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Combining fluorescence and permeability measurements in a membrane
microfluidic device to study protein sorption mechanisms
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Membrane fouling by proteins is an important problem in hemodialysis or hemofiltration (artificial kidney). The
mechanisms leading to fouling are still not fully understood and then predictable. In this paper we describe a
microfluidic chip fitted with a filtration membrane which allows the real time in situ fluorescent analysis of
labelled proteins and the measurement of the membrane permeability. The apparent kinetics rates of adsorption
derived from the changes in fluorescence signal are combined with permeability measurements. This allows to
discriminate two clearly distinct fouling mechanism by Bovine Serum Albumin (BSA) and o-lactalbumin
(LALBA). The fouling kinetics of BSA is very rapid, independent of the flow conditions and can then be viewed as
a protein monolayer adsorption controlled by protein-membrane interactions. In contrast, the fouling kinetics by
LALBA is slower and very sensitive to flow conditions. We also describe a fluorescence quenching induced by
protein aggregation and compression at high permeation rate. The fouling mechanism can then be viewed as a
flow induced aggregation followed by a deposition of aggregates on the membrane. The complexity of sorption

mechanisms on membrane during cross-flow filtration can be unraveled with this experimental set-up.

1. Introduction

Though membrane filtration now covers a wide range of application,
hemodialysis [1,2] remains one of the most important in terms of market
share. The success of blood dialysis relies on the capacity of an artificial
kidney to achieve the transmission of uremic toxins while the total
rejection of larger blood components, especially serum albumin (67 Da).
Blood compatibility [3] of the material used is essential. The trans-
mission of middle-sized uremic toxins sur as beta-2-microglobulin (B2M
— 11 kDa) remains an issue [4] since after several years, patients on
hemodialysis begin to develop complications from B2M accumulation,
that aggregate into amyloidal fibers deposited in joint spaces. This dis-
ease known as “dialysis-related amyloidosis” can cause very serious
joint-inflammation in the vertebral column and shoulders. The process
must ensure a differential protein transmission between albumin which
must be retained and uremic toxins which should be eluted. One of the
major factors which hinder the transmission of middle sized uremic
toxins is the fouling of the membrane by other larger blood components,
especially proteins. Adsorption of proteins on the membrane material
may lead to biocompatibility issues such as blood coagulation,
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complement activation or blood cells adhesion [5]. In addition, the
build-up of proteins on the membrane surface alters its selective prop-
erties compared to those of a pristine membrane. The deposit creates an
additional resistance to the transfer of toxins through the membrane,
which leads to a decrease in the overall efficiency of the hemodialysis
[6].

Membrane fouling by proteins is controlled by the hydrodynamics
and the physico-chemical interactions between proteins (aggregation)
or between protein and membrane [7] (adsorption), these interactions
being controlled by pH [8], ionic strength and presence of divalent
cations [9,10]. Such phenomena have been quite extensively studied
over the years. As for an example, the description of the protein sorption
kinetics using first [11,12] or second [13,14] order models is still under
debate [15,16]. In membrane systems such a those used in hemodialysis,
the membrane material heterogeneity and the presence of a cross-flow
along the membrane and a flow through the membrane add a level of
complexity.

Today our understanding of fouling phenomena based on macro-
scopic observations remains rather limited. Adsorption and particle
deposition have been extensively studied and commented in the
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literature, but the interplay between cross-flow or the flow through the
membrane (filtration) and these phenomena have received limited
attention so far. The microfluidic device described in this paper, used in
combination with a fluorescence microscope and more standard pres-
sure and flow controllers, is a mean to provide “in situ” data on such
interplays. The study reported in the next section is an illustration of the
improved understanding of fundamental mechanisms which can be
gained when using such devices.

2. Materials and methods
2.1. Membrane chips development

For the fabrication of the microfluidics device [17] the following
materials were used: dry film photoresist (WBR2100, DuPont, USA),
hydrophobic agent NovecTM (3 M, USA), NOA 68 (Norland Optical
Adhesive 68, Norland Products, USA), Polydimethylsiloxane (PDMS,
SylgardR 184 silicone elastomer, Dow Corning, USA), HSW Fine-Ject
hypodermic needles (Sigma-Aldrich, France), KoCO3 with purity over
99% (Fisher Scientific, France). The connective Teflon tubings with in-
ternal diameter of 250 pm were purchased from Cluzeau Info Labo,
France.

The design of the microchip was guided by the idea of constructing a
device made of transparent material and composed of two micro-
channels (retentate and permeate) with the membrane sandwiched in
between, thus mimicking a real crossflow membrane filtration system.
For this, three systems (Fig. 1) were designed using CleWin4, a software
which enables high precision drawing (up to 1 pm). The membrane is
embedded in a cavity the depth of which is approximately equal to the
membrane thickness (Fig. 1b).

The part of the retentate channel where the filtration through the
membrane occurs is 630 pm wide (equal to the internal wetted
circumference of a hemodialysis fiber), 20 mm long and 300 pm high.
The hydraulic diameter of the filtrate channel is then 406 pm. The
section of the feed and collecting channels is 300 x 300 pm. The channel
collecting the permeate (Fig. 1c¢) is shifted in order to avoid permeation
through the membrane in the feed channels. The effective membrane
area for filtration is then around 12.6 mm?2.

