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Abstract

Blood stream infections (BSIs) are challenging to rapidly and precisely diagnose. Current clinical diagnostic methods for BSI 
identification require culturing the blood sample for many hours prior to identifying the bacteria and possible antibiotic resistance. 
Removing the culturing step from the bacterial identification process of a BSI provides a significant reduction in the processing time, 
but shifts the rate-limiting step from the growth time to the concentration procedure, since CFU levels in clinical blood samples can 
be as low as 10 CFU/mL in blood. This study developed a novel whole blood filtration method to concentrate bacteria from a BSI 
without culturing the blood or bacteria. Filtering whole blood achieved 100% bacterial removal from 5mL of whole blood in ~90 s, 
but the bacteria were difficult to remove from the filter. Bacterial removal from the filter after blood filtration was also investigated. 
At high laboratory loadings of bacteria into freshly collected human blood, a blood lysis solution of 3% Tween 80 followed by a 3% 
Pluronic F108 backflush solution achieved 80% removal of the bacteria from the filter. This is a major step in collection of bacteria 
directly from blood for rapid diagnostics without a culture amplification step and with a single backflush.

Keywords: Blood; Bacteria; Separation; Filtration; Rapid Diagnostics

Abbreviations: BSI: Blood Stream Infections; RBC: Red Blood Cell; WBC: White Blood Cell; SDS: Sodium Dodecyl Sulfate; Gu+: 
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Introduction
The rise of antibiotic resistant bacteria threatens worldwide 

health and elevates the need for rapid identification of species and 
antibiotic resistance profiles of pathogens, especially in bloodstre-
am infections (BSI) [1]. BSIs can produce clinical sepsis in patients, 
even at very low bacterial concentrations (1 to 100 CFU/mL) [2,3]. 
The survival rate of some BSI-induced sepsis infections can de-
crease by as much as 7.6% per hour of ineffective treatment [4,5]. 
Unfortunately, current clinical diagnostics require growth ampli-
fication for identification [6], resulting in diagnostic procedures 
that require at least 12-24 hours (usually longer) between sample 
acquisition and reporting [6,7]. These studies have shown that ti-
mely administration of efficacious antibiotic regimens decrease the 
mortality rates for BSIs [8,9]. Thus, reducing the diagnostic time 
(sample acquisition to reporting) can greatly reduce mortality and 
morbidity.

The need to decrease the BSI diagnostic time has promoted 
development of novel technologies and devices to directly collect 
bacteria from blood [10]. Our proposed process described herein 
improves upon direct blood-lysis filtration technologies [11-14]. 
The basis of this method is the lysis of formed blood elements (red 
blood cells (RBC), white blood cells (WBC), and platelets) through 
the use of detergents, salts, and/or proteases followed by the filtra-
tion of the solution for isolation and concentration of bacteria.

Since blood-lysis filtration is not new, a review of past research 
shows how the present study differs. For comparison of different 
lysing procedures and lysis solutions (between published and our 
experiments), we devised a ratio that compares the volume of who-
le blood that was actually filtered to the filterable area of the filter. 
This ratio does not include any dilution of the blood by the lysis so-
lution; for example using a filterable area of 1 cm2, if 5 mL of whole 
blood were mixed with 15 mL of a lysis solution, the ratio would be 
5 mL/cm2 of whole blood per filter area, as long as the entire 20 mL 
of the blend was filtered. However, if only 10 of 20 mL blood-lysis 
blend were passed before clogging the filter, then the ratio would be 
2.5 mL/cm2 of whole blood per filter area. 

Initial publications regarding this technique described whole 
blood filtration after dilution with and lysis by a solution of Triton 
X-100 and Na2CO3 [13,14]. The best results were 0.288 mL/cm2 of 
blood per filter area. When proteases were incorporated into the 
solution to further improve the process, the ratio improved to 0.865 
mL/cm2 [14,15]. However, this lysis solution was toxic to some 
bacteria if not filtered within minutes. Less toxicity was observed 
with Tween 20 [16]. Blood and detergent concentration, incubation 
time, and solution pH play important roles in blood cell lysis [17]. 
100% lysis was achieved using 0.7% Tween and 1/10 diluted blood 
incubated for 15 min at pH >10, or 30-min incubation at pH=9, or 
90-min incubation at pH 6-8. The use of proteases made further 
improvements [17]. Obviously, this is a complex and multi-faceted 
problem of protein and lipid aggregates blocking filter pores.

There are other studies that investigated altering the filter 
membrane surface to ensure bacterial collection, [18] but more im-
portantly for rapid identification is subsequent removal of bacte-
ria from the filter. Zierdt examined bacterial removal from filters 
and found only 12% of the bacteria were removed by backflushing 
using 5 mL of phosphate buffer [14]. Detergent was needed to re-
move bacteria and only 45% of bacteria could be removed with a 
single backflush [19]. Pre-soaking the filter in the detergent pro-
vided a 2.5- to 5-fold increase in bacterial removal. 100% removal 
was obtained using multiple elution volumes or recirculation.

Furthermore, salt effects on proteins reveal that salt chemistry 
and concentration are key parameters. Salts can be either chaotro-
pic or kosmotropic. Chaotropes, such as guanidinium chloride, in-
terfere with hydrophobic interactions and thus destabilize proteins 
[20]. Kosmotropes, such as magnesium sulfate, stabilize proteins 
and hydrophobic aggregates. NaCl is a weak kosmotrope and has a 
stabilizing effect (i.e., prevent precipitation) on detergent-protein 
and detergent-protein-lipid complexes [21]. Furthermore, salt con-
centration was important in stabilizing aggregates in sodium do-
decyl sulfate (SDS), with increasing salt concentrations leading to 
larger micelle aggregates for both NaCl and CaCl2 [22]. For salts of 
different anions and cations, the preferential protein hydration ge-
nerally follows the Hofmeister series: CO3

2- > SO4
2- > COO- > HCO3- > 

Cl- > I- > NO3- > ClO4- > SCN- and Zn2+ > Mg2+ > Cu2+ > Ca2+, Ba2+ > 
Li+ > Na+ > K+ > Mn2+, Ni2+ > NH4+ > Gu+ (Gu+ = guanidine) [23,24]. 
These relationships are also dependent on salt concentration and 
solution pH [25]. Preferential hydration means the protein prefers 
to be surrounded by water, usually maintaining protein function 
(stability), while preferential binding means that the protein pre-
fers to be surrounded by the salt which causes destabilization and 
conformational changes to the protein [26]. At a certain salt con-
centration, preferentially hydrated proteins maintain a liquid layer 
that is no longer in equilibrium with the bulk solution causing the 
protein to precipitate; preferentially bound proteins can transition 
from preferentially bound to preferentially hydrated as the protein 
unravels, which also may cause the protein to precipitate [26,27]. 

