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spectrum of proteins removed with post-dilution HDF.  Short 

Summary:  Aim of this prospective crossover study was to 
analyze the hydraulic properties of two high-flux dialyzer 
membranes (Amembris and Polyamix) during high-volume, 
post-dilution HDF and to evaluate the influence of these 
properties on the removal of proteins and peptides using 
an in-depth analysis of the spent dialysate. For this analysis, 
a liquid chromatography tandem mass spectrometry ap-
proach called MudPIT (Multidimensional Protein Identifica-
tion Technology) was used to identify the middle molecular 
weight solutes present in the spent dialysate of patients. 
The capability of post-dilution HDF in removing solutes of 
different MW was very high with both dialyzers, but higher 
with the Amembris membrane. The proteomic MudPIT ap-
proach showed to be a powerful tool to identify a wide mo-
lecular spectrum of proteins removed from blood during 
post-dilution HDF. These results may contribute to address 
research toward a better knowledge of uremic toxins and 
the balance between the intended and unintended removal 
of undesired and beneficial proteins next to identification 
of  new target proteins as potential candidates for uremic 
toxicity.  © 2014 S. Karger AG, Basel 
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 Abstract 

  Background:  Aim of this prospective crossover study was to 
identify the nature of the middle-molecular weight solutes 
removed during high-volume post-dilution HDF.  Methods:  
The efficiency in removing small molecules, protein-bound 
and middle-molecular proteins was evaluated in 16 chronic 
dialysis patients on post-dilution HDF with two high-flux di-
alyzer membranes (Amembris and Polyamix). Multidimen-
sional Protein Identification Technology (MudPIT) was em-
ployed to identify middle-molecular weight solutes in spent 
dialysate.  Results:  Efficiency of post-dilution HDF in remov-
ing solutes of different MW was high with both membranes, 
but higher with Amembris than with Polyamix. With MudPIT 
analysis, 277 proteins were identified in the dialysate fluids. 
Although the protein-removal pattern was similar among 
patients and tested membranes, the total and protein-spe-
cific peptide spectral count (mass spectrometric quantita-
tion criteria) of most proteins were higher using the Amem-
bris membrane.  Conclusions:  The MudPIT approach showed 
to be a powerful tool to identify a broad molecular weight 
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 Introduction 

 Findings of large, controlled trials have recently sug-
gested that on-line hemodiafiltration (OL-HDF) with high 
volume exchange, compared with low-flux  [1]  and high-
flux hemodialysis (HD)  [2, 3]  may significantly reduce the 
overall risk of death in patients on renal replacement ther-
apy (RRT). High convective power techniques may en-
hance the removal of compounds of different molecular 
weights, which are known to be causative agents of severe 
uremic pathologies, such as cardiovascular disease, chron-
ic inflammation, anemia, and bone metabolism derange-
ment  [4–8] . Reduced basal plasma levels of some of these 
compounds, such as β2-microglobulin (β2-m), phosphate 
(P), and the protein-bound compounds p-cresylsulphate 
and indoxylsulphate, have been associated with increased 
survival in uremic and dialysis patients  [9–11] . However, 
accumulation of other known and unknown solutes may 
also contribute to uremic toxicity  [12] . On the other hand, 
undesired removal by convection of some vital compounds 
could be detrimental to the patients well-being. Thus, a 
deeper knowledge of the molecular nature and biological 
and clinical effects of the compounds removed during 
convective high-efficiency therapies might help to shed 
light on their favorable clinical results. 

  A potentially applicable strategy to assess uremic toxin 
elimination efficiency is the multidimensional protein 
identification technology (MudPIT)  [13] . This proteomic 
approach enables large-scale analysis of sequenced pro-
teins by combining enzymatic protein digestion, 2D liq-
uid chromatography (2D-LC), and tandem mass spec-
trometry (MS/MS). In addition to comparative investiga-
tion of uremic toxin elimination, the MudPIT approach 
might also identify novel uremic toxins. 

  In this prospective crossover study, hydraulic proper-
ties and the efficiency of two high-flux dialyzers in re-
moving uremic solutes of different molecular weights 
were determined and the proteomic approach was ap-
plied to identify the nature of middle molecular solutes 
removed from blood and recovered in spent dialysis fluid 
during high-volume, post-dilution HDF.

