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Abstract In this paper, a multistep dilution-filtration
microdevice (MDFD) is developed for unloading cryoprotec-
tants from cryoprotectant-loaded cells. The MDFD contained
a diluent producing region, a dilution-filtration execution re-
gion, and a filtrate collection region. It was made of two pat-
terned PMMA stamps with four pieces of sandwiched PVDF
membranes. Firstly, the performances of the mixers that were
used in the diluent producing region and the dilution-filtration
execution region were assessed using fluorescence experi-
ments. Then, the effect of the MDFD structure on the loss of
cells was investigated by applying the MDFD to unload glyc-
erin from glycerin-loaded porcine red blood cells. Finally, the
effects of the cell density, glycerin concentration, and mem-
brane pore size on the clearance efficiency of glycerin (CG),
the survival rate of cells (SC) and the recovery rate of cells (RC)
have been studied. Under the designed conditions, CG

achieved ~80% and SC reached ~90%. However, RC was only
~40%, mainly resulting from the cells detained on the mem-
brane surface and squeezed through the membrane pores into
the filtrate. Increasing the membrane pore size caused highCG

and SC, but low RC. For a low glycerin concentration, CG, SC,
and RCwere all high. For a high cell density, CGwas high, but
both SC and RC were low. This work is of significance to
develop a microfluidic chip for unloading cryoprotectants
from a small amount of cryopreserved cell samples.
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1 Introduction

Cryopreservation is a routine way to increase the shelf life of
cells (Meryman 2007; Zhang et al. 2010). Today, the cryopre-
served cells have been widely used in cell therapy (Fitzpatrick
et al. 2015; Hubel 2011; Yong et al. 2015), reproductive med-
icine (Ferrari et al. 2016; Jadoon and Adeel 2015; Wang et al.
2016) and so on. In cryopreservation, a specific cryoprotectant
(CPA) is loaded into cells to prevent cells from cryoinjury, but
it must be removed before clinical use because of negative
effects, such as diarrhea, acute hypotension, and ischemic ce-
rebrovascular disease (Almansoori et al. 2012; Hoyt et al.
2000; Syme et al. 2004). Many approaches have been pro-
posed to unload CPAs from cryopreserved cells. However,
existing approaches, such as centrifugation-based (Lusianti
et al. 2013), dialysis-based (Ding et al. 2007) and filtration-
based methods (Zhou et al. 2011) are designed mainly to pro-
cess large volume cell samples (30 ~ 500 mL) (Mata et al.
2009) and not suitable for small volume cell samples.
Microfluidic, as a burgeoning and promising technology has
been widely used to manipulate small volume biological sam-
ples (Burg et al. 2007; Dou et al. 2015; Ragsdale et al. 2016),
and also makes it possible to load CPAs into and unload CPAs
from a small amount of cells (Heo et al. 2011; Mata et al.
2008; Song et al. 2009).
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Nowadays, studies mainly focus on the loading of CPAs
into cells on chips (Heo et al. 2011; Park et al. 2011; Pyne et al.
2014; Scherr et al. 2014; Song et al. 2009), but few are related
to the unloading of CPAs from cells. Hubel’s team (Fleming
Glass et al. 2008; Hanna et al. 2012; Longmire 2006; Mata
et al. 2009; Mata et al. 2008) and Demirci’s team (Song et al.
2009) developed diffusion-based microfluidic devices to un-
load CPAs. Their designs are very promising, but further im-
provement is still needed because of low DMSO extraction
efficiency (generally less than 60%). In addition, their
microdevices may be not suitable for removing glycerin from
glycerin-loaded cells because of the differences in the molec-
ular diffusivity and the cell membrane permeability (Fleming
Glass et al. 2008). Higgins’s team proposed a dialysis-based
microdevice to remove glycerin form glycerolized blood
(Lusianti and Higgins 2014). For a single device, the clearance
of glycerin was approximately 50%. To further increase the
clearance of glycerin, they also designed a multistep microdi-
alysis process theoretically. In our previous work (Zhou et al.
2011), a dilution-filtration system was proposed to remove
glycerin from cryopreserved blood. In the system, the red
blood cell suspension is diluted and filtrated continuously
and simultaneously, and thus the glycerin in cells is removed
gradually. Later, we theoretically optimized the system further
to reduce the osmotic damage to cells and to shorten the wash-
ing time of glycerin (Gong et al. 2013; Qiao et al. 2014). This
system is suitable for large volume blood or cell suspension,
but not for a small amount of cryopreserved cells.

