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Abstract The membrane and solute diffusion

properties of Cladophora cellulose and polypyrrole

(PPy) functionalized Cladophora cellulose were ana-

lyzed to investigate the feasibility of using electroac-

tive membranes in hemodialysis. The membranes

were characterized with scanning electron micros-

copy, f-potentiometry, He-pycnometry, N2 gas

adsorption, and Hg porosimetry. The diffusion prop-

erties across the studied membranes for three model

uremic toxins, i.e. creatinine, vitamin B12 and bovine

serum albumin, were also analyzed. The characteriza-

tion work revealed that the studied membranes present

an open structure of weakly negatively charged

nanofibers with an average pore size of 21 and

53 nm for pristine cellulose and PPy-Cladophora

cellulose, respectively. The results showed that the

diffusion of uremic toxins across the PPy-Cladophora

cellulose membrane was faster than through pure

cellulose membrane, which was related to the higher

porosity and larger average pore size of the former.

Since it was found that the average pore size of the

membranes was larger than the hydrodynamic radius

of the studied model solutes, it was concluded that

these types of membranes are favorable to expand the

Mw spectrum of uremic toxins to also include

conditions associated with accumulation of large

pathologic proteins during hemodialysis. The large

average pore size of the composite membrane could

also be exploited to ensure high-fluxes of solutes

through the membrane while simultaneously extract-

ing ions by an externally applied electric current.

Keywords Nanocellulose � Electroactive

membranes � Hemodialysis � Cladophora

cellulose � Polypyrrole

Introduction

Hemodialysis (HD), peritoneal dialysis, and kidney

transplantation are the only treatment options avail-

able for patients suffering from the end-stage renal

disease (ESRD). HD treatment was performed for

1,895,000 patients globally in 2009, and the number of

patients is expected to increase further (Polaschegg

2010). Despite the advances in HD, the mortality rate
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among ESRD patients undergoing HD treatment is

still very high as only about 50 % of patients remain

alive after 3 years from the start of HD, with

associated cardiovascular complications being the

top cause (Schmid and Schiffl 2012). The patients

need to attend the clinic about three times a week to

undergo a lengthy 3–5 h treatment. These problems

stipulate the continued development of HD technol-

ogy, including also the improvements of the polymeric

membrane materials used. The current status and

limitations of HD membrane materials have been

extensively covered in literature (Bowry 2002; Ofs-

thun 2000; Vienken 2002; Zweigart et al. 2010).

When kidneys fail, the uremic toxins can no longer

be removed from blood, leading eventually to death.

The uremic toxins can generally be divided into four

groups: (1) non-protein bound, small water-soluble

toxins (Mw \ 300 Da, e.g. urea, creatinine, guani-

dines, potassium, phosphate, oxalate, hypoxanthine,

uric acid); (2) protein bound, small toxins

(Mw \ 300 Da, e.g. cresol, indoxyl sulfate, phenol,

indoles, hippuric acid, tryptophane, homocysteine); (3)

the middle size toxins (Mw 300–12,000 Da, e.g.

parathyroid hormone, b2-microglobulin; peptide-

linked advanced glycation end-products); and (4) large

size toxins (Mw [ 12,000, e.g. leptin, complement

factor D) (Bowry 2002). The operating principle of

contemporary HD systems includes removal of uremic

toxins by combined action of diffusion and convection:

the former one decreases with increasing molecular

weight, while the latter increases with increased flux,

e.g. due to increased transmembrane pressure or higher

membrane porosity. Continuous optimization and

rigorous control of the pore size distribution has led

to improvements in the performance of HD mem-

branes. However, as it has been pointed in the

literature, such an approach is nearing its limits and

cannot further generate improvements in selectivity

(Ofsthun 2000), stipulating the development of inno-

vative approaches to HD. Some examples of concep-

tually different approaches to traditional HD include

combined diffusion-adsorption membranes (Tijink

et al. 2012), nanofabricated silicon wafers with con-

trolled pore slit geometry (Fissell et al. 2007; Humes

et al. 2006), ferromagnetic nanoparticle-targeted bind-

ing substance conjugates (FN-TBS Cs) (Stamopoulos

2008), microfluidic, membraneless devices (Leonard

et al. 2004, 2005), and dialysis-free, synthetic renal

replacement system termed ‘‘human nephron filter’’

