
H
i
a

T
D

a

A
R
R
A
A

K
C
H
P
W
F
U

1

s
f
c
T
a
p
d
(
t
g
s
a
s
t

0
d

Journal of Pharmaceutical and Biomedical Analysis 50 (2009) 570–575

Contents lists available at ScienceDirect

Journal of Pharmaceutical and Biomedical Analysis

journa l homepage: www.e lsev ier .com/ locate / jpba

uman serum albumin interaction with oxaliplatin studied by capillary
soelectric focusing with the whole column imaging detection
nd spectroscopic method

ibebe Lemma, Janusz Pawliszyn ∗

epartment of Chemistry, University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

r t i c l e i n f o

rticle history:
eceived 7 July 2008
eceived in revised form 18 October 2008
ccepted 20 October 2008
vailable online 5 November 2008

eywords:
apillary isoelectric focusing
uman serum albumin

a b s t r a c t

Capillary isoelectric focusing (CIEF) with whole column imaging detection (WCID) was used to investigate
drug-protein interactions. This study was designed to examine the interaction between the platinum-
based anticancer drug, oxaliplatin, with human serum albumin (HSA) in aqueous solution at physiological
pH with drug concentrations of 10 to 100 �M and a constant concentration of HSA (5.0 × 10−5 M). The
reaction mixtures were incubated for 0, 0.5, 1, 12, 24, 48 and 72 h at 37 ◦C in a water bath. The CIEF results
indicate that with increasing the drug concentration, the complex formation of protein adducts increased
compared to low-drug concentrations and major structural changes were observed as the incubation time
progressed. The altered CIEF profile demonstrated the possible conformation change due to the binding of
latinum anticancer drugs
hole column imaging detection

luorescence
V–vis absorbance

the drug. Results also showed a significant protein’s pI shift for higher HSA–oxaliplatin incubation ratios.
Furthermore, spectroscopic evidence shows that oxaliplatin caused the fluorescence quenching of HSA
by formation of HSA–oxaliplatin complex. Using the Stern–Volmer equation, the quenching constants
were calculated in the linear range. The quenching rate constants Kq at three different temperatures
indicating the presence of static quenching mechanism in the interactions of oxaliplatin with HSA. This
paper describes the validity of the CIEF-WCID technique for the study of protein–drug interactions and
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. Introduction

Capillary isoelectric focusing (CIEF) provides high-resolution
eparation of amphoteric biomolecular species based on dif-
erences of their isoelectric point in a pH gradient formed by
arrier ampholytes when an electric potential is applied [1].
his high-throughput technique offers greater resolving power
nd has become a standard method for analysis of protein and
rotein–ligand interaction. The utilization of the whole column
etection approach with UV whole column imaging detection
WCID) gives this separation technique a unique advantage over
he conventional single point detection [1–4]. For example, in sin-
le point detection, several problems are encountered during the
ample mobilization process, including protein precipitation, long

nalysis time and distortion of pH gradient. In contrast, CIEF-WCID
uccessfully eliminates the mobilization process by using the WCID
echnique.

∗ Corresponding author. Tel.: +1 519 888 4567; fax: +1 519 746 0435.
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d insight into the interaction of anticancer drugs with HSA.
© 2008 Elsevier B.V. All rights reserved.

Thanks to the advantage of on-column detection and the capa-
ility of attaining real-time monitoring of the changes in peak area,
IEF-WCID is suitable for protein–protein and protein–drug inter-
ctions. Recently, CIEF-WCID has been successfully applied in our
roup to investigate protein–DNA [5], protein–amino acid [6] and
rotein–lipid [3,7–9] interactions. Furthermore, we demonstrated
he use of this technique to determine the molecular weight of
nknown proteins [10]. CIEF-WCID is expected to make a unique
ontribution in proteomic research because of its ability to resolve
ide ranges of proteins and protein complexes that have small dif-

erences in pI in real-time. This technique is very important when
ne studies protein–ligand interactions such as protein–protein,
rotein–DNA and protein–drug.