  Subjects and Methods 

 Study Design 
 This study was designed as a prospective, intra-individual, cross-

over comparison of two high-flux dialyzers, Xevonta Hi23 (Amem-
bris, polysulfone membrane, B. Braun Avitum AG,  Germany) and 
Polyflux TM  210H (Polyamix, polyamide membrane, Gambro, Italy) 
employed on post-dilution HDF. The main targets of the study 

were (1) the characterization of hydraulic properties of the mem-
branes, (2) the comparative evaluation of small and middle molecu-
lar solute removal during post-dilution HDF, and (3) the in-depth 
determination of the nature of the removed compounds with a pro-
teomic approach for analysis of the spent dialysate. The study was 
approved by the Ethic Committee of the Bolognini Hospital, Seriate, 
Italy, and was conducted in accordance with the principles of the 
Declaration of Helsinki and the rules of Good Clinical Practice.

  Patients 
 Sixteen dialysis patients (13 male, 3 female), with mean age 

61.8 ± 11.5, on stable thrice weekly RRT at the Nephrology and Di-
alysis Unit, Bolognini Hospital, Seriate, Italy, were included in the 
study after their informed consent. All patients had a permanent 
native or prosthetic vascular access capable of delivering an effec-
tive blood flow (QB eff, nominal blood flow corrected for the effect 
of the negative arterial pressure) of at least 300 ml/min without 
significant access recirculation (<10%), monitored automatically 
and recorded every hour during the sessions with the ‘Blood Tem-
perature Monitoring’ device integrated in the dialysis machine.

  Procedures 
 After baseline assessments, the patients were randomized ei-

ther to Amembris (n = 8) or Polyamix membrane (n = 8) and sub-
mitted for one week to post-dilution HDF. After a one-week wash-
out period, patients were switched to the other dialyzer for anoth-
er week. All study sessions were performed with a Fresenius 5008 
machine (FMC, Bad Homburg, Germany) under the same operat-
ing conditions of Q B eff , inlet dialysis fluid flow rate (Q Din ), dura-
tion, dialysate/infusate composition, and anticoagulation proto-
col. The highest ultrafiltration rate (Q UF ) was applied under the 
control of a feedback system ensuring the maximum filtration 
pressure under safe operating conditions  [14] . 

  Measurements and Calculations  
 Blood samples drawn in the mid-week session from the arte-

rial port before the treatment and at the end session with the slow-
flux technique were analyzed for urea (U), phosphate (P), β2-m, 
myoglobin (Myo), and total homocysteine (tHcy) using conducto-
metric, colorimetric, and immunonephelometric methods, re-
spectively. Effluent dialysate samples were also collected with a 
proportional pump at a constant rate of 10 ml/h, following the 
partial dialysate quantification (DQ) method  [15] . These samples, 
which were representative of the entire effective volume of spent 
dialysate (V Dout ), were analyzed for U, P, and albumin (immu-
nonephelometry). 

  V Dout  (L) was quantified as the sum of the volume of the inlet 
dialysate (VDin, measured automatically and displayed by the ma-
chine), the volume of the substitution fluid (Vs) and the body 
weight loss (dBW): 

  V Dout  = V Din  + Vs + dBW (1)

  Mass transfer from the dialysate side (MT DQ ) for U and P was 
calculated with the following equation:

  MT DQ  = Cd × V Dout  (2) 

 where Cd (mg/l) is the concentration of the examined solute in 
the effluent dialysate.
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  The mean dialysate clearances of the session (K DQ ) for U and P 
were calculated with the following equation of the DQ method  [15] :

  
K DQ  = [MT DQ  × ln (Cf/Ci)]/[t × (Cf – Ci)] (3)

  where Ci and Cf are the initial and end-session plasma water 
concentration of the examined solute and t is the session duration 
in minutes.

  Urea equilibrated Kt/V (eKt/V) was calculated with the equa-
tion:

  eKt/V = (K DQ  × t)/V U  (4)

  where V U  is the Urea distribution volume estimated with the 
Watson equation.

  Reduction Ratio (RR) for tHcy, β2-m and Myo were calculated 
with the equation:

  
RR = (Ci – Cf)/Ci × 100 (5)

  Separate blood samples for tHcy, β2-m and Myo were also drawn 
from the arterial and vein ports five minutes after the beginning and 
before the end of the session and used to calculate the instantaneous 
plasma water solute clearances (K PWinst , ml/min) with the classic 
equations  [16] , as an index of the dialyzer membrane permeability 
to protein-bound and middle molecular solutes:

  Q PW  (plasma water flow rate) = Q B eff  (1 – Hct/100) Fp (6)

  where Hct is Hematocrit and Fp is the water fraction of plasma;

  K PWinst  = Q PW  (Cart – Cven )/Cart + Q UF  Cven/Cart (7)

  where Cart and Cven are the solute concentrations at the arte-
rial and venous port respectively, and Q UF  is the ultrafiltration rate 
(ml/min).

