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a b s t r a c t

A novel device, composed of a syringe pump for sample loading, a hydrophilic hollow fiber mem-
brane interface for protein concentration and small molecules removal, and a centrifugation tube
for buffer exchange, was designed for protein preconcentration and in situ fluorescence derivati-
zation. With the outlet of the interface blocked, denatured proteins were continually introduced.
Restricted by the membrane with the molecular weight cutoff (MWCO) of 3000 Da, proteins
were concentrated within the membrane. However, denaturant and other small molecules, which
might affect the further fluorescence derivatization, were driven out of the membrane. Then,
the membrane with proteins restricted inside was directly put into the fluorescence derivatiza-
tion buffer. Here, the water-soluble sulfo-3H-indocyanine dye, the active N-hydroxysuccinimide
of 3H-indolium,1-(5-carboxypentyl)-2-[3-[1-(5-carboxypentyl)-1,3-dihydro-3,3-dimethyl-5-sulfo-2H-

indol-2-ylidene]-1-propenyl]-3,3-dimethyl-5-sulfo-,monopotassium salt (sw-cy3-NHS), synthesized in
our lab, was used for protein labeling. By such a method, the detection sensitivity of bovine serum albumin
(BSA) was improved by nearly 200 folds, compared to that obtained by direct in-solution derivatization.
Through the derivatization of a fraction of E. coli protein separated by reversed phase HPLC, proteins with
low concentration were efficiently labeled, which indicated the potential merit of the developed method
for the high sensitive detection of low abundance proteins.
. Introduction

In the post-genome-sequence era, protein analysis has been
aid much more attention. Up till now, various techniques,

ncluding high-performance liquid chromatography (HPLC) [1,2],
apillary electrophoresis (CE) [3,4], and two-dimensional polyacry-
amide gel electrophoresis (2D-PAGE) [5,6], have been developed
nd widely used for protein separation. However, since many
roteins with important biological functions (e.g. drug targets or
iomarkers) are of extremely low concentration, the development
f high sensitive detection methods is an imperative task.
As one of the most sensitive techniques, fluorescence detec-
ion is widely used in protein research [7–11]. Although native
uorescence emitted by aromatic amino acid residues (such as

� This paper is part of the special issue “Enhancement of Analysis by Analytical
erivatization”, Jack Rosenfeld (Guest Editor).
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E-mail address: lihuazhang@dicp.ac.cn (L. Zhang).

570-0232/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jchromb.2010.11.002
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tryptophan, tyrosine, and phenylalanine) could be directly applied
to protein detection with high sensitivity [12–14], not all proteins
could generate native fluorescence signals. Therefore, the devel-
opment and application of fluorescence reagents is indispensable
to improve the detection sensitivity of proteins [15–19]. In our
previous research, a series of water-soluble cyanine dyes were syn-
thesized and further applied for labeling standard proteins and real
samples, by which the limit of detections (LODs) were obviously
improved [20–22].

However, the derivatization of low concentration proteins is
still challenging. Taken traditional fluorescence reagent, fluores-
cein isothiocyanate (FITC), as an example, although labeled amino
acids with the concentration of pmol/L could be detected, the min-
imum concentration of amino acids required for derivatization
should be at least 10−6 mol/L [23,24]. Furthermore, proteins with
concentration of at least 1–10 mg/mL could be effectively deriva-

tized by FITC [25]. Therefore, the LODs of fluorescence labeled
proteins, to some extent, are limited by the sample concentration.

