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Abstract

The high morbidity and mortality rate of bloodstream infections involving antibiotic-resistant 

bacteria necessitate a rapid identification of the infectious organism and its resistance profile. 

Traditional methods based on culturing the blood typically require at least 24 h, and genetic 

amplification by PCR in the presence of blood components has been problematic. The rapid 

separation of bacteria from blood would facilitate their genetic identification by PCR or other 

methods so that the proper antibiotic regimen can quickly be selected for the septic patient. 

Microfluidic systems that separate bacteria from whole blood have been developed, but these are 

designed to process only microliter quantities of whole blood or only highly diluted blood. 

However, symptoms of clinical blood infections can be manifest with bacterial burdens perhaps as 
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low as 10 CFU/mL, and thus milliliter quantities of blood must be processed to collect enough 

bacteria for reliable genetic analysis. This review considers the advantages and shortcomings of 

various methods to separate bacteria from blood, with emphasis on techniques that can be done in 

less than 10 min on milliliter-quantities of whole blood. These techniques include filtration, 

screening, centrifugation, sedimentation, hydrodynamic focusing, chemical capture on surfaces or 

beads, field-flow fractionation, and dielectrophoresis. Techniques with the most promise include 

screening, sedimentation, and magnetic bead capture, as they allow large quantities of blood to be 

processed quickly. Some microfluidic techniques can be scaled up.

Keywords

bacterial bloodstream infection; rapid identification; filtration; centrifugation; sedimentation; 
hydrodynamic focusing; chemical binding

Introduction

The rising prevalence of antibiotic resistance in bacterial pathogens is a significant threat to 

global health.1 Life-threatening bloodstream infections caused by antimicrobial-resistant 

bacteria are a tremendous burden on healthcare and lead to much higher patient treatment 

costs, increased length of hospitalization, and most importantly, higher rates of morbidity 

and mortality.2–4 Of particular concern are gram-negative pathogens, given their ease of 

resistance-gene acquisition. Furthermore, few new antibiotics are in development to treat 

these pathogens, leaving clinicians with an ever-diminished arsenal against these 

increasingly resistant opponents. 4–6 The most concerning relevant gram-negative pathogens 

include Klebsiella pneumoniae, Escherichia coli, and members of the genus Enterobacter. 
The carbapenem class of antibiotics has been used as a last-resort against members of the 

Enterobacteriaceae, inevitably leading to the generation and spread of resistant strains, 

called carbapenem-resistant Enterobacteriaceae (CRE).7, 8 Infections with these agents have 

produced mortality rates as high as 50%,7, 9 and they have been associated with significant 

outbreaks.10 Of the gram-positive pathogens, Staphylococcus epidermidis and 

Staphylococcus aureus are often associated with bacteremia and bloodstream sepsis, but 

usually have lower mortality rates.11–13

The gold standard of profiling antibiotic resistance has long been based on phenotypic 

assays; however, these tests require a relatively long turnaround time (at least 12–24 h) 

between sample acquisition and assay reporting.14 Even recently approved molecular 

techniques for bloodstream infections, designed to diagnose the organism and its antibiotic 

resistance profile, require a positive blood culture before the assay can be performed.15, 16 

As would be expected, many studies have suggested an association between appropriate, 

timely administration of effective antibiotic regimens and decreased human mortality from 

bloodstream infections. 13, 17–20 However, without detailed information on both the infecting 

bacterium and its resistance profile, clinicians cannot reliably determine the most effective 

antimicrobial treatment. Instituting empiric therapy based upon initial clinical impressions 

delays effective treatment, and may exacerbate the emergence of resistant organisms if the 

administered antibiotic is not well-matched to the yet-unknown pathogen. Rapid acquisition 
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of accurate information with an assay that requires no pretest blood culture, and 

simultaneously identifies both the bacterial species and its resistance profile, would enable 

the modulation of empirical regimens with targeted therapy shortly after clinical suspicion of 

infection, leading to improved clinical outcomes.

The need to rapidly identify and initiate treatment of bloodstream infection becomes critical 

if the infecting organism is resistant to the initial antibiotic regimen. Studies have shown that 

empirical treatment decisions of bacteremia are incorrect as much as 25 to 33% of the 

time,21–23 and in these cases, the infection will likely progress to serious and perhaps fatal 

consequences because of inappropriate treatment. Survival rates drop by as much as 7.9% 

per hour as effective treatment is delayed, giving urgency to early identification of 

antimicrobial susceptibility profiles.24, 25 Nearly half of all hospital deaths involve sepsis, 

helping make septicemia the 11th leading cause of death in U.S. in 2011, killing over 35,000 

individuals.26, 27 The exact threshold of bacterial colony forming units per milliliter 

(CFU/mL) that produces clinical symptoms is unclear and may depend on species, but 

certainly at levels as low as 10 CFU/mL, sepsis becomes a threat.22, 28–30 The current 

clinical identification process employed for suspected septicemia typically requires at least 

24 h, as a sample must be grown in culture before additional evaluation can identify the 

infecting species and determine its antibiotic resistance profile.31 Such evaluation is 

performed by a variety of techniques, including phenotypic assays, fluorescence in situ 

hybridization, mass spectrometry, and polymerase chain reaction (PCR). These FDA-

approved methods determine either the identity of the pathogen alone, or both its identity 

and drug-susceptibility.32 PCR methods carry the possibility of broadly multiplexed assays 

and high levels of sensitivity, allowing rapid pathogen detection and characterization.33 

However, blood has proven to be a particularly difficult medium for PCR analysis, as blood 

contains endogenous inhibitors that decrease the efficiency of the amplification step through 

interference with the polymerase or interaction with the DNA itself.34 Furthermore, PCR 

cannot discriminate between live and dead cells and thus cannot quantify a virulent load. 

The two currently approved PCR assays for analyzing gram-negative bloodstream infections 

require an initial culture step adding 18 to 24 h to the time to diagnosis, and also report 

lower limits of detection for one assay just below 106 CFU/mL.15, 16 Other techniques have 

been developed that have much lower limits of detection, such as fluorescent in situ 

hybridization and mass spectroscopy,35–37 but they require a positive blood culture which 

usually entails 24 h of growth of a blood sample. The design of a more effective, rapid 

nucleic acid-based test must include increased sensitivity over current approaches. For 

example, laser-based diagnostics are acquiring the sensitivity to detect single polynucleotide 

strands for molecular-based detection of pathogens.38

The anticipated arrival of single molecule detection of polynucleotides will enable rapid 

genomic identification of the bacterial species and its antibiotic resistance genes. Thus, the 

infectious agent and its resistance profile could be ascertained within perhaps an hour, since 

there would be no need for genome amplification by culture or by PCR. However, there 

remains a need to separate the bacteria from the blood since blood cells and proteins may 

interfere with the sensitivity of some molecular detection techniques, through light scattering 

(cells) and competitive binding or blocking (proteins).
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The objective of this review is to analyze the possible methods by which bacteria have been 

or possibly could be separated from blood. Because our interest is in rapidly identifying 

blood pathogens, the emphasis of this review will be on techniques of high throughput (rapid 

processing) and efficient recovery of bacteria. Since blood samples from infected patients 

are often obtained in 7 to 10 mL increments in vacutainer tubes, this provides a logical target 

volume: 7 mL of blood with a concentration of only 10 CFU/mL, or only 70 bacteria to 

separate from billions of blood cells. Bacterial separation should be done in 10 min or less to 

provide time to subsequently lyse the bacteria, release, and label genomic DNA, and then 

molecularly identify the species and resistance profile.

