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Abstract
Microliter-scale separation processes are important for biomedical research and point-of-care diagnostics with small-volume 
clinical samples. Analytical assays such as mass spectrometry and field effect sensing necessitate sample desalting, but too 
low a salt concentration can disrupt protein structures and biomolecular interactions. In this work, we investigated whether 
salt extraction from a protein solution can be controlled by dynamic dialysis parameters. A microfluidic counter-flow dialyzer 
with a 5 kDa molecular weight cut-off cellulose membrane was fabricated by laser cutting and operated with a wide range of 
feed and dialysis flow rates. It was found that with the appropriate flow conditions, most notably the feed flow rate, retentate 
salt concentrations from 0.1 to 99% of the input NaCl concentration can be achieved. The experimental data were in good 
agreement with a theoretical diffusion-based mass transfer model. The salt dialysis performance was similar in the pres-
ence of 50 mg/mL albumin, approximating blood plasma protein content, and did not deteriorate with overnight continuous 
dialysis, indicating minimal membrane fouling. The dialyzer construction method is compatible with all planar membranes, 
enabling implementation of tuneable dynamic dialysis for a wide range of on-line microfluidic biomolecular separations.
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1  Introduction

Membrane-facilitated molecular separations play a key 
role in many large-scale industrial processes, ranging from 
seawater desalination to fruit juice clarification, and also 
in milliliter-scale sample processing in biomedical research 
laboratories (van Reis and Zydney 2007; Saxena et al. 2009; 
Kazemi et al. 2016). Miniaturization towards microliter 
volumes can be achieved by integrating membranes with 
microfluidic systems (de Jong et al. 2006; Chen et al. 2016; 
Roelofs et al. 2015; Wardrip and Arnusch 2016; Han and 
Hwang 2018). Microfluidic chips also enable in situ micros-
copy of the membrane, e.g., to study membrane fouling, and 
electrical or optical characterization of the permeate and 
retentate phases, facilitating separation performance evalu-
ation of novel membrane materials and transport mecha-
nisms (Roelofs et al. 2015; Kwak et al. 2013; Kornreich 
et al. 2014). In ultrafiltration, e.g., for protein concentration 

or buffer exchange, mass transport over the membrane is 
driven by pressure-induced flux; while mass transport in a 
dialysis process is primarily determined by concentration 
gradients over the membrane (Saxena et al. 2009).

Dialysis efficiency is significantly enhanced by minimiz-
ing the diffusion distance to the membrane and by main-
taining a steep concentration gradient (Roelofs et al. 2015). 
Microdialysis flow cells offer the advantages of a sub-mil-
limeter height of the feed channel and a continuous flow of 
fresh solution, buffer or pure water, through the dialysate 
channel. In a theoretical study, Yeh and Hsu evaluated the 
mass transfer efficiency for three different flow configura-
tions (Yeh and Hsu 1999). Counter-current flow, where the 
sample and the dialysate phase flow in opposite directions 
along the membrane, gave the highest mass exchange; while 
co-current flow was the least effective. Cross-flow, imply-
ing that the dialysate stream is perpendicular to the sample 
stream (e.g., crossing a bundle of hollow fiber membranes), 
had an intermediate performance (Yeh and Hsu 1999). It 
was also demonstrated experimentally, for a flow cell with a 
planar microporous cellulose ester membrane, that counter-
current operation results in more efficient dialysis than co-
current flow (Yeh and Chang 2005).
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Microfluidic dialysis cells have been described for a vari-
ety of applications, including small-molecule, peptide or 
protein extraction from protein mixtures (Perozziello et al. 
2015), cell lysates (Xiang et al. 1999; Liu and Verma 1999) 
or blood (Kurita et al. 2006) for spectroscopic/spectrometric 
characterization, the exchange of metabolites and inhibitory 
species for cell-free protein synthesis (Timm et al. 2016), and 
the ionic strength modulation of oligonucleotide separation 
(Sheng and Bowser 2012) and virus phase transitions (Korn-
reich et al. 2014). Furthermore, many microfluidic devices, 
incorporating hollow fiber (Liu and Verma 1999; Canarelli 
et al. 2002; Jakubowski et al. 2005; Sun et al. 2008), planar 
polymer (Xu et al. 1998; Liu et al. 1998; Xiang et al. 1999) 
or planar inorganic (Tibavinsky et al. 2015; Wu et al. 2018) 
membranes, have been developed for the on-line desalting 
of biological samples for mass spectrometry analysis. The 
membrane pore size is always determined by the separation 
requirements, while the channel dimensions follow from the 
typical sample volume and the microfabrication methodology. 
The counter-flow configuration is most commonly employed, 
but the effect of the flow rate is typically not described, or is 
only investigated within a limited range, while the separation 
outcome tends to be assessed indirectly, for example as the 
signal-to-noise ratio in a mass spectrum (Xu et al. 1998; Liu 
and Verma 1999; Canarelli et al. 2002; Wu et al. 2018).