Therefore, the aim of this study is to develop a multistep
dilution-filtration microdevice (MDFD) to unload CPAs from
a small amount of CPA-loaded cells. The MDFD is based on
the dilution-filtration concept, but it is not a miniaturized de-
vice of the previously developed macro-system. In the
MDFD, a unique design is included to produce dilution solu-
tions with various NaCl concentrations and to dilute the CPA-
loaded cell suspension at various flow rates, making the CPA
unloading process totally automatic. We sketch the design of
the MDFD and assess the performance of the MDFD by ap-
plying the MDFD to remove glycerin from the glycerin-
loaded porcine red blood cells. This work can provide some
insights into the integrated design for unloading CPAs from
CPA-loaded cells on biochips.

2 Materials and methods

2.1 MDFD design

In the design of the MDFD (Fig. 1), the core idea was: the cell
suspension with CPAs was diluted by NaCl solutions and then
the diluted extracellular solution with CPAs was removed by
filtration. To avoid the osmotic damage to cells induced by the
excessive change in the volume of cells, the hypertonic

diluents were adopted in the 1st and 2nd dilution processes
(the hypotonic diluent was used in the 3rd and 4th
dilution processes to recover the cell volume to the
isotonic cell volume).

The MDFD contained a diluent producing region, a
dilution-filtration execution region, and a filtrate collection
region. It consisted of two patterned stamps with four pieces
of sandwiched membranes (Fig. 1a, b): the diluent producing
region and the filtrate collection region were located on the
upper stamp; the dilution-filtration execution region was de-
signed on both upper and lower stamps in the corresponding
position (the passage of the cell suspension was located on the
lower stamp); and the membranes were sandwiched in the
dilution-filtration execution region.

In operation, the cell suspension, hypertonic solution (i.e.
concentrated NaCl solution) and deionized water were intro-
duced to IN1, IN2 and IN3, respectively, the washed cell
suspension was collected from OUT1, and the filtrates (the
extracellular solutions through the filtration membrane) was
collected from OUT2 (Fig. 1b and c). Four diluents with de-
sired NaCl concentrations were generated in the diluent pro-
ducing region and then introduced to the dilution points at
desired flow rates using a ladder network to mix deionized
water (DI) and concentrated NaCl solution (Kim et al.
2008). When the cell suspension flowed through the
dilution-filtration execution region, it was diluted by diluents
at the dilution points and concentrated during the membrane
filtration process. Thus, the CPA in the cell suspension was
gradually removed by collecting and discarding the filtrates.

2.2 MDFD fabrication

The two patterned stamps were fabricated with Poly-Methyl-
Methacrylate (PMMA) at Suzhou Wenhao Chip Technology
Co. Ltd., Suzhou, China. In this work, the hypertonic solution
was 20% (w/v) NaCl solution and the flow rates through IN1,
IN2, and IN3were fixed at 0.200 mL/min, 0.188 mL/min and
1.212 mL/min, respectively. The NaCl concentrations in four
diluents were designed to be 12%, 2.4%, 0.85% and 0.6% (w/
v), respectively. The ratios of the dilution solution flow rate to
the cell suspension flow rate at four stages were designed to be
1.0, 1.5, 2.0, and 2.5, respectively (the filtrate flow rate was
designed to be the same as the diluent flow rate at all stages).
The schematic of the flow resistance networks of theMDFD is
used to calculate the design parameters (Fig. S1). The de-
signed lengths and widths of fluid pathways are listed in
Table S1 (the heights were 500 μm; the flow network design
was based on the Kirchhoff’s current and voltage laws (Kim
et al. 2008); see Supplementary Information). The size of the
groove used for filtration (Fig. 1b; dashed red ellipse) was
15 mm × 5 mm. The size of 4 micro-posts for the membrane
support was 1 mm × 1 mm and the center distance between
two micro-posts was 2 mm. The diameter of the dilution
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points (Fig. 1b; dark purple points) was 2 mm. In the MDFD,
a simplified version of the mixers in the literature (Kim et al.
2008) was used and the parameters of the mixers are shown in
Fig. 1b. The polyvinylidene fluoride (PVDF) membranes (di-
ameter of pores: ~0.45, 0.8 and 1.2 μm; thickness: ~100 μm;
Haiyan New Oriental Plastic Technology Co. Ltd., Jiaxing,
China) were used for filtration. The silicone membrane (thick-
ness: ~300 μm; Shanghai Daoguan Rubber Hardware Co.
Ltd., China) was used for sealing. The MDFD was assembled
and then fixed with screws (Fig. 1c). Peristaltic pumps
(YZ1515X; Baoding Longer Precision Pump Co. Ltd.,
China) were used to drive solutions to the MDFD.

