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The interaction of local anesthetic procaine, PR, with 
dipalmitoyl phosphatidylcholine (DPPC) model membranes 
was investigated at the air-water interface using Langmuir 
technique (LT), Langmuir-Blodgett self-assemblies technique 
(LBT) and atomic force microscopy (AFM). Compressional 
isotherms were interpreted by surface solution thermodynamic 
approach and AFM images on the LB layers transferred on 
mica substrate, at various surface pressures. Results have 
demonstrated the procaine penetration into the DPPC 
monolayer membrane and showed changes in the membrane 
structure with the increasing of both the procaine concentration 
and the lateral surface pressure. PR molecules penetrate within 
DPPC membrane and have a strong effect on the membrane 
structure, facilitating the membrane fluidity while maintaining a great stability of phospholipid membrane at the highest surface 
pressures, at DPPC monolayer membrane collapse. Finally, it is postulated that the pressure dependence of the penetration of 
procaine into phospholipid model membranes might be of relevance in the interfacial mechanism of pressure reversal in anesthesia. 
 

 
INTRODUCTION* 

Local anesthetics are drugs that have the ability 
to form intermolecular hydrogen bonds with water, 
lipid, and protein molecules that might control the 
membrane structure and block the nervous impulse 
causing a local loss of sensation including pain in a 
specific part of the body. Although there are 

                                                           
* Corresponding author: mcotisel@gmail.com 

several theories to describe their mode of action, 
still there is an ongoing debate.1-3  

Molecular mechanisms by which anesthetic 
action takes place on nerve membranes effectively 
fall at least into two main categories. Anesthetics 
may act indirectly on proteins via perturbations of 
their surrounding lipids, or directly by closing the 
sodium channels, thus blocking nerve signal 
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propagation. Since it is not always clear which 
type of action occurs, both mechanisms must be 
considered. 

Studies of anesthetic action have been performed 
using both intact nerve systems1 and various model 
membrane systems.4-43 The findings show that 
anesthetics are bound to the lipid membrane, 
increasing the fluidity of the lipid portion of the 
membrane by decreasing the order of the 
hydrocarbon chains. Although these studies involved 
different physical parameters, the molecular origin of 
the observed effects are presumably the same, viz. 
the modification of the structural properties of 
ordered acyl chains due to the binding of anesthetics 
into oriented lipid systems.  
 The quantitative treatment of the interaction of 
anesthetics with lipid membrane model systems such 
as monolayers or bilayers is a fundamental problem 
in biophysics. Monolayer membrane models may be 
justified as representing one half of a bilayer19,20 and 
providing useful information, at the molecular level, 
on the conformation and packing of the membrane 
components under conditions similar to those 
encountered in vivo.19-21 In addition, such membrane 
films permit the quantitative examination of 
interactions between the film-forming molecules and 
subphase components such as anesthetics, by using a 
thermodynamic approach. 
 A few studies were carried out using procaine 
related tertiary amine anesthetics. Procaine is an ester 
of 4-aminobenzoic acid with 2-diethyl aminoethanol, 
i.e., 4-H2NC6H4CO2[CH2CH2N(C2H5)2], PR.16-18,22,23 
Studies suggest that procaine and procaine analogous 
intercalate into the lipid systems. Moreover, work of 
our group16-18,38-41 has shown that the location of 
procaine and its effects on the monolayer properties 
of the lipids to be dependent on the charge of the 
procaine molecule and on the surface characteristics 
of the chosen lipid.  

The phase behavior of lipids, fatty acids and 
proteins in a monolayer model in the absence and the 
presence of drugs, such as anesthetics, has been the 
subject of various investigations, by Langmuir-
Blodgett, LB, monolayer film technique, which is an 
effective tool to transfer self-assembled biomolecules 
from a fluid interface to a solid substrate and further 
visualized by atomic force microscopy, AFM. The 
advantage of the LB technique is to prepare the 
controlled molecular architecture obtained on 
aqueous subphase by adjusting certain parameters, 
like pH, ionic strength, molar composition, 
temperature and surface lateral pressure.  

Our results have shown elsewhere that alternative 
contact, AC tapping mode AFM provides good 
imaging of organic molecules in self-assembled 
monolayers on various solid surfaces, like glass and 

mica substrate44-53 in substantial agreement with 
AFM studies on related membrane models.54-64  

In this study we extend these experiments to 
examine the interaction of protonated procaine 
[procaine hydrochloride: PR.H+Cl-] with L-α-
dipalmitoyl phosphatidylcholine (DPPC) monolayer 
membrane at the air/aqueous solution interface. For 
the first time, the penetration of cationic procaine, 
PR.H+ noted also simple PR, into DPPC monolayer 
membrane is explore by thermodynamic approach 
and is correlated with morphology of DPPC 
membrane visualized with AFM, in tapping mode, 
offering complementary images (e.g., 2D-
topography, phase image, amplitude image and 3D-
topography), surface roughness and the size and 
shapes of various phospholipid domains. 

