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Determination of drug–protein binding using supported liquid
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Abstract

A technique for determination of drug–protein binding based on a membrane extraction technique termed “equilibrium sampling through
membrane (ESTM)” is presented. It involves the establishment of an equilibrium between an aqueous buffer and either a blood plasma sample
or a matched buffer, both containing the drug. Analysis of the aqueous buffer in the two cases gives the drug–protein binding. The principle
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ypasses some sources of systematic error found with common techniques for this measurement based on e.g. ultrafiltration,
he equilibrium conditions without disturbing the sample. The technique is applied to some local anesthetic drugs as model subs
wo alternative ways for the evaluation are presented. Results with these evaluation methods are compared with literature va
rug–protein binding of these compounds. It is found that the drug–protein binding values obtained are lower than literature value
ttributed to reduced systematic error.
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. Introduction

The binding of a drug with blood proteins is an impor-
ant process in determination of the activity and fate of a
harmaceutical agent once it has entered the body. The drug
inding to specific plasma transport proteins (human serum
lbumin—HSA,�1-acid glycoprotein—AAG, lipoproteins,
tc.) is an integral part of different intermolecular interactions

n a living organism[1,2]. These bindings can be important in
etermination of the overall distribution, excretion, activity
nd toxicity of a drug.

The techniques used for determination of drug–protein
inding in vitro are based on one of the following proce-
ures: separation of free and protein-bound fractions and de-

ermination of the concentration of free ligand, or detection

∗ Corresponding author. Tel.: +46 46 222 8169; fax: +46 46 222 4544.
E-mail address:jan ake.jonsson@analykem.lu.se (J.Å. Jönsson).

of a change in a physicochemical property of the compl
ligand and binding protein[3,4].

The evaluation of the binding of drugs with plas
proteins is complicated because of low analyte concentr
(0.1–10 ng mL−1 level), very low free drug concentrati
(protein binding can reach 99%), sample matrix comple
and sample volume limitation. Thus, the sample prepar
is crucial in the analysis of drugs in biological samples
includes both analyte preconcentration and sample clea
[5].

The most frequently employed methods for determ
tion of protein binding are conventional methods suc
dialysis, ultrafiltration and ultracentrifugation[2]; chromato
graphic methods such as affinity chromatography[6,7] and
high-performance size-exclusion chromatography[8–11],
and capillary electrophoresis[12–14]. Because of the lim
itations of the applied methods, including long period
analysis, nonphysiological conditions (pH, presence o
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ganic solvents), low concentrations of the free drug (even
under the detection limit), complicated processes of automa-
tion, etc.[1,2] there has been continuing research to find bet-
ter, faster and more convenient approaches for the analysis
of drug–protein binding.

For the determination of drugs in biological matrices
several studies have been reported on alternative extraction
techniques, including supported liquid membrane (SLM) ex-
traction[15–17]and liquid phase micro extraction[5,18,19].
In the SLM technique, aqueous samples containing different
drugs are pumped at one side of a microporous membrane,
and the drugs are extracted into an organic solvent immobi-
lized in the membrane pores and then into an acceptor solu-
tion on the other side of the membrane. Either very thin flat
membranes or hollow fiber membranes can be used for this
purpose. The advantages of SLM extraction over other meth-
ods for drug determination are small sample volumes, short
analysis times, low consumption of organic solvent for ex-
traction, possibilities to work under physiological conditions
and an excellent possibility for connection with various an-
alytical instruments, possibly with automation of the whole
process[20]. There are a number of applications of the SLM
extraction method connected with GC, HPLC and CE in the
analysis of drugs in blood plasma samples, such as analysis of
Amperozide and its metabolite[21], various local anesthetics
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the analyte is converted to a non-extractable form and thus
trapped.