  The pressure/flow conditions of the blood compartment were 
monitored by calculating the instantaneous values for the mean 
trans-membrane pressure (TMP, mm Hg), calculated as: 

  
mean TMP =  0.5 × [(PB in + PB out) – (PD in + PD out)] – P onc

 (8) 

  where PB in, PB out, PD in, and PD out are the pressures (mm 
Hg) at the inlet and outlet blood and dialysate port, respectively; 
P onc  (mm Hg), is the mean oncotic pressure exerted by the plasma 
proteins, set by default to a constant value of 25 mm Hg.

  The in vivo ultrafiltration coefficients of the dialyzer mem-
brane (K UF , ml/h/mm Hg of TMP/m 2 ), were used as a proxy for 
changes in the hydraulic permeability of the dialyzers during the 
sessions.

  Sample Preparation (MudPIT) 
 The multidimensional LC-MS/MS investigation workflow for 

spent dialysate samples is depicted in  figure 1 . A representative 40 
ml dialysate sample for analysis with the MudPIT technology was 
collected from the first and second dialysis sessions of both study 

  Fig. 1.  MudPIT analysis workflow. 
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periods with the same partial DQ technique. Complete protease 
inhibitor cocktail tablets (Roche) were added to prevent the un-
controlled protein degradation. Dialysate fluids were concentrated 
by ultrafiltration using Amicon Ultra-15 centrifugal filter (Milli-
pore) with a 3 kDa molecular weight cut-off and ice-cold acetone 
precipitated. Protein concentrations were estimated by BCA as-
says (BCA Protein Assay Reagent kit, Pierce).

  SDS-PAGE 
 Each sample was incubated in the presence of the reducing 

sample buffer (0.5 M Tris-Hcl, pH 6.8, 3% w/v SDS, 10% v/v glyc-
erol, 0.5% v/v 2-mercaptoethanol, and bromophenol blue) for 10 
min at 60   °   C, then loaded onto 15% sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) gels, and run at a con-
stant voltage of 100 V. For sample purification, the run was 
stopped after the sample barely entered the running gel. Proteins 
were stained with Coomassie Brilliant Blue G-250 (Sigma-Al-
drich). 

  In-Gel Digestion and LC-MS/MS 
 Coomassie-stained SDS-PAGE bands were cut into cubes and 

destained with 50% v/v acetonitrile (ACN) and 25 m M  NH 4 HCO 3 . 
Dried down gel cubes were moisturized with a trypsin solution 
(sequencing grade trypsin, Promega, dissolved in 25 m M  NH 4  
HCO 3 ) in an approximate protein/enzyme ratio of 50:   1 and incu-
bated overnight at 37   °   C. Generated peptides were eluted from the 
gel with 50% v/v ACN and 0.5% v/v trifluoroacetic acid. Peptides 
were offline loaded onto a MudPIT (see supplementary informa-
tion for further explanation) fused silica column (inner diame-
ter = 100 μm) consisting of 3 cm Luna C18 reversed phase (RP) 
material (Phenomenex) followed by 5 cm strong cation exchange 
(SCX) material (PolyLC) and a second 40 cm Luna C18 RP for the 
analytical separation of peptides at 45   °   C. Peptides were eluted and 
transferred into an LTQ XL mass spectrometer (Thermo Fisher) 
by electrospray ionization (ESI) using an UltiMate HPLC (Dionex 
GmbH). The effective flow rate in this setup was set to 130 nl/min. 
Eleven successive ACN gradients containing salt steps of 10, 20, 
30, 40, 50, 60, 80, 100% of 250 m M  ammonium acetate and 100% 
of 1.5 m M  ammonium acetate, were used for a stepwise elution of 
peptides from the MudPIT column, as described previously  [17, 
18] .

  Precursor ions were detected in a full MS scan form 400 to 
2,000 m/z. Additionally, MS/MS experiments of the 10 most in-
tense signals in the corresponding full MS scan were conducted.

