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ABSTRACT: In this initial research on feasibility, removal of
unconjugated ﬂuorescein isothiocyanate (FITC) after ﬂuorescent labeling of human serum albumin (HSA) with electromembrane extraction (EME) was investigated for the ﬁrst time.
A 100 μL solution of 0.1 mg/mL HSA was ﬂuorescently labeled
with 0.01 mg/mL FITC in a molar ratio of 10:1 in an
Eppendorf tube for 30 min under agitation and absence of light.
Then the labeled solution was transferred to a 96-well EME
with 3 μL 0.1% (w/w) Aliquat 336 in 1-octanol as the
supported liquid membrane (SLM) and 200 μL 10 mM NaOH
as waste solution. EME was performed for 10 min with a
voltage of 50 V, with the anode in the waste solution and at 900
rpm agitation. Negatively charged and unconjugated FITC was
extracted electrokinetically into the SLM and to the waste
solution. Analysis of puriﬁed samples, by Taylor dispersion analysis (TDA), showed a 92% removal of unconjugated FITC
(FITC clearance: 92%, RSD: 3%), while 79% of the HSA/FITC complex remained in the sample (protein retention: 79%, RSD:
18%). Conserved functionality of the HSA/FITC complex after EME was proven by a binding aﬃnity study with anti-HSA
using ﬂow induced dispersion analysis (FIDA). In this real sample, the dissociation constant (Kd) and hydrodynamic radius of
the complex were determined to be 0.8 μM and 5.87 nm, respectively, which was in concordance with previously reported
values.
ﬁeld only aﬀects charged compounds, the pH of the sample
and acceptor phase has to be controlled to a level where the
analytes of interest are fully charged (i.e. 2−3 pH units from
their pKa). EME can typically be completed in 5−10 min,1,8
and EME has been adapted to a 96-well format open for highthroughput operation.9 In the current literature, EME has been
used for analytical extraction of target analytes from complex
samples. Target analytes have been transferred electrokinetically from the original sample solution, through the SLM, and
into a pure aqueous solution containing acid or base as the
acceptor phase. Subsequently the analytes in the acceptor
phase have been measured by chromatography, mass
spectrometry, or related instrumental techniques.
Recently, EME was utilized for puriﬁcation for the ﬁrst time.
In one paper, EME was used to remove and recycle template
molecules after polymerization of molecularly imprinted

