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Abstract

Rapid diagnosis of blood infections requires fast and efficient separation of bacteria from blood. We have developed spinning hollow disks
that separate bacteria from blood cells via the differences in sedimentation velocities of these particles. Factors affecting separation
included the spinning speed and duration, and disk size. These factors were varied in dozens of experiments for which the volume of
separated plasma, and the concentration of bacteria and red blood cells (RBCs) in separated plasma were measured. Data were correlated
by a parameter of characteristic sedimentation length, which is the distance that an idealized RBC would travel during the entire spin.
Results show that characteristic sedimentation length of 20 to 25 mm produces an optimal separation and collection of bacteria in plasma.
This corresponds to spinning a 12-cm-diameter disk at 3,000 rpm for 13 s. Following the spin, a careful deceleration preserves the separation

of cells from plasma and provides a bacterial recovery of about 61 + 5%.
INTRODUCTION

There is increasing need to rapidly identify the species and antibiotic resistance profile of bacteria causing bloodstream infections (BSI) so proper treatment
commences quickly. Empirical applications of broad spectrum antibiotics often work satisfactorily, but the general use of these agents may promote the
development of resistant bacterial strains.2 Unfortunately, when undiagnosed BSls of carbapenem resistant organisms produce a state of sepsis in a patient,
the survival rate decreases by 7.6% per hour of ineffective treatment,? eventually producing a 50% mortality rate.*> Thus rapid identification of species and
antibiotic resistance are essential.

Because the bacterial concentration in BSls is extremely low (often between 1 and 100 CFU/mI®7), growth amplification is required for most diagnostics.®
While PCR and other genomic amplification techniques are rapid and work well for the high concentrations found in urine,®! they are often ineffective in
blood samples due to interfering agents and degradative enzymes.*?

Our proposed diagnostic process described herein requires only 7 ml of blood, a typical volume collected in vacutainer tubes. The challenge is to rapidly
separate a maximal amount of bacteria from ~5 x 10° red blood cells (RBCs), ~5 x 10° white blood cells (WBCs) and ~3 x 108 platelets per ml of blood. Table

1 and Table S1 (Supporting Information) tabulate some important characteristics of blood components.

"This is the peer reviewed version of the following article: [Pitt, WG, Alizadeh, M, Blanco, R, et al. Factors affecting sedimentational
separation of bacteria from blood. Biotechnol Progress. 2020; 36:e2892. https://doi.org/10.1002/btpr.2892], which has been published in
final form at [10.1002/btpr.2892]. This article may be used for non-commercial purposes in accordance with Wiley Terms and Conditions
for Use of Self-Archived Versions."
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Density range Density for calculation Sedimentation Relative sedimentation
(g/cm3) (g/cm3) coefficient? coefficient?

Component Shape and size

Red blood cell (RBC)13 1.086-1.122 1.098 Discoidal 2 x 8.1 um 2.1x107s 24

White blood cell (WBC) 1.065-1.092 1.092 Sphere 16 um diameter 2.3x107s 27

Platelet 1.052-1.077 1.075 Sphere 3 um diameter 2.5x108s 3

E. colit* 1.08-1.10 1.091 Rod 3.8 x 0.95 um 8.6 x107%s 1

a 3

Calculated for single particles using values in Table 1 and PBS-diluted plasma density 1.018 g/cm and viscosity 1.12 mPas. RBC was modeled as an oblate ellipsoid
with diameters of 2.0 and 8.1 um sedimenting at 3,000 rpm, equivalent radius of 5.85 um.131> WBCs and platelets were modeled as nondeformable spheres with

diameters given above.1 E. coli was modeled as a 3.8 x 0.95 um prolate ellipsoid.1*

1 BACKGROUND OF SEPARATION BY SEDIMENTATION

Successful techniques for bacterial separation from blood include microfluidics'’-*° and capture on magnetic beads.?>2* These techniques have been reviewed
recently?*and are summarized in Table S2. Although these have high bacterial capture, most are inadequate for clinical use because of low flow rates coupled
with the clinical requirements of large blood volumes due to very low bacterial concentrations.

