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Abstract
X-ray computed tomography was applied in imaging 3D-printed gyroids used for bioseparation in order to visualize and 
characterize structures from the entire geometry down to individual nanopores. Methacrylate prints were fabricated with 
feature sizes of 500 µm, 300 µm, and 200 µm, with the material phase exhibiting a porous substructure in all cases. Two X-ray 
scanners achieved pixel sizes from 5 µm to 16 nm to produce digital representations of samples across multiple length scales 
as the basis for geometric analysis and flow simulation. At the gyroid scale, imaged samples were visually compared to the 
original computed-aided designs to analyze printing fidelity across all feature sizes. An individual 500 µm feature, part of 
the overall gyroid structure, was compared and overlaid between design and imaged volumes, identifying individual printed 
layers. Internal subvolumes of all feature sizes were segmented into material and void phases for permeable flow analysis. 
Small pieces of 3D-printed material were optimized for nanotomographic imaging at a pixel size of 63 nm, with all three 
gyroid samples exhibiting similar geometric characteristics when measured. An average porosity of 45% was obtained that 
was within the expected design range, and a tortuosity factor of 2.52 was measured. Applying a voidage network map enabled 
the size, location, and connectivity of pores to be identified, obtaining an average pore size of 793 nm. Using Avizo XLAB at 
a bulk diffusivity of 7.00 ×  10−11  m2s−1 resulted in a simulated material diffusivity of 2.17 ×  10−11  m2s−1 ± 0.16 ×  10−11  m2s−1.
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Introduction

Medicine manufacturing is a complex and expensive process 
at scale, requiring multiple unit operations to produce and 
purify a product of interest to required standards. Recent 

advances in emergent modalities, for example, lipid-envel-
oped particles, present major therapeutic advantages but also 
challenges during bioprocessing when compared to conven-
tional products such as monoclonal antibodies [1, 2]. Also, 
the onset of the “omics” requires new stationary phases with 
improved peak capacity able to fractionate such complex 
samples [3, 4]. In order to maximize bioprocess efficiency, 
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effective unit operations must be selected and optimized, 
often using a chain of the most suitable filters and chroma-
tography columns for purification [5, 6].

Chromatographic unit operations rely on chemical and 
physical characteristics to perform bioseparations [7, 8]. 
Structure relates directly to function and performance, 
which for chromatography columns, spans a hierarchical 
structure consisting of (i) the space within the packed bed 
and (ii) within individual beads. Both length scales exhibit 
variability and often lack definitive control over physical 
characteristics.

Additive manufacturing provides an approach whereby 
the geometry of a material can be precisely designed and 
fabricated as specified by CAD models [9–12]. This enables 
physical characteristics such as channel size and morphol-
ogy to be designed that meet the intended function and are 
optimized for performance [13–15]. The ability to 3D-print 
porous materials through polymerization-induced phase-
separation enables the formation of a porous network at the 
nanoscale, essential to increase the surface area to volume 
ratio for the adsorption of biomolecules [16].

Additive manufacturing of porous materials enables the 
fabrication of hierarchically porous media, with control over 
the microscale morphology through CAD design, and con-
trol of the nanoscale through chemical composition. This 
enables the intelligent design of novel structures that can 
be specifically tailored to the product of interest and rap-
idly prototyped, including chemical and physical proper-
ties that influence diffusive and permeable flow to improve 
bioseparations performance. By 3D printing structures for 
bioprocessing, several physical limitations of existing chro-
matographic structures may be reduced or eliminated, for 
example, wall effects and particle size distributions within 
packed beds. 3D printing materials for bioprocessing has 
been demonstrated in multiple studies [17–20]. This has 
included 3D printing ion exchange monoliths not requiring 
functionalization to bind model proteins, in turn allowing 
product needs to adapt purification material specifications 
rather than conventional means, such as dictating 3D-print 
volume to the process instead of using generically sized col-
umns [17].

Computational fluid dynamics has been applied in exam-
ining flow behavior through repeating gyroid structures [21, 
22]. This has included a study that focuses on the chroma-
tographic performance and capabilities of repeating geom-
etries as comparative media to conventional packed bed 
resins [23]. The authors commented on a key advantage 
being the ability to precisely specify a desired porosity at a 
scale analogous to the space between chromatography beads. 
Another study has applied magnetic resonance imaging in 
conjunction with computational fluid simulations to further 
compare flow properties between repeating structures to ran-
domly packed beds [24].

High-resolution X-ray imaging techniques have become 
increasingly capable and popular for viewing and analyz-
ing internal geometries for a wide range of materials. X-ray 
computed tomography (CT) has been successfully used to 
enhance the design of battery materials, whereby physical 
characteristics including porosity and pore size can be evalu-
ated before, during, and after use [25–27].

Bioprocess media including chromatography resins and 
nanospun structures for adherent cell growth have previ-
ously been imaged using X-ray CT at micro- and nanores-
olutions [28–31]. Here we combine the capabilities of 
3D-printed hierarchically porous media with that of X-ray 
CT to control and assess the resulting morphology across 
multiple length scales.

