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Separating bacteria from infected blood is an important step in preparing samples for downstream bacteria
detection and analysis. However, the extremely low bacteria concentration and extremely high blood cell
count make efficient separation challenging. In this study, we introduce a method for separating bacteria
from blood in a single centrifugation step, which involves sedimentation velocity-based differentiation
followed by size-based cross-flow filtration over an inclined filter. Starting from 1 mL spiked whole blood,
we recovered 32 + 4% of the bacteria (Escherichia coli, Klebsiella pneumonia, or Staphylococcus aureus)
within one hour while removing 99.4 t+ 0.1% of the red blood cells, 98.4 + 1.4% of the white blood cells,
and 90.0 + 2.6% of the platelets. Changing the device material could further increase bacteria recovery to
>50%. We demonstrated bacterial recovery from blood spiked with 10 CFU mL™ Our simple hands-off
efficient separation of low-abundant bacteria approaches clinical expectations, making the new method a
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Introduction

Severe bloodstream infections represent a significant global
healthcare challenge, resulting in high mortality rates and
medical expenses. Sepsis alone is responsible for over 11
million deaths annually worldwide, accounting for one in
every five deaths, with an estimated cost to the US economy
of approximately $20 billion." However, the current clinical
diagnosis of BSI relies on a positive blood culture, which is a
slow process that can take several days.® As the mortality rate
of untreated patients increases by 8% per hour,” clinicians
often resort to broad-spectrum antibiotics. Unfortunately, in
approximately 30% of cases, this approach is incorrect and
can lead to more fatalities.® Furthermore, the use of broad-
spectrum antibiotics promotes the growth of antimicrobial
resistance.’

Rapid pathogen identification and antimicrobial
susceptibility testing (AST) are preferred methods for
diagnosing sepsis."®'" Various rapid phenotypic and
genotypic methods have been developed for this purpose.’*™°
However, the bottleneck in sepsis diagnosis lies in sample
preparation, particularly in separating bacteria from whole
blood, given that the concentration of bacteria is as low as 1-
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promising candidate for future clinical use.

10 CFU mL™, whereas blood cells have concentrations in the
range of 4-6 billion per mL for red blood cells (RBCs) and 5-
10 million per mL for white blood cells (WBCs). Various
methods have been investigated for bacterial separation,
including sedimentation velocity-based differentiation,"”"®
inertial*~>* and elastoinertial*> microfluidics,
acoustophoresis,>®**  surface acoustic waves (SAW),*
dielectrophoresis (DEP),*® and magnetic beads based
separation.”” However, these methods suffer from low
throughput (DEP, SAW), low separation efficiency (density-
based separation, inertial microfluidics), or require high
bacterial concentration for efficient separation (inertial and
elastoinertial microfluidics, DEP, SAW, acoustophoresis) or
are selective to specific bacterial strains (magnetic beads)
(Fig. 5).

Size-based filtration is a simple, inexpensive, and highly
selective method with successful applications in separating
WBCs®® or tumor cells>**® from blood and in blood-serum
separation.’” WBCs have typical size 10-20 um, RBCs 6.2-8.2
um, platelets 2.0-4.0 um, and bacteria around 1.5 um.'”
Nonetheless, filter caking can impede filtration, particularly
during dead-end filtration, where abundant RBCs accumulate
on the filter surface to form a clogging layer that blocks
bacteria and limits volumetric throughput.'” A solution to
filter caking during bacteria filtration is resuspension of
RBCs, allowing near-surface bacteria to pass through the
filter, albeit at limited volumetric throughput, impeding
detection of low CFU concentrations.*” Cross-flow filtration is
another solution to filter caking, although we found no
reports of cross-flow filtration of bacteria from blood.