2.3 Collection and glycerolization of cells

The collection and glycerolization of cells were performed as
shown in our previous work (Zou et al. 2015). Briefly, the
fresh porcine whole blood (~40% Hematocrit; BanQiao
Slaughter House, Hefei, China) was treated with the blood
preserving solution (0.0275% w/v adenine, 0.222% w/v sodi-
um dihydrogen phosphate, 0.327% w/v citric acid, 2.63% w/v
sodium citrate, 3.19% w/v glucose; Sangon Biotech Co. Ltd.,
Shanghai, China) and stored at 4 ~ 8 °C. Then, the porcine red
blood cells were separated and resuspended in an isotonic
solution (0.9% w/v NaCl; ~ 290 mOsm/kg H2O). Next, the
compound glycerin solution (57% w/v glycerol, 0.2% w/v so-
dium hydrogen phosphate, 0.03% w/v potassium chloride, 3%
w/v sodium lactate; Sinopharm Chemical Reagent Co. Ltd.,
Shanghai, China) was prepared as a mother solution. Finally,
the red blood cell suspension with the desired cell density (in
this study, the density of cells denotes Hematocrit and is the
ratio of the total cell volume to the suspension volume) and

glycerin concentration was prepared by adding the diluted
compound glycerin solution drop-by-drop to the responded
cell suspension (the osmolalities of 20% and 40%w/v glycerin
are approximately 2590 and 6380 mOsm/kg H2O,
respectively).

2.4 Pre-operation of the MDFD

Before experiments, deionized water was slowly introduced to
IN1, IN2, and IN3 to remove bubbles in the MDFD. Then,
deionized water was replaced with a fluorescein solution
(0.04 mM; Aladdin Industrial Corporation, Shanghai,
China) to inspect the sealing under an inverted fluores-
cence microscope (Olympus IX53; American Inc.,
Center Valley, PA, USA).

In this work, after all experiments, the MDFD was washed
by means of introducing the isotonic solution for 15 min and
then deionized water for 15 min to IN1, IN2, and IN3 at the
designed flow rates. In addition, all experiments were con-
ducted at least 3 times.

2.5 System fragility test

The MDFD itself may cause damage to cells. To assess the
effect of MDFD, the system fragility test was performed. The
glycerolized cell suspension (Hematocrit: 3% ~ 24%;
Glycerin: 10% ~ 40%) was introduced to IN1 and the cor-
responding glycerin solution (Glycerin: 10% ~ 40%) was
introduced to IN2 and IN3. Samples (0.40 mL) were col-
lected after 15 min from OUT1 and OUT2 and then were
analyzed (see Section 2.8).

Fig. 1 Design of the multistep dilution-filtration microdevice (MDFD): (a) an exploded view of the MDFD; (b) the concept of the upper and lower
stamps; (c) a photograph of the MDFD
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2.6 Fluorescence experiments

In the first experiment, the glycerin solution (20% w/v), the
fluorescein solution (0.04 mM), and deionized water were
introduced to IN1, IN2, and IN3, respectively. After 15 min,
fluorescence images at the positions P0 ~ P8 (Fig. 1b) were
recorded using the inverted fluorescence microscope. In the
second experiment, the solution with 0.04 mM fluorescein
and 20% glycerin was introduced to IN1 and deionized water
was introduced to IN2 and IN3. After 15 min, fluorescence
images at the positions L0 ~ L12 (Fig. 1b) were recorded and
the sample (0.40 mL) fromOUT1was collected. The fluores-
cence intensity was analyzed using Matlab R2015a (The
MathWorks, Inc., Natick, MA, USA). The concentration of
glycerin was determined as shown in Section 2.8.

