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Hemodialysis membrane surface chemistry as a barrier
to lipopolysaccharide transfer
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ABSTRACT: During hemodialysis bacterial lipopolysaccharide (LPS) in contaminated dialysate solution may translocate across the hol-

low fiber membrane (HFM) to a patient’s blood, resulting in fever and possible systemic shock. This study investigates LPS transfer

across, and adsorption within, native and modified Fresenius OptifluxVR F200NRe polysulfone (PS)/polyvinyl pyrrolidone (PVP)

HFMs. Modifications include varied PVP content, addition of a PS-poly(ethylene glycol) copolymer (PS-PEG), and bleach steriliza-

tion. Under clinically relevant flow conditions LPS from >400 EU mL21 spiked dialysate is not detected (<0.1 EU mL21) in the

lumens of native fibers, but is detected to varying degrees (0.2–15 EU mL21) in the lumens of the modified fibers. Fluorescently

labeled LPS predominantly adsorbs near the lumen of all membranes except the PS-PEG containing membrane, where LPS localizes

on the outer wall. Thus, addition of PS-PEG may entrap LPS in the HFM spongy matrix, away from the blood-contacting fiber

lumen. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2015, 132, 41550.

KEYWORDS: applications; biomedical applications; fibers; membranes
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INTRODUCTION

Hollow fiber membranes (HFM) are used in hemodialysis to

clear the blood of uremic toxins that accumulate to dangerous

levels in patients with end stage renal failure. Blood is passed

through the fiber lumen while dialysate is circulated in a tan-

gential flow outside of the fiber bundles. As blood toxins diffuse

into the dialysate it is also possible for any impurities in the

dialysate to enter the blood through back-filtration—this is of

particular concern for dialysate contaminated with bacterial

endotoxin, or lipopolysaccharide (LPS).1–7 Use of high-flux dia-

lyzers, which remove large percentages of middle molecular

weight toxins such as b2-microglobulin (MW 11 kDa), further

raises the potential of back-filtration of LPS in contaminated

dialysate.5,8,9

LPS is a surface-recognition constituent of gram-negative bacte-

rial membranes consisting of three main parts: an outer-

membrane-integrated lipid (lipid A), a core oligosaccharide, and

a long heteropolysaccharide chain (O-antigen).10 The O-antigen

varies among different bacterial strains and is the recognition

site for blood-borne antibodies. The lipid A portion is generally

conserved among bacterial types and is responsible for inducing

cytokine activation and pyrogenic reactions. LPS is an amphi-

philic molecule that has been shown to preferentially adsorb to

hydrophobic surfaces.2 In solution LPS varies from monomers

of 10 kDa, to micelles of 1000 kDa or larger.10–12

Bacterial contamination in dialysate fluids and clinical water

sources is well-documented,13–16 with diverse communities of

culturable bacteria presenting in dialysate fluids, of which Pseu-

domonas is most common.17–20 Bacteria colonizing surfaces as

robust biofilms may present a persistent source of contamina-

tion in dialysate water production lines as they are difficult to

detect and remove.14–16 Several studies on water and dialysate

quality in clinics throughout the world, in both developed and

developing countries, have shown that as many as 20% of the

samples tested were above the limit of the recommended

standards.9,18,21–24 Clinical contamination has also been

reported to contain fungus, yeast, mycobacteria, and hazardous

chemicals.23–26

While small quantities of contamination may not always elicit a

pyrogenic response, continued exposure to contaminated dialy-

sate is of great concern because a typical patient on hemodialy-

sis therapy will be exposed to 18,000–30,000 L of water

annually.17,27 Reported pyrogenic reactions up to 0.7 per 1000

treatments have been reported, due mainly to pretreatment

problems with dialysis water.17,28,29 Moreover, trace contamina-

tion in the dialysis line water can be amplified as dialysate

VC 2014 Wiley Periodicals, Inc.
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buffers, such as bicarbonate, provide an ideal environment for

bacterial growth.28

Removal of LPS from solution is generally achieved using affin-

ity sorbents and filtration. Plasma exchange and charcoal hemo-

perfusion as well as immobilization to polymyxin B, ceramic

membranes, and functionalized nanoparticles have been investi-

gated with varying degrees of success.8,9,11,30,31 Other chemis-

tries exhibiting a high affinity for LPS include poly-L-lysine,

diethylaminoethane, histamine, and histidine,32 where the cati-

onic polyelectrolytes presumably bind to the negatively charged

phosphate groups on LPS.

