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ABSTRACT

A multiple length scale approach to the imaging and measurement of depth

filters using X-ray computed tomography is described. Three different filter

grades of varying nominal retention ratings were visualized in 3D and com-

pared quantitatively based on porosity, pore size and tortuosity. Positional

based analysis within the filters revealed greater voidage and average pore sizes

in the upstream quartile before reducing progressively through the filter from

the center to the downstream quartile, with these results visually supported by

voidage distance maps in each case. Flow simulation to display tortuous paths

that flow may take through internal voidage were examined.
Digital reconstructions were capable of identifying individual constituents of

voidage, cellulose and perlite inside each depth filter grade, with elemental

analysis on upstream and downstream surfaces confirming perlite presence.

Achieving an appropriate pixel size was of particular importance when opti-

mizing imaging conditions for all grades examined. A 3 lm pixel size was

capable of representing internal macropores of each filter structure; however, for

the finest grade, an improvement to a 1 lm pixel size was required in order to

resolve micropores and small perlite shards. Enhancing the pixel size resulted in

average porosity measurements of 70% to 80% for all grades.
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GRAPHICAL ABSTRACT

Introduction

Depth filters are commonly used early in down-

stream processing for various applications within the

life sciences sector, for example antibody manufac-

turing for therapeutic purposes [1–3]. The three

dimensional structure of a depth filter contains a

specified range of pores in order to entrap and pre-

vent unwanted material passing through, while

enabling permeation of desired process constituents

to be separated in following steps such as capture

chromatography [4–6]. Clarification using depth fil-

tration allows for cells to be retained by the structure

while smaller components such as proteins pass

through, with cell debris also retained if the intended

product is expressed intracellularly and must be

extracted through approaches such as homogeniza-

tion [7–9]. Downstream processing using depth filters

can also remove smaller feed constituents including

host cell proteins and DNA through adsorptive

interactions [10].

The media used in depth filtration often contains

multiple materials of construction that include a cel-

lulose base, perlite and diatomaceous earth [11]. A

detailed, internal porous structure is formed that is

essential to function and performance that has to

cope with increasing feed stream titers that add

additional burden to downstream bioprocessing that

is an increasing challenge [12]. Advances in 3D

imaging capability for multiple techniques has

enabled materials to be visualized and characterized

in great detail [13–17]. Three major approaches for 3D

imaging materials at high resolution include serial

block face (SBF) microtomy, focused ion beam (FIB)

microscopy and X-ray computed tomography (CT)

[18–27]. SBF and FIB microscopy are both capable of

achieving nanoscale resolutions; however, they both

require extensive preparation of the sample which is

destroyed during the imaging process [28].

X-ray CT can also achieve high resolutions that are

suitable for imaging structures such as depth filter

pore networks while being non-invasive and non-

destructive. All three techniques have been used to

examine internal chromatography bead and packed

bed structures in addition to multiple other material

characterization applications including batteries and

fuel cells [29–35]. A tomographic approach enables

digitally reconstructed volumes of an imaged sample

to be measured for geometric characteristics such as

porosity and pore size.

In particular measuring tortuosity by applying

simulation tools is of interest following 3D imaging,

where using other methods can be difficult to both

define and accurately evaluate this factor [36–41].

Additionally, employing a multi-length scale

approach enables the capsules that the depth filter

material resides within to be visualized in 3D, again

without the need for cutting open the sample which

would damage or destroy the structure [42–44].

In this study, X-ray CT is applied to image the

internal, 3D structure of three commercially available

depth filters at a microscale resolution. Evaluating

samples with multiple materials of construction

enables triple-phase tomography to be explored,

defined as three phases within the 3D dataset rather

than just material and voidage [45]. Here, the three
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phases of interest are perlite, cellulose and voidage

that require sufficient image quality and contrast to

be successfully resolved and segmented.