2.7 Deglycerolization of cells

In the experiments, the glycerin-loaded cell suspension
(Hematocrit: 3% ~ 24%; Glycerin: 10% ~ 40%), the hyper-
tonic solution (20% NaCl), the hypotonic solution (0% NaCl)
were introduced to IN1, IN2 and IN3, respectively (the pore
size of the PVDF membrane was 0.45 ~ 1.2 μm). Samples
(0.40 mL) were collected from OUT1 and OUT2 after
15 min. Then, they were analyzed to obtain the clearance of
glycerin, the death rate of cells, and the recovery rate of cells
(see Section 2.8).

2.8 Sample analysis

Glycerin concentration test The concentration of glycerin in
samples was measured by a Beckman AU480 biochemical
analyzer (Beckman Coulter; Tokyo, Japan) using a glycerin
assay kit (Shanghai Shifeng Biological Technology Co. Ltd.,
Shanghai, China). First, 5 μL of the sample (diluted 1:4000)
was mixed with 95 μL of the working solution prepared ac-
cording to the assay kit specification (the sample with cells
was centrifuged at 1000×g for 5 min and then the supernate
was adopted in the test), and the mixture was incubated at
37 °C for 30 min. Then, the absorbance of the mixture and
the standard glycerin sample was read at 550 nm by the ana-
lyzer. Finally, the concentration of glycerin in the sample was
obtained by comparing the absorbance of the mixture with the
absorbance curve of the standard glycerin samples.

Hemoglobin concentration test The concentration of hemo-
globin in the collected samples was determined using a three-
point Allen correction (Lusianti et al. 2013). The detailed pro-
cedure can be found in the previous work (Zou et al. 2015). In
brief, by reading the absorbances A415, A380, and A450 of the
supernate from the cell suspension (or from the lysed cell
suspension) at 415 nm, 380 nm, and 450 nm, respectively,
the concentration of hemoglobin (Hb: mg/mL) can be obtained

(Han et al. 2010): Hb = 0.1672A415–0.0836A380–0.0836A450.
Thus, the death rate of cells and the recovery rate of cells can
be estimated using the following equations.

Recovery rate of cells For the MDFD, the recovery rate of
cells (RC) was calculated by RC ¼ mIH

OUT1=m
IH
IN1

� � �100%

(where mIH
IN1 and mIH

OUT1 are the intracellular quantities of he-
moglobin in the samples collected at IN1 and OUT1,
respectively).

Survival rate of cells For the MDFD, the survival rate of cells
(SC) was calculated by SC ¼ 1− mEH

OUT1 þ mEH
OUT2−mEH

IN1

� ��
=

mIH
IN1� �100% (where mEH

IN1, m
EH
OUT1 and mEH

OUT2 are the extra-
cellular quantities of hemoglobin in the samples collected at
IN1,OUT1, andOUT2, respectively). Then, the death rate of
cells (DC) was mEH

OUT1 þ mEH
OUT2−mEH

IN1

� ��
=mIH

IN1� �100%.

Clearance of glycerin For the MDFD, the clearance of glyc-
erin (CG) was calculated by CG = (1 −COUT1/CIN1) × 100%
(where COUT1 and CIN1 are the concentrations of glycerin in
the samples collected at OUT1 and IN1, respectively).