To establish to which extent the separation performance can 
be modulated by the hydrodynamic conditions, we quantified 
salt transfer over a regenerated cellulose membrane in a laser-
machined microfluidic counter-flow dialyzer for a wide range 
of feed and dialysate flow rates. We obtained retentate salt 
concentrations between 0.1 and 99% of the input salt concen-
tration, indicating that with the appropriate water and sample 
flow settings, any desired salt transfer efficiency can be real-
ized. Theoretical mass transfer analysis for the counter-flow 
dialysis geometry closely matched the experimental observa-
tions, consistent with a diffusion-limited membrane transport 
mechanism. At a high protein concentration of 50 mg/mL 
albumin, dialysis performance was only marginally affected 
over a period of 16 h, suggesting minimal fouling of the 5 kDa 
MWCO cellulose membrane. Flow-controlled microfluidic dif-
fusion dialysis, hence, enables applications such as tuneable 
desalting of biomolecular samples, where a physiological salt 
concentration interferes with analytical assays but too low a 
salt concentration induces protein denaturation or modifies 
biomolecular interactions (Xu et al. 1998; Zhou and Pang 
2018).

2 � Experimental

2.1 � Materials

Planar regenerated cellulose and polyethersulfone ultra-
filtration (UF) membranes with molecular weight cut-off 
(MWCO) values of 1, 5 and 10 kDa were obtained from 
Sartorius Stedim Biotech as membrane disks of 25 mm 
diameter and 180 µm thickness. Polycarbonate track-etch 
membrane filters of 25 mm diameter and 20 µm thick-
ness, with a 50 nm pore diameter and 1.18% porosity, were 
from Avanti Polar Lipids. Acrylic sheets of 5 mm thick-
ness were purchased from RS Components. Sodium chlo-
ride and fluorescently (fluorescein isothiocyanate) labeled 
bovine serum albumin (BSA) were from Sigma Aldrich. 
Deionized water from a Milli-Q system was used for all 
experiments. Prior to use, to remove the humectant, the 
membranes were placed in a beaker containing deionized 
water for 1 h, after which they were rinsed with fresh water 
and gently wiped with tissue paper.

2.2 � Membrane characterization

Membrane thickness was verified by scanning electron 
microscopy of sputter-coated membrane cross sections 
with a Zeiss EVO LS25 microscope. The porosity of the 
UF membranes was determined by conductometry (Garg 
et al. 2012, 2014). After washing with deionized water, 
membranes were clamped between two Delrin chambers 
of 1 mL volume with a 5 mm diameter aperture in the 
side wall, where the membranes were in contact with an 
electrolyte solution of 10 mM NaCl. Ag/AgCl electrodes 
of 0.8 mm diameter were inserted in each chamber, DC 
voltages up to 1 V were applied and the current flowing 
over the membrane was measured. The conductance of the 
electrolyte-exposed membrane area was then determined 
from the I–V relationship. The porosity of the UF mem-
branes was estimated according to:

where G is the conductance, L is the pore length (i.e., mem-
brane thickness) and P is the porosity of the membrane. 
From the conductance measurements of the UF and track-
etch membranes, the porosity of the UF membranes can be 
approximated, neglecting the influence of pore geometry and 
assuming no distinct interactions of ions with the membrane 
material, using the known porosity and thickness of a track-
etch membrane as reference values (Kumar and Chakarvarti 
2008).

