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Reassemblable quasi-chip free-flow
electrophoresis with simple heating
dispersion for rapid micropreparation
of trypsin in crude porcine pancreatin

An increasing number of small biosamples (e.g. proteins and enzymes) need micro-
preparation in lab. However, neither large-scale free-flow electrophoresis (LS-FFE) nor
chip FFE (C-FFE) could fit the growing demands. Herein, a simple quasi-chip FFE (QC-
FFE) was constructed. In contrast to C-FFE, the features of QC-FFE are as follows: (i) its
separation chamber is reassemblable and rewashable avoiding discard of C-FFE
due to blockage of solute precipitation in chamber; (ii) its chamber size is
45 mm x 30 mm X (80-500) um (108-654 pL volume) having function of microprepara-
tion; (iii) there are up to 16 outlets in QC-FFE bestowing fine fraction for micro-
purification. The QC-FFE was used for the micropurification of model enzyme of self-
digestible trypsin in crude pancreatin. Under the given conditions, the purification factor
of enzyme was 11.7, the specific activity reached 6236 U/mg, the run time for 19 pL
sample purification was 45 s and the throughput of trypsin was 3.34 mg/h, and the yield
of pure trypsin was 55.2%. All of the results show the feasibility of enzyme micro-
preparation via QC-FFE. The developed device and procedure have potential use to other
micropurification of protein or peptide sample.
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aqueous environment enveloped between two parallel plates
[10-12]. In free-flow electrophoresis (FFE), an electric field is

The micropreparation of biosample was of great importance
for the concentration monitoring of analytes in vivo [1],
protein analysis via mass spectrometry [2-4], and rapid
analysis of protein interactions [5] as well as medical use [6].
Different techniques have been developed for the micro-
preparation, e.g. microdialysis sampling for continuously
monitoring the extracellular concentration of compounds in
vivo [1], microcolumn chromatographic separation [3, 6],
electrophoresis-based techniques [7-9], etc.

Free-flow electrophoresis in large scale (LS-FFE) is a tool
for continuous separation of solutes in a thin chamber
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applied perpendicularly to the flow to deflect charged
analytes laterally into distinct streams based on their elec-
trophoretic mobility. Four kinds of FFE techniques have
been developed for bioseparation, including free-flow zone
electrophoresis (FFZE), free-flow ITP (FFITP), free-flow IEF
(FFIEF), and free-flow field step electrophoresis (FFFSE)
[13-16]. FFE has the following merits [13-16]: (i) good
preservation of biological activity due to mild aqueous
circumstance, (i) continuous sample preparation, (iii) high
recovery, and (iv) low cost (except for free-flow IEF). These
merits bequeath FFE with widespread potential application
to bioseparation [13-16]. For example, Lanz et al. [17] and
Gratz et al. [18] carried out the enantiomeric separation via
LS-FFE. Loseva et al. [19], Kasicka et al. [20], and Malmstrom
et al. [21] performed a series of significant investigations on
separation of proteins or peptides via LS-FFE. Zischka et al.
[22] implemented the separation and differential analysis of
cerevisiae mitochondria by LS-FFE for proteomics study.

*Additional corresponding author: Dr. Liu-Yin Fan

E-mail: lyfan@sjtu.edu.cn
Colour Online: See the article online to view Figs. 1-4 in colour.

www.electrophoresis-journal.com



Electrophoresis 2011, 32, 3248-3256

However, the commercial device was rarely used for the
micropreparation of biosample owing to its large size.

Chip FFE (C-FFE) has been given great attention in the
field of separation science in the last two decades [13-16]. In
1994, Raymond et al. [23] developed the first C-FFE device
for bioseparation. In 2006-2010, Bowser and coworkers
conducted a series of fundamental studies on the flow
controlling [24], band and resolution optimizations [25],
mitochondria mobility determination [26], and aptamer
equilibria measurement [27]. A lot of works have demon-
strated that C-FFE could be excellently used for the analyses
of mitochondria [26], aptamers [27], and proteins [28] as well
as the estimation of equilibrium constants [29]. Nonetheless,
few of the works were reported on the micropreparation of
biosample via C-FFE. For example, in 1994 Raymond et al.
[23] introduced C-FFE as a tool of sample pretreatment. In
1996, they [30] fabricated a p-FFE with 25pL chamber
volume for continuous microseparation. Last year, Han and
coworkers [28] advanced cascade C-FFE for the microsorting
of peptides and proteins. However, these issues hindered
C-FFE for biosample micropreparation: (i) weak ability of
preparation in virtue of tiny (20-134 pL) chamber volume;
(ii) poor fraction due to a few of outlets used for sample
collection; and (iii) easy blockage caused by precipitation
(Supporting Information Fig. S1) in C-FFE chamber leading
to the discard of C-FFE.