As for blood, protein-containing cell membranes in the presen-
ce of non-ionic detergents were never completely solubilized and 
contained large particles between 0.5-1 µm in diameter [28]. Howe-
ver, this was not the case when using SDS as it completely solubi-
lized both proteins and lipids [28]. Factors which affect membrane 
solubilization include detergent chemistry, pH, ionic strength, tem-
perature, and the size of the micelles formed by the detergent [29]. 
High molecular weight micelles form larger structures, which when 
complexed to proteins or membrane fragments, have more poten-
tial to clog filters.

In studies regarding Triton X-100 interactions with blood at 
very low hematocrits of 0.15, 0.30, and 0.45 (vol %), 213-µM and 
255-µM Triton produced 100% hemolysis for 0.30 and 0.45 Hct 
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levels, respectively [30]. Comparable results were reported for 
non-ionic detergents, Brij 58 and Brij 98, against Hct levels of 0.15, 
0.30, 0.45 and 0.60 vol%. Blood with hematocrits of 0.30, 0.45 and 
0.60 could be completely lysed using Brij 58 at concentrations of 
37.6, 43.1 and 47.0 µM, respectively [31]. Furthermore, lower con-
centrations of Brij 98, 20.4, 22.2 and 25.1 µM, were needed for 
complete hemolysis of blood with 0.30, 0.45 and 0.60 Hct levels, 
respectively. Another study examined polyoxyethylene alkyl ethers, 
from C10E8 to C18E8 and found that complete hemolysis could be 
achieved at Hct = 0.45 [32]. 

In addition to direct whole blood lysis, our present study also 
examined doing blood-lysis filtration to collect bacteria from pla-
sma from whole blood spun upon a previously described centrifu-
gal-sedimentation device [10,33-37]. A lysis solution is often nee-
ded for the plasma recovered after spinning on this device because 
the device does not separate all RBCs from the resulting plasma.

In general, large blood dilution volumes lead to large waste vo-
lumes, which clinics would rather avoid. Therefore, our study sou-
ght a filtration procedure for a 1:1 blood: lysis solution that would 
work for both sedimentation-recovered plasma and for whole blo-
od. Unfortunately, a 1:1 blood: lysis solution for whole blood has 
not yet been found; but a working 1:9 blood: lysis solution for who-
le blood was achieved. Because this bacterial extraction method is 
designed to be combined with a clinical rapid identification assay, 
small final volumes were desirable, so 25-mm-diameter polycarbo-
nate track-etched (PCTE) filters were used. A second goal of this 
study was to filter bacteria from 5 mL of whole blood; our best for-
mulation yields a whole blood per filterable area ratio of 1.43 mL/
cm2, greatly exceeding previous studies.

Methods
Two main sets of experiments were performed in this study. 

The first set involved investigating the effects of different lysis so-
lutions on whole blood suspensions and plasma suspensions (reco-
vered after spinning) without bacteria present. These experiments 
analyzed different blood-to-filter-area ratios with the goal of obtai-
ning the highest ratio. The second set of experiments involved in-
vestigating the effects of different lysis and backflush solutions on 
the recovery of bacteria from the filter surface. These experiments 
filtered a standardized blend of a blood-bacteria suspension and a 
lysis solution as described below.

Filtration only

Both whole blood and plasma recovered from “disk spinning” 
were investigated for their ability to be filtered after lysing the 
blood cells present. During the evaluation of different lysis so-
lutions, a 25-mm track-etched filter with 0.8-µm pore diameter 
(#PCT0825100, Sterlitech) was used. Before filtering the blood, a 
lysis solution was made consisting of various salts and detergents 
in distilled water. Various amounts of blood (whole or recovered 
plasma) and lysis solution were blended to evaluate the filtration of 
different blood volumes at different dilution ratios. The blend of the 
blood suspension and lysis solution was pushed via syringe (3 mL, 
5 mL, or 10 mL depending on blend volume) through the filter using 
a reusable syringe filter holder (#EW-06623-32, Cole Palmer). The 
volume of blend that could be filtered by hand, called filtrate, was 
recorded and the blood to filterable area ratio calculated. Human 
blood was obtained under an IRB-approved protocol at Brigham 
Young University (IRB #X18340) from volunteers by venipuncture 
and collection into EDTA-containing vacutainers (BD#366643, Bec-
ton Dickinson), and was used the same day.

Bactericidal testing

Figure 1: Bactericidal effect of SDS upon E. coli at 10 min and 1 hr of incubation. Error bars represent 95% confidence intervals.
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Toxicity due to SDS (#L4509, Sigma Aldrich) was measured by 
dissolving 4.5 g into distilled water and then adding distilled water 
to the vial once all the SDS was dissolved, to a total of 50 mL. Then 
serial dilutions were made from this stock solution to formulate the 
desired test concentrations. Bacteria used for all experiments were 
Escherichia coli (strain DH5α), streaked from frozen stock and 
grown overnight with shaking in nutrient broth. Nine mLs of bacte-
ria were removed from the broth in 1 mL aliquots which were then 
spun down in a Horizon 642E centrifuge (#22-029-375, Fischer 
Scientific) at 3328 rpm for 10 min, and the supernatant removed. 
Then 1 mL of the desired SDS concentration was pipetted into each 
vial and the bacteria resuspended. The viable bacterial concentra-
tion was determined by colony plate counting after exposure for 10 
min or 1 hr to reveal the bactericidal effects (see Figure 1). Plate 
counting was done by removing 100 µL and performing five 10-fold 
serial dilutions; then 50 µL of the 10-2 to 10-5 dilutions were plated 
and the plates incubated for 24-48 hours before counting colonies.

Filtration and backflush

For experiments involving backflushing the bacteria from the 
filters, there are 3 fluids involved: a bacterial deposition fluid; a 
lysis solution; and a backflush solution. The types of bacterial de-
position fluids are 1) bacteria in PBS (control without blood com-
ponents); 2) bacteria in plasma from spun blood (~60% of original 
platelets and ~0.5% of original RBCs); 3) bacteria in 1% RBCs su-
spended in PBS; and 4) bacteria in whole blood. To make 1% RBCs, 
whole blood was centrifuged in centrifuge tubes in a Horizon 642E 
centrifuge (#22-029-375, Fischer Scientific) at 3328 rpm for 10 
min to spin down the blood cells. The plasma and buffy coat were 
removed, and the remaining RBCs were washed in PBS and recen-
trifuged. One milliliter of the RBC pellet was then added to 99 mL 
of PBS to make the 1% RBC suspension. Bacteria used for all expe-
riments were Escherichia coli (strain DH5α), streaked from frozen 
stock and grown overnight with shaking in nutrient broth. In these 
experiments, bacteria were washed in PBS before dilution and ino-
culation into the desired bacterial suspension fluid at a concentra-
tion of 2 x 107 CFU/mL.

The formulation of the lysis solutions was standardized as fol-
lows. The salts and detergents for the lysis solution were dissol-
ved in distilled water to a final volume of 45 mL. The solution was 
vortexed and heated to 50℃ to ensure dissolution. After cooling to 
room temperature, 5 mL of the bacteria suspension – in either PBS, 
spun plasma, 1% RBCs suspended in PBS, or whole blood – was ad-
ded to the filtering solution and mixed by vortexing. The blend was 
then filtered until either the filter was clogged or the entire 50 mL 
of blend was filtered. The volume of blend that passed through the 
filter, called filtrate, was recorded. If the entire blend volume was 
filtered, 3 mL of PBS were additionally pushed through to wash the 
filter before backflushing.