The overall mass transfer process under steady-state con-
ditions consists of three mass transfer processes: the mass
transfer in the donor phase, in the membrane (organic solu-
tion) phase and in the acceptor phase[25]. The overall mass
transfer coefficient is given by the equation:

1

k
= 1

kD
+ 1

kMKD
+ KA

kAKD
(1)

where the three terms refer to the donor, membrane and ac-
ceptor phases, respectively, and the symbols are defined in
the list of symbols. J̈onsson et al. have developed in detail
the mass transfer theory for analytical enrichment and sam-
ple preparation using SLM extraction in a flow system with
stagnant acceptor phase[26]. The presence of the analyte in
extractable and nonextractable forms in both the donor and
the acceptor phase are included in this theory through the pa-
rametersαD andαA, respectively, which signify the fraction
of analyte in extractable form. The overall mass transfer co-
efficient depends on these parameters and can be expressed
as:

1

k
= αD

kD
+ 1

kMKD
+ αAKA

kAKD
(2)
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22] etc. In these applications it was seen that drug–pr
inding decreased the extraction efficiency when pla
amples were extracted compared to water solutions.
his difference reasonable values of the drug–protein bin
atio could be calculated[21,22]. Essentially the same pri
iple was applied to the analogous problem of metal-hu
cid binding in environmental applications[23].

Another principle for measurement of interactions
LM extraction is the principle of equilibrium extractio
ased on the work on incomplete trapping by Chimuk
l. [24]. This principle permits measurements of unbo

ractions of the analyte without disturbing any equilib
nd has potential applications both in biological and e
onmental problems. This study is the first application
LM extraction under equilibrium conditions to deter
ation of drug–protein binding, using local anesthetic
odel compounds. To carry this out, the physiological co

ions were simulated and the local anesthetics were extr
rom pure, undiluted plasma. The conditions in the acce
hase were adjusted to achieve equilibrium extraction

ncomplete trapping and to avoid any influence on the equ
ium between the protein–drug complex and the free dru
lasma.

. Theory

SLM extraction consists of two processes: extractio
n analyte from the donor phase into an organic solvent
ted in membrane pores, and a simultaneous back-extr

rom the organic phase into an aqueous acceptor phase,
urther, the rate of the mass transfer is proportional to
oncentration difference,�C, over the membrane, which c
e written as[24]:

C = αDCDKD − αACAKA (3)

hereCD is the mean concentration of analyte in the do
hase, approximately equal to the average value of i

otal concentration of analyte in the donor phase (CI ) and
he concentration of analyte in the donor waste accumu
rom the start of the experiment (CW).

In most applications of SLM extraction, the conditions
et so that the second term in Eq.(3) is negligible (αA ≈ 0)
ndαD is close to 1. For basic compounds, this means

he acceptor pH should be at least 3.3 pH units below theKa
f the basic compound and the donor pH above the samKa

26]. Then the analyte will be trapped in the acceptor p
ndCA increases gradually during the extraction, usuall

o values well overCD. The rate of mass transfer is consta
he enrichment factorCA/CD increases linearly with tim
ndCA is proportional both toCI and extraction time. The
re the conditions of complete trapping, which are usu
ttempted for sample preparation and sampling. Ther
any applications for this situation[27–29] and this is no

urther discussed here.
However, whenαA > 0, i.e. with higher acceptor pH va

es (for basic compounds) the second term in Eq.(3) will
ncrease as the extraction proceeds, and the rate of mass
er will decrease and eventually approach zero. Then ex
ion finishes and the entire system is in equilibrium. At th
onditions,CI =CD =CW. If the extraction is performed
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a flow system, so the donor is continuously replenished, the
equilibrium conditions in the donor represent the situation
in the original sample; any equilibrium in which the analyte
participates is undisturbed. Alternatively, if the extraction is
performed in a batch or recycling mode, it is necessary that
the volume of sample be large enough that the analyte con-
centration is not influenced by the extraction, which will ap-
proximate the situation of undisturbed equilibria.

According to Eq.(3) the maximum concentration enrich-
ment factor is reached at equilibrium and this can be ex-
pressed by:

Ee(max)=
(

CA

CI

)
max

= αDKD

αAKA
(4)

When the extraction conditions are set so thatKD can be
assumed to be close toKA (if the ionic strengths and compo-
sitions of the donor and acceptor phase are similar), then the
maximum concentration enrichment factor is approximated
by:

Ee(max)= αD

αA
(5)

If the studied analyte is a weak base or a weak acid (all
local anesthetics investigated in the work reported herein are
weakly basic amines), and there are no complexing reactions
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in this way. Although giving reasonable results, this prin-
ciple could be questioned as the drug–protein equilibrium
is shifted. On the other hand, there is a potential possibil-
ity to study the kinetics of the drug–protein binding (not
published).