The various parts were printed on the transparent film using a high-
resolution printer (TecPhotoGravure, France). We used a standard soft
lithography procedure for the fabrication. The description of the
different steps is given in the supplementary information section (SI 1).
The resulting microchip has a multilayered structure, where a mem-
brane is sandwiched between two shells and their channels printed in
the UV-curable adhesive NOA 68. Fig. 2 shows an example of a micro-
chip, with the PES membrane inside and the metal capillaries in place.

The microfluidic device developed in this study combines then the
advantages of microfluidics (with in situ monitoring thanks to
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Fig. 1. 2D structure of the retentate (a) and the permeate (c) microchannel
systems along with membrane layer (b). The total size of the rectangle (between
the center of the external cross used for the alignment) are 30*48 mm.

Fig. 2. Fabricated microchip with PES membrane inside (50 kDa, Sartorius).
The flow of dye allows to check the absence of leaks.

transparent materials and thin walls) and of membrane processes [19].
The originality of the device is to embark into a microfluidic device, a
retentate and a permeate channels separated by a membrane able to
filter solutions flowing through the channels. Only few designs taking
advantage of the gas permeability of PDMS [20] or by in situ
photo-patterning [21] have been reported to integrate a membrane in a
microfluidic device for separation purposes, and none of them used
commercial membranes, as proposed in this study.

2.2. Membrane and fluorescent protein solution

The membrane used in this study is a commercially available poly-
ethersulfone (PES) membrane (product code: 14 650-47-D) of 50 kDa
molecular weight cut-off (MWCO) and a thickness of 120 pm (Sartorius
AG, France). The permeability of the virgin membrane to PBS buffer was
found to be 541 &+ 37 L m 2 h™! bar ! (SI 2). This ultrafiltration
membrane has been chosen because its material is the same as the one
used in hemodialysis applications and its cut-off is well adapted for the
removal of unbound small (urea and creatinine) and middle (leptin,
endothelin, p2-microglobulin) uremic toxins that could be present in
blood in the case of end stage renal disease [17].

Experiments are run using fluorescent proteins of two different sizes:
bovine serum albumin (BSA - MW = 66 kDa) well larger than the
membrane nominal MWCO and a-lactalbumin LALBA a smaller albumin
(MW = 14.2 kDa) that has the dimensions of a middle-sized uremic
toxin. The protein concentrations in solutions are 1 g L™* and 50 mg L™}
for BSA (the major protein in blood) and LALBA respectively. The latter
concentration is clinically relevant as it is very close to the mean/me-
dian uremic concentration of f2-microglobulin (MW = 12 kDa) [22].
Protein solutions were prepared from concentrated 10x PBS bulk solu-
tions purchased from Fisher BioReagents, France. Ultrapure water was
supplied by an ELGA PURELAB Classic water purification system (final
minimum resistivity of 18 MQcm).

LALBA from bovine milk (Type III, calcium depleted), Atto 647 N
Protein Labeling Kit and Bovine Serum Albumin-fluorescein isothiocy-
anate conjugate (BSA-FITC) were purchased from Sigma-Aldrich,
France. LALBA was labelled by adsorption of the zwitterionic fluo-
rophore Atto 647 N according to the protocol suggested by the supplier
(Sigma-Aldrich. Atto 647 N Protein Labeling Kit). The protein was first
dissolved in a sodium bicarbonate buffer to obtain the concentration of
10 g L™ 1. Then, the reactive dye was dissolved in 20 uL. DMSO (provided
in the labeling kit). The protein solution was then transferred to the vial
containing the reactive dye. Finally, the reaction mixture was incubated
for 2 h under gentle stirring. Gel filtration columns were then used in
order to achieve good separation of the protein-dye-conjugates from
excess free dye (size exclusion limit: 5 kDa). The dye-protein conjugate
(first band) was collected, the free dye (second band) was trapped inside



the column. The obtained solution of conjugate was characterized by
calculations of the dye to protein ratio (according a formula provided by
the supplier Sigma) and of the final protein concentration. For this, the
absorbance of the conjugates at 280 nm and 647 nm were measured
using a cuvette of 1 cm in thickness, using a Libra S12 UV Spectropho-
tometer (Biochrom, UK).

2.3. Experimental set-up for filtration and fluorescence monitoring

Intrinsic fluorescence of protein has already been used to identify
structural changes in proteins due to the permeation through mem-
branes by comparing the intrinsic fluorescence of the proteins in the
retentate and in the permeate [23] or due to mechanical stress in a UF
loop [24]. Proteins labelled with different fluorophore have also been
used to evaluate the fractionation of a protein mixture or to investigate
the fouling by proteins after membrane autopsy [25]. Here, the main
idea is to follow the live fluorescence on the membrane surface during
the filtration in order to assess the dynamics of proteins sorption and
accumulation.

Filtration experiments were monitored using two systems: a Zeiss
Axio Observer.Zlm inverted microscope equipped with fluorescence
(details in 2.6) and an automated microscope stage. The microscope,
controlled by the Zeiss Axio Vision Software, makes it possible to scan
the surface over time in order to have a live mapping of the membrane
surface during filtration. This technique thus has advantages over other
techniques such as FTIR [26] which can only be performed ex situ on
dried membrane samples. The other equipment was the Fluigent
MFCS-Flex pressure controller, combined with a FLOWELL
flow-controller. There are a total of three pressure and three flow con-
trollers. Two pressure controllers can supply a pressure of up to 1000
mbar, while the other one goes up to 350 mbar. As for the flow con-
trollers, one can operate at a maximum flow of 8 pL. min™ 1 the other one
at a maximum flow of 55 pL. min~ ! and the last one at a maximum flow
of 1100 pL min~ '. The pressure-flow system is controlled via a MAES-
FLO software. The microfluidic chips are connected to the tubes of the
pressure-flow controller and placed under the microscope right before
the experiments are started.