In this work, we show our advances in tapping 
AFM imaging with superior lateral and z (height) 
resolution (about 0.1 nm) of DPPC membrane in the 
absence and the presence of local anesthetic procaine, 
PR. Also, a main focus in this study involves the 
well-designed experiments, like DPPC and DPPC-
PR membrane transferred on mica surface by LBT at 
suitable PR concentrations (e.g., 10-4 M and 10-3 M) 
at various lateral surface pressures, including the 
phase transition where the coexistence of liquid 
expanded, LE, and liquid condensed, LC,  can be 
visualized.  

It is worth mentioning that our group also used 
AFM for exploration of inorganic nanoparticles and 
hybrid (organic-inorganic) materials65-69 leading to 
the development of better quality nanomaterials70-73 

designed for tissue engineering. 

RESULTS AND DISCUSSION 

Compressional isotherms of DPPC model 
membranes: Thermodynamic approach 

 In order to investigate the penetration of 
protonated procaine (PHR+, component 2), dissolved 
in water (component 1), into dipalmitoyl phosphati-
dylcholine (DPPC, component 3) monolayer mem-
branes, the π versus A3 compression isotherm were 
recorded for DPPC films spread on unbuffered 
aqueous subphases containing procaine hydrochlo-
ride at various concentrations (c2) between 0 and 10-2 
M. A3 represents the mean molecular area of DPPC 
obtained by dividing the area of the lipid monolayer 
to the number of lipid molecules spread at the 
interface. 
 Compressional isotherm of DPPC monolayers 
in the absence and presence of protonated procaine 
are presented in Figs. 1A and 1B.  
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Fig. 1A – Compressional isotherms in terms of surface pressure (π) versus mean molecular area (A3) of DPPC in monolayer 

membranes spread at the air-aqueous PR·HCl solution interface for c2: curve (1) 0; (2) 10-5 M; (3) 10-3 M; A3,0 represents the limiting 
molecular area of DPPC. 

 

 
Fig. 1B – Compression isotherms of π versus A3 of DPPC membranes spread at the air-aqueous PR·HCl solution interface for c2: 

curve (1) 10-6; (2) 10 -4; (3) 10-2 M; symbols as in Fig. 1A. 
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Table 1 

Monolayer characteristics of DPPC membrane spread on various PRH+ concentrations in aqueous subphase 

c2, M 0 10-6 10-5 10-4 10-3 10-2 

A3,0 (nm2/molecule) 0.54 0.60 0.66 0.71 0.77 0.84 
A3,c (nm2/molecule) 0.42 0.42 0.42 0.42 0.42 0.42 
πc, mN/m 54 57  58 60 63 66 

1
0,sC− , mN/m 225 190  159 147 138 132 

 
From these curves it is noticeable that the most 

important effect of the subphase PRH+ upon the 
compressional isotherms is to expand the 
phospholipid monolayer membrane while reducing 
and eventually eliminating the LE/LC phase 
transition, being so persistent in the absence of 
subphase drug.18,31,42 In the case of pure DPPC 
membrane the LE/LC phase transition occurs at a 
surface pressure of 8 mN/m, as observed on  
curve 1, in Fig. 1A. Further, one may observe that 
at constant pressure the mean molecular area 
increases with increasing PRH+ concentration c2 in 
the subphase making the films more compressible. 
Also, Figs. 1A and 1B show that the collapse 
pressure, πc, increases with increasing c2, reflecting 
the stabilizing effect of the subphase PRH+ on 
condensed phospholipid monolayer membrane. 
 Based on molecular model calculations of the 
area requirements of the polar head group of 
DPPC, we put forward the hypothesis that this 
LE/LC phase transition involves a conformational 
transition between the "zwitterion" and the 
"internal salt" conformations31 of the polar head 
group. This presumption seems to be in agreement 
with literature data.18, 28-31 As can be seen from Fig. 
1A, curve 2 at c2 equals 10-5 M, the phase 
transition occurs with the horizontal portion 
virtually reduced, while at the highest PRH+ 
concentration of 10-2 M it vanishes completely 
(curve 3, in Fig. 1B).   