Materials and methods

Three depth filter materials in the form of sheets or

capsules were selected from Pall Biotech: a fine

(nominal retention rating: 2–4 lm), medium

(6–15 lm) and coarse (11–30 lm) variant. Samples

were obtained from sheets, with dimensions of

350 mm by 500 mm and a thickness of approximately

3 mm. Sub-sections were isolated using a sharp

scalpel with a small amount of excess material taken

to avoid disturbing or damaging the intended vol-

ume of interest. Beyond physical isolation, no further

preparative processing was performed to minimize

the risk of changing the structure of each sample

before imaging.

X-ray CT imaging was performed using a Nikon

XT H 225 system (Tring, United Kingdom) at the

Electrochemical Innovation Laboratory (EIL) at UCL,

achieving a pixel size of 3 lm in each case which was

the maximum possible in reflection mode. In order to

make reflection (3 lm spot size) and transmission

(2 lm spot size) mode imaging comparable, opti-

mization for use of a tungsten target was performed.

Final operating conditions selected were a primary

accelerating voltage of 125 keV, power rating no

more than 7 W, exposure time of 1 s and 4 frames

over 3,142 projections per scan. For transmission

mode imaging, the power was reduced to 3 W and

digital gain increased fourfold.

For further resolution improvements, a ZEISS

Xradia Versa 620 (Pleasanton, USA) was used on the

same depth filter samples. A primary accelerating

voltage of 40 keV was applied with a 3 W power

rating in each case over 1,601 projections, where for

1 lm and 0.5 lm pixel size imaging respective 4 X

and 20 X (binning 2) lenses were used with a 15 s

exposure. Versa imaging at these improved pixel

sizes resulted in internal tomography being necessary

as the entire thickness of each sample could not be

viewed, with internal scans of the central * 1 lm
examined in this study. Figure 1 displays a schematic

for X-ray CT image acquisition in addition to an

isolated sample prepared for high resolution

scanning.

Reconstruction was performed in X-Tek or ZEISS

software before being loaded into Thermo Fisher

(MA, USA) Avizo� Fire 9.5 for processing. Raw

volumes were cropped into 3 mm or 1.5 mm cubes

and directional issues such as rotation were cor-

rected. Segmentation of perlite, cellulose and voidage

was performed using interactive thresholding based

on raw volumes that had undergone ‘non-local

means’ and ‘unsharp masking’ pre-processing, with

additional post-processing required in some cases.

Measurement of porosity and average pore size was

based on sub-volume analysis in the upper quarter,

center and lower quarter of each volume using ‘vol-

ume fraction’ and ‘average space thickness’ com-

mands. Voidage distance maps were applied with the

pore size represented through color-matching of

voxels to the relative distance to the nearest material

voxel.

Tortuosity factor was evaluated using the

MATLAB plugin TauFactor [39] by inserting 3D TIFF

files of processed volumes. Flow simulation was

performed using the Avizo plugin XLab on seg-

mented volumes, where four faces of the 3D data

were considered to be hermetically sealed and the

relevant faces labeled as inlet and outlets, with even

flow distribution across the inlet plane. Flow condi-

tions were simulated using a volume that contained

the visual representation as to not restrict streamlines

to within the rendered volume. Input conditions

included viscosity (8.9 9 10–4 Pas to approximate

water) and a differential pressure from inlet to outlet

of 0.1 MPa. The visual flow maps presented do not

represent quantitative flow rates.

Electron microscopy using a ZEISS (USA) EVO

MA10 and a JEOL (Japan) JSM-6480LV was per-

formed at a primary accelerating voltage of 15 keV.

Before imaging, samples were cut into 1 mm slices

using a sharp scalpel for the top layer, bottom layer

and a cross section before gold sputtering to coat the

surface that reduces charging effects [18]. Energy-

dispersive X-ray spectroscopy (EDS) was used to

analyze the elemental composition of electron

micrographs.
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Results and discussion

Imaging and void analysis

X-ray CT was used to image the internal, three

dimensional structure of depth filter materials at high

resolution without the need for physical sectioning

approaches that would be required for SBF or FIB

tomography. Examples of this would include focused

ion beam or microtomy that can provide benefits of

achieving very high resolutions, but were deemed

unnecessary for the purposes of this study.