3 Results

3.1 Performance of the diluent producing region

In the MDFD, the diluent producing region on the upper
stamp was composed of a ladder flow network with four
mixers (Fig. 1b). The mixers were used to fully and quickly
mix two merging solutions (concentrated NaCl solution and
deionized water), and the ladder flow network was used to
produce diluents with the desired NaCl concentrations and
to introduce diluents at the desired flow rates. To verify the
performance of the mixers, the glycerin solution (20%), fluo-
rescein solution, and deionized water were introduced at the
designed flow rates to IN1, IN2 and IN3 respectively (NaCl
was substituted with fluorescein to facilitate the visualization
of the mixing process). The fluorescence images were record-
ed before and after the mixers at the points P0 ~ P8 (Fig. 1b or
Fig. S1; the relative fluorescence intensity = the fluorescence
intensity / the fluorescence intensity at IN2). The images show
that the distributions of fluorescein after the mixers were uni-
form (Fig. 2a). We further analyzed the relative fluorescence
intensity before and after the mixers (Fig. 2b). The results
indicate that the mixing was sufficient.

To confirm the performance of the ladder network, we
compared the expected fluorescence intensities with the mea-
sured fluorescence intensities at four outlets of the ladder net-
work. The measured values were close to the expected values
(Fig. 2c). Thus, the ladder network we designed was capable
to produce diluents with the desired NaCl concentrations.
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Because the NaCl concentrations prepared in diluents were
related to the solution flow rates produced in the ladder net-
work, the previous results imply that the ladder network can
produce diluents at the desired flow rates for the dilution-
filtration execution region.

3.2 Performance of the dilution-filtration execution region

In the MDFD, the dilution-filtration execution region on the
lower stamp was composed of four mixers and four filtration
units (Fig. 1b). The mixers were used to adequately mix the
diluents from the diluent producing region and the glycerin-
loaded cell suspension, and the filtration units were used to
remove the extracellular glycerin solution. To verify the per-
formance of the mixers, we introduced fluorescein-glycerin
solution (glycerin: 20%; the fluorescein worked as an indica-
tor) to IN1 and water to both IN2 and IN3, and then recorded
the fluorescence images before and after the mixers at the
points L0 ~ L8 (Fig. 1b or Fig. S1). The images in Fig. 3a
and the relative fluorescence intensities in Fig. 3b show that
the fluorescein solution and the dilution solution were fully
mixed in the mixers. In addition, the measured fluorescence
intensities were close to the expected values (Fig. 3c), indicat-
ing the mixers adopted were applicable.

To confirm the performance of the filtration units, we mea-
sured the fluorescence intensities and then calculated the
clearance of fluorescein at the points L9 ~ L12 (Fig. 1b or
Fig. S1). The results show that the measured clearances agreed
with the expected clearances (Fig. 3d). To further confirm the

performance of removing glycerin, we compared the expected
glycerin clearance with the measured glycerin clearance under
the cell-free condition (Fig. 3e). The measured glycerin clear-
ance was very close to the expected glycerin clearance. Thus,
the performance of removing glycerin satisfied the design
requirements.

3.3 Effect of the MDFD structure on SC and RC

To assess SC and RC induced by the MDFD structure, the
glycerolized cell suspension was introduced to IN1, and the
glycerin solution was pumped to both IN2 and IN3. Then, SC
and RC were analyzed (Fig. 4). SC was very high (Fig. 4a, c),
but RC was low (Fig. 4b, d), indicating that the MDFD struc-
ture caused a very small death rate of cells but a large loss rate
of cells. Moreover, even if the cell density and the glycerin
concentration changed, SC and RC induced by the MDFD
structure remained almost unchanged.

3.4 Performance of the MDFD

To study the performance of the MDFD when the glycerin-
loaded cell suspension was introduced, we measured the per-
formance indicators (CG, SC, and RC) under various cell den-
sities, glycerin concentrations and membrane pore sizes
(Fig. 5). The results show that the increase in either the cell
density (Fig. 5a-c) or the pore size (Fig. 5g-i) caused the in-
crease in CG and the decrease in SC and RC while the

Fig. 2 Performance of the diluent
producing region: (a) the
fluorescence images before (at
points P1, P3, P5, P7) and after (at
points P2, P4, P6, P8,) the mixers;
(b) distribution of the relative
fluorescence intensities before
and after the mixers; (c)
comparison of the relative
fluorescence intensities between
the expected values and the
measured values at four outlets of
the ladder flow network
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increase in the glycerin concentration caused the decrease
in all performance indicators (Fig. 5d-f).