Preconcentration is an efficient technique to decrease the LODs
of proteins and peptides. Chang et al. reported on-line concen-
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http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:lihuazhang@dicp.ac.cn
dx.doi.org/10.1016/j.jchromb.2010.11.002


1 togr. B

t
l
o
t
a
s
m
d
s
a
l
a
e
t
F
o
k
p

p
e
w
[
a
w
o
w
3
d
3
r
c
s

2

2

(
S
m
P
g
C
s
g
M

2

c
a
o
D
3
I

(
b
C
A
l
t

440 X. Qiao et al. / J. Chroma

ration of proteins using polymer solution in CE analysis. With
arge volume injection, carbonic anhydrase at the concentration
f pmol/L could be detected [26]. In the past few years, the
echnique with the combination of fluorescence derivatization
nd preconcentration has been used for the analysis of various
amples, including peptides, proteins, and human serum albu-
in immunoassay mixtures [27–32]. Park et al. applied single

rop microextraction to concentrate neutral/acidic amino acids or
hort peptides labeled by 4-fluoro-7-nitro-2,1,3-benzoxadiazole,
nd hundred times enrichment was obtained in CE analysis with
aser-induced fluorescence (LIF) detection. However, for those basic
mino acids or long hydrophilic peptides, the method was less
ffective [29]. Chen et al. used transient pseudo-isotachophoresis
o concentrate FITC labeled peptide hormones and their fragments.
ollowed by CE analysis with LIF detection, 100-folds improvement
n peak heights was achieved [30]. However, to the best of our
nowledge, all of these studies involved fluorescence derivatization
rior to sample preconcentration.

Hollow fiber membrane possesses excellent mass-transfer
roperties, by which small molecules could permeate in and out
asily, while macromolecules could be retained if membranes
ith proper molecular weight cut-off (MWCO) were selected

33–36]. In the current work, a novel device based on cellulose
cetate hollow fiber membrane with the MWCO of 3000 Da,
as designed for protein enrichment, followed by in situ flu-

rescence derivatization, by immerging the membrane in the
ater-soluble cyanine dye, the active N-hydroxysuccinimide of

H-indolium,1-(5-carboxypentyl)-2-[3-[1-(5-carboxypentyl)-1,3-
ihydro-3,3-dimethyl-5-sulfo-2H-indol-2-ylidene]-1-propenyl]-
,3-dimethyl-5-sulfo-,monopotassium salt (sw-cy3-NHS). The
esults demonstrated that with the combination of protein pre-
oncentration and in situ fluorescence derivatization, the high
ensitive detection of low concentration proteins was achieved.

. Experimental

.1. Chemicals and reagents

Epoxy glue was obtained from Kaihua New Technology Project
Dalian, China). Hydrofluoric acid (HF, 40% (v/v)) was ordered from
henyang Chemical Reagent (Shenyang, China). Bovine serum albu-
in (BSA) was purchased from Sigma–Aldrich (St. Louis, MO, USA).

henylmethanesulfonyl fluoride (PMSF) was from Shanghai San-
on Biological Engineering Technology and Services (Shanghai,
hina). HPLC-grade acetonitrile was obtained from Merck (Darm-
tadt, Germany). All inorganic reagents were analytical-reagent
rade, and others were of HPLC grade. Water was purified by a
illi-Q system (Millipore, Molsheim, France).

.2. Materials and equipment

Fused-silica capillary (100 �m i.d. × 375 �m o.d.) was pur-
hased from Sino Sumtech (Handan, China). The hollow cellulose
cetate fiber membrane (MWCO 3000 Da, 200 �m i.d. × 220 �m
.d.) was taken from a capillary dialyzer (GFS Plus 12, Gambro
ialysatoren GmbH, Hechingen, Germany). A C8 column (5 �m,
00 Å, 4.6 mm × 250 mm) was ordered from Dalian Elite Analytical
nstrument (Dalian, China).

A precise syringe pump purchased from Baoding Longer Pump
Baoding, China) was used to push samples through the mem-
rane device for protein enrichment. An ultrasonic processor from

ole-Parmer (Vernon Hills, IL, USA) was used for cell sonication.
SpeedVac (Thermo Fisher, San Jose, CA, USA) was applied to

yophilize samples. HPLC experiments were performed on a sys-
em composed of a 4-line degasser, an intelligent pump equipped
879 (2011) 1439–1443

with quaternary gradient unit, an injection valve (Rheodyne, Cotati,
CA, USA), a UV detector (Dalian Elite Analytical Instrument, Dalian,
China), and an intelligent fluorescence detector (Jasco, Tokyo,
Japan).