To evaluate the different backflush solutions, two 3-mL syrin-
ges were used, and the backflush solution was “reverse filtered”, or 
pushed through the filter in the opposite direction of the flow of the 

blend. The first syringe, labelled “A”, pushed 2 mL of the backflu-
sh solution through the filter into the second syringe, labelled “B”. 
Syringe “B” had been weighed empty and was weighed again after 
collection of the backflush filtrate to determine the backflush vo-
lume and eventual bacterial concentration. The filters were a 25-
mm track-etched filter with 0.4-µm pore diameter with either a 
hydrophilic (PVP-coated, #PCT0425100, Sterlitech) or hydropho-
bic (uncoated, #PCTF0425100, Sterlitech) surface. The pore size of 
these filters was smaller than for filters used during the develop-
ment of the filtration solution because it was observed that during 
filtration experiments that 0.8-µm filters allowed about 5% of the 
E. coli to pass through the filter.

To quantitate the bacterial recovery from backflushing, the to-
tal bacteria delivered to the filter and the total bacteria removed 
from the filter were calculated. The ratio of the total bacteria remo-
ved to the total bacteria delivered provides the recovery fraction 
of the bacteria. This value multiplied by 100% gives the percent 
recovery for the experiment. Total bacteria delivered was calcu-
lated by multiplying the bacterial concentration by the volume of 
the bacteria-blood suspension that was filtered. The volume of the 
bacteria-blood suspension was determined by sucking up into a 
syringe approximately 5 mL of the bacteria-blood suspension and 
weighing it, emptying the syringe into the lysis solution, weighing 
the empty syringe, and then multiplying the difference in the wei-
ghts by the 1.061 g/mL (the approximate density of whole blood). 
The bacterial concentration of the bacteria-blood suspension was 
determined by plate counts. The percentage of the blend that was 
filtered was calculated by dividing the amount of filtrate by 50 mL 
(the total volume of the blend).

The total bacteria removed from the filter was calculated 
by multiplying the bacterial concentration by the volume of the 
backflush filtrate in syringe “B”. The volume of the backflush filtrate 
in syringe “B” was determined by multiplying the difference betwe-
en the weights of syringe “B” empty and filled with the backflush 
filtrate by the density of the solution (densities ranged from 1.004 
g/mL to 1.009 g/mL). The bacterial concentration of the backflush 
filtrate was determined by plate counting.

Statistics
The statistical significance of experiments was analyzed using 

Welch’s t-test (unequal variances and sample sizes) with statistical 
significance being p < 0.05.

Results
Filterability of lysed blood suspensions

The main difference between filtering whole blood and filte-
ring plasma recovered from spinning is the number of blood cells 
present [10,34,35]. Plasma recovered from spinning usually has < 
1% of the original RBC concentration and an even lower percentage 
of WBCs [34], resulting in a significantly smaller formed element 
membrane area to be lysed. Thus, when evaluating lysing solutions, 
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emphasis was placed upon a solution’s ability to accomplish the 
more difficult task of lysing and filtering a whole blood suspension.

SDS is an anionic surfactant commonly used to disrupt cell 
membranes and proteins. It is also known to be bactericidal. There-
fore, the bacterial survival in varying SDS concentrations was first 
analyzed. Figure 1 shows that concentrations at or above 0.111% 
(w/v) SDS were bactericidal to the E. coli under these evaluation 
conditions. Based upon these results and the postulate that there 
may be other bacterial species more sensitive to lysis by detergents 
than is E. coli, different SDS concentrations were evaluated to produ-

ce filterable suspensions of whole blood and suspensions of plasma 
recovered from spinning. The opaqueness of the whole blood when 
mixed with 0.111% SDS lysis solution (image not shown) suggested 
that not all blood cells were lysed; thus, higher concentrations of 
SDS were evaluated to see if complete lysis and filtration were even 
possible in whole blood using only SDS. Table 1 shows the results 
of the SDS lysis solutions both for plasma recovered from spinning 
and for whole blood. Significant filtration was achieved only when 
the SDS concentration exceeded 6.7%. If viable bacteria are needed, 
this concentration cannot be tolerated.

Table 1: Lysis and filtration of plasma and whole blood at various SDS concentrations.

Sample Type Amount of Sample 
(mL)

Total Blend Volume 
(mL) % SDS in mixture Percent Filtered* Blood-to- Filter-Area 

Ratio (mL/cm2)

Plasma 1 5 0.067 100% ‡

Plasma 1 4 0.056 100% ‡

Plasma 1 3 0.037 100% ‡

Whole blood 1 3 0.67 1% 0.003

Whole blood 1 3 3.33 41.60% 0.119

Whole blood 1 3 6.67 65% 0.186

Whole blood 1 3 10 100% 0.286

* This percentage of the suspension was successfully filtered.

‡ Because the plasma suspension has significantly reduced blood cell counts, the ratio is not reported for plasma suspensions.

Table 2: Effects of a protease upon lysis and filtration of plasma and whole blood in a saponin solution.

Expt Sample Type Filtering Solu-
tion

Amount of 
Sample (mL)

Total Blend 
Volume (mL)

% Saponin in 
mixture

Percent Filte-
red*

Blood-to-Fil-
ter-Area Ratio 

(mL/cm2)

1 Plasma Saponin 1 2 1 4.20% ‡

2 Plasma Saponin 1 3 1.33 6.70% ‡

3 Plasma Saponin 1 5 1.6 8.30% ‡

4 Plasma Saponin w/33 
mg protease† 1 2 1 100% ‡

5 Plasma Saponin w/33 
mg protease 2 4 1 100% ‡

6 Plasma Saponin w/33 
mg protease 4 8 1 94.60% ‡

7 Whole Blood Saponin 2 4 1 0% 0

8 Whole Blood Saponin 1 3 1.33 0% 0

9 Whole Blood Saponin 2 6 1.33 0% 0

10 Whole Blood Saponin w/33 
mg protease 1 3 1.33 100% 0.286

11 Whole Blood Saponin w/33 
mg protease 2 4 1 17.50% 0.1

12 Whole Blood Saponin w/33 
mg protease 2 5 1.2 100% 0.572

13 Whole Blood Saponin w/33 
mg protease 3 9 1.33 50% 0.429

* This percentage of the suspension was successfully filtered.
‡ Because the plasma suspension has significantly reduced blood cell counts, the ratio is not reported for plasma suspensions.

† Protease from Aspergillus melleus.
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Another detergent used to disrupt cell membranes is sapo-
nin. Unlike SDS, saponin is a non-ionic surfactant and a less po-
tent bactericidal compound. Zierdt tested saponin and found it to 
be comparable to Tween 20 as a blood cell lysis compound [16]. 
However, Zierdt also used a protease when evaluating his blood ly-
sis solutions. Table 2 shows our similar data of lysis and filtration of 
blood cell-lysis blends with and without proteinase from Aspergil-
lus melleus, both for plasma recovered from spinning and for whole 
blood. Table 2 reveals the importance of having a protease present 
in the lysing solution. For example, comparison of experiments 1 
and 4 of Table 2 show that adding 0.33 mg protease to the 45 mL of 
lysis solution increased filterability from 4% to 100%. 100% filtra-
tion is marked in red for emphasis.