If, instead, extraction is performed until equilibrium is
reached, the drug–protein equilibrium is not affected; in fact
it becomes possible to sense the position of this equilibrium
without influencing it. To reach this situation, it is necessary
that the total concentration of the drug in the plasma sample in
equilibrium with the membrane and acceptor does not change
significantly during the extraction. In other words, the plasma
sample should have enough volume compared to the mem-
brane and acceptor, so the total amount of drug in the latter
phases is negligible compared to that in the plasma sample.
This can be achieved either by using miniaturized membrane
equipment, or, as in the work reported herein, by pumping
the plasma sample past the membrane, so that when equilib-
rium is established, the membrane is in equilibrium with an
undisturbed plasma sample.

When equilibrium between all phases is established, the
αA from Eq. (6) is still valid, butαD has to be modified in
order to include the effects of the protein binding:

αD = αPαDd (8)
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e.g. protein binding), the fraction of analyte in extracta
i.e. non-charged) form, depends on the pH both in the d
nd in the acceptor phase[26]:

i = Ka

[H+]i + Ka
, i = A, D (6)

Further, for a drug in blood plasma, equilibrium betw
he protein–drug complex and the free drug in plasma is e
ished. The reversible interaction of the drug (A) and pla
roteins (P) can be described generally by the equation

+ mA ⇔ PAm (7)

As these drug–protein binding reactions (trans
rotein–drug) are non-covalent, the equilibrium can easi
hanged with changing conditions, for example pH-chan

If blood plasma spiked with a drug is in contact with
rganic phase in the SLM contactor, two equilibrium re

ions occur: the equilibrium between free drug and pla
roteins (Eq.(7)), and the equilibrium between free drug
xtractable form and in the organic phase. Additionally
cidic or basic drugs, there is the pH-dependent equilib
etween charged and non-charged (extractable) form o
rug.

When the conditions for donor-controlled extraction w
omplete trapping are established, the extraction of free

nto the organic phase influences (and shifts) the equilib
etween the protein drug complex and the free drug in
lasma. J̈onsson et al. included this phenomenon in the th
f mass transfer kinetics for analytical enrichment[24] and
tudies of drug–protein binding[21] have been performe
hereαP is the fraction of drug not bound to protein, a
Dd is the uncharged fraction of the non-bound drug du

he dissociation equilibrium. The latter is calculated dire
rom Eq. (6) with i = Dd. Thus, for equilibrium extractio
f a drug–protein solution (i.e. plasma containing drug)

ollowing is valid

P
e(max)=

αPαDd KP
D

αA KA
(9)

Subscript and superscript p refer to conditions in
lasma solution. AsαA andαDd can be easily calculated
Ka is known, determination ofCA after attainment of equ

ibrium permits the calculation of the free drug concentra
n plasma using SLM extractions under equilibrium con
ions and incomplete trapping of analyte, and thereby a
imation of the drug–protein binding ratio is enabled. T
dditionally requires either the assumption that the part
oefficientsKD andKA are equal, or, for the best accura
nowledge of their values.

A very simple estimate of the drug–protein binding ra
an be obtained by measuringCA after equilibrium extractio
f drug solutions with the same total drug concentrationsCD,

rom both plasma (CP
A) and aqueous buffer (CA). From Eqs

4) and (9), we obtain:

P = CP
A αD KD

CA αDd KP
D

(10)

f it can further be assumed thatαD =αDd andKD = KP
D, ne-

essitating a proper matching for the pH and ionic stre
etween the aqueous buffer and the plasma solution, we
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Table 1
The main characteristics of studied local anaesthetics

Name pKa Extraction from phosphate
buffer

Extraction from citrate
buffer

Protein binding (%)

KD KA KD KA

Prilocaine 8.0a 7.9b 29.4 7.1 18.4 4.2 55c

Ropivacaine 8.9a 8.1d 124 15.8 111 17.9 90e

Lidocaine 8.5a 7.8f 32.2 7.1 40–60c

Bupivacaine 8.9a 8.1b 280 42.7 95e

Mesocaine 8.6a 115 14.5 50–70g

Partition coefficients are determined as described in the text, and given at the lowest pKa value for each compound.
a Calculated by the program ACD/pKa DB (Advanced Chemistry Development Inc., Toronto, Canada).
b Ref. [31].
c Ref. [32].
d Ref. [33].
e Ref. [34].
f Ref. [35,36].
g Estimated, T. Arvidsson, personal communication.

to the following simple relation:

αP = CP
A

CA
(11)

3. Experimental

3.1. Chemicals and reagents

The local anesthetics studied (Prilocaine, Lidocaine, Ropi-
vacaine and Bupivacaine) were obtained as hydrochloride
salts from Astra Pharmaceutical Production (Söderẗalje, Swe-
den). Mesocaine was synthesized at Astra Pain Control
(Söderẗalje, Sweden). The main characteristics of the studied
compounds are given inTable 1.