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Cross-sectional schematic of the device and its operation. (A) The 3D-printed fluid guide (grey) contains a filter (blue) and is inserted in a
centrifuge tube (black). The fluid guide is subsequently filled with Lymphoprep-broth medium (yellow) and blood (red) infected with bacteria
(green). (B) During centrifuging, blood cells sediment at a higher velocity than bacteria (top inset). Blood cells cannot pass the filter (low left inset)
and sediment into the blood cell collection pocket. Bacteria sediment through the filter pores (bottom right inset) into the bottom region of the
centrifuge tube. (C) After centrifuging, the fluid guide containing the blood cells is lifted away.

Concatenating centrifugation and filtration in two subsequent
manual steps has been proposed.**

In this study, we developed a filter-based centrifugal
device for efficiently separating low-abundant bacteria from
whole blood at relevant throughput in a single step.

Results

We developed a separation device, based on the difference in
cell size and terminal velocity between blood cells and
bacteria,'” that utilizes centrifuge-driven cross-filter particle
transport (Fig. 1 and S1}). The device comprises a 3D-printed
fluid guide inserted into a 50 mL centrifuge tube. The fluid
guide incorporates a filter, inclined at angle a with respect to
the centrifugal acceleration, and has pores smaller than blood
cells but larger than bacteria. The region of the fluid guide
above the filter features a grid of vertical walls of thickness 0.4
mm placed in a square mesh with a pitch of 1.6 mm to
prevent liquid convection induced by the Coriolis effect during
centrifuge acceleration (Fig. S41).>* At the lower side of the
filter, the fluid guide includes a blood cell collection pocket
for the filter retentate, while the filtrate is collected in the
lower region of the centrifuge tube. An air vent in the fluid
guide mitigates air trapping during liquid priming.

Operating the device proceeds in four steps.

1. Fill the fluid guide with density medium (a mixture of
75% Lymphoprep and 25% broth) until it reaches the top of

This journal is © The Royal Society of Chemistry 2023

the grid. Centrifuge the device for a short duration to remove
any air bubbles that may be trapped.

2. Load the blood sample onto the top of the medium.

3. Centrifuge the device, during which the larger blood cells
sediment at ~30x higher velocity than the bacteria (according
to Stoke's law'”). Blood cells move along the filter surface
before the bacteria and sediment in the blood cell collector at
the bottom edge of the filter. Bacteria that land on the solid
fraction of the filter experience a force of Fy-sin o tangential to
the filter surface, where F, is the artificial gravity acting on the
bacteria. Bacteria that reach the filter pores are dragged into
the pore and across the filter with force Fy-cos a, after which
they sediment into the bacteria collection region.

4. Lift the fluid guide containing the blood cells away
from the device, leaving the bacteria in 18 mL of
Lymphoprep-broth medium in the centrifuge tube. The
sample is now ready for downstream processing.

We first investigated the relative recovery (CFU in filtrate/
CFU in filtrate and retentate) of bacteria for the following
operation parameters: i) Lymphoprep:broth mixture ratios
100:0, 75:25, 50:50 and 0:100, ii) centrifuging time
between 30 and 90 minutes at an RCF in the range 2000-
4500g and with approximately 300 g s™' acceleration and
deceleration, iii) filter pore sizes of 1.0, 2.0 or 3.0 um, and iv)
filter angles of 27°, 48°, 63° or 72°. We found the highest
mean relative recovery for 3.0 um pore size, a medium of
75% Lymphoprep and 25% broth, 63° filter angle, and
centrifuging for 60 min at 4500g (from hereon “optimal

Lab Chip, 2023, 23, 4334-4342 | 4335
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Fig. 2 Relative bacteria recovery (CFU in filtrate/CFU in filtrate and retentate) for varying design and operational parameters: (a) fraction of
Lymphoprep in Lymphoprep-broth mixtures, (b) filter angle «, (c) filter pore size, and (d) centrifugation acceleration and duration. Results are for
10* CFU mL™ of K. pneumoniae spiked in 0.4 mL of whole blood. Unless indicated otherwise, we used 75% Lymphoprep in a Lymphoprep-broth
mixture, 63° filter angle, 60 min centrifuging at 45009, and filters with 3.0 um pore size. Error bars are sd. p-Value (tails 2, type 2) indicates
significance: ns is not significant, psis p < 0.1, *is p < 0.05, **is p < 0.01.
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Fig. 3 Device performance. (a) Total bacteria recovery (CFU in filtrate/CFU in blood), (b) RBC rejection (RBCs in retentate/RBCs in filtrate and
retentate), and (c) total separation efficiency (total bacteria recovery/1-RBC rejection) when processing 1 mL whole blood spiked with E. coli, K.
pneumoniae, and S. aureus at 100 and 1000 CFU mL™. Error bars are sd (a and b) or 68% ClI (c).