Our novel technique that can handle larger volumes uses centrifugal forces in a rapid and transient mode, which separates particles by both size and
density, and not solely density (as is done in conventional centrifugal separation). This is done in a disk-shaped shallow bowl with a partial lid, which is called
a hollow disk. This open disk is spun on a motor very rapidly, spinning any fluid contents into a nearly vertical layer on the outer wall. In typical experiments,
7.0 ml of blood and 1.5 ml of buffer are placed in the bowl, and then rapid spinning forms a circumferential pool of diluted blood, about 370 mm in
circumference, 2.5 mm deep, and 9 mm tall. The blood cells sediment to the back wall much faster than the bacteria, leaving the bacteria in the plasma. Then
upon carefully slowing to a stop, the blood cells at the back wall slump down into a capture chamber, and the plasma (containing the bacteria) flows into a
collection area (see Figure 1).

We previously published studies using only one size of a hollow disk that separated bacteria from ml quantities of blood in ~5 min.?>% |n this present
study, we varied the size of the disk, rotational speed and spinning time. Herein we report our hollow disk spinning parameters that maximize bacterial

recovery while minimizing RBC contamination, using 7 ml of human blood and producing an optimum bacterial recovery of about 61% in only 2 min.

1.1 | Sedimentation velocity and length

Sedimentation of small isolated particles in a viscous fluid occurs because acceleration, buoyant and drag forces combine to produce a steady-state
sedimentation velocity of the particle in the fluid. In a rotating system, the sedimentation velocity is given by (see Supporting Information for the derivation):
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FIGURE 1 Cutaway section of a typical hollow disk design.
(a) Upper chamber of vestibule. (b) Baffle. (c) Fillet of baffle. (d) Back edge of weir. (e) Lid. (f) Top of weir. (g) Fillet on lid. (h) Window in baffle. (i) Trough of
vestibule. (j) Inward edge of weir. (k) Slope. (I) Bowl
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In this equation, Dy is the particle diameter, p is the density of particle or fluid, R is the radial position of the particle, w is the angular velocity, g is the
gravitational constant, and W is the fluid viscosity. The sedimentation velocity reaches a steady-state value in less than a ms (see Supporting Information). K
is a correction factor that arises when the particle concentration increases to the point that the particles no longer follow Stokes law.?”?8 Thus for a dilute
solution of small hard spheres K = 1. However, in blood K 1 because of the very high concentration of flexible blood cells and platelets. Estimates of K as a

function of concentration have been made for randomly arranged hard spheres?’ or spheres of differing sizes.?

The sedimentation coefficient, s, is defined as the ratio of the sedimentation velocity to the driving acceleration, whether it be gravity (g) or centrifugal

acceleration (Rw?)%°:

where R is the radial position of the particle, m is the mass of the particle, f is the drag force on the particle. For a short particle displacement in our thin-
layer centrifugal system in a hollow disk, dR/ dt is the sedimentation velocity, vs. Table 1 gives estimates of sedimentation coefficients for various blood
components (assuming K = 1) and presents some of their key physical parameters.

Our overall research objective is to quickly and efficiently separate blood cells out of plasma while retaining bacteria; this paper describes our efforts to
study this separation as a function of process speed and time. Because the movement of RBCs and bacteria is the time integral of sedimentation velocity
given by Equation (1), a parameter was formulated by which all experiments of differing disk size, spinning speed, and duration, can be correlated. This
parameter is the time integral of the velocity (producing a characteristic length scale) that a single (K = 1) 8-um-diameter spherical particle would move,
according to Equation (1). This idealized particle has the density of a RBC (1.098 g/ml) and sediments through plasma having a density of 1.024 g/ml and a

viscosity of 1.95 mPa s at 20°C.3! This characteristic length, Ls, hereafter named sedimentation length, is given by

1
Z':-!",lfR.fJJ.tfl=J Lol B, tdt. (3)
I
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This time integral includes the time during acceleration and deceleration of the disk. Thus L incorporates all forces on the blood components during the
entirety of any type of spin. We hypothesize that experiments employing differing diameters, speeds and durations, yet having identical values of Ls, will
have identical physical distributions of cells and bacteria within the fluid in the disk. Our results support this hypothesis and provide parameters from which
bacterial separation processes can be designed for other disk sizes and speeds, based on bacterial separation as a function of L. This enables future design

of spinning disk systems for clinical applications.

