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Interaction of benzocaine with model membranes
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Abstract

We measured the absorption properties, water solubility and partition coefficients (P) between n-octanol, egg
phosphatidylcholine (EPC) liposomes and erythrocyte ghosts/water for benzocaine (BZC), an ester-type always
uncharged local anesthetic. The interaction of BZC with EPC liposomes was followed using Electron Paramagnetic
Resonance, with spin labels at different positions in the acyl chain (5, 7, 12, 16-doxylstearic acid methyl ester).
Changes in lipid organization upon BZC addition allowed the determination of P values, without phase separation.
The effect of BZC in decreasing membrane organization (maximum of 11.6% at approx. 0.8:1 BZC:EPC) was
compared to those caused by the local anesthetics tetracaine and lidocaine. Hemolytic tests revealed a biphasic
(protective /inductive) concentration-dependent hemolytic effect for BZC upon rat erythrocytes, with an effective
BZC:lipid molar ratio in the membrane for protection (Re"RT), onset of hemolysis (Re5AT) and 100% membrane
solubilization (ReS°L) of 1.0:1, 1.1:1 and 1.3:1, respectively. The results presented here reinforce the importance of
considering hydrophobic interactions in the interpretation of the effects of anesthetics on membranes. © 2000
Elsevier Science B.V. All rights reserved.
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1. Introduction

Among the theories for the mechanism of ac-
tion of local anesthetics (LA), particularly impor-
tant is the one that explains the inactivation ef-
fect of LA on the voltage-gated sodium channel
of axons [1] as well as those focusing on the
effects of LA interaction with the lipid membrane
phase [2]. Possibly the best indication of the im-
portance of LA interaction with the lipid phase is
the direct correlation between LA hydrophobicity
and clinical potency [3-5]. The neutral form of
the anesthetic molecules plays a special role in
this interpretation since it is more hydrophobic
than the charged species [1,3,6].

Benzocaine (BZC, Fig. 1), an ester-type LA,
attracted our attention because — different from
the other clinically used local anesthetics — it is
always uncharged at physiological pH and causes
no use-dependent inhibition of the voltage-gated
Na* channel [7]. BZC is used for topical anesthe-
sia, since its low water solubility limits infiltrative
administration [3,6,8].

Although the effect of BZC on membrane ex-
citability has been extensively studied [1,7], there
are only a few papers describing the interaction

of benzocaine with model membranes [9-11] or
the fundamental physicochemical properties of
BZC in this interaction [12—14].

The purpose of the present study was to de-
scribe the interaction of BZC with phospholipid
and erythrocyte membranes, and to correlate its
effect with LA hydrophobicity and location inside
the bilayer as one step to understand local anes-
thesia.

2. Materials and methods

Benzocaine was purchased from Hoeschst Mar-
ion Roussel S.A. and used without further purifi-
cation. Egg phosphatidyl choline (EPC) and MeSL
spin labels (methyl ester of doxyl stearic acids)
labeled at carbons 5, 7, 12 and 16 were obtained
from Sigma Chemical Co., St. Louis, MO. All
other reagents were of analytical grade.

Because of the low solubility of BZC, a dimeth-
ylsulfoxide PBS solution was used as solvent, both
in EPR and hemolytic experiments. The amount
of DMSO in the solutions did not exceed 8.5%
v/v (1 M) and blank controls were prepared
throughout, to rule out the effect of the solvent.

Fig. 1. Chemical structure of benzocaine (BZO).
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2.1. Membrane preparation

EPC multilamellar vesicles were prepared by
evaporating stock chloroform EPC solutions un-
der a stream of nitrogen. The samples were left
under vacuum for at least 2 h at room tempera-
ture (22°C). Vesicles were obtained by the addi-
tion of phosphate buffered saline, PBS (5 mM
phosphate, 150 mM NacCl, pH 7.4), and vortexing
for 5 min.

2.2. Erythrocyte membranes

Freshly obtained rat blood was collected into
Alsever’s solution (27 mM sodium citrate, 72 mM
NaCl, 114 mM glucose, 2.6 mM citric acid) and
washed three times in PBS, with centrifugation at
260 X g for 3 min. Human erythrocyte ghosts
were prepared as described by Dodge et al. [15].