(Nissenson et al. 2005). Another approach to facilitate

the removal of uremic toxins during HD includes the

use of electrical field across the HD membrane, known

as blood electrodialysis (Hedayat et al. 2012; Kokubo

et al. 2009; Pirot et al. 2002; Smith et al. 1964).

The research efforts during the past decade were

focused mainly on removal of middle size uremic

toxins since failure to remove them has been related to

cardiovascular and immunological complications.

Middle size uremic toxins, e.g. b2-microglobulin,

parathyroid hormone and the pro-inflammatory cyto-

kines such as TNF-a, IL-6 and IL-1b, are examples of

uremic toxins implicated in numerous aspects of the

morbidity of dialysis patients (Vanholder et al. 2001,

2008). It is preferred to retain large (essential) proteins

like albumin, immunoglobulins and peptide hormones

since low serum levels of such solutes in patients with

chronic kidney failure are a well documented predictor

of mortality (Owen et al. 1993). Thus, the develop-

ments in the design of high-flux HD membranes,

mainly focusing on the removal of middle size uremic

toxins and the retention of essential proteins. How-

ever, the removal of small water-soluble toxins should

not be overlooked since such molecules also pose

serious health problems. Indeed, one of the major

patho-physiological factors responsible for mortality

of ESRD patients during HD treatment is hyperphos-

phatemia leading to vascular calcification (Kuhlmann

2010; Vanholder et al. 2001; Block et al. 1998, 2004).

Oxalic acid retained in uremia is also known to be

involved in the clinical development of cardiovascular

problems (Vanholder et al. 2001). Thus, developing

highly selective HD membrane materials featured also

with good hemocompatibility is one of the key

challenges to improve the current HD apparatus.

Recently, the feasibility of using novel, electro-

chemically-controlled HD membrane materials, par-

ticularly suitable for removal of small size, non-

protein bound, water-soluble uremic toxins, such as

oxalate or phosphate anions, was investigated (Ferraz

et al. 2012a, b). The materials are highly porous

composite membranes of Cladophora cellulose nanof-

ibers coated with a thin (*50 nm) layer of the

conductive polymer, polypyrrole (PPy) (Mihranyan

et al. 2008). Cladophora cellulose is featured with

exceptional properties for a cellulosic material such as

high degree of crystallinity (about 95 %) and large

specific surface area (on the order of 100 m2/g),

comparable to that of industrial absorbents
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(Mihranyan 2011; Mihranyan et al. 2007). Further-

more, due to its high degree of crystallinity, Clado-

phora cellulose nanofibers do not swell, and one of the

early suggested applications of Cladophora cellulose

included its use as a filtration medium (Mihranyan

2011). By coating the Cladophora cellulose nanofibers

with a thin layer of PPy, a composite conductive paper

material featuring high porosity and externally

potential-controlled anion exchange properties is

obtained (Mihranyan et al. 2008). If a sufficiently

positive potential is applied, the PPy layer on Clado-

phora cellulose nanofibers is oxidized which results in

positive charges along the PPy chains (Strømme et al.