2.3. HPLC separation

Proteins were separated by HPLC with a C8 column. The col-
umn temperature was set at 25 ◦C. Eluent A was 100% water with
0.1% (v/v) TFA; eluent B was 95% (v/v) acetonitrile with 0.1% (v/v)
TFA. The gradient for the separation of E. coli proteins was as fol-
lows: 0 min, 25% B; 70 min, 60% B; 120 min, 80% B; the flow rate
was 0.25 mL/min. The UV wavelength was 214 nm. The gradient
for the analysis of BSA was as follows: 0 min, 30% B; 20 min, 80%
B; 30 min, 80% B; the flow rate was 0.5 mL/min. The gradient for
the derivatized fraction of E. coli proteins separated by RPLC (E. coli
RP fraction) was as follows: 0 min, 30% B; 70 min, 60% B; 120 min,
80% B; the flow rate was 0.25 mL/min. The excitation and emis-
sion wavelengths for fluorescence detection were 554 and 570 nm
respectively.

2.4. Sample preparation

For protein denaturation, 80 �L of 50 ng/�L BSA was mixed with
100 �L of 6 M guanidine hydrochloride, followed by stirring at 35 ◦C
for 30 min. Unless otherwise stated, each sample was dissolved in
100 mM Na2CO3–NaHCO3 (pH 9.5).

The extraction procedure of E. coli proteins was as follows. E. coli
(Strain BLT 5403) was grown on LB culture medium. After cul-
tured at 37 ◦C for 14 h, the mixture was centrifuged at 4300 × g
for 10 min to precipitate E. coli cells. Then, followed by 3 times
washing with PBS, 6 M guanidine hydrochloride containing 1 mM
PMSF were added, and the cells were ultrasonicated for 180 s.
After the mixture was further centrifuged at 20,000 × g for 20 min,
the supernatant was collected, and the protein concentration was
determined by Bradford assay. Proteins were further precipitated
with acetone/water in 4:1 (v/v), centrifuged, and lyophilized. An
aliquot of 100 �g E. coli proteins were prefractionated by HPLC, and
the fraction from 57 to 62 min (E. coli RP fraction) was collected,
lyophilized, denatured for further use.

2.5. Protein enrichment

The device used for protein enrichment was consisted of three
parts: a syringe pump for sample loading, a hollow fiber mem-
brane interface for protein concentration, and a centrifugal tube
for buffer exchange, as shown in Fig. 1(A). The hollow fiber mem-
brane interface was prepared according to the method described
in our previous report [35]. In brief, one end of each connecting
capillaries coated by linear polyacrylamide was firstly etched by
40% (v/v) HF until they could be inserted into a 15 cm long hollow
fiber membrane with a volume of 5 �L. Then the capillaries were
glued with the hollow fiber membrane using epoxy glue. Finally,
it was threaded through a centrifugal tube filled with 100 mM
Na2CO3–NaHCO3 (pH 9.5), and fixed with Teflon tubes.

With the device in Fig. 1(A), BSA and E. coli RP fraction were
concentrated respectively. For BSA concentration, with the out-
let of the connecting capillary sealed with a rubber, an aliquot of
90 �L denatured BSA was continuously pumped into the hollow

fiber membrane interface with a flow rate of 1.5 �L/min. The pro-
cedure for the enrichment of E. coli RP fraction was the same as
that for BSA, except that the sample was continuously loaded for
160 min.
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ig. 1. Scheme of the device for protein enrichment (A) and in situ fluorescence
erivatization (B).