  Data Processing 
 Obtained MS/MS spectra were interpreted with the 

 SEQUEST algorithm implemented in the Thermo Fisher Scien-
tific Proteome Discoverer software (version 1.2). Spectra were 
searched against the human Swiss-Prot database (release 
15.6/57.6). All accepted human peptides had false discovery rates 
(FDR) smaller than 0.05, and a precursor mass accuracy of 2.5 
Da. A tolerance of 1 Da was used for fragment ions. Further-
more, all peptides had a probability score greater than 10. Oxida-
tion of methionine was set as a possible modification. Proteins 
with a minimum of 2 unique peptides were considered present 
in the sample. For comparative analyses, the number of anno-
tated peptide spectra of each protein (SPCi) was normalized to 
the total spectrum count (SPCi/TSC; ×100) of each sample gen-
erating a percentage value.

  Statistical Analysis 
 The descriptive analysis was based on the mean ± SD values of 

continuous normally distributed variables. The effects of the two 
procedures on the parameters of treatment and dialyzer efficiency 
(K I , K DQ , urea Kt/V and MT DQ ) were compared using the Stu-
dent’s  t  test for paired data. A probability value of less than 0.05 
was considered significant. 

  Results 

 Removal Efficiency of the Dialyzers 
 Patient and operational parameters of the sessions and 

concentration values of the studied solutes are reported 
in  tables 1  and  2 , respectively. The efficiency of post-dilu-
tion HDF in removing solutes of different MW was high 
with both membranes ( table  3 ). Small solutes (U), the 
protein-bound tHcy and the middle molecular com-
pounds β2-m and Myo were more efficiently removed 
with the Amembris PS membrane, which showed greater 
hydraulic and solute permeability, as demonstrated by 
the trend of the in vivo ultrafiltration coefficients (K UF ) 
of the two dialyzers during the sessions ( fig. 2 ) and by cal-
culation of solute K PWinst  ( table 3 ). A common tendency 
of both K UF  and K PWinst  to decrease toward the end of the 
sessions was shown due to the development and thicken-
ing of a secondary protein layer onto the membranes. As 
a result of these differences, the total exchange volume 

Table 1.  Patient and operational parameters

Parameter Amembris Polyamix p value*
n = 16 n = 16

Dry body weight, kg 77.6±11.0 77.6±11.1 n.s.
ΔBW, kg 1.8±1.0 2.3±0.8 <0.005
Treatment time, min 227±14 226±14 n.s.
QB eff, ml/min 388±27 388±26 n.s.
QUF, ml/min 126±14 116±10 <0.001
Volume exchange, l/session 26.8±3.9 24.0±3.3 <0.001
QDin, ml/min 574±40 575±40 n.s.
Membrane

Surface, m2 2.3 2.1
Wall thickness, μm 35.0 30.0
Inner diameter, μm 195 200
Nominal KUF, ml/h/

mm Hg/m2 53.9 47.4

 ΔBW = Intra-dialytic weight loss; QB eff = effective blood flow 
rate; QUF = ultrafiltration rate; QDin = inlet dialysate flow rate; 
KUF = ultrafiltration coefficient.

Data are means ± SD.* Student’s t test for paired data.
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Table 3.  Efficiency of the sessions and dialyzers performance

Parameter Amembris
(n = 16)

Polyamix
(n = 16)

 p value*
A  vs. P A, start

 vs. end
P, start
 vs. end

Urea
Mass transfer (DQ), g 32.9±8.6 32.5±10.9 n.s.
KDQ, ml/min 242.0±27.8 222.5±36.7 <0.01
eKt/V (DQ) 1.44±0.21 1.31±0.21 <0.005

Phosphate
Mass transfer (DQ), mg 1,058±222 982±287 n.s.
KDQ, ml/min 158.1±30.6 144.3±21.5 n.s.

Total homocysteine
Reduction ratio, % 62.8±5.6 59.6±5.9 <0.05
KPWinst start session, ml/min 88.7±15.8 75.4±14.0 <0.05 <0.001 <0.001
KPWinst end session, ml/min 33.9±10.6 30.1±12.3 n.s.