2.4. Protocol for the filtration and the permeability measurement

Before starting with the filtration process, the membrane was com-
pacted until a stable flux was achieved (around 1 h). For this, pure PBS
was flown through the microchip retentate channel at 130 pL min~ ! in
the absence of any pressure applied on the permeate side (corresponding
then to a TMP of 90 mbar). The initial membrane permeability was then
measured with pure PBS.

In a second step, proteinsolutions were filtered in a single passmode:
the retentate is not returned to the feed reservoir. The control over the
cross-flow velocity and transmembrane pressure was achieved by
adjustment of the pressures at the inlet, the retentate, and the permeate
reservoirs. The inlet and permeate flow rates were measured every 10 s,
whereas the retentate flow rate was calculated from the flow rates
difference.

After the filtration procedure, pure PBS was again flown through the
system for at least 15 min in order to evaluate the final permeability of
the fouled membrane. For experiments at zero transmembrane pressure
(TMP), the post-fouling flux, J,os, was compared to the pre-fouling flux
(through a virgin membrane) Jy. For this, a permeability reduction index
(PRI) was introduced (Equation (1)):

J, post
Jo

PRI=1—
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2.5. Analysis of the hydrodynamic conditions during cross flow via a
peclet number

Experiments run at different cross-flow conditions are compared in
term of their filtration Péclet number. The filtration Péclet number is
defined as the ratio of the permeate flux, J, over the mass transfer co-
efficient, k, and is tightly linked to the concentration polarization phe-
nomenon (Equation (2)):

Pe:{:ln<cmic"> 2)
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where ¢, ¢, and ¢, are the concentrations at the membrane, in the bulk
and in the permeate respectively. The Péclet number accounts for the
opposite effects of the permeate flux, J, and of the tangential velocity. It
is then an index of the potential mass accumulation (Cy,, that has an
impact on the adsorption kinetics) at the membrane surface.

To calculate the Péclet number it is necessary to estimate the mass
transfer coefficient, k, or the boundary layer thickness, §, (these two
parameters are directly linked, k = 2). The estimation of the mass
transfer coefficient in the channel along the membrane was performed
using the classical Leveque’s equation for laminar condition. The main
parameters describing the hydrodynamics and the mass transfer are
given in Table 1 for BSA and LALBA, the diffusion coefficient are 6.1 x
10" m?s'and 1.07 x 10719 m? 57! respectively [27].

In the case of clinical hemodialysis, the range of standard Reynolds
number, Re, in an individual fiber inside the module (artificial kidney) is
estimated to be 0.5-2.1 depending on the number of fibers in the module
(7000-14 000 fibers) and on the blood flow rate (200-400 mL min 1).
The Re conditions selected in the present study are then in and above the
range found in clinical hemodialysis.

The selected TMP values (0-180 mbar) are in the range applied in
hemodialysis/hemofiltration, i.e. from O to 270 mbar.

2.6. Protocol for the microscopy and the fluorescence — image analysis

The fluorescence on the membrane surface (validation of the pro-
cedure SI 2) in the retentate compartment of the microchip was also
monitored. The light source for fluorescence is a metal halide lighting
unit of 120 W (ZEISS HXP 120C). Images of the whole channel were
acquired every 5 min with the filter set 38 (beam splitter at 495 nm) for
BSA-FITC (excitation at 502 nm and emission at 518 nm) and with the
filter set 50 (beam splitter at 660 nm) for the LALBA with Atto 647 N
(absorption at 647 nm and emission at 667 nm). Since the length of each
channel is larger than the image acquired by the camera, the camera was
automatically moved along the channel to collect the set of images. The
exposure time was chosen between 15 ms and 60 ms to have a significant
signal and to avoid overexposure for the duration of the filtration.

The images were exported as.tiff files and analyzed using ImageJ
[28]. The fluorescence signal was turned into gray values, so that the
brighter fluorescence is reflected by the whiter pixels (higher gray
value). In other words, zero corresponds to a pure dark body and 255 to
a pure white body. The mean gray value is the sum of the gray values of
all the pixels in the zone of interest divided by the number of pixels.

Table 1

Cross-flow velocity and transmembrane pressure, TMP, for the different exper-
iments and the flow characteristics in terms of Reynolds, Re, and, Péclet, Pe,
numbers.

Cross-flow velocity (pL.min’l) TMP (mbar) Re Pe (BSA) Pe (LALBA)
35 90 1.3 - 4.43
75 90 2.7 - 3.45
180 11.56 7.20
130 45 4.7 - 1.58
90 4.19 2.88

250 180 9.0 6.75 -




In order to evaluate the spatial distribution of fouling along the
membrane, signal was monitored and analyzed at different places in the
channel: the inlet, the middle, and the outlet (Figs. S2-1 in SI 2). The
software measures the gray value on each pixel along the red line in
Figs. S2-1, yielding to a mean gray value.

For specific cases when dark zones appear on the membrane during
filtration (Fig. 3 (A) - discussed in section 3.2.1), the protocol was
modified. The analysis of the gray values at the inlet, the middle, and the
outlet was performed not along the line, but over a rectangular zone. For
each rectangular image a specific threshold gray value was defined to
discriminate the bright background zones (gray value above the
threshold) and the dark zones (gray value below the threshold). Once
the threshold value is selected, the image is converted into a binary
black and white system, where the black parts represent the zones below
the threshold and the white ones those above the threshold. The per-
centage of the black parts (later on called dark zones or Aggregation-
Caused fluorescence Quenching ACQ) can be determined together
with the mean gray value in the remaining zones.