2 | MATERIALS AND METHODS

2.1 | Description of disk features

Figure 1 illustrates the 12-cm-diameter disk used in this study, which is the same disk used in previous studies with very low bacterial load.? For disks of
different size (10- and 16-cm-diameter) the basic design features (number of baffles, trough volume, vestibule chamber volume) were scaled linearly with
disk diameter (see Table 2). Key design features are (a) weir which holds back the cell-pack as spinning stops and the cell-pack slumps into the trough; (b)
slope which is nearly vertical where it meets the inward edge of the top of the weir; (c) vestibule which is the space occupied by blood during spinning and is

divided into the trough and the upper chamber; (d) baffles which

TABLE 2 Hollow disks
Disk diameter (cm) Number of baffles Trough volume (ml) Vestibule volume (ml) Blood (ml) PBS added (ml)
10 13 3.22 7.08 5.83 1.25
12 16 3.97 8.50 7.00 1.5
16 21 5.33 11.33 9.33 2.0

promote drainage of plasma and which have windows in the upper chamber and trough; and (e) lid and back wall which form the top and back boundaries
of the vestibule. We placed “windows” in the baffles to allow lateral flow of blood, cell-pack and plasma in the vestibule during spin-up and plasma drainage.
The baffles did not extend to the bottom of the trough to facilitate cleaning the cell-pack from the trough between experiments.

Some design features were updated since our previous publication.? For example, a ring of rapid-prototyping polymer material was printed along the
lower outside edge of the disk in order to lower the center of gravity of the disk, thus increasing the stability during spinning.

Disks were printed with an Objet30 Prime System (Stratasys, Eden Prairie, MN) using VeroClear™ resin as described previously.?® The programmable and

precision control of spinning was done using LabView software and a Maxon motor (model 301039) as described previously.3?

2.2 | Blood, bacteria, and spinning

Human blood was obtained from volunteers by venipuncture and collected into EDTA-containing vacutainers (BD #366643, Becton Dickinson) under an IRB-
approved protocol at Brigham Young University. Bacteria used for all the experiments were Escherichia coli (strain BL21), streaked from frozen stock and
grown overnight with shaking in nutrient broth. Bacteria were washed in PBS before dilution and inoculation into blood at a concentration of around 10°®
CFU/mlin these experiments.?® The Supporting Information presents more detail. Depending on disk diameter (Table 2), 1.25, 1.5, or 2 ml of PBS was pipetted
into a ring in the bowl of the disk and 5.83. 7.00, or 9.33 ml, respectively, of bacteria-spiked blood were pipetted into the ring of PBS just before spinning.

When spinning started, blood was quickly thrown into the vestibule and sedimentation began. The ramp-up acceleration was 500 rpm/s. The hold velocity
varied from 1,000 to 4,000 rpm and the hold time was 0 to 120 s depending on experimental parameters.

Finally the disk was carefully slowed, following a deceleration velocity profile that was determined through experimentation to avoid mixing of the clear
plasma and the cell-pack.3? If deceleration was too fast, the plasma and blood cells remixed, and the plasma was no longer transparent amber color. Even
upon slow careful deceleration, sometimes there was a small streak of red cells in the transparent plasma. After spinning, the degree of remixing of plasma
and cell-pack layers, and the amount of steaking of RBCs, was visually assessed.

The plasma was collected by pipette, weighed, and the volume calculated assuming plasma density of 1.024 g/ml.
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2.3 | Quantitation of plasma, bacteria, RBC

As published previously, serial dilution and plating were used to estimate the number of bacteria in spiked whole blood and in recovered plasma.?® RBC
concentration was estimated by spectroscopic methods.