Perhaps the largest challenge in separating bacteria from blood is the extremely high 

concentration of red cells, which can outnumber the bacteria by nearly one billion to one. 

Platelets are another complication as they are very easily activated to aggregate to each other 

or to adhere to any surface. Even when the blood is anticoagulated with calcium chelators 

such as citrate or ethylenediaminetetraacetic acid (EDTA), the platelets still tend to stick to 

some surfaces. In addition, anticoagulants such as heparin and EDTA interfere with PCR by 

interacting with the polymerase enzyme or with the DNA itself.39 Table 1 presents some 

basic facts about blood components that are relevant to this review.

While this article focuses on data pertaining to the separation of bacteria from blood, we will 

also present a few other processes employed to separate blood components from each other, 

as they might also be extended as possible methods to separate bacteria. This review is 

organized in general by the speed of blood processing, from techniques that can quickly 

process large volumes of blood to those with very slow process times. We will begin by 

reviewing mechanical separation by filtration, screening, and sedimentation, all of which 

usually employ larger volumes of blood. These will be followed by reviews of microfluidic 

techniques involving hydrodynamic focusing, chemical capture, field-flow fractionation, and 

dielectrophoresis—analytical techniques that most often employ very small samples or very 

slow flow rates.

Mechanical Filtration and Screening

Qualitative filtration principles

Separation by mechanical filtration is primarily based upon the size difference between the 

suspended particles and the size of the passageways (pores) through the filter. However, 

other properties can have a significant influence, such as the aggregation of particles, 

adhesion to the filter and its pores, how particles pack with each other in a filter cake, their 

mechanical compliance (shape change under pressure), their interaction with the suspending 

liquid, and the viscosity of the suspending liquid.

As suspended particles are convected towards the filter, a first layer is deposited on the filter 

surface and subsequent particles are deposited upon them, forming what is called a filter 

cake.44 Rigid particles deposited randomly leave open spaces between them, through which 

fluid continues to pass. The open space, or void volume fraction (ε) is one of the defining 

characteristics of the filter cake and the pressure drop through the cake. The pressure drop 

per thickness of cake is proportional to (1 − ε)2/ε3, 44 so a small void fraction creates 
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tremendous pressure drop. In filtration at constant flow rate, the cake thickens linearly with 

time or flow volume, causing the required pressure to increase linearly with time. However, 

if particles in the cake settle, pack, or deform over time, the pressure required to maintain 

the constant flow increases even faster as the void fraction quickly decreases.

Most filtration processes occur at a constant pressure differential. In this case, the filter cake 

thickness increases, and the flow rate decreases, with a decaying exponential function of 

time; i.e., Q = Q0 exp [−k((1 − ε)2/ε3)t], where Q0 is the initial flow rate, t is time, and k is 

related to fluid viscosity, particle size, and other factors. Again, a small void fraction or 

deformable particles quickly shuts down the flow through the filter.

One possible means to separate suspended bacteria from blood is to use a filter with pores 

that allow bacteria to pass, but prevent the passage of blood cells. Using a sequence of filters 

is called screening; smaller particles pass through the filter pores while larger particles are 

retained by the filter. Screening is only slightly more complicated than filtration, in that the 

particles to be passed (the bacteria) must be sufficiently smaller than the retained particles 

(blood cells and platelets) so that the particles to be passed (in this case the bacteria) can fit 

through the pores and channels of the filter cake. In the theoretical case of rigid spherical 

particles packing randomly into a filter cake, a simple geometric calculation shows that the 

ratio of small particle diameter to large particle diameter must be less than 0.155 (=2/√3 – 1) 

to guarantee that all small particles could possibly pass through the smallest pores of a filter 

cake of large spheres.

Two aspects of bacteria suspended in blood make separation by screening very challenging. 

First, the particle sizes are not greatly different, particularly because the length of a 

bacterium is about the same as the diameter of a platelet. Assuredly, the size ratio of bacteria 

to RBCs is greater than 0.155. But the real “show stopper” is that the red cells are so flexible 

that they pack together in a filter cake with nearly zero porosity, and thus provide no 

connected pores sufficiently large to allow the passage of a bacterium. Hence bacteria will 

be terminally trapped in the blood cell filter cake, and only those bacteria close to the pores 

on the filter surface at the commencement of filtration will be passed. The filter cake will 

trap all other bacteria and shut down further flow. With a blood hematocrit of ~45, this 

stoppage occurs very rapidly. Diluting the blood slows the build-up of the filter cake, but 

also dilutes the bacteria, and theoretically provides no gain in the recovery of bacteria 

through the filter, except for the case of motile bacteria in a very dilute and extremely slow 

flowing filtration process, neither of which is practical for the desired separation process at 

hand.

An alternative to dead-end filtration is a cross-flow screening process in which a fluid flow 

parallel to the surface, carries the large particles along, and keeps them from forming a filter 

cake, while there is a small velocity component perpendicular to the filter surface that carries 

the small particles (and the large particles) toward the surface.44 In theory, large rigid 

particles would rebound from the surface, while the smaller particles would eventually flow 

through the pores in the filter. This might be feasible if the particles were rigid and large 

dilution volumes and process times were allowed. Furthermore, the pliable nature of 

platelets and some small red blood cells allows them to squeeze into the 2 to 3 µm pores, a 
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size that would be required to freely pass rod-shaped enteric bacteria. Thus even a cross-

flow filtration would be very challenging owing to the flexible nature of RBCs and the small 

size of platelets. Cross-flow filtration is used on highly anticoagulated blood,45 but we have 

found no reports of separating bacteria from blood by cross-flow filtration.

Filtration applications to separate bacteria from blood

A search of the literature revealed no publications in which bacteria were directly separated 

from blood by filtration processes. However, there were several studies describing the 

successful separation of blood components from each other, including some good 

reviews.46, 47 Creative study of these reports might provide some guidance (or sound 

rejection) of a filtration process to isolate bacteria from blood.

For example, a series of chambers separated by filters of decreasing pore sizes was used by 

Liu et al. to separate white blood cells (WBCs) from red blood cells (RBCs) and platelets in 

diluted (1:20) blood.48 There are a few articles that describe using arrays of posts and 

channels with gradients in size or spacing to separate WBCs from blood.49–51 In these 

devices, the RBCs, platelets, and plasma flow through. While these may be useful in 

separating a minority member (many fewer WBCs than RBCs) that is larger in size, it may 

be difficult to design arrays that retain RBCs while passing bacteria, again because of the 

overwhelming number of RBCs and the issue of forming a cell pack. In theory and practice, 

it is possible to separate 0.9 µm and 1.0 µm hard spherical particles from each other in dilute 

flow,52 but this has not been done with bacteria and platelets that have a similar size ratio.

Centrifugation and Sedimentation Techniques

Centrifugation and sedimentation principles

We define centrifugation as the process of rotating a sample to generate a centrifugal force 

that operates on the particles and liquid. In contrast, sedimentation is the movement of 

particles through a liquid under the influence of an external field, such as a gravitational 

field, centrifugal field, electric field, etc. In the laboratory or clinic, centrifugation is a 

convenient method to produce sedimentation. Most importantly, because particles may 

sediment at different velocities, they may be separable from each other during a 

sedimentation process.