As the dialysis membrane represents the final barrier between

dialysis fluid and the patient, it becomes important to tune

physicochemical properties of dialysis membranes to restrict

back filtration of LPS to the blood side of the membrane. Sev-

eral materials and membrane chemical compositions have been

studied for their ability to limit LPS back filtration either in

preultrafiltration stages or directly during dialysis treatment.

Among these are: polysulfone (PS), polyamide, cellulosic tri-

acetate, ceramic, and polyester.3,7,13,33–38 Reduced back-filtration

has been ascribed primarily to LPS adsorption, with filtration

also playing a significant role.1,3 However, it has also been

shown that membranes exhibiting similar characteristics prevent

back-filtration of LPS to different degrees, indicating that spe-

cific membrane physiochemical properties remain to be identi-

fied in order to define the key parameters governing trans-

membrane LPS flux.2,3,27 Additionally, as modifications of fiber

physiochemical properties are explored to improve blood com-

patibility they may unintentionally influence back-filtration,

thus it is desirable to have a fundamental understanding of how

fiber physiochemical properties influence LPS transport and

sorption.

The present study explores how different chemical and struc-

tural modifications to polysulfone/polyvinyl pyrrolidone (PVP)

hollow fiber membranes influence LPS distribution within and

back-filtration across the membranes challenged with LPS from

cultured sources and fluorescently labeled conjugates. To simu-

late clinical conditions both convective and diffusive experimen-

tal configurations were employed as previously described.3

Modifications included varied PVP content, addition of a PS-

poly(ethylene glycol) copolymer (PS-PEG), and bleach steriliza-

tion. LPS is detected to varying degrees in the lumens of the

modified fibers, but not the native PS/PVP. Fluorescently labeled

LPS predominantly adsorbs near the lumen of all membranes

except the PS-PEG containing membrane, where LPS localizes

on the outer wall. Water contact angle analysis and scanning

electron microscopy correlate these trends with altered mem-

brane hydrophobicity and morphology accompanying the

modifications.

MATERIALS AND METHODS

Membranes

All experimental fibers were produced using the phase-inversion

solution precipitation method39 with the same spinning param-

eters (spinneret size, air gap, bore fluid, rinsing time). Fresenius

OptifluxVR F200NRe membranes (Fresenius Medical Care North

America), PS-PVP membranes sterilized via electron-beam irra-

diation, were used as the control against which experimental

fiber membranes produced on a pilot line (FMCNA, Ogden,

UT) were compared. Three experimental fibers were produced

using PS as the base polymer with PVP as an additive or a pro-

prietary PS-PEG copolymer. These are referred to as: high-PVP,

low-PVP, and copolymer. “high” and “low” PVP content is with

respect to that in the commercial Optiflux membranes—where

PVP is present between 1 and 10% by weight.40 The altered

PVP concentrations investigated here are maintained within this

range. Bleach-treated Optiflux fibers were prepared through

exposure to 0.57% effective sodium hypochlorite content from

the dialysate side at 70�C for 2 min in order to limit possible

membrane damage during sterilization.41–43 Importantly, pore

size change as measured by sieving coefficient was negligible

among the modified membranes (data not shown).

Dialysate with Bacterial Culture Filtrates

The contaminated dialysate challenge solution was prepared by

inoculating two solutions of trypticase soy broth (TSB) media

with Stenotrophomonas maltophilia ATCC 13637 and Pseudomo-

nas aeruginosa ATCC 27853, respectively. Following 48 h of

incubation, cultures were ultrasonicated (2 min at room tem-

perature) and successively filtered using decreasing pore size,

down to 0.22 lm. This filtration process maximized LPS frac-

tion with no noticeable activity aberrations during the testing

period. The remaining bacterial culture filtrates were then com-

bined, rendering a challenge solution with LPS from both

organisms. From this concentrated stock, bicarbonate dialysate

was spiked to obtain LPS concentrations between 200 and 500

EU mL21 in the dialysate and stored at 4�C until use.