The development of efficient and sensitive analytical methods
or the separation, identification and quantification of drug–protein
dducts is paramount for understanding the drug activity and tox-
city. The objective of the present study is to develop a CIEF-WCID

o investigate the interactions of platinum-containing anticancer
rugs, namely oxaliplatin, with a model blood protein, human
erum albumin (HSA). The structural changes of HSA are investi-
ated by monitoring the pI during the incubation of oxaliplatin with
SA. CIEF is the highest efficiency, single-dimensional separation

http://www.sciencedirect.com/science/journal/07317085
http://www.elsevier.com/locate/jpba
mailto:janusz@uwaterloo.ca
dx.doi.org/10.1016/j.jpba.2008.10.028
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Fig. 1. Structure of oxaliplatin.

ethod available for the investigation of the interaction between
roteins and ligands. This technique offers a number of advantages,

ncluding speed, high-separation efficiency, short analysis time and
educed sample consumption. Although the CIEF technique shows
number of advantages, quantitative information was chiefly pro-
ided by other techniques. In the present work, we demonstrated
he development of CIEF-WCID technique association using fluo-
escence spectroscopy to investigate the interaction between HSA
ith oxaliplatin.

To our knowledge, the investigation of oxaliplatin interaction
ith HSA by CIEF with WCID is the first report of this type of anal-

sis.
Platinum-based drugs are among the most active anticancer

gents and have been widely used in the treatment of a vari-
ty of human tumors. Over the last 30 years, a large number of
latinum analogues have been synthesized to enlarge the spec-
rum of activity, overcome cellular resistance and/or reduce the
oxicity of both first (i.e. cisplatin) and second generation (i.e. carbo-
latin) platinum drugs [11]. Of these platinum-based compounds,
xaliplatin (Fig. 1), a novel compound containing a trans-1-(R, R)-
,2-diaminocyclohexane (DACH) carrier ligand, has recently been
pproved for the treatment of metastatic colorectal carcinoma in
onjunction with fluoropyrimidines [12]. Oxaliplatin has shown
n vitro and in vivo efficacy against many tumor cell lines and
umours, including those that are resistant to cisplatin and car-
oplatin [11,13–15]. In addition to its positive effects oxaliplatin
lso shows several toxic effects. The main cumulative dose-limiting
oxicity of oxaliplatin is progressive peripheral sensory neuropathy
16,17]. It is also associated with an acute mild neuropathy, which
everses in several hours or days [16,17]. Oxaliplatin can also pro-
uce diarrhea, vomiting and haematological suppression [17–19].
owever, the mechanisms of action and toxicity are not clear.

Platinum-containing anticancer drugs are believed to induce
poptosis in cancer cells by covalently binding to DNA [20–22],
owever, they also react with a number of proteins and peptides,
uch as glutathione, which may also play a role in detoxification of
xaliplatin [23]. In addition, after these drugs are introduced intra-
enously, 65–98% of the drugs are bound to blood plasma proteins
24–26], and 40% of the blood platinum is found in erythrocytes
26,27]. While it is widely accepted that platinum–DNA adducts are
esponsible for the drug’s cytotoxicity, the role of platinum–protein
dducts in the mechanism of action and toxicity of the drug remains
nclear. Platinum–protein adducts are suggested to be the cause of
he drug’s side effects; however, there are also claims that they are
mportant to the drug’s activity [28]. Therefore, information on how
nticancer drugs interact with proteins is important for the under-
tanding of the mechanisms of action and toxicity of a drug and the
ptimization of cancer treatments.