β2-microglobulin
Reduction ratio, % 83.9±3.7 77.2±3.8 <0.001
KPWinst start session, ml/min 148.3±9.3 126.2±19.1 <0.001 <0.001 <0.001
KPW inst end session, ml/min 109.9±18.0 83.8±23.7 <0.005

Myoglobin
Reduction ratio, % 66.4±7.4 58.8±7.1 <0.001
KPWinst start session, ml/min 116.8±12.0 91.5±21.1 <0.001 <0.001 <0.001
KPWinst end session, ml/min 58.2±15.7 44.3±14.9 <0.05    

Means ± SD of all patients. Data are means ± SD.
KDQ = Mean clearance of the session from the dialysate quantification; KPWinst = instantaneous plasma water 

clearance; A = Amembris membrane; P = Polyamix membrane. * Student’s t test for paired data.

Table 2.  Baseline and end-session patient parameters

Parameter Amembris Polyamix p value*
(n = 16) (n = 16)

Haematocrit, % start 36.2±2.6 36.6±3.0 n.s.
end 38.5±4.5 39.3±4.3 n.s.

Total protein, g/dl start 6.6±0.5 6.6±0.5 n.s.
end 7.0±0.7 7.0±0.7 n.s.

Urea, mg/dl start 132±20 135±20 n.s.
end 21±6 23±7 <0.005

Phosphate, mg/dl start 4.6±1.1 4.5±1.2 n.s.
end 1.9±0.4 1.9±0.5 n.s.

Total homocysteine, μmol/l start 28.0±13.4 26.9±11.5 n.s.
end 11.6±5.5 12.6±5.4 n.s.
corr.§ 10.3±4.8 10.8±4.5 n.s.

β2-microglobulin, mg/l start 24.5±3.9 25.8±4.5 n.s.
end 4.4±1.2 6.8±1.7 <0.0001
corr.§ 3.9±1.0 5.9±1.5 <0.0001

Myoglobin, ng/ml start 201±83 244±84 <0.05
end 75±33 116±44 <0.001
corr.§ 67±30 100±37 <0.005

Data are means ± SD.* Student’s t test for paired data. § End-session value corrected for hemoconcentration.
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obtained by applying similar filtration pressure was very 
high in both compared treatments and higher with the 
PS-membrane ( table 1 ).

  Albumin leakage was quite negligible from the clini-
cal point of view with both membranes, but it was sta-
tistically lower with Polyamix versus Amembris (824 ± 
772 vs. 2,018 ± 1,863 mg/session, respectively, p = 
0.003).

  Multidimensional LC-MS/MS Analysis of Protein 
Elimination 
 MudPIT analysis of spent dialysate was applied to 9 

out of 16 randomly selected patients, twice per patient per 
dialyzer, for a total of 36 treatment sessions. The mean 
efficiency parameters of these sessions are reported in  ta-
ble  4 . Treatment sequence was Amembris/Polyamix 
(A/P) for 5 patients and Polyamix/Amembris (P/A) for 4 
patients.

  For each of the 9 patients, the prevalent proteins were 
identified with this proteomic approach. Patient-specific 
profiles of proteins in a mass range from 5 to 80 kDa re-
moved by the employed dialyzers were assessed by the 
differences of the Total Spectral Count (TSC) percent-
ages of identified proteins (data not shown). Overall, a 
total of 277 proteins in a wide range of molecular weights 
were identified by their unique peptide sequence. Both 
tested membranes are supposed to have a well-defined 

cut-off allowing the efficient removal of middle mole-
cules but preventing excessive loss of serum albumin. 
Nonetheless, proteins with molecular masses higher than 
69 kDa were identified in spent dialysis fluid of both 
membranes. Proteins above 80 kDa made up 5.9% of the 
TSC. Several proteins undergo further proteolytic pro-
cessing after secretion. Proteins can be identified by mass 
spectrometry by their unique sequence of peptides. Thus, 
the identification of proteolysis products instead of the 
protein precursor itself was observed in our study for 
some high molecular weight proteins, such as collagens, 
and in all patients, the basement membrane-specific hep-
arin sulfate proteoglycan core protein (perlecan). Metab-
olism of this 468 kDa protein is a typical example in that 
it is enzymatically processed at the C-terminus to pro-
duce endorepellin (75.9 kDa), which can be further de-
graded to the LG3 peptide (25 kDa)  [19] . Theoretically, 
due to the large size of the protein, tryptic peptides from 
the entire protein should be detected, if filters were not 
working properly. In fact, only perlecan peptides from the 
C-terminal LG3 peptide region were identified in the di-
alysate fluids.