Materials and methods

Design and fabrication

Computer-aided design (CAD) was applied to design Schoen 
gyroid structures using Autodesk (USA) Fusion 360, gener-
ating Standard Tessellation Language (STL) files. A Solflex 
350 Digital Light Processing Printer (W2P Engineering, Aus-
tria) was used for the fabrication of each methacrylate-based 
gyroid (with 50% designed bed porosity) at specified feature 
sizes of 500 µm, 300 µm, and 200 µm. All parts were printed 
with 50 µm layer thickness. Porogens were removed post-
printing to create a nanoscale porous substructure [32, 33].

X‑ray imaging

X-ray CT was performed using two scanners, both accessed 
at the UCL Electrochemical Innovation Laboratory. To 
image-dried gyroid samples, a ZEISS Xradia Versa 620 
(Pleasanton, USA) with a tungsten target was used, achiev-
ing a pixel size of 5 µm for whole sample scans and 2 µm 
when performing interior tomography [34]. A primary 
accelerating voltage of 40 keV and a power rating of 3 W 
over 2401 projections were acquired for each dried sample 
at a 14 s exposure time, with each scan taking 12 h.

When visualizing the internal porosity inside of the 
3D-printed sample, a ZEISS Xradia Ultra 810 with a chro-
mium target was used at a fixed accelerating voltage of 
35 keV [35, 36]. A piece of printed material was cut to 
dimensions of 1 mm and adhered atop a pinhead for imaging, 
as displayed in Fig. 1b. A pixel size of 63 nm was achieved 
for “Large Field Of View” mode and 16 nm using “High Res-
olution” mode. A 50 s exposure time was applied to acquire 
1601 projections per sample, with each scan taking 24 h.
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Digital reconstruction and analysis

Reconstruction of 2D radiographs was performed using 
ZEISS XM Reconstructor software to produce TXM files. 
These 3D files were loaded into Thermo Fisher (MA, USA) 
Avizo® Fire 2022 for processing and analysis [37, 38]. 
Files were cropped to the appropriate size before applying 
“non-local means” and “unsharp masking” commands to 
reduce and remove noise from each volume. The “Interac-
tive Thresholding” command was used to segment material 
and void phases for analysis before applying further analy-
sis commands, for example, “Volume Fraction” to measure 
porosity [39, 40].

“Chamfer Distance Map” and “Separate Objects” were 
used to produce a Pore Network Map that enabled the iden-
tification of pore sizes and connectivity [41, 42]. The XLAB 
plugin was used for “Permeability Simulation Experiment” 
to visualize and characterize flow through each digital geom-
etry [43, 44]. 3D TIFF files were exported to the MATLAB 
plugin TauFactor to evaluate the tortuosity factor [45–47].

Results and discussion

Comparing design to imaged volumes

X-ray CT was deemed as the most appropriate 3D imag-
ing technique for visualizing whole gyroids due to the high 
resolutions achievable without requiring sample embedding 
or destructive sectioning. Figure 1a displays three printed 
gyroids atop a sample holder in preparation for sequential 
scanning. Each gyroid design uses identical structurally 
repeating units, which results in a bed porosity of 50% and 
provides mechanical strength in addition to providing uni-
form flow paths both axially and radially [33]. Three gyroid 
designs with specified feature sizes of 500 µm, 300 µm, and 
200 µm were designed and 3D-printed for comparison. CAD 
renders available in Fig. 2a–c display the visual comparison 

between designs, where both the material and void phases 
are equally scaled in size.

Conventional bioseparation structures at a comparative 
length scale such as packed bed chromatography columns 
exhibit heterogeneity due to non-uniform particle sizes and 
wall effects, which have been visualized and characterized in 
a previous study [30]. By specifying a regular feature shape 
and size that can then be accurately fabricated through 3D 
printing, more uniform structural characteristics are theoreti-
cally achievable. By X-ray CT imaging 3D-printed materi-
als, direct comparisons can be made to the original designs, 
with a 3D reconstruction of each feature size available in 
Fig. 2d–f.

The imaged gyroids in each case display the feature sizes 
as specified from CAD files throughout the 3D geometry. 
The capability to design and fabricate intricate structures 
with confidence enables physical characteristics to be spe-
cifically tailored to the needs of the bioprocess product to 
be purified. Figure 2d–f do display some artifacts that sug-
gest that fabrication presents some fidelity challenges, par-
ticularly as feature size moves closer to the achievable 3D 
printing resolution. Some over-curing of the DLP resin was 
observed that results in a reduced porous channel diameter, 
especially in the internal regions of the 3D printed model.

Imaging complex geometries at the microscale can result 
in reduced signal-to-noise ratios closer to the center of each 
sample. Printing smaller samples may reduce this concern 
whilst improving pixel size from 5 µm achieved here; how-
ever, producing gyroids with smaller diameters was found to 
exhibit structural integrity issues during the drying process 
required for effective X-ray CT acquisition.