3. Results
3.1. Fluorescence tracking during BSA filtration

Preliminary experiments were conducted in the absence of trans-
membrane convection. The pressure in the retentate side was balanced
by application of the same pressure on the permeate side in order to
minimize the net permeate flow.

Fluorescent images were collected every 5 min, shown in Fig. 4 as
gray values for feed flow rates of 130 L min~! and 250 pL min~*

The change in fluorescence over time was quite similar for both feed
flow rates. During the first 5 min, a sharp increase in fluorescence was
observed, corresponding to the rapid formation of protein layers on the
membrane surface. Moreover, no apparent difference was observed
between the inlet, the middle and the outlet of the channel (results not
shown). Such result suggests a uniform initial coverage of the membrane
by the protein layer. It suggests that the cross-flow velocity in this range
of conditions did not control the process. In other words, the process was
not controlled by diffusion within the boundary layer but was reaction
limited (heterogeneous reaction). Jones and O’Melia [12], showed in
static adsorption experiments that the adsorption of BSA on a regener-
ated cellulose ultrafiltration membrane is reaction-limited and not
diffusion-limited. It seems that in our conditions, with a PES membrane
and a very low cross flow velocity, a similar conclusion can be drawn.
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Fig. 4. Evolution of Mean Gray Value at middle position in the microchannel at
different cross flow velocities and TMP~0.
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Fig. 5. The changes on fluorescent signal from the membrane surface (middle
position in the channel) during the filtration of BSA at different hydrodynamic
and trans-membrane pressure conditions with the modeling (full lines; see
section 4 about sorption kinetics modeling).
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Fig. 3. Image processing for the determination of the surface coverage by dark zones and evaluation of the fluorescent intensity of the background. (A - original

image, B —

image converted into a binary system, C — result of subtraction of image B from A).



After 5 min, the change in fluorescence levels off, reflecting a slower
protein deposition on the membrane surface.

Fig. 5 shows the change in fluorescence during filtration at various
hydrodynamic conditions. On this figure, three regimes were observed
in terms of fluorescence evolution. These regimes correspond to those
observed on the flux versus time curves (Figure in supplementary in-
formation SI 3). The initial drop in membrane permeability corresponds
to the sharp initial increase in fluorescent signal. Then, during the sec-
ond period, a slower flux decline echoed the increase in gray values
followed by a pseudo-stabilization. Therefore, the comparison of
changes of the fluorescence throughout the course of the filtration
process to the variation in membrane permeability demonstrates a suf-
ficient consistency, meaning that the fluorescence signal is a relevant
parameter to monitor the development of fouling. No difference be-
tween the inlet, the middle and the outlet regions of the channel was
observed on the fluorescence vs time profile (results not shown). This
suggests a uniform coverage of the membrane surface by the protein
layer.

3.2. Fluorescence tracking during LALBA filtration

In preliminary experiments performed with BSA (section 3.1), we
found that the surface fluorescence depended on the operating condi-
tions but was homogeneous over the whole surface for given conditions.
With LALBA, the results were quite different. A first sub-section presents
the quenching phenomenon and its occurrence during filtration.

3.2.1. Fluorescence quenching induced by the filtration

During the LALBA adsorption experiments without permeation, the
fluorescence was rather homogeneous over the whole membrane sur-
face. However, when a transmembrane pressure was applied, we
observed the formation of dark zones on the membrane surface. Fig. 6
shows that the dark zones became more and more frequent and large
when the trans-membrane pressure was increased. Such zones were not
observed with BSA (at any TMP). This observation may be explained by
the so called aggregation-caused fluorescence quenching (ACQ) [29],
which has been reported already [30,31] and is explained by a specific
intermolecular interaction of the fluorescent moieties. Briefly, in tightly
packed states, the fluorescent tags of neighboring molecules may have
77 electron interactions, which in turn lead to the quenching of their
light emission [32,33]. Assuming that the formation of discussed dark
zones is governed by ACQ, we further denote these structures as
aggregates.

The structural properties of the proteins could be at the origin of the
different behavior observed with BSA and LALBA. According to Greene
et al. [34] LALBA can adopt alternative conformations and remain stable
at partially denatured states. Modifications of LALBA structure have
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been evidenced with change in intrinsic fluorescence after permeation
through membrane with different pore size [35].

On the other hand, BSA is considered as relatively rigid or “stiff”
protein [36]. Based on this, we assumed that during filtration in our
conditions, BSA did not undergo conformational changes whereas
LALBA could form aggregates thus inducing ACQ.

3.2.2. Fluorescence and quenching under tangential flow (PTM = 0)

A first set of experiments with fluorescent LALBA was conducted in
the absence of permeation through the membrane, i.e. in the absence of
drag forces pulling the solute towards the membrane surface. The
fluorescence was recorded at different positions along the membrane
(results given in supplementary information S4). The fluorescence signal
was rather homogeneous over the membrane for the lower flow rate 35
pL/min. When the flow rate was increased, noticeable difference in gray
values were observed along the membrane with a brighter fluorescence
at the inlet of the channel. This could be due to the pressure drop across
the channel that could induce a slight positive permeate flux at the
channel entrance and a negative one at the outlet. To illustrate these
results, Fig. 7 compares the evolution of the signal at the middle of the
channel (where the permeate flux should be zero) for different flow
conditions.