E

lectromembrane extraction (EME) is a three-phase
microextraction technique developed for analytical
applications, and it was presented for the ﬁrst time in 2006.1
The technique is a combination of liquid phase microextraction (LPME) and electrophoresis, and it has been
reported for extraction of chargeable analytes from aqueous
samples such as biological ﬂuids,2−4 environmental waters,5,6
and beverages.7 In EME, analytes are extracted through a
supported liquid membrane (SLM) and into the aqueous
acceptor phase. The SLM is an organic solvent immobilized
inside the pores of a thin polymeric membrane. The main
driving force for mass transfer in EME is an electrical ﬁeld
sustained across the SLM. Two electrodes connected to an
external power supply are introduced into the system, one in
the sample and one in the acceptor phase. The electrical ﬁeld
force charged analytes to migrate toward the electrode of
opposite polarity. For the extraction of basic (cationic)
analytes, the cathode is placed in the acceptor phase while
the anode is placed in the sample. For acidic analytes, the
direction of the electrical ﬁeld is reversed. Since the electrical
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polymers.10 In the second paper, EME was used for rapid and
eﬃcient salt removal from minute volumes of saline samples.11
From a conceptual point of view, these papers represented a
new direction for EME, and new types of applications may be
developed. To explore this potential, fundamental research is
requested, and in the present work we test for the ﬁrst time
EME for removal of unconjugated ﬂuorescent reagent from
protein samples. Fluorescence labeling is a common way to
enhance the sensitivity and detectability of proteins and
involves labeling of puriﬁed protein with a ﬂuorescent reagent
and subsequent detection by ﬂuorescence spectrophotometry.12 To ensure eﬀective labeling of the protein, surplus
ﬂuorescent reagent is added to the protein solution. However,
in order to suppress the background level of ﬂuorescence, the
samples need to be puriﬁed to remove unconjugated
ﬂuorescent reagent.13−15 This is of general importance in
experiments with ﬂuorescence detection, including those
conducted by ﬂow induced dispersion analysis (FIDA). In
FIDA, the in-capillary diﬀusivity of an analyte is used to
calculate the analyte concentration.16−18 FIDA can also be
used in binding studies of antibodies to ﬂuorescently label
protein, and removal of unconjugated ﬂuorescent reagent is
mandatory for accurate calculation of binding constants
through the change in diﬀusivity.
The most common ﬂuorescent reagents are derivatives of
ﬂuorescein, which have diﬀerent ﬂuorescence, stability, and
protein binding properties. Fluorescein isothiocyanate (FITC)
is one example, and is frequently used.19 Existing techniques
for removal of unconjugated FITC include gel ﬁltration,20
dialysis,21 and puriﬁcation columns for dye removal.22,23 The
mutual goal for these techniques is (1) to remove as much as
possible of unconjugated ﬂuorescent reagent (high reagent
clearance) and (2) to avoid loss of labeled protein (high
protein retention). The existing techniques have proven
successful in the separation of labeled protein and unconjugated ﬂuorescent reagent24,25 but can be time and labor
intensive26 and include a loss of labeled protein.26
The current paper is the ﬁrst report on EME removal of
unconjugated ﬂuorescent reagent from protein solutions. The
experimental work was fundamental and intended as an initial
research on feasibility. Although real samples were included in
the current experiments, it should be emphasized that more
work is required before the concept can generally be applied as
part of experimental work with proteins. FITC was selected as
model substance for the ﬂuorescent reagent. FITC is an ideal
candidate for EME (Figure S1). The carboxylic group can be
ionized in neutral and alkaline solution, which is required for
EME. In addition, mass transfer is favored by the small size
(389.4 Da) and hydrophobic character (log P 4.8) of FITC.
The common proteins cytochrome C, human serum albumin
(HSA), and myoglobin were selected as model proteins. First
EME was optimized for removal of FITC (high FITC
clearance) and for retention of protein in the sample (high
protein retention). Second, samples of FITC labeled HSA were
processed with EME and subjected to Taylor dispersion
analysis (TDA),27−30 to further verify EME performance and
to document the stability of the HSA/FITC complex during
EME. Finally, EME was combined with FIDA for a real sample
application, where binding and aﬃnity studies of HSA and
anti-HSA antibody were performed.
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EXPERIMENTAL SECTION