In order to examine 3D printing fidelity in detail, inter-
nal tomography was performed on a 500 µm feature at an 
improved pixel size of 2 µm. By focusing on a single unit 
within the overall gyroid structure, more characteristics such 
as surface roughness could be visualized. As can be seen in 
the material phase of Fig. 3a, horizontal striations 50 µm 
apart are visible, with these being the interface between 

Fig. 1  X-ray CT imaging setup. 
a Three mounted gyroids 
before whole-body scanning. 
b 3D-printed material cut-out 
adhered to the top of a pinhead 
and sample holder. c Magnified 
image of the interface between 
sample (left) and sample-hold-
ing pinhead (right)
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printed layers. Material and voidage phases are binarised 
in Fig. 3b.

The imaged dataset was aligned in the same position as 
the original design file. Figure 3c displays a 3D render of 
the solid–fluid interface and Fig. 3d overlaying the design 
and imaged material. Reductions to the designed feature size 
may become more problematic at the individual unit scale, 
comparable to an individual chromatography bead within 
a packed bed. However, it may be favorable to increase the 
surface area available for fluid to interface with printed 
material whilst maintaining an ordered flow pattern. Indi-
vidual features may get closer in size to conventional chro-
matography beads at improved printing resolutions, which 
will enable direct comparisons between the two approaches 
at this length scale.

Permeable flow analysis

3D printing using the gyroid configuration enables com-
plex yet controlled flow paths to be generated within the 
internal structure; this was imaged at a 2 µm pixel size for 
all three designs. Imaging at improved resolutions does 
compromise the field of view and so an appropriate trade-
off was required whereby internal features could be identi-
fied without imaging an unrepresentatively small volume. 
Figure 4 displays 2D horizontal slices and 3D renders of 
each internal subvolume, where again the structural dif-
ferences can be observed in terms of material and void 
thickness. In a similar manner to Fig. 3a, the horizontal 
printing layers are visible in these imaged volumes, par-
ticularly noticeable in Fig. 4e–f.

Fig. 2  Whole gyroid design and 
imaging at a 5 µm pixel size. 
a Overhead CAD view with 
500 µm feature sizes. b Over-
head CAD view with 300 µm 
feature sizes. c Overhead CAD 
view with 200 µm feature sizes. 
d Overhead X-ray CT view of 
3D-printed gyroid with 500 µm 
feature sizes. e Overhead X-ray 
CT view of 3D-printed gyroid 
with 300 µm feature sizes. f 
overhead X-ray CT view of 
3D-printed gyroid with 200 µm 
feature sizes
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These volumes were segmented into material and void 
phases to use the porous geometry for permeable flow analy-
sis, enabling simulations to be performed on each geometry 
as fabricated rather than relying on the idealized design file. 
Figure 5a–c display bulk permeability analysis, whereby the 
ordered channels provide consistent flow paths for fluid to 
traverse through each internal structure. Simulated tortuos-
ity factors of 1.25 to 1.39 were measured from largest to 
smallest feature size [45]. A greater tortuosity factor cor-
responds to an increased path length due to the intricate 
gyroid geometry.

A series of red streamlines where fluid or particles could 
flow are shown in Fig. 5d–f. The 100 streamlines displayed 
in each case are representative of the bulk fluid in Fig. 5a–c. 
In all three cases, the majority of streamlines flow down a 
single channel as intended, with numerous cases of stream-
lines traversing to another channel. The interconnecting 
flow between quasi-vertical channels is most obvious in 
Fig. 5d through the larger horizontal voids behind the simu-
lated streamlines. Optimizing permeable flow properties is 
important at this scale to ensure uniform flow whilst maxi-
mizing opportunities for species in the fluid to interact with 
the material phase. The void phase examined at the scale is 
comparable to the space between chromatography beads at 
the packed bed scale.

Nanoporous characterization

Bioseparation media typically have nominal pore ratings 
in the range of tens to hundreds of nanometers rather than 
the 500 to 200 µm designed channels as examined here 

[28]. Each gyroid material phase has an internal porosity 
that provides the required surface area for product or impu-
rity binding in the diffusive domain, analogous to internal 
chromatography bead structure. Imaging a small piece of 
3D-printed gyroid at a pixel size of 16 nm using nanoscale 
X-ray CT enabled fine features to be resolved in Fig. 6a; 
however, the volume generated was deemed to be insufficient 
due to a greatly restricted field of view.

Therefore, a pixel size of 63 nm was selected for imaging 
as a suitable balance of high resolution whilst generating a 
larger volume for analysis and flow simulation. Figure 6b 
displays an equivalent slice at the lower resolution that still 
demonstrates a good signal-to-noise ratio and clear differen-
tiation between the black voidage phase and the gray mate-
rial. Figure 6c shows a much larger field of view at the same 
resolution, revealing the intricate and detailed substructure 
within the material phase that is further demonstrated in 
Fig. 6d.