HSA is an abundant protein that binds a variety of ligands with
typical concentration of 35–45 g l−1. HSA interferes with certain

ntitumour drugs, changing their biological activity and affect-
ng clinical activity [29]. In plasma, this protein is responsible
or distributing and metabolizing many endogenous and exoge-

ous ligands such as fatty acids, bilirubin, colic acid, metal ions,
teroid hormones and pharmaceuticals, including metallodrugs
20,24,29,30–38]. HSA contains 585 amino acids and has a molecu-
ar weight of 66,500 Da. The crystal structure shows ligand binding
ites located in the hydrophobic binding pockets in subdomains IIA
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nd IIIA, each of which contains two subdomains (IA, IB, etc.) and
s stabilized by 17 disulfide bridges and 1 free thiol at Cys-34 [39].
SA contains a single tryptophan (Trp) residue in position 214 in

ubdomain IIA. At physiological pH (7.4), HSA presents two struc-
ural isomers: N and B. Ligand binding one of the domains (II or III)
nduces conformational changes on the other domain since both
omains share a common interface. At pH 7.4, HSA tends to interact
ith positively charged species due to its negatively overall charge

40]. The molecular interaction between HSA with platinum-based
nticancer agents have been extensively studied by variety of tech-
iques [29–32,34,36,41,42].

In recent work, we investigated the effect of cisplatin and
xaliplatin on human hemoglobin [40] and described the adducts
ormation between the two analytes.

. Experimental

.1. Chemicals

Oxaliplatin (99.9%), carrier ampholytes (Pharmalytes 3.0-10.0)
nd HSA were purchased from Sigma (St. Louis, MO, USA).
olyvinylpyrrolidone (pvp) was purchased from Aldrich (Milwau-
ee, WI, USA). Water was purified with a NANOpure water system
Barnstead/Thermolyne, Dubuque, IA, USA) and had a minimum
esistivity of 18.0 M� cm. All of the chemicals employed in this
tudy were of analytical reagent and used without further purifica-
ion.

.2. Solutions and sample preparation

Stock solutions of oxaliplatin (trans-1-(R, R)-1,2-
iaminocyclohexane (DACH) oxalatoplatinum) were prepared
o a concentration of 5 mM. The HSA stock solution was pre-
ared to a concentration of 25 �M. The stock solutions were
reshly prepared everyday. All reaction mixtures were prepared in
uplicate.

.2.1. Incubation of HSA with oxaliplatin
Samples containing a physiological concentration of HSA

5.0 × 10−5 M), tryptophan (5.0 × 10−5 M) and different concen-
rations of oxaliplatin (0–100 �M) were incubated at 37 ◦C in a
hosphate buffer solution (0.1 M pH 7.4) containing 10 M NaCl for
maximum of 3 days. The pH values of all of the reaction mix-

ures were maintained at 7.4 to mimic physiological conditions.
he molar ratios of the incubated protein:drug solutions were 1:1,
:10, 1:50 and 1:100, respectively. Aliquots were taken for analysis
fter 0, 0.5, 1, 2, 6, 12, 24, 48 and 72 h.

.3. CIEF system

The CIEF experiments were pursued with a commercial iCE280
nstrument (Convergent Bioscience, Mississauga, Ont., Canada). The
ystem was equipped with a charge couple device (CCD) camera
or image collection. Separations were performed on commercial
artridges with silica capillary tubes (Convergent Bioscience), with
n effective length of 5 cm, 100 �m ID and 200 �m OD. The cap-
llary wall was coated with fluorocarbon (Restek, Bellefonte, PA,
SA) to suppress the electroosmotic flow (EOF). Focusing was car-

ied out for 2 min at 500 V and the system was set at 3000 V for the
emainder of the analysis. The catholyte and anolyte contained 1%

vp with 100 mM NaOH and 100 mM of H3PO4, respectively. The
ample, which was mixed with 0.5% pvp and 2% ampholyte (pH
–10), was manually injected with a needle. To avoid the inconsis-
ent coating efficiency, all capillaries were dynamically coated with
dditives for 30 min prior to the experiment. During the focusing
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rocess, the current was decreased from 10.8 to 4.7 �A, prior to
ompletion.