Furthermore, few of the works were described on the
enzyme preparation via FFE. In 1989, Kuhn and Wagner
[31, 32] used FFE for the purification of enzymes from E.
coli cell extract. In 1990, Hoffstetter-Kuhn et al. [33-35]
presented a scaleup FFE for the purification of alcohol
dehydrogenase from a crude yeast extract. In 1990-1996,
Weber and coworkers [36, 37] purified some enzymes from
microorganism crude extract via FFE. FFZE was the most
popular separation mode utilized for isolation of enzyme.
The detail of principle can be found in [38]. However, these
works [31-37] concerned large-scale separation rather than
the micropreparation of enzyme.

To address the issues on the micropreparation of FFE
[1-6], we developed a reassemblable and rewashable quasi-
chip FFE (QC-FFE) device. It has 16 outlets for fractionation,
hydrostatic-induced uniform background buffer and sample
flows, and 108-654 uL chamber higher than that of C-FFE
[39] but less than the one of LS-FFE [40-42]. The device
could be well used for the micropurification of model
enzyme of trypsin in crude sample. The following sections
detail the relevant design and evaluation on QC-FFE, and
the experiments on the micropreparation of trypsin.

2 Design of QC-FFE

2.1 Fractionation of reassemblable and rewashable
QC-FFE

LS-FFE can provide very fine fraction, but its size is too large
for micropreparation. C-FFE may offer a proper chamber
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size for micropurification [23, 28, 30] if its thickness is
slightly increased, whereas the current C-FFE cannot
present fine fraction collection because it is designed for
the analytical objective rather than micropreparative
purpose. Generally, it has three outlets for the drainage of
electrolytic solution after passing through the C-FFE
chamber [24-29]. To obtain fine fraction of QC-FFE herein,
16 outlets are designed as shown in Fig. 1. The 16 outlets
used herein are greatly more than three outlets normally
designed in C-FFE [13-16, 28, 30] and are the base for the
fine micropreparation of biosample (Sections 4.3 and 4.4).

Figure 1 shows the simple disassembly of QC-FFE
chamber. It was the modification of the previous LS-FFE
chamber [40-42], The original LS-FFE device has been
described in detail in [40-42]. The main modifications
were that the size of separation chamber was
45 mm x 30 mm X (80-500) pm. The top and bottom plates
could be clamped via C-shape clamps. Unlike a C-FFE
chamber, the sandwich-like design makes the reassemblage
and rewashing of chamber possible. Thus, solute precipita-
tion in a run of QC-FFE might be removed by complete
washing, and then the clean QC-FFE chamber could be
easily assembled again. Obviously, the reassemblable and
rewashable design can effectively avoid the discard of C-FFE
chamber due to blockage induced by precipitation
(Supporting Information Fig. S1).

In addition, the electrode baths were devised much
deeper than the thickness of the separation chamber. The
two electrodes were located near the bottom of electrode
bath. The bubbles within the two electrode baths could be
quickly removed via a pump, effectively avoiding the inter-
ference of bubbles to IEF run [43].

Supporting Information Figure S2 shows the simple but
effective design on the cooling of QC-FFE chamber.

2.2 Adjustable volume of QC-FFE chamber

In Fig. 1A, a triple layer with 80-500 pm plastic film spacer
champed between two glass plates. The size of separation
chamber was 45 mm x 30 mm x (80-500) pm, correspond-
ing to 108-654 uL chamber volume based on the thickness
of plastic spacer. Actually, a thinner (e.g. 60 or 40 pm) or a
thicker (600-1000 pm) plastic film can be chosen as a spacer
of QC-FFE chamber. It is observed in our experiments that a
thinner film used can easily result in the precipitation-
induced blockage of chamber (Supporting Information
Fig. S1). Evidently, the size of developed QC-FFE device
was slightly higher than the size of C-FFE (20-40 mm x
20-56 mm x 20-60 pm,  the  corresponding  volume
20-134 uL) [39], but greatly less than that of LS-FFE (e.g.
400 mm x 182 mm X (0.4-1.2) mm = 56.2-87.4 mL [40-42]).
The adjustable volume well fits the micropreparation of
biosample. The volume adjustment is achieved by the
factors: (i) thick adjustment of plastic film ranging from 80
to 500 um (Fig. 1A), (ii) the PAG membrane located at the
two sides of chamber (Fig. 2), and (iii) the battlement-like
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Figure 1. The schematic diagram (A) and the simple integration
of QC-FFE separation chamber via several C-shape clamps (B).