The amount of sample preparation required for

these imaging methods compared to X-ray CT

necessitate a greater number of steps that could alter

the sample prior to imaging [23]. Additionally, X-ray

CT is non-destructive which enables iterative opti-

misation of imaging conditions. Figure 2 displays

images at multiple length scales from a capsule to

microstructure of a depth filter. Obtaining high res-

olutions can compromise the sample field of view,

requiring stitching multiple scans together [46].

In order to achieve a pixel size sufficient to view

the intricate microstructure of depth filter sheets,

3 mm cubes to match the media thickness were iso-

lated and scanned. The cellulosic structure of the

depth filters are fragile and so particular care was

taken when producing samples for imaging because

any undue changes here would detrimentally impact

the representativeness of datasets going forward.

Three different depth filter grades were examined in

this study with varying degrees of coarseness and

different nominal retention ratings. Cross-sectional

images of each grade from X-ray imaging, referred to

as coarse, medium and fine, are available in Fig. 3.

Even within the small filaments imaged in Fig. 3,

visual differences could be observed between differ-

ent grades, with the relative openness of the structure

reducing from coarse to medium to fine as less black

voidage space exists within each sample. Of partic-

ular interest was the presence of bright spots for all

materials, suggesting an additional phase beyond the

gray cellulose strands and black voidage. Triple-

phase tomography has been investigated in other

research areas such as battery technology and so the

approach was of interest here and is explored later

[43]. Once the 2D images had been reconstructed into

3D volumes; then, structural analysis and simulation

of flow could be performed through each depth filter

structure, with examples given in Fig. 4.

The flow simulation displayed in Fig. 4a show

tortuous streamlines movement through the internal

depth filter geometry that feed material would

experience, with tortuosity being an important factor

in enabling solid–liquid separation. The lines do not

represent flow rate or velocity but simply a viable

path that fluid could take and the streamlines dis-

played are non-exhaustive of all possible flow paths.

The voidage distance maps highlighted that voids

larger than the nominal retention rating were com-

mon in each grade examined that could be routinely

accessed by simulated flow streamlines through

structural overlay, although were not considered to

be acting as channels to bypass the filter. It should be

noted that under real flow the structure may undergo

compression and reduce the voidage of these larger

Figure 1 X-ray computed

tomography imaging

approach. a X-ray CT imaging

process, from image

generation by generating

X-rays that pass through a

sample and detected to

produce an image. The sample

is rotated around 3608 with
3,142 images taken that are

reconstructed using back-

projection mathematics and

processed into a 3D volume

with three phases. b Sample

holder containing an isolated

depth filter sheet for imaging.
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spaces, however imaging under flow conditions at

sufficient resolution was previously found to be

detrimental to image quality [31].

The voidage distance maps with a cutoff at 20 lm
were useful for comparing the different grades by

measuring the distance of voidage voxels from the

nearest material voxel, with two main observations.

Figure 2 Multi-length scale approach to imaging depth filter materials using X-ray CT. Using the same piece of equipment, entire depth

media capsules (containing 4 depth layers in this case) can be imaged right down to individual fibers within the detailed structure.

Figure 3 2D reconstructed images of depth filter material. Cross section of a Coarse, bMedium, c Fine depth filter grades. Further images

are available in the supplementary online material.
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The first being that the largest pores in all cases were

found to be closest to the upstream layer and least

prevalent in the downstream layer, suggesting a

change in structure that a feed stream would

encounter as it traverses through the intricate geom-

etry. Secondly, the fine and medium variants do not

display much voidage above the 20 lm threshold and

appear similar, while pores for the coarse material are

prevalent.

This was expected because the nominal retention

ratings for the fine and medium grades are below

20 lm but the coarse counterpart extends up to

30 lm. The void space for each grade could also be

quantitatively analyzed and by having high resolu-

tion 3D datasets, then positional based characteriza-

tion and simulation of tortuosity using TauFactor on

each digital volume could be performed to determine

whether the structural change visually identified in

Fig. 4 was measurable [39]. Table 1 displays the

results for each grade.