2009; Gelin et al. 2009). The anions present in the

electrolyte then move to the polymer to compensate

for the positive charges and to maintain the overall

electroneutrality of the system. If a sufficiently

negative potential is applied to the oxidized film, the

polymer fibers are reduced, and the anions are released

back into the electrolyte. Further, PPy can also be

rendered cation-exchange properties by incorporating

large, immobile anions in its structure during synthesis

(Liljegren et al. 2002). The composite PPy-Cladopho-

ra cellulose paper, functioning as an electroactive

membrane, was shown efficient in extracting inor-

ganic and organic ions: For instance, the extraction

capacity of PPy-Cladophora cellulose composite

membrane for chloride ions is about 5 mol/kg (Gelin

et al. 2009). The membrane was also shown efficient in

extracting aminoacids and even DNA oligonucleo-

tides of varying length from aqueous solutions (Razaq

et al. 2009, 2011a, b; Rubino et al. 2010). By

exploiting the electroactive ion exchange properties

of PPy, the so-called affinity electromembranes (Loh

et al. 1990) have been developed for electrically

facilitated extraction of, e.g. hemoglobin (Shi et al.

2010) or thrombin (Wang et al. 2011, 2013) directly

from blood. Further, the electroactive properties of

PPy have been studied with respect to controlled drug

delivery (Jagur-Grodzinski 2012). Therefore, these

and other properties have triggered interest in inves-

tigating the feasibility of using porous PPy-Cladopho-

ra cellulose electroactive membranes for removal of

small water-soluble uremic toxins from blood. Such

electrochemically-controlled membranes could either

be integrated into hybrid systems with conventional

HD apparatus to offer additional modality or be used

on their own, provided that the pore size distribution is

tailored for size exclusion.

The potential benefits of using PPy-Cladophora

cellulose as electrochemically-controlled HD mem-

brane include:

• Rapid, current-controlled removal of water-solu-

ble ions (both anion- and cation-exchange mem-

branes), which could potentially shorten the HD

session;

• Highly porous structure with potentially tunable

pore size distribution, which could enable com-

bined ultrafiltration and electrochemically-con-

trolled solute removal;

• Possibility of simultaneous electrochemically-

controlled drug release.

The in vitro and in vivo studies by Ferraz et al. showed

that PPy-Cladophora cellulose composites do not

leach toxic substances when appropriately rinsed after

the synthesis (Ferraz et al. 2012b), although excessive

rinsing with water has some negative impact on the

electroactive properties of PPy (Carlsson et al. 2013).

Further, upon storage PPy is oxidatively degraded into

shorter oligomers having a negative effect on the

overall toxicity of the composite (Ferraz et al. 2012b).

The hemocompatibility of the PPy-Cladophora cellu-

lose composite was also studied in vitro (Ferraz et al.

2012a). The composite showed low complement

activation, and the thrombogenic properties of the

material were improved by applying a heparin coating.

The hemocompatibility of the obtained heparinized

samples was comparable and sometimes even better

than that for commercially available HD membranes

(Ferraz et al. 2012a). Both heparinized and non-

heparinized PPy-Cladophora cellulose membranes

exhibited good phosphate and oxalate extraction

capacity at physiological pH and isotonicity (Ferraz

et al. 2012a). The electroactive properties of PPy-

Cladophora cellulose membrane were also confirmed

for uric acid (unpublished data). Before the electroac-

tive membranes can be considered in a clinical setting,

it is important to weigh the benefits against the

limitations of the proposed approach. Since the PPy-

Cladophora cellulose membrane may in principle

combine active ion exchange with ultrafiltration, the

evaluation of the membrane solute diffusion proper-

ties is needed. This work is the continuation of the

preliminary feasibility studies of using porous com-

posite PPy-Cladophora cellulose electroactive mem-

branes for HD, specifically focusing on the membrane

characterization and solute transport properties at
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recommended ISO-standard concentrations for three

model uremic toxins, i.e. creatinine, vitamin B12, and

bovine serum albumin (BSA).