However, proteases can be expensive, and many require speci-
fic temperatures or incubation times to be effective. Therefore, our 
subsequent research followed the publications of Farmer et al. [13] 
and Sullivan et al. [38], since they achieved whole blood lysis and 
filtration without the use of a protease. In our studies without pro-
teases, the focus was on achieving lysis with a small blood to lysis 
solution ratio, and various salts were explored for their effect upon 
blood lysis and filtration. Table 3 presents the salts (1M concentra-
tions) used in combination with Triton X-100 and how well they 
lysed and promoted filtration of 5 mL of whole blood mixed with 45 
mL lysis solution (1:9 blood:lysis ratio). 

Table 3: Whole blood filtration percentages using Triton X-100 and different salts at 1:9 blood dilution.

Salt (1 M)
Percent Filtered*

2% Triton X-100 4% Triton X-100 6% Triton X-100

Ammonium Persulfate 2% 0% 0%

Calcium Chloride 100% 2% 0%

Copper Sulfate 0% 0% 0%

Lithium Chloride 30% 100% 100%

Magnesium Chloride 0% 48% 34%

Magnesium Oxide 24% 6% 30%

Magnesium Sulfate 0% 0% 0%

Manganese Chloride 0% 100% 28%

Nickel Chloride 0% 0% 0%

Potassium Carbonate 0% 100% 0%

Potassium Chloride 4% 100% 100%

Potassium Hydroxide 100% 100% 10%

Sodium Acetate 65% 35% 2%

Sodium Bicarbonate 12% 6% 0%

Sodium Borohydride 0% 0% 0%

Sodium Carbonate 100% 100% 2%

Sodium Chloride 100% 100% 2%

Sodium Hydroxide 46% 100% 100%

Zinc Sulfate 0% 0% 0%

* This percentage of the blood-lysis-solution blend was successfully filtered. Red color indicates the blends that produced 100% fil-
tration, which is a blood-to-filterable-area ratio of 1.43 mL/cm2.

The filtration results indicate that there is an interplay betwe-
en the concentration of the detergent and the concentration of the 
salt that is dependent on the chemical character of the salt. In ge-
neral, lysis solutions formulated with 4% Triton X-100 promoted 
better filtration than solutions with 2% or 6% surfactant. Whene-
ver a lysis solution of 4% Triton X-100 and 1M salt produced 100% 
filtration, that particular salt was further examined at 0.5 and 2.0 
M concentration with 4% Triton X-100. Table 4 shows the results 

of experiments of those particular salts at different salt concentra-
tions and 4% Triton X-100. These results confirm that the ability 
of a detergent-salt solution to promote filtration of whole blood is 
dependent on the detergent concentration, the salt concentration, 
and the chemical makeup of the salt. In general, filterability using 
hydroxide and carbonate salts was sensitive to the salt concentra-
tion, while filterability with sodium and potassium chloride was in-
sensitive to this range of salt concentrations (0.5M to 2M).
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Table 4: Whole blood filtration using 4% Triton X-100 with different salt concentrations at 1:9 blood dilution.

Salt
Percent Filtered*

0.5 M 1 M 2 M

Lithium Chloride 16% 100% 18%

Magnesium Chloride 70% 100% 1%

Potassium Carbonate 2% 100% 2%

Potassium Chloride 100% 100% 100%

Potassium Hydroxide 6% 100% 0%

Sodium Carbonate 2% 100% 0%

Sodium Chloride 100% 100% 100%

Sodium Hydroxide 14% 100% 26%

* This percentage of the blood-lysis-solution blend was successfully filtered. Red color indicates the blends that produced 100% fil-
tration, which is a blood-to-filterable-area ratio of 1.43 mL/cm2.

The results from Table 4 for sodium carbonate suggest that the-
re is some variation in filterability of a whole blood blend at diffe-
rent blood dilutions. Prior publications of whole blood lysed with 
a 0.225:9 ratio of blood to 3.8 mM Na2CO3 in 0.05% Triton-X-100 
[13] and a 0.393:9 ratio of blood to 38 mM Na2CO3 in 0.025% Tri-
ton-X-100 [38] produced solutions that were completely filterable. 
However, in our hands, these mixtures did not produce completely 
filterable solutions. A possible contributing difference is that blood 
in our lab was collected into EDTA anticoagulant, and in these prior 
publications blood was collected into polyanethol sulfonate. Also, 
our solution only had a 1minute incubation time while the incuba-
tion time of the prior solutions with blood lasted until clearing was 
apparent.

Our next set experiments further explored the effect of salt con-

centration. Sodium bicarbonate, sodium chloride and sodium ace-
tate salts were used to compare results from a basic, neutral, and 
acidic salt, respectively. Table 5 shows the results of these experi-
ments with differing Triton X-100 concentrations and with various 
concentrations of each of the 3 salts at a 1:9 whole blood blend for 
5 mL of whole blood. These data show that the filterability using the 
neutral salt (NaCl) is less sensitive to salt and surfactant concentra-
tion than either the acidic or basic salts. Not all of the different salt 
and Triton X-100 solutions that were combined with whole blood 
at a 1:9 ratio were successful in producing 100% filterability of the 
blend. Of those combinations that produced 100% filtration, there 
are 9 combinations using sodium chloride, while there are only 3 
sodium bicarbonate combinations and 2 sodium acetate combina-
tions.

Table 5: Results of whole blood filtering varying Triton X-100 and salt concentrations for an acidic, basic, and neutral salt.

Salt
Percent Filtered*

Salt Concentration 1% Triton X-100 2% Triton X-100 3% Triton X-100 4% Triton X-100 5% Triton X-100