Chemicals and Solutions. FITC, sodium tetraborate
decahydrate, boric acid, 2-nitrophenyl octyl ether (NPOE), 1octanol, methanol, acetone, horse heart myoglobin, bovine
heart cytochrome C, HSA, and monoclonal antibody against
HSA (mouse, IgG1) were purchased from Sigma-Aldrich (St
Louis, Missouri, USA). Sodium chloride and sodium hydroxide
(NaOH) were purchased from Merck (Darmstadt, Germany).
Aliquat 366 was purchased from Cognis Corporation
(Cincinnati, Ohio, USA). Deionized water was obtained
from a Milli-Q water puriﬁcation system (Molsheim, France).
A stock solution of 1 mg/mL FITC dissolved in acetone was
prepared freshly each day and diluted with either 50 mM
borate buﬀer pH 9.20 or the reaction buﬀer (50 mM borate
buﬀer pH 9.20 with 150 mM NaCl) to the working
concentration of 0.01 mg/mL (2.57 × 10−5 M). Solutions of
each of the proteins were made to a concentration of 0.1 mg/
mL for the optimization studies. For the FITC labeling
reaction, 10 mg of HSA was weighed and dissolved in 10 mL of
50 mM borate buﬀer pH 9.20 providing a molar concentration
of 1.50 × 10−5 M. All solutions were stored in darkness at <8
°C.
Electromembrane Extraction (EME). Equipment used
for EME is illustrated in Supporting Information Figure S2. A
laboratory built 96-well stainless steel plate with 0.5 mL wells
was used as compartment for the waste solutions and as anode
(96-well waste reservoir plate). A 96-well MultiScreen-IP ﬁlter
plate with polyvinylidene ﬂuoride (PVDF) ﬁlter membranes
with 0.45 μm pore size (Merck Millipore Ltd., Carrigtwohill,
Ireland) was used as SLM and compartment for the samples
(96-well f ilter plate). The volume of each well in the 96-well
ﬁlter plate was 350 μL, and this deﬁned the maximum possible
volume of sample. A laboratory built aluminum plate with 96
rods tailor-made for the wells of the MultiScreen plate was
used as cathode (96-electrode plate). A model ES 0300-0.45
(Delta Elektronika BV, Zierikzee, The Netherlands) was used
as power supply, and a Vibramax 100 Heidolph shaking board
(Kellheim, Germany) was used to agitate the extraction
system.
EME was performed according to the following procedure
for each sample: (a) 200 μL of 10 mM NaOH was pipetted
into the 96-well waste reservoir plate, (b) 3 μL organic solvent
was pipetted onto the ﬁlter membrane of the 96-well ﬁlter
plate, and (c) 100 μL of sample was pipetted into the 96-well
ﬁlter plate. The 96-well waste reservoir plate and the 96-well
ﬁlter plate were clamped, and the 96-electrode plate was
located on top. The rod electrodes of the electrode plate was
then in contact with the samples. The waste reservoir plate
(anode) and the electrode plate (cathode) were connected to
the power supply. The extraction time varied from 1 to 10 min,
the voltage was between 1 and 100 V, and agitation was set to
900 rpm. For a couple of experiments, the direction of the
electrical ﬁeld was reversed.
FITC Clearance and Protein Retention. FITC clearance
is the percentage of FITC removed from the sample after EME
compared to the nonextracted sample, as deﬁned by eq 1.
FITC clearance of 100% indicates complete removal of FITC
from the sample after EME. Protein retention is the percentage
of protein left in the sample after EME compared to the
nonextracted sample, as deﬁned by eq 2. Protein retention of
100% indicates no protein loss after EME.
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FITC clearance = jjjj1 −
j
[FITC ]sample , beforeEME zz
k
{

FITC complex sample was injected at 50 mbar for 10 s
(corresponding to 1% of the capillary volume). Subsequently,
the injected sample was mobilized toward the detector with
running buﬀer (50 mM borate buﬀer, pH 9.20) at 50 mbar for
20 min. All samples were analyzed in triplicate.
Flow-Induced Dispersion Analysis Conditions. The
FIDA experiments were conducted on a FIDAlyzer instrument
(FIDA-Tech ApS, Copenhagen, Denmark) using light emitting
diode ﬂuorescence detection (ZETALIF LED, Picometrics)
with excitation wavelength 480 nm. A fused silica capillary
(inner diameter: 75 μm, outer diameter: 375 μm, length total:
100 cm, length to detection window: 90 cm) with an inner
coating of poly(ethylene glycol) was used. The capillary was
temperature-controlled to 25 °C inside the FIDAlyzer
instrument. Capillary inlet and samples were also temperature-controlled to 25 °C.
The HSA/FITC complex, puriﬁed via EME, was diluted
with 67 mM phosphate buﬀer pH 7.4 to a ﬁxed indicator
concentration of 20 nM in varying analyte concentrations of
anti-HSA antibody (0−5 μM). All samples were preincubated
to reach equilibrium prior to analysis.
The capillary was ﬂushed and equilibrated prior to each
sample analysis with 67 mM phosphate buﬀer at 1500 mbar for
5 min. The analyte sample (anti-HSA at varying concentrations) was injected at 1500 mbar for 45 s; subsequently, the
indicator sample (HSA/FITC−complex, mixed with anti-HSA
at varying concentrations) was injected at 50 mbar for 10 s (39
nL, corresponding to 1% of the capillary volume). The injected
indicator sample was then mobilized toward the detection
point with the analyte sample at 400 mbar for 180 s. All
samples were analyzed in triplicate.
TDA and FIDA Data Analysis. The Taylorgrams were
processed using FIDA Data Analysis Software, version 01
(FIDA-Tech ApS, Copenhagen, Denmark) in order to
calculate the hydrodynamic radii of two species in one signal
with identical residence time, i.e. unconjugated FITC and
HSA/FITC complex. Subsequently the software was used for
plotting the binding curve. The software utilized are explained
in equations S1, S2, S3, and S4 (Supporting Information).18