As can be concluded from Fig. 7, the flow rate of 130 pL min
resulted in the most intensive fouling (the most intense fluorescence),
while at two other cross-flow velocities the fluorescence signals were
rather similar. The final gray values at the inlet, the middle and the
outlet of the microchannel obtained at 130 pL min~! were almost twice
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Fig. 7. Evolution of Mean Gray Value at middle position in the microchannel at
different cross flow velocities and TMP~O0.

Fig. 6. Illustration of the appearance of fluorescence quenching zone induced by the filtration. The time is given in minutes in the images.



greater than at 75 pL min~ ! and 35 pL min~ L. For example, the gray
values at the inlet were 54.8 + 8.9, 27.6 + 2.5, and 23.4 + 4.8 respec-
tively (results given in supplementary information S4). The tendency of
greater protein accumulation at higher feed flow rate may be related to
the sensitivity of LALBA to the hydrodynamic conditions. As previously
reported, at greater velocity, i.e. higher shear stress, proteins have a
higher propensity to unfold [37,38]. Such change in conformation leads
to the enhanced interaction between hydrophobic parts of the proteins
adsorbed on the membrane surface and the ones flowing in solution. As a
result, the more protein unfolding the greater the fouling (Fig. 7). This
effect was more noticeable at flow rate above 75 pL min~ !: a threshold
flow seemed to exist between 75 and 130 pL min~ ! corresponding to a
Reynolds number of 4.7 and a wall shear stress of 0.33 Pa.

The cross-flow velocity had an influence on the spatial distribution of
fouling along the membrane. At larger flow rates one can clearly see the
discrepancy between the gray values obtained at the inlet, the middle,
and the outlet of the microchannel at every time point (Figures S4-1 and
S4-2 in supplementary information S4). This observation is ascribed to
the pressure drop along the membrane and the concept of internal
filtration. The latter concept dictates that even if the overall trans-
membrane flux is nearly equal to zero, due to the axial pressure drop
along the retentate channel, the local pressure at the inlet of the channel
is greater than the one at the outlet. Therefore, a local filtration flux
occurs near the channel entrance and a reverse filtration (permeation
from the permeate side back to the retentate compartment) can take
place near the end of the channel. Eventually, such distribution of flow
resulted in the gradual reduction of local gray value from the inlet to-
wards the outlet, as observed in Figures S4-1 and S4-2. In parallel, no
difference in gray values along the membrane was observed at a feed
flow rate of 35 pL min~ ! (Figs. $4-3). Such result suggests that below
certain cross-flow velocity, the pressure drop along the channel (0.12
mbar for 35 pL min~ ! to 0.44 mbar for 130 pL min~ 1) became too small
to have a noticeable impact on the local transmembrane pressure con-
ditions inside the microsystem. Another important finding on fluores-
cent signal evolution is that at all three analyzed flow rates, the plateau
was not reached even after 9000 s of experiment. This means that the
buildup of LALBA continues for such long periods of time, unlike what
was observed with BSA-FITC at no convection conditions, where a
plateau was reached within the duration of the experiment (Fig. 4). This
difference might be ascribed to the significant difference in protein
concentration: 1 gL~ ! in case of BSA-FITC and only 50 mg L™ ! in case of
LALBA. Besides, the ability of LALBA to form aggregates with time
(Fig. 6) could also explain the continuous accumulation of LALBA, re-
flected by the increase in gray values throughout the entire duration of
the experiments.

3.2.3. Fluorescence and quenching under cross-flow

The evolution of surface coverage with Aggregation-Caused fluo-
rescence Quenching (ACQ) zones (section 2.7) obtained at different feed
flow rates and transmembrane pressures is shown in Fig. 8 a). As further
discussed in section 3.3.3, the percentage of quenched zone was quite
well correlated to the filtration Péclet number: the surface coverage by
ACQ zone increases quicker and to higher values when the Péclet
number increases.

For a filtration Péclet number of 7.2, 80% of the surface was covered
by ACQ zones after 2000 s, i.e. more than the maximum coverage in any
other experiment. From here on, the quenched zones expand but at a
much slower rate and cover 90-95% of the surface after 8000 s. Fig. 9
shows a view of the membrane after 9000 s of filtration (end of the
experiment).

The variation in surface coverage with time was more gradual at low
Péclet numbers. For a filtration Péclet number of 3.45 (the trans-
membrane pressure was two times lower than in the previously dis-
cussed conditions) the ACQ zones started to appear after 2000 s of
filtration only and the coverage at the end of the filtration ranged be-
tween 20 and 60%.
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Fig. 8. a) Evolution of surface coverage by ACQ zones and of b)Mean Gray
Value of non-ACQ zone during the filtration of LALBA at different feed flow rate
and transmembrane pressure with the modeling (full lines in b), see section 4).



Fig. 9. Fluorescent image of the membrane surface fouled by LALBA-Atto647
N at 75 pL min~* and TMP = 180 mbar. Magnification: x50.

As for the growth of the quenched zones, the mean gray value in the
non-ACQ zones increased from zero to almost the maximal value within
the first 2000 s at high Péclet number (Fig. 8 b)). Beyond this time point,
a plateau was observed until the end of the process. For lower Péclet
numbers, the signal increase was more gradual and did not reach a
plateau by the end of the experiments.

3.3. Analysis of correlation between permeate flux, fluorescence and
cross-flow conditions

This section presents the correlation that can been established be-
tween the direct local analysis of fluorescence, the permeate flux mea-
surement and the filtration conditions.