In Vitro Dialysis Circuit

A model of in vitro dialysis previously described was modified

for this study (Figure 1).7,27 Standard dialysis cassettes for clini-

cal use were used for the in vitro studies (n 5 3). Pumps con-

nected to the blood compartment (BC) and dialysate

compartment (DC) were first calibrated using sterile saline.

Standard dialysis tubing sets (Medisystems) were sterilized and

assembled prior to running the dialysis simulation according to

the experimental setup in Figure 1. Both the BC and DC were

then rinsed with pyrogen-free saline for 15 min to remove any

residual endotoxin. Following the saline rinse the simulation

commenced by closing the BC circuit (closed loop) and intro-

ducing the dialysate challenge solution to the DC circuit

(420 6 24 EU mL21). The flow through the BC circuit was held

constant at 200 mL min21 using a reservoir of approximately

140 mL, while flow through the DC circuit was 500 mL min21.

After 60 min the BC return line was placed in the dialysate

challenge reservoir and the inlet blocked, forming a convective

circuit as shown in Figure 1. The flow from the BC was lowered

to 37 mL min21 and the simulation was run for an additional

60 min, followed by a saline rinse.

Samples of 10 mL were collected from both the BC and DC fol-

lowing the priming saline rinse, and at time 0, 7, 15, 60, 67, 75,

and 120 min during the LPS challenges. LPS concentration in

all samples and the original culture filtrate was determined by
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kinetic turbidimetric LAL assay (Charles River Labs) having a

detection limit of 0.1 EU mL21.

Fluorescent Imaging

Fluorescence-labeled LPS conjugate (AlexaFluorVR 594 conjugate,

Invitrogen) was used to localize LPS throughout the membrane

wall. Prior studies have shown that a fluorescent label attached

to the LPS molecule does not affect the behavior of the LPS.44

Mini-modules (Figure 2) were constructed for the fluorescent

imaging portion of the study to reduce the amount of

AlexaFluorVR 594 conjugate required. Thirty fibers of each type

were placed in a polycarbonate tube (15 cm in length, 2.4 mm

inside diameter) and potted using UV-curable epoxy resin

(Dymax Corp.). Mini-modules were subjected to the same

experimental simulation setup as the full-sized clinical cassettes,

with 60 min of diffusive and 60 min of convective testing. Each

mini-module was subjected to a challenge of 800 EU mL21 of

labeled LPS conjugate in a dark environment. Flow rates for the

mini-modules were 1 mL min21 for the BC, 2 mL min21 for

the DC.

After the simulations were complete, mini-modules were dried

overnight in a vacuum oven at 60�C to prepare for sectioning

and imaging. The drying process did not appear to affect fluo-

rophore stability given the strong fluorescence in the obtained

images. The process of embedding, slicing, and imaging the

samples used a previously described protocol modified for this

study.1,45 Fiber membranes were removed from their housings

and sectioned to 10 lm using tissue freezing media (Triangle

Biomedical Sciences), a low-profile microtome blade (SEC 35e,

Richard-Allan Scientific) and a cryostat (Leica 1850, Leica

Microsystems). Sectioned fibers were imaged using a fluores-

cence microscope (Nikon TE2000-S, Nikon Corp.) with a Reso-

rufin filter set (Chroma Technology). This filter set was used to

minimize membrane autofluorescence and maximize fluores-

cence of the AlexaFluorVR 594 conjugate. Images of the mem-

brane samples were obtained with a 12-megapixel camera

(Nikon DXM1200, Nikon Corp.) at a resolution of 1280 3

1024 using a 60-s image integration time and analyzed with

ACT-1 software (Nikon Corp.). Fluorescence intensity profiles

through the fiber cross sections (n� 3) were measured using

ImageJ software (National Institutes of Health).

Surface Characterization by Water Contact Angle

For all membranes tested, sessile drop contact angle analysis

was performed on both the outer surface and lumen of the

fibers using the method previously described.43 To access the

lumen, the fiber was cut longitudinally and spread open on to

double-sided tape. A goniometer (VCA Optima, AST Products)

was used to image 0.25 lL droplets of double-distilled water on

the surface. Immediately following the application of the drop-

let, a digital image was captured; from this image the contact

angle of the droplet was determined (n 5 8).