Experimental part

Materials

Three model uremic toxin substances corresponding to

small, medium, and large size toxins were used:

creatinine (Mw = 113 g/mol; Merck, Germany), vita-

min B12 (Mw = 1,135 g/mol; Sigma Aldrich, Ger-

many), albumin from bovine serum, BSA

(Mw = 66,000 g/mol, lyophilized powder, Sigma

Aldrich, Germany). The following compounds were

used for synthesis of the PPy-Cladophora cellulose

membrane: pyrrole, tween-80, iron (III) chloride and

sodium chloride (Sigma Aldrich, Germany). Clado-

phora cellulose was supplied by FMC Biopolymer,

USA (batch G-3095-10). Microfibrillated cellulose

(MFC) was supplied by Innventia AB, Sweden. The

phosphate buffer (PBS; pH = 6, 8) tablets were

ordered from Merck, Germany.

Membrane preparation

Two types of membranes were prepared: Cladophora

cellulose and PPy-Cladophora cellulose.

Cladophora cellulose membranes were prepared by

dispersing 300 mg of Cladophora cellulose powder in

50 mL of deionized water using a high-energy

ultrasonicator (Vibracell, 750 W, Sonics, USA) for

12 min. The mixture was then drained on a nylon

0.1 lm filter in a Buchner funnel to form a filter-cake

and dried at ambient conditions under heavy load to

obtain a paper sheet with an average thickness of

0.3 mm.

In order to produce, PPy-Cladophora cellulose

composite membrane, 300 mg of Cladophora cellu-

lose powder was added to 50 mL deionized water and

dispersed using a high-energy ultrasonicator (Vibra-

cell, 750 W, Sonics, USA) for 12 min. To the

produced dispersion, 3 drops of Tween-80 and 3 mL

of pyrrole in 100 mL deionized water were added and

stirred for 10 min. In order to induce polymerization,

100 mL of 8 % (w/v) iron (III) chloride solution was

added to the cellulose-pyrrole mixture and stirred for

15 min. The obtained material was then drained on a

Nylon 0.1 lm filter in a Buchner funnel and rinsed

with 10 L of 0.1 M NaCl. Following the rinsing, the

product was dispersed in 100 mL of water together

with 10.6 g of 2.26 % (w/v) MFC using a high-energy

ultrasonicator (Vibracell, 750 W, Sonics, USA) for

3 min. The product was then drained on a 0.1 lm

nylon filter in a Buchner funnel to form a filter-cake

and then dried in ambient conditions under heavy load

to produce a composite sheet with an average thick-

ness of 0.6 mm.

Scanning electron microscopy (SEM)

Cladophora cellulose and cellulose-based composite

samples were sputtered with a thin gold/palladium

layer prior to analysis to avoid charging of samples.

SEM analyses were done using a Leo 1550 SEM

instrument (Zeiss, Germany) equipped with an in-lens

detector.

N2 gas adsorption

Nitrogen (N2) gas adsorption isotherms (77 K) were

obtained using an ASAP 2020 (Micromeritics, USA)

instrument. The specific surface areas of the samples

were calculated from the isotherms using the Bru-

nauer–Emmett–Teller (BET) method (Brunauer et al.

1938). The samples were degased at 95 �C under

vacuum for at least 24 h prior to analysis. The pores

size distribution was calculated using the Barrett–

Joyner–Halenda (BJH) method (Barrett et al. 1951)

supplied in the software to ASAP 2020 instrument.

Hg intrusion porosimetry

Hg intrusion porosimetry was performed using an

Autopore IV 9500 instrument (Micromeritics, USA) at

Particle Analytical ApS (Hørsholm, Denmark).

Total porosity

A value for porosity was calculated from the bulk

density and true density:

�% ¼ 1� qbulk

qtrue

� �
� 100; ð1Þ

where e is the total porosity, %; qbulk is membrane

bulk density from its dimensions; qtrue is membrane
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true density, i.e. 1.64 g/cm3 (Mihranyan 2011). The

membrane thickness was measured using a digital

caliper (Mitutoyo ID-C15OXB, Japan) directly before

diffusion experiment. The measurement was carried

out at 5 different positions of the membrane. At least

11 samples per membrane type were used to determine

the total porosity.

f-potential

A membrane sample of 10 mg was added to 50 mL

10 mM NaCl (pH 6.5) and ultrasonicated (Vibracell,

750W, Sonics, USA) for 12 min. Then, these samples

were diluted 20 times. f-potential (n = 3) was mea-

sured with a Zetasizer Nano ZS (Malvern, UK)

instrument.