Stock solutions (200 mg dm−3) were prepared in water
and stored at 4◦C. Aqueous working solutions were prepared
daily from the stock solution.

The donor solution contained 0.5–2.5 mg dm−3 of individ-
ual local anesthetics in buffer solution. Two buffer solutions
were used in the experiments: 0.067 mol dm−3 phosphate
buffer and citrate buffer both at pH = 7.53. Citrate buffer con-
tained approximately the same concentration of components
of anticoagulants (0.01 mol dm−3 citric acid, 0.07 mol dm−3

s −3 te
a en-
t
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U at
− pt at
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p riate
a
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a

em-
b bH,

Dassel, Germany) was impregnated by soaking in di-hexyl
ether with 5% tri-octylphosphine oxide (TOPO) for at least
20 min.

3.2. Equipment

An automatic sample processor ASPEC, Model 232
(Gilson S. A., Villiers-le-Bel, France) was employed for the
on-line-extraction (seeFig. 1). It consisted of an autosam-
pling injector, two dilutors (Gilson, Model 401) and a six-port
switching valve. This equipment is described in more de-
tails in Refs.[21,30]. The extraction of the target substances
is realized in a membrane module, which consists of two
blocks (one made of PVDF and another of PTFE) with iden-
tical channels, dimensions 0.1 mm× 2.5 mm× 40 mm, with
a nominal volume of 10�L. This type of membrane module
is described in more details in Refs.[20–22,24,30].

The HPLC system consisted of an isocratic pump
(Kontron Instruments HPLC Model 422), a column
(250 mm× 4.6 mm, 3�m, Ace 3 C18, Advanced Chro-
matography Technologies, Scotland), LC-detector (LC spec-
trophotometer, Lambda-Max Model 480, Waters) at 210 nm.
A mobile phase consisting of 30% methanol and 70%

F ) ex-
t

odium citrate, 0.01 mol dm sodium dihydrogenphospha
nd 0.08 mol dm−3 glucose) as their corresponding conc

rations in plasma.
Blank plasma was obtained from the blood center, L

niversity Hospital (Lund, Sweden) and kept frozen
20◦C. The plasma was thawed, centrifuged and ke

oom temperature during the day of analysis. The sp
lasma solutions were obtained by adding approp
mounts of drug solution to the blank plasma.

The acceptor solutions were either 0.067 mol dm−3 phos-
hate buffer in the pH range from 4.0 to 7.0 or citrate bu
t pH = 7.0.

The microporous poly(tetrafluoroethene) PTFE m
rane (TE 35 membrane filter, Schleicher & Schuell Gm
ig. 1. Schematic of the setup for supported liquid membrane (SLM
raction. Redrawn after ref.[21].
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0.025 mol dm−3 phosphate buffer at pH 2.5 was pumped with
a flow rate of 0.8 cm3 min−1.

3.3. Operation

A new membrane was mounted in the membrane contac-
tor and washed with donor and acceptor solution at a flow
rate of 200�L min−1 until 5 cm3 of the buffer had passed on
both sides. The same procedure was applied for washing the
membrane between the extraction cycles.

Different volumes (0.25–8 cm3) of donor phase (drug so-
lution in buffer or plasma) were pumped through the donor
channel at constant flow rate (35�L min−1). The acceptor
phase was stagnant during the extraction process. When the
whole sample had passed through the membrane contactor,
acceptor solution (100�L) was pumped through the acceptor
channel to transfer the whole enriched plug into the injection
loop and subsequently to the HPLC column.