.4. Fluorescence quenching measurement

The fluorescence emission spectra of HSA in the presence
f oxaliplatin were recorded on a PTI QuantaMaster Instrument
quipped with a xenon lamp source and 1.0 cm quartz cell with
thermostat bath. Fluorescence quenching spectra were collected
y recording the fluorescence emission wavelength from 300 to
00 nm at an excitation wavelength of 390 nm, and with the slit
idth 5.0 nm. Freshly prepared HSA and oxaliplatin solutions were
ixed in 1:n ratios as previously described.

. Results and discussion

.1. CIEF investigation of oxaliplatin–HSA interaction

We have developed a CIEF technique to investigate the adduct
ormation between HSA and oxaliplatin in aqueous media, mim-
cking physiological conditions. The standard CIEF profile of HSA
howed one peak (Fig. 2). The focusing time took 8 min. Within
he 8 min focusing time, no peak distortion or intensity changes
ere observed. However, the peak area gradually started changing
ith a minor increase of the incubation ratio, and with higher oxali-
latin concentrations, the peaks altered drastically and diminished,
hich indicates the adduct formation between the two analytes.

igs. 2 and 3 show typical CIEF separation profiles for HSA (con-
rol) and HSA–oxaliplatin adducts in buffer solution. This result is in
xcellent agreement with previous hemoglobin-oxaliplatin studies,

hich demonstrated that oxaliplatin induces structural alterations
hen incubated with proteins.

Fig. 2 illustrates drug-free HSA (control) separated by CIEF con-
aining two pI markers (4.65 and 7.05). It should be mentioned
hat the two pI markers were used to observe possible pI shifts

ig. 2. The CIEF analysis of HSA (10 �M) incubated for 72 h at 310 K. For the CIEF
nalysis, a sample solution (400 �l) containing 2% pharmalytes (pH 3.0–10.0), pI
arkers (pI 6.14 and 8.40) and 0.5% PVP was injected into the capillary by pressure

sing a syringe. The catholyte and anolyte were 100 mM NaOH and H3PO4 consecu-
ively. The focusing voltage was set at 500 V for 2 min and 3000 V for the remainder
f the focusing period. The observed pI variations may arise from small changes of
he capillary inner wall properties during successive runs.
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uring the incubation progress. In the absence of the drug, the
lectropherogram of HSA contains only one distinct peak, which
s characteristic of this protein. The pI value of the HSA is approx-
mately 5.7. However, a minor fluctuation can be observed due to
n inconsistency in the manufacturing of the separation cartridges
nd focusing time. As shown in Fig. 3(a), no significant change was
bserved for the first 6 h of the incubation period. However, as
he incubation time progressed from 6 to 12 h, the peak intensity
tarted to decrease accompanying on increase in peak width of the
rofile. A small pI shift is also observed in going from a 12 to 72 h

ncubation time; this is most likely due to the early stage of adduct
ormation between the two analytes, accompanying the alteration
f HSA surface properties.

The CIEF profile for the reaction mixtures that contain
SA–oxaliplatin (1:1, 1:10, 1:50 and 1:100 molar ratios) is shown

n Fig. 3(a)–(d). From Fig. 3(a), it is seen that as the incubation ratio
eached 12 h, the area of the CIEF profile of HSA increased, which
ndicates the stage at which the adducts start forming between the
wo analytes. However, the profile indicates no pI shift or struc-
ural change within the 72 h incubation time. This indicates that
he structural change was less evident at low-drug concentration.
rom Fig. 3(a), we also observed that the CIEF profiles are identical
o that obtained in Fig. 2.

Fig. 3(b)–(d) shows the CIEF profile of HSA–oxaliplatin adducts
n 1:10, 1:50 and 1:100 molar ratios, incubated at 37 ◦C under the
ame CIEF conditions. The spectral profile of Fig. 3(b) (1:10 molar
atio) shows the protein was markedly affected by the complexa-
ion with oxaliplatin. For short incubation times (0–6 h), in contrast
o Figs. 2 and 3(a), a minor pI shift was observed after 1 h of incuba-
ion. Also shown in Fig. 3(b) is the increase of spectral width. When
he incubation time progressed from 1 to 72 h, the relative inten-
ity of the peaks was decreasing as a function of incubation time.
lthough the pI shift was not significantly changed between the

ime frame of 12–72 h, the drug induced structural alteration of the
rotein structure. This demonstrates the stage at which the adducts
re formed between the two analytes. The decreasing intensity and
ncreasing area of the CIEF profiles further demonstrate the effect
f the drug on the protein structure.