4 Discussions

4.1 Effect of the mixers

Themixers we used showed goodmixing performance as they
fully and quickly mixed two emerging solutions (Fig. 2a, b
and Fig. 3a, b). In the dilution-solution producing region, if
the performance of mixers is bad, deionized water and con-
centrated solution will not be fully mixed, and then the con-
centration of NaCl in the prepared dilution solution will depart
from the expected value. Thus, the osmotic damage to cells
may happen because of the concentration deviation.
Consequently, the death rate of cells and then the recovery
rate of cells will be affected. Because the glycerin inside of
cells damaged will be quickly transferred to the surrounding

solution, the expected concentration of glycerin in the network
and then the expected clearance of glycerin will be changed.
The change in the concentrations of glycerin in the network
will cause the change in the flow resistances and then the
change in the flow rates in the entire microsystem. Thus,
the NaCl and CPA concentrations will further deviate
from the designed values, causing the large changes in
the clearance of glycerin, the death rate of cells, and the
recovery rate of cells.

In the dilution-filtration execution region, the mixers are to
quickly mix the glycerin-loaded cell suspension and the pre-
pared dilution solution and to provide a friendly environment
for cells so that the glycerin inside cells can be transported to
the solution around cells. Thus, in addition to a high mixing
efficiency, the mixer length should be long enough to guaran-
tee the residence time of cells for the glycerin transport. We
simulated the change in the concentration of glycerin inside
cells in the entire microsystem (Fig. S2a). The results indicate
that the length of the mixers we used was proper because the

Fig. 3 Performance of the
dilution-filtration execution
region: (a) the fluorescence
images before (at points L1, L3,
L5,L7) and after (at points L2,L4,
L6, L8) the mixers; (b)
distribution of the relative
fluorescence intensities before
and after the mixers; (c)
comparison of the relative
fluorescence intensities between
the expected values and the
measured values at outlets of the
mixers; (d) comparison of the
fluorescein clearances between
the expected values and the
measured values at pointsL9,L10,
L11, L12; (e) comparison of the
glycerin clearance between the
expected value and the measured
value
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concentration of glycerin inside cells always decreased to a
value close to the expected one after dilution. Here, the mixers
were designed to be the same. In practice, one may customize
the length of the mixers according to the time required for the

concentration of glycerin inside cells decreasing to the expect-
ed value so that the MDFD can be further miniaturized.

In this study, to simplify the design process, the effect of
fluxes on the flow resistances in the mixers and the effect of

Fig. 5 Performance of theMDFD: (a-c)CG, SC, andRC under various Hematocrits; (d-f)CG, SC, andRC under various glycerin concentrations; (g-i)CG,
SC, and RC under various membrane pore sizes

Fig. 4 Effect of the MDFD
structure on SC and RC: (a) SC
under various Hematocrits; (b) RC
under various Hematocrits; (c) SC
under various glycerin
concentrations; (d) RC under
various glycerin concentrations
(Gly: glycerin; Hem: Hematocrit)

Biomed Microdevices (2017) 19: 15 Page 7 of 10 15



viscosities on the flow resistances in the network were not
considered. Thus, the flow rate and solute concentration in
the entire microsystem deviated from the expected values.
To reduce the deviation induced by the simplification, we
added a pump at OUT2 to adjust the flow rate through
OUT2 in experiments so that the flow rate through OUT1
was the same as the flow rate through IN1. The results show
that in the cell-free experiments, the measured values agreed
with the expected ones (Fig. 2c and Fig. 3c-e). Therefore, it is
feasible to partially correct the intra-systemic fluxes and con-
centrations by means of adding a pump at OUT2.