Solute diffusivity through membranes

The horizontal diffusion cell technique was used to

measure the diffusivity of selected uremic toxins. A

horizontal diffusion cell (PermeGear, USA) consisting

of two identical compartments (donor and acceptor)

with water-jacketed walls was used. Each compart-

ment was shaped as a 34-mL cylinder. The cylinders

were separated by rubber gaskets, between which the

membrane was fixed. The effective membrane area

A for perfusion was 0.785 cm2 with an average (dry)

membrane weight of 46 mg for the Cladophora

cellulose membranes and 74 mg for the PPy-Clado-

phora cellulose membranes. The diffusion cell was

thermostated at 37 ± 1 �C using a water bath. The

solution inside each compartment was magnetically

stirred at about 400 rpm. Aliquots of 1 mL were taken

at regular intervals from both donor and acceptor

compartments. The concentration profiles of the

solutes were recorded using an UV spectrophotometer

(Shimadzu UV-1800, Japan). The absorbance for

creatinine, vitamin B12 and BSA was recorded at

234, 361 and 280 nm, respectively. For the diffusion

cell experiments, the solutions were prepared accord-

ing to ISO 8637 (ISO-8637:2010 2010). Thus, the

donor compartment was filled with 500 lM creati-

nine, 40 lM vitamin B12 or 900 lM BSA in PBS

(5 mM, pH = 7.4), whereas the acceptor cell was

filled with pure PBS (5 mM, pH = 7.4). Thus, the

driving force for mass transfer was the concentration

gradient across the membrane. Prior to the measure-

ment the membranes were pre-swollen in PBS for

5 min. The diffusion experiments were carried out

three times for each solute and each membrane type.

Table 1 summarizes the physico-chemical properties

of the studied solutes.

The diffusion coefficients, D, were calculated

according to the time-lag method (Zhang and Furusaki

2001), in which the total amount, Q, of solute,

transferred through the membrane after time t is

expressed as:

QðtÞ ¼ Vacð0Þ � CacðtÞ ¼
ADCdð0Þ

l
t � l2

6D

� �
: ð2Þ

Here Vac(0) and Cac is the initial volume and the solute

concentration at time t in the acceptor compartment,

respectively, whereas l and Cd(0) is the membrane

thickness and initial concentration of solute in the

donor compartment, respectively.

To extract the diffusion coefficient from Eq. (2) the

total amount of solute transferred through the mem-

brane Q(t) was plotted versus t and the diffusion

coefficient was obtained from the slope of this plot in

the time interval where quasi-steady-state conditions

prevailed (Zhang and Furusaki 2001).

Table 1 Molecular weight and hydrodynamic radius of solutes used in diffusion experiments

Solute Mw, g/mol Charge Rhyd (pH = 7.5), Å Cd(0), lM UV absorbance, nm

Creatinine 113 Neutral 2.6a 500 234

Vitamin B12 1,355 Neutral 8.4b 40 361

BSA 66,000 Negative 36.0c 900 280

Here Cd(0) is the initial concentration of solute in the donor compartment and Rhyd is the hydrodynamic radius of the solute
a Sharma et al. (2004)
b Harland and Peppas (1989)
c Conder and Hayek (2000)
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Solute retention

Solute retention was estimated as the solute mass, Mm,

accumulated after t = 24 h in the membrane accord-

ing to

MmðtÞ ¼ Cdð0ÞVdð0Þ � CdðtÞVdðtÞ � CacðtÞVacðtÞ:
ð3Þ

Here Vd(0) is the initial volume in the donor compart-

ment. The volumes used for calculating the solute

retention were compensated for each 1 mL aliquots

withdrawn from the diffusion cell.