(1)PUF = Pref

LUF × GUF

Lref × Gref

,
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2.3 � Counter‑flow dialysis cell

A microfluidic dialyzer was constructed by clamping a 
planar membrane between two optically transparent plates 
of poly(methyl methacrylate) (PMMA) with microma-
chined channels. Acrylic sheets of 5 mm thickness were 
cut into plates of 3 × 3 cm with an Epilog Mini 30 W CO2 
laser cutter, and a screw hole was cut in each corner of the 
plate. In the top plate, a feed channel of 0.2 mm depth and 
1.8 mm width was laser ablated, while a water channel of 
3.5 mm depth and 3.0 mm width was defined in the bottom 
plate. Both channels are of spiral geometry, with a length 
of ~ 75 mm, giving a feed and a water channel volume of 
approximately 25 and 800 µL, respectively. These different 
dimensions imply a different relation between the volumetric 
flow rate and the linear velocity for the feed and water chan-
nels, as indicated in the text. At the start and end of each 
channel, a 0.8 mm diameter through-plate hole was laser 
machined as a tubing connector. A water-washed circular 
membrane sheet was positioned on the bottom plate and then 
the top plate was put into place. Both plates were brought 
into tight contact by fastening the M4 screws in the corners 
of the device. The membrane surface in contact with the feed 
channel is ~ 1.35 × 10−4 m2. Figure 2a shows an assembled 
dialyzer with connected microfluidic PTFE tubing (inner and 
outer diameter 0.3 mm and 0.8 mm, respectively). Counter-
flow dialysis was implemented with Harvard Apparatus 11 
Plus syringe pumps, with the feed and the water phase flow-
ing in opposite directions along the membrane. The con-
ductivity of aliquots of the retentate outflow was measured 
with a Horiba B-173 conductivity meter with a 100 µL sam-
ple compartment and converted to NaCl concentration by a 
calibration curve. All experiments were performed at room 
temperature.

2.4 � Mass transfer analysis

For urea dialysis over a microporous cellulose ester mem-
brane in a planar counter-flow dialyzer, Yeh and Zhang 
observed good agreement between experimental results and 
theoretical predictions from a mass transfer model (Yeh and 
Chang 2005). This model is based on the classic solutions 
from Graetz and Lévêque for heat transfer to tube walls for 
a laminar flow, which can be extrapolated to mass transfer 
because of the identical forms of the convection–diffusion 
equation (Kirtland 2010). As an idealization, it is assumed 
that the solute is consumed at the channel wall, i.e., the 
membrane in a dialyzer, that the time scale for solute diffu-
sion is longer than the time scale of axial convection (~ flow 
rate), and that there is no radial convection. This enables 
calculation of the diffusive solute flux to this boundary wall 
and its scaling with the flow rate as a function of the distance 
from the feed channel inlet, which takes the form of a 1/3 

power law for the parabolic velocity profile of a fully devel-
oped laminar flow (Kirtland 2010; Haase et al. 2015). Here, 
we follow the model derived by Yeh et al. (Yeh and Hsu 
1999; Yeh and Chang 2005), where the total mass transfer 
rate M (mol/s) in a planar counter-flow dialyzer is given by 
Eq. (2). This analysis also assumes: steady-state diffusion, 
uniform solute concentration over the cross section of flow, 
a constant overall mass transfer coefficient, constant flow 
rates, constant physical properties of the fluid and no chemi-
cal reactions (Yeh and Chang 2005).