4.2 Effect of the filtration operation

In the MDFD design, we adopted a way akin to the
membrane-based blood plasma separation (Aran et al. 2011;
Thorslund et al. 2006) to filter out the solution around cells.
Thus, the microsystem we developed had an intrinsic short-
coming derived from the membrane-based separation. That is,
because of the suction of the filtrate collection region, a frac-
tion of cells was detained on the membrane surface and some
of them were squeezed through the membrane pores into the
filtered solution. Therefore, RC was a little low (Fig. 4b, d).
Because a fraction of cells blocked the membrane pores, the
glycerin clearances in cell experiments (Fig. 5a, d, g) were all
smaller than the clearances in cell-free experiments (Fig. 3e).
To reduce the blockage of cells on the membrane surface, one
may embed a passive cell separation design, e.g. constriction-
expansion design (Marchalot et al. 2014; Sollier et al. 2010)
and Zweifach-Fung design (Kersaudy-Kerhoas et al. 2010;
Tripathi et al. 2013), before the filtration procedure. Thus, a
part of the solution around cells is separated beforehand and
then filtrated by the membrane. Consequently, the recovery
rate of cells can be increased and then the desired clearance of
glycerin can be reached. In fact, the introduction of a passive
design into the MDFD can bring another advantage. That is,
the MDFD can be repeatedly used.

4.3 Effect of the stage number

The stage number (the number of the dilution-filtration oper-
ation) affects not only the size of the MDFD (the more the
stage number is, the bigger the MDFD size is), but also the
death rate of cells and the recovery rate of cells. If the stage
number is small, the ratio of the dilution solution flow rate (the
filtrate flow rate) to the mixed cell suspension flow rate (Qd , i/
Qn , i =Qf , i/Qn , i) must be large to make the concentration of
glycerin down to a given expectation. In this case, the osmotic
damage to cells will be high and then the death rate of cells
will be large. In addition, the number of cells detained on the
membrane surface also will be large, especially when the flow
rate of the mixed cell suspension is small. Thus, the recovery
rate of cells will be low. If the stage number is large, the ratio

can be small. Then, the number of the cells detained and
damaged osmotically will be little; however, the size of
MDFD will be large. Therefore, in the design of the stage
number, the size of MDFD, the death rate of cells and the
retention rate of cells should be considered as a whole. Here,
we adopted the stage number four. The results show SC was
high (Fig. 5b, e, h) but RC was relatively low (Fig. 5c, f, i).
Thus, there is a large space for the performance optimization
of the MDFD by adding the stage number.

4.4 Effect of the operating conditions

For the MDFD, the operating conditions, i.e. the glycerin con-
centration in the cell suspension, the cell density, and the mem-
brane pore size can significantly affect the clearance of glycerin,
the death rate of cells and the recovery rate of cells (Fig. 5).

If the density of cells is high, the extracellular concentration
of glycerin will be low after dilution. Thus, the difference of
the concentration of glycerin across the cell membrane will be
high and then a large quantity of glycerin inside cells will be
removed. Therefore, the higher the density of cells is, the
higher CG is (Fig. 5a). If the density of cells is high, the vis-
cosity of the cell suspension and then the pressure difference
across the filtration membrane will be large. Thus, a large
number of cells will be detained on the membrane surface,
and some of them may be squeezed through the membrane
pores into the filtrate, especially when the membrane pore size
is large. Consequently, RC is lower at a higher density of cells
(Fig. 5c). Because the cells squeezed through the membrane
pores may be broken, SC is also lower at a higher density of
cells (Fig. 5b).

If the concentration of glycerin to be removed in the cell
suspension is higher, the viscosity of the cell suspension will
also be higher. Thus, the number of the cells detained on the
membrane surface and squeezed through the membrane pores
into the filtrate will be larger and then RC is lower (Fig. 5f).
Because a larger number of the cells detained will block the
filtration membrane pore, CG is lower at a higher glycerin
concentration (Fig. 5d). In addition, a larger number of the
cells squeezed through the membrane pores may be broken;
thus, SC is also lower at a higher glycerin concentration
(Fig. 5e). It should be noted that the dead cells here contained
not only the cells damaged osmotically but also the cells bro-
ken during the membrane filtration process.

If the pore size of the filtration membrane is larger, the
transport of glycerin across the filtration membrane is easier
and thus CG will be larger (Fig. 5g). However, a larger pore
size will cause a larger number of the cells to be detained on
the membrane surface and squeezed through the membrane
pores into the filtrate. Consequently, both SC (Fig. 5h) and RC

(Fig. 5i) will be lower (the high cleaning efficiency of glycerin
at a high density of cells or a large pore size may be partly
responsible for the decrease in SC as it cause the large glycerin
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concentration difference across the cell membrane and then
the large osmotic damage to cells).

