steps applied to the image stacks. After smooth-
ing and de-noising, the gray-scale images were binarized with
the Image] software (NIH, Bethesda, MA, USA) at a threshold
value of 33 to distinguish between solid parts and voids (i.e.,
pores). Finally, the 3D architecture of each VOI was recon-
structed with Image] (NIH, Bethesda, MA, USA).

2.5 Image analysis

The pore architecture in each VOI/ROI was characterized in
terms of selected parameters providing information on the
ECS capacity to promote cell migration inside the 3D mem-
brane network and cell adhesion on membrane outer surfaces
and to effectively host a large clinical mass of cells and ensure
sufficient nutrient supply (and waste removal) to maintain
cells viable and functional. The parameters were also chosen
to permit comparison with the characterization of the natural
bone ECM and synthetic bone substitutes reported by Falvo
D’Urso Labate et al.>* and are briefly described below:

- ECS porosity, e: the ECS porosity was defined as the frac-
tion of the bioreactor volume occupied by the pores (i.e., the
voids); & provides information on the volume (and also the
mass and number) of cells that a bioreactor may host per unit
bioreactor volume and was estimated as the ECS pore volume
to total volume ratio of each VOIL.

- Pore interconnectivity, I,: the pore interconnectivity was
defined as the fraction of the void volume that is connected
with other voids in the ECS. I, provides information on cell
freedom to migrate everywhere in the ECS and was estimated
as the fractional volume of open pores, or the complement to
one of the fractional volumes of closed pores, in a VOL.

- Specific surface area, a,: the specific surface area was
defined as the area of solid surfaces in the ECS per unit bio-
reactor volume. a, provides information on the solid surface
area available for cell adhesion per unit bioreactor volume and
was estimated as the outer membrane surface area to total
volume ratio in each VOI.

- Mean pore diameter, dpm: dpm provides information on
the ease with which cells may migrate into, or nutrients may
flow across, the 3D membrane network and characterizes the
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sieving capacity of the 3D membrane network. For pores with
irregular rectangular void cross-sections in the 2D images of
the VOI cross-sections parallel to the membrane mats, d,, was
estimated as the diameter of the largest circle inscribed in the
voids over five flat ROIs evenly distributed along the VOI
length and orthogonal to its axis. For pores with long and thin
slit cross-sections, d,, was estimated from the 3D reconstruc-
tion of the membrane network in terms of the distance
between adjacent membranes in a mat. Together with I, dpm
provides information on the bioreactor ECS capacity to enable
unhindered transport of cells, nutrients, and paracrine and
autocrine cues in all directions inside the 3D membrane
network.

2.6 Statistical analysis

Data are reported as mean + standard deviation. Microsoft
Excel (Microsoft Corporation, Redmond, WA, USA) was used to
check whether data were normally distributed. Unless other-
wise indicated, the reported parameter values were averaged
over all investigated ROIs, VOIs and prototypes. The statistical
significance of residual noise differences in the same 10 strati-
fied sampled images treated with various denoising filters was
assessed with the non-parametric Friedman test, followed by
Wilcoxon signed-rank post hoc tests with Holm correction for
multiple paired comparisons. This choice was based on the
paucity of data and the skewed distribution of residual-noise
values across methods. The statistical significance of mean
pore diameter differences in various bioreactor quadrants was
assessed with a one-way analysis of variance (ANOVA). The stat-
istical significance of differences of porosity, interconnectivity
and specific surface area in the various bioreactor quadrants
was assessed with the non-parametric Kruskal-Wallis test for
the limited number of available measurements. In all cases,
the level of statistical significance was set at p < 0.05 (two-
sided in the case of filter noise reduction).

3. Results and discussion

The existing knowledge gap in BRx-HFMB architectural charac-
teristics was addressed by characterizing the pore architecture
and biomimicry of the bone tissue of the ECS of laboratory-
scale BRx-HFMB prototypes. To minimize the introduction of
artifacts, we used pCT, a non-invasive and non-destructive
investigation technique, coupled with advanced image
analysis.