3.4. Determination of partition coefficients

The partition coefficient for the analytes between the
donor aqueous phase and organic phase, as well as the parti-
tion coefficient between organic phase and acceptor aqueous
phase, were determined using batch extraction as described
in reference[24]. The partition coefficient was determined
f was
s xyl
e em-
p s and
o nalyte
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K
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hase
i ) for
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w e
p

K

w

4

4

as a
l und

and free analytes in plasma[36]. Since the drugs are mostly
bound to plasma proteins in their non-charged form, decreas-
ing pH reduces the protein binding for basic compounds due
to the increase in the cationic form of the drug[35]. On the
other hand, this might be counteracted by electrostatic bind-
ing of the cationic form of the drug to anionic sites on the
proteins. However, it is known[37] that acidosis decreases
the protein binding of drugs, influencing their pharmacolog-
ical activity. As the pH of blood plasma is typically 7.5, the
protein–drug binding would not be maximal in untreated, na-
tive plasma sample. In view of this, and to be able to study the
drug–protein binding at native conditions, the pH of donor
solutions, i.e. buffer solutions of drug and spiked plasma, was
held constant and equal to 7.53 in all the experiments.

As discussed above, the extraction efficiency of the SLM
extraction is also controlled by the acceptor pH, which is
a limiting factor in attainment of high extraction efficiency.
The acceptor pH should be at least 3.3 pH units below the
pKa of the basic compound in order to achieve complete trap-
ping in the acceptor solution, i.e. the equilibrium will not be
attained within reasonable time periods[26]. For higher pH
values less enrichment is expected and equilibrium will be
attained after relatively short time. The values of pKa for the
investigated local anesthetics are given inTable 1. Two dif-
ferent values of pKa for some drugs are calculated using the
p nt
I s of
p

c ionic
s m
p e
w
t . The
e ac-
c the

F
a ceptor
p
T se
w

or each local anesthetic separately. The donor solution
haken in an extraction funnel with 5% TOPO in dihe
ther (in 5:1 phase volume ratio) for 15 min at room t
erature. The mixture was left to stand and the aqueou
rganic phases were separated. The concentration of a

n the aqueous donor phase was measured before (C1) and af-
er (C2) extraction using the HPLC system described ab
ndKD was calculated according to:

D = Corg

C2 αD
; Corg = (C1 − C2)

Vaq

Vorg
(12)

hereCorg is the calculated concentration in the orga
hase, andVaq andVorg are the volumes of the phases.

Then, the analyte was re-extracted from the organic p
nto the acceptor aqueous phase (in 1:2 volume ratio
5 min at room temperature. The concentration of an
as measured in the acceptor (C3) after separation of th
hases andKA was calculated as:

A = C′
org

C3 αA
; C′

org =
(

Corg − C3
V ′

aq

Vorg

)
(13)

hereC′
org andV ′

aq refer to the second extraction.

. Results and discussion

.1. Optimization of the SLM extraction

For dissociable compounds, the pH of the sample h
arge influence on the equilibrium between protein-bo
rogram ACD/pKa DB (Advanced Chemistry Developme
nc., Toronto, Canada) and from the literature. The value
Ka from the literature are specified at 37◦C [37].

The time variation of the enrichment factor,Ee for Prilo-
aine at different pH of acceptor phase, with the same
trength of the donor and acceptor phase (0.067 mol d−3

hosphate buffer) is shown inFig. 2. The donor flow rat
as constant in all the experiments (0.035 cm3 min−1) and

he acceptor phase was stagnant during the extraction
nrichment factor decreases with increasing pH of the
eptor phase, as the fraction of analyte in active form in

ig. 2. The time variation of enrichment factor for Prilocaine,Ee at different
cceptor phase pH values. The ionic strengths of the donor and ac
hases are the same, 0.067 mol dm−3 phosphate buffer,CI = 2.5 mg dm−3.
he donor flow rate was constant, 0.035 cm3 min−1, and the acceptor pha
as stagnant with pHA as follows:♦ = 4.8,� = 6.0,© = 6.5,� = 7.0.
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Fig. 3. Dependence of maximum enrichment factor,Ee(max), for Prilocaine
on acceptor pH.� = experimentally obtained values,© = calculated values
of Ee(max)using Eq.(4).

acceptor phase,αA, increases from 0.0006 to 0.0909 with
increasing acceptor pH from 4.8 to 7.0. It is evident from
Fig. 2that the time required for the establishment of steady-
state conditions also depends on acceptor pH. For example,
in the case of the incomplete trapping (acceptor pH equal to
7.0) equilibrium conditions were established in a very short
time (10 min), while for acceptor pH equal to 4.8, equilibrium
conditions were not established during the longest extraction
time (450 min). At the plateau, the concentrations (more pre-
cisely: the activities) of uncharged analytes in the acceptor
and donor phases are equal, so the system reaches equilibrium
and the flux ceases.