For all three grades, it was found that porosity and

average pore diameter were greatest in the upstream

quarter and lowest in the downstream quarter based

on sub-volume analysis (ANOVA P\ 5% for all

materials—upstream, center and downstream pore

sizes). This was suggested by the visual voidage

distance maps and verifying that the structure

changes through the material with each grade having

different pore sizes (P\ 5% for whole volume pore

sizes tested across the three grades). Axial asymme-

try would expect to reduce under flow conditions

due to compression of the upper material, however

the increase in material fraction closer to the down-

stream edge may provide structural support to the

depth filter sheet as a whole.

Tortuosity factor increased from upstream to cen-

ter to downstream (P\ 5% for all materials—up-

stream, center and downstream tortuosity factor)

(P\ 5% for whole volume tortuosity factor tested

across the three grades). Calculation of tortuosity has

developed with the increasing availability of 3D

datasets and software packages that can account for

structural properties which are often overlooked or

oversimplified when using non-imaging approaches,

however the general trend of tortuosity increasing at

decreased porosities is observed here [40].

The overall average pore diameters for the medium

and coarse grades were found to lie within the ven-

dor specified nominal retention rating, suggesting

that the majority of structure had been sufficiently

Figure 4 Flow visualization and void analysis through depth filter

sub-volume porosity. a Tortuous streamlines from simulating flow

through a medium depth filter sub-volume as a result of a

permeability simulation. b Distance map of 20 lm voids and

above for a coarse sub-volume. c Distance map of 20 lm voids

and above for a medium sub-volume. d Distance map of 20 lm
voids and above for a fine sub-volume.
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resolved. However, for the fine depth filter, the

average pore size was found to be above the nominal

retention rating, indicating that the finest pores and

features are not imaged using a 3 lm pixel size, or

boundaries between phases were not adequately

defined. Nominal retention rating is typically evalu-

ated empirically using a model system and does not

directly measure pore size as can be achieved when

using 3D datasets acquired here.

The depth filter samples examined in this study

were dry and unused which was necessary for

imaging at microscale resolutions using X-ray CT, a

previous study had found that imaging fouled bio-

processing samples severely compromised image

quality [31]. If the depth filter had been used and

could be imaged to view the internal features, then it

would be expected that the upstream surface that

contains the largest porous spaces would compress

the most.

Scaled up depth filtration systems would be

expected to use the same type of depth media as seen

in the capsule displayed in Fig. 2, however imaging

larger devices compromises achievable resolution

and so would not be appropriate for this study when

observing microscale features. Depth filter sheets can

be delicate and so ensuring structural integrity and

minimizing media pore size variability are two key

considerations when scaling up.

Pixel size improvements

In addition to the pore size to nominal retention

rating disparity, porosity measurements below 50%

were unlikely to be representative because depth

filters rely on a large voidage and therefore holding

capacity. Improvements to pixel size were required in

order to identify the finest features within each

sample and enable more accurate measurement of

voidage and material phases. Two approaches were

taken, the first using ‘transmission’ mode on the same

X-ray CT equipment in order to improve pixel size

from 3 lm to 2 lm and the second being the use of an

alternative piece of equipment at 1 lm and 0.5 lm
pixel sizes.

In order to effectively image at an improved reso-

lution, re-optimisation of other X-ray CT imaging

settings was required to account for switching to a

tungsten target from silver for X-ray generation. A

tungsten target was the only available source metal

for X-ray generation when using the higher resolu-

tion modes and so adjustment of other settings such

as primary acceleration voltage was required. Ini-

tially a silver target had been found to be better sui-

ted for generating images of the cellulosic samples,

however it was deemed to be more appropriate for

direct comparison between samples if key imaging

setup factors including the type of metal used in the

target were consistent between pixel sizes [29].

With these optimized settings, Fig. 5 displays an

example image at the same position for the fine grade

at 3 lm, 2 lm and 1 lm pixel sizes, with the

improved resolution imaging necessitating internal

tomography. A 0.5 lm pixel size variant could only

produce very small volumes, which also required

very long scan times and so was not taken forward

for analysis but included in the Supplementary

online material for Fig. 5.