  The sum of the identified peptide spectra per protein 
showed that the Amembris membrane, compared to the 
Polyamix membrane, has a greater capacity to remove 
proteins in the overall range of tested molecular weights 
( fig.  3 a, b), as well as in specific categorized molecular 
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mass ranges ( fig.  4 ). Statistically significant differences 
were found in the molecular weight ranges from 10 to 40 
kDa and 50 to 60 kDa. Proteins recovered in the spent 
dialysate were plotted by their molecular weights against 
the sum of the mean peptide spectra per protein identified 
within the patient cohort of tested membrane. It may be 
observed that protein-removal patterns were similar be-

tween patients and membranes in both mean ( fig. 5 a) and 
individual data (not shown), but the differential plot, 
which subtracts the number of peptide spectra of the 
Amembris from the Polyamix membrane, displays very 
well that the amount of the most removed proteins was 
generally higher with the Amembris membrane ( fig. 5 b). 
 Table 5  lists the 50 most common proteins and their in-

Table 4.  Efficiency of the sessions and dialyzers performance in patients analyzed with MudPIT procedure (n = 9)

Parameter Amembris Polyamix  p value*
A  vs. P A, start 

vs. end
P, start 
vs. end

Urea
KDQ, ml/min 248.5±28.9 223.8±45.4 <0.05
eKt/V (DQ) 1.42±0.16 1.27±0.2 <0.05

Phosphate
KDQ, ml/min 165.3±34.6 144.5±22.3 n.s.

Total homocysteine
RR, % 61.0±5.1 58.9±6.1 n.s.
KPWinst start session, ml/min 86.4±18.0 71.9±14.8 n.s. <0.001 <0.001
KPWinst end session, ml/min 33.6±12.7 24.5±10.7 n.s.

β2-microglobulin
RR, % 82.7±3.2 76.7±3.8 <0.001
KPWinst start session, ml/min 146.1±7.8 117.4±15.8 <0.001 <0.001 <0.001
KPWinst end session, ml/min 117.2±13.2 81.0±22.4 <0.001

Myoglobin
R R, % 62.7±7.5 54.8±3.6 <0.01
KPWinst start session, ml/min 110.3±9.4 89.0±24.9 <0.05 <0.001 <0.001
KPWinst end session, ml/min 57.5±16.1 40.7±17.1 n.s.

Data are means ± SD.
KDQ = Mean clearance from the dialysate; RR = reduction ratio; KPWinst = instantaneous plasma water clearance.* Student’s t test for paired data.
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  Fig. 3.   a  Mean number of peptide spectra per patient and filter.  b  Sum of the total peptide spectra in all patients. Student’s  t  test,  *  p < 
0.05,  *  *  p < 0.01. 
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dividual mean peptide spectral count that were identified 
in the dataset of the 9 patients.

  Serum albumin was the protein with the highest remov-
al rate in each patient, independent from the dialyzer mem-
brane. Its patient-specific spectral count in relation to TSC 
varied from 15 up to 40%. However, TSCs for albumin for 
both membranes were not significantly different.

  Discussion 

 As suggested by the most recent trials (ESHOL, 
 CONTRAST and Turkish HDF Studies), high convective 
volumes on HDF may play an important role to obtain 
significant benefit in terms of survival of patients on 
RRT. Besides other patient and operational parameters 
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  Fig. 4.  Column diagram of the total spec-
trum count of molecular weight clustered 
proteins.        *  Student’s  t  test, p < 0.05.     

  Fig. 5.   a  The upper part of the graph (over the x axis) depicts the 
number of peptide counts for Amembris plotted by the molecular 
weight, the lower part the number of peptide counts for Polyamix. 

 b  Differential molecular weight profile plot of the two filters 
(Amembris-Polyamix). Major peaks of toxins, A1AT, and albumin 
are annotated.           

Co
lo

r v
er

sio
n 

av
ail

ab
le 

on
lin

e

–8,000

–6,000

–4,000

–2,000

0

2,000

4,000

6,000

8,000

N
um

be
r o

f p
ep

tid
es

0 20 40 60 80
MW (kDa)

Amembris Polyamix

a

–200
0

200

600

1,000

1,400

1,800

N
um

be
r o

f p
ep

tid
es

0 20 40 60 80

MW (kDa)

-2
m

Cy
sC

RB
P4

CF
AD

A1
AT

Al
bu

m
in

b

D
ow

nl
oa

de
d 

by
: 

M
ac

qu
ar

ie
 U

ni
ve

rs
ity

   
   

   
   

   
   

   
   

   
   

   
  

13
7.

11
1.