comb sat between the electrode and the PAG membrane
cavities (Figs. 1 and 2). Figure 2A shows the design of
electrode bath and PAG membrane cavity and the comb
within the top plate. Figure 2B displays the assemblage of
the PAG membrane highlighted with blue stain, the plastic
film spacer, the top plate, and the bottom plate without use
of C-shape clamp. It is manifestly shown in Fig. 2B that the
PAG membrane keeps in good shape in its cavity. The
pressure, however, presses the PAG as battlement-like
membrane slightly out of its cavity through the comb, and
the thickness of PAG membrane automatically fits the
80-500 pm plastic film spacer (Fig. 2C) if the C-shape clamp
is used. Note herein, the height of PAG membrane over the
top plate ought to be slightly higher than the thickness of
plastic film (Fig. 2C), or the water-proof ability of PAG
membrane becomes poor.

2.3 Whole QC-FFE system
Figure 3A shows the diagram of whole QC-FFE system. The
chamber has 8 inlets and 16 outlets. Seven inlets (the blue

ones) are set for the input of background buffer, and the
remaining one (the red one) is used for sample injection.

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Adjustable volume of QC-FFE separation chamber via
the thickness adjustment of the plastic film spacer, the whippy
PAG membrane, the battlement-like comb and the pressure of
C-shape clamp. (A) the electrode bath, the PAG membrane cavity
and the comb within the top plate of QC-FFE; (B) one side of top
plate assembled with the plastic film spacer and the PAG
membrane highlighted with a little blue stain without using
C-shape clamps; and (C) tight water-proof isolation between
separation chamber and electrode bath via wave-like PAG
membrane slightly out of its cavity through the comb, thanks
to the use of bottom plate and C-shape clamps.

Through silicone hoses, the 16 outlets are connected to the
16 1.5-mL Eppendorf tubes used as the sample collectors. A
16-channel pump (BT-1001L, Longer Pump, Baoding,
China) is used to drive the flows of background buffer and
sample solution in whole FFE system. The anodic and
cathodic buffers are flowed by a peristaltic pump (HL-2,
Huxi Scientific Instrument, Shanghai, China). A power
supply (DYY-6C, Beijing Liuyi Instrument, Beijing, China)
is used for electrophoretic separation in the QC-FFE. Figure
3B further shows the real integration of FFE system.

2.4 Hydrostatic-induced uniform flow in QC-FFE

Figure 3A shows the principle for the uniform background
flow and sample injection induced by the hydrostatic and
the 16-channel pump. If the pump is turned on, the air in
FFE chamber is removed and the subpressure is formed in
QC-FFE chamber as shown in Fig. 3A. As a result, the
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Figure 3. The schematic diagram of gravity-induced uniform
background flow in QC-FFE device (A) and the assemblable QC-
FFE system (B).

pressure difference is created by the hydrostatic between the
liquid level in the background buffer reservoir and the gas/
liquid level of the 16-channel pump. The pressure difference
further leads to the simultaneous rising/falling of liquid
level in inlets, or FFE chamber, or outlets, based on the
direction of 16-channel pump. Consequently, uniform
background and sample flows are established as soon as
the separation is started (Fig. 1B and Supporting Informa-
tion S4).

The use of hydrostatic herein is distinctly dissimilar to
that in the previous works on the LS-FFE [40-42]. In the QC-
FFE, the hydrostatic-induced pressure difference is formed
between the liquid level of the background buffer reservoir
and that of outlets positioned at the 16-channel pump
(Fig. 3A), whereas in the LS-FFE with hydrostatic-induced
uniform background flow, the pressure difference is
induced between the liquid level in gas cushion injector and
that in sample collecting tubes [40—42].