The pattern of the electropherograms recorded for samples
ontaining 1:50 and 1:100 molar ratio of HSA–oxaliplatin showed
ubstantial differences from the other samples (1:1 and 1:10 molar
atio). As shown in Fig. 3(c) and (d), there is a concentration and
ime-dependent CIEF profile alteration and structural breaking
own into fragments, or forming aggregates of the protein adducts.
lthough similar CIEF profiles were observed for the two incubation
atios, the degradation kinetics shows a minor difference between
he two samples. In the case of Fig. 2(c) (1:50), the distortion of
he protein adducts started after 6 h of incubation time, followed
y peak shape changes. These are the expected results since the
ample contains a smaller amount of oxaliplatin compared to that
f the 1:100 ratio. It can also be seen that the CIEF profile exhibits
I shift, suggesting that adducts form between the two analytes. As
ime progressed, the adducts formed completely dissociated after
2 h of incubation time, which suggests that the drug-protein ratios
re approaching saturation of the protein binding sites. Previously,
e had shown that there is a biologically significant interaction
etween protein (Hb A) and oxaliplatin [40]. Similar behavior was
bserved when oxaliplatin incubated with Hb at the two ratios
1:50 and 1:100). However, for 1:100 molar ratio, the dissociation
f the adducts starts after 6 h, which suggested that the kinetic

ransformation was faster compared with the lower molar ratio
1:50). These two samples show very different behavior under
he same separation conditions. One of the significant differences
etween the two samples was the relatively broader peak shape
or the 1:100 molar ratios. This broader peak starts appearing
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ig. 3. Electropherograms representative of binding of HSA with oxaliplatin: (a) 1:1
or 3 days at 310 K. Appropriate amounts of the incubated samples were removed a
nd 9.77) for each CIEF run. Catholyte and anolyte were 100 mM NaOH and H3PO4. O
ue the formation of fragments after 24 and 48 h incubation time. For all solutions,
escribed in Fig. 1.

fter approximately 1 h of incubation time. When the incubation
ime reached 12 h, the peak almost disappeared and the fragments
f the adducts appeared. One possible explanation was that the
ormed adduct was breaking down or changing to other species
s incubation time progressed. It has been shown in a number of
revious studies that HSA contains platination sites such as Met,
is, or S–S bonds [34]. Since the S–S bridge is responsible for the

tabilization of HSA, a high concentration of oxaliplatin might
leave the S–S bridge. This may lead to the activation of the protein
ggregate, which was observed in our experiments for the two
igher incubation ratios (1:50 and 1:100).

.2. Fluorescence quenching spectra and quenching mechanism
Fluorescence quenching can be described by the Stern–Volmer
quation [43]:

F0

F
= 1 + Kq�0[Q ] = 1 + KSV[Q ] (1)

l
s
i
d
k

:10, (c) 1:50 and (d) 1:100 molar ratios. The drug-protein mixtures were incubated
ixed with 0.5% PVP, 2% pharmalytes (pH 3.0–10.0) and pI markers (4.65, 7.05, 8.40
tropherogram (c) and (d), the pI markers were not mixed with the running sample

tal concentration of HSA was constant: 5.0 × 10−5 M. The separation conditions are

here F0 and F are the fluorescence intensities in the absence
nd presence of the quencher, Kq represents the quenching rate
onstant, KSV the Stern–Volmer dynamic quenching constant, �0
10−8 s) [44] the average lifetime of the biomolecule without
uencher, and [Q] is the concentration of the quencher respectively.
he KSV and Kq values are calculated from the linear plot of F0/F
gainst the drug concentration, [Q]:

q = KSV

�0
(2)