(1)

ij [Protein]sample , afterEME yz
zz·100%
Protein retention = jjjj
z
j [Protein]sample , beforeEME zz
(2)
k
{
FITC Labeling Protocol. The ﬂuorescent labeling was
performed on HSA, and the reaction was done with a molar
ratio of 10:1 FITC to HSA.31 Calculation of the volume of
0.01 mg/mL FITC (VFITC (μL)) needed to obtain a molar
ratio of 10:1 was done with the general formula:
VFITC (μL) =

VProtein (mL) ·CProtein (mg /mL)
MProtein(g /mol) ·1000 mg /mL
Molar ratio
·
·106 μL /L
CFITC (mol /L)

(3)

The HSA solution was prepared to a molar concentration of
1.50 × 10−5 M and set to a volume of 100 μL. The volume of
0.01 mg/mL FITC needed to obtain a molar ratio of 10:1
was 585 μL.
The labeling reaction was performed in a 1.5 mL lowbinding Eppendorf tube (Eppendorf, Hamburg, Germany).
100 μL of HSA solution was mixed with 585 μL of a freshly
made 0.01 mg/mL FITC solution (in reaction buﬀer) in the
Eppendorf tube. The tube was wrapped in aluminum foil, for
light protection and was agitated for 30 min at 900 rpm. After
ﬂuorescent labeling, 100 μL of the solution was transferred to
EME.
To avoid saturation of the ﬂuorescence detector in the TDA
and FIDA analysis, both the extracted and unextracted samples
were diluted with 50 mM borate buﬀer pH 9.20 to a theoretical
concentration of 10 nM or 20 nM for the HSA/FITC complex.
Flow Injection Analysis with UV-Detection. In experiments reported in the Concept and Principle section and the
Operational Parameters for Eﬃcient FITC Clearance and
Protein Retention section, FITC and proteins were individually measured using a 3000 Ultimate HPLC-UV (Thermo
Fisher, Waltham, MA, USA) for automated ﬂow injection
analysis with UV-detection. Thus, the HPLC column was
replaced with PEEK tubing. The mobile phase consisted of a
50 mM borate buﬀer pH 9.20, and the injection volume was 20
μL. The ﬂow of mobile phase was 0.1 mL/min. UV-detection
was performed at 214 nm for Myoglobin and Cytochrome C,
216 nm for HSA, and 495 nm for FITC. The system was
washed with a pure methanol solution prior to each injection
to avoid any carryover.
Taylor Dispersion Analysis Conditions. The TDA
experiments were conducted on a capillary electrophoresis
instrument (Agilent 3D CE, Agilent Technologies, Waldbronn,
Germany) using light emitting diode ﬂuorescence detection
(ZETALIF LED, Picometrics, Labège, France) with excitation
wavelength 480 nm. A standard fused silica capillary (inner
diameter: 75 μm, outer diameter: 375 μm, length total: 100
cm, length to detection window: 88 cm) was used. The
capillary cassette was temperature-controlled to 25 °C, and the
capillary inlet, outlet, and sample vials were indirectly
thermostated to 24 °C via the lab heating, ventilation, and
air conditioning system.
The capillary was rinsed and equilibrated prior to each
sample analysis with 1 M NaOH at 1 bar for 5 min followed by
50 mM Borate buﬀer pH 9.20 at 1 bar for 7 min. The HSA/