3 Materials and methods
3.1 Chemical reagents
Bromophenol blue (BPB, biological reagent [BR]) and Tris

(biological reagent) were purchased from Sinopharm
(Shanghai, China). Formic acid, sodium hydroxide, sodium

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dodecyl sulfate, and ammonium persulfate (analytical
reagent grade, AR) were purchased from Shanghai Chemi-
cal Reagent (Shanghai, China). Acrylamide and Bis-
acrylamide were bought from Sigma-Aldrich China
(Shanghai, China). N,N,N’,N'-tetramethylethylenediamine
(TEMED) was obtained from Sigma (USA). All other
chemicals were of analytical reagent grade from local
companies. Horse heart cytochrome ¢ (CytC, Mr =13 kDa,
pI=10.7) was obtained from International Laboratory,
USA. Crude pancreatin of hog pancreas with some enzyme
activity inhibitor was purchased from aladding-reagent
(Shanghai, China). Protein molecular mass markers and
Ncu-benzoyl-1-arginine ethyl ester (BAEE) were purchased
from Beyotime Institute of biotechnology (Jiangsu, China).

3.2 Instruments

All  solutions were prepared with deionized water
(5.5x107°S/m) which was first made by an automatic
distiller (SZ-93, Yarong, Shanghai, China) and then by a
commercial ultrapure water system (SG Isserauf-bereitung
und Regenerierstation Gmbh, Germany) unless otherwise
noted. A type-320 pH Meter (Mettler-Toledo, Switzerland)
was used for the preparation of buffer. The pH Meter was
calibrated with three kinds of standard solutions with pH
values of 4.00, 6.86, and 9.18 (Degussa, dus, Nordrhein-
Westfalen, Germany) in advance.

3.3 Preparation of buffers

An aliquot of 500 mM formic acid solution was prepared
and used for the acidic precipitation of crude pancreatin
sample. About 60 mM formic acid was adjusted to pH 3.0
with 1.0 M NaOH solution and then double diluted to obtain
30 mM, pH 3.0, formic acid-NaOH buffer for these runs of
QC-FFE. The running buffer used in SDS-PAGE was
62.4mM, pH 6.8, Tris-HCl with 0.01%m/v BPB, 2% m/v
SDS, and 350 mM bpi-dithiothreitol (DTT). The sample
loading buffer for SDS-PAGE was 62.4mM, pH 6.8,
Tris-HCl with 0.01% m/v BPB, 2% m/v SDS, 25%v/v
glycerol, and 350 mM DTT. The glycerol used in the
buffer was to increase the density of the sample buffers
for stable sample loading before a run of SDS-PAGE. The
enzyme assay buffer was 50 mM, pH 8.0, Tris-HCl with
1.0mM BAEE (benzyl-i-arginine ethyl ester) and 50 mM
CaCl,.

3.4 Acidic precipitation and trypsin sample

The acidic precipitation for the purification of pancreatin
was described in detail in [44, 45]. It was observed that the
crude pancreatin precipitated greatly near the sample
stream in the QC-FFE chamber if the crude sample was
directly injected into the QC-FFE (Supporting Information
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Fig. S1). As the pH value of crude pancreatin was far
from 3.0 of formic buffer used in the QC-FFE, the pH
difference between the original sample and the background
buffers might denature some proteins, resulting in the
precipitation in Supporting Information Fig. S1. The crud
sample was suspended in 30 mM, pH 3.0, formic acid—
NaOH buffer and a substantial amount of insoluble material
was removed by centrifugation at 3000 x g for 10 min at
room temperature. After then, 500 mM formic solution was
added to the sample solution until pH 3.0 and the
precipitation was eliminated via a centrifugation, then
the supernatant was used as the trypsin sample for
QC-FFE separation. The formic acid used has two effects:
precipitating impure proteins with pI values near 3 and
changing the crude sample as proper acidic matrix for the
QC-FFE run.

3.5 SDS-PAGE

Classic SDS-PAGE was used for the purity analysis of
sample fractions collected from the QC-FFE microprepara-
tion. Samples (5 pL) collected from 16 fractions of QC-FFE
were mixed with 5 LL sample loading buffer of 62.4 mM, pH
6.8, Tris-HCI with 0.01% m/v BPB, 2% m/v SDS, 25%v/v
glycerol, and 350 mM DTT, and then the mixture solutions
prepared were incubated at 25°C for 5 min before sample
loading of SDS-PAGE. The run of SDS-PAGE was carried
out with DYCZ-24DN electrophoretic system (Beijing Liuyi
Instrument) at 90 V. After the run, the gels were stained
with the Coomassie® Brilliant Blue R solution with 8% v/v
acetic acid and 25%v/v ethanol, and destained with the
solution with 8% v/v acetic acid, and 25% v/v ethanol.