3.3.1. Comparison of the permeate flux reduction with time during the
filtration of BSA and LALBA

The microfluidic rig allows to measure the evolution of the permeate
flux of the membrane with time at constant transmembrane pressure.
The flux evolution is plotted in Fig. 10 for BSA (1g.L’1) and LALBA (50
mg L 1) for the same hydrodynamic conditions of 75 pL min~' - 180
mbar.

The flux reduction was faster for BSA and lead to a quasi steady state.
For LALBA, the behavior was slightly different with an initial drop fol-
lowed by a slow decrease. This difference could be due to the difference
in protein size. Due to its larger size, BSA could lead to membrane pore
blockage either by pre-existing protein aggregates [10,39] or by
adsorption from the supersaturated solution close to the pore mouths
[40]. This mechanism is able to change a lot the permeability in the first
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Fig. 10. Comparison of the permeate flux reduction during the filtration of
LALBA (50 mg L) and BSA (1g.L 1) for the same hydrodynamic conditions of
75 uL min~! and 180 mbar.

instants of filtration, especially at the relatively high concentration used
for BSA. The subsequent reduction in permeate flux is associated to the
build-up of a protein deposit on the surface either by deposition of new
protein layers or by formation of a “gel” layer. Concerning LALBA, its
smaller size may allow some molecules to enter the pores and lead to an
internal adsorption. This mechanism would assume a slower kinetics
than superficial adsorption and take place on a higher surface area. Such
mechanisms together with the gradual aggregation evidenced in Fig. 8
could explain a slower decrease in flux during the filtration of LALBA
without stabilization within the experiment duration.

3.3.2. Correlation between fluorescence and permeate flux

It is interesting to compare the evolution of the fluorescence with the
permeate flux decrease. For a given protein (LALBA in Fig. 11), the re-
sults obtained under different operating conditions collapse on a single
band. This shows that a given value of fluorescence corresponds to a
permeate flux loss irrespective of the operating conditions. The fluo-
rescence signal therefore seems to be a relevant index of the additional
resistance induced by the protein build-up on and in the membrane.

The permeate flux loss is plotted versus the gray values for both
proteins and for a same operating condition in Fig. 12. The behavior was
slightly different for the two proteins. For BSA, after a sharp decrease in
flux for low gray values, the increase in gray value during the experi-
ment did not induce a noticeable change in permeate flux. For LALBA,
the increase in gray value was responsible of a gradual and continuous
decrease in permeate flux. These differences are discussed in section 4.3.

3.3.3. Correlation between the fluorescence and the péclet number

Fig. 13 shows the surface coverage (percentage) by quenched pro-
teins (ACQ zones) and the gray values of the non-ACQ zone versus the
filtration Péclet number. In order to provide a fair comparison of the
data, the values reported correspond to values recorded at the moment
when the filtrate volume reached 0.5 mL. For BSA, the level of fluo-
rescence was always the same whatever the operating conditions. It
means that the fluorescence of adsorbed layers did not depend on the
operating conditions (Pe ranging from 4.2 to 11.6). With LALBA, the
Peclet number has a strong influence of the onset of the quenched zone.
The percentage of the quenched zone varied from 0% when there was
only a tangential flow (filtration Péclet number = 0) to 20% during
filtration with low Péclet number (Pe around 2) and up to 85% for the
largest Péclet number (Pe = 7.2). In parallel, the gray value of the non-
quenched zone decreased with the increase in Péclet number until 4.4
and seemed to stabilize for higher values. This is probably due to the
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Fig. 11. Correlation between the permeate flux reduction and the Mean Gray

Value of non-ACQ zones during the filtration of LALBA for different oper-
ating conditions.
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onset of quenching in these regions that can induce a decrease in the
mean gray value.

There was then a strong correlation between Pe and the aggregation-
caused quenching zones for LALBA. The quenching of the labelled
LALBA could then be a good indicator of the compression and/or ag-
gregation of the protein induced by the filtration. The mechanisms can

Low Péclet

High Péclet

Quenching of the fluorescence
induced by compaction or aggregation

Fig. 14. Illustration of the fluorescence quenching induced by important
filtration Péclet number. The importance of the flux through the membrane and
a low tangential flow can induce a more important accumulation. This can
result in the compression and/or aggregation of the protein that can lead, in
turn, to the fluorescence quenching.

be sketched as in Fig. 14.

This section analyzed the results obtained at a pseudo steady state of
the filtration; the next section will now analyze the kinetics of adsorp-
tion with a modeling approach.

4. Sorption kinetics analysis by modeling

The experiments described in the previous section shed light on the
dynamics of the accumulation of the labelled protein during filtration.
These dynamics can be the result of an adsorption process modified by
concentration polarization induced by filtration. The increase in fluo-
rescence at the membrane is controlled both by the advection-diffusion
balance in the boundary layer and by the adsorption reaction at the
membrane. However, these two mechanisms have two different char-
acteristic times. The dynamics for the establishment of the polarization
layer is very rapid (usually estimated at several seconds) compared to
the duration of the experiments (several hours).

As a first approximation, one can then consider that polarization will
change quickly the concentration at the surface and that the concen-
tration at the surface affects the adsorption apparent kinetics rate. In this
section, the methodology used to interpret the data will then be the
following.

The fluorescence will be analyzed under the light of the adsorption
kinetics and the parameter obtained from fitting the experimental gray
values to kinetic models will be correlated to the filtration operating
parameters.