Statistical analysis

Data for diffusion coefficients were statistically eval-

uated by one-way ANOVA with Fisher’s LSD post

hoc test using KaleidaGraph software. Samples were

considered statistically different at p \ 0.05.

Results and discussion

The studied samples were flat, non-woven mem-

branes composed of cellulose nanofibers or cellulose

nanofibers coated with PPy. Figure 1 shows the

SEM images of the studied membranes. The images

reveal an open structure of intertwined nanofibers.

The surface of the composite membranes (Fig. 1b) is

more uneven than that of the pure cellulose mem-

branes (Fig. 1a), featuring clearly visible nodes and

blobs due to the PPy-coating on the nanocellulose

fibers.

Figure 2 shows the pore size distribution of the two

membrane types under study as obtained from BJH

analysis of N2 gas adsorption isotherms (Fig. 2a) and

Hg intrusion porosimetry (Fig. 2b). Both of the

samples feature a broad pore size distribution over

the entire mesoporous range, i.e. between 2 and

50 nm, and the lower macroporous range. Neither of

the analysis techniques revealed presence of pores

larger than 200 nm. It is seen from the BJH pore size

distribution curves (Fig. 2a) that PPy-Cladophora

cellulose membranes feature a pore size distribution

shifted towards larger pore sizes as compared to the

Cladophora cellulose membrane. The average pore

size of the Cladophora cellulose membrane was

around 18 nm, whereas that of the PPy-Cladophora

cellulose membrane was around 41 nm. The pore size

distribution curves obtained from Hg intrusion poros-

imetry suggest a similar shift to larger pore sizes for

PPy-Cladophora cellulose membranes as compared to

Cladophora cellulose membranes, although the aver-

age pore size values are slightly larger than those

obtained using BJH analysis of N2 gas adsorption

isotherms, viz. 21 and 53 nm, respectively. The

average pore size of the studied membranes is an

order of magnitude larger than that for commercially

available HD membranes: For comparison, the pore

size of a typical high-flux polysulfone membrane is 3.1

and 1.6 nm for low-flux polysulfone (Bowry 2002).

This, however, should not necessarily be seen as an

impediment since electroactive membranes rely on

electrochemically driven removal of solutes rather

than pore size dependent exclusion, especially if

development of hybrid systems is envisaged.

Fig. 1 Scanning electron micrographs of a Cladophora cellulose and b PPy-Cladophora cellulose membranes
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Table 2 summarizes some of the physical charac-

teristics of the membranes such as their specific

surface area, pore size distribution, and f-potential. It

is seen from this table that the specific surface area of

Cladophora cellulose membranes is somewhat larger

than that for the PPy-Cladophora membrane. Both of

the membranes were weakly (negatively) charged

with f-potential values in the range between -18 and

-23 mV at pH = 7.4 for Cladophora cellulose and

PPy-Cladophora cellulose membranes, respectively.

Concern about the use of negatively charged HD

membranes has been related to high thrombogenicity

and bradykinin formation leading to anaphylactoid-

like reactions in sensitive patients (Schaefer et al.

1993; Vienken 2002; Coppo et al. 2000). This is due

to the fact that the coagulation factor XII is activated

by negatively charged surfaces, which in turn, triggers

the formation of the vasodilating agent bradykinin.

We have previously described the use of a stable

heparin coating on PPy-Cladophora cellulose com-

posite to render the membrane non-thrombogenic

(Ferraz et al. 2012a). This heparin coating, acting as a

passivating layer, could significantly contribute to

maintaining low levels of active factor XII (Nilsson

et al. 2010) and thus preventing the formation of

bradykinin, thereby reducing the risks of anaphylac-

toid-like reactions.