3.6 Procedure of trypsin assay

Enzyme assay was performed for monitoring activity of
different fractions collected from the QC-FFE. The assay was
conducted in accordance with the method of Rick [46]. Three
milliliter of 1.0mM BAEE (benzyl-L-arginine ethyl ester,
50 mM CaCl,, and 50 mM, pH 8.0, Tris-HCI) and 0.2 mL of
diluted enzyme solution was added into the quartz cell. The
change in absorbance at 254 nm was recorded every 30 s for
4 min via a UV-2450 UV-VIS (Shimadzu, Japan). The initial
rate was calculated for determining the enzyme activity. An
increase of absorbance by 0.001 absorbance units per
minute is defined as 1 unit of tryptic activity.

3.7 Determination of protein concentration

The total protein concentrations of different enzyme sample
matrixes and fractions collected from the micropreparation
of QC-FFE were analyzed with a ST360 microplate reader
for ELISA (Shanghai Kehua Bio-Engineering, China). The
amounts of protease present in different fractions were

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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calculated with BCA protein assay kit [47]. The BSA was
dissolved in 30 mM, pH 3.0, formic acid-NaOH buffer, and
then the standard curve was constructed with BSA in the
wavelength of 570nm. The BCA protein assay could be
found in detail in the synopsis offered by Beyotime Institute
of Biotechnology (Jiangsu, China).

4 Results and discussions
4.1 Evaluation of QC-FFE

Joule heating can result in the convection in FFE chamber
and is one of the factors for instable run of FFE. Fonslow
and Browser [48] have observed that: (i) a linear Ohm’s plot
of current versus voltage was present at a certain condition if
the temperature in FFE chamber was under proper control;
(i) if excessive Joule heating was out of control, a positive
deviation from the ideal linearity would be presented
because of the decrease of viscosity and increase of
electrolyte conductivity; and (iii) if there was excess
controlling, a negative would occur.

Supporting Information Fig. S3 shows the Ohm’s plots
at different background fluxes of 0, 35.7, and 168.5 pL/min
per inlet. It was observed in Supporting Information
Fig. S3A-C that there was no obvious positive or negative
deviation in the QC-FFE with the ice-water coolant in the
pool (Supporting Information Fig. S2). We observed that no
evident bubbles were formed in the QC-FFE chamber even
if the voltage was up to 300 V and the run time was up to 1 h
under the condition of ice-water cooling. Although if there
was no ice-water cooling, numerous bubbles were produced
in the chamber within 5 min, greatly affecting the micro-
separation. The results imply that the simple ice-water
cooling could effectively disperse the Joule heating.

The background flow is quite stable. The flow line of red
ink in Fig. 1B implies stable hydrodynamic environment
within the QC-FFE chamber (without use of electric field).
The results of crude pancreatin and its precipitation flows in
Supporting Information Fig. S1 and Cyt C flows in
Supporting Information Fig. S4 further manifest the stabi-
lity of FFE chamber under the electric field. In Supporting
Information Fig. S1, the evident protein precipitation
caused by improper sample buffer did not affect the stable
background flow and sample stream in the QC-FFE cham-
ber. Supporting Information Fig. S4 further shows the
stable hydrodynamic flows of Cyt C in QC-FFE without
(Supporting Information Fig. S4A) and with (Supporting
Information Fig. S4B) use of electric field.

4.2 Acidic precipitation
Herein, trypsin was used as a model enzyme for demon-
strating the feasibility of micropreparation via QC-FFZE.

However, the crude pancreatin sample is very complex,
comprising numerous impure proteins, as shown by Lane II

www.electrophoresis-journal.com
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Figure 4. SDS-PAGE of the crude pancrea-
tin and fractions collected from the QC-
FFE. Lanes | and XllI indicate the protein
molecular weight mark; Lanes Il and Il
indicate the crude pancreatin and the
enzyme sample collected after acid precipi-
tation via 500 mM, pH 3.0, formic acid—
NaOH buffer, respectively; Lanes [V-VI
correspond to Fractions 4-6 collected from
QC-FFE without use of electric field, respec-
tively; Lanes VII-XII mean Fractions 7-12
collected from QC-FFE with use of 100 V/cm,
respectively. The conditions of SDS-PAGE:
10 uL sample load for each lane, 90V, 3 h
run. The solid arrow indicates the trypsin
band (23.8 kDa), the upper and lower break
arrows mean the elastase (25.9 kDa) and
chymotrypsin (25.0 kDa), respectively.