From the compressional isotherms (Figs 1A and 
1B) the following surface characteristics for DPPC 
monolayer membranes in the absence and in the 
presence of protonated procaine have been derived: 
(A3,0) - the limiting molecular area is obtained by 
extrapolation to π = 0 of the condensed linear 
portion of the isotherm, as shown by dashed 
straight lines; (A3,c) - the collapse area is the 
molecular area corresponding to the sudden slope 
change of the isotherm at the highest π values (still 
in monolayer state) named the collapse pressures 
(πc), as indicated by arrows; and the limiting 
surface compressional modulus, 1

0,sC−  , defined as: 

0,3c,3

c
0,3

T3
0,3

1
0,s AA

π
A

A
πAC

−
−=








∂
∂

−=−  

 The magnitudes of the quantities defined above, 
as obtained from the experimental data illustrated 
in Figs. 1A and 1B, are presented in Table 1. 
 The expansion effects are obvious from the 
significant increase of A3,0 with increasing c2. The 
fluidizing effect is shown by the decrease of Cs,0

-1 
with increasing c2. Both effects support the 
proposed penetration of PRH+ molecules from the 
subphase into the DPPC monolayer membrane. On 
the other hand, both Figs. 1A and 1B as well as 
Table 1 show that the collapse area of DPPC is 
unaffected by the subphase PRH+. Irrespective of 
c2, the A3,c has the same value, suggesting that at 
the highest surface pressures the PRH+ molecules 
are squeezed out from the DPPC monolayer 
membrane. 
 In spite of the expulsion of PRH+ molecules 
near the DPPC membrane collapse, πc increases 
with increasing c2 in the subphase, i.e. PRH+ ions 
stabilize the condensed DPPC monolayer 
membrane. Presumably, the expelled PRH+ 
molecules do not diffuse into the bulk subphase, 
but form a Gibbs - type PRH+ monolayer, beneath 
the insoluble DPPC monolayer membrane and a 
specific interaction occurs between them, 
stabilizing the DPPC model membrane. 
 From a quantitative point of view, PRH+ 
penetration into the DPPC monolayer can be 
studied by means of Gibb’s equation, which in the 
presence of a DPPC monolayer, may be 
written17,33-36 as: 

 
T,3A2

'
2 cln

π
kT
1Γ 








∂
∂

=   (1) 

where '
2Γ  stands for the amount of adsorption of 

the PRH+ per unit area of free interface, (i.e. not 
covered by DPPC); c2 represents the molar 
concentration of PRH+ in the aqueous subphase; k 
and T are the Boltzmann constant and the absolute 
temperature, respectively. 
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 The isotherms presented in Figs. 1A and 1B 
allow us to construct π vs. log c2 curves for 
different A3 values (shown in Fig. 2), and from 

them the derivatives 
T,A2 3

clog
π

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂ were obtained 

using spline functions.14 

 

                                     
Fig. 2 – Surface pressure (π) versus c2 curves on a semi-logarithmic scale.  

Numbers near curves indicate A3 in Å/molecule.                                                                                             

                                 
Fig. 3A – Adsorption of PRH+ at the “free” portion of the interface ( '

2Γ , molecules/cm2) as function of the mean area (A3) of DPPC 
molecule at different c2 values: curve (1) 10-2; (2) 10-3; (3) 10-4; (4) 10-5; (5) 10-6 M; horizontal dashed lines indicate the PRH+ 

adsorption ( 0
2Γ ) in the absence of DPPC monolayer for two different c2 values (down line for 10-3 M and upper line for 10-2 M). 
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The adsorption values, '
2Γ , calculated by means 

of Eq. (1) are presented in Fig. 3A. As can be seen 
from this figure, with increasing PRH+ 
concentration in the aqueous subphase, the curves 
are shifted upwards, i.e. the protonated procaine 
adsorption increases with increasing PRH+ 
concentration. At each bulk concentration the 
adsorption is dramatically modified by 
compression of the DPPC monolayer. With 
increasing compression (from right to left in  
Fig. 3A), '

2Γ  increases and attains a maximum and 
subsequently decreases to the membrane collapse 
point. This means that at the beginning of the 
compression the penetration of PRH+ increases, but 
at higher surface pressure the drug is gradually 
squeezed out from the DPPC monolayer 
membrane. It is interesting to observe that there is 
a relatively large range of surface area in which '

2Γ  
substantially surpasses (exceeds) the procaine 
adsorption observed at the air/water interface in the 
absence of the DPPC monolayer membrane, and 
denoted 0