The tortuosity factor was simulated across all planes 
within a binarised cube, resulting in an average measure-
ment of 2.52 ± 0.33. Tortuosity is an important factor in 
governing mass transfer properties; therefore, the internal 
nanostructure in the material phase provides another length 
scale that can be optimized for the product and process of 
interest [13]. By obtaining digital representations of real 
porous material, more accurate measurements can be made 
in comparison to conventional techniques. Equation-based 
derivation using porosity as an input has historically been 
applied, however does not consider the internal geometry of 
materials being estimated for tortuosity, and thus for chro-
matographic quality evaluation, other means are used, e.g., 

Fig. 3  Individual 500 µm unit comparison between designed and imaged volumes. a 3D render of internal unit imaged at a 2 µm pixel size. b 
Segmented material phase of imaged unit. c CAD design of an individual unit. d Design and imaged overlay
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height equivalent theoretical plates [47]. Diffusive flow and 
streamlines are provided in Fig. 7, suggesting complex yet 
reasonably consistent geometry without any noticeable areas 
of bypass. A bulk solution diffusivity of 7.00 ×  10−11  m2s−1 
resulted in a simulated material diffusivity of 2.17 ×  10−11 
 m2s−1 ± 0.16 ×  10−11  m2s−1.

The binarised volume enabled pore analysis of the void-
age phase. Figure 8a displays a pore network map. Pores 
can be observed to have a range of sizes and also con-
nect with other pores as represented by sticks between the 
spheres. The pore size distribution in Fig. 8b measured an 
average pore diameter of 793 nm ± 315 nm. This pore size 

distribution suggests larger diameters compared to a previ-
ous study that measured an average of 289 nm; however, 
that approach relied on 2D scanning electron microscopy 
measurements on the sample surface with a different mate-
rial composition [13, 16].

By applying a design cycle approach that uses imag-
ing data to inform decisions, pore size characteristics can 
be specifically tailored to the needs of the product and 
bioprocess across both permeable and diffusive domains 
by analyzing real materials. Ensuring that porogens are 
entirely removed from the material phase through washing 
steps is necessary to minimize nanostructure variability.

Fig. 4  Internal imaging at a 
2 µm feature size. a 500 µm 
feature size slice. b 300 µm fea-
ture size slice. c 200 µm feature 
size slice. d 500 µm feature size 
render. e 300 µm feature size 
render. f 200 µm feature size 
render
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Fig. 5  Permeable flow 
simulation on internal gyroid 
subvolumes. a 500 µm feature 
size bulk flow analysis from 
top to bottom. b 300 µm feature 
size bulk flow analysis. c 
200 µm feature size bulk flow 
analysis. d 500 µm feature size 
permeable streamlines in red. e 
300 µm feature size permeable 
streamlines. f 200 µm feature 
size permeable streamlines
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Fig. 6  Gyroid nanoscale imag-
ing. a 2D slice of a sample 
imaged at a 16 nm pixel size. 
2D slice imaged at a 63 nm 
pixel size of equivalent size. b 
2D slice of a sample imaged at 
a 63 nm pixel size, of equivalent 
area to Fig. 7a. c 2D slice of a 
sample imaged at a 63 nm pixel 
size d 3D render of a sample 
imaged at a 63 nm pixel size

Fig. 7  Internal diffusion visualization. a Bulk diffusivity flow analysis from top to bottom plane. b Diffusive streamlines from top to bottom 
plane
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Conclusion

3D printing has been a transformative fabrication technology 
for many sectors, however has not yet experienced wide-
spread adoption for bioprocessing purposes in part due to 
the inherent complexities associated with medicines manu-
facturing. Whilst this approach still requires development 
and maturation before manufacturing scale operation can 
be realized, the ability to produce materials with chemical 
and physical properties specifically tailored to a product of 
interest presents several bioprocessing opportunities. The 
recent emergence of a diverse field of therapeutic modali-
ties such as viral vectors and lipid nanoparticles, which have 
increased complexities and size when compared to estab-
lished therapeutic proteins to conventional monoclonal anti-
bodies for bioprocessing, may benefit from novel structures.

Through integrating 3D imaging with 3D printing, struc-
ture across multiple length scales can be directly related to 
function and performance. Structural data from X-ray CT 
has been found to greatly enhance quantitative information 
available to inform improvements to the next generation of 
bioseparation structure prototypes. In future studies, physi-
cal properties such as pore size in relation to product mor-
phology will be specifically tailored at both the printed and 
nanoporous scales to maximize opportunities to create a step 
change in biopurifications. With the advance of 3D printing 
technology, and in particular increase in the printing resolu-
tion at the micron level, it is forecasted that application of 
such tailorable 3D printed media will expand also to ana-
lytical separations, including use in biochemical profiling.

Acknowledgements Thomas Johnson and Daniel Bracewell acknowl-
edge the UCL-Pall Biotech Centre of Excellence, established in 2018. 
Paul Shearing acknowledges support from the Royal Academy of Engi-
neering. This work was supported by the EPSRC National Research 

Facility for Lab X-ray CT (NXCT). Mariachiara Conti acknowledges 
the support from Fujifilm Diosynth Biotechnologies UK, the Scottish 
Research Partnership in Engineering (SRPe-IDP/03), and the IBioIC 
“Ready for Industry” PhD training programme, funded by the Scottish 
Funding Council under their Innovation Centre programme.