Fig. 3. shows the dependence of the maximum enrichment
factor for Prilocaine on the acceptor pH. The experimen-
tal values are obtained from SLM extraction of Prilocaine
at constant flow rate (0.035 cm3 min−1) and the same ionic
strength of donor and acceptor phase (0.067 mol dm−3 phos-
phate buffer). The acceptor pH was changed from 4.8 to 7.0
in different experiments. In the cases of the low acceptor pH
when the equilibrium was not established, the maximum en-
richment factor was obtained by mathematical extrapolation
of the experimental values. Also, for comparison, the values
of the maximum enrichment factor calculated using Eq.(4)
and experimentally obtained values ofKA andKD (Table 1)
are shown inFig. 3. It is evident fromFig. 3 that the experi-
m .

4
c

tion
o ves-
t
c from
d nor
a onor
w e pH
o om-

Fig. 4. The time variation of the enrichment factor for Prilocaine. The to-
tal Prilocaine concentrations in donor phase were: (a) 2.5 mg dm−3, (b)
1.0 mg dm−3, and (c) 0.5 mg dm−3. The donor flow rate was constant,
0.035 cm3 min−1, the acceptor phase was stagnant.� = donor and accep-
tor: phosphate buffer,� = donor: spiked blood plasma, acceptor phosphate
buffer, © = donor and acceptor: citrate buffer,� = donor: spiked blood
plasma, acceptor citrate buffer, in all cases pHD = 7.53 and pHA = 7.00, con-
centrations of both buffers was 0.067 mol dm−3.

plete trapping was accomplished. SeeFig. 2. Two different
buffer systems were used: 0.067 mol dm−3 phosphate buffer
and citrate buffer. Both buffers contained similar concentra-
tion of components as their corresponding concentrations in
plasma in order to better approach the conditionKD = KP

D.
Fig. 4a and c shows time dependences of the enrich-

ment factors in Prilocaine extraction for phosphate and citrate
buffers. It is evident that there is a slight difference between
values of the enrichment factors for Prilocaine obtained by the
extractions from phosphate and citrate buffers. The difference
is slightly higher at the lower concentration (0.5 mg dm−3)
of Prilocaine in the donor phase.

Extraction of Prilocaine from plasma that was spiked with
Prilocaine is also shown inFig. 4. It is evident fromFig. 4b
and c that the enrichment factor is lower for Prilocaine extrac-
tion from plasma than from buffer. However, in the case of
the highest studied Prilocaine concentration (2.5 mg dm−3),
shown inFig. 4a, the differences of the enrichment factors
between Prilocaine extraction from plasma and the buffer so-
lution are less significant. This could be attributed to high
concentration of Prilocaine and relatively weak protein bind-
ing.
ental data and the calculated values agreed very well

.2. Extraction of local anesthetics at equilibrium
onditions from buffer solution and plasma

The influence of the type of buffer solution on extrac
f local anesthetics (Prilocaine and Ropivacaine) was in

igated and results are presented inFigs. 4 and 5. Different
oncentrations of the local anesthetic were extracted
ifferent buffer solutions. The ionic strength of the do
nd acceptor buffer solutions was equal; the pH of the d
as constant and equal to 7.53, which is the same as th
f plasma. The pH of the acceptor was 7.0 so that inc
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Fig. 5. The time variation of the enrichment factor for Ropivacaine. The total
Ropivacaine concentrations in the donor phase were: (a) 2.5 mg dm−3, (b)
1.0 mg dm−3, (c) 0.5 mg dm−3. Notation and other conditions are the same
as inFig. 4.

Fig. 5a and c shows the time dependence of the enrichment
factors in Ropivacaine extraction for phosphate and citrate
buffers. As in the case of the Prilocaine extraction, a slightly
higher enrichment factor is obtained for extraction of Ropi-
vacaine from phosphate buffer than from citrate buffer.Fig. 5
also shows the extraction of Ropivacaine from spiked plasma
at different concentrations of Ropivacaine in donor phase. It
is clear that under the given conditions, for all studied concen-
trations of Ropivacaine, the enrichment factor is significantly
lower for the extraction from plasma than from any applied
buffers, signifying a stronger protein binding of this drug than
of Prilocaine.