Sodium Acetate

0.25 M 16% 34% 44% 22% 6%

0.5 M 22% 26% 100% 10% 12%

1 M 18% 65% 100% 57% 22%

2 M 32% 72% 92% 64% 28%

Sodium Bicarbo-
nate

0.25 M 15% 100% 76% 72% 100%

0.5 M 8% 100% 10% 44% 34%

1 M 20% 12% 12% 6% 16%

2 M 10% 6% 8% 2% 0%

Sodium Chloride

0.25 M 49% 3% 44% 38% 32%

0.5 M 100% 100% 100% 100% 50%

1 M 100% 100% 100% 100% 50%

2 M 63% 79% 66% 100% 19%

* This percentage of the blood-lysis-solution blend was successfully filtered. Red color indicates the blends that produced 100% fil-
tration, which is a blood-to-filterable-area ratio of 1.43 mL/cm2.
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All of the previous blood-lysis-blend filtration experiments 
were performed using a blood Hct between 42 and 46, which is wi-
thin the normal physiological range. However, this technology will 
be used in diagnosing sick people, whose hematocrit levels could 
be abnormally high due to dehydration and other factors [39]. The-
refore, filtering whole blood with exceptionally high Hct was also 
examined by adding RBCs to the donated blood to raise the Hct to 
65. While this is an unrealistic Hct, even for an ill person, it was 
postulated that a solution that would allow 65% hematocrit blo-
od to be filtered would be useful for all Hct levels encountered in 
a clinical setting. The 14 salt and Triton X-100 combinations that 

allowed 100% of the whole blood blend to be filtered (see Table 5) 
and two other combinations (0.5M and 1 M Sodium Chloride with 
5% Triton X-100) were studied to see if they promoted successful 
filtration of a 1:9 dilution of 65% hematocrit whole blood blend. Si-
milar to all previous whole blood filtration experiments, 5 mL of the 
65% hematocrit whole blood was filtered through a 0.8-µm filter. 
Table 6 shows the results for the filtration of high Hct whole blood 
blend. Only 3 of the salt and Triton X-100 combinations with 65% 
hematocrit blood were filterable: 0.5 M sodium bicarbonate with 
2% Triton X-100, 0.5 M sodium chloride with 4% Triton X-100, and 
1 M sodium chloride with 5% Triton X-100.

Table 6: Results of testing combinations of Triton X-100 and sodium carbonate, sodium chloride, or sodium acetate on 65% hemato-
crit blood.

Salt Molarity of Salt Percent of Triton X-100 Percent Filtered*

Sodium Acetate 0.5 M 3% 47%

Sodium Acetate 1 M 3% 56%

Sodium Bicarbonate 0.25 M 2% 55%

Sodium Bicarbonate 0.25 M 5% 4%

Sodium Bicarbonate 0.5 M 2% 100%

Sodium Chloride 0.5 M 1% 12%

Sodium Chloride 0.5 M 2% 6%

Sodium Chloride 0.5 M 3% 64%

Sodium Chloride 0.5 M 4% 100%

Sodium Chloride 0.5 M 5% 14%

Sodium Chloride 1 M 1% 28%

Sodium Chloride 1 M 2% 30%

Sodium Chloride 1 M 3% 22%

Sodium Chloride 1 M 4% 14%

Sodium Chloride 1 M 5% 100%

Sodium Chloride 2 M 4% 55%

* This percentage of the blood-lysis-solution blend was successfully filtered. Red color indicates the blends that produced 100% fil-
tration, which is a blood-to-filterable-area ratio of 1.43 mL/cm2.

Table 7: Results of whole blood filtering using a 4% Triton X-100 and 0.5 M NaCl lysing solution at hematocrit levels of 55%, 58%, 
65%.

Hematocrit NaCl Concentration
Percent Filtered*

3.7% Triton X-100 4% Triton X-100 4.3% Triton X-100

55%

0.45 M – 2% –

0.5 M 100% 100% 100%

0.55 M – 4% –

58%

0.45 M – 4% –

0.5 M 100% 100% 100%

0.55 M – 100% –

65%

0.45 M – 4% –

0.5 M 10% 100% 100%

0.55 M – 2% –

* This percentage of the blood-lysis-solution blend was successfully filtered. Red color indicates the blends that produced 100% fil-
tration, which is a blood-to-filterable-area ratio of 1.43 mL/cm2.
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Because of the low number of salt and Triton X-100 combina-
tions that produced completely filterable blends when combined 
with blood at Hct = 65, the influence of Hct on filterability was stu-
died by using the salt and Triton X-100 combinations at 3 different 
Hct levels in further filtration experiments. These Hct levels were 
55, 58 and 65. For these experiments, sodium chloride was chosen 
as the salt. In addition to varying the Hct of the blood, the sodium 
chloride concentration and Triton X-100 concentration were varied 
slightly to determine the sensitivity of the filtration of the sample. 
Based on our previous experiments, it was hypothesized that both 
Hct and small variations in both the salt and detergent would affect 
the filterability of the blood. The results of these experiments (see 
Table 7) show that the 0.5 M sodium chloride and 4% Triton X-100 
combination is very robust with respect to variable Hct, as it pro-
duced completely filterable solutions when combined with blood 
having Hct of ~45 (see Table 5), 55, 58, and 65. Furthermore, the 
results also show the sensitivity in filtration to small changes in salt 
concentration. However, this sensitivity is not seen with deviations 
in detergent concentration. 

In general for these and previous combinations in which 5 mL 
of blood and 45 mL of lysis solution were successfully filtered, the 
mixing and filtering process took only about 2 to 3 minutes. The 
mixing and vortexing was 10 to 20 seconds, followed by loading 
syringes and filtration of 2 minutes, or slightly more. With prepara-
tion and practice the filtration could be done in about 150 seconds. 

Backflushing

In designing experiments to measure and optimize the removal 
of bacteria from filters by backflushing, we hypothesized that the 
presence of multiple layers of bacteria stacked on the filter would 
yield higher removals since only the bottom layer would interact 
with the membrane surface. Therefore, experiments were desi-
gned to identify the optimum backflush solution when there was 
a single layer or less of bacteria on the filter. The filters used were 
25-mm-diameter track-etched filters with 0.4-µm pores (for de-
tails see Filtration and Backflush method section). According to the 
manufacturer of the syringe filter holder, the filtration area of the 
holder is 3.5 cm2. E. coli bacteria were modelled as approximately 
3.5 µm long by 1 µm wide for an area of 3.5 µm2. This means that a 
single layer of side-by-side bacteria on the filter would contain ap-
proximately 1 x 108 CFU. Therefore, to ensure less than single layer 
coverage, these experiments employed not more than 108 CFU per 
membrane.

Two sets of control experiments were performed with the bacte-
ria suspended in PBS. The first control experiment (only bacteria) 
consisted of filtering only 2 mL of a bacterial suspension of 2 x 107 
CFU/mL, without blending the bacterial deposition fluid with the 
lysis solution. The second control experiment (bacteria in lysis so-
lution) used 5 mL of the bacterial suspension in PBS and blended it 
with the best filtration lysis solution from the filtering experimen-
ts: 4% Triton X-100 with 0.5 M NaCl. The backflush solutions (n=6 
for all solutions) examined were pure water, a 3 M NaCl solution 

(high salt concentration), a 0.9% (w/v) NaCl solution (low salt con-
centration, physiological saline), a 3% (v/v) Triton X-100 solution 
(high detergent concentration), and a 0.5% Triton X-100 solution 
(low detergent concentration). Triton X-100 was examined since it 
was the detergent used in the lysis solution developed through the 
previous filtration experiments. It was hypothesized that either of 
the detergent solutions would adequately remove the most bacteria 
with the best removal achieved by the higher detergent concentra-
tion. However, the results revealed that the hypothesis was incor-
rect with pure water achieving the best backflush solution for the 
bacteria-only control and the low salt solution achieving the best 
backflush solution for the bacteria-lysis-blend control. 