Sedimentation occurs in a gravity or centrifugal field because the gravity or centrifugal force 

that moves a particle is balanced by the buoyancy force and drag force on the particle. The 

buoyancy and gravity forces are constant, and their imbalance creates a net acceleration on 

the particle; the acceleration creates movement, and this movement creates a drag force that 

increases as the particle velocity increases. A centrifugal force is slightly different in that it 

increases with rotational velocity and distance from the axis of rotation; but at constant 

rotation over a short distance centrifugal force can be considered constant. In either case, 

within a fraction of a second the particle reaches a velocity at which its gravity (or 

centrifugal accelerating force) is exactly balanced by the drag and buoyancy forces. That 

velocity remains constant (or increases slowly during centrifugation) until the particle hits an 

immobile interface (wall or packed particles), it enters a fluid of the same or greater density, 

Pitt et al. Page 6

Biotechnol Prog. Author manuscript; available in PMC 2017 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or the separation driving force is stopped. The very small particles in blood sediment in the 

Stokes flow regime, as they have Reynolds numbers less than 0.1. ( , where Dp is 

the particle diameter, ρf is the fluid density, and µ is the fluid viscosity.) In theory, for rigid 

spheres in Newtonian fluids under Stokes flow, the sedimentation velocity νs is given by

(1)

where ρp is the particle density, R is the rotational radius, g is the rotational angular velocity, 

and g is the gravitational constant.53 In practice, the actual sedimentation velocity is often 

less because of interparticle interactions (collisions) and nonspherical shapes. For blood and 

bacteria, the velocities are slower than predicted by Eq. (1) because RBCs and most enteric 

bacteria are not spherical, blood is not a Newtonian fluid, and the particles interact with each 

other. Nevertheless, Eq. (1) gives a fairly good first-order estimate of sedimentation 

velocities, as the correction factors for spheroids are not large,53 and blood plasma is nearly 

Newtonian at the low shear rates generated during sedimentation.43

Centrifugation processes have been used for more than a century to separate blood into its 

various components (cells, platelets, and plasma). In such cases, the centrifugation time is 

sufficiently long that the particles sediment until they are separated into layers according to 

their density. We will refer to this as isopycnic (equal density) or equilibrium centrifugation 

in which all dynamic sedimentation movement has stopped either because there is no more 

density difference to drive particles to move, or because the particles have come to an 

impenetrable barrier. At the end of the process, all the particles will be separated 

sequentially according to their density differences.

Referring to Table 2, we see that isopycnic centrifugation of septic blood would not separate 

the bacteria from the red cells, as the range of bacterial density overlaps the range of RBC 

density. But Table 2 also shows that the sedimentation velocities of the various blood 

components are different— and in some cases very different—from bacteria. Therefore, the 

principles of sedimentation velocity may be used to separate bacteria. Specifically, the 

nominal νs of WBCs is about 96 times faster than E. coli, and that of RBCs is 30 times 

faster. In the time that it take RBCs to move to the end of a centrifuge tube, the bacteria have 

only moved about 1/30 of that distance, and only about 3.3% of randomly dispersed bacteria 

will have encountered the end of the tube (ignoring all other cells in the way). Quickly 

collecting the plasma (which will have been clarified of RBCs and WBCs) could 

theoretically recover about 97% of the bacteria. However, the actual amount will be less 

because a fraction of bacteria may become trapped in the cell pack. Another deficiency is 

that there will also be many platelets in this plasma because their sedimentation velocity is 

similar to bacteria, but at least the RBCs and WBCs will be separated from these smaller 

components.
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Examples of centrifugation of macroscopic quantities of blood

Blood collected clinically in blood tubes is often separated into components for subsequent 

analysis. We have found no reports of separating bacteria from blood by isopycnic 

centrifugation of blood in tubes.

However, we present an intriguing possibility that may be worthy of pursuit. The use of a 

separator tube might be possible, although we have found no such reports for bacterial 

separation. A separator tube contains a gel that has a density between that of plasma and 

cellular components. This gel has thixotropic viscosity, which means that when it 

experiences shear stress during centrifugation, the viscosity decreases (in a time-dependent 

manner) and then stiffens again when the shear stress abates. During centrifugation, the gel, 

which is originally at the bottom or sides of the centrifuge tube, slowly migrates upward 

through the cell pack while the cells sediment downward.54 It stops moving when it 

encounters clarified plasma of lower density than itself; then it spreads sideways, coalescing 

to form a horizontal plug between the cell pack and the plasma, which keeps the cells from 

mixing with plasma after centrifugation is stopped. The thixotropic nature of the gel is 

designed so that it migrates slowly, giving the cells time to sediment before the plug forms, 

because once the plug forms it becomes stiff enough that an individual bacterial cell cannot 

penetrate it, as the stress imposed by a single sedimenting bacterium is on the order of 10−6 

Pa and the yield stress of the gel is usually greater than 20 Pa.55

To trap most of the bacteria in the upper plasma phase, one would have to design the 

viscosity, density, and volume of the thixotropic gel such that it moves upward and forms at 

a precise rate such that the last red cells are below the gel when it completes the plug 

formation. But because of the differential in sedimentation velocity between cells and 

bacteria, the plug formation could be completed before an appreciable fraction of bacteria 

has sedimented down with the cells and is trapped under the separating gel. Unfortunately, 

there would also be a large fraction of platelets remaining in the plasma phase. Once the gel 

has formed, the remaining platelets and sedimenting bacteria may collect on the gel surface, 

but will not be able to penetrate, since a single platelet or bacterium cannot generate enough 

shear stress to penetrate the shear-thinning gel. Cessation of centrifugation would need to be 

performed quickly and at a precise time—quickly, so the bacteria do not collect in a mass of 

platelets on the surface of the plug and precisely when the gel forms a plug to recover as 

many bacteria as possible. The limitations of this technique are that less than 100% of 

bacteria would be trapped in the upper phase of plasma, and further separation from the 

platelets would be required. As mentioned, such a system has not been studied 

experimentally or theoretically, but it may be possible to confine a fraction of the bacteria to 

the upper phase, which could be collected by decanting the plasma and scraping the upper 

surface of the separating gel.

Centrifugation of microscopic quantities of blood

Traditionally blood is collected by venipuncture into vacutainer “blood tubes” ranging in 

size from 2 to 10 mL. However, there is impetus to reduce the required volume of blood to 

microliter sizes that can be obtained by a finger or earlobe prick in a clinician’s office, and 

then separate the blood for rapid diagnosis on site.
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There are several reports of centrifugal disk separation processes in which microliter 

quantities of blood are placed within a chamber built into a disk the size of a compact disk 

(CD) or digital video disc; then the disk is spun.56–58 In most cases, after equilibrium 

centrifugation has thoroughly separated plasma from the cellular components, the separated 

plasma flows further (downstream on the disk) toward a diagnostic process. To our 

knowledge, these centrifugal microfluidic processes have not yet been used to differentially 

separate bacteria from blood, but it may be very possible to do so.

An example of such a device was developed by Haeberle et al. in which whole blood was 

deposited into a 5 µL metered chamber (containing an overflow drain so not too much blood 

was deposited).56 When the disk was spun, the centrifugal force pushed the blood past a 

hydrophobic stop and down a long microfluidic channel whose cross-section and length 

control the time to empty the metered chamber (see Figure 1). Sedimentation commences in 

the metering chamber, so the first components to travel down the drain channel are red cells, 

which then collect in a carefully sized chamber. Figure 4 of the Haeberle et al.’s article show 

that separation by sedimentation also occurs in the drain channel. 56 The cellular pack enters 

the first chamber and fills it, with some plasma on top; then eventually the plasma spills over 

into the plasma chamber, but cannot escape through the capillary duct until the rotation 

stops.