The dependencies of the drug extractions on drug concen-
trations in the donor phase can be seen inFigs. 4 and 5. The
enrichment factor decreases slightly from 3.8 to 2.9, and from
6.7 to 5, for Prilocaine and Ropivacaine, respectively, when
increasing of the drug concentration in the donor solution
from 0.5 to 2.5 mg dm−3.

The extractions of three more local anesthetic amines
were studied. The time dependencies of the enrichment fac-
tor for Lidocaine, Bupivacaine and Mesocaine are shown in
Figs. 6–8, respectively. As observed for Prilocaine and Ropi-
vacaine extractions, the enrichment factors of the other local
anesthetics were lower from plasma compared with phos-
phate buffer solution. The ratio of the enrichment factors be-

Fig. 6. The time variation of the enrichment factor for Lidocaine. The total
Lidocaine concentration in the donor phase was 0.5 mg dm−3. The donor
flow rate was constant, 0.035 cm3 min−1, and the acceptor phase was stag-
nant. The acceptor was a phosphate buffer with pHA = 7.0;� = the donor
was a phosphate buffer with pHA = 7.0;� = the donor was spiked blood
plasma.

Fig. 7. The time variation of the enrichment factor for Bupivacaine. The
total Bupivacaine concentration in the donor phase was 0.5 mg dm−3. Other
conditions were the same as forFig. 6.

Fig. 8. The time variation of the enrichment factor for Mesocaine. The to-
tal Mesocaine concentration in the donor phase was 0.5 mg dm−3. Other
conditions were the same as forFig. 6.
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tween the drug extractions from the buffer and plasma de-
pends on the protein binding of each drug. It is also clear
from Figs. 4–8that the maximum enrichment factor depends
on the pKa of the compounds. For example, for the more
basic local anesthetics Ropivacaine and Bupivacaine,Ee(max)
are 6.6 and 6.7, respectively, while for the less basic local
anesthetics Prilocaine and Lidocaine,Ee(max) are 4 and 3.7,
respectively.

4.3. Determination of protein-binding of local
anesthetics

�1-Acid glycoprotein is the major protein involved in
amine binding in serum. All basic drugs such as local anes-
thetic studied in this paper bind to AAG. The AAG concentra-
tion in serum is relatively low (0.5–1.0 g dm−3 in the adult)
and depends on the age and health status of the body (for
example AAG concentration increases during inflammatory
processes). In a number of pathological states a decrease in
the plasma protein binding of drugs is observed; for example
acidosis markedly decreases the affinity of local anesthetics.
The local anesthetics bind more or less specifically to HSA.
Although the affinity of local anesthetics to HSA is less than
to AAG, the enormous binding capacity of HSA renders this
protein important in the binding equilibrium process: when
b ese
d
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The fraction of drug in extractable form in the donor (αD)
and acceptor phase (αA) in buffer was calculated using Eq.
(6) and these values obtained for the studied compounds are
shown inTable 2.

The protein bindings are calculated on the basis of the
experimental data on the extraction from plasma and buffer
using Eq.(9)and the fraction of drug not bound to protein (αp)
is easily estimated. The obtained values are given inTable 2
as protein binding (PB) expressed in percent; PB = 100×
(1− αp). If it assumed thatαDd (in plasma) is equal toαD (in
buffer) and the partition coefficient between donor phase and
organic phase for the studied drugs is the same for the ex-
traction from buffer and plasma, then Eq.(11)can be applied
for the calculation ofαP, which is presented in the same way.
It is observed that the final result is independent of the pKa
values used for the calculation.

The obtained results for protein binding using Eqs.(9) and
(11) are similar, in most cases with Eq.(11) giving slightly
lower values. This indicates that the assumptions leading to
Eq.(11)are reasonable. Thus, the simple procedure suggested
by Eq.(11) involving only a comparison of the equilibrium
enrichment factor of the drug in blood plasma and a matched
buffer, provides similar results as the more complicated pro-
cedure according to Eq.(9) involving determination of parti-
tion coefficients (which also adds to uncertainty). Obviously,
t
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u
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inding to AAG is saturated, HSA continues to bind th
rugs[37].