Table 1 Structural measurement of depth filter void space at a 3 lm pixel size

Material Macro-porosity (%) Tortuosity factor Average pore size (lm) Nominal retention (lm)

Coarse Upstream 75.8 ± 1.4 1.44 ± 0.03 26.3 ± 1.9 11–30

Center 72.0 ± 1.1 1.53 ± 0.05 22.7 ± 0.8

Downstream 71.4 ± 1.1 1.52 ± 0.02 21.5 ± 1.0

Medium Upstream 58.3 ± 0.9 2.88 ± 0.03 13.2 ± 0.4 6–15

Center 56.0 ± 0.3 2.90 ± 0.08 12.3 ± 0.2

Downstream 52.8 ± 1.8 3.16 ± 0.17 11.1 ± 0.6

Fine Upstream 48.9 ± 1.4 3.23 ± 0.22 12.1 ± 0.5 2–4

Center 45.0 ± 0.6 3.63 ± 0.16 10.3 ± 0.0

Downstream 41.4 ± 0.5 4.18 ± 0.23 9.3 ± 0.0

Results reported to three significant figures for in each case and one standard deviation. Upstream and downstream are considered to be the

region up to 25% away from the respective filter edge, with center being the remaining 50%
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It can be seen that the amount of detail resolved for

the fine depth filter grade increases as the pixel size

improves, with the medium and coarse variants

presented in the Supplementary online material for

Fig. 5 also improving but to a lesser extent, which

was expected due to majority of structure already

being resolved and measured in Table 1. A key trade-

off to be considered when applying high resolution

imaging in this case was that the 1 lm pixel datasets

did not cover the entire thickness of the sample and

so measuring filter asymmetry as a function of dis-

tance through the sample was not performed that

was possible for the 3 lm pixel size data [46]. The

corresponding calculations from the 3D imaging for

the fine depth filter grade are presented in Table 2.

It was found that at an improved pixel size as

presented in Table 2 a greater degree of porosity

could be identified compared to lower resolutions.

This suggested that finer voidage-material bound-

aries were being visualized and characterized which

were previously solely attributed to the material

phase using the 3 lm pixel size measurements. This

coincided with decreases to both average pore size

and simulated tortuosity factor as the smaller gaps

provided more avenues for flow, highlighting the

need to match resolution to expected feature sizes.

Tortuosity reduced when improving pixel size,

suggesting that micropores contribute to tortuosity of

potential flow paths through depth filters. Porosity

measurements for all grades was obtained at 70% to

80%, with a large voidage space required for depth

filters to provide holding capacity. Results for the

coarse and medium grades for each of the pixel sizes

investigated are available in the Supplementary

online material for Table 2.

Nominal retention ratings of these filters are not

directly defined in terms of pore size and is instead a

threshold relating to transmission of a standard par-

ticle size. Therefore, a nominal retention rating does

not account for the large vacuous spaces that are

measured using a tomographic approach. This results

in the calculations performed here to be potentially

above the stated nominal retention rating for the fine

grade even when applying a 1 lm pixel size.

Triple-phase tomography

In each of the grades, the material phase had a

combination of dark and bright areas, indicating that

Figure 5 Comparison of 2D images from X-ray CT acquisition of a fine grade at different pixel sizes at the same coordinates. Further

examples for all depth filter grades are available in the supplementary online material.

Table 2 Comparison between different pixel sizes achieved for imaging and measuring fine grade depth filter structure

Pixel size (lm) Thickness imaged (mm) Porosity (%) Tortuosity factor Average pore size (lm)

3 3 ? 43.8 ± 4.6 3.87 ± 1.01 11.5 ± 1.3

2 3 ? 64.7 ± 3.0 1.90 ± 0.17 9.3 ± 1.0

1 1.5 71.5 ± 1.0 1.43 ± 0.04 7.3 ± 0.4

Results reported to three significant figures in each case and one standard deviation
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more than one component was present within the

samples. Many depth filters including these are

constituted of a cellulose base but also contain perlite,

or in some cases diatomaceous earth. Electron

microscopy and EDS were used to image the surface

of these depth filters and identify the elemental

composition, with an example available in Fig. 6a. In

the electron micrograph both cellulose fibers and

smaller perlite shards can be seen on the downstream

side of a coarse grade, with EDS results indicated that

the shards have high silicon and oxygen content that

are the major elemental components of perlite.