design”; Fig. 2). During this parameter optimisation study,
we used Klebsiella pneumonia (K. pneumonia) spiked in
healthy patient blood at 10* CFU mL™".

Once the optimal design parameters were established, we
tested our method for the most prevalent Gram— and Gram+

4336 | Lab Chip, 2023, 23, 4334-4342

sepsis-causing bacteria: Escherichia coli (E. coli), K
pneumonia, and Staphylococcus aureus (S. aureus). Using these
optimal design parameters, we separated these bacteria from
1 mL of spiked blood in 1 h with 32 + 4% (sd, n = 18) total
bacteria recovery (CFU in filtrate/CFU in blood) and 99.4 +

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 RBC rejection and relative separation efficiency for filters with 2.0 and 3.0 um pore size. (a) RBC rejection for filters with pore size 2.0 or
3.0 um and 0.4 and 1 mL blood sample volume. Error bars are sd. p-Value (tails 2, type 2) indicates significance: ns is not significant, * is p < 0.05,
** js p < 0.01. (b) Relative separation efficiency (ratio of relative bacteria recovery over RBC recovery in the filtrate, where relative bacteria refers
to the ratio of bacteria in the filtrate over bacteria in the filtrate and retentate combined) of filters with pore size 2.0 and 3.0 um. Results are for

0.4 mL of whole blood spiked with 10* CFU mL™ of K. pneumoniae. Error bars are 68% ClI.

0.1% (sd, n = 3) RBC rejection (Fig. 3). We found no
significant difference in bacteria recovery between 100 and
1000 CFU mL™* concentration of spiked blood, nor between
different bacterial species. Blood spiked with 10 CFU mL™" of
the three bacteria species resulted in positive overnight
culture of the filtrate for all tests (n = 3 for each bacterial
species). In contrast, overnight culture of filtrate from non-
spiked blood (negative control) became positive for only two
out of nine tests (contamination).

We also studied RBC rejection for filters with 2.0 and 3.0
pm pore size and found 2.0 um pores to provide the highest
RBC rejection and relative separation efficiency (relative
bacteria recovery/[1 — RBC rejection]). We investigated WBC
and platelet rejection for a filter with 3.0 um pore size (Fig.
S8%).

Further experimental details are provided in the Methods
section, and all raw data are in ESL}

Discussion

Our approach constitutes a simple, hands-off, relevant-
throughput, and label-free method to efficiently isolate
bacteria from whole blood in clinically relevant
concentrations. We successfully tested our method for the
most prevalent Gram- and Gram+ sepsis-causing bacteria: E.
coli, K. pneumonia, and S. aureus. Despite differences in size
and shape (rod-like or round) among these bacteria, we
found no significant differences in recovery (Fig. 3). The
remainder of this section discusses first the physical
phenomena and parameters involved in the operation of the
device, thereafter an analysis of the results,
comparison with state-of-the-art, and finally, future steps
required to realize the potential impact of the approach in
the clinical setting.