3.1 Image acquisition and pre-processing

Fig. 2 schematically outlines the steps through which they
were pre-processed. The reconstructed 2D slices of the BRx-
HFMBs exhibited poor contrast and significant inherent noise
(Fig. 3a and b). To minimize possible visual artifacts, a
Python-based batch image preprocessing pipeline was devel-
oped to enhance image contrast by smoothing the edges of the
membranes and reducing the inherent noise. This was
expected to facilitate the reconstruction of the pore architec-

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6bm00185h

Open Access Article. Published on 08 May 2026. Downloaded on 11/6/2026 11:08:24 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Biomaterials Science

Noise in image, -

Filter type

Fig. 3 Effects of the Python-based image pre-processing pipeline.
Contrast enhancement of bioreactor raw 2D scanned images achieved
by the pre-processing workflow: (a) comparison of residual noise
reduction after application of the candidate denoising filters to the same
set of images (see text for the filter description); (b) exemplary raw 2D
image; (c) exemplary image after the smoothing and de-noising pro-
cedure; (d) exemplary image after the thresholding and binarization pro-
cedure; and (e) still image of the 3D reconstructed ECS architecture.

ture and its analysis. All investigated digital filters reduced the
inherent noise in the reconstructed images (Fig. 3a). The
Friedman test confirmed statistically significant differences in
the residual noise achieved using the investigated filters (y*(6)
=60.0, P-value = 4.50 x 10™'"; n = 10 paired images). The mean
noise in the raw images (8.270 + 0.225) was reduced by about
1.4 orders of magnitude by the Non-Local Means filter (to
0.32911 + 0.01172), 3.1 orders of magnitude by the Bilateral
filters (to 0.00961 + 0.00038 by the Bilateral 0.05 filter, to
0.00402 + 0.00020 by the Bilateral 0.1 filter), 3.2 orders of mag-
nitude by the Wavelet filter (to 0.00540 + 0.00046), and 4.5
orders of magnitude by the TV filters (to 0.000373 + 0.000031
with TV_0.1, to 0.000169 + 0.000006 with TV_0.2), corres-
ponding to a mean noise reduction of 96.020% for the Non-
Local Means filter, 99.884% and 99.951% for the
Bilateral_0.05 and 0.1 filters, 99.935% for the Wavelet filter,
and 99.995% and 99.998% for the TV_0.1 and 0.2 filters,
respectively. The post hoc Wilcoxon signed-rank tests with
Holm correction showed significant pairwise differences
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between conditions (adjusted P-value = 0.041 for all compari-
sons). The TV_02 filter reduced the inherent noise to a signifi-
cantly lower level than all other filters and was used to de-
noise all scanned images. The sequence of the pre-processing
procedures (from smoothing to binarization) effectively
improved the image quality (Fig. 3b-d), facilitating the identifi-
cation, analysis and characterization of the various mem-
branes in the 3D network and the digital reconstruction of the
intermembrane pore architecture. Fig. 3e shows a still of the
video with the 3D reconstruction of an exemplary ECS architec-
ture in a VOI (SI video).

3.2 Characterization of pore distribution

Quantitative characterization of the complex geometry of the
interconnected void architecture in the bioreactor ECS was
challenging due to the various angles at which membranes
were laid and the tilt angle of the bioreactor during scanning.
In fact, the pores in the bioreactor ECS actually are the inter-
membrane voids in all coordinate directions. Due to their
complex shape and the openness of the voids along the x and
y coordinates, it was decided that possible sieving effects
exerted by the 3D membrane network, in particular during cell
seeding, could be better characterized with respect to the pore
shape and size visible in bioreactor cross-sections parallel to
the plane of the membrane mats (ie., the x-y plane) and
orthogonal to the direction along which cells are seeded, as
described below.