For the bacteria-deposited-from-water control, backflushing 
with pure water achieved an average bacterial removal of 59.7%, 
while the low and high detergent solutions only achieved average 
bacterial removals of 3.9% and 4.9%, respectively (see Figure 2A). 
The salt solutions were comparable to each other with the low salt 
solution achieving an average bacterial removal of 48.7% and the 
high salt solution achieving an average bacterial removal of 49.5%. 

For the blend of bacteria with the Triton-X-100 and NaCl lysis 
solution, the low salt solution achieved an average bacterial remo-
val of 32.7%, while pure water only achieved an average bacterial 
removal of 0.9% (see Figure 2B). The high salt solution and the low 
detergent solution achieved similar average bacterial removals of 
8.2% and 8.1%, respectively, while the high detergent solution only 
achieved an average bacterial removal of 1.4%.

The surprising backflush removal of bacteria deposited from 
water (Figure 2A) seems to be in contrast to the results found by 
Zierdt [19]. However, the backflush removal of bacteria deposited 
from the mixture of Triton-X-100 and NaCl are consistent with the 
results found by Zierdt. This observation prompted us to further in-
vestigate the role of the deposition solution suspending the bacte-
ria as well as the backflush solution. Three additional detergents 
(Tween-20, Pluronic F108, and Brij 58) were added to the set of 
backflush solutions employed for the bacteria-lysis blend, at both 
a low concentration of 0.5% and a high concentration of 3%. More 
backflush removal was observed using these surfactants–on the 
order of 50% for the Tween and Pluronic backflush solutions and 
about 80% removal for 3% Brij 58 (see Figure 2B).

Additional experiments were performed by depositing bacteria 
from a 10% lysed blood solution (5 mL of whole blood suspended 
in 45 mL of 4% Triton X-100 with 0.5 M NaCl) to determine whether 
the presence of any detergent-salt chemistry or the lysed blood cell 
components were inhibiting the removal of bacteria from the filter. 
Figure 2C shows these results (n=6 for each combination of suspen-
sion fluid and lysis fluid) which reveal that the lysed blood solu-
tion is associated with high bacterial retention on the filter. When 
depositing bacteria from the 10% lysed whole blood solution, the 
backflush solutions of pure water, low and high salt, and low and 
high Triton X-100 produced minimal bacterial removal (no more 
than 2%). The low Tween-20, Pluronic F108, and Brij 58 solutions 
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achieved average bacterial removals of 3.0%, 6.6% and 23.1%, re-
spectively; similarly the high Tween-20, Pluronic F108, and Brij 58 
solutions achieved average bacterial removals of 2.3%, 16.4% and 

16.5%, respectively. Figure 2D shows comparisons of bacterial re-
moval after deposition from the 3 types of deposition suspensions.

Figure 2: Percent bacterial removal by backflushing when applying the bacteria to the filter in different mediums: A) bacteria deposited from pure 
water and removed by various backflush solutions; B) bacteria deposited from 4% Triton X-100 with 0.5 M NaCl and removed by various backflush 
solutions; C) bacteria deposited from 10% lysed blood and removed by various backflush solutions; D) comparative graph of the results from similar 
backflush solutions used in A-C. The backflushing solutions are listed on the y-axis. The x-axis is the percentage of E. coli removed from the filter. 
Error bars represent 95% confidence intervals (n ≥6).

Since the presence of lysed blood cell components appeared to 
be the greatest factor inhibiting the removal of bacteria from the 
filter, the components of lysed blood cell were further investigated 
by comparing to experiments using either plasma (with bacteria) 
recovered from spinning or a 1% RBCs in PBS suspension. The 
plasma recovered from spinning had a small Hct of about 0.5 and 
maintained approximately 60% of the platelets and almost all the 
plasma proteins. The 1% RBCs suspension only contained RBCs 
and little if any protein. These were blended 1:9 into the best lysis 
formulation of 4% Triton-X-100 and 0.5 M NaCl. Because of the dif-
ference in RBC counts and the difference in the presence of plate-
lets and plasma proteins between the two suspensions, the impact 
of the different blood components on the bacterial removal could 
be evaluated. Bacterial deposition from each of these suspensions 
were challenged by backflush solutions with high and low concen-
trations of Triton X-100, Tween-20, Pluronic F108, and Brij 58; see 
Figure 3. 

The data shown in Figure 3 reveals that deposition from the 
plasma suspension and the 1% RBC suspension produced similar 
retention on the filter. However, even acknowledging the scatter in 
the data, in general the 1% RBC suspension produced more reten-
tion on the filter overall than did the plasma suspension. Therefore 
for further optimization of bacterial removal from the filter, subse-
quent experiments were focused on challenging the most adhesive 
deposition solution: a bacteria-blood-lysis blend made from the 
1% RBCs. In addition to testing backflushing solutions, subsequent 
experiments included evaluating different detergents in the deposi-
tion solution and evaluating different types of filters in search of the 
optimum combination. The different detergents evaluated for the 
lysis solutions were 1) a combination of 1% Brij 58, 1% Tween-80, 
and 1% Pluronic F108 and a similar combination at half those con-
centrations; 2) Pluronic F108 at 3% and 1% (w/v); 3) Tween-80 at 
3% and 1% (v/v); 4) Tween-20 at 3% and 1% (v/v); 5) Brij 58 at 
3% and 1% (w/v); and 6) Triton X-100 at 3% and 1% (v/v). Addi-
tionally, these blood lysis solutions also contained 0.5 M NaCl. 
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Figure 3: Percent bacterial removal by backflushing when using either 1% RBCs in PBS or recovered plasma after spinning mixed with lysing 
solution as the medium for bacterial filtering. Error bars represent 95% confidence intervals (n=6).

Figure 4: Percent bacterial removal (mean values, n=4) from hydrophilic filters (PVP-coated) when employing added detergents in the blood lysis 
and deposition solution with 1% lysed RBCs (in PBS) and then challenging with different backflushing solutions. Solid colours (panel A) represent 
non-pre-soaked filters and dashed colours (panel B) correspond to filters pre-soaked filters in same backflush solution. The entries on the y-axis 
indicated the various deposition (lysis) solutions. The colours indicated the types of backflush solution.

In this set of experiments, two different types of filters were 
employed: 1) 0.4 µm hydrophilic track-etched filter (polycarbona-
te filter with a polyvinylpyrrolidone (PVP) surface-coating) and 2) 
0.4 µm hydrophobic track-etched filter (polycarbonate filter with 
no surface-coating). The backflush solutions were 3% Brij 58, 3% 
Tween-20, 3% Tween-80, and 3% Pluronic F108 (n=4 for each ly-
sis solution and backflush solution combination). Figure 4 shows 
the removal efficiencies for each detergent combination using the 
hydrophilic filter, while Figure 5 shows the removal efficiencies for 
each detergent combination using the hydrophobic filter.