Figure 2. Mini-module used for fluorescence imaging, showing polycar-

bonate housing and Ts, with UV curable epoxy for potting material.

Approximately 30 fibers, 15 cm in length, provide the mini-module with

about 15 cm2 of surface area. [Color figure can be viewed in the online

issue, which is available at wileyonlinelibrary.com.]

Figure 3. Semilog plot of LPS concentrations in the DC (closed circle) and

BC (open circle) for Optiflux (control) membrane (mean 6 SD, n 5 3).

Figure 1. Experimental dialysis simulation setups for the LPS challenge tests. The diffusive setup is first run for 60 min, after which the system is

changed to the convective setup and run for an additional 60 min.
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SEM Imaging

Fiber membranes were prepared for SEM by dipping the

fibers in liquid nitrogen and snapping them with a quick

motion, yielding a 90� break. Membranes were then placed

onto an imaging stage and coated with gold to 20 nm thick

using a sputter coater (Lesker 108, Kurt J. Lesker Co.) and a

thickness monitor (Cressington MTM10, Cressington Scientific

Instruments). Membranes were then imaged using a field

emission scanning electron microscope (Hitachi F-4000,

Hitachi).

RESULTS

Dialysis Simulations Using Bacterial Culture Filtrates

as Challenge Material

Dialysis simulation data for all membranes tested are shown in

Figures 3–5, with curves representing LPS levels measured from

the blood compartment and dialysate compartment. Maximum

LPS levels in the DC typically occurred from minute 7–15,

attributed to the time required for the LPS to equilibrate

throughout the system. The decrease in free LPS in the DC with

time is attributed to adsorption to the membranes.

Initial LPS levels in the dialysate reservoirs measured by the

LAL assay were as follows: Optiflux, 455 6 44 EU mL21; low-

PVP, 446 6 73 EU mL21; high-PVP, 410 6 107 EU mL21;

bleach, 467 6 224 EU mL21; copolymer, 241 6 43 EU mL21.

During the dialysis simulations LPS was not detected in the BC

samples from the Optiflux membrane (Figure 3), indicating any

LPS back-filtrate was below 0.1 EU mL21. In contrast, LPS was

detected to varying degrees in the BC in all of the modified

membranes following the initial LPS challenge (Figures 4 and

5). Maximum LPS BC concentrations occurred during diffusive

conditions for the low-PVP, high-PVP, and bleach treated mem-

branes, whereas LPS concentrations were highest during convec-

tive flow for the copolymer fibers. BC peak LPS concentrations

were as follows: low-PVP, 0.2 EU mL21 at 7 min.; high-PVP,

14.4 EU mL21 at 60 min.; bleached, 3.8 EU mL21 at 60 min.;

copolymer, 24.8 EU mL21 at 67 min.

Surface Hydrophobicity by Contact Angle Analysis

Contact angle measurements were performed on both the outer

surface and lumen of the fiber membranes and presented in

Figure 6 with mean 6 standard deviation for eight samples. The

copolymer and high-PVP membranes exhibited significant dif-

ferences between the outer and lumen contact angles

(P< 0.05). All lumen contact angles were significantly different

from each other, while all outside contact angles were signifi-

cantly different except Optiflux and high-PVP membranes. Dif-

ferences in contact angle arise from physicochemical differences

among fibers, namely surface roughness, porosity, and concen-

tration and location of the hydrophilic polymer additives, PVP

and PEG.

Figure 4. Semilog plot of LPS concentration in BC and DC of high-PVP

and low-PVP membranes (mean 6 SD, n 5 3).

Figure 5. Semilog plot of LPS concentration in BC and DC of bleached

and PS-PEG copolymer membranes (mean 6 SD, n 5 3).