2.3. EPR experiments

The experiments were conducted at room tem-
perature (22°C) using a Bruker ER-200 spec-
trometer, operating at 9 GHz (3-4 kGauss) and
0.2 ml flat cells. From the spectra of the MeSL
spin labels incorporated into multilamellar EPC
membranes to a 1% molar ratio, we determined
h .,y /h,, the ratio of low to central-field heights of
the nitroxide signal (Fig. 2). h,,/h, measure
changes in membrane organization [16,17], and is
expressed on a percent basis relatively to the
control (without LA), according to the following
formula:

%Effect =

(h,,/hy)sample — (h_,/h,) control

(h,,/h,) control X100

(D

This parameter comprises the effect of order and
molecular mobility in the bilayer. The difference
between the low-field (4, ,) and the mid-field
(h,) height is high in the bilayer because of the
anisotropy and slow molecular motion of the
probe [16]. As membrane organization decreases,
h.,/h, approaches zero and % Effect increases.
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Fig. 2. EPR spectra of 5-MeSL (1 mol%) in EPC multilamel-
lar vesicles showing the measurement of the s, /h ratio:
[EPC] = 8 mM, PBS buffer, pH 7.4, room temperature.

2.4. Partition coefficient between octanol and water
(Poct)

PBS and n-octanol solutions were pre-equi-
librated overnight. After BZC addition the mix-
ture was vortexed for 5 min and incubated for an
additional 15 min before centrifugation at 1000 X
g for 5 min Poct was optically determined at 284
nm (e,,BZC = 15850).

The amount of drug bound to the lipid phase
was obtained by subtracting the supernatant con-
centration from the total drug concentration,
measured before phase mixing. The partition co-
efficient, P, was determined according to Eq. (2):

P @

where n denotes the number of BZC moles, V' is
the volume and the subscripts m and w refer to
the membrane (or octanol) and aqueous phase,
respectively.

2.5. Partition coefficient determination by phase
separation

A known amount of BZC in PBS buffer was
added to the membranes, followed by shaking and
10 min incubation at room temperature. After
ultra centrifugation at 120000 X g for 2 h, the
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BZC concentration in the supernatant was opti-
cally detected at 284 nm, against a control (mem-
brane in PBS). Partition coefficients were de-
termined by this procedure for multilamellar EPC
vesicles (P, ) and erythrocyte ghosts (Py,q)-

2.6. Partition coefficient determination by
spectroscopic methods

The partition coefficient of BZC between EPC
vesicles and PBS buffer was also determined by
EPR without phase separation. Changes in the
5-MeSL spectra due to BZC partition and mem-
brane saturation were used to determine F,,, and
P,.,, as described before [17,18].

Briefly, in the first approach, the effect of BZC
on membrane organization was determined at
different (4-10 mM) EPC concentrations. For a
given effect, plots of BZC total concentration, #,
— where n,=n, +n,, in Eq. (2)-vs. membrane
volume (taken from the lipid concentration, as-
suming density =1 g/ml) give straight lines that
allow direct P determination (Pepr) from the
slope /intercept ratio [18].

The second method takes into account the
limited solubility of BZC, leading to a fixed n,,
value in Eq. (2). The hyperbolic EPR curves for
the effect of BZC on membrane organization
were used to determine 7, for membrane satura-
tion (inflexion of Fig. 3b). As n,=n,, +n,, and
n,, is equal to the water solubility of BZC [17], we
calculated n,, and the partition coefficient, P,
for BZC between EPC/water according to Eq.
).

2.7. Hemolytic assay under hypotonic conditions

Rat erythrocytes (hematocrit, Ht = 0.15%) were
incubated in hypotonic PBS (5 mM sodium phos-
phate, 66 mM NaCl, pH 7.4) to induce approxi-
mately 50% hemolysis. BZC (0-21 mM) was
added and the samples were incubated for 40
min. After centrifugation at 260 X g for 3 min,
released hemoglobin was measured in the super-
natant at 412 nm. Results were expressed on a
Relative Absorbance (RA) scale ranging from < 1
(protection) to > 1 (hemolysis). RA =1 indicates
50% hemolysis induced by the 66 mM saline