There are some significant observations relating to this set 
of experiments. First, there is a general trend that more bacteria 

are removed from hydrophobic filters, and slightly better removal 
occurs when the filter is presoaked in the backflush solution. Se-
condly, there are some lysis deposition solutions that do not allow 
significant removal, such as Triton-X-100 on hydrophilic filters, 
and Tween-20 on hydrophobic filters. On the other hand, there are 
some lysis deposition solutions that in general allow more recovery 
than others, such as the 3% Brij 58 on pre-soaked hydrophobic fil-
ters. As for backflush solutions, the 3% Brij 58 tends to accomplish 
more bacterial removal than the 3% Tween-20, 3% Tween-80, or 
the 3% Pluronic F108. 

In generally the backflushing can be done fairly quickly, in 
about 30 seconds or less.
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Figure 5: Percent bacterial removal (mean values, n=4) from hydrophobic filters (PVP-free) when employing added detergents in the blood lysis 
and deposition solution with 1% lysed RBCs (in PBS) and then challenging with different backflushing solutions. Solid colours (panel A) represent 
non-pre-soaked filters and dashed colours (panel B) correspond to filters pre-soaked filters in same backflush solution. The entries on the y-axis 
indicated the various deposition (lysis) solutions. The colours indicated the types of backflush solution.

Discussion
Removing bacteria from blood and plasma

Using filters to recover bacteria directly from blood or plasma is 
a challenging task. Removing bacteria from blood by size-exclusion 
filtration requires the blood cell membranes to be fragmented such 
that they are small enough to pass through the filter pores. Accor-
ding to Jones [41] there are four steps in the interaction between 
detergents and cellular membranes: 1) detergent accumulates in 
the membrane until saturation, 2) additional detergent lyses the 
membrane, 3) additional detergent solubilizes the membrane, re-
leasing lipid-detergent micelles and protein-lipid-detergent com-
plexes, and 4) additional detergent then releases protein-detergent 
complexes from the protein-lipid-detergent complexes. However, 
Jones proposes only a two-step interaction between cytoplasmic 
proteins (not membrane-bound proteins) and detergents: 1) deter-
gent accumulates on binding sites on the protein up to saturation, 
and 2) additional detergent denatures the protein. The differen-
ces between the detergent-membrane and detergent-protein in-
teractions suggest that more detergent may be needed to interact 
with the membranes than with the proteins. The RBC membrane 
composition is reported to be 19.5% (w/w) water, 39.5% protein, 
35.1% lipid and 5.8% carbohydrates [42]. Therefore, a large increa-
se in the amount of RBC membrane present in a mixture would then 
require a significant increase in the amount of detergent needed to 
solubilize all of the RBC membrane sufficiently for filtration, espe-
cially if the proteins need to be removed from the protein-lipid-de-
tergent complexes formed by solubilization. 

A main difference between filtration of whole blood and filtra-
tion of plasma recovered from the spinning disk process is the num-
ber of RBCs in suspension. Our spinning disk technology removes 
approximately 99% of the RBCs from the plasma in about 2 minu-
tes, essentially dropping the concentration of RBCs by 2 orders of 

magnitude. The results of Table 1 show that this large decrease in 
total lipids and membrane-bound proteins requires a significant 
decrease in the amount of detergent needed to produce successful 
filtration of the same amount of spun plasma as is required to suc-
cessfully filter whole blood.

However, Figure 1 highlights the fact that detergents can lyse 
or compromise the viability of bacteria. Thus, excessive detergent 
concentrations can lyse the bacteria in blood, while insufficient 
detergent concentrations may inadequately disrupt the blood cell 
membranes, allowing them to block the filter. Comparing the lysis 
and filtering results of Table 1 with the bactericidal results of Figu-
re 1 shows that the necessary SDS concentrations to keep bacteria 
viable cannot be obtained for whole blood samples at small dilution 
volumes, but may be achieved for the spun plasma samples which 
contain much less blood cells. We therefore propose that there is 
a critical detergent-to-membrane ratio which specifies the mini-
mum amount of detergent needed to sufficiently solubilize a given 
amount of membrane. Then by determining the maximum deter-
gent concentration that will not kill bacteria, the maximum con-
centration of membrane allowable in a sample can be calculated. 
Using a correlation between membrane concentration and Hct of 
the blood, the necessary dilution of the blood could be calculated. 
This would allow clinics to simply measure the Hct of the patient’s 
blood and then diluted according to a formula based on the critical 
detergent-to-membrane ratio. While possible, such a calculation 
could lead to impractically large dilution volumes if the bacteria are 
more sensitive to the surfactants employed.

The data of Table 2 reveals how proteases can reduce the dilu-
tion volume needed to achieve sufficient solubilization for succes-
sful filtration. For example, adding 33 mg of the proteinase from 
Aspergillus melleus in the lysis solution changed instant clogging of 
the blood-lysis-solution blend to complete passage of the mixture. 
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The addition of a protease drastically increased the filtered volu-
me of the whole blood. A similar filtration improvement was achie-
ved using the spun plasma, instead of whole blood. The proteases, 
which cleave proteins, may facilitate protein removal from the cell 
membranes, which would decrease the amount of detergent nee-
ded for sufficient membrane solubilization.

Another potential problem with surfactant-facilitated who-
le blood filtration is the propensity of detergents to make stable 
complexes with the released proteins and cell membrane fragmen-
ts [43]. Depending on the concentration and amount of unbound 
detergent in solution, these complexes can form precipitates that 
could potentially clog the filter [44]. However, chaotropes have 
been shown to weaken protein-detergent interactions and increase 
the solubility of the complexes [21,45]. In addition to weakening 
protein-detergent interactions, chaotropes also disrupt cell mem-
branes, [46,47] which has both positive and negative outcomes – 
positive in that less detergent may be needed with the addition of 
the chaotrope, but negative in that chaotropes may increase the po-
tential of lysing the bacteria.

Tables 3 & 4 reveal that the addition of salts to the blood lysis 
solution influences the filterability of the blood-lysis blend and is 
sensitive to the detergent concentration, salt concentration, and 
salt chemistry. The salts from Table 3 with which 100% of the blo-
od-lysis blends were filtered comprise calcium chloride, lithium 
chloride, manganese chloride, potassium chloride, sodium chloride, 
potassium carbonate, potassium hydroxide, sodium carbonate, and 
sodium hydroxide. According to the Hofmeister series, the anions 
usually affect the system more than the cations. However, chloride 
is a fairly neutral anion on the kosmotropic-chaotropic scale whi-
le sodium is a weakly kosmotropic cation and potassium a weakly 
chaotropic cation. Thus, most of the salts that produced 100% fil-
tration of the blood-lysis blend were relatively neutral salts. Yet, 
manganese chloride, potassium carbonate, and sodium carbonate 
are stronger kosmotropic salts. It is noteworthy that these stron-
ger kosmotropic salts produced 100% filtration while mid-range 
kosmotropic salts such as sodium bicarbonate and sodium acetate 
did not. It is also important to note that none of the salts produ-
ced 100% filtration at a 1 M concentration for any of the 3 concen-
trations of Triton X-100. This implies that there is a combination 
effect present which cannot be adequately described by analyzing 
the phenomena produced by the detergent or the salts individually. 