Funding Engineering and Physical Sciences Research Council Grants 
EP/S021868/1, EP/L01520X/1. National Research Facility for Lab 
X-ray CT EPSRC grant EP/T02593X/1. Scottish Research Partnership 
in Engineering (SRPe-IDP/03) and Fujifilm Diosynth Biotechnologies 
UK for funding an Industry Doctoral Programme scholarship to MC.

Declarations 

Ethics approval No ethical consideration. Human or animal rights were 
not of relevance to these studies.

Conflict of interest The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Moreira AS, Cavaco DG, Faria TQ, Alves PM, Carrondo MJT, 
Peixoto C. Advances in lentivirus purification. Biotechnol J. 
2021;16(1). https:// doi. org/ 10. 1002/ biot. 20200 0019.

 2. Zourna K, Iwaniec A, Turner S, Jackson NB, Welsh JH. Optimiz-
ing the filtration of liposomes using sterilizing-grade filters. PDA 

Fig. 8  Pore size characterization at a 63 nm pixel size. a Pore network mapping. b Pore size distribution

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1002/biot.202000019


5970 Johnson T. F. et al.

1 3

J Pharm Sci Technol. 2021;75(2):128–40. https:// doi. org/ 10. 5731/ 
pdajp st. 2020. 011866.

 3. Idkowiak J, Jirásko R, Kolářová D, Bártl J, Hájek T, Antonelli M, 
et al. Robust and high-throughput lipidomic quantitation of human 
blood samples using flow injection analysis with tandem mass spec-
trometry for clinical use. Anal Bioanal Chem. 2023;415(5):935–
51. https:// doi. org/ 10. 1007/ s00216- 022- 04490-w.

 4. Li C, Gao Z, Su B, Xu G, Lin X. Data analysis meth-
ods for defining biomarkers from omics data. Anal Bio-
anal Chem. 2022;414(1):235–50. https:// doi. org/ 10. 1007/ 
s00216- 021- 03813-7.

 5. Iskra T, Bolton GR, Coffman JL, Godavarti R. The effect of pro-
tein a cycle number on the performance and lifetime of an anion 
exchange polishing step. Biotechnol Bioeng. 2013;110(4):1142–
52. https:// doi. org/ 10. 1002/ bit. 24781.

 6. Joseph A, Kenty B, Mollet M, Hwang K, Rose S, Goldrick S, 
et al. A scale-down mimic for mapping the process performance 
of centrifugation, depth and sterile filtration. Biotechnol Bioeng. 
2016;113(9):1934–41. https:// doi. org/ 10. 1002/ bit. 25967.

 7. Gronemeyer P, Ditz R, Strube J. Trends in upstream and down-
stream process development for antibody manufacturing. Bioen-
gineering. 2014;1(4):188–212. https:// doi. org/ 10. 3390/ bioen ginee 
ring1 040188.

 8. Zydney AL. Continuous downstream processing for high 
value biological products: a review. Biotechnol Bioeng. 
2016;113(3):465–75. https:// doi. org/ 10. 1002/ bit. 25695.

 9. Mertens JCE, Henderson K, Cordes NL, Pacheco R, Xiao X, Wil-
liams JJ, et al. Analysis of thermal history effects on mechanical 
anisotropy of 3D-printed polymer matrix composites via in situ 
X-ray tomography. J Mater Sci. 2017;52(20):12185–206. https:// 
doi. org/ 10. 1007/ s10853- 017- 1339-4.

 10. Tan R, Franzreb M. Continuous ultrafiltration/diafiltration using 
a 3D-printed two membrane single pass module. Biotechnol Bio-
eng. 2020;117(3):654–61. https:// doi. org/ 10. 1002/ bit. 27233.

 11. Femmer T, Kuehne AJC, Torres-Rendon J, Walther A, Wessling 
M. Print your membrane: rapid prototyping of complex 3D-PDMS 
membranes via a sacrificial resist. J Memb Sci. 2015;478:12–8. 
https:// doi. org/ 10. 1016/j. memsci. 2014. 12. 040.

 12. Fee C, Nawada S, Dimartino S. 3D printed porous media columns 
with fine control of column packing morphology. J Chromatogr A. 
2014;1333:18–24. https:// doi. org/ 10. 1016/j. chroma. 2014. 01. 043.

 13 Sarwar MS, Simon U, Dimartino S. Experimental investigation 
and mass transfer modelling of 3D printed monolithic cation 
exchangers. J Chromatogr A [Internet]. 2021;1646:462125. 
https:// doi. org/ 10. 1016/j. chroma. 2021. 462125.

 14. Jiang Q, Seth S, Scharl T, Schroeder T, Jungbauer A, Dimartino S. 
Prediction of the performance of pre-packed purification columns 
through machine learning. J Sep Sci. 2022;45(8):1445–57. https:// 
doi. org/ 10. 1002/ jssc. 20210 0864.