Figure 6. Contact angle measurements of both inner lumen and outside of fiber membranes (mean 6 SD, n 5 8). Statistical analysis revealed significant

difference (P< 0.05) among all samples. Significant difference between the outside and lumen side contact angle was found only in the copolymer and

high-PVP membranes.
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Imaging of Dialysis Membranes

Fluorescence and SEM images for all membranes tested are pre-

sented in Figures 7–11. Differences in the LPS distribution and

membrane morphologies can be observed. The arrow in Panel

C of Figures 7–11 indicates the boundary of the lumen wall. As

seen in the fluorescence images and associated intensity profiles,

AlexaFluor-LPS aggregates near the lumen for all fibers except

the PS-PEG copolymer, where the opposite was observed. The

low-PVP membrane exhibited a higher LPS affinity as indicated

by overall image intensity and a more uniform distribution of

LPS throughout the fiber spongy matrix as compared to the

other fibers. The presented images are representative of all

imaged samples (n� 3 for each fiber type); no atypical fluores-

cent patterns were observed.

The cross sectional SEM images in Figures 7–11 show similar

spongy asymmetric matrix structures for the Optiflux, bleached,

high-PVP, and low-PVP membranes. For these membranes the

lumen exhibited a less porous wall while the outside structure

was a highly porous polymer network. The PS-PEG copolymer

membrane (Figure 11) exhibited a “three-layer” structure with a

spongy matrix in the outer half of the membrane, a macropo-

rous structure in the inner half, and a compact and continuous

structure forming the lumen. Figure 11 reveals macropores

extending to the inner wall of the membrane as well as a less

porous exterior wall. A clear demarcation in the transition from

macropores to spongy matrix is seen in Figure 11(B). The dif-

ference in the structure of this membrane can be attributed to

distinct thermodynamics of the phase inversion arising from the

presence of the PS-PEG block copolymer as compared to PS/

PVP fibers, where PVP is the only hydrophilic polymer present.

DISCUSSION

In this study, high concentrations of LPS (roughly 20 times the

allowable amount for medical devices) were used to show the

ability of hollow fiber membranes to adsorb and filter LPS from

solution and to represent a “worst case scenario”. However,

because experiments were performed at concentrations below

the critical aggregation concentration of LPS, similar trends in

LPS back-filtration and adsorption would be expected to exist

at lower concentrations.46,47

Results from the high- and low-PVP simulations (Figure 4)

show increases in LPS back-filtration compared to the Optiflux

(control) membrane, especially under diffusive conditions. The

low-PVP membrane also adsorbed more LPS through the diffu-

sive portion of the simulation, as observed by the sharp

decrease in LPS concentration in the dialysate compartment

and high intensity in the corresponding fluorescence image.

This may correlate to the increased hydrophobicity of this fiber

(Figure 6) as discussed later. It is noted that the LPS levels in

Figure 7. Optiflux membrane: fluorescence image (A), SEM images of the cross section (B), near the lumen (C), and near the outer wall (D), and fluo-

rescence intensity profile (E). Fluorescent-labeled LPS conjugate is distributed throughout the entire membrane cross section, accumulating near the

inner lumen surface. The intensity profile shows the distribution of LPS adsorption from lumen (left) to outside (right). The arrow in Panel C indicates

the boundary of the lumen wall. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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the blood compartment decreased with time during diffusive

conditions and immediately dropped below the detection limit

during convective conditions for the low-PVP membrane. This

decrease in BC LPS levels during diffusive conditions suggests

that LPS in the BC may have adsorbed to the membrane or

reentered the dialysis circuit solution. During convective flow

LPS is likely to be adsorbed or forced into fiber pores. The

high-PVP membrane allowed the most LPS transfer into the BC

compared to all other membranes, possibly due to a greater

pore-size in the lumens of these fibers arising from the addi-

tional PVP present during the phase-inversion process. SEM

images show a thicker wall structure for the high-PVP mem-

brane (46 lm) than all others (<38 lm); however, the pores in

the fiber lumens could not be resolved.

It has been shown previously that dialyzers reprocessed using

RenalinVR (a sterilant composed of hydrogen peroxide, peracetic

acid, acetic acid, and water) resisted trans-membrane passage of

LPS during treatments.48 Similarly, polysulfone dialyzers sub-

jected to 13 volumes of a bleach solution were able to effectively

remove endotoxin from a challenge solution.49 In contrast,

bleached membranes in this study allowed LPS back-diffusion

immediately upon commencement of the diffusive simulation,

but less under convective conditions. This highlights how solute

transport characteristics are greatly dependent on both the

membrane properties and the reprocessing (sterilization) tech-

nique.42,50 Extended bleach sterilization renders PS/PVP fibers

increasingly hydrophobic,43 which may favor LPS binding.