■

RESULTS AND DISCUSSION
Concept and Principle. The purpose of this fundamental
research was to investigate the potential of EME for removal of
unconjugated ﬂuorescent reagent after protein labeling. The
workﬂow included (1) labeling of protein with ﬂuorescent
reagent, (2) EME, and (3) ﬁnal measurement by TDA or ﬂowinduced dispersion analysis (FIDA). The EME device is
presented in Figure S2 and consisted of (a) a 96-well waste
reservoir plate, (b) a 96-well f ilter plate, (c) a 96-electrode plate,
(d) an agitator, and (e) an external power supply. The three
96-plates (a,b,c) were sandwiched and provided 96 individual
extraction channels. This enabled simultaneous processing of
up to 96 samples with labeled protein (one sample per
channel).
EME involved the following four steps: (1) loading the
supported liquid membrane (SLM), (2) sample loading, (3) waste
solution loading, and (4) extraction. During SLM loading (1), 3
μL organic solvent was pipetted onto a ﬁlter on the 96-well
ﬁlter plate (b). This procedure was repeated for the number of
samples with labeled protein to be processed. The organic
solvent rapidly diﬀused into the pore volume of the ﬁlter and
was immobilized by capillary forces, creating the SLM. During
sample loading (2), samples were pipetted above the loaded
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Figure 1. FITC clearance (with standard deviation) as a function of voltage. SLM: 0.1% A336 in 1-octanol, extraction time: 10 min, agitation: 900
rpm, n = 5.

Figure 2. FITC clearance (with standard deviation) as a function of time. SLM: 0.1% A336 in 1-octanol voltage: 50 V, agitation: 900 rpm, n = 5.

SLMs in the 96-well ﬁlter plate (b). The samples contained
labeled protein and ﬂuorescent reagent. During waste solution
loading (3), a waste solution was pipetted into the 96-well waste
reservoir (a) for each sample, and the three plates (a,b,c) were
clamped together and placed in the agitator (d). Finally, during
EME (4) the electrical ﬁeld was applied by connecting the 96well waste reservoir plate and the 96-electrode plate to the
external power supply (5). The anode (positive potential) was
located in the waste solution while the cathode was in the
samples.
FITC was selected as model ﬂuorescent reagent. Three
model proteins were selected to cover diﬀerent molecular sizes
and isoelectric points, namely HSA (MW = 66.5 kDa, pI =
5.8),32 equine heart myoglobin (MW = 17 kDa, pI = 6.7 (1)
and 7.2(2)),33 and bovine heart cytochrome C (MW = 12 kDa,
pI = 10.5).34
Operational Parameters for Eﬃcient FITC Clearance
and Protein Retention. Major operational EME parameters
were considered to be (1) the chemical composition of the
SLM, (2) voltage, and (3) time. 1-Octanol and NPOE are both
commonly used as SLM solvents in EME, mainly for the
extraction of hydrophobic (log P > 1.5) acidic and basic drug
compounds, respectively.8,35 In initial EME experiments, FITC
clearance was investigated with 1-octanol and NPOE.
However, both 1-octanol and NPOE proved to be ineﬀective
for extraction, and FITC clearance was limited to 5−10% and

<1%, respectively. As expected FITC clearance was higher with
1-octanol as SLM, because FITC is anionic. Anionic
substances require a SLM solvent with strong hydrogen
bonding-donor properties for eﬃcient EME.36
Further experiments were done with the addition of A336 in
the SLM. A336 is a mixture of C8 and C10 tetra-alkyl
ammonium chlorides. A336 is soluble in 1-octanol and is
commonly used as a phase transfer catalyst.37 A336 is
positively charged, facilitating the transfer of FITC into the
SLM based on ionic interactions. This is the same mechanism
used for EME of polar analytes, where ionic carriers are added
to the SLM to increase mass transfer of the analytes.38,39 To
investigate further, three diﬀerent concentrations (0.1%, 1%,
and 10% (w/w)) of A336 in 1-octanol were tested as SLMs.
With A336 added to the SLM, current increased due to higher
conductivity of the SLM and increased ionic ﬂux. Extraction
eﬃciency of FITC increased with increasing concentration of
A336. SLMs of 1% and 10% A336 in 1-octanol were highly
eﬃcient in terms of FITC clearance but were rejected after a
few initial experiments due to high current. However, with
0.1% A336 in 1-octanol, current was acceptable (<25 μA per
sample) and the FITC clearance reached 98% after 10 min of
EME at 50 V. This was considered satisfactory, and 0.1% A336
was selected without further optimization for all further
experiments as a compromise between extraction eﬃciency
and system stability (low current).
6705
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Figure 3. Protein retention (with standard deviation) as a function of voltage. SLM: 0.1% A336 in 1-octanol extraction time: 10 min, agitation: 900
rpm, n = 3.