Fig. 4a and b show representative distributions of mem-
branes and pores on surfaces orthogonal to the plane of the
membrane mats (i.e., the z-x and z-y planes). In Fig. 4a, the
mats of the largest mPES TP membranes can be distinguished,
overlaid on mats of the slightly smaller PP BO membranes. Thin
polyester threads (not visible in the scans) held these mem-
branes spaced at a distance that was more regular towards the
bioreactor periphery and increased towards the bioreactor center
(data not shown). This non-uniformity is likely caused by the
manufacturing process, in which the membrane mats are manu-
ally stacked and bundled at the bioreactor periphery before
casting the polyurethane housing around them. The micro-
porous membranes were orderly arranged and held in fixed posi-
tions in the mats, with average intermembrane distances of
about Sypc = 241 + 144 pm, Spyc = 213 + 131 pm, and Spp = 207
+ 134 pm for the mPES membranes in the UMC and DMC and
for the PP membranes, respectively (see Fig. 1 for the nomencla-
ture). The smallest RC HD membranes are also clearly visible,
physically holding TP and BO membranes in adjacent mats at a
minimal vertical distance corresponding to one RC-HD mem-
brane diameter. Their distribution is far less regular than those
of the TP and BO membranes, because they were incorporated
in the 3D membrane network as a loose bundle. Fig. 4a shows
that the voids between the TP membranes (as well as the BO
membranes) in the overlaid mats may be about 1.3 mm large,
thereby defining large, highly interconnected intermembrane
pores (or voids). These pores provide paths through which
seeded cells may migrate, adhere on the available membrane
surface, proliferate and differentiate. Fig. 4b shows that such
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Fig. 4 Pore architecture in the BRx-HFMB ECS - description of the
pore architecture of the BRx-HFMB ECS: (a—c) exemplary 2D cross-sec-
tional images of BRx-HFMB ECS acquired by uCT at varying angles with
respect to the planes of the membrane mats: left panel — thresholded
and binarized image; centre panel — raw image; right panel — indication
of the cross-sectional plane with respect to the plane of the membrane
mats; and (d) 3D reconstruction of the pore architecture (i.e., that of the
voids) in the ECS.

large voids are interconnected by smaller channels, which may
be a few tens of microns small, through which the medium per-
meating across the TP membranes may freely flow in all direc-
tions. Fig. 4c shows the distribution of membranes and pores
over a surface parallel to the plane of a membrane mat. At any
distance from the bioreactor top, the pores consisted of the
voids among hollow fiber membranes bordered by the outer sur-
faces of the TP, BO and HD membranes. Their cross-sections
were irregular, with the geometry and size depending on the
type and arrangement of the membranes surrounding the pores
and the position in the membrane network. Fig. 4d shows that
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the cross-sections of these pores were shaped as irregular
cuboids, with the thickness approximately equal to one mem-
brane diameter, and the width equal to the intermembrane dis-
tance in the given mat. Pores on planes parallel to the mem-
brane mats were highly interconnected with the pores on orthog-
onal planes. The complex 3D shape of the ECS porosity and the
very high degree of pore interconnectivity made it challenging to
define a conventional pore structure from which the pore dia-
meter could be estimated. For this reason, the ease with which
cells and nutrients may migrate and move inside the 3D mem-
brane network was characterized in terms of the width of the
voids limiting their movement for any cross-sectional shape, i.e.,
dpm. Hence, the ECS mean pore diameter was defined as the
mean intermembrane distance for long and thin slit pores (S)
and as the mean diameter of the largest inscribed circle within
rectangular pores (R). For the latter type of pores, dp,, was esti-
mated to be 324 + 82 pm. The quantitative architectural para-
meters obtained from the analysis of the reconstructed bio-
reactor images are reported in Fig. 5, 6 and Table 1. Although
the investigated bioreactors were only prototypes, the analysis
testifies to a good degree of manufacturing reproducibility.

Fig. 5a and b show that the statistical analysis did not
reveal significant differences in the investigated parameters
among the bioreactor quadrants. Hence, all architectural para-
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Fig. 5 Exemplary characteristics of the pore architecture of the BRx-
HFMB ECS - parameters of the pore architecture of the BRx-HFMB ECS
located in the membrane network in the different quadrants: (a) porosity
and interconnectivity; (b) mean pore diameters of rectangular pores and
specific surface areas; and (c) a panel showing the positions of the
quadrants in the bioreactor. Differences were not statistically significant
(p < 0.05).
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Fig. 6 Pore architecture of the BRx-HFMB — 3D CT reconstruction of
the exemplary pore architecture in the extracapillary space of a BRx-
HFMB showing the cell-scaffolding membrane surfaces and the inter-
membrane voids forming the pores through which cells migrate.