Fiber hydrophobicity is also a key parameter in determining

hemocompatibility, which in turn dictates how much anticoagu-

lant must be administered to the patient during dialysis.

Reduced administration of heparin or other anticoagulants is

desirable, and thus surface modifying layers such as PEG are

often explored for blood contacting polymers. Under controlled

conditions PEG immobilized on surfaces presents a protein-

repellant layer.51 PS-PEG copolymers have previously been

incorporated into PS filter membranes to repel proteins and to

enhance surface wettability.52,53 Here it is observed that the PS-

PEG copolymer incorporated in the fibers during the phase-

inversion process had unanticipated effects on fiber morphology

and LPS distribution. The fluorescence, SEM, and contact angle

data indicate that incorporation of PS-PEG into the spin mass

resulted in a unique three-layer fiber structure. This fiber readily

bound LPS while restricting adsorption to the outermost region

of the membrane. Back-filtration of LPS, however, was observed

after 7 min of the diffusive simulation. Under convective condi-

tions the membrane allowed a greater passage of LPS to the BC,

while also adsorbing most of the LPS in the challenge solution

as noted by the decrease in DC LPS concentration. It is

observed that the LPS concentration in the BC remained at or

near the detection limit for most of the diffusive conditions for

Figure 8. Bleached fiber membrane: fluorescence image (A), SEM images of the cross section (B), near the lumen (C), and near the outer wall (D), and

fluorescence intensity profile (E). Fluorescence distribution and surface structure were similar to the Optiflux membrane. The different structure in the

bottom left of the fluorescence image is due to cryostat cutting artifact. [Color figure can be viewed in the online issue, which is available at wileyonline-

library.com.]
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the PS-PEG copolymer membrane, and then increased to about

0.4 EU mL21 by 60 min. In contrast to the other membranes,

the BC LPS concentration increased upon switching to convec-

tive conditions for the copolymer fiber. It is also seen in the

SEM cross section that the spongy matrix pores in the copoly-

mer fiber are much smaller near the outer wall, which may

restrict the transport of LPS into the BC during diffusive condi-

tions. The PS-PEG copolymer thus renders a fiber with strong

LPS binding characteristics away from the fiber lumen, but the

process needs to be optimized to avoid the associated increase

in LPS flux into the BC under convective conditions.

To address the distribution of PVP and PEG we employed water

contact angle analysis of fiber lumens and outside walls (Figure

6). PVP, a common additive to PS membranes, is used to

decrease hydrophobicity, increase biocompatibility, and create

pores during the phase inversion process.54 The water contact

angles for lumen and outer wall for the Optiflux membrane

were 48 and 47, respectively, similar to values previously

reported.3 Increasing or reducing PVP concentration is reflected

in the lower and higher contact angles for the high- and low-

PVP membranes, respectively, compared to the Optiflux stand-

ard. Bleaching of PS-PVP membranes has been shown to cause

an increase in hydrophobicity and net negative charge,43 attrib-

uted to chain scission of PVP via radical reactions.50,55–57 This

appears to be occurring here as bleaching Optiflux fibers for 2

min increased fiber hydrophobicity.

Unlike PVP, the PS-PEG additive is an amphiphilic copolymer,

which will influence phase separation during the fiber precipita-

tion process as suggested by the “3-layer” structure observed in

the SEM cross section. The higher contact angles observed for the

PS-PEG membrane suggest the hydrophobic polysulfone blocks

of the PS-PEG copolymer are exposed on these surfaces. It is pos-

sible that the PEG chains are sequestered in the fiber matrix while

PS is concentrated at the interfaces (outside wall and lumen),

thus causing an increase in contact angle of these surfaces, and

subsequently less LPS adsorption through the spongy matrix. The

increase in outside membrane contact angle is different than a

previous study that suggested that PEG chains segregated to the

outside surfaces of the membrane resulting in a more hydrophilic

surface.52,53 The phase inversion process is by nature, however,

sensitive to small changes in spin-mass composition, which can

thus dramatically alter thermodynamic partitioning of the poly-

mers in the spin-mass during precipitation.39 These results sug-

gest that by tuning the PS:PEG ratio and refining the spinning

conditions it may be possible to eliminate LPS entry into the BC

while maintaining LPS adsorption to the outer wall.