Because bacteria sediment so much more slowly than RBCs and WBCs, it would be possible 

to control the timing of filling the pellet chamber (by designing the length and cross-section 

of the drain channel) such that not all of the bacteria will have sedimented into the cellular 

pellet when the upper layer plasma starts to overflow into the plasma chamber. Again, it 

would be difficult to separate platelets from bacteria with this system unless other steps were 

taken.

Amasia and Madou57 have designed a similar system on a spinning disk format that also 

separates larger quantities of blood (Figure 2). In this device, there is no drain channel, but 

there is a capillary duct drain channel that empties the plasma into a collection chamber (on 

the left in panel F of Figure 2).57 Again, by stopping the centrifugation just as the RBCs and 

WBCs have sedimented to the bottom, the majority of bacteria (and platelets) will still be in 

the plasma and could be recovered. One chamber of the device shown in Figure 2 is loaded 

with 2.0 mL whole blood, and so a disk with five chambers could process 10 mL of blood.

Gorkin et al. have written a good review of other blood separation devices on a CD size 

scale.58

There are pros and cons to these small centrifugal devices for separating bacteria. 

Advantages include the lack of complexity required to control pressure, in that there are no 

pumps nor control valves. With the correct timing, the plasma can be collected before all the 

bacteria sediment out. One disadvantage is that platelets are not automatically separated. 

Another is that the volumes are very small for the chamber as presently designed on these 

compact disks. One chamber of the Haeberle et al. design processes 0.005 mL of blood, 

while the Amasia and Madou design processes 2.0 mL.57 Of course, several chambers could 

be placed on one CD, and the disks could be made thicker. While the Amasia and Madou 
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design could process 7 mL of blood, it might be problematic to process this volume with the 

Haeberle et al. design. It would be necessary to process this much blood, since the bacterial 

load may be only 10 CFU/mL, and in a single collection chamber of the Haeberle et al. 

design, the probability of finding even one CFU would be on the order of 0.05 (only 1 out of 

20 collection chambers would contain a single CFU).

Differential sedimentation of macroscopic quantities of blood

Our lab has explored the possibility of separating E. coli bacteria from blood using the 

spinning disk design shown in Figure 3. A 12-cm diameter hollow disk was built of 

photopolymerizable acrylates using rapid-prototyping technology. This disk clips onto a CD 

spinner in a CD player. The disk has a channel at the periphery that holds 3.5 mL, and a 

centrally open lid placed at a height such that 7.0 mL of blood occupies the annular volume 

from the channel up to the lid. The surface of the disk outside the channel is slanted toward 

the center of the disk. When blood is pipetted into the disk through the open lid, it drains 

toward the center. When spinning starts, the blood is flung to the inside surface of the wall of 

the disk. The thickness of the blood is 2 mm. Sedimentation of WBCs and RBCs creates a 

clear plasma layer within seconds that grows in thickness with spinning time. After a 

predetermined time, the disk is slowly decelerated (at ~33 rpm/s, to prevent mixing at the 

plasma-cell interface), and finally the red cells slide down the wall and are trapped in a well, 

while the plasma spills over the edge of the channel and flows to the center where it is 

collected with a pipette. In most experiments, the disk is spun at about 3,000 rpm, as 

measured by a tachometer.

For preliminary experiments, we collected porcine blood at a local abattoir from clinically 

normal swine via exsanguination and immediately anticoagulated with heparin. Then 7.0 mL 

of this blood was spun at 3,000 rpm for various periods of time and the plasma collected. 

The concentration of RBCs in the blood was counted with a hemocytometer before spinning 

and in the collected plasma after spinning. Figure 4 shows the results of these experiments. 

The concentration of porcine RBCs decreased rapidly during the first minute of spinning, 

and then continued to decrease slowly after that. With only 1 min of spinning, the 

concentration of RBCs decreased by 3½ orders of magnitude, but there were always some 

RBCs remaining in the plasma. This was attributed to a similar distribution in the density of 

porcine RBCs to that found in human blood. Some RBCs that are less dense will sediment at 

a lower velocity, thus remaining in the plasma for longer times.

Blood was collected from human volunteers into anticoagulant-containing vacutainer tubes 

(sodium citrate, BD #369714; EDTA, BD #366643; sodium heparin, BD #367874; Becton 

Dickinson, Franklin Lakes, NJ) according to an IRB-approved protocol at Brigham Young 

University. The blood was processed on the same day as collection. Just before the 

sedimentation, the blood was spiked with E. coli in PBS (1 mL in 7 mL blood) and vortexed 

to produce a concentration of about 3 × 105 CFU/mL. Then 7 mL of this suspension was 

pipetted through the open top of the hollow disk and the disk was spun at 3,000 rpm for 1 

min. The plasma was collected and the amount of bacteria recovered was measured by 

viable plate counting. Recovery was quantified by dividing the number of recovered bacteria 

by the original amount in the blood delivered to the disk.
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Figure 5 shows the bacterial recovery as a function of the type of anticoagulant used in the 

vacutainer tubes. While these preliminary results do not show significant differences 

between the types of anticoagulants used, it appears that the plasma recovered from EDTA-

treated blood had on average more bacteria than the others. Using hemocytometry, we 

observed that plasma from blood collected in EDTA vacutainer tubes contained large 

numbers of platelets, while that from the other types of tubes had very few and sometimes 

no platelets. We are still exploring the relationship between platelet recovery and bacterial 

recovery.

While the average overall bacterial recovery from these experiments was only about 40%, 

this preliminary observation suggests that it may be possible to quickly separate bacteria 

from nondiluted blood using this sedimentation technique.

Microfluidic Techniques

Basic principles of microfluidic flow

Laminar Flow in Microfluidic devices—Given that in perhaps all microfluidic devices 

described below for processing blood, the flow is laminar and is in rectangular channels, this 

section briefly reviews flow rates and pressure drops in circular and rectangular channels for 

Newtonian fluids (constant viscosity fluids).

For flows in circular channels (tubes), the Hagen-Poiseuille equation gives the relationship 

between volumetric flow rate (Q), tube radius (R), viscosity (µ), and pressure drop per length 

(ΔP/L): .

However, circular channels are difficult to build in microfluidic devices. For rectangular 

channels, the pressure drop for a channel of height a and width b is given by 

, where ϕ is a correction factor that depends on the aspect ratio of the 

channel.59 For a square channel, ϕ =56.91, and for rectangular channels, ϕ can be estimated 

using the relationship ln ϕ = 4.0038−0:1957ln (a/b). Whether circular or rectangular, small 

channels create large pressure drops, even for short channels.

Other important aspects to consider in microfluidic systems are that pressure drops are 

additive when flow is in series, and pressure drops are equivalent when flow is in parallel, 

thus allowing scale-up through multiple parallel channels. Also spontaneous capillary flow 

can occur when the channel walls are wettable, and flow can initially be halted (at least at 

low pressures) by a hydrophobic (nonwettable) surface in a channel.

There are many interesting forces and phenomena acting on particles flowing in 

microchannels, both active and passive, which can be exploited to “focus” the particles in a 

particular portion of the channel to concentrate them or to separate them from each other 

based on size, density, and deformability. Details can be found in excellent books and review 

articles of the separation of particles from fluids;46, 47, 60–68 however, only a few of these 

mention the separation of bacteria in blood.60, 62 To understand these separation methods, 

we briefly mention herein the basic hydrodynamic principles that were exploited to separate 
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bacteria from blood in the examples given in the next section. We will first mention fluid 

velocity distributions and then the forces acting on particles.