meters were statistically independent of the position and uni-
formly distributed inside the 3D membrane network. The
Kruskal-Wallis test did not show statistically significant differ-
ences in porosity, interconnectivity, and specific surface area
in the different quadrants (for porosity: H = 0.562, p = 0.905;
for interconnectivity: H = 1.531, p = 0.675; and for specific
surface area: H = 0.085, p = 0.994). The ECS porosity exhibited
a +2% maximal deviation from its mean value. The porosity
was also about 20% higher than that of shell-and-tube HFMBs
with densely packed membranes (HD-CW-HFMBs),> testifying
to the BRx-HFMB capacity to host a greater mass of cells per
unit volume. As shown in Fig. 4, the stacking of membrane
mats and the varying orientation of membranes in overlaid
mats generated a structure in which the pores in the ECS are
highly interconnected. This is reflected in interconnectivity
values close to 1 in all VOIs and bioreactor prototypes (Fig. 5a).
The specific surface area exhibited a +2% maximal deviation
from its mean value and offered approximately 47% more
membrane surface area for cell attachment than shell-and-
tube HFMBs equipped with densely packed cross-woven
membranes.
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One-way ANOVA did not reveal statistically significant differ-
ences in the mean pore diameter in the various quadrants
(F(3196) = 1.72, p = 0.165). The mean pore diameter varied
with position in the 3D membrane network slightly more than
other architectural parameters, with a +17% maximal devi-
ation from its mean value. This variability may be attributed to
the different pore shapes on planes parallel and orthogonal to
the membrane mats, inherent in the 3D network structure,
and minor membrane rotations (Fig. 4c) or lateral displace-
ments (Fig. 4a) occurring during the manual assembly of a bio-
reactor. These variations are not expected to significantly influ-
ence bioreactor performance. With a value of 272 + 250 pm
averaged over pores with different cross-sections, d,, was
slightly lower than that required for TE scaffolds.

However, considering the large pores parallel to the mem-
brane mats interconnecting the pores orthogonal to the mats,
and reflected in the high ECS pore interconnectivity, and of
cell plasticity, it may be concluded that the 3D membrane
network supports unhindered cell migration and the efficient
transport of medium carrying nutrients, oxygen and biochemi-
cal cues throughout the BRx-HFMB ECS. Taken together, the
architectural parameters suggest that BRx-HFMBs are slightly
better suited than shell-and-tube HFMBs for the culture of
tissues with high cellularity (i.e., the number of cells per unit
tissue volume), such as the liver and some tumors.

It is worth noting that membrane wetting or cell prolifer-
ation and differentiation may potentially change the ECS archi-
tectural parameters with respect to those herein reported.
Different from other HFMBs, the membrane materials used for
the BRx-HFMB (e.g., PES and PP) are rather hydrophobic, but
for the cellulosic membranes used for supplying additional
biochemical cues. As a result, wetting, with the associated
water absorption and membrane swelling, may be expected to
cause negligible volumetric changes of the ECS and its archi-
tectural parameters. More importantly, as the tissue matures,
cells proliferate and differentiate and may fill in the voids in
the ECS with new cells or the self-secreted ECM, which is later
mineralized. This may dramatically decrease all architectural
parameters. In case the bioreactor is dynamically operated,
such reduction may increase the hydraulic resistance of the
bioreactor ECS to such an extent that the medium can no
longer flow through the cell construct and solute transport to/
away from cells occurs purely by diffusion. Consequently,
unless new vessels have formed inside constructs with near-
physiological cell density, as was reported for cells from the

Table 1 Architectural parameters of the pore (i.e., void) distribution in the ECS of BRx-HFMBs compared to: a shell-and-tube HFMB prepared with
rolled cross-woven mats of densely packed HF membranes (HD-CW HFMB), a synthetic narrow pore hydroxyapatite (NPHA) scaffold commercialized
as a bone substitute, and a natural equine femur trabecular bone (EFT). S refers to slit pores and R refers to pores with rectangular cross sections

BRx-HFMB HD-CW HFMB?* Synthetic NPHA scaffold™ Natural EFT>? Humann trabecular bone
Porosity, % 46+ 6 45.8 +0.01 73 +0.35 65+ 0.38 45-87°%:°7
Pore interconnectivity, % 100 99 100 100
Specific surface area, mm™" 7.71+0.45 5.71 % 0.05 9.38+0.1 8.05 + 0.67 3-30°%%9
Mean pore size, pm 324 + 82/R 303 + 4 416 + 211 433 +194 200-300°°
220 + 236/S

This journal is © The Royal Society of Chemistry 2026
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liver digest cultured in BRx-HFMBs in dynamic operation,
anoxic zones might establish in the construct, which in time
may cause cell necrosis far away from the oxygen source.