Figure 3 summarizes the total porosity values of the

studied membranes. The PPy-Cladophora cellulose

membranes have a higher porosity than the Clado-

phora cellulose membranes. The average porosity of

Cladophora cellulose membranes was 45 % whereas

that of PPy-Cladophora cellulose membranes was

61 %. The higher variability in the total porosity of

Cladophora cellulose membranes was ascribed to a

larger extent of shrinking during drying. Less shrink-

ing in the PPy-Cladophora cellulose membranes could

also explain the shift of the pore size distribution to

larger values as compared to the Cladophora cellulose

membrane as discussed previously (Mihranyan et al.

2012). Future efforts will be directed at controlling the

total porosity and pore size distribution by rigorous

control of the drying conditions, e.g. temperature,

applied tension during drying, etc.

Fig. 2 Pore size distribution of Cladophora cellulose and PPy-

Cladophora cellulose membranes as characterized by a BJH N2

gas sorption analysis and b Hg intrusion porosimetry. The dV/

dlog(d) volume corresponds to that at standard temperature and

pressure (STP)

Table 2 Physical characteristics of the studied membranes

BET specific surface area,

m2/g

BJH mean pore size,

nm

Hg mean pore size,

nm

f-potential (pH = 7.4),

mV

Cladophora cellulose 100 18 21 -13 ± 8

PPy-Cladophora

cellulose

77 41 53 -23 ± 5
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Considering the hydrodynamic radii of the solutes

at pH = 7.4 in Table 1 and the pore size distribution

data summarized in Table 2, it can be concluded that

the average pore size of the membranes is consider-

ably larger than the hydrodynamic radii of solutes. The

average pore size of the studied membranes is

comparable to those of high cutoff dialysis mem-

branes, which range from 10 nm up to 200 nm

(Zweigart et al. 2010). This property opens the

possibility of using the composite membranes to

maximize the removal of proteins in the Mw range of

15–50 kDa that are involved in pathophysiological

conditions. This group of proteins includes free light-

chain proteins, which are excessively produced and

accumulated in diseases such as kidney myeloma, and

inflammatory cytokines, which are overexpressed in

acute inflammatory diseases and lead to sepsis-

induced acute renal failure (Zweigart et al. 2010).

Special attention needs to be paid to high permeability

membrane-associated albumin loss since hypoalbu-

minemia has been described as a predictor of morbid-

ity and mortality in HD patients (Foley et al. 1996;

Owen et al. 1993). On the other hand, the loss of

albumin could also be related to the removal of

albumin-bound uremic toxins and harmful oxidized

proteins, and, thus, the use of a highly permeable

membrane may be beneficial to treat a certain group of

patients (Krieter and Canaud 2003; Ward 2005).

Figure 4 shows the concentration profiles of the

studied solutes diffusing through Cladophora cellulose

Fig. 3 Box plot of total porosity of Cladophora cellulose and

PPy-Cladophora cellulose membranes (n = 11)

Fig. 4 Representative concentration profiles of a creatinine,

b vitamin B12, and c BSA for Cladophora cellulose (red circles)

and PPy-Cladophora cellulose (black boxes) membranes studied

in a horizontal diffusion cell. (Color figure online)
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and PPy-Cladophora cellulose membranes. The

results in Fig. 4 were normalized with respect to the

solute fraction permeating through the membrane

since different concentrations of model toxins were

used. As expected, the fraction of the solute gradually

decreased in the donor compartment and increased,

accordingly, on the acceptor side, see Fig. 4. How-

ever, both membranes featured significant solute

retention capacity as estimated from the mass of the

solute accumulated in the membrane during diffusion,

see Table 3. After 24 h, the solute retention capacity

of the membranes accounted to values between 20 and

35 % of the initial amount of the solute added in the

donor compartment due to the large surface area of the

studied membranes. High solute retention capacity is

not uncommon for conventional HD membranes since

it has been shown that as much as 17–60 % of b2-

microglobulin can be removed due to adsorption

(Klinke et al. 1989; Ofsthun 2000).