[DMSO] M
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Fig. 3. (a) EPR spectra of 5-MeSL (1 mol%) in 8 mM EPC
multilamellar vesicles (middle spectrum) in the presence of 0.5
M DMSO (lower) or 15 mM BZC (upper) solubilized in
DMSO:PBS buffer, pH 7.4, room temperature. (b) BZC effect,
as registered by the EPR spectra of 5-MeSL, on the lipid
organization of EPC multilamellar vesicles (B). The effect of
DMSO, used as a solvent for BZC, is also shown (A). The
arrow indicates BZC concentration for Re = 0.33:1 (see text).

control. Each experiment was run in triplicate
and RA values represent the mean of three inde-
pendent experiments.

2.8. Isotonic hemolytic assay

Erythrocytes (Ht = 0.15%) in isotonic PBS so-
lution were incubated with different BZC concen-
trations (0-25 mM) and the samples left at room
temperature for 40 min before centrifugation at
260 X g for 3 min. Hemoglobin released into the
supernatant was detected at 412 nm. The hemo-
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lytic effect, measured as Relative Hemolysis (RH),
was determined on the basis of released hemo-
globin [19]:

As _Ac]
RH = m, (3)

where A is the absorbance, s the sample, ¢, the
mechanical hemolysis control (erythrocytes in
PBS) and ¢, the 100% hemolysis (erythrocytes in
water) control. Each experiment was run in tripli-
cate and RH values represent the mean of three
experiments.

Lichtenberg defined C3*T and C3° as the
amount of surfactant drugs needed for initial
(membrane saturation) and total membrane solu-
bilization, respectively [20]. Although BZC is not
a surface active compound, we borrowed this
definition and considered solubilization as the
100% release of hemoglobin into the supernatant.
CSAT and CS°F were determined in the hemolytic
experiments allowing the calculation of Re, the
effective drug/lipid molar ratio in the membrane,
for initial (Re®*T) and total hemolysis (ReS°").

2.9. Re (drug / lipid ratio) calculation

Since the P value is known, Re can be calcu-
lated from the ratio between drug in the mem-
brane [am in Eq. (2)] and lipid membrane con-
centration, assuming a lipid density of 1 g/ml
[19,21].

3. Results and discussion

Table 1 shows the partition coefficients of BZC
between octanol (P,,), erythrocyte ghosts (Py.s)

oct

and multilamellar EPC vesicles (P, ) and water,

Table 1

determined at pH 7.4 by phase separation. Or-
ganic solvent—water systems have been used as
models of membranes for the study of partition
coefficients, although the absolute P,, values
rarely coincide with those found in the anisotropic
lipid bilayers or biological membranes [18,22,23].
Nevertheless, a good correlation exists between
P, values and P values from model mem-
branes /water within homologous series of anes-
thetic compounds [5]. P, indicates that BZC is a
mild hydrophobic LA; in the ester family it is not
so hydrophilic as procaine, nor so hydrophobic as
tetracaine [12,14].

Pynoq reveals that BZC partition inside ghosts
membranes is very similar to that in the zwitteri-
onic EPC bilayers (P, ). This result is quite pecu-
liar for BZC since the high cholesterol content
(30% in weight) of erythrocyte membranes [24]
should restrict drug partition into them in com-
parison to the fluid EPC vesicles. The slightly
higher P, value may reflect the preferential
binding of membrane proteins for the uncharged
species of amphiphilic compounds, since dibu-
caine (an aminoamide LA) and trifluoperazine (a
tricyclic phenothiazinic antipsychotic agent) which
have an amine group with pK just above pH 7.4
show smaller P, than P, [19,21].