First the order for the adsorption kinetics will be determined (section
4.1), then the kinetics constant will be calculated and correlated to the
operating parameters (section 4.2). In a last section (section 4.3), the
analysis of these data will allow to discuss the mechanisms leading to the
accumulation of the two proteins.

4.1. Modeling of the adsorption kinetics: first and second order models

The modeling of adsorption has been reviewed in recent papers [11,
13,15,16] and the kinetics models are always under debate.

Adsorption is usually based on the model originally proposed by
Langmuir:

dr r r
(1= ) — 3
d C( rm> “T. 3

Where ¢ (g.m’?’) is the concentration of solute in solution over the sur-
face, T is the adsorded quantity on the surface (for example in g.m™2)
and I'y, is the maximum adsorbed quantity. k, and k4 are the adsorption
and desorption rate constants.

If the concentration of the solute in solution is considered constant
with time and the adsorption rather irreversible ( k4 = 0), it is possible to
derive pseudo-first-order models.

To derive different kinetics orders, it is proposed [11,15] to consider
that the concentration of solute over the surface, c, can also vary with
time. Several authors link this concentration to the concentration of
occupied site. It is considered that the adsorption of solute from the
solution leads to a decrease of the concentration of solute in the solution
(The bulk is not a perfect source):

c:cofl"% 4

If considering the mass balance related to the adsorption, =2 = o

the ratio S/V can be defined as a function of the equilibrium concen-
tration of solute, c,, and the equilibrium-adsorbed quantity, I, :

S ¢co—c

\4 I,

)

It is then possible to derive various kinetic models. The pseudo first
order model is obtained when I'$—0 and ¢ = c,. It corresponds to a



system where the volume is large compared to the adsorption surface
“volume dominated” system: the concentration of solute is very high
compared to the one consumed by adsorption. The first order kinetics
[12] is then given by the following relationship:

r=r,(1-e¢*" (6)

The pseudo second order model (so called Ho model [13]) is derived
when T'$ > 0 so-called “solid dominated” when the surface is significant
compared to the volume i.e. almost all of the adsorbate is removed from
the solution during the experiment. The sorption kinetics should follow
the general differential equation:
ar Co — Co r r
(om0 r) (1 L) -kl -
An analytical general solution can be found for this equation (the full

derivation is given in supplementary information S5 according the
development proposed by Refs. [15]).
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when At is small (corresponding to slow adsorption), the exponential
terms can be linearized:

(B—A)

2—-(B—24)) an

r=-r.,

The parameters of the kinetics can then be determined by plotting
as a function of t

t ot 2
= (12)
r r. (B—A).

The classical second order kinetics is usually defined:
rot 1
I 13
r T, + kr? a3
where the apparent second order rate constant ky is — % and is then

intricately connected (egs. (9) and (10)) to the initial concentration of
solute, cg.

Since in the present study we use fluorescence microscopy to quan-
tify the protein adsorption by gray values, the equation for the first and
second order sorption kinetics (egs. (6) and (13) respectively) will be
modified by substituting the level of gray value (GV) to I', to make it
applicable for our case.

Both equations for the first order (eq. (6)) and for the pseudo-second
order (eq. (13)) have been used to fit the experimental data. The best fit
of the experimental data (so the lowest residue for this model with the
same number of fitting parameters) has been obtained with the pseudo
second order kinetics (the residue after curve fitting are given in SI 6 for
all the experiments presented in the previous sections). The analysis of
the residue shows that the second order model is significantly better to
describe the BSA (co=1¢g L™ experiments and is slightly better for the
LALBA (¢o = 50 mg L’l).

It has been discussed [15] that the sorption kinetics could be
described by a pseudo-first-order kinetics at high initial concentration of
solute and by a pseudo-second-order kinetics model at lower initial
concentration of solute. The results obtained here show that the second
order is always the best fitting model even for BSA at a concentration of

1gL7L

This discrepancy can be explained by the large ratio S/V of our
microfluidic system (eq. (4)). A quick adsorption kinetics especially of
BSA can explained this observed pseudo-second order [13]. However, as
discussed by Ref. [16], this is not a reason for considering that the as-
sumptions needed in the mathematical development are fully satisfied.
Several different physical mechanisms could be responsible of a second
order like kinetics.

4.2. Effect of operating conditions on the second order kinetics parameters

All fluorescence results have been fitted to a second order kinetics
model (Eq. (13)) (the fitting is represented by the full line in Figs. 5 and
8). The fitting parameters are given in Tables s7-1 and S7-2 in the
supplementary information SI7.

The apparent kinetics rate constant k; is plotted as a function of the
Péclet number for BSA and LALBA in Fig. 15 a). The apparent kinetics
constant for BSA is always higher than the one for LALBA. At zero Péclet
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Fig. 15. a) Pseudo-second order apparent kinetics rate constant (s-1) and b)
Equilibrium adsorbed quantity (GV) obtained from the fitting of the adsorption
kinetics (Figs. 6 and 11) with Eq. (13).



Table 2

Differences in fouling behavior observed for BSA and LALBA with a combined fluorescence-permeate flux analysis in a membrane microfluidic device. These dif-
ferences allow to consider a main fouling mechanism controlled by monolayer adsorption for BSA and by flow induced aggregation and deposit for LALBA.