Table 4, which analyzes different salt concentrations for a given 
detergent concentration, supports the previous claim of a combina-
tion effect since the concentrations of the salts affect the filterabili-
ty of the blood-lysis blend. Table 5 explored the combination effects 
for 3 types of sodium salts (sodium acetate, sodium bicarbonate, 
and sodium chloride) by analyzing different salt and detergent con-
centration combinations. For each of the 3 salts there were at least 
2 different combinations of salt and detergent that produced 100% 
filterability of the blood-lysis blend, showing that both sodium bi-
carbonate and sodium acetate, which are mid-range kosmotropic 
salts, could produce 100% filtration of the blood-lysis blend. For 

sodium chloride, there were 9 different combinations of salt and 
detergent that produced 100% filtration of the blood-lysis blend, 
indicating this more neutral salt to be more versatile. 

Tables 6 and 7 show that the number of blood cells present 
affects the ability of the combination of the salt and detergent to 
achieve lysis and 100% filtration of the blood-lysis blend. Table 6, 
which evaluated at a high Hct the effectiveness of the successful 
salt-detergent combinations from Table 5, reveals the need for 
developing a metric based on the Hct of the blood. Table 7 further 
explored the effects of the salt and detergent concentrations at dif-
ferent Hct. These results revealed that filterability was more sensi-
tive to the salt concentration than to the detergent concentration. In 
fact, some of the detergent-salt concentrations used may not have 
been sufficient to lyse all the blood cells at high hematocrit. 

To summarize the above discussion, filtration of blood cells 
depends on many factors, some of which are the hematocrit, the 
salt chemistry and concentration, and the detergent chemistry 
and concentration. Temperature and pH may also play a role but 
were beyond the scope of this study. The best filtration procedure 
found for spun plasma employed a 2% saponin solution with 33 mg 
protease, which allowed filtration of 4 mL of spun plasma at a 1:1 
ratio (plasma:solution). The best lysis solution for whole blood em-
ployed a 4% Triton X-100 solution with 0.5 M NaCl which allowed 
filtration of whole blood at a 1:9 ratio (blood: lysis solution). De-
spite these encouraging findings, further research should be done 
to explore other chemistries that might better enable filtration of 
diluted whole blood.

Backflushing bacteria from filters

There are many factors which affect bacterial adhesion to fil-
ter surfaces, such as bacterial concentration, time of exposure, flu-
id shear stress, temperature, surface chemistry of both filter and 
bacteria, pH, ionic strength of solution, presence of proteins or 
other molecules (such as lipids and membranes), and roughness of 
the filter surface [48,49]. The suspension containing the bacteria 
and various lytic agents (filtration blend) consists of many proteins 
and lipids from the lysed blood cells as well as detergents and salts. 
Along with the bacteria, each of these substrates interacts with the 
polymeric surface of the filter, most probably modifying the surface 
characteristics. With so many variables present, it is difficult to di-
stinguish the major factors in preventing or promoting the removal 
of the bacteria from the filter. However, the results shown in Figure 
2 lead to the conclusion that the proteins and lipids from the lysed 
blood cells are a key component in promoting bacterial adherence 
to the filter. The details of how these molecules are affecting the 
bacteria and/or filter surface cannot be determined from the expe-
riments performed, but the results of Figures 4B & 5B show that 
prior interaction of some detergents with the filter (pre-soaking the 
filter) may lessen some of the protein and lipid interactions that 
promote bacterial adherence. This is consistent with other studies 
[14].

An intriguing observation is that, while in general, bacteria 
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are often reported to adhere better to hydrophobic surfaces than 
hydrophilic surfaces [50] our data in Figures 4 & 5 suggest that 
greater bacterial removal was attained using the hydrophobic fil-
ters. This data implies a simplistic postulate that the biomolecules 
in solution or on the bacteria surface interact more with the PVP 
polymer coating the surface of the hydrophilic filters than with the 
bare polycarbonate surface of the hydrophobic filters. A published 
study on plasma proteins and their effects on bacterial adheren-
ce to polycarbonate surfaces showed that the proteins decreased 
adherence to the surface while increasing bacterial surface charge 
[51]. However, a different study on protein-coated polymer surfa-
ces showed that surfaces containing proteins in general had greater 
bacterial adherence [52]. Also, as the time of contact between the 
bacteria and the surface increased, bacterial adherence to the sur-
face increased, but increases in ionic strength decreased bacterial 
adherence to the surface. Another study analyzed the difference 
between reversible and irreversible adherence to glass surfaces 
and found that high ionic strength was associated with irreversible 
adherence [53]. 

Still other studies have shown that polymeric substances, lipo-
polysaccharides, and proteins in the outer membrane of bacteria 
increase adhesion to surfaces [54-56]. Thus, the partial solubiliza-
tion of the bacterial outer membrane may be advantageous in the 
removal of bacteria from the filter, as long as the bacteria are not 
lysed. 

The complex biochemistry of lysed blood make it difficult to di-
scern what exactly is occurring on the surface of the filters and all 
the interactions that reduce the bacterial recovery by backflushing. 
Thus we rely on our extensive experimental results that show a few 
important general trends. First, non-PVP-coated polycarbonate fil-
ters tend to release bacteria better than PVP-coated filters. Second, 
pre-soaking the filters with surfactant before bacterial deposition 
appears to aid subsequent removal during backflushing. Of the se-
veral backflush solutions examined, Tween-80 appears to be more 
successful in bacterial removal than Brij 58, Pluronic F108 and 
Tween-20, in that order; but combinations appear more effective.

To summarize the above discussion, removal of bacteria from 
filter surfaces depends on many of the same factors as the filtration 
of lysed blood cells. But the trends for each step do not always trend 
in the same direction. However, we were able to achieve greater 
than 50% bacterial recovery under several different solution com-
binations for filtration and removal, with the optimum combination 
being incubation in a 1% Brij 58, 1% Tween-80, and 1% Pluronic 
F108 with 0.5M NaCl solution, followed filtration on a pre-soaked 
hydrophobic filter, and then backflushing with a 3% Pluronic F108. 
These findings provide great insight into the search for an optimum 
solution combination for removal of bacteria from blood followed 
by removal of the bacteria from the filter. 

The combination of filtration and backflushing require only 
about 3 minutes in total, when using filtration solutions which suf-
ficiently lyse the blood cells so that the filter does not clog. When 

the subsequent downstream process may not accommodate the 
chemicals required for whole blood lysis (4% Triton X-100 in 0.5 M 
NaCl), a slightly longer process time would be required to remove 
the majority of blood cells by spinning in a centrifugal disk for 3 
minutes, followed by lysis with saponin and protease. The reagents 
used in backflushing also need to be considered for compatibility 
with downstream procedures. In any event, these front-end proce-
dures to separate bacteria from whole blood are much more rapid 
than conventional growth methods for determining bacterial spe-
cies in blood infections. For example this rapid isolation can be fol-
lowed by PCR techniques to quickly identify resistance genes [57] 
or other critical genes in the invasive bacteria in sepsis. Such rapid 
identification will lead to more rapid personalized diagnostics to 
treat blood infections in a timely and directed manner.
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