In order to estimate the diffusion coefficients of the

solutes through the membranes, the time-lag model

was used. According to this model, the diffusion

coefficients are obtained from the linear region of the

plots described in the experimental section corre-

sponding to the quasi-steady state diffusion region,

which is first preceded by a time-lag. Under the

experimental conditions of the present study, the

quasi-steady state diffusion region was found to be

located between 3 and 7 h. The obtained values for the

diffusion coefficients are summarized in Fig. 5.

It is seen from this plot, that the diffusion coeffi-

cient values in the Cladophora cellulose membranes

were in general lower than those in the PPy-Clado-

phora cellulose membranes for all three solutes.

Statistical analysis confirmed that such difference

was significant. Lower diffusion coefficient values in

the Cladophora cellulose membrane for solutes having

hydrodynamic diameters ranging between *0.5 and

7.2 nm (i.e. twice the radii values in Table 1) can most

likely be explained by the fact that these membranes

have a significant number of pores in the sub 10 nm

region (Fig. 2), as detected with BJH pore size

distribution analysis (see Fig. 2a), while such narrow

pores are absent in the PPy-Cladophora cellulose.

Generally, the diffusion coefficient is inversely

correlated with the square root of molecular weight

(Frigon et al. 1983; Ofsthun 2000). However, the value

of the diffusion coefficient increases with increasing

concentration in good solvents (Han and Ziya Akcasu

1981), which could explain the observed relatively

high values of the diffusion coefficient for BSA.

The results of this study suggest that the large pore

size distribution of the PPy-Cladophora cellulose

membrane will be favorable to expand the Mw

spectrum of uremic toxins to be removed during HD

and, especially, to treat diseases were the accumula-

tion of proteins with Mw up to 50 kDa is related to the

pathological mechanism of the disease. Certainly, this

will only be relevant if the composite membranes are

not to be integrated into hybrid systems with conven-

tional HD apparatus. The large average pore size of the

composite membrane could also be exploited to ensure

high-fluxes of solutes through the membrane while

simultaneously enabling ion-extraction through a

current-controlled process. Earlier studies suggested

that the ion-extraction capacity of PPy-Cladophora

cellulose membranes decreases with decreasing poros-

ity (Carlsson et al. 2012; Mihranyan et al. 2012).

Table 3 Solute retention capacity of the studied membranes

(n = 3)

Solute retentiona, lmol/m2

Creatinine Vitamin B12 BSA

Cladophora

cellulose

0.74 ± 0.22 0.07 ± 0.01 1.85 ± 0.04

PPy-Cladophora

cellulose

0.70 ± 0.14 0.07 ± 0.01 1.32 ± 0.53

a Normalized per BET specific surface area

Fig. 5 Box plot of observed diffusion coefficients of the

studied solutes in Cladophora cellulose and PPy-Cladophora

cellulose membranes (n = 3)

Cellulose (2013) 20:2959–2970 2967

123



Therefore, maintaining high porosity is expected to be

favorable for ensuring effective removal of uremic

toxins by utilizing electroactive properties of the

composite. In this respect, further studies will focus on

the feasibility of active ion exchange extraction of

small water-soluble uremic toxins from blood and the

effect of such process on the activation of blood, i.e.

the membrane blood compatibility under applied

potential.

Conclusion

The solute diffusion across the PPy-Cladophora

cellulose membranes was faster than that across the

Cladophora cellulose membranes for all solutes under

study, which was explained by differences in the pore

size distribution between the membranes with the

latter having a lower total porosity and a higher

presence of narrower pores than the former. The large

average pore size of the composite membrane is

beneficial to ensure high-fluxes of solutes through the

membrane while simultaneously extracting ions by an

externally applied electric current. Whereas it was

previously suggested that electroactive PPy-Clado-

phora cellulose membranes are particularly interesting

for removal of small water-soluble uremic toxins, the

results presented here imply that such membranes may

also be favorable for expanding the Mw spectrum of

uremic toxins needing removal to also include the

large pathogenic proteins otherwise accumulated

during HD.
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