The presence of multiple phases within each grade

raises questions concerning the relative quantities of

these constituent materials. By having high-resolu-

tion images, then analysis of these complex structures

can be performed through digital processing and

characterization of each grade. The regular presence

of perlite in the structure resulted in individual seg-

mentation of cellulose and perlite for each grade.

1 lm pixel size datasets were used because they

captured the finer features of each sample, enabling

smaller shards to be identified.

Figure 6b and c display a 2D slice before and after

triple-phase segmentation of voidage, cellulose and

perlite for the coarse depth filter grade, with corre-

sponding triple-phase segmentation images for the

medium and fine grades available in the online

supplementary material for Fig. 6. The 2D slices were

rendered into 3D sub-volumes, as seen in Fig. 7 with

a thinner cross section displayed in the online sup-

plementary material for Fig. 7.

Similar to the 2D slices, the bright space in the 3D

renders for each grade can be seen as orange perlite

in the triple-phase representations, with 3D render-

ing being useful for gaining a greater spatial appre-

ciation as to how these two components are

distributed within the filter. By separating perlite and

cellulose the relative proportion by volume can be

measured. Throughout the images displayed in Fig. 2

and the 3D renders in Fig. 7 the order of perlite

quantities visually align with the measurements in

Table 3. Approximately 15% perlite was present in

the material phase for the coarse grade, 23% for the

medium grade but less than 2% for the fine variant.

In the case of the smallest features, for example

isolated perlite material identified as a single or small

group of pixels, some degree of erroneous segmen-

tation into the incorrect phase was encountered even

when digital processing had improved the signal to

noise ratio. Therefore, the perlite fraction may be

greater than measured in these datasets, particularly

for the finer grade and would be of interest to explore

further in future studies.

Conclusions

By applying a non-invasive and non-destructive

tomographic approach, the detailed 3D internal

structure of various depth filter materials could be

imaged in high resolution to evaluate important

geometrical aspects such as porosity, tortuosity and

pore size without need for physical sectioning

beyond preparative sample isolation. Obtaining a

Figure 6 Triple-phase tomographic segmentation of a coarse

depth filter grade. a Electron micrograph of downstream surface,

displaying cellulose fibers and perlite shards, b 2D internal slice

coarse grade before segmentation. c 2D internal coarse grade slice

digitally segmented into black voidage, blue cellulose and orange

perlite. Examples of segmentation for the other grades are

available in the supplementary online material.
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pixel size below the nominal retention rating was

found to be important, although outright resolution

often brings drawbacks, for example field of view

limitations and so determining the most suit-

able pixel size for 3D imaging may require experi-

mental comparison. Without a sufficient resolution,

Figure 7 3D renders of depth filter grade internal sub-volumes.

a Coarse grade before segmentation. b Coarse grade after

segmentation into transparent voidage, blue cellulose and orange

perlite. c Medium grade before segmentation. d Medium grade

following segmentation. e Fine grade before segmentation. f Fine

grade following segmentation.
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then key structural data will be lost that will reduce

the representativeness of digital measurements, as

was observed in this study by comparing pixel sizes

when imaging the same location within a sample.

By undertaking a multi-length scale and triple-

phase tomographic approach then a more compre-

hensive understanding of how depth filter

microstructure relates to function was obtained.

Positional based analysis of each constituent from

upstream to downstream surface identified a change

in voidage and pore sizes. For future studies it would

also be of interest to incorporate diatomaceous earth

as a fourth phase for relevant depth filters.

Examining these filters and how they change under

typical operational conditions would be useful for

building a more comprehensive understanding of

bioprocess material behavior. This would involve

implementing complementary imaging techniques,

for example confocal laser scanning microscopy in

order to maximize the amount of visual information

that could be gathered for measurement and evalu-

ation. Using real bioprocessing structures from 3D

imaging is of interest for future studies involving

computational fluid dynamics to further relate filter

structure to function and performance. A computa-

tional approach may allow for operating conditions

optimization and the potential for design suggestions

to be made for new depth filter media.
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