next a

This journal is © The Royal Society of Chemistry 2023

Lymphoprep is a sterile and endotoxin-tested density
gradient medium used to isolate cells based on their cell
density. Mixing Lymphoprep with broth creates different
densities of medium. The optimal medium mixture was
found to be 75% Lymphoprep in broth, which has a density
slightly above that of blood (Table 1), thus promoting both
efficient layered loading (Fig. S2cf) and sedimentation of
particles through the filter pores (Fig. S2af). In contrast,
using a lower-density mixture (0 or 50% Lymphoprep)
prevented layered loading and resulted in the uncontrollable
sinking of blood (Fig. S2a and bf), causing cells to be
transported downward by convection rather than
sedimentation. This led to lower bacteria recovery and
compromised the efficiency of the device. On the other hand,
using a higher density mixture (100% Lymphoprep) slowed
sedimentation and reduced the artificial gravity (F,) that
drives the bacteria through the filter pores, which also
resulted in lower bacteria recovery. Overall, our findings
highlight the importance of choosing the right density for
the medium to optimize performance and improve efficiency.

The blood cell collection pocket was designed for up to
0.5 mL of blood cells, limiting the blood volume that could
be processed to 1 mL per tube. Designing for larger blood
sample volumes would require more space in the fluid guide,
which would also require longer centrifuge tubes. Typical
centrifuges can hold several centrifuge tubes, allowing for the
straightforward handling of larger blood volumes through
parallelization.

The upper section of the fluid guide is designed for
terminal velocity-based particle separation. However, the
Coriolis force causes a flow vortex during centrifuge
acceleration, which can cause the mixing of the separating
particles and reduce the bacteria recovery (Fig. S4t). The
vertical grid walls effectively block horizontal flow

Lab Chip, 2023, 23, 4334-4342 | 4337
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Fig. 5 Comparison of our work with other methods for bacterial isolation from blood. The graphs compare the limit of detection, separation
efficiency (ratio of bacteria recovery over RBC recovery in the filtrate), and throughput. Methods reporting 100% RBC rejection (i.e., infinite
separation efficiency) are plotted at the arbitrary value of 1 x 10* separation efficiency. The table provides an overview of the key performance
parameters. The values reported here are the highest values for the respective method found in the literature.

components, strongly diminishing the effect of the Coriolis
vortex. By blocking the horizontal flow component using the
vertical wall grid, we do not impede the vertical
sedimentation transport of the bacteria and blood cells. The
size of the grid used was sufficient to prevent the mixing.

4338 | Lab Chip, 2023, 23, 4334-4342

To ensure effective performance of the device, it is
important that the bacteria have enough time to sediment to
and through the filter. The sedimentation length is directly
proportional to the product of the artificial gravity and
centrifugation time. Our observations revealed that most

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3lc00594a

Open Access Article. Published on 15 September 2023. Downloaded on 1/25/2026 7:34:53 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Lab on a Chip

Table 1 Density of liquids and particles

Average density of mass relative to

Liquid/particles DIW

RBCs 1.086-1.122
Bacteria 1.080-1.100
WBCs 1.057-1.092
100% Lymphoprep-0% 1.077

broth

Platelets 1.072-1.077
75% Lymphoprep-25% 1.058

broth

Whole blood 1.043 to 1.060 (ref. 35)
50% Lymphoprep-50% 1.039

broth

Blood plasma 1.035

0% Lymphoprep-100% broth 1.000

RBCs sediment to the collection pocket within 1-2 minutes
at 4500 g (Fig. S31). Given that RBCs have an estimated
sedimentation velocity 30 times larger than that of bacteria,
we expect bacteria to typically sediment in 30-60 min.
Consistent with this expectation, we found that extending the
centrifugation time beyond 60 min did not significantly
increase bacteria recovery (Fig. 2d). Our optimal conditions
for centrifugation were therefore 60 min at 4500g, which
provided a relative bacteria recovery of 65%.

Filter caking was not observed, which we attribute to two
design elements. The first design feature is the effect of
artificial gravity, which propels blood cells along the inclined
filter surface, preventing them from stagnating at pores. The
second design feature is velocity-based differentiation, which
leads to blood cells passing over the filter before the bacteria
arrive, eliminating any obstruction to the bacteria's
interaction with the filter.