 15. Scorza LCT, Simon U, Wear M, Zouliatis A, Dimartino S, McCor-
mick AJ. Evaluation of novel 3D-printed monolithic adsorbers 
against conventional chromatography columns for the purification 
of c-phycocyanin from Spirulina. Algal Res. 2021;55(November 
2020):102253. https:// doi. org/ 10. 1016/j. algal. 2021. 102253.

 16. Dimartino S, Galindo-Rodriguez GR, Simon U, Conti M, Sarwar 
MS, Athi Narayanan SM et al. Flexible material formulations 
for 3D printing of ordered porous beds with applications in bio-
process engineering. Bioresour Bioprocess. 2022;9(1). https:// doi. 
org/ 10. 1186/ s40643- 022- 00511-9.

 17. Simon U, Dimartino S. Direct 3D printing of monolithic ion 
exchange adsorbers. J Chromatogr A. 2019;1587:119–28. https:// 
doi. org/ 10. 1016/j. chroma. 2018. 12. 017.

 18. Kalsoom U, Nesterenko PN, Paull B. Current and future impact of 
3D printing on the separation sciences. TrAC – Trends Anal Chem. 
2018;105:492–502. https:// doi. org/ 10. 1016/j. trac. 2018. 06. 006.

 19. Goole J, Amighi K. 3D printing in pharmaceutics: a new tool for 
designing customized drug delivery systems. Int J Pharm. 2016;499(1–
2):376–94. https:// doi. org/ 10. 1016/j. ijpha rm. 2015. 12. 071.

 20. Moleirinho MG, Feast S, Moreira AS, Silva RJS, Alves PM, 
Carrondo MJT, et al. 3D-printed ordered bed structures for chro-
matographic purification of enveloped and non-enveloped viral 
particles. Sep Purif Technol. 2021;254:117681. https:// doi. org/ 
10. 1016/j. seppur. 2020. 117681.

 21. Wan AJ, Zheng ZC, Zhao B, Yang DK. Numerical simulation and 
experiment on suspended carrier designed by triply periodic mini-
mal surface equation. Water Air Soil Pollut. 2023;234(2):1–12. 
https:// doi. org/ 10. 1007/ s11270- 023- 06068-3.

 22. Lee JW, Oh SH, Jeon E, Kim J, Park K. Functional gradation 
of the morphological properties of TPMS channel for enhanced 
flow performance. Mater Des. 2022;224:111413. https:// doi. org/ 
10. 1016/j. matdes. 2022. 111413.

 23. Dolamore F, Houlton B, Fee CJ, Watson MJ, Holland DJ. A 
numerical investigation of the hydrodynamic dispersion in triply 
periodic chromatographic stationary phases. J Chromatogr A. 
2022;1685:463637. https:// doi. org/ 10. 1016/j. chroma. 2022. 463637.

 24 Clarke DA, Dolamore F, Fee CJ, Galvosas P, Holland DJ. 
Investigation of flow through triply periodic minimal surface-
structured porous media using MRI and CFD. Chem Eng Sci. 
2021;231:116264. https:// doi. org/ 10. 1016/j. ces. 2020. 116264.

 25. Lu X, Bertei A, Heenan TMM, Wu Y, Brett DJ, Shearing PR. 
Multi-length scale microstructural design of micro-tubular solid 
oxide fuel cells for optimised power density and mechanical 
robustness. J Power Sources. 2019;434(1):226744. https:// doi. 
org/ 10. 1016/j. jpows our. 2019. 226744.

 26. Lu X, Taiwo OO, Bertei A, Li T, Li K, Brett DJL, et al. Multi-
length scale tomography for the determination and optimization 
of the effective microstructural properties in novel hierarchical 
solid oxide fuel cell anodes. J Power Sources. 2017;367:177–86. 
https:// doi. org/ 10. 1016/j. jpows our. 2017. 09. 017.

 27. Finegan DP, Darcy E, Keyser M, Tjaden B, Heenan TMM, Jervis 
R, et al. Identifying the cause of rupture of Li-ion batteries dur-
ing thermal runaway. Adv Sci. 2018;5(1):1–13. https:// doi. org/ 10. 
1002/ advs. 20170 0369.

 28. Johnson TF, Bailey JJ, Iacoviello F, Welsh JH, Levison PR, Shear-
ing PR, et al. Three dimensional characterisation of chromatogra-
phy bead internal structure using X-ray computed tomography and 
focused ion beam microscopy. J Chromatogr A. 2018;1566:79–88. 
https:// doi. org/ 10. 1016/j. chroma. 2018. 06. 054.

 29. Bhartiya A, Madi K, Disney CM, Courtois L, Jupe A, Zhang 
F, et al. Phase-contrast 3D tomography of HeLa cells grown in 
PLLA polymer electrospun scaffolds using synchrotron X-rays 
Bhartiya A. J Synchrotron Radiat. 2020;27:158–63. https:// doi. 
org/ 10. 1107/ S1600 57751 90155 83.