To facilitate comparison of experiments with various disk sizes, the efficiency of plasma recovery is defined as:

Vo=V

Epl =

' i4)

Visood

where Vy, Vbiood, and Vess are the volumes, respectively, of recovered plasma, original blood pipetted into the disk, and PBS added to the blood. This parameter
represents the volume fraction of blood placed on the disk that eventually flowed over the weir and was collected. If adding PBS to blood, changing disk size,

or modifying weir design increases €, then greater total recovery of bacteria is expected. The value 1-gp represents the volume fraction of blood left in the

disk.
The “concentration recovery” of bacteria is the ratio of the bacterial concentration in recovered plasma, Cg pl, and the concentration in undiluted blood,

Ca,bi:

« _Cap
Cp = =Bl
% Cawl

When blood is diluted with PBS, C'sis expected to be less than unity even if no enrichment or depletion of bacteria in the plasma phase
occurs. From that initial diluted value, C'sis expected to increase for a short time as bacteria sediment out of the blood cell-pack into plasma, and then

decrease with more spinning time as bacteria sediment into the cell-pack and are therefore not recovered in the plasma.

The efficiency of bacterial recovery is the ratio of all bacteria recovered via pipetting to all bacteria placed in the disk:

. _ Voi-Ca,i
" ViiooaCal

To quantitate minimization of RBC in the recovered plasma, the normalized RBC recovery is defined as the ratio of RBCs in the recovered plasma (Crac,pi)
to the RBC concentration in undiluted blood

(Crecpi):
_ Crac,

C;!HL‘ (71

Clil:'l’-'_'.'_'pl

In these experiments, this number is always less than unity since the blood was diluted with PBS prior to spinning.

Red cell packing in the trough was estimated by carefully pipetting red cell-pack material from the trough following spinning at 3,000 rpm for 48 s. The

hematocrit of this material was measured by placing it in a capillary tube and spinning at 1,300g for 10 min.33

3 | RESULTS

In experiments described herein, we correlated the disk size and disk operation with three key parameters that affect the quality of bacterial recovery and
that will affect subsequent processing (genetic or phenotypic analysis) of bacteria found in blood: (a) volume of recovered plasma; (b) bacterial concentration
in recovered plasma; and (c) concentration of blood cells in recovered plasma. Our goal is to maximize the first two of these parameters while minimizing the
third. However, the concentration of bacteria and blood cells in recovered plasma are highly correlated, and one cannot maximize bacteria recovery while

minimizing RBC contamination in recovered plasma.
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We first report experimental parameters affecting the volume of recovered plasma. Then we present parameters affecting the concentrations of bacteria

and blood cells in the plasma. For those parameters that relate to the sedimentation velocity, the data will be presented as a function of L, which correlates

the distance traveled by cells.

3.1 | Plasma quality and volume

Clarity of plasma refers to the qualitative assessment of RBCs visually observed in plasma. Deviation from clear amber-colored plasma comes in two forms:
remixing and streaking. Remixing refers to turbulent mixing of separated plasma and cell-pack that sometimes occurred near completion of disk deceleration.
If the disk were decelerated too quickly, the clear plasma would mix with the adjacent cellpack layer, displaying a uniform orange hue, from yellow-orange
to red, depending upon how much remixing occurred. Remixing is a manifestation of Kelvin—Helmholtz instability and is reported elsewhere.3?

Streaking refers to the observation that often plasma flowing down had streaks of RBCs in the otherwise clear (amber) plasma, and is clearly
distinguishable from mixing (Figure S1). Streaking is undesirable because it introduces cells back into the clarified plasma. We noted that streaking increased
when using blood of higher hematocrit and when plasma drained from a single point along the edge of the weir. The amount of RBCs returned back into the
plasma by streaking was measured by the RBC-recovery parameter, C'rsc (Equation 7).