Our approach to filtration utilizes sedimentation-driven
particle movement through the size-based filter, which differs
fundamentally from pressure-driven filtration. In pressure-
driven filtration, particle movement results from fluid drag.
Flow lines bend along the surface and through the pores,
actively driving particles towards and through the pores with
a force controlled by the liquid velocity. In contrast, in
sedimentation-driven filtration, particle movement is caused
by the downward artificial gravity on particles in a stationary
liquid, in which no force component actively drives the
particles toward the pores. Here, the angular velocity and
medium density control the force driving particles through
the pores. Our method employs a hanging bucket centrifuge,
wherefore the method does not depend on the placement of
the device in the centrifuge. Previous work with focus on
cancer diagnostics has investigated slanted rail filters
incorporated in lab-on-a-disk centrifugal devices for cancer
cell separation from blood after extensive sample
preprocessing.®® In contrast, this work focuses on infectious
disease diagnostics, where a slanted filter in a centrifuge tube
is concatenated with terminal velocity-based separation,
which uniquely allows the separation of bacterial cells (which
are more than an order of magnitude smaller in size than

This journal is © The Royal Society of Chemistry 2023
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cancer cells), processing of liquid volumes that are more than
one magnitude order larger, and using whole blood as the
input sample without the need for sample preparation.

As expected, the fraction of bacteria and RBCs in the
filtrate both increase with the filter pore size (Fig. 2c and 4a).
The optimal pore size depends on what parameter one wants
to optimize. Small pores are beneficial if maximal blood cell
rejection is targeted. When maximal bacteria recovery is
targeted, large pores provide a better result. For maximal
separation efficiency, we observed that 2 um pores gave the
best results. In order to prioritize bacteria recovery, given the
very low bacteria concentration in patient samples, and with
the understanding that several downstream processes can
tolerate a small fraction of red blood cells, we chose to use
3.0 um pores as the standard pore size in our experiments.

Filters at 63° angle resulted in the highest average
bacterial recovery, wherefore we chose this angle for our
optimal design (Fig. 2b). However, the influence of filter
inclination angle on bacteria recovery for the range 27° < «
< 72° was not significant. The total filter length, along which
particles move, scales with 1/cos a, whereas the force driving
particles through the pores scales with cos a. We hypothesize
that these two effects cancel each other.

During design parameter optimization, we optimized the
relative bacteria recovery because this measure is less prone
to differences in bacterial growth during experimental
handling. Of the number of bacteria spiked in the blood,
typically only 60% are found in the filtrate and retentate
(comparing total bacteria recovery (Fig. 3) and relative
bacteria recovery values (Fig. 2)). We believe this discrepancy
could be attributed to either the immune response of the
healthy donor blood attacking the bacteria or bacteria
sticking to the rough 3D-printed surface of the fluid guide.
The former is in line with observations that recovery of
bacteria spiked in blood diminishes with the duration
between  spiking and  bacteria  quantitation. We
experimentally tested the effect of the 3D-printed surface and
found a bacterial recovery reduction of 40% when
centrifuging in 3D-printed tubes compared to commercial
centrifuge tubes of polypropylene (Fig. S6t). We therefore
speculate that injection molding our fluid guides in
polypropylene could increase the total bacterial recovery to
53%.

Our method uniquely provides the combined separation
of bacteria at low concentration, high separation efficiency
and relevant throughput, which are the three most important
performance parameters from a clinical application
perspective (Fig. 5). Other sedimentation-based methods have
enabled a low bacterial concentration detection but feature
limited RBC' or WBC'''® removal, affecting potential
downstream sample processing. A separation efficiency of
100 or above is typically desirable to avoid interference of
blood cells during microfluidic handling (clogging) or optical

readout. Several —methods report high separation
efficiency®®**2® or high throughput,’®?****” but these
methods have been shown only for high bacteria