3.3 Biomimicry of pore distribution

The extent to which the ECS void distribution in BRx-HFMBs
mimics the bone tissue ECM was assessed with respect to
natural equine femur trabecular bone tissue and a commercial
synthetic narrow pore hydroxyapatite (NP-HA) scaffold avail-
able as a bone substitute and for bone TE. As shown in
Table 1, the architectural parameters of BRx-HFMB prototypes
closely mimic those of the reference benchmarks. The ECS
mean porosity was slightly lower than those of the bench-
marks, being approximately 19% lower than that of natural
equine femur trabecular bone and approximately 25% lower
than that of the NP-HA scaffold.*’ The mean ECS pore dia-
meter was about 36% smaller than those of the benchmarks
and only 9% lower on average than the commonly agreed
lower limit of 300 pm required to ensure unhindered cell
migration throughout TE scaffolds. Fig. 4d and 6 show that
the ECS voids in BRx-HFMBs form smooth-surfaced pores
resulting from the intersections of voids on surfaces parallel
and orthogonal to the plane of the membrane mats. Such a
complex and regular pore shape bears little resemblance to
that of the pores bordered by the flat and irregularly curved
trabeculae of the natural bone. Yet, the pores in the BRx-HFMB
ECS are as highly interconnected through large pores as those
in the natural bone tissue and exhibit a comparable specific
surface area for cell attachment.

All architectural parameters of the BRx-HFMB met the
general requirements for scaffolds suitable for TE, supporting
their feasibility for TE applications. Today, BRx-HFMBs are
commercially available that are only equipped with mem-
branes similar in size and separation properties, and mats
similar in membrane density, to those investigated in this
study. On purely speculative grounds, varying the membrane
diameter and density in space at will, and the assembly of
membranes in the bioreactor, might enable the production of
BRx-HFMBs with an ECS architecture mimicking the ECM of
natural tissues other than the bone.”® For example, a BRx-
HFMB with an ECS with an average pore size range of
25-60 pm could be developed for myocardial tissue regener-
ation. The layered nature of the 3D membrane network could
even make it possible to produce an ECS with hierarchical gra-
dients of porosity and pore size. A stack of three membrane
layers could be engineered to mimic the skin where the
average pore size in each layer should increase from a few
microns (possibly consisting of one flat microporous mem-
brane mimicking the epidermis) to a few tens of microns (to
mimic the dermis), up to a few hundreds of microns (to mimic
the layer supporting hair follicles and blood vessels). It
remains to be seen whether suitable membranes and a mem-
brane assembling technique are available that make bioreactor
production technically feasible and sustainable.

Interestingly, the architectural analysis showed that in the 3D
membrane network the maximal observed distance between
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membranes of the same type (ie., mPES or PP) may exceed
1 mm, about ten times the maximum distance from the oxygen
source tolerable for cell survival under static culture conditions.
Evidence in the literature shows that cells (e.g., primary liver
cells””®) may enter the 3D membrane network of BRx-HFMBs
and may migrate and colonize the voids in the ECS, as shown in
Fig. 7. Nevertheless, evidence is also available showing that, when
they are cultured in the BRx-HFMB, cells with high oxygen meta-
bolic requirements, such as primary liver cells, survive, differen-
tiate and function for weeks at near-physiological cell
concentrations.*®>! Integrating the information gathered in this
study on the 3D membrane network architecture with the simi-
larity to the morphology and functions of mature cell constructs
in the BRx-HFMB with natural liver tissue suggests that the posi-
tive effects of the ECS architecture in such bioreactors go beyond
the architectural resemblance to natural tissue (ie., “structural
biomimetics”). It could be speculated that the presence of many
membranes densely distributed in the 3D network structure that
deliver medium and oxygen to cells may play an important role.
In fact, all membranes bordering the ECS pores supply oxygen
either convectively through the oxygen-rich medium permeating
the TP membranes or by diffusion from the oxygen-rich gas