The local fluid velocity is determined by the transport of momentum in the channels and the 

resulting velocities and velocity gradients. While the velocity profiles of pure fluids are 

easily calculated, the presence of particles perturb the local velocities, which leads to a very 

complex fluid flow problem to model, particularly as the particle density increases (such as 

in blood). In straight channels, velocities are parallel with the channel walls, unless forces 

move particles away or toward a wall, which in turn generate fluid flows toward or away 

from the walls. Some secondary transverse flows occur in curved channels—or even a 

straight channel with a non-Newtonian fluid. Dean flow69 is one such secondary flow in 

curved rectangular channels that has been exploited to separate bacteria from blood cells,70 

as will be discussed later.

Focusing and separating particles in microchannels is accomplished by manipulating several 

forces that change the inertial momentum of the particle and control its final trajectory. 

These include buoyancy, body, and lift forces. Buoyancy forces always act on a particle 

when its density is different from the surrounding fluid, but often these forces are negligibly 

small. Body forces that are applied directly to the particle include gravity force, centrifugal 

force, and magnetic force. The latter two can be fairly strong forces and can be used in 

bacterial separation processes.

There is a set of lift forces that act on particles that cause displacement in the lateral 

direction in microchannels. The first is called a “wall lift” force, and moves particles from 

the wall toward the center of the channel, and which decreases in magnitude with distance 

from the wall. It arises from the asymmetric wake of a particle near the wall that produces a 

lift force away from the wall.68, 71 In channels with fluid shear gradients there is a lift force 

acting on particles down the velocity gradient, pushing toward the wall.68, 72 The 

combination of these opposing forces is called “inertial lift” and results in annular focusing 

in a circular channel; however, in rectangular channels, the particles are focused at a small 

distance perpendicular to the center of each of the four walls. Still another force at play is a 

centric force arising from the flexibility of the particles, with more deformable particles 

moving further from the wall.62 Thus, larger particles or more flexible particles are focused 

further from the wall than are smaller or more rigid particles. In small channels carrying 

blood, these forces cause the red blood cells to move away from the wall to produce a 

margin or layer that is fairly free of RBCs.73, 74 This is called “margination,” as it leaves a 

margin near the wall with a lower RBC concentration. Many interesting rheological 

phenomena have been attributed to the migration of RBCs away from the wall, such as the 

Fahraeus effect (the hematocrit in very small capillaries is less than that of the supply 

reservoir) 75 and the Fahraeus-Lindqvist effect (the apparent viscosity of blood decreases as 

the capillary diameter decreases).76, 77 The other cellular components of blood do not 

migrate from the walls to the same extent as the RBCs, and this becomes a point of 

exploitation for separation of blood components in narrow channels. It appears that both the 

discoidal shape and the flexibility of the red cells are involved in their migration away from 

the channel wall.73, 74 Flexible spheres or rigid discoids do not migrate to the same extent.
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A very significant hydrodynamic force, drag force, is always present when other forces 

impart a particle trajectory that is different from the local fluid flow. This drag force points 

opposite to the particle trajectory and balances with the other forces in creating a final 

trajectory, velocity, and eventual focused position in a channel. Still other forces can cause 

particle focusing, such as the collision of a particle with a solid wall in pinched flow 

fractionation, which leads to separation of particles based on their diameter.62

Bacterial separation in microfluidic devices

There are a few examples in the literature of bacterial separation from blood using the 

concepts of red cell migration and particle focusing. All the following reports involve 

microfluidic devices, and most are batch or semibatch processes because finite blood 

samples were used in “proof-of-principle” experiments.

Hou et al. took advantage of RBC margination and migration away from the walls in small 

rectangular channels to preferentially concentrate bacteria near the walls using a suspension 

of bacteria in washed blood cells, resuspended at a blood hematocrit of 45.78 After flowing 

down a 5 mm length for margination to occur, the square channel of 20 µm × 20 µm was 

slowly expanded to 200 µm × 20 µm and two side-stream bifurcations drew off some fluid 

from the RBC-depleted region at the periphery of the wide channel. The central section of 

blood was directed to a second 20 µm × 20 µm channel, marginated again, expanded (200 

µm × 20 µm) and the RBC-depleted layer skimmed a second time. A demonstration of this 

technique, using washed human blood spiked with E. coli or S. cerevisiae, showed that the 

microbial separation efficiency was about 80% for the two-stage process. However, about 

80% of the WBC and platelets were also recovered with the bacteria. Thus a second 

separation process would be needed to remove the WBCs if subsequent analysis required no 

contamination human DNA from WBCs. The report indicated that there were problems with 

large pressure drops and leakage at flow rates greater than 15 µL/min.

Later, the same group validated this technique in a mouse model.79 A device with three 

parallel channels (see Figure 6), 20 µm × 40 µm (WxH) with three skimming stages, was fed 

from the carotid artery of a mouse (via a peristaltic pump); the skimmed plasma (with 

bacteria) was collected and the concentrated red cells returned to the mouse via a catheter to 

the jugular vein. The mouse had received a cecal ligation and puncture wound 24 h before 

the procedure and had septicemia. Mouse blood was processed at 30 µL/min for 25 min. The 

bacterial count in the mouse blood was reduced by about 50% during this procedure. To 

demonstrate that this concept could be scaled further for human application, they built and 

tested (in vitro) a 16-channel platform that processed 1.5 mL/min and reduced bacterial 

concentration by >50% in 1 h.79

Mach and Di Carlo80 capitalized on inertial lift forces in a high aspect ratio rectangular 

channel (60 µm × 20 µm) to focus dilute RBCs in a suspension of bacteria. After 4 mm of 

flow length, the channel was expanded gradually to 160 µm × 20 µm and the RBCs 

remained focused near the wall. The RBCs were then drawn off through side channels 

leaving the bacterial suspension in the middle of the channel. Drawing off the RBCs 

removed about 88% of the RBCs (in the first stage), but also removed some bacteria. As in 

the first example, two stages of separation were employed, and this device was built into a 

Pitt et al. Page 13

Biotechnol Prog. Author manuscript; available in PMC 2017 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



massively parallel system with forty 2-stage channels that could process 8 mL/min of diluted 

blood. However, the processed blood was diluted 1:200 with sodium chloride solution 

containing E. coli, so this represents only about 40 µL/min of whole blood in 40 channels, or 

about 1 µL/min of whole blood per channel. The bacterial concentration was rather high, at 

108 CFU/mL, but 80% of the bacteria were recovered. While this is a substantial recovery, 

the processed volume is tremendously large (7 mL blood would become 1.4 L) and it would 

require 25 of these 40-channel devices to process 7 mL of blood in 7 min.

In a very creative application of inertial microfluidics, Wu et al. separated E. coli mixed into 

human blood using a flow system in which the diluted blood was sheathed with another flow 

(to protect cells from hitting the wall) and then deflected by an “acting” flow.81 These 

impinging flows changed the fluid and particle momentum twice. The more massive blood 

cells were deflected further than bacteria, leading to a separation and collection of the 

bacteria. While the separation was not perfect (some bacteria were in the RBCs and vice 

versa), the bacteria were focused and collected at a 300-fold enriched concentration (see 

Figure 7). There was no mention of where platelets or WBCs were focused. While this 

technique has great potential for small flows on a chip, the flow rate was only 18 µL/min, 

and there are large volumes of fluid involved. For example, in these experiments the final 

dilution of the blood was from 1:500 to 1:1,000, mostly due to the “sheath” and “acting” 

flows that produced the focusing of the bacteria. While this process had good separation and 

produced actual concentration of bacteria, it might be impractical to use this process to treat 

7 mL in less than 10 min.