 30. Johnson TF, Levison PR, Shearing PR, Bracewell DG. X-ray 
computed tomography of packed bed chromatography columns 
for three dimensional imaging and analysis. J Chromatogr A. 
2017;1487:108–15. https:// doi. org/ 10. 1016/j. chroma. 2017. 01. 013.

 31. Close EJ, Salm JR, Iskra T, Sørensen E, Bracewell DG. Fouling 
of an anion exchange chromatography operation in a monoclonal 
antibody process: visualization and kinetic studies. Biotechnol 
Bioeng. 2013;110(9):2425–35. https:// doi. org/ 10. 1002/ bit. 24898.

 32. Simon U, Scorza LCT, Teworte S, McCormick AJ, Dimartino 
S. Demonstration of protein capture and separation using three-
dimensional printed anion exchange monoliths fabricated in one-
step. J Sep Sci. 2021;44(6):1078–88. https:// doi. org/ 10. 1002/ jssc. 
20200 0722.

https://doi.org/10.5731/pdajpst.2020.011866
https://doi.org/10.5731/pdajpst.2020.011866
https://doi.org/10.1007/s00216-022-04490-w
https://doi.org/10.1007/s00216-021-03813-7
https://doi.org/10.1007/s00216-021-03813-7
https://doi.org/10.1002/bit.24781
https://doi.org/10.1002/bit.25967
https://doi.org/10.3390/bioengineering1040188
https://doi.org/10.3390/bioengineering1040188
https://doi.org/10.1002/bit.25695
https://doi.org/10.1007/s10853-017-1339-4
https://doi.org/10.1007/s10853-017-1339-4
https://doi.org/10.1002/bit.27233
https://doi.org/10.1016/j.memsci.2014.12.040
https://doi.org/10.1016/j.chroma.2014.01.043
https://doi.org/10.1016/j.chroma.2021.462125
https://doi.org/10.1002/jssc.202100864
https://doi.org/10.1002/jssc.202100864
https://doi.org/10.1016/j.algal.2021.102253
https://doi.org/10.1186/s40643-022-00511-9
https://doi.org/10.1186/s40643-022-00511-9
https://doi.org/10.1016/j.chroma.2018.12.017
https://doi.org/10.1016/j.chroma.2018.12.017
https://doi.org/10.1016/j.trac.2018.06.006
https://doi.org/10.1016/j.ijpharm.2015.12.071
https://doi.org/10.1016/j.seppur.2020.117681
https://doi.org/10.1016/j.seppur.2020.117681
https://doi.org/10.1007/s11270-023-06068-3
https://doi.org/10.1016/j.matdes.2022.111413
https://doi.org/10.1016/j.matdes.2022.111413
https://doi.org/10.1016/j.chroma.2022.463637
https://doi.org/10.1016/j.ces.2020.116264
https://doi.org/10.1016/j.jpowsour.2019.226744
https://doi.org/10.1016/j.jpowsour.2019.226744
https://doi.org/10.1016/j.jpowsour.2017.09.017
https://doi.org/10.1002/advs.201700369
https://doi.org/10.1002/advs.201700369
https://doi.org/10.1016/j.chroma.2018.06.054
https://doi.org/10.1107/S1600577519015583
https://doi.org/10.1107/S1600577519015583
https://doi.org/10.1016/j.chroma.2017.01.013
https://doi.org/10.1002/bit.24898
https://doi.org/10.1002/jssc.202000722
https://doi.org/10.1002/jssc.202000722


5971Evaluating 3D-printed bioseparation structures using multi-length scale tomography  

1 3

 33. Salmean C, Dimartino S. 3D-printed stationary phases with 
ordered morphology: state of the art and future development in 
liquid chromatography. Chromatographia. 2019;82(1):443–63. 
https:// doi. org/ 10. 1007/ s10337- 018- 3671-5.

 34. Chapelle L, Lyckegaard A, Kusano Y, Gundlach C, Foldschack 
MR, Lybye D, et al. Determination of the fibre orientation distri-
bution of a mineral wool network and prediction of its transverse 
stiffness using X-ray tomography. J Mater Sci. 2018;53(9):6390–
402. https:// doi. org/ 10. 1007/ s10853- 018- 2044-7.

 35. Heenan TMM, Finegan DP, Tjaden B, Lu X, Iacoviello F, 
Millichamp J, et al. 4D nano-tomography of electrochemical 
energy devices using lab-based X-ray imaging. Nano Energy. 
2018;47:556–65. https:// doi. org/ 10. 1016/j. nanoen. 2018. 03. 001.

 36. Meyer Q, Hack J, Mansor N, Iacoviello F, Bailey JJ, Shearing 
PR, et al. Multi-scale imaging of polymer electrolyte fuel cells 
using X-ray micro- and nano-computed tomography, transmis-
sion electron microscopy and helium-ion microscopy. Fuel Cells. 
2019;19(1):35–42. https:// doi. org/ 10. 1002/ fuce. 20180 0047.