Lab Chip, 2023, 23, 4334-4342 | 4339
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concentration, 1000 CFU mL™* or above, which would
necessitate time-consuming bacterial culture of the clinical
sample prior to processing with these methods. To allow
rapid sepsis diagnostics necessitates a sample processing
throughput of at least 10 mL blood (considering the low
bacterial count) in one hour (considering the need for rapid
results). Our approach allows reaching this requirement
through parallelization, e.g., by dividing a 10 mL blood
sample into 10 aliquots in different devices during the same
centrifugation. The downstream processing requires blood
cell removal to avoid interference with the blood cells in the
identification of pathogens and AST. Achieving high RBC,
WBC, and platelet removal would be significant for
implementing easy downstream processing.>” Our approach
achieves 99.4 + 0.1% RBC removal, 98.4 + 1.4% WBC
removal, and 90.0 + 2.6% platelet removal, positively
addressing the clinical need.

Our method shows promising results that approach
clinical expectations, making it a potential candidate for
future clinical use. To translate these findings into the
clinical setting, several aspects will require further
investigation. First, our method was tested only with blood
from healthy individuals that was spiked with bacteria. Septic
patients could have higher levels of white blood cells,
inflammatory proteins, and other substances that could
potentially interfere with the separation process. Clinical
studies would be necessary to investigate the potential
impact of these effects. Second, even though we here evaluate
the three most prevalent sepsis-causing bacterial species, the
method should be tested with a broader panel of bacteria to
evaluate its efficacy in identifying a clinically relevant range
of bacterial species. Third, the clinical impact of the method
is contingent on its ability to concatenate with rapid
downstream identification of bacteria or AST. To determine
whether additional sample preparation steps are required
prior to downstream analysis, further investigation is
necessary.

Methods

Device fabrication

The fluid guide was 3D-printed with a Form 3+ (Formlabs,
USA) using clear V4 resin, cleaned in Form Wash (Formlabs,
USA) using isopropanol (IPA) in an ultrasonic bath for 30
min, and cured in Form Cure (Formlabs, USA) with
ultraviolet light for 40 min at 60 °C. Fluid guide dimensions
are provided in ESL{ A Nuclepore track-etched polycarbonate
membrane filter (Whatman, Cytiva, UK) with pore sizes 1.0,
2.0, or 3.0 um was inserted in a guiding structure of the fluid
guide and glued using double-sided tape (Scotch, USA). 50
mL centrifuge tubes (Corning, Mexico) were used for the
experiments.

Medium preparation

Broth was prepared by dissolving Luria low salt powder
(L3397, Sigma-Aldrich, USA) in deionized water (DIW) at 25 g
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L™ concentration followed by autoclaving. The density of
broth was confirmed by weighing 10 mL volume on an
electronic lab scale (7 = 3). Density medium was prepared by
mixing Lymphoprep (STEMCELL Technologies, Canada) and
broth.

Preparation of spiked blood

Fresh blood in EDTA tubes from healthy anonymous donors
purchased from the blood bank (Blodcentralen,
Stockholm, Sweden) and used for experiments no later than
one week after purchase. E. coli ATCC 11775 and K
pneumonia ATCC 13883 were obtained from Uppsala
University, Uppsala, and S. aureus, is a clinical isolate from
Karolinska Hospital, Stockholm. Bacteria were long-term
stored at —-80 °C in standard glycerol solution. The bacteria
were grown overnight in LB broth media at 37 °C and
reached the final concentration of around 10° CFU mL™". The
fresh bacteria culture was then diluted to 10%, 10°, or 10>
CFU mL™". 50-100 pL of the diluted culture (10*, 10°, or 10”
CFU mL™) was spiked into 3.5 mL of whole blood, acquiring
bacteria concentrations of 10°, 10%, or 10 CFU mL™*
respectively. The concentration of the spiking solution was
quantified by plate counting (n = 3).

was

Post-centrifuge analysis

Filter retentate was prepared by placing the fluid guide, after
removal from the centrifuge tube, into a clean centrifuge
tube and resuspending the cells by pipetting. Filtrate was
prepared by resuspending the cells in the liquid remaining in
the centrifuge tube. The volume of the filtrate, Vg, and
retentate, V., were determined using a 10 mL glass pipette.
Bacteria and RBC quantitation were performed on aliquots of
the filtrate and retentate (n = 3).