Here, theMDFDwas designed under fixed flow rates; thus,
it is better to operate the microdevice under invariable flow
rates rather than under variable flow rates as shown in the
microsystems of the literature (Scherr et al. 2013; Scherr
et al. 2014). If the cell suspension flow rate in the MDFD is
varied, the flow rates of hypertonic and hypotonic solutions
also need to be varied. Thus, the flow rates, the NaCl concen-
trations, and the CPA concentrations in the entire microsystem
will be varied. Consequently, the performance of the MDFD
will deviate from the expectation.

In the MDFD design, the selection of the cell suspension
flow rate should be proper. If the cell suspension flow rate is
large, the MDFD size will be large. In addition, the large cell
suspension flow rate means the large flow rates of dilution
solutions and then the large flow rates of filtrates through
membrane. However, the large flow rates of dilution solutions
will cause the large quantity of cells detained and they are also
practically restricted by membrane permeability. Thus, the
design of the cell suspension flow rate should consider the
system size, the cell retention, and the membrane
performance.

4.5 Factors affecting the performance of the MDFD

For the MDFD, CG is dominated by the product∏4
i¼1

Qe;i

Qe;iþQd;i
.

Here, the designed ratios
Qd;1

Qe;1
,
Qd;2

Qe;2
,
Qd;3

Qe;3
and

Qd;4

Qe;4
were 1.0, 1.5, 2,

and 2.5, respectively. Thus, CG theoretically is 98% (the
expected value can be reached only when the density of
cells is 0, as shown in Fig. 3e). However, due to the blockage
of the cells detained on the membrane, it was only 80% under
the setting conditions. SC is affected by two factors: one is the
osmotic damage to cells during the dilution process, and the
other is the crush damage to cells during the filtration process.

The osmotic damage to cells can be controlled by the ratio
Qd;i

Qe;i

and the NaCl concentration in the dilution solution Cd , i. The
simulation show that the designed ratio and concentration
made the volume of cells always in the range of the upper
and lower volume tolerance limits (Fig. S2b). Then, the os-
motic damage to cells in the MDFD is little under the setting
conditions. However, due to the usage of the large pore mem-
brane, the crush damage to cells happened (Fig. 5b, e, h),
causing ~5% of cells dead under the setting conditions. RC is
affected by the filtration process, as discussed previously.

5 Conclusions

We presented a multistep dilution-filtration microdevice
(MDFD) to unload CPAs from a small amount of the CPA-

loaded cell samples. For the MDFD designed here, under the
setting conditions (the cell suspension flow rate is 0.2 mL/
min, the glycerin concentration is 20%w/v and the cell density
is 24% v/v), CG can reach ~80% and SC can achieve ~90%.
However, RC is only ~40%, mainly resulting from some cells
detained on the membrane surface and squeezed into the fil-
trate in the filtration process. By adopting the large pore mem-
brane, CG can be increased but both SC and RC will decrease.
The MDFD shows a better performance under a lower con-
centration of glycerin. In addition, if a high density of cells is
applied, although CG is high, both SC and RC are low.

The core design adopted in the MDFD is the same as the
one developed in the previous macro-system (Zhou et al.
2011). Thus, the MDFD also shows good performances with
respect to SC and CG. However, because of the usage of the
large pore membrane, RC here is lower. Compared to existing
microsystems, the MDFD significantly reduces the death rate
of cells and increases the clearance efficiency of glycerin. In
this study, although the MDFD designed is promising, the
approaches to reducing the number of the cells detained on
the membrane surface and squeezed through the membrane
pores into the filtrate are urgently needed in the future. First,
one may add a passive cell separation design before the filtra-
tion. Thus, a large portion of cells is separated beforehand and
bypasses the filtration membrane. Second, the small pore
membrane is highly recommended. Third, the number of
stages can be properly increased. Forth, the high flow rate of
the cell suspension through the membrane surface should be
better. Here, the size of the MDFD we designed is a little big.
In the future, one may design multilayer stamps to further
miniaturize the MDFD.
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