13
.2

00
 -

 4
/2

1/
20

15
 5

:0
5:

54
 A

M

http://dx.doi.org/10.1159%2F000365745


Proteomics of Solute Removal on HDF Blood Purif 2014;38:115–126
DOI: 10.1159/000365745

123

Table 5. List of the most common proteins recovered in spent dialysis fluid with MudPIT

Accession no.
(SwissProt DB)

Protein Molecular 
weight (kDa)

Amembris
detected 
peptides

Polyamix Identified
in no. of 
patients

detected
peptides

MW 10–30 kDa
P62988 Ubiquitin 8.6 33 39 9
P04080 Cystatin-B 11.1 54 52 9
P01842 Ig lambda chain C regions 11.2 370 380 9
P01834 Ig kappa chain C region 11.6 633 597 9
P61769 Beta-2-microglobulin 13.7 885 676 9
P01034 Cystatin-C 15.8 1,038 799 9
P02766 Transthyretin 15.9 550 372 9
P61626 Lysozyme C 16.5 199 215 9
P03950 Angiogenin 16.5 61 35 9
P98160 LG3 peptide (Perlecan degradation product) 20.5 247 196 9
P41222 Prostaglandin-H2 D-isomerase 21.0 261 234 9
P80188 Neutrophil gelatinase-associated lipocalin 22.6 66 40 9
P02753 Retinol-binding protein 4 23.0 2,795 1,369 9
P02763 Alpha-1-acid glycoprotein 1 23.5 892 506 9
P19652 Alpha-1-acid glycoprotein 2 23.6 470 259 9
P24592 Insulin-like growth factor-binding protein 6 25.3 78 50 9
P00746 Complement factor D 27.0 639 470 9
P00915 Carbonic anhydrase 1 28.9 40 43 9

MW 30–50 kDa
P02647 Apolipoprotein A-I 30.8 69 59 9
P25311 Zinc-alpha-2-glycoprotein 33.9 594 331 9
P10451 Osteopontin 35.4 78 69 9
P01857 Ig gamma-1 chain C region 36.1 181 141 9
P02750 Leucine-rich alpha-2-glycoprotein 38.2 151 84 9
P02749 Beta-2-glycoprotein 1 38.3 50 39 9
P51884 Lumican 38.4 79 50 9
P02760 Protein AMBP 39.0 1,296 1,212 9
P02765 Alpha-2-HS-glycoprotein 39.3 152 74 9
P06727 Apolipoprotein A-IV 45.4 231 250 9
P36955 Pigment epithelium-derived factor 46.3 138 125 9
P01009 Alpha-1-antitrypsin 46.7 1,636 996 9
P01011 Alpha-1-antichymotrypsin 47.6 92 90 9

MW >50 kDa
P02790 Hemopexin 51.6 281 145 9
P01008 Antithrombin-III 52.6 150 122 9
P02774 Vitamin D-binding protein 52.9 340 226 9
P04217 Alpha-1B-glycoprotein 54.2 105 82 9
P02768 Serum albumin 69.3 7,076 5,411 9
P01042 Kininogen-1 71.9 33 35 9
P02787 Serotransferrin 77.0 647 466 9
P55290 Cadherin-13 78.2 13 12 8
P00751 Complement factor B 85.5 33 25 8
P06396 Gelsolin 85.6 154 150 9
P02671 Fibrinogen alpha chain 94.9 313 395 9
P19022 Cadherin-2 99.7 13 37 8
Q08554 Desmocollin-1 99.9 87 66 9
Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 103.3 43 13 8
P35443 Thrombospondin-4 105.8 21 17 8
P39059 Collagen alpha-1(XV) chain 141.6 42 28 8
P39060 Collagen alpha-1(XVIII) chain 178.1 88 70 9
P01024 Complement C3 187.0 53 41 8
P02751 Fibronectin 262.4 18 24 8
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  Ficheux et al.  [21]  investigated in a comparative study 
the removal efficiencies of Xevonta Hi23, Xenium 210 
and FX 100 dialyzers with an SDS-PAGE scanning meth-
od. They described similar observations of removal effi-
ciencies of Xevonta membranes for middle molecular 
proteins and identified the optimum of protein elimina-
tion in the mass range from 20 to 30 kDa, which is coher-
ent with the findings of our study. According to  figure 4,  
the relative difference of the spectral counts in favor to the 
Amembris membrane is most striking in this mentioned 
20–30 kDa range. 