Here, Cf,in is the solute concentration (mol/m3) of the pre-
dialysis feed solution and Cw,in of the pre-dialysis water flow 
(i.e., no solute). Qf and Qw are the flow rates (m3/s) of the 
feed and the water phase, respectively, and S is the feed-
exposed mass transfer area of the membrane sheet (m2). The 
overall mass transfer coefficient K (m/s) is:

where kf and kw are the solute mass transfer coefficients for 
the feed and the water phase, respectively, and km for the 
membrane, derived as:

Here, W, H and L are the width, height and length (m) of 
the feed or the water channel, and D is the diffusion coef-
ficient (m2/s) of the solute in each phase, as indicated by the 
subscript. The structural parameters of the membrane are 
included as membrane porosity ε, tortuosity τ and thickness 
t (m) (Yeh 2008).

The absolute salt ion mass (mol) transferred from the feed 
to the water phase is obtained from the total mass transfer 
rate M (mol/s) by considering the membrane contact time 
(s) of a segment of the laminar feed stream at a given flow 
rate. For example, given the ~ 25 µL volume of the feed 
channel, a feed flow of 10 µL/min corresponds to a dialyzer 

(2)M =

(

Cf,in − Cw,in

)

(

1 − e
−KS

[

1

Qf
−

1

Qw

])

(

1

Qf

)

−

(

1

Qw

)

e
−KS

[

1

Qf
−

1

Qw

]

(3)
1

K
=

1

kf
+

1

km
+

1

kw
,

(4)kf = 0.816

(

6QfD
2

f

WfH
2

f
Lf

)
1

3

,

(5)kw = 0.816

(

6QwD
2
w

WwH
2
w
Lw

)
1

3

,

(6)km =
Dm�

�t
.



	 Microfluidics and Nanofluidics          (2019) 23:111 

1 3

  111   Page 4 of 11

flow-through time of ~ 2.5 min (150 s). The theoretical post-
dialysis salt concentration of the feed solution can then be 
calculated by subtracting the theoretical amount of salt trans-
ferred to the water phase from the pre-dialysis amount of salt 
in the feed channel volume.

3 � Results and discussion

3.1 � Membrane characterization

Membranes with a nominal MWCO of 1–10 kDa are per-
meable to salt ions but reject most protein species. Cross 
sections of regenerated cellulose UF membranes were 
visualized with electron microscopy, revealing the typical 
ultrastructure of membranes synthesized by phase inver-
sion (Cuperus and Smolders 1991). Figure 1a shows a UF 
membrane of ~ 20 µm thickness on top of its ~ 180 µm thick 
microporous support sheet. The asymmetric structure of the 
UF membrane is apparent at higher magnification (Fig. 1b), 
showing a dense skin layer of ~ 2 µm thickness on top of 
a ~ 20 µm thick sub-layer with a ~ 200 nm diameter pore 
structure. The pores in the sample-facing skin layer, which 
determine the separation performance, will have a diameter 
of ~ 2 nm (Cuperus and Smolders 1991; Romero et al. 2013).

The porosity of the membranes was estimated by electri-
cal measurements. The I–V relationship for the UF mem-
branes and for the reference track-etch membrane is depicted 

in Fig. 1c. The conductance of 1, 5 and 10 kDa polyether-
sulfone membranes was 104, 116 and 173 µS, respectively; 
while the conductance of the 50 nm pore diameter track-etch 
membrane was 184 µS. Estimating the UF and the track-etch 
membrane thickness as 20 µm and taking the porosity of the 
reference track-etch membrane, as specified by the supplier, 
as 1.18%, the porosity of the 1, 5 and 10 kDa membranes 
can be approximated as, respectively, 0.67, 0.74 and 1.11%. 
The conductance measured for a 5 kDa regenerated cellu-
lose membrane was 112 µS, corresponding to a porosity of 
0.72%. These values agree with previously reported values 
for UF membrane porosities, which range from 0.1 to 10% 
but are typically around 0.5% (Cuperus and Smolders 1991).