.6. In-solution and in situ fluorescence derivatization

The in-solution fluorescence derivatization was performed by
he following steps. For BSA, an aliquot of 90 �L denatured sam-
le was firstly mixed with 6.5 �L of 8.5 mM sw-cy3-NHS. Then the
ixture was stirred at 45 ◦C for 30 min in dark, followed by 4-fold

ilution with 100 mM Na2CO3–NaHCO3 (pH 9.5) buffer. Subse-
uently, 20 �L of derivatized proteins were injected, and analyzed
y HPLC with fluorescence detection. The procedure for the deriva-
ization of E. coli RP fraction was the same as that for BSA.

The in situ fluorescence derivatization for BSA was shown in
ig. 1(B). First, the hollow fiber membrane containing the concen-
rated proteins was directly moved to an eppendorf tube filled with
uorescence derivatization buffer. Then the derivatization buffer
as stirred at 45 ◦C for 30 min in dark. Finally, the hollow fiber
embrane interface was taken out, and the derivatized protein

about 5 �L) was pumped into a vial. Followed by 4-fold dilu-
ion with 100 mM Na CO –NaHCO (pH 9.5), 20 �L of derivatized
2 3 3
roteins were analyzed by HPLC with fluorescence detection. The

n situ fluorescence derivatization procedure for E. coli RP fraction
as the same as that for BSA.

Fig. 2. Protein derivatizat
879 (2011) 1439–1443 1441

3. Results and discussion

3.1. Selection of fluorescent reagent

A water-soluble sulfo-3H-indocyanine dye, sw-cy3-NHS, syn-
thesized according to the previous report [37], was selected for
protein derivatization. As shown in Fig. 2, the reagent could react
with the amino groups of proteins, especially the side chains of
lysine, to form covalent protein–dye complex. Due to the presence
of sulfonate groups and carboxyl groups, the reagent is of good
aqueous solubility, helpful to avoid protein precipitation during
labeling. Furthermore, excess fluorescence reagent could be easily
removed by our previously developed on-column technique [21].
Compared with conventional isothiocyanate dyes, such as FITC,
succinimidyl ester of sw-cy3-NHS is of high reactivity, which is
beneficial for the derivatization of low concentration proteins.

3.2. Protein enrichment

Although the LODs of fluorescence labeled proteins are low, to
achieve efficient derivatization, the protein concentration should
be high enough [23,24]. Therefore, the combination of protein pre-
concentration and fluorescence derivatization technique may be
promising to achieve the high sensitive detection of low abun-
dance protein. Cellulose acetate based hollow fiber membrane is
a hydrophilic material, resulting in neglectable protein adsorption
[35]. Thus, an enrichment device was prepared with such mem-
brane (MWCO of 3000 Da), as shown in Fig. 1(A). With the outlet
end capillary sealed, proteins could be continually pumped into
the device and concentrated within the membrane. While for small
molecules, such as denaturant and other salts, which might affect
the following fluorescence derivatization, could be easily removed
by permeation through the membrane. Theoretically, limited by
the pore size of the membrane, no proteins could leach into the
exchange buffer. As long as the protein concentration in membrane
is lower than its maximum solubility, the enrichment times of the
protein concentration could be approximately equal to the ratio of
initial sample volume to the dead volume of hollow fiber mem-
brane. To avoid protein dilution during derivatization, the hollow
fiber membrane with the enriched proteins was directly put into
derivatization buffer for in situ fluorescence derivatization without
any other treatment.

The effect of sample flow rate on protein enrichment was stud-
ied, with BSA as the sample. As shown in Fig. 3, the UV response
signal reached the maximum when 1.5 �L/min was used. With the

increase of flow rate, the response gradually decreased. A possi-
ble reason was that with high flow rate, the generated high back
pressure might lead to the change of the pore structure of hollow
fiber membrane, resulting in the permeation of protein through

ion by sw-cy3-NHS.
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Fig. 4. Effect of reaction temperature (A) and time (B) on relative fluorescence
intensity of BSA.

Fig. 5. Chromatograms of BSA by (A) in-solution derivatization and (B) in situ deriva-
Fig. 3. Effect of sample loading flow rate on UV response of enriched BSA.

he membrane. When the flow rate was low, protein might pre-
ipitate in the inner surface of hollow fiber membrane. Therefore
.5 �L/min was selected as the optimal sample loading flow rate
or protein concentration.