0.1% A336 in 1-octanol. The experiments revealed that the
proteins were insoluble in the SLM liquid and were not
partitioning into the organic phase. This experiment was in
agreement with EME literature40,41 and explained why protein
retention values were close to 100%.
EME Combined with Taylor Dispersion Analysis. To
verify the concept with real samples consisting of protein and
FITC, EME was combined with TDA. HSA was chosen as
model protein, and the ﬂuorescent labeling was done with a
molar ratio of 10:1 between FITC and HSA. After ﬂuorescent
labeling, the samples were diluted to avoid saturation of the
ﬂuorescence detector, thereby ensuring a Gaussian shaped
signal.
Illustrative Taylorgrams (single data points) are shown in
Figure 4. The black dotted line represents analysis of the
nonextracted sample, where both HSA/FITC complex and
unconjugated FITC were present. This Taylorgram is
characterized by a relatively high intensity and a narrow
Gaussian shape. The red solid line is the Taylorgram after
EME, where lower signal intensity, due to removal of

Experiments at diﬀerent voltages are presented in Figure 1.
Even at 0 V, about 55% of FITC was removed. This was due to
passive diﬀusion of FITC in bulk sample and transfer into the
SLM by ion pairing with A336. With application of voltage, the
FITC clearance increased with increasing voltage up to 50 V,
and this was due to additional mass transfer of FITC in bulk
sample by electrokinetic migration. Thus, the main beneﬁt of
the applied electrical ﬁeld in this case was to increase the mass
transfer of FITC in bulk solution toward the SLM, leading to a
faster and more eﬃcient FITC clearance. Further increasing
the voltage from 50 and up to 100 V did not improve the FITC
clearance. At such high voltages, the EME system became less
stable due to excessive current. Interestingly, when the
direction of the electrical ﬁeld was reversed and −5 V was
applied, the FITC clearance decreased to 20%. Further
increasing the reversed electrical ﬁeld to −50 V resulted in
10% FITC clearance. In other words, extraction of FITC out of
the sample solution can be controlled largely by the direction
of the electrical ﬁeld. With the anode in the waste solution,
FITC was electrokinetically forced toward the SLM (extraction
turned “on”), while with the cathode in the waste solution
FITC was to a large degree prevented from reaching the SLM
(extraction turned “oﬀ”). But because of passive diﬀusion
FITC clearance was not zero, even with reversed polarity.
Experiments with diﬀerent extraction times are shown in
Figure 2. FITC clearance increased with increasing extraction
time up to 10 min, and after this, the system entered steadystate conditions. Thus, there was no further gain in FITC
clearance using extraction times longer than 10 min, and this
was selected as the optimal EME time.
In a new set of experiments, individual solutions of 0.1 mg/
mL cytochrome C, myoglobin, and HSA were subjected to
EME. The concentration of each protein was measured before
and after EME using ﬂow-injection analysis with UV-detection
to establish the protein retention. Interestingly, the protein
retention was between 90 and 110% for all three proteins after
10 min EME as shown in Figure 3. At pH 9.20, sample pH was
above the isoelectric point for HSA and myoglobin but slightly
below the isoelectric point for cytochrome C. Thus, although
the three proteins were under diﬀerent net-charge conditions
and two of them were negatively charged, their behavior under
EME was almost similar. This interesting observation was
investigated in more detail, by measuring the partition of the
proteins between equal volumes of aqueous borate buﬀer and