3.2 � Effect of water flow rates on static sample 
dialysis

Regenerated cellulose membranes of 5 kDa MWCO were 
clamped between two acrylic plates with spiral microfluidic 
channels defined by laser machining, matching the circular 
outline of the membrane (Fig. 2a). Tight contact between the 
top and bottom plate ensured a good seal with the polymer 
membrane, as previously demonstrated for other microflu-
idic dialyzers (Kurita et al. 2006; Sheng and Bowser 2012; 
Perozziello et al. 2015). Initial desalting experiments were 
performed with a static feed solution of 150 mM NaCl and 
2 mg/mL fluorescently labeled BSA (to visually verify BSA 
retention in the feed channel) with co-lyophilized buffer ions 

Fig. 1   a Scanning electron 
microscopy image of a cross 
section of a regenerated cel-
lulose (RC) ultrafiltration mem-
brane on top of its microporous 
support sheet. b Cross section 
of the membrane itself, with the 
dense skin layer visible in the 
top left corner and the sub-layer, 
partially covered by debris, in 
the center of the image. c Cur-
rent–voltage relationships for 
RC and polyethersulfone (PES) 
ultrafiltration membranes of 
various MWCO specifications 
and a reference polycarbonate 
(PC) track-etch membrane of 
known porosity
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(170 mM total salt) and a static dialysate phase of deionized 
water, which was refreshed at different time intervals. After 
removal from the dialyzer, the conductivity of the dialysate 
was measured to determine the amount of membrane-perme-
ated salt ions, enabling estimation of the remaining salt con-
centration in the feed chamber after each refreshment step.

Figure 2b shows that, in general, a higher frequency of 
water refreshment (i.e., shorter water phase resident time in 
the dialyzer) results in a lower residual salt concentration in 
the feed chamber. For example, after 15 min, when the water 
phase has been refreshed one, two, three or 15 times, the 
residual salt amounts to 25%, 19%, 14% or 8%, respectively, 
of the original concentration. This corresponds to a molar 
solute flux across the membrane of 2–3 × 10−5 mol/m2/s. 
Figure 2b also illustrates that the initial water refreshment 
steps yield the most pronounced reduction in salt concentra-
tion of the static feed sample. This is expected because the 
feed/dialysate salt concentration gradient, the driving force 
for dialysis, is largest at the initial stage of desalting. When 
the water phase is refreshed every minute, the salt concentra-
tion in the feed sample is reduced to approximately 1 mM 
after 30 min. By varying the amount of time that the water 
phase is in contact with the static salt sample and the rate 
at which the water is refreshed, the extent of desalting can 
be modulated.

3.3 � Effect of flow rates on counter‑flow dynamic 
dialysis

A continuously flowing feed stream enables higher sample 
throughput and facilitates dialysis quantification by in-line 
conductivity measurements of the post-dialysis retentate 
phase, i.e., the desalted feed. Deionized water continu-
ously flowing in the opposite direction enables constant 

refreshment of the permeate (‘water’) phase, maintaining 
maximal concentration gradients. To quantify the separation 
performance of the counter-flow dialyzer, we determined the 
post-dialysis retentate salt concentration for a wide range 
of flow conditions: 10–600 µL/min (0.016–0.95  mm/s 
linear velocity) for the water phase and 0.5–50 µL/min 
(0.023–2.3 mm/s) for the feed phase. Data points represent 
single measurements. For a number of flow combinations, 
repeat experiments were performed, indicating a variation 
of a few mM.

Figure 3a depicts the percentage of salt retained at the 
feed side of the 5 kDa membrane at a fast water flow of 
600 µL/min, which approximates the highest frequency of 
water refreshment in the quasi-dynamic dialyzer operation 
(Fig. 2b), and at a slow flow of 10 µL/min. For the 600 µL/
min water flow, it can be seen that a slow feed flow of 0.5 
µL/min leads to almost complete desalting (0.2 mM retentate 
salt, i.e., 0.1% of salt retained) and a fast feed flow of 50 µL/
min to minimal desalting (92% of salt retained). Intermediate 
feed flow rates result in intermediate salt transfer, suggesting 
that any particular desalting efficiency can be obtained with 
the appropriate feed flow rate. A typical syringe pump can 
set the flow rate in increments of 0.01 µL/min.