.3. Optimization of derivatization conditions

The effect of reaction temperature, ranging from 25 to 65 ◦C, on
he derivatization of BSA was investigated. As shown in Fig. 4(A),
he fluorescence intensity of BSA gradually increased with tem-
erature, reached the maximum at 45 ◦C, and decreased with the
urther increased temperature, which demonstrated that before
5 ◦C, high temperature could be helpful to accelerate derivatiza-
ion, and above 45 ◦C, the protein–dye complex became instable.
herefore, 45 ◦C was selected as the optimal reaction temperature.

The effect of reaction time on the derivatization of BSA was also
nvestigated. As shown in Fig. 4(B), the fluorescence intensity of
SA reached 50% within 0.5 min, and 91% within 15 min, which

ndicated the fast derivatization capacity of sw-cy3-NHS for pro-
ein. Since the fluorescence intensity of BSA reached the maximum
ithin 30 min, the optimal reaction time was selected as half an
our in the following experiments.

.4. Analysis of standard protein

Under the above-mentioned optimal conditions, denatured BSA
as respectively in-solution derivatized, and in situ derivatized
ithin hollow fiber membrane. From Fig. 5(A), it could be seen that

he fluorescence signal of 70 nmol/L BSA was only slightly higher
han the LOD after in-solution derivatization. However, after pre-
oncentration and in situ fluorescence derivatization, from Fig. 5(B),
t could be seen that the fluorescence intensity reached ∼500 mV,
nd the detection sensitivity was increased about 200 folds, better
han the previous report results [21–24].

The obvious increase of the detection sensitivity should
ttribute to two reasons. Firstly, the concentration of protein was
ncreased by preconcentration. Secondly, the in situ derivatization
fficiency was improved within the membrane, without further
ilution in solution. All these results indicated that the detection

ensitivity of proteins could be efficiently improved with the com-
ination of hollow fiber membrane based enrichment and in situ
uorescence derivatization.

tization. Peak 1, impurity in fluorescence reagent; peak 2, BSA.
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ig. 6. Chromatogram of 100 �g E. coli protein separated by RPLC (A), and chro-
atograms of one 5 min fraction after in-solution (B) and in situ fluorescence

erivatization (C).

.5. Analysis of real sample

To further evaluate the applicability of the developed method,
ne E. coli RP fraction was further analyzed. As shown in Fig. 6(A),
he eluant between 57 and 62 min was collected, lyophilized,
nd redissolved. After denatured with guanidine hydrochloride,
he sample was in-solution derivatized, and in situ derivatized
espectively. In the former case, as shown in Fig. 6(B), no peaks
ould be observed, which might be caused by the poor deriva-
ization efficacy when the protein concentration was low. In
he latter case, after ∼160 min protein enrichment, as shown
n Fig. 6(C), the fluorescence signal was significantly increased
fter in situ fluorescence derivatization, with two main peaks
bserved, which further indicated the applicability of developed
ethod for the high sensitive detection of low concentration

roteins.
It must be noted that if lyophilization, instead of the developed

ethod, was applied for protein enrichment, guanidine hydrochlo-
ide in the sample could also be concentrated, resulting in poor

uorescence derivatization efficiency. However, with our devel-
ped device, both the protein concentration and desalting were
imultaneously performed, which facilitated not only the high sen-
itive detection, but also the easy sample preparation.

[

[
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4. Conclusion

In this work, high sensitive detection of low concentration pro-
teins was achieved by the combination of protein enrichment and
in situ fluorescence derivatization with the self-prepared hollow
fiber membrane based device, by which protein enrichment and
sample desalting was performed simultaneously. By comparison
with the traditional in solution derivatization, the detection sen-
sitivity of low concentration proteins was obviously improved,
demonstrating the potential merit of the developed method for the
high sensitive analysis of low abundance proteins.
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