Figure 4. Representative Taylorgrams of HSA-FITC before EME
(black dotted line) and HSA-FITC after EME (red line) from parallel
1 (single data points). The curves have been normalized for visual
comparison. Insert: Taylorgrams have been normalized with regard to
signal intensity for direct comparison of peak width.
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unconjugated FITC, gave a ﬂuorescence signal primarily
originating from the HSA/FITC complex. This was conﬁrmed
by increased signal width (see inset in Figure 4), since the
hydrodynamic size of the HSA/FITC complex is larger than
FITC.
Comparing TDA data for the HSA/FITC solution before
and after EME conﬁrmed the quantitative data on FITC
clearance and protein retention reported in Operational
Parameters for Eﬃcient FITC Clearance and Protein
Retention. The FITC clearance was 92% (RSD = 3%) while
the protein retention of the HSA/FITC complex was 79%
(RSD = 18%). This further supported that EME eﬀectively
removed unconjugated FITC, while the HSA/FITC complex
remained in the sample. The diﬀerence in protein retention of
HSA/FITC complex (79%) compared to pure HSA (92%) was
attributed partly to degradation of the complex and partly to
adsorption to the walls of the 96-well ﬁlter plate.
EME Combined with Flow-Induced Dispersion Analysis. To verify the applicability of EME for extraction of
unconjugated FITC with a real sample for FIDA measurement,
a binding aﬃnity study on puriﬁed HSA/FITC complex with
anti-HSA antibody was conducted. By measuring the
dissociation constant and hydrodynamic radius using FIDA,
the conserved functionality of HSA after EME was veriﬁed.
The obtained binding curve is shown in Figure 5. The

Comparison with Existing Techniques. As discussed
above, current techniques for removal of unconjugated FITC
include gel ﬁltration, dialysis, and puriﬁcation columns for dye
removal. Fair comparison of EME with commercial products is
challenging. However, in order to put the performance of EME
into perspective, a qualitative comparison was made with
product information for current techniques43−45 EME appears
favorable in terms of high-throughput capacity (96-well
format) and price per sample (approximately 1 USD per
sample). With respect to time, EME was similar to gel ﬁltration
and puriﬁcation columns for dye removal but much faster than
dialysis. With EME, however, up to 96 samples can be
processed simultaneously. Our protein retention data with
EME were at the same level as reported with current
techniques (approximately 70−95%). FITC clearance was
very high with EME (>90%), but data for comparison were not
available from the product information used.

■

CONCLUSION
This work has for the ﬁrst time utilized EME as a method for
purifying protein samples of unconjugated FITC. The method
was shown to be eﬃcient and selective toward the
unconjugated FITC considering the high FITC clearance
and protein retention. With an extraction time of 10 min and a
96-well format, EME oﬀers quick and high-throughput
puriﬁcation. Through an antibody study and results from
FIDA, the functionality of the HSA/FITC complex was proven
to be conserved, as the data was comparable with the literature.
This showed that the composition of the SLM and the
presence of the electrical ﬁeld during EME puriﬁcation did not
aﬀect the stability of the HSA/FITC complex. This work has
shown the potential of EME as clean up method of
unconjugated FITC, though future experiments with diﬀerent
proteins and ﬂuorescents reagents are needed to test the
general applicability of the concept.

■

ASSOCIATED CONTENT

S Supporting Information
*

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.analchem.9b00730.

Figure 5. Binding curve for the interaction between HSA/FITC and a
monoclonal anti-HSA antibody in 67 mM phosphate buﬀer pH 7.4 at
25 °C. Apparent hydrodynamic radius of HSA/FITC (20 nM) as a
function of anti-HSA concentration determined by FIDA (n = 3; error
bars represent the standard deviation of 3 measurements).
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setup of EME (Figure S2), and equations (S1, S2, S3,
S4) for calculating TDA/FIDA data (PDF)
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hydrodynamic radius of the free HSA/FITC complex was
determined to 3.9 nm, and increasing anti-HSA concentrations
led to an increase in the apparent hydrodynamic radius of
HSA/FITC from 3.9 to 5.6 nm, thereby demonstrating
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