Figure 3a also shows that the water flow rate modulates 
the dialysis performance. At a slow water flow of 10 µL/
min, there is more salt retained in the sample for all feed 
flow rates. Salt transfer over the membrane is minimal for 
feed flows above 20 µL/min (0.93 mm/s) but the lowest flow 
rate of 0.5 µL/min results in efficient desalting (0.6% of salt 
retained). Figure 3b shows the percentage of salt retained in 
the feed stream at the lowest sample flow rates of 0.5 and 1.0 
µL/min, where salt transfer is extremely efficient. At 0.5 µL/
min, over 99% of the salt ions diffuse over the membrane to 
the water phase for the entire water flow range of 10–600 µL/
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min. At 1.0 µL/min (0.046 mm/s) feed flow this necessitates 
water flow rates from 50 µL/min (0.079 mm/s), with a 10 
and 25 µL/min water flow giving 6.5% (outside the frame of 
Fig. 3b) and 1.8% retentate salt, respectively.

For water flow rates of 10, 50, 150, 300, 500 and 600 
µL/min, the retentate residual salt percentage is shown as 

a function of the feed flow rate in Fig. 3c. The residual salt 
fraction is plotted as a function of the water flow rate in 
Fig. 3d. For all water flow rates, the salt dialysis efficiency 
clearly depends on the sample flow rate; a slower sample 
flow results in a lower retentate salt concentration (Fig. 3c), 
i.e., more efficient salt transfer over the membrane. At higher 
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sample flow rates, the efficiency is reduced because the 
residence time of the sample in the feed channel becomes 
shorter, as previously observed for other microdialyzers 
(Jakubowski et al. 2005; Sheng and Bowser 2012). A short 
diffusion distance to the membrane is crucial for efficient 
dialysis (Roelofs et al. 2015). The Brownian motion dif-
fusion coefficient of NaCl at ~ 1–150 mM concentration at 
25 °C is ~ 1.5 × 10−5 cm2/s (Robinson and Stokes 2002), 
which corresponds to a net ion displacement of ~ 400 µm/
min; while the height of the feed channel is 200 µm. This 
implies that for optimal salt transfer efficiencies, the contact 
time of the sample stream with the membrane should be at 
least 30 s. Given the 75 mm length of the feed channel, this 
implies a linear velocity of at most 2.5 mm/s, i.e., a sample 
flow rate of at most 2.5 µL/min.

At a particular sample flow rate, a faster water flow, in the 
opposite direction, generally improves salt transfer, but this 
modulation by the water counter-flow is modest (Fig. 3d). 
For example, at a sample flow of 10 µL/min (0.46 mm/s), for 
the slowest water flow of 10 µL/min (0.02 mm/s) ~ 57% of 
salt is retained in the feed; while this is ~ 44% for the highest 
flow rate of 600 µL/min (0.95 mm/s). For several feed flow 
rates, the desalting efficiency improves most when the water 
counter-flow is increased from 10 to ~ 150 µL/min (Fig. 3d). 
This is due to the relative residence times of the feed and the 
water phase (Yeh and Hsu 1999); at the lowest water flow 
rates, the linear velocity of the water stream is considerably 
smaller than the velocity of the feed stream. For example, 
the 10 µL/min feed velocity is nearly 30 times faster than 
the 0.016 mm/s velocity of the 10 µL/min water flow. Under 
these conditions, the water counter-flow is, hence, somewhat 
static with respect to the feed flow, which diminishes the 
salt concentration gradient over the membrane. Increasing 
the water flow velocity, up to 0.32 mm/s (200 µL/min), can, 
thus, noticeably enhance the dialysis efficiency.