Table 1. Comparisons of total protein, total enzyme activity, yield, specific activity, and purification factor of crude pancreatin sample,
the one after acidic precipitation and these ones from QC-FFE micropurification under different voltages

Total protein (mg) Total activity (BAEE units) Yield (%) Specific activity (BAEE units/mg) Purification factor
Crude pancreatin 80 42 560 100.0 532.0 1.0
Acid precipitation 7.02 40 040 94.1 5703.7 10.7
33V/em (7, 8) 2.82 16 384 385 5834.3 11.0
67 V/cm (7-10) 443 20 846 49.0 4702.3 8.8
100 V/cm (8-11) 3.78 23478 55.2 6227.6 1.7

in Fig. 4. Acidic precipitation has been used as a normal
step for the purification of pancreatin [44, 45]. Lane III in
Fig. 4 reveals the results of SDS-PAGE for the pancreatin
sample after the acidic precipitation, showing the removal of
some impure proteins from the crude sample. Table 1
further unveils that (i) the total protein is decreased from 80
to about 7.0 mg, (ii) the enzyme-specific activity is increased
from about 532 to 5704 U/mg, and purification factor is up
to 10.7, demonstrating the clear separation of enzyme from
the impure proteins via the acidic precipitation.

4.3 Concise optimization on trypsin separation in
QC-FFE

There were several valuable proteases in crude porcine
pancreatin, including trypsin, chymotrypsin, and elastase
[44]. There are similar physical, chemical, and biochemical
properties and substrate specificity among the three
enzymes. The molecular weights of trypsin, chymotrypsin,
and elastase are 23 800, 25 000, and 25 900, respectively, and
their pI values are 10.8, 8.1, and 8.1, respectively [44].
Trypsin has an anionic subtype in porcine pancreatin [44]. It
is stable and has low activity of self-digest in pH 3.0,
whereas becomes unstable and has obvious change (includ-
ing self-digest change) if the pH over 5.0 or below 2.0,

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

leading to loss of enzyme activity [45]. Thus, in the QC-FFE
run, 30 mM, pH 3.0, formic acid-NaOH was chosen as the
background buffer, excellently fitting the pH 3.0 formic
buffer used in the acidic precipitation (Section 4.2). The
second benefit of low pH value is that the valuable proteases
take a lot of positive charges, leading to their cathodic
deflection in the electrical field, whereas the unwanted
proteins carry little of positive charges, resulting in a small
cathodic movement in FFE chamber. This further improves
the separation of trypsin from the unwanted. Third, the
electroosmotic flow (EOF) under pH 3.0 is nearly zero in the
QC-FFE of PMMA [49], improving the resolution of protein
separation in FFE (our unpublished data on increasing
resolution via control of EOF). Fourth, the Joule heating was
low. The pK, value of formic acid was 3.75. It was noticed
that if pH 3.5-4.5 formic buffers were used in the runs of
FFE, more bubbles in the chamber were created due to the
obvious increase of buffer conductivities and production of
more Joule heating.

The deflection of Cyt C in QC-FFE was vividly used for
the design of sample injection and fraction collection. Cyt C
is a red protein with the molecular weight 13 kDa and pI
10.3 [44]. Cyt C runs slightly faster than trypsin in pH 3.0
buffer environment in capillary electrophoresis [50]. Herein,
Cyt C can be used to estimate trypsin deflection in QC-FFE
(Supporting Information Fig. S4). Supporting Information

www.electrophoresis-journal.com
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Fig. S4B unveils the deflection of Cyt C in QC-FFE with an
electric field, the sample injection of 19.2 uL/min flow rate
via the 3rd inlet results in the collection of Fractions 12-16
under 100 V/cm electric field. Thus, in the next separation
of QC-FFE, the enzyme sample was injected via the 3rd inlet
at a flow rate of 19.2 pL/min and background flow rate of
74 uL/min per inlet.

The voltage used has obvious effect on the separation of
QC-FFE. Figure 5A shows the protein concentration distri-
bution among the fractions of No. 1-16 under 33 V/cm
electric field, unveiling the high protein concentration of
No. 5-8 (especially No. 6). Figure 5B shows the enzyme
activity distribution among the 16 fractions, demonstrating
the high enzyme activity at Fractions 7 and 8, especially at
Fraction 6, whereas SDS-PAGE revealed that Fraction 6
contains numerous impure proteins with high content, and
Fractions 7 and 8 have the band of trypsin with quite high
purity (not shown herein). Hence, Fraction 6 was removed,
and Fractions 7 and 8 were collected for the assay of enzyme
activity (Supporting Information Table S1). Table 1 further
reveals the total protein amount, enzyme activity, yield,
specific activity, and purification factor of Fractions 7 and 8.
The data in Table 1 summarize the slight microseparation
of enzyme from the impure proteins with the low yield and
poor purification factor under the condition of 33 V/cm
electric field.