It has been shown that LPS preferentially binds to hydrophobic

membranes and that PVP restricts adsorption of proteins to PS

membranes.54,58 Therefore, it would be expected, based on contact

angles, that the bleached, low-PVP, and copolymer membranes

would bind more LPS than the Optiflux control. Fluorescence

images and intensity profiles show that LPS bound extensively

Figure 9. High-PVP membrane: fluorescence image (A), SEM images of the cross section (B), near the lumen (C), and near the outer wall (D), and flu-

orescence intensity profile (E). Fluorescence intensity for the matrix portion of the membrane is much lower for this sample compared to the other sam-

ples indicating less adsorption of LPS. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 10. Low-PVP fiber membrane: fluorescence image (A), SEM images of the cross section (B), near the lumen (C), and near the outer wall (D),

and fluorescence intensity profile (E). Distribution of LPS for this membrane is similar to the Optiflux membrane; however, intensity is higher indicating

a greater affinity of the LPS to this membrane. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 11. PS-PEG copolymer fiber membrane: fluorescence image (A), SEM images of the cross section (B), near the lumen (C), and near the outer

wall (D), and fluorescence intensity profile (E). In contrast to the other fiber types, a distinct transition in the porosity of the spongy matrix is observed

and LPS is restricted to the outer surface. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


through the matrix of the low-PVP membrane but only to the out-

side of the PS-PEG copolymer membrane. LPS also bound more

prevalently through the matrix of the bleached membrane com-

pared to the Optiflux membrane, suggesting a chemical makeup in

the spongy matrix similar to the low-PVP membrane. PVP content

is likely diminished throughout the membrane as indicated by the

increase in contact angle compared to the Optiflux membrane.

Also, LPS bound only near the lumen of the more hydrophilic

high-PVP membrane and not through the matrix of the hollow

fiber. SEM images for all membranes except the copolymer show a

relatively thick lumen wall. It is likely that LPS in these membranes

was trapped near the lumen because of this wall structure. Con-

versely, the copolymer fiber had much larger macropores near the

lumen that may have allowed LPS to more readily reach the BC.

Therefore, adsorption of LPS is likely due to both hydrophobic

interactions as well as physical entrapment by micropores within

the membrane.

In summary, all modified membranes allowed some back-

filtration of LPS in the simulation. The average total reduction in

LPS from the DC for all membranes tested was �94% at 120 min,

similar to previous studies.3,59 The distribution of LPS within the

membranes suggests that modifications can sequester the bound

LPS away from the blood-contacting fiber lumen. Restricting LPS

adsorption to the outside wall of the copolymer membrane is

viewed as beneficial as it has been shown that LPS does not need

to be in direct contact with blood to elicit a pyrogenic response.12

Although LPS was not detected in the BC of the Optiflux fiber,

the possibility of pyrogenic response is still of concern as LPS was

observed predominantly near the lumen and may also be crossing

the lumen into the BC below the LAL detection limits.

CONCLUSION

The evolution toward high-flux dialysis membranes coupled with

bicarbonate dialysate in hemodialysis warrants assessment of

pyrogen adsorption to and distribution within the membranes.

The data from the experimental fibers investigated here suggest

that the physiochemical properties of PS/PVP membranes can be

tuned to favor LPS adsorption and possibly prevent back-

filtration into the blood compartment of dialyzers. Postprocessing

of fibers through bleach sterilization at low concentration and

short exposure time led to significant changes in LPS back-

filtration and fiber surface properties, demonstrating that simple

and commonly used sterilizing (reprocessing) protocols may have

unintended consequences on back-filtration. Furthermore, it was

shown that the incorporating a PEG block copolymer into the

fiber induced changes in membrane porosity, surface chemistry,

and LPS adsorption characteristics. Of most significance was the

ability of the PS-PEG membrane to adsorb LPS primarily on the

outside of the membrane, suggesting a means of sequestering LPS

away from the blood-contacting fiber lumen.
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