Experimental data on SLM extraction of local anest
cs from the buffers and plasma solutions (Figs. 4–8) were
sed to calculate protein binding values. It is presumed

n the case of SLM extraction in a flow system under e
ibrium (�C= 0, see Eq.(3)) and incomplete trapping co
itions (KA ∼=KD, see Eq.(3)), free drugs in plasma are
quilibrium with those in the acceptor and the drug–pro
quilibrium is not disturbed as discussed in the Theory

ion above. For more accurate results and to test the con
A ∼=KD, the partition coefficients of the studied local ana

hetics were experimentally determined (Table 1). It is also
resumed that ionic strength of plasma is similar to the i
trength of the buffers used, so thatKP

D = KD.

able 2
he parameters obtained in SLM extraction under the equilibrium con

ame pKa αA αD Extraction from phosphate

PB (%) (Eq.(11)) PB (%

rilocaine 8.0 0.091 0.253 35 45
7.9 0.112 0.299 45

opivacaine 8.9 0.012 0.041 68 76
8.1 0.074 0.212 76

idocaine 8.5 0.031 0.097 44 57
7.8 0.137 0.349 57

upivacaine 8.9 0.012 0.041 58 57
8.1 0.074 0.212 57

esocaine 8.6 0.024 0.078 50 70

ll measurements were made at a total drug concentration of 0.5 mg−3.
of the five local anesthetics and the calculated protein bindings (PB)

Extraction from citrate buffer PB(%) literature
(seeTable 1)

9)) PB (%) (Eq.(11)) PB (%) (Eq.(9))

33 50 55
50

66 71 90
71

40–60

95

50–70

his is a statement that needs further validation.
The obtained drug–protein binding values are the s

hen citrate buffer was used compared to phosphate b
sing both equations.

The protein binding values obtained for the m
ydrophobic drugs (Ropivacaine and Bupivacaine)
20–35%) lower than the literature values, while for
ther drugs the agreement is better. The literature value
ainly obtained using the ultrafiltration technique, wh

an be suspected to have a tendency to provide syste
ally high protein binding values. This could happen as
rotein–drug equilibrium is shifted during the ultrafiltrat
rocedure when the relative concentration of drug in co
ith the protein is decreased. Another reason is that if s
mount of drug is absorbed to the filter, this amount will in
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Table 3
The dependence of protein binding on the total concentration of local anesthetics in donor phase

Name CI (mg dm−3) Extraction from phosphate buffer Extraction from citrate buffer

PB (%) (Eq.(11)) PB (%) (Eq.(9)) PB (%) (Eq.(11)) PB (%) (Eq.(9))

Prilocaine 2.5 19 41 12 43
1.0 36 41
0.5 35 45 33 50

Ropivacaine 2.5 70 83
1.0 73 81
0.5 68 76 66 71

common procedure decrease the measured concentration in
the filtrate and therefore be counted as bound. Therefore, the
values obtained here could be more accurate as they are based
on a true equilibrium and would be insensitive to absorption
in the membrane.

Also, the influence of the total concentration of two lo-
cal anesthetics (Prilocaine and Ropivacaine) on drug–protein
binding was investigated. The obtained results are given in
Table 3. In the case of Prilocaine for which the protein bind-
ing is relatively weak,αP varies with the total concentration
of Prilocaine in the donor phase, while in the case of Ropi-
vacaine�P is practically constant.

5. Conclusions

The presented technique using equilibrium membrane ex-
traction for measurement of drug–protein binding has pro-
vided encouraging results. The equilibrium technique sug-
gests a negligible bias in contrast to the more dynamic tech-
niques commonly applied. Providing that a matched (regard-
ing pH and ionic strength) reference buffer is used, the cal-
culations are conceptually very simple, without need for pKa
and partition coefficient data. The experimental format used
for this preliminary study is somewhat complicated; a sim-
p
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C ex-
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kM mass transfer coefficient in the membrane phase
Ka dissociation constant of the analyte
KA partition coefficient between acceptor phase and or-

ganic phase
KD partition coefficient between donor phase and or-

ganic phase
KP

D partition coefficient between donor protein solution
and organic phase

Vaq volume of aqueous phase in LLE experiments
Vorg volume of organic phase in LLE experiments

Greek letters
αA fraction of analyte in extractable form in acceptor

phase
αD fraction of analyte in extractable form in donor

phase
αP fraction of analyte not bound to protein in donor

phase
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