There are two kinds of fluorescence quenching: dynamic and
tatic. These two mechanisms can be distinguished from each other
y their differing dependences on temperature and excited-state

ifetime. The Ksv value decreases with an increase in temperature for
tatic quenching, but there is a reverse effect on dynamic quench-
ng. For higher temperatures, the diffusion constant increases,
ue to the dissociation of weakly bonded complexes. It is well
nown that the maximum scattering collision quenching constant
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Fig. 4. Fluorescence spectra of HSA (5.0 × 10−5 M): different concentrations of oxaliplatin: curves (1)–(14), 0, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0, 14.0, 16.0, 18.0, 20.0, 50.0 and
100.0, respectively: (a) 298 K, (b) 310 K.

Table 1
Stern–Volmer dynamic quenching constants and quenching rate constant of HSA
and oxaliplatin at different temperatures.

pH T (K) KSV (l mol−1) Kq (l mol−1 s−1) R

7.40 298 1.480 × 103 1.480 × 1011 0.997
7
7

o
2
t
T
b
c
c

v
t
c
c
i
o

F
c
1

F
t

4

.40 310 1.120 × 103 1.120 × 1011 0.993

.40 320 1.089 × 103 1.089 × 1011 0.996

f various quenchers with biological macromolecules is about
.0 × 1010 l mol−1 s−1. For HSA–oxaliplatin as shown in Table 1,
he quenching constant is much higher than 2.0 × 1010 l mol−1 s−1.
he Ksv decrease with temperature increased. Therefore, it can
e concluded that the quenching was not initiated by dynamic
ollision but probably initiated by static quenching resulting from
omplex formation between HSA–oxaliplatin.

Figs. 4–6 show the fluorescence emission spectra for HSA with
arious molar ratios of oxaliplatin at pH 7.4, excited at 290 nm and
he Stern–Volmer plot, respectively. As the data shows, the fluores-
ence spectra of HSA progressively decreased with the increasing

oncentration of oxaliplatin. These observations can be rationalized
n terms of interactions between oxaliplatin and HSA and formation
f complexes between the two analytes.

ig. 5. Fluorescence spectra of HSA (5.0 × 10−5 M) in the present of different con-
entration of oxaliplatin at 320 K: curves (1)–(14), 0, 1.0, 2.0, 4.0, 6.0, 8.0, 10.0, 12.0,
4.0, 16.0, 18.0, 20.0, 50.0 and 100.

a
a
f
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w
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w
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o
t
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b
a

ig. 6. Stern–Volmer plot for the binding of HSA–oxaliplatin at different tempera-
ures (298, 310 and 320 K).

. Conclusion

CIEF-WCID allows us to monitor the pI shift and structural alter-
tion of the protein, when interacted with ligands such as the
nticancer agents (oxaliplatin). Several conclusions can be drawn
rom the results presented here. First, the experimental results
emonstrate the significant effects of oxaliplatin on the structural
tability of HSA when incubated for a maximum 72 h at physio-
ogical pH. Second, on the basis of the data presented here, it may
e hypothesized that oxaliplatin may have multiple binding sights
n HSA, and, at higher molar ratios, oxaliplatin may cleave the S–S
ond, which is responsible for the stability of the protein. Previous
ork suggested that cisplatin, the another platinum-based anti-

ancer drug, interacts with multiple sights on HSA when incubated
ith the protein [42]. Furthermore, quenching of the intrinsic flu-

rescence of HSA reinforces the formation of the HSA–oxaliplatin
omplex.

Finally, CIEF-WCID can help to elucidate the anticancer mode
f action regarding the affinity toward proteins. However, the
echnique can be considered as a complementary rather than a

ompetitive technique, because the method exhibits specific ranges
f applicability, advantages and disadvantages. For instance, with
ano-ESI-MS/MS, the dissociation constant and binding sites may
e determined, while with CIEF only adduct formations and pI shifts
re observed.
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