Bacteria quantitation

Agar plates were prepared by dissolving LB broth with agar
(Miller) (Sigma-Aldrich, USA) in DIW at 40 g L'
concentration, followed by autoclaving and transferring on
clean plates. Bacteria quantitation was performed after
plating the bacteria on the agar and overnight incubation at
37 °C.

For the 10 CFU mL™ spiked sample, we resorted to
overnight culture in a culture bottle to obtain a yes/no answer
on bacteria recovery because quantifying low bacteria
concentration in the 18 mL sample of the bacteria collection
tube using plate culture is cumbersome. For the experiments
of recovering bacteria at 10 CFU mL™" concentration, the
fluid guide was discarded after centrifuging, and the broth
was added to the remaining centrifuge tube, followed by
overnight culture at 37 °C. The cultured tube would then be
inoculated on agar plates to observe bacterial presence.
Controls consisted of the overnight culture of the filtrate for
non-spiked blood samples, demonstrating the potential for
contamination.

This journal is © The Royal Society of Chemistry 2023
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RBC quantitation

Both filter retentate and filtrate were added to 96-well plates
(Avantor, VWR, USA) and diluted by DIW in the wells. The
optical absorbance of hemoglobin (Hb) in each well was read
by a SpectraMax 340PC384 Microplate Reader (Molecular
Devices, USA) by setting the detection endpoint at 410 nm
and the background at 500 nm.*®* The ratio of RBC
concentration in the filtrate over RBC concentration in the
retentate, cgi/crer, Was obtained from the Hb absorbance
values (see Fig. S7f for details). RBC rejection from the
bacteria collection tube was determined as

Vret
Ctil
Viet +—Vril

ret

WBC and platelet quantification

After centrifuging for 1 h at 4500g, the supernatant of the
filtrate liquid in the centrifuge tube was removed by
pipetting, and blood cells sedimented to the bottom of
the centrifuge tube were concentrated to 1 mL
suspension.”” The WBC and platelets counting of the
whole blood and the filtrate was then performed using
hematology analyzer Swelab Alfa Plus (Boule Diagnostics,
Sweden). The rejection of WBCs and platelets by the filter
was quantified by comparing the concentrations (WBC or
platelet) in the filtrate with the concentrations (WBC or
platelet) in whole blood (n = 3).

Conclusions

We developed a centrifuge tube containing an inclined filter
to separate bacteria from whole blood in a single centrifuging
step. Combining centrifugation and size-based filtration
addresses the current limitations of both methods,
specifically, the limited density differentiation between
bacteria and blood cells in end-point centrifugation and
caking in blood filtration. As a result, we achieved relevant-
throughput bacterial isolation with a unique combination
and adaptation of well-known techniques. Within one hour,
we recovered 32 + 4% of E. coli, K. pneumonia, or S. aureus
from 1 mL spiked blood, from concentrations as low as 100
CFU mL™", while rejecting 99.4 + 0.1% of the red blood cells,
98.4 + 1.4% of the white blood cells, and 90.0 + 2.6% of the
platelets, and recovering bacteria at 10 CFU mL™"
concentration with positive results. Our technique thus
uniquely provides efficient separation of low-concentration
bacteria. Findings indicate that a shift in fluid guide material
may further improve bacterial isolation by 67%.

Our simple hands-off efficient separation of low-abundant
bacteria and rejection of blood cells could form a great tool
for sample preparation in conjunction with downstream
(microfluidic) analysis techniques. The bacterial isolation
from blood here demonstrated approaches clinical
expectations, making the new method a promising candidate
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for future clinical use. Future work should investigate the
performance of injection molded fluid guides, device
performance for a broader panel of pathogens, handling of
blood from infected patients, as well as the potential of
combining this technique with downstream bacterial
identification or AST, to enable staking out a road for translation
to the clinical setting. Our results could thus form an important
step to the rapid diagnosis of bloodstream infections.
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