Plasma volume. While the recovered plasma volume is larger for larger disks, it does not appear to be a strong function of L, for a single disk size (Figure
S2A). We note that in general, the largest volumes recovered were those from experiments with very small £; (<10 mm), such as when blood was spun up to
1,000 or 2,000 rpm, and then
immediately decelerated. We postulate that under these spinning conditions, the front slope, having been wetted with blood during spinup, had not dried
completely, and was more wettable toward plasma drainage. To determine if disk size has any additional influence on plasma recovery, the efficiency of
plasma recovery (gp1) was calculated (Equation 4 and Figure S2B). Statistical analysis of gy indicates that 12- and 16-cm disks do not have different recoveries

from each other, but both have better plasma recovery efficiency than the 10-cmdiameter disk (p < .05).

3.2 | Concentration recovery

Figure 2 and Figure S3 show plots of bacterial concentration recovery as a function of L for three disk sizes. They all follow the postulated trend that
concentration recovery should decrease as Lsincreases. Various experiments involving different disk sizes, rotational velocities and spin durations all generally
map to a common trend line. Figure 2b shows the superposition of data from the three disk sizes. When the slopes of linear regression of each data set from
each disk size were analyzed, there is no statistically significant difference between the slopes (p >.10). However, the y-axis intercepts of the 12-cm disk line
is marginally less than that of the 10-cm and 16-cm disk intercepts (p =.09).

Extrapolation of these lines to the x-axis indicates that at Ls values from 300 to 400 mm, the bacterial recovery would be negligible. Concentration
recoveries of bacteria at small Lsare much greater than 82%, a value that would be expected (7.0 ml of blood diluted with 1.5 ml of PBS) in the absence of
sedimentation of bacteria into or out of the plasma phase. We hypothesize that this “higher-than expected” increase in bacterial concentration occurs
because bacteria are excluded from the volume occupied by blood cells, and as blood cells quickly sediment to the back wall, the volume flux of red cells
displaces plasma in the opposite direction toward the axis of rotation. Apparently, this “backflow” of plasma may carry some bacteria with it, despite the
proximity of blood cells that could trap bacteria within the region of sedimenting and concentrating RBCs. Not all bacteria escaped this condensing cell-pack,
but some may escape to increase the bacterial concentration in the plasma at short times. These data suggest that there must be a maximum in concentration

recovery somewhere between sedimentation lengths of zero and 50 mm.



PITT ETAL.

BIOTECHNOLOGY

3.3 | Total bacterial recovery

PROGRESS

7 of 1t

160

120 4

g
¢

80

60

40

20 4

Bacteria Concentration Recovery (%)

140 4 )

(a)

# 2000 rpm- 10sec
© 3000 rpm- 45 sec
180 q
160
140 4
120 4
100 A

80 4

60 4

Bacteria Concentration Recovery (%)

404

20

0 T T

75

A 1000 rpm- 25 sec

© 3000 rpm- 80 sec

100 125 150 175 200 225 250 275
Sedimentation Length (mm)
© 2000 rpm- 25sec

® 3000 rpm- 15 sec © 3000 rpm- 35 sec

m 3500 rpm- 50 sec £ 3500 rpm- 75 sec ® 4000 rpm- 120 sec

(b)

Am

(=]

25 50

Ihe y intercept of the 12-cm disk

blue line) is marginally less than that of the other lines (p = .09)

100 125 150 175 200 225 250 275
Sedimentation Length (mm)

IGURE 2 Plots of bacteria concentration recovery (%) versus characteristic sedimentation length (mm). (a) Data for the 10-cm-diameter disks. Each symbol represents a
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nd the 16-cm disk (green squares). Lines of corresponding color represent linear regression of each data set. The slopes of the lines are not different from each other (p > .10).