BSA

LALBA

Adsorption at 0 TMP (Figs. 4 and 7)
velocity

The apparent constant rate is high

1.3-14 x 107*
Permeate flux during filtration (Fig. 10) Constant permeate flux
Effect of Péclet filtration number (Fig. 15a), Figs. 8a)

and 13)

Correlation permeate flux-fluorescence (Fig. 12)
value

Fouling mechanism Monolayer adsorption

Predominant interaction Membrane-protein affinity

heterogeneous interaction limited adsorption

Apparent kinetics is not dependent on the tangential

Low increase in adsorption kinetics
From 1.3 x 10 “t0o 3 x 10~*

The permeate flux is constant whatever the fluorescence

Apparent kinetics constant is dependent on the tangential
velocity

The apparent constant rate is low

2.9-48 x 10°°

Permanent slow decrease

Important increase in adsorption kinetics

From 3.9 x 10 °t0 6.9 x 10>

Fluorescence quenching at high Péclet number

The permeate flux decreases when the fluorescence value
increases

Two distinct mechanisms involved:

Adsorption at low Peclet

Flow induced aggregation and deposit at high Peclet
Protein-protein attraction induced by the filtration

flow induced homogeneous aggregation

(tangential flow without filtration), the average adsorption constant is
1.3 x 10™*s7! for BSA and 3.9 x 107°s™" for LALBA. For BSA, when the
Péclet number increases (i.e. when the accumulation due to filtration
increases), the apparent adsorption constant shows a slight increase
which is qualitatively in agreement with the theoretical approach that
shows that the adsorption kinetics is an increasing function of the con-
centration near the interface. For LALBA, the evolution of the apparent
kinetics constant with the Pe number reveals two different regimes.
After a slight increase similar to the one noted for BSA at low Pe number
corresponding to a reversible adsorption regime, a change in behavior is
observed beyond a Pe number around 3 with a noticeable increase in the
apparent adsorption kinetics rate with Pe. The behavior in this zone can
be ascribed to an irreversible adsorption of aggregated LALBA.

Fig. 15 b) presents the adsorbed amount at equilibrium, T, obtained
by fitting equation (13) to the adsorption kinetics (Figs. 6 and 11). The
equilibrium-adsorbed quantity in gray value is similar for all the oper-
ating conditions with BSA. However, for LALBA one observes a decrease
in the equilibrium gray value when the Péclet increases. This is corre-
lated to the discussion in section 3.3.3: the quenching can lead to a
decrease in gray value even in the non-fully quenched zone.

4.3. Discussion on the protein fouling mechanisms

The cross-analysis of the fluorescence and permeate flux data, shows
two well different fouling behaviors by BSA and LALBA. The close
monitoring of the adsorption kinetics of both proteins allowed by the
microfluidics systems used in this work, allow to show that they obey the
pseudo-second order law (eq. (13)) but the variations of the two pa-
rameters with operating conditions of filtration (Péclet number) are very
different (Fig. 15). This model proves to be adapted to describe solute-
surface interactions in systems characterized by large surface area to
fluid volume ratio sur as a HD hollow fiber. In addition, the direct
observation of the membrane surface during filtration shows that in
conditions for which one of the proteins (BSA) remains stable, the other
one (LALBA) may remain stable or be destabilized depending on the
filtration conditions (Pe). Such a detailed analysis would not be possible
in a macroscopic system.

The main differences that have been experimentally determined are
summarized in Table 2.

The adsorption kinetics is much faster for BSA and the apparent ki-
netics rate does not vary a lot with the filtration flux. At the opposite,
LALBA adsorption rate is slow and the apparent rate constant is sensitive
to the cross flow at low TMP and increases a lot when the permeate flux
(or the TMP) is increased. This picture is supported by a constant
permeability when the layer is established. On the other hand, fouling
by LALBA is more complex, as it corresponds to adsorption at low Péclet,

changing to the deposition of proteins aggregates as soon as the Péclet
value increases. This is confirmed by the permanent flow decrease
observed during filtration [41] and the fluorescence quenching that
appears for high filtration rate. The fouling is then controlled by the
membrane-protein interaction in the case of BSA [18] and by the
protein-protein interactions for the LALBA (induced by the flow) [42].

5. Conclusion

The microfluidic chip such as the one described in this paper allows
the in situ monitoring of the deposition of labelled protein on a mem-
brane and the measurement of the permeation flux over a range of
conditions relevant to hemodialysis.

Thanks to this device, details can be obtained on the distribution of
the proteins built-up on the membrane surface as a function of the dis-
tance to the channel entrance. The most interesting advantage of this
microchip device over standard bench scale filtration rigs is that it gives
access to the dynamics of proteins accumulation on the membrane
surface.

We showed that the fluorescence signal of labelled proteins attached
to the membrane surface was well correlated to the flux decline. At high
filtration rate however, a fluorescence quenching that can be attributed
to the aggregation of labelled proteins was observed.

For the purpose of the present study, we could adjust the trans-
membrane pressure and hydrodynamics to be relevant to those found in
hemodialysis hollow fibers and performed a detailed study of the dy-
namics of membrane fouling by two different proteins.

In those conditions, (low Re, low transmembrane pressure) we found
that the interactions of BSA with a PES membrane lead to adsorption of
the monolayer type, controlled by the affinity between the membrane
material and the protein but quite independent on the hydrodynamics.
The adsorption kinetics was found rapid compared to LALBA.

In the same range of conditions, we found that fouling by LALBA was
controlled by the aggregation of proteins induced by the flow along the
channel. This is why fouling by LALBA can be viewed as a flow induced
aggregation and deposition on the membrane. The adsorption kinetics
was slower than the BSA one and dependent on the filtration conditions.
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