By employing Dean secondary flows,69, 82 Hou et al. demonstrated that E. coli bacteria 

could be separated from blood cells in threefold diluted whole blood, even when the bacteria 

were present at a physiologically low value of only 10 to 50 CFU/mL.70 As mentioned, 

Dean secondary flow is a circulation perpendicular to the axial flow that occurs in curved 

channels. Because the drag forces on bacteria are different than on the larger red and white 

cells, the bacteria were isolated on one side of the channel while the larger cells were 

isolated on the other side (Figure 8). The bacteria were collected by splitting the flow, and 

platelets were collected along with the bacteria. For loadings greater than 100 CFU/ mL, 

bacterial recovery was greater than 65%. At loadings between 10 and 50 CFU/mL, bacteria 

were also recovered, but the efficiency was not reported. The drawbacks to this approach is 

that there is a sheathing flow of buffer required for the separation, so each milliliter of whole 

blood requires 33 mL of process fluid to be disposed of. The flow rate for optimal separation 

is only about 50 µL of whole blood per minute, and the authors indicated that this could be 

scaled up by building devices with parallel flow. Thus an array of 20 systems could process 

7 mL of blood in 7 min.

To date only Hou et al.79 have presented a fluid-mechanics-based separation of bacteria from 

milliliter-quantities of blood in many parallel channels in a practical time scale. This is 

promising, but the process also diluted the blood and so there would be copious amounts of 

waste fluid to deal with.

There are commercial blood analysis instruments in clinics that process milliliter-quantities 

of blood, and then proceed to quantitatively count the cellular components of the sample; but 
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even in these cases, the actual counting is usually done by passing a fraction of the blood 

sample at very low flow rates (but high velocities) through a very small capillary channel 

that allows only one cellular component at a time to flow past a detector. Appropriate 

chemical labels and various markers of size and complexity are used to differentiate RBCs, 

platelets, and the various types of WBCs. To our knowledge, the identification of bacterial 

species and their number is not a routine capability of these instruments. However, with the 

rising prevalence of antibiotic-resistant blood infections, we would not be surprised to see 

the introduction of bacterial typing into blood analysis instruments.

Chemical Capture of Bacteria from Blood

Chemical and physical principles

The governing principle for chemical capture of a bacterium is that a physical or chemical 

interaction attaches the bacterium to a particle that is more easily separated from the blood 

than the bacterium alone could be separated. In theory, any of the separation principles 

described above could be used to separate the capturing particle from the blood. In current 

practice, magnetic separation is most prevalent, but sedimentation or filtration could also be 

used.

One of the stringent requirements for chemical capture of a yet-unidentified bacterium is 

that the capturing agent must be very general in attachment to every kind of bacterium, but 

have no or very minimal interaction with the human blood components, including blood 

proteins that may block the bacterial binding sites. While certain species or classes of 

bacteria may have specific antigens that could be bound by complementary antibodies, what 

is needed is a chemical group that is present on all bacteria, including gram-negative, gram-

positive, and acid-fast, and yet is absent from all mammalian cells. Although no such 

chemical group is yet known, humans possess an immune system protein called mannose 

binding lectin in their blood that binds to the surface of all of the clinical pathogens of 

interest in antibiotic resistance situations, including Enterococcus ssp., Klebsiella spp., E. 
coli, S. aureus, S. pneumonia, S. pyogenes, P. aeruginosa, and many other bacteria, viruses, 

fungi, and some protozoa.83–85 This lectin and parts thereof have been used to capture and 

separate bacteria from blood.86, 87

Another molecule of recent interest is Zn-dipicolylamine, an organic molecule much smaller 

than a lectin, which is reported to bind to many species of bacteria.88–90 It displays minimal 

binding to mammalian cells90 and thus has been used to capture bacteria from blood.91 It 

appears to become associated with anionic phospholipids on the surfaces of gram-negative 

and gram-positive bacteria.

Surprisingly the biopolymer heparin sulfate (HS) appears to bind some bacteria. HS is 

structurally related to the heparin biopolymer that is often employed as an anticoagulant for 

blood. HS is found on the surface of many mammalian cells, and some bacteria have 

developed a binding affinity for HS, including some species of Heliobacter, Staphylococcus, 
Streptococcus, Pseudomonas, Escherichia, and Mycobacterium. 92 Some types of antibiotics 

(e.g., vancomycin, daptomycin, polymixin B) are used for bacterial capture, but it remains 

unproven if these antibiotics have general affinity for all bacteria.93, 94
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Of course, antibodies that bind bacteria could be used as ligands. However, antibodies are 

usually very specific, and unless one already knows the species of the blood pathogen, this 

would probably be an inefficient approach as many and various types of antibodies would 

need to be simultaneously employed to evaluate an unknown clinical blood infection. One 

possibility is to use antibodies to the lipopolysaccharides found on the outer membrane of 

gram-negative bacteria.95

An often-overlooked aspect of using ligands to generically capture bacteria is that tight 

binding is often desired for more rapid association and/or adhesion. However, if the captured 

bacterium needs to be released at a later time for analysis, there must be a method to easily 

release the bacteria from its binding particle. Thus high binding affinity may be a conflicting 

requirement in the optimization of a separation and analytical system.

Another significant aspect of capture by ligands is that the bacterium must come in close 

enough contact with the ligand to be captured. If there is a requirement for a certain steric 

approach, then the ligand and bacterium must spend some time in the same vicinity to 

increase the probability of capture. Furthermore, if binding is not irreversible, the bacterium 

may be released and need to be captured again. These concepts lead to a discussion of the 

time-course, or kinetics of capture. Theoretical and experimental analysis of bacterial 

capture by lectin-coated beads has been presented previously.87 Basically, the bacterium 

must move to the capture surface, or the surface (such as a bead) must move to the 

bacterium, or both. These processes take time, and the time to capture decreases as the 

concentration of binding surface (concentration of beads, or surface area of a packed 

column) increases. In the case of capturing 10 CFU from 1 mL of blood in 1 min, the blood 

volume would need to be loaded with billions of beads/mL,87 and then one would have to 

capture all the beads and look for very few beads that were successful in capturing a 

bacterium. To make this more complicated, there will be many RBCs and platelets that get in 

the way (sterically interfere) with the approach of a bacterium to a bead in whole blood.

Examples of capture on magnetic beads

Superparamagnetic (SPM) beads have a useful magnetic property in that they are negligibly 

magnetic in the absence of a strong magnetic field (so they do not magnetically stick to each 

other), but become magnetic in the presence of a strong field and are easily captured by a 

magnet. SPM beads are usually made of iron or manganese oxides, and are quite small, 

often having a size on the order of 10 to 100 nm. They can be purchased with “ready-to-

conjugate” surface chemistry, so they can be easily attached to biomolecules.96 One 

challenge with magnetic beads is that a single bead, while superparamagnetic may still not 

generate sufficient force in the magnetic field to quickly move to a capture surface or region 

because of the very strong viscous drag forces.97 Thus hundreds of magnetic particles may 

be required to “pull down” the bacteria in the face of strong hydrodynamic forces.86 Other 

important issues involve the sensitivity to detect attachment of single magnetic beads.98, 99

One of the most interesting applications of bacterial capture and separation is the “artificial 

spleen” developed by Kang et al.86, 87, 100 Genetic manipulation produced a molecule with 

the binding end of mannose binding lectin attached to the Fc fragment of IgG. The Fc end 

was bound to 250-nm SPM beads. When mixed with septic blood, E. coli and S. aureus were 
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surrounded by these beads and magnetically pulled from whole blood through a porous 

barrier and then discarded, while the whole blood was returned to the rat. A clearance of 

about 90% from whole blood was reported when the septic load was about 104 CFU/mL. 