 37. Chen B, Guizar-Sicairos M, Xiong G, Shemilt L, Diaz A, Nutter J, 
et al. Three-dimensional structure analysis and percolation proper-
ties of a barrier marine coating. Sci Rep. 2013;3:1–5. https:// doi. 
org/ 10. 1038/ srep0 1177.

 38. Burnett TL, McDonald SA, Gholinia A, Geurts R, Janus M, Slater 
T, et al. Correlative tomography. Sci Rep. 2014;4:1–6. https:// doi. 
org/ 10. 1038/ srep0 4711.

 39. Bailey JJ, Heenan TMM, Finegan DP, Lu X, Daemi SR, Iacoviello 
F, et al. Laser-preparation of geometrically optimised samples for 
X-ray nano-CT. J Microsc. 2017;267(3):384–96. https:// doi. org/ 
10. 1111/ jmi. 12577.

 40. Leu L, Berg S, Enzmann F, Armstrong RT, Kersten M. Fast 
X-ray micro-tomography of multiphase flow in berea sandstone: 
a sensitivity study on image processing. Transp Porous Media. 
2014;105(2):451–69. https:// doi. org/ 10. 1007/ s11242- 014- 0378-4.

 41. Du W, Iacoviello F, Shearing PR, Fernandez T, Loureiro R, Brett 
DJL. Microstructure analysis and image-based modelling of face 

masks for COVID-19 virus protection. Commun Mater. 2021. 
https:// doi. org/ 10. 1038/ s43246- 021- 00160-z.

 42. Reingruber H, Zankel A, Mayrhofer C, Poelt P. Quantitative char-
acterization of microfiltration membranes by 3D reconstruction. J 
Memb Sci. 2011;372(1–2):66–74. https:// doi. org/ 10. 1016/j. mem-
sci. 2011. 01. 037.

 43. Hekmat D, Kuhn M, Meinhardt V, Weuster-Botz D. Modeling of 
transient flow through a viscoelastic preparative chromatography 
packing. Biotechnol Prog. 2013;29(4):958–67. https:// doi. org/ 10. 
1002/ btpr. 1768.

 44. Iacoviello F, Lu X, Mitchell TM, Brett DJL, Shearing PR. The 
imaging resolution and Knudsen effect on the mass transport 
of shale gas assisted by multi-length scale X-ray computed 
tomography. Sci Rep. 2019;9(1):1–10. https:// doi. org/ 10. 1038/ 
s41598- 019- 55999-7.

 45. Cooper SJ, Bertei A, Shearing PR, Kilner JA, Brandon NP. Tau-
Factor: an open-source application for calculating tortuosity fac-
tors from tomographic data. SoftwareX. 2016;5:203–10. https:// 
doi. org/ 10. 1016/j. softx. 2016. 09. 002.

 46. Cooper SJ, Bertei A, Finegan DP, Brandon NP. Simulated 
impedance of diffusion in porous media. Electrochim Acta. 
2017;251:681–9. https:// doi. org/ 10. 1016/j. elect acta. 2017. 07. 152.

 47. Tjaden B, Cooper SJ, Brett DJ, Kramer D, Shearing PR. On the 
origin and application of the Bruggeman correlation for analys-
ing transport phenomena in electrochemical systems. Curr Opin 
Chem Eng. 2016;12:44–51. https:// doi. org/ 10. 1016/j. coche. 
2016. 02. 006.

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1007/s10337-018-3671-5
https://doi.org/10.1007/s10853-018-2044-7
https://doi.org/10.1016/j.nanoen.2018.03.001
https://doi.org/10.1002/fuce.201800047
https://doi.org/10.1038/srep01177
https://doi.org/10.1038/srep01177
https://doi.org/10.1038/srep04711
https://doi.org/10.1038/srep04711
https://doi.org/10.1111/jmi.12577
https://doi.org/10.1111/jmi.12577
https://doi.org/10.1007/s11242-014-0378-4
https://doi.org/10.1038/s43246-021-00160-z
https://doi.org/10.1016/j.memsci.2011.01.037
https://doi.org/10.1016/j.memsci.2011.01.037
https://doi.org/10.1002/btpr.1768
https://doi.org/10.1002/btpr.1768
https://doi.org/10.1038/s41598-019-55999-7
https://doi.org/10.1038/s41598-019-55999-7
https://doi.org/10.1016/j.softx.2016.09.002
https://doi.org/10.1016/j.softx.2016.09.002
https://doi.org/10.1016/j.electacta.2017.07.152
https://doi.org/10.1016/j.coche.2016.02.006
https://doi.org/10.1016/j.coche.2016.02.006

	Evaluating 3D-printed bioseparation structures using multi-length scale tomography
	Abstract
	Introduction
	Materials and methods
	Design and fabrication
	X-ray imaging
	Digital reconstruction and analysis

	Results and discussion
	Comparing design to imaged volumes
	Permeable flow analysis
	Nanoporous characterization

	Conclusion
	Acknowledgements 
	References