Fig. 7 Liver cell distribution and organization among the hollow fibre
membranes in the 3D network of a BRx-HFMB: (a) cells densely prolifer-
ated and packed among membranes; (b) primary human liver cells in
high density co-culture between two artificial membranes; (c) hepato-
cytes spontaneously aggregating and non-parenchymal cells forming
channels; (d) re-formation of neo-liver sinusoids; and (e) stellate cells
that produce a biomatrix in a neo-space of Disse. Details in ref. 71 and
72.
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flowing in the BO membranes (Fig. 4a). Definitely, convection-
enhanced oxygen transport may have an effect, as in the case of
other dynamic bioreactors, but likely only at the beginning of
culture. Perfusion of cells co-cultured in the BRx-HFMB with
endothelial cells may even promote the formation of neo-vessels
in the construct perpendicular to the membrane mats that
further relieve the limitations to oxygen transport in mature
hydraulically resistant cell constructs.**" Biomimetic ECS, cell
perfusion with medium, and optimal spatial distribution of many
oxygen sources may all contribute to overcoming the limitations
to oxygen transport to densely packed cells with high oxygen
demand seeded into the BR*HFMB ECS and may enable their
culture in a viable and functional state for weeks, as has been
reported for liver cells. In the case of bone cells, the fluid-mechan-
ical stimulation associated with construct perfusion might have
the additional benefit of promoting osteogenic cell differentiation
into osteoblasts and the synthesis and mineralization of the bone
ECM.”®”* In summary, in the culture of mechano-sensitive cells
with high nutrient and oxygen metabolic demands, like bone
cells, the 3D membrane network in BRx-HFMBs may offer the
seeded cells a porous ECS architecture mimicking the bone-
specific ECM and an efficient way to supply cells with oxygen
resembling that of natural bone (ie., “functional biomimetics”).
Optimal operating conditions might exploit the peculiar bio-
reactor characteristics to promote neo-vessel formation and to
generate culture conditions mimicking the bone microenvi-
ronment. Such optimization could be supported by compu-
tational models of dynamic oxygen transport and metabolic pro-
cesses and evolution of the cell populations and would have to be
validated in cell culture experiments. However, it should be noted
that to optimize the bioreactor design (i.e. its structure and operat-
ing conditions) a more extensive architectural characterization
study would help than that herein reported. Its sustainability for a
given application should also be evaluated.

It is worth noting that current BRx-HFMBs are equipped
with non-biodegradable, non-bioresorbable membranes;
hence they are best suited for applications in which the engin-
eered tissue is not implanted. Consequently, today the advan-
tageous characteristics of BRx-HFMBs may be better exploited
in bioartificial organs for extracorporeal support to patients
with severe metabolic insufficiency, or in in vitro tissue/organ
models for personalized medicine. Evidence in the literature
suggests that the co-culture of primary cells from digested
livers in BRx-HFMBs could provide acute liver failure patients
with the missing liver metabolic functions until their own liver
regeneration. For similar reasons, mechanosensitive osteo-
genic cells with similarly demanding oxygen requirements
could be profitably cultured in BRx-HFMBs to develop cellular
models of bone tissue to screen drug toxicity and effectiveness.

4. Conclusions

The BRx-HFMB has been successfully used for the co-culture of
large masses of cells with high oxygen and nutrient demands.
Yet a quantitative characterization study of the architecture of
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its extra-capillary space is still lacking. In this study the ECS
architecture of BRx-HFMB prototypes was characterized by
high-resolution pCT coupled with advanced Al-based image
analysis. The analysis showed that the pore architecture of the
BRx-HFMB ECS exhibits a consistent and spatially uniform
pore structure that mimics the natural bone ECM and may
favour migration through, and adhesion on, the membranes in
the 3D network of a large clinical-scale cell mass. The large
intermembrane gaps in the ECS and the good performance
reported for BRx-HFMBs in the co-culture of cells with high
oxygen and nutrient demands suggest that the architecture of
the 3D membrane network contributes to bioreactor perform-
ance also through the dense spatial distribution of membranes
that effectively supply cells with medium, oxygen and nutrients.
These features qualify the BRx-HFMB as a suitable candidate
for developing cellular models of bone tissue for drug testing
and precision medicine. The next step of the work will be to
model the transport of oxygen and relevant solutes in bio-
reactors seeded with osteogenic cells instrumental in the
optimization of bioreactor design for this application.
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image_analysis). The 3D reconstruction of an exemplary VOI
in the BRx-HFMB, the 2D reconstructed images used for the
VOI reconstruction, the estimation of the mean pore size, and
the fine tuning of the filter for image denoising are available
in the Zenodo (https://doi.org/10.5281/zenodo.18324010) repo-
sitory. Other data will be made available upon request subject
to permission from Hybrid Organ GmbH.

Supplementary information (SI): Fig. S1 - schematic work-
flow of the de-noising sequential procedures, and supplemen-
tary video - 3D VOI reconstruction in the BRx-HFMB ECS. See
DOI: https://doi.org/10.1039/d6bm00185h.
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