Table 1 also shows values of P, and P,
taken from the EPR experiments, without phase
separation. Although both methodologies pro-
vided similar results, the standard deviation for
P,,. was smaller, justifying its adoption for the Re
calculation (see below). Using nine different ami-
noester and aminoamide local anesthetics, we
have shown before that there is a good correla-
tion between the partition coefficient values de-
termined by EPR (P,,, and P,,) and those de-
termined by phase separation (P, ) in EPC/water

systems [17]. However, the values of P, and P,

Partition coefficient for BZC (pH 7.4; room temperature) between octanol /water (P,,), erythrocyte ghosts /water (Pyyo5) and EPC

liposomes /water obtained by phase separation (P, ) or spectrophotometrically (P,

ors Piop)- The results are the mean of at least five

experiments
Benzocaine P, Pypost P, Py P,
Mean + S.D. 378+ 6.1 287+ 76 253 +43 115+ 18 106 + 40
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for BZC determined here were lower than P,
as explained by the fact that the first experiments
were run in the presence of 0.5 M DMSO
(DMSO:PBS buffer) to increase the water solubil-
ity of BZC (44 mM) and to reach suitable
BZC:EPC ratios inside the membrane in the EPR
measurements. We measured an increase in the
water solubility of BZC in the presence of 0.5 M
DMSO (11.3 mM), which explains the proportio-
nal decrease in the lipid hydrophobicity of the
compound as detected by the P, . and P, val-
ues.

In fact we are not the first to use DMSO to
solubilize BZC [7,25]. DMSO is a water-miscible
solvent, it forms hydrogen bonds with water
molecules, shrinking the solvation shell of phos-
pholipid membranes [26] and stabilizing their
structure at low temperatures [27].

The ester linkage of benzocaine has good
chemical stability in comparison to other ester-
type LA [12,28] and no hydrolysis was detected at
pH 7.4 up to 4 h (data not shown).

pr

3.1. EPR experiments

Fig. 3a shows the EPR spectra of 5-MeSL
inside EPC multilamellar vesicles with and with-
out BZC. A plot of the effect on membrane
organization [Eq. (1)] vs. BZC concentration is
given in Fig. 3b. The figure shows that BZC
decreased the membrane organization of phos-
pholipid membranes until membrane saturation
was reached and addition of the LA was not
accompanied by further changes in fluidity. The
maximum effect (11.6%) was reached at a benzo-
caine concentration of 15.4 mM (n,), correspond-
ing to a BZC:lipid molar ratio, Re, inside the
membrane equal to 0.8:1. Re was calculated from
Eq. (2) using P, (Table 1). For this we first
calculated n,,, the amount of BZC in the mem-
brane and then the ratio of n,,/ [lipid] gave Re,
as explained in Section 2.

This behavior and the extent of maximal mem-
brane perturbation detected with 5-MeSL was
comparable to those determined for aminoester
LA such as tetracaine, procaine and chloropro-
caine and was more pronounced than those caused
by the cyclic aminoamide LA mepivacaine and

bupivacaine [17]. Fig. 3b highlights BZC’s effect
at 0.33:1 BZC:lipid molar ratio (arrow) and shows
that DMSO, used to solubilize BZC in water, did
not cause any change in membrane organization.

The values of P, in Table 1 were determined
from plots like that illustrated in Fig. 3b, as-
suming a limiting water solubility, as described in
Section 2 and [17]. Also, from plots like that
illustrated in Fig. 3b, but using at least four
different membrane concentrations, we de-
termined P,,., by the method of Lissi et al. [18].

Using different paramagnetic probes we could
monitor the phospholipid acyl chain to detect the
regions most affected by the presence of BZC.
Fig. 4 is a plot of the effect (decrease in mem-
brane organization) of BZC on EPC bilayers, as
detected by 5, 7, 12 and 16-MeSL. Stearic acid
spin labels do monitor different depths of the acyl
chain, as demonstrated by Godici and Lands-
berger [29] using *C NMR relaxation times. The
two curves represent the maximum perturbing
effect and the effect at a fixed Re (0.33:1
BZC:EPCO) inside the membrane. One can see
that the disturbing effect of BZC is more evident
when the probe monitors intermediate—Cs—
C,—positions in the acyl chain.