If 66.7 V/cm was chosen, as shown in Fig. 5A, the high
protein contents were observed at fractions of No. 5-10
(especially No. 6-9). As compared with concentration profile
of 33V/cm, the profile of 66.7V/cm shifted toward the
cathode. Figure 5B shows the high enzyme activity in
Fractions 6-10, especially in Fraction 6. Nevertheless, the
results of SDS-PAGE in Supporting Information Fig. S5
reveal that Fraction 6 had some impure proteins, Fractions 7
and 8 hold the three pancreatins of trypsin, elastase, and
chymotrypsin, and Fractions 9 and 10 have a single trypsin
zone. Therefore, Fractions 7-10 were analyzed for the assay
of enzyme activity (Supporting Information Table S2).
Table 1 further unveils the total protein quantity, enzyme
activity, yield, activity, and purification factor of Fractions
7-10. The data in Table 1 indicate the obvious separation of
enzyme from impure protein still having low yield and poor
purification factor under the given conditions.

However, if 100 V/cm was used, the high protein
concentrations were observed at Fractions 8-11, as shown in
Fig. 5A. As compared with the profiles of 33 V/cm and
66.7 V/cm, the profile of 100 V/cm further shifted toward
the cathode. Figure 5B proves the high enzyme activity in
Fractions 7-11, but some impure proteins exist in Fraction 7
(see Lane VII of SDS-PAGE in Fig. 4). Hence, Fractions
8-11 were collected for enzyme analysis (Supporting Infor-
mation Table S3). Table 1 further summarizes that the total
protein quantity, enzyme activity, yield, specific activity, and
purification factor of Fractions 8-11 were 3.78 mg, 23478 U,
55.2%, 6227.6 U/mg, and 11.7, respectively, implying the
good separation of enzyme from impure protein (Lane VIII,
IX-XI in Fig. 4), the quite high yield, obvious increase of
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Figure 5. Protein concentration (A) and specific activity of
proteases (B) after the microseparation of porcine pancreatin
in the QC-FFE under different electric fields of 33, 66.7, and 100
V/cm. Experimental conditions of QC-FFE: 30 mM, pH 3.0,
NaOH-HCOOH as both background buffer and electrode buffer,
the sample injection via the 3th inlet tube, 19.2 uL/min per tube
flow of sample, and 74 puL/min per inlet flow of background
buffer.

purification factor under the condition of 100 V/cm. Theo-
retically, the further increase of voltage (e.g. 133 V/cm,
400V cross the chamber) could improve the separation of
trypsin, whereas more air bubbles were formed in the
chamber within about 10-min run, interrupting the
separation of trypsin via the QC-FFE.

Therefore, we could obtain the following experimental
conditions from the design and brief optimization above for
the micropurification of pancreatin via QC-FFE: (i) 30 mM,
pH 3.0, formic acid-NaOH used as the running and elec-
trode buffer; (i) sample injection via the 3rd inlet at a flow
rate of 19.2 uL/min; (iii) background flow rate at 74 pL/min
per inlet; (iv) 100 V/cm electric field; and (v) ice-water
cooling.

4.4 Micropurification of trypsin from pancreatin via
QC-FFE

Figure 4 shows the results of micropurification of trypsin
monitored with SDS-PAGE. Lane III is the run of
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pancreatin after the acidic precipitation, unveiling these
impure proteins with molecular weight higher than 2.6 kDa
and lower than 2.3 KDa. When 100 V/cm was used for the
enzyme separation via the device, the most of trypsin was
separated from the impure proteins, including other two
pancreatins of elastase and chymotrypsin. Lane VII is the
SDS-PAGE result of Fraction 7 collected from the QC-FFE,
showing the coexistences of trypsin, elastase, and chymo-
trypsin as well as a few of impure proteins with molecular
weight 30 and 14.4kDa. Lane XII is the SDS-PAGE of
Fraction 12, revealing the absence of any protein band.
Lanes VIII-XI are the analyses of Fractions 8-11, respec-
tively. The analyses clearly manifest that (i) a single band
of trypsin almost existed in Lanes VIII-XI, viz., Fractions
8-11; (ii) the impure proteins of Lanes III and VI were
greatly removed by the QC-FFE; (iii) the elastase and
chymotrypsin were also separated from the target
trypsin; and (iv) the specific activity of trypsin was
>6000 U/mg, being better than the commercial standard
of trypsin (http://www.sigmaaldrich.com/catalog/Product-
Detail.dorlang = en&N4 = T7409|SIGMA&NS5 = SEARCH_
CONCAT_PNO|BRAND_KEY&F = SPEC). All of the results
in Fig. 4 imply quite good micropreparation of trypsin by
the developed QC-FFE.