Using some mathematical modeling they backed out binding parameters that showed that the 

beads bound to bacteria about 3 orders of magnitude less in whole blood than in buffer. They 

attributed low binding in whole blood to interference with proteins and blood cells.87

Sen et al. present an example of soil-derived E. coli capture by magnetic beads coated with 

binding ligands, which might be applied to capture from blood.101 However, the fluorescent 

detection method employed had a limit of detection of 106 CFU/mL, using 3 × 108 

beads/mL. A more sensitive detection system would be required to detect the low 

concentrations found in clinical blood samples.

In an in vitro model using bovine blood spiked with 1 × 107 CFU/mL of E. coli, Lee et al. 

used SPM beads coated with bis-Zn-dipicolylamine.91 In a nonflowing system, a first 

separation removed 70% of the bacteria from diluted blood (1:50), and a second separation 

was reported to remove all the remaining bacteria. Using whole blood in a flow system at 1 

mL/min, about 80% of the E. coli was cleared in one pass, and a second pass boosted the 

clearance to 90 to 95%. The authors suggested that there was some nonspecific binding of 

RBCs to the SPM beads.

Examples of capture on column support or other surfaces

Polymixin B binds to the lipopolysaccharide of gram-negative bacteria, and passing septic 

blood through a column of fibers coated with polymixin B has been used clinically in Japan 

to treat septic shock.102, 103 While it appears that the column binds the endotoxins released 

into blood, there was no evidence that whole bacteria were bound to the column.

Similarly, a heparin-coated fiber column was used to remove proinflammatory cytokines 

from septic blood.104 Heparin-coated beads in a column were successfully used to remove 

about 60% of S. aureus from spiked blood in vitro.105 The adsorbed bacteria were then 

eluted with a 2M NaCl solution.

Wang et al. used various antibodies attached to glass to capture E. coli from whole blood.95 

The use of an antibody to lipopolysaccharide binding protein, along with the 

lipopolysaccharide binding protein (which bound to the E. coli), was best able to capture E. 
coli on a glass surface. Up to 70% binding efficiency was measured, and limits of detection 

were down to 50 CFU/mL. However, this was a batch process that required at least 3 h to 

bind the E. coli and then wash out the blood.

Capture by particles that differentially sediment

The observation that bacteria can be captured from whole or diluted blood by coated beads 

leads to a proposed combination of sedimentation and bead capture. We have found no 

reports of such a system in the literature, but it may be possible to capture bacteria on small 

nondense beads, such as plastic beads or hollow glass spheres. In a sedimentation process 

these may have an even slower sedimentation velocity than platelets, allowing for the 

separation of the bacteria from all the interfering blood components. Although it may be a 
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challenge to find all the bacteria in concentrations as low as 10 CFU/mL, these possibilities 

are worth investigating.

Capture by particles that can be filtered

Another possibility may be to capture the bacteria from whole blood onto particles that are 

much larger than WBCs. These particles might be mixed vigorously with the blood for 

adequate time to collect the bacteria on their surfaces. Then this suspension could be filtered, 

allowing the plasma and cellular components to pass through the open filter cake of packed 

beads. The beads could be washed and then the bacteria could be lysed to release their DNA 

or eluted from the beads and collected in another filtration process.

Other Methods

Field-flow fractionation

Field-flow fractionation (FFF) is usually considered an analytical technique in which 

suspended particles flow laminarly through a chamber and are subjected to some kind of 

force transverse to the flow direction. This causes differential transverse migration in the 

channel and a separation from the other particles and the fluid. Common forces are 

crossflow fluid movement causing drag force, sedimentation force, thermophoretic force, 

electrical, magnetic, and dielectric forces.106 The cross-flow filtration discussed in 

Qualitative Filtration Principles section is a type of drag-force-FFF. Various types of FFF 

have been used to separate blood components, 107–109 and separate bacteria from each 

other,110–114 but we have found no reports of its use in separation of bacteria from blood. 

There are a few reports of separating blood-dwelling parasites from blood by FFF methods, 

but these reports take advantage of the much larger size and motility of filamentous parasites 

compared to RBCs.115, 116 There is a report of FFF separation of a small spherical parasite 

(Toxoplasma gondii) from mouse blood, and in this case, the parasite was larger (10.3 vs. 

4.6 µm diameter) and less dense (1.056 vs. 1.085 g/mL) than the mouse RBCs.117 As 

sedimentation forces can dynamically separate blood cells from smaller bacteria, it may be 

possible to apply sedimentation-FFF to remove RBCs and WBCs from bacteria; however, 

bacterial separation from platelets may be more challenging. Furthermore, in most cases of 

FFF involving blood, the blood is diluted with saline or a buffer. This may create a challenge 

for managing the volume to be processed and the short time allowed. Commercial FFF 

equipment is available, but is expensive and not miniaturized, and our future vision of 

routine septic blood analysis may require disposable or “easily sterilized” equipment.

Dielectrophoresis

Dielectrophoretic separation occurs when polarized particles (no net charge) placed in a 

nonuniform electric field gain an electrokinetic force that creates net movement through the 

surrounding fluid, which in turn creates a drag force opposing the movement. One can 

exploit the differences in size, shape, density, and dielectric properties of various particles to 

create a separation. There are many types of dielectrophoretic separation of small 

particles,118 and in general this is an analytical technique employing very small sample 

volumes (µL size scale).
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For example, Cheng et al. used a quadruple electrode array to separate bacteria (S. aureus 
and P. aeruginosa) from blood cells by causing the bacteria to migrate and become trapped at 

the center of the quadruple electrode while the blood cells migrated away from the center.119 

The bacterial species was identified by also collecting Ag nanoparticles with the bacteria at 

the center, and then identifying the species by surface enhanced Raman spectroscopy. The 

challenge with this separation technique is that in order to provide sufficient signal-to-noise 

for detection the blood was highly diluted (to 107 “cells”/mL) and the bacteria were very 

concentrated (107 CFU/mL). This bacterial load is much higher than would be found in a 

living patient with blood sepsis. In a later study, Cheng et al. separated blood cells and 

bacteria using a flow-through system that operated at 1 µL/min and used a bacterial 

concentration of 107 CFU/mL (still unrealistically high).120

A combination of dielectrophoresis and FFF was employed by Piacentini et al. to separate 

platelets from RBCs in diluted (about 1:10) blood using an alternating array of electrodes in 

a microfluidic channel.108 It might be possible to do the same to separate out the bacteria, or 

perhaps to collect bacteria along with the platelets.

Analysis and Outlook

As we have shown above, there are numerous techniques that have been used or might be 

used to separate bacteria from blood. Many of these have been used on bacteria of interest in 

blood sepsis.