To understand these differential effects we
compared the effect of BZC on membrane orga-

-

10 12 14 16
MeSL

S
oo
oo

Fig. 4. Maximum effect of BZC on membrane organization
(O) and effect at a fixed, Re = 0.33:1, BZC:EPC molar ratio
in the membrane (M), as detected with 5, 7, 12 and 16-MeSL
spin probes.
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Fig. 5. Decrease in membrane organization caused by the
local anesthetics benzocaine (M), lidocaine (O) and tetracaine
(A) when present at a fixed molar ratio, Re = 0.33:1, in the
membrane. Data obtained from the EPR spectra of 5, 7, 12
and 16-MeSL spin probes incorporated (1 mol%) into 8-mM
EPC vesicles.

nization with that of lidocaine and tetracaine
(Fig. 5) in their uncharged form, pH 10.5, and
present at the same Re in the membrane. Lido-
caine is a less hydrophobic LA that seems to lie
preferentially in the glycerol neighborhood of
EPC bilayers (Pinto, Fraceto, Spisni, Schreier and
de Paula, in preparation). Tetracaine is a more
hydrophobic LA whose uncharged species seems
to position its benzenoid ring mainly at the level
of C, in the acyl chain of phosphatidylcholine
membranes, extending its p-butyl group up to
C4,—C,y, as revealed by H-NMR experiments
[30].

Even considering that 16-MeSL experiences a
more mobile /less ordered environment, due to
the profile of the acyl chain dynamics [29-32] and
order in the bilayers [33,34] — that could explain
the low sensitiveness of the probe at that position,
these results clearly show that BZC disturbs
mainly the acyl chain core (5 <7 > 12 MeSL), in
a different manner than tetracaine (5 = 7> 12
MeSL) and lidocaine (5 > 7 > 12).

Desai and coworkers used the intrinsic fluor-
escence of LA molecules to determine the equiv-
alent dielectric constants of their environment
when inserted into micelles [11]. Inside SDS mi-

celles they found a polarity of approximately 35
(Dielectric Constant) for BZC, comparable to that
of uncharged tetracaine in the same micelles,
indicating that the aromatic ring of both LA were
located in a region of the micelles with a polarity
equivalent to that of the interface glycerol/
carbonyl region of phospholipid membranes (Di-
electric Constant = 30 according to [35]).

In a previous work we have shown that lido-
caine and tetracaine disturb the overall mem-
brane organization to a 26.5% and 15% extent,
respectively, as monitored by 5-MeSL in EPC
vesicles [17]. Here we determined a maximum
effect of 11.6% for BZC. The reason for this less
pronounced effect of BZC on membrane organi-
zation may be due to the steric features of the
molecule since benzocaine has a small van der
Waals volume (147.4 A’) in comparison to lido-
caine and tetracaine (227.3 and 250.8 A®, respec-
tively) [5]. Besides, BZC lacks a polar amine
group in the hydrophilic domain of the molecule
(opposite to the aromatic ring) that would be able
to establish either electrostatic (above pK) or
hydrogen binding [14]. As a consequence, BZC is
not anchored at the interface glycerol/polar
head-group region and its effect seems to be
more discrete, although deeper (in position) than
the other LAs studied.

We obtained other indications of the discrete
effect and not preferential positioning of BZC
with "H-NMR ROESY experiments, since no
LA:lipid intermolecular NOE peaks were de-
tected for BZC in unilamellar EPC vesicles (un-
published data); lidocaine, tetracaine and other
aminoamide LA established detectable cross-
peaks with both the polar head group and acyl
chain protons of the phospholipid membranes.

3.2. Hemolysis experiments

Seeman described the biphasic effect of many
amphiphilic compounds upon erythrocyte mem-
branes: at lower concentrations they protect the
membranes against hypotonic hemolysis, while at
higher concentrations they induce lysis [36]. Ter-
tiary amine LA such as procaine, tetracaine, lido-
caine [37] and dibucaine [21,37] present this
biphasic behavior, although just tetracaine and
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dibucaine have been shown to be surface active
compounds [38]. Protection against hypotonic
hemolysis is believed to result from the am-
phiphilic partition into the membrane, increasing
the membrane area/volume ratio of the cell and
thereby the critical hemolytic volume of the ery-
throcyte.