Total bacterial recovery was calculated for each experiment by Equation (6). Figure 3 shows that these data in general follow the same trend as the

concentration recovery (see also Figure S4A). Again at short Ls, these values are much higher than would be expected based on dilution alone. For example,

if we use the average recovered plasma volume for the 12-cm disk experiments of 3.7 ml, and divide by the volume in the disk (8.5 ml), we would expect to

obtain only 36% of the bacteria in the disk if no concentration enhancement during sedimentation occurred. Values higher than 36% indicate that the bacteria

become concentrated in the plasma, most probably because the sedimenting cell-pack expels plasma, which convects some bacteria backward (see Section

5). As spinning progresses, some bacteria sediments toward or into the cell-pack and are not recovered. We postulate that the maximum in total recovery is

at some sedimentation length from 25 to 50 mm. The total bacterial recovery in this range (25 < Ls< 50) is 60.7% (+5.0%, 95% confidence interval [CI], n =

28) when averaged over all experiments.
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3.4 | Red cell recovery

As indicated by the sedimentation coefficients of Table 1 derived from Equations (1) and (2), RBCs sediment about 24 times faster than bacteria. Since bacteria
appear to be totally sedimented at £; = 400 mm, we would expect RBCs to be sedimented at 1/24 of that length (Ls~ 17 mm), which is a rough estimate
because it does not account for the difference in drag due to differences in the shape, flexibility and concentration of RBCs and of bacteria. Despite this rough
estimate, the red cell recovery data shown in Figure 4 (12-cm disk) indicate that RBC recovery decreases from Ls= 0 to ~20 mm, and then remains fairly
constant for sedimentation lengths far above 20 mm.
The nonzero value of RBC recovery, even at large Lsis attributed to experimental observation of streaking, and not from remixing, nor from incomplete
separation of plasma from RBCs (with the exception of Ls< 15 mm, in which incomplete separation was observed). Because of the small dilution with PBS, if
no RBC sedimentation were to occur, we would expect that as L; approaches 0, ersc= 7.0/8.5 = 0.82, a value consistent with Figure 4.

We attribute the residual RBCs in the plasma for Ls< 25 mm to streaking, and posit that the decrease in erec between sedimentation lengths of 0-25 mm
is due to sedimentation of blood cells into the vestibule.

Streaking was observed in nearly all experiments with Hct above 35, which suggests that the trough volume is not sufficient to accommodate all the RBCs.
Measurements taken from the trough after spinning reveal that RBC packing is only about 85 vol%, and the current trough volume is apparently under-

designed for blood of high hematocrit. More plots of RBC recovery are found in Figure S5.
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FIGURE 4 Red blood cell recovery versus sedimentation length for the 12-cm-diameter disk. In these experiments the spinning speed was 1,000 rpm to
keep the characteristic length small. Blue triangles and blue dotted line represent data for characteristic length <25. Yellow circles and yellow dotted line
represent data for characteristic length >25. The lines are linear regressions within each region.
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4 |  DISCUSSION

We have developed a fairly simple and rapid method for separating bacteria from human blood cells using a hollow rotating disk. Results show that total
bacterial recovery from 7 ml of spiked human blood ranges from ~61 to 0%, depending on the value of Ls. While this recovery is slightly lower than other
methods in the literature (Table S2), this can be accomplished in 2 min on a large volume of blood. A maximum of ~61 + 5% (mean and 95% Cl) recovery
apparently occurs between Lsvalues of 20-50 mm. The sedimentation of the vast majority of RBCs appears to be completed at £s= 25 mm, but streaking
with blood of higher hematocrit introduces some RBCs back into the plasma.

Suspended particles of similar densities are very difficult to separate from each other by isopycnic centrifugation. If their sizes are only slightly different,
separation by filtration becomes challenging— particularly if the smaller-sized particles (bacteria) are in the minority by number, as the high number of larger
blood cells will block the filter pores and prevent most of the bacteria from passing through the filter. For diagnostic processes requiring rapid separation
with very little process fluid, the transient sedimentation process described herein will separate particles from blood cells of similar density yet slightly
different size, even when bacteria are in the vast minority.

The key to this rapid separation is to spread the blood volume over a large surface area within the hollow device, creating a thin layer of blood—much
thinner than with conventional plasma separation by centrifugation in a test tube. While similar rotation and sedimentation velocities are achieved both in
our hollow disk and in conventional centrifuge tube methods, the 2-mm distance is much shorter in our hollow disk than the ~50 mm distance in a 10-ml
centrifuge tube.