3.4 � Mass transfer analysis

The mass transfer over the membrane in the counter-flow 
dialyzer was modeled as described in Sect. 2.4. Mass trans-
fer coefficients for the feed and the water phase were calcu-
lated for flow rates up to 50 and 600 µL/min, respectively. 
For km we used the experimentally determined membrane 
porosity of 0.72% and a membrane skin layer thickness 
of 2 µm (Sect. 3.1). Ultrafiltration membranes have a 3D 
pore network; hence, the tortuosity was approximated as 2 
(Kokubo and Sakai 1998; Bakeri et al. 2015). The diffusion 
coefficient of the salt ions inside the pores was assumed to 
be identical to bulk solution, i.e., 1.5 × 10−5 cm2/s (Robinson 
and Stokes 2002), giving a km of 2.7 × 10−6 m/s. The overall 
mass transfer coefficient K (m/s) for transport from the feed 
to the water phase was then obtained according to Eq. (3), 

and subsequently the overall mass transfer rate M (mol/s) 
was derived according to Eq. (2).

These theoretical values for K and M are shown in Fig. 4a, 
b, respectively, for the experimental water flow rates as well 
as for smaller values of 1 and 5 µL/min, as a function of the 
sample flow rate (0.5–50 µL/min). K varies between ~ 0.3 
and 1.2 µm/s, increasing with faster sample and water flows. 
The steep increase in M for sample flow rates up to ~ 10 
µL/min represents the transition from a static to an effec-
tive dynamic feed phase, substantially increasing the salt 
concentration gradient over the membrane. Also the mass 
transfer increase with higher water flow rates, from ~ 3 to 
25 nmol/s, can be related to a larger concentration gradient. 
However, the effect of operating the counter-flow dialyzer 
at a water flow beyond 300 µL/min is relatively small; the 
salt gradient is not expected to increase significantly in this 
fast flow regime.

For selected feed flow rates, the modeled post-dialysis 
salt concentration of the feed phase, obtained from M as 
described in Sect. 2.4, was compared with the experimen-
tally determined concentrations. Figure 4c shows that the 
theoretical and experimental values are well matched, gen-
erally deviating by at most ~ 10% retentate salt concentra-
tion. Such good agreement between diffusion theory and 
experiment was also observed for counter-flow dialysis 
of urea over a cellulose ester membrane (Yeh and Chang 
2005), whose model was applied here, and of fluorescein 
over a track-etched polycarbonate membrane (Sheng and 
Bowser 2012), as well as for co-flow dialysis of salt ions 
over a nanoporous alumina membrane (Tibavinsky et al. 
2015). The models of the latter two studies likewise assume 
advection-dominated solute transport along the feed chan-
nel and diffusion-dominated transport over the membrane 
(i.e., minimal transmembrane water flow and hence no or 
negligible solute advection over the membrane), with feed 
flow rates determining the membrane contact time and water 
flow rates modulating the salt concentration gradient over 
the membrane.

3.5 � Dialysis performance at high protein 
concentration

Counter-flow salt dialysis was also performed with a sample 
of 170 mM salt and 50 mg/mL (0.75 mM) BSA (2 mg/mL 
fluo-BSA and 48 mg/mL non-labeled BSA), approximat-
ing the total protein concentration in human blood serum, 
using membranes with different MWCO values. At the low-
est sample flow rate of 0.5 µL/min, the post-dialysis retentate 
conductivity was found to correspond to ~ 1% of the input 
salt concentration for 5 and 10 kDa MWCO membranes 
and to ~ 2% for a 1 kDa MWCO membrane, for all investi-
gated water flow rates (in the range of 10–750 µL/min, data 
not shown). For the three membranes, Fig. 5 depicts the 
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retentate salt concentration for sample flow rates from 0.5 
to 50 µL/min at a fast water flow. As previously observed for 
a model sample with 2 mg/mL BSA and a dialysis cell with 
a 5 kDa MWCO membrane (Fig. 3a), the dialysis efficiency 
depends on the feed flow rate. At feed flows from 10 µL/min, 
compared to the 5 kDa MWCO membrane, the 10 kDa mem-
brane results in ~ 10% more salt transfer to the water phase, 
with respect to the input salt concentration, and the 1 kDa 
membrane in ~ 10% less. Qualitatively, this trend reflects the 
different porosities of these membranes (Sect. 3.1).