The effect of BZC on biological membranes
was evaluated in hemolytic experiments under
normal and hyposmotic condition. Fig. 6a shows a
typical hemolytic curve obtained after 40 min
incubation of BZC with rat erythrocytes under

0.8

0.6

RH

0.4

0 | 5 10 ' 15 I 20 ' 25
[BZC] mM

[BZC] mM

Fig. 6. (a) BZC-induced isotonic hemolysis; CSAT and CSOL
(see text) determinations are shown. (b) BZC-induced protec-
tion against hypotonic hemolysis: Ht = 0.15%, PBS buffer, pH
7.4, incubation time: 40 min, room temperature.

isotonic conditions. From the amount of drug for
membrane saturation at the beginning of the
hemolytic curve (C5*T = 14.1 mM) and for com-
plete membrane solubilization (C3°L = 17.3 mM)
at 100% hemolysis, we calculated Re values, us-
ing P, values, as explained before. P, was
used since BZC partition into ghosts and EPC
membranes are very similar (Table 1) and also
because DMSO was used in the BZC solutions
employed in the hemolytic tests. For BZC in a
Ht = 0.15% (13.05 wM lipids [15,21]), we obtained
ReSAT and ReS°T of 1.1:1 and 1.3:1, respectively.

For Dibucaine, a more hydrophobic LA, we
have determined Re®*T and ReS°" of 0.34 and
0.69:1 [21], and for trifluoperazine Re>*" and
ReS°t of 0.43 and 1.5:1 [19], ratios that suggest
saturation of the membrane phase with the am-
phiphiles [2,39] leading to membrane solubiliza-
tion.

Fig. 6b depicts the protective BZC effect on
erythrocyte hemolysis under hypotonic condi-
tions. The maximal protective BZC concentration
(CPROT) for a Ht = 0.15% was 13 mM, giving an
RePROT value of 1.0:1 BZC:lipid.

Since there are some reports in the literature
relating methemoglobin (MetHb) formation to
BZC administration [40,41], we performed a con-
trol experiment using purified Hb solution and
incubated it for 40 min with increasing amounts
of BZC (Fig. 7). No significant increase in MetHb
content was detected after BZC incubation up to
20 mM, excluding the possibility of the hemolytic
effect being affected by Hb oxidation. The oxida-
tive effect of BZC is related to its structural
similarity to p-amine propyophenone (PAPP), a
strong MetHb inducing agent [42].

4. Conclusions

The P values determined by EPR in Table 1
were smaller than that determined by phase sepa-
ration (P, ), reflecting the lower partitioning of
BZC into EPC bilayers when dissolved in
DMSO:PBS solvent. In fact, the use of DMSO to
solubilize BZC turns the water phase more at-
tractive for the anesthetic, decreasing P, and
P, values.



L.M.A. Pinto et al. / Biophysical Chemistry 87 (2000) 213-223 221

[BZC] mM

Fig. 7. MetHb formation induced by BZC in a purified Hb
solution in PBS buffer, pH 7.4, at room temperature.

Since we knew the real partition coefficient for
BZC in the EPR experiment, we could compare
the effect of BZC with that of other commonly
studied LA such as lidocaine and tetracaine. BZC
decreased the overall membrane lipid organiza-
tion, inserting itself into a deeper position in the
bilayer, although its effect on membrane organi-
zation was less pronounced than the other LA,
probably due to its smaller molecular size.

Knowledge of the P value allowed also the
quantitative study of the hemolytic effect of ben-
zocaine. As seen for other LA [36], BZC showed
a biphasic (protective /inductive) concentration-
dependent hemolytic effect on erythrocytes. The
BZC:lipid molar ratio in the membrane for pro-
tection (Re™©°T) was lower than those required
for lysis (Re5AT and ReS°Y). On average, ca. 1:1 is
the BZC:lipid ratio for hemolysis, a quite reason-
able value for a true saturation of the membrane
phase [39,43].

Re for maximum change in phospholipid mem-
brane organization (0.8:1 BZC:lipids) is close to
RePROT (1:1) in erythrocyte membranes, revealing
that hydrophobic interaction rules both pheno-
mena.

The importance of the hydrophobic parameters
for anesthesia (potency and toxicity) justifies the
study of the neutral LA interaction and effects on

membranes and the results presented here rein-
force this hypothesis, since the extent of changes
in membrane organization (EPR) and hemolysis
was determined by the hydrophobic interaction of
the BZC molecule with the bilayer.

Besides, site-directed mutagenesis has revealed
the existence of a hydrophobic binding site for
LA inside Na™ channels [44,45], reinforcing the
relevance of uncharged (hydrophobic) LA species
for the mechanism of anesthesia.
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