A promising observation is that concentration recovery of bacteria in plasma is much greater than calculated solely on the dilution of blood by PBS. This
can happen only if bacteria are carried toward the axis of rotation by plasma squeezed out of the cell-pack as the blood cells consolidate at the back wall of
the vestibule. The sedimentation velocity in Equation (1) is defined as the velocity of a bacterium relative to the surrounding fluid. Although there is always
sedimentation of bacteria in the outward direction relative to the local flow, when bacteria are entrained in plasma that is flowing inwardly more rapidly than
the outward sedimentation velocity, the net displacement of bacteria is into the plasma phase, at least until the surrounding blood cells have ceased
consolidation in the cell-pack. Apparently, much of the net-inward-moving bacteria avoid being trapped by nearby blood cells moving outwardly and escape
into the plasma phase. Adding PBS as a diluent to blood spreads the blood cells further from each other and is postulated to allow more bacteria to escape

to the plasma phase, although experiments to verify this have not yet been completed.
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FIGURE 3 Bacteria total recovery versus sedimentation length for the 10-cm-diameter disk. Spinning speed and hold time varied from 1,000 to 4,000
rpm and from 10 to 120 s. Each symbol represents a different spinning condition as shown in the key. Blue symbols are spinning at 1,000 rpm; red
symbols are spinning at 2,000 rpm; green symbols are spinning at 3,000 rpm; black symbols are spinning at 3,500 rpm; violet symbols are spinning at
4,000 rpm
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This observation that bacterial concentration in the plasma phase increases initially and then decreases at long Lsindicates there is maximum in bacterial

concentration sometime during the spin. This maximum should occur around the time that blood cells finish consolidation in the cell-pack. Because of noise
in the RBC-recovery data, we cannot easily determine at what Lsthe cells are consolidated, but completion of consolidation may occur at Lsvalues from 20
to 25 mm, which is consistent with the data of bacterial concentration recovery.

An intriguing observation is that the values of L for RBC consolidation into a pack in the vestibule is ~20 mm, yet the longest distance any RBC had to
travel was just over 1.5 mm. Apparently the actual velocities of cells (and bacteria) are much slower than predicted by Stokes law and Equation (1). Several
factors combine to reduce the sedimentation velocity.

First, for an isolated sphere in creeping flow, f (the friction factor of Equation 2) is given by Stokes law, in which case Equation (2) reduces to Equation

(1). However, for non spherical particles, soft flexible particles, and crowded particles, f deviates from Stokes law, and is modeled by.

f= lﬂlubstKtz_,Lﬂ { Bl

where Kiotal accounts for many corrections and can be modeled as the product of kshape, kilex, and K

Kiotal = Kanape KpaxK (?)

where K is the crowdedness correction introduced in Equation (1). Dy is the equivalent spherical diameter of a spheroid. For example, the average RBC
volume in a healthy adult is ~94 ul,** which corresponds to Dy = 5.64 um.

Human RBCs are not spherical, but have a biconcave discoidal shape that is from 7.5 to 8.7 um in diameter and 1.7 to 2.2 um in thickness.* When modeling
a RBC as a solid oblate spheroid with major diameter 8 um and minor diameter 2 um, the Kshape is 1.17.3°

When RBCs sediment at very high centrifugal forces, they change shape from biconcave to a more streamlined shape3* and experience “tank-treading,”
both of which will reduce kiex.!>3> At the 3,000 rpm used in this study, shape change would increase their sedimentation velocity 1.9-fold (compared to 0
rpm); thus kexis 0.52.%

As particles moving through a fluid approach each other, the disturbance of the hydrodynamic flow fields around the particles interact with each other,
leading to more drag force and slowing their movement. Numerical studies of Tenneti et al indicate that drag forces are increased about 10-fold, 20-fold, and
40-fold for suspensions of spheres with volume fractions of 0.3, 0.4, and 0.5, respectively.?? Thus the “K” in Equations (1) and (9) would take on values between
10 and 40, depending on the hematocrit of the blood. When blood with hematocrit of 42.5 is partly diluted to a hematocrit of 35 (as in our experiments), K
is ~¥15. Combining all these corrections, Kotal is estimated to be ~9. Thus, the sedimentation coefficient for flexible RBCs in our experiments is calculated to be
~1.4 x 107%s. At a distance of 5.85 cm from the center of a hollow disk spinning at 3,000 rpm, we calculate the sedimentation velocity to be 0.082 mm/s,
relative to the surrounding fluid (a mixture of plasma and PBS with a density of 1.018 g/ml and viscosity of 1.12 mPa's).