  Besides the results of the comparison, this investiga-
tion added some information about the efficiency of 
high-flux membranes to remove compounds in the whole 
range of molecular weight up to the membrane cut-off 
and above, thanks to the ability of the MudPIT technol-
ogy to identify proteins by their unique sequence of pep-
tides even after the degradation of the intact compound. 
Inspection of the most abundant proteins identified in 
the dialysate ( table 5 ) suggests that convective solute re-
moval during HDF may modify the uremic plasma com-
position by abating the level of some toxic substances but, 
possibly, also by depleting useful compounds of lower 
molecular weight. The list includes a number of com-
pounds whose metabolic role and effects of accumulation 
in uremic plasma are known, such as β2-m, CysC, myo-
globin, complement factor D, and RBP4  [22] , proteins 
which are of high concentration in human plasma. Some 
of them have function in transport processes, as serum 
albumin or serotransferrin, others are involved in im-
mune response and regulation, as different immunoglob-
ulin isoforms, or proteins could be found in coagulation 
processes. Proteins, whose effects have been less de-
scribed, have been identified in comparable abundance 
to  RBP4 and CysC. This is the case for the protein 
AMBP (alpha-1 microglobulin/bikunin precursor). Pro-
tein AMBP can be cleaved into the 3 chains: alpha-1-mi-
croglobulin, inter-alpha-trypsin inhibitor light chain, 
and trypstatin. Alpha-1-microglobulin is a marker for 
 renal abnormalities and mentioned in the EUTox data-
base. It displays elevated protein levels in serum/plasma 
or urine as reviewed in several publications  [23–25] . The 
spectral counts displayed 1,296 peptides in the dialysates 
using the Amembris membrane in contrast to the 1,212 
peptides using the Polyamix membrane ( table 5 ). This is 
a small advantage of the Amembris membrane given by 
the pure numbers. In fact, both membranes show equally 
high numbers and feature excellent performance. Also 
Prostaglandin D2 synthase (PTGDS) showed high spec-
tral counts. PTGDS is supposed to stimulate apoptosis in 

(blood flow, treatment time and frequency, etc.), the con-
vective power of high-flux membranes is a fundamental 
component required to achieve this goal. The optimal-
performing membrane should eliminate accumulated 
proteins with putative toxic potential, while leaving es-
sential macromolecules undepleted. 

  The performance of high-flux membranes depends on 
several factors, such as its chemical composition and sur-
face area, but it is predominantly determined by the size, 
distribution, and quantity of pores. While pore size is the 
most important factor for defining the cut-off of a mem-
brane, the quantity of pores and pore size distribution 
determine its permeability to fluids and solutes, besides 
the hydrophobic and hydrophilic areas resulting from the 
chemical composition of the membrane. 

  In this study, high-efficiency HDF was performed with 
polysulfone and polyamide high-flux membranes, but 
higher volume exchange was possible with the former 
membrane as an effect of its greater hydraulic permeabil-
ity. As a result, marker solutes for middle molecules (β2-
m, myoglobin) were more efficiently removed during the 
HDF sessions in which this membrane was employed. 
The enhanced removal effect of this membrane was also 
shown on free (urea) and protein-bound (total homocys-
teine) small solutes. Transfer of these molecules mainly 
occurs by diffusion, but it is widely accepted that an ad-
ditional effect may be also exerted by convection during 
HDF  [7, 8] . Phosphate removal, even remarkably high 
during all sessions, was not significantly different be-
tween the two tested membranes. 

  In addition to the removal efficiency study, we applied 
a multidimensional LC-MS/MS approach using label-
free spectral counting as a relative quantitation technique 
to identify the amount and type of proteins removed with 
the two tested membranes and recovered in the spent di-
alysate. In general, protein concentration patterns in 
spent dialysis fluids should be similar to that of plasma, 
which has been described by Anderson et al.  [20] , up to 
the specific cut-off of the employed membrane, with the 
limitation posed by the adsorption onto the inner mem-
brane surface of some compounds according to their elec-
tro-chemical interactions with the membrane itself. 

  Mass spectrometric analyses identified a number of 
protein compounds whose removal pattern was similar in 
all tested dialysate fluids, irrespective of the patients and 
the employed membranes. TSC of the protein recovered in 
the spent dialysate ( fig. 5 ) of the HDF sessions performed 
with the Xevonta dialyzer were generally higher when 
compared to those of the Polyflux dialyzer, confirming the 
greater solute permeability of the former membrane. 
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