For feed flow rates up to 30 µL/min, the residual salt per-
centage obtained with a 5 kDa MWCO membrane is ~ 15% 
higher than for the model sample with 2  mg/mL BSA 
(Fig. 3a), indicating reduced mass transfer due to membrane 
fouling associated with the high protein concentration of 
50 mg/mL. It should be noted that BSA has been employed 
as a model foulant in studies of ultrafiltration cells (Wang 
and Tang 2011), which are prone to fouling because of the 
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applied transmembrane pressure. To assess any further 
decrease in separation performance over time, a counter-flow 
dialysis cell with a 5 kDa MWCO membrane was operated 
continuously for 16 h with a feed and water flow rate of 
0.5 and 750 µL/min, respectively. Towards the end of this 
period, the salt concentration of the retentate had increased 
by just ~ 0.1 mM with respect to the start of the dialyzer 
operation. Hence, any membrane fouling does not become 
more severe by prolonged counter-flow dialysis, where the 
feed flowing parallel to the membrane surface is expected to 
minimize membrane fouling because of shear stress (Casey 
et al. 2011).

4 � Conclusions

We characterized the dialysis performance of a microflu-
idic counter-flow dialyzer with a ~ 25 µL feed and a 800 µL 
dialysate channel of 75 mm length, separated by a com-
mercial 5 kDa MWCO cellulose membrane. The feed and 
dialysis flow rates determine the retentate salt concentration, 
indicating that the separation efficiency can be precisely con-
trolled by setting these flow rates. Specifically, with a feed 
flow between 0.5 and 50 µL/min (0.023 and 2.3 mm/s), the 
retentate salt concentration varies from ~ 0.1 to ~ 99% of the 
input sample of 170 mM salt. For a given feed flow rate, a 
faster water flow also improves salt transfer by increasing 
the concentration gradient over the membrane. But because 
the counter-flow configuration is very efficient in realizing a 
steep gradient, this effect is relatively modest (up to a ~ 20% 
improvement). Mass transfer modeling shows that a faster 
sample flow actually also results in a higher mass transfer 
rate (up to ~ 5–10 nmol/s) because in a counter-flow geom-
etry, this again increases the concentration gradient. How-
ever, the dominant effect of a faster sample flow is a shorter 
dialyzer flow-through time and hence a reduced membrane 
contact time of the feed phase, resulting in less mass transfer 
and hence less efficient desalting of the feed flow.

The time required for desalting a sample by counter-
flow dialysis could be reduced by implementing a feed 
channel shallower than 200 µm, reducing the diffusion dis-
tance to the membrane; while the volume throughput of 
the dialyzer could be maintained with a wider feed channel 
or multiple parallel channels. However, sample volumes 
of ~ 100 µL are sufficient for many analytical techniques 
and can be dialyzed in a reasonable timeframe with the 
present geometry. For longer flow-through dialysis times 
(i.e., larger sample volumes), the desalting performance 
did not significantly deteriorate with 50 mg/mL of the 
model foulant protein BSA, which is a major advantage 
of dialysis with respect to a pressure-driven separation 
process such as ultrafiltration (Shi et al. 2014). Salt trans-
fer efficiency could also be increased, and process time 

decreased, by employing a membrane of higher porosity. 
For the 1–10 kDa MWCO regime which enables sample 
retention (membrane rejection) of biomarker proteins, pla-
nar membranes as supplied for ultrafiltration applications 
are of very low porosity, but the synthesis of nanoporous 
membranes of reduced thickness and higher porosity is an 
active research area (DesOrmeaux et al. 2014; Mireles and 
Gaborski 2017; Wang et al. 2017; Wu et al. 2018).

Generally, our rapid prototyping approach of clamping 
membranes between rigid laser-machined acrylic plates 
enables implementation of tuneable dynamic dialysis for 
any planar membrane material and any diffusion-driven 
separation process. Specifically, we anticipate that tune-
able desalting will benefit molecular analysis methods 
such as field effect transistor biosensing (Noor and Krull 
2014; Kaisti 2017; Lowe et al. 2017), where a reduced salt 
concentration is required for sensing but excessive desalt-
ing can disrupt biomolecular structure and interactions.
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