The enzyme amount of micropreparation via the QC-
FFE can well meet the need of further enzyme assay. It was
demonstrated in the experiments of QC-FFE that (i) the
sample throughput was 3.34 mg/h with the 432 uL volume
(collected from Fractions 8 to 11 but not Fraction 7 in Fig. 5),
being greatly more than the amount needed for the normal
enzyme assay in Figs. 4 and 5 and Supporting Information
Table 1-S1-S3; and (ii) during the QC-FFE run, no blockage
was caused by protein precipitation, no interruption of
background flow was induced by air bubble caused by Joule
heating due to effective ice-water cooling, and no break of
electric current was caused by the air bubbles in electrode
bath, thanks to effective flow of electrode buffer.

However, the recovery and purification factor of trypsin
were not as high as those obtained in the previous studies
[51, 52]. Table 1 summarizes that the purification factor is
about 11.7 mildly higher than that of acidic precipitation
(10.7), and the recovery of trypsin from Fractions 8 to 11 is
only about 55.2%. The yield was obviously <68% recovery
of trypsin got via affinity binding [51] and 73% obtained via
affinity and ion-exchange chromatography [52]. Further-
more, these data (11.7 purification factor and 6228 unit/mg)
could not be illuminated by the quite clean band of trypsin
in Lanes VIII-XI of Fig. 4, indicating high specific activity
and high purification factor. The self-contradiction of data
might be caused by the following reason.

It was calculated from Fig. 5B that the losses of enzyme
activity of Fractions 6 and 7 were 3.3 and 17.9%, respectively,
due to coexistence of elastase and chymotrypsin as well as
some impure proteins. The total enzyme loss of Fractions 6
and 7 was up to 21.2%. Hence, the 76.3% total enzyme activity
could be traced to the loss of 21.2% (including trypsin, elastase,
and chymotrypsin) and the yield of 55.2%. This means that the
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further optimization on experimental conditions can slightly
improve the yield of QC-FFE separation because of coexistence
of high-content elastase and chymotrypsin in Fractions 6 and
7, whereas there was 24% loss of enzyme activity which could
not be explained quantitatively. This may be due to the
following reason. After the micropreparation of trypsin, the
inhibitor added into the crude pancreatin by the manufacturer
was removed from trypsin and other two pancreatins. As a
result, the removal of inhibitor partially activated the self-
digestion activity of the three pancreatins even they were kept
in acidic aqueous environment. Consequently, the activated
self-digestion might lead to the 24% loss of enzyme activity,
well explaining the fair recovery (55.2%) and the mild increase
of purification factor (11.7) in Table 1 as well as the single
trypsin bands of Lanes VIII-XI in Fig. 4.

5 Concluding remarks

A QC-FFE device was successfully constructed, which is
reassemblable and rewashable avoiding discard of C-FFE due
to the blockage of solute precipitation in chamber. The
chamber volume is 108-654 pL slightly higher than that of C-
FFE (20-134 uL), supplying the micropreparative ability of
QC-FFE. Up to 16 outlets were designed, bestowing fine
fraction for sample collection. In contrast to C-FFE and LS-
FFE, the device had the following advantages. First, it could
be used for the micropreparation of biosample. The results
demonstrated that higher than 1h continuous run could be
easily performed via the simple but effective ice-water
cooling, and the throughput was 3.34 mg/h with the 432 pL
volume, fitting the need of enzyme activity assay in lab.
Second, the greater size of QC-FFE in contrast to that of C-
FFE effectively eliminates the interference of blockage caused
by protein precipitation. Third, the design of deep electrode
baths and their buffer circle as well as PAG membrane could
completely avoid break of electric current due to air bubble in
C-FFE. The experiments on trypsin separation demonstrated
the feasibility of micropurification of target enzyme in
complex sample matrix via the developed device.
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