In a closed container like a centrifuge tube or hollow disk, the movement of RBCs toward the wall displaces fluid back against the movement of the cells.
Because the sedimentation velocity is relative to the surrounding fluid, the absolute velocity relative to the axis of rotation is greatly reduced by the backflow
of fluid proportional to (1-¢), where @ is the volume fraction of sedimenting particles (approximately the hematocrit of the blood suspension). For a physical
travel of only 1 mm and accounting for the backflow of plasma, RBCs (at Hct = 35) should be cleared from plasma in 18.8 s. However, the clearance will take
longer than this because as the cells start to consolidate and crowd together, the K-value increases exponentially with local hematocrit and eventually exceeds
100; and thus RBC velocity slows drastically as the cell-pack consolidates. Obviously, rigorous modeling is needed to calculate the time and rotational velocity
needed to totally consolidate the cell-pack in the vestibule.

There have been measurements of sedimentation velocity of RBCs. For example, Bar et al calculated sedimentation coefficients in diluted blood from
centrifugation experiments at various rotational accelerations. These experimental measurements include contributions to faster sedimentation for
streamlined shape change at high rpms, and slower sedimentation due to crowding of cells and nonspherical shape. The reported sedimentation coefficients
for washed RBC at ¢ of 0.15 in saline (at 1,500 rpm) are from 0.81 x 107 to 1.1 x 1077s.** These reported values apparently are velocities relative to a fixed

reference frame (the tube) and not relative to the local fluid velocity.
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Of course, the real question regards the sedimentation behavior of bacteria. As bacteria are only slightly smaller than the RBCs and they experience the
same volume fraction of surrounding suspended solids, we expect that the “K” for bacteria is on the same order as that of RBCs. More precise modeling of
both bacteria and RBC transport in the vestibule is ongoing and will be published later.

While this paper points out progress in the disk design and operational parameters to increase recovered plasma volume and decrease residual RBCs, the

process is not yet perfect, and further studies and modifications are ongoing.

5 |  CONCLUSIONS

The hollow disk is designed to maximize the volume of plasma recovered using various techniques such as making the slope steep so plasma will easily flow
by gravity. Various sizes of disks with similar weir and slope design were made to examine the effect of disk size, and of spinning time and speed.

Results show that the bacterial concentration in recovered plasma depends strongly on spinning parameters and disk size. At very short times, bacterial
concentration in plasma increases to values greater than in blood, indicating that sedimentation of blood cells toward the back wall forces plasma inward
toward the axis of rotation and entrains some bacteria, initially enriching the plasma phase with bacteria. With more spinning time, bacteria sediment toward
the back wall of the vestibule and merge into the cell-pack, thus reducing the average concentration in the plasma phase.

The characteristic sedimentation length Lsis a useful parameter for comparing disks of various designs and sizes, and differing velocity profiles. Dozens
of experiments showed strong correlation of bacterial concentration recovery with Ls. Bacterial concentration has a maximum around £s= 20-25 mm, and
then decreases to near zero at Ls= 400 mm. Characteristic lengths of 25 mm are quickly accomplished. For example, this can be done on a 12-cm disk with a
6-s spin-up to 3,000 rpm, a 7-s hold at 3,000 rpm, and a slower spin down over 100 s, for total time under 2 min. The spin-down velocity profile must be
carefully controlled to prevent mixing of the separated plasma with the blood cell-pack.

Blood cells sediment into a consolidated cell-pack, most probably at around Ls= 25 mm. The consolidation is postulated to produce the maximum in

average bacterial concentration at this same Ls.
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