When we examine these in light of the requirements for a rapid identification technique 

using septic blood with a loading of only 10 CFU/mL, we realize that volumetric throughput 

and bacterial recovery efficiency are key distinguishing criteria. With only 10 CFU/mL, one 

needs 7 to 10 mL (or more) to collect enough bacteria for sufficient signal-to-noise to 

provide molecular identification, even with laser-based single molecule diagnostics.

Examples of techniques that have been proven to separate bacteria from blood are presented 

in Table 3. Those with the highest flow rate of whole blood are centrifugal sedimentation in 

a disk (7 mL/min), lectin on magnetic beads (8.9 mL/ min),86, 87 and parallel skimming 

channels (1.5 mL/min).79 The others are in the µL/min range. Those with the highest 

recovery efficiency are lectin on magnetic beads (90%), and those using margination and 

hydrodynamic focusing in straight channels (80%). Four of those techniques in Table 3 can 

process whole blood, although this is not a stringent requirement. While those techniques 

with low flow rates in single microfluidic channels can be manufactured in parallel 

configuration, these often have very high pressure requirements, which could complicate 

production of reliable leak-proof systems.

Thus far we have not discussed the cost and manufacturing challenges associated with these 

devices. Microfluidic devices can be manufactured in high quantities using technologies 

gleaned from the semiconductor industry. As the production quantity increases, the cost per 

item will decrease. The three columns on the right side of Table 3 are some estimated figures 

of merit that should be considered when comparing the possible utility of these technologies 

in rapidly separating bacteria from blood. When considering the merit of production and use 
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costs, production of a single microchannel is fairly low, as the manufacturing technology is 

readily available. However, most of the microchannel techniques would require parallel 

devices, or even massively parallel devices to process 1 mL of blood in 1 min. The 

technology and costs of assembling parallel flow channels that never leak under very high 

pressures may be a challenge but can probably be accomplished. The hollow disk could be 

made for low cost using current plastic molding technology. The costs of the magnetic beads 

may be high, but this may be offset by the simple flow system associated with simply 

mixing and then magnetically separating the beads; thus capital costs may be low in such 

systems. The rapid processing time may also give advantage to this magnetic technology.

Our first estimates of possible application locations for the technologies listed in Table 3 are 

given in the right-most column. These are based on the roughly estimated size and costs of 

the processing equipment, and their sensitivity to environmental jostling. Of course, they all 

will work well in the spacious and stable environment of a hospital laboratory. The 

dielectrophoretic technology may be too specialized and expensive to place routinely in 

physician’s clinics. As to which might be used in the field (ambulance, portable clinic, 

battlefield, etc.), the separation process would need to be insensitive to jostling, and the 

equipment should not be massive. The magnetic bead technologies would be amenable to 

field use, as mixing is a hardy process and simple magnets could be used to collect the 

beads. Possibly some of the microfluidic devices could be portable if the associated systems 

can be made compact and low weight. In our lab we find that the centrifugal sedimentation 

system is currently sensitive to movement (jostling) during the processing; but this might be 

ameliorated with further development.

Future considerations

We see two directions that rapid identification of resistant organisms in blood sepsis can 

take. One direction is the construction of large analytical machines that take whole blood 

and process it through microfluidic systems to identify the bacteria in blood, like blood 

analysis devices presently used to identify and count white cells, cancer stem cells, and other 

blood components. The microfluidic devices and perhaps magnetic bead capture could be 

employed in these systems. We envision this as expensive nondisposable hardware for a 

hospital lab that can be used for tens of thousands of assays with sterilization between each 

assay. An alternative direction is to develop small inexpensive disposable devices that 

separate the bacteria and pass it on to another analytical device designed specifically to 

identify the bacteria or its DNA. Filtration and centrifugal sedimentation can process large 

quantities of whole (or slightly diluted) blood quickly, and the device with residual blood 

components can be disposed of after each assay. However, these devices might have lower 

bacterial recovery. Both directions appear to be feasible, and much research and 

development needs to be done. As the mortality rate from antibiotic-resistant blood 

infections continues to increase, there is an essential need and an increasing demand for this 

technology.
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Figure 1. 
Centrifugal separation device adapted from Ref. 56, with permission from Royal Society of 

Chemistry. Left: schematic representation of microfluidic channels on a rotating disk. Right: 

photograph of blood cell pellet and separated plasma after rotation has stopped, and plasma 

is being drained through a capillary duct.
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Figure 2. 
Centrifugal separation device adapted from Ref. 57, with permission from Bioanalysis as 

agreed by Future Science Ltd. This compact disk device has a separation chamber and a 

capillary connection to a plasma collection chamber (bottom left of panels E and F) that 

drains the plasma when centrifugation is stopped.
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Figure 3. 
(A) Drawing (to scale) of rotating hollow disk for sedimentation-based separation of bacteria 

from blood. (B) Schematic showing that initially 7 mL of bacteria-spiked blood are placed in 

the disk. Upon rotation at 3,000 rpm, the blood is spun to the inside surface of the wall of the 

hollow disk and the blood components start to sediment toward the wall. (C) After about 1 

min there is a layer of clear plasma which still contains the bacteria because they sediment 

much more slowly than RBCs and WBCs. (D) When the rotation stops, the packed cells 

slough down and are trapped in the well at the base of the channel, while the plasma 

containing bacteria drains off and is collected.
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Figure 4. 
Amount of RBCs (log10 of RBC/mL) from porcine blood remaining in the plasma recovered 

from the spinning hollow disk apparatus. Spinning was done at 3,000 rpm. Error bars 

indicate the standard deviation of the mean of repeated experiments (n = 3). Where no error 

bars are evident, the range of standard deviation is less than the symbol size.
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Figure 5. 
Preliminary results of recovery of E. coli spiked into fresh anticoagulant-treated human 

blood. Blood was collected from human volunteers into vacutainer tubes containing 

anticoagulants of either citrate, EDTA, or heparin. Error bars represent the standard error of 

the mean from repeated experiments, n ≥ 4.
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Figure 6. 
Illustration of the three-stage separation device by which bacteria were separated from RBCs 

in whole mouse blood (above left). The bacteria and plasma are skimmed from the cell-free 

layer near the wall (above right), and the core of red cells is returned to the mouse. Taken 

from Ref. 79, with permission from Royal Society of Chemistry.

Pitt et al. Page 32

Biotechnol Prog. Author manuscript; available in PMC 2017 July 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
Illustration of the concept of inertial microfluidic focusing by which bacteria were separated 

from RBCs in highly diluted blood. The bacteria and red cells are deflected by the acting 

flow and protected by the sheath flow, and finally focused at a particular location in the exit 

channel. Reproduced from Ref. 81, with permission from Royal Society of Chemistry.
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Figure 8. 
Illustration of the concept of Dean flow focusing by which bacteria and platelets were 

separated from RBCs in slightly diluted blood. The Dean flow circulation cycles the bacteria 

and platelets from the outer wall to the inner wall and back to the outer wall while the RBCs 

get trapped near the inner wall of the curved channel. Reproduced from Ref. 70, with 

permission from Royal Society of Chemistry.
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Table 2

Relative Sedimentation Properties of Blood Components and Bacteria

Component Density Range (g/cm3)
Density used for

Calculation (g/cm3)
Nominal Size used for

Calculation (µm)
Relative

Velocity*

Red blood cell 1.086–1.122 1.098 8 30

White blood cell 1.057-1.092 1.092 15 96

Platelet 1.072–1.077 1.077 3 3

E. coli 1.08–1.10 1.095 1.5 1

*
Relative to E. coli (modeled as 1.095 g/cm3, 1.5 µm sphere) using the nominal values in the table.
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