2Γ . These experimentally found 0
2Γ

 values 
are indicated in Fig. 3A as horizontal dashed lines 
for two selected subphase PRH+ concentrations 
viz. c2 equals 10-2 M and 10-3 M, respectively.  As 
seen from Fig. 3A, there is a relatively large A3 
interval, ranging from about 0.42 nm2 up to 1.05 
nm2, where in the presence of the phospholipid 
monolayer the adsorption of PRH+ from 
underlying 10-2 M solutions surpasses 0

2Γ , since the 
'
2Γ  curve is situated above the upper horizontal 

dashed line. In the case of c2 = 10-3 M solutions, 
this interval is situated between about A3 = 0.42 
and 1.20 nm2. These results reveal the existence of 
a special interaction between the DPPC and PRH+ 
molecules, which entails the enhanced procaine 
adsorption at the air/water interface. 
 Since '

2Γ  is referred to the free interface, i.e. 
that portion not covered by DPPC molecules, and 
does not give a clear image of the adsorption. The 
adsorption of PRH+ per unit area of the mixed 
interface, 2Γ , can be obtained from '

2Γ  by taking 
into account that a DPPC molecule occupies at a 
given π an area equal to A3, but its actual area 
necessity is only 3A , consequently, one has a free 
area per DPPC molecule equal to 33 AA − .   

Let us denote by N3 the number of DPPC 
molecules spread at the air/water interface and by 

N2 the number of procaine molecules adsorbed at 
the same interface. The total area of the DPPC 
monolayer is equal to N3A3 and the free interface is 

( )333 AAN − . It is obvious that the total number 
of the drug molecules adsorbed at the interface can 
be given either as the product of the total area of 
the monolayer and of the adsorption 2Γ  
(adsorption per unit area of the monolayer), or as 
the product of the area of the free interface and of 
the adsorption  '

2Γ  (adsorption per unit area of the 
free interface),33,34 as following:  

 ( ) '
23332332 ΓAANΓANN −==     (2) 

Consequently, one has:  

 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

3

3'
22 A

A1ΓΓ  (3) 

In order to approximate 3A , several methods 
have been proposed. One of them uses the limiting 
molecular area33 A3,0. Another procedure consists 
in deriving 3A  from A2,3 vs. M

2x curves, where 
A2,3 represents the mean molecular area of 2 and 3 

in a mixed monolayer, and M
2x is the molar 

fraction of 2 in the mixed monolayer, calculated by 
neglecting the number of moles of the subphase 
solvent (n1) in the monolayer.34 In the case of 
stearic acid (SA) we previously considered the 
approximation c,33 AA =  to be reasonable.13,17 
 Our molecular model calculations31 show  
the actual area requirement of DPPC to be equal  
to the experimentally observed collapse area, 

c,3A . Therefore, in the present study the same 

c,33 AA =  approach has been used. 
 The Γ2 values calculated from this 
thermodynamic approach by means of Eq. (3) are 
presented in Fig. 3B. 

The adsorption Γ2 has a maximum in the 
molecular area region 0.6 nm2 ≤ A3 ≤ 0.8 nm2  
(Fig. 3B), i.e. exactly in the region where the phase 
transition occurs in DPPC membrane in the 
absence of any PRH+ in the subphase, as shown in 
Fig. 1, curve 1. 
 This finding is in excellent agreement with 
similar observations reported in the literature,20 
showing that the lipid monolayers exhibit a 
maximum permeability in the region of their phase 
transition. 
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Fig. 3B – Adsorption of PRH+ species (Γ2, molecules/cm2) per unit of the interface at various c2 values; symbols as in Fig. 3A. 

 
 

The extent to which PRH+ penetrates the DPPC 
monolayer spread at an air/water interface can be 
characterized by means of the penetration number 
(np) defined as the ratio of the number of PRH+ 
ions to DPPC molecules at the interface, i.e.: 

 
3

2
p N

Nn =  (4) 

By taking into account Eq. (2) and by using the 
approach c,33 AA = , one obtains  

 ( ) '
2c,3323p ΓAAΓAn −==  (5) 

Penetration numbers calculated by means of  
Eq. (5) are plotted vs. A3 in Fig. 4.  

 

 
Fig. 4 – Penetration numbers (np) as a function of A3 values for DPPC monolayer membranes spread on various PRH+ 

concentrations; symbols as in Figs. 3A and 3B.  
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The maximum np values are observed in the 
same A3 region, irrespective of the value of c2. In 
contrast, the surface pressure corresponding to the 
maximum np value is very much affected by c2, vis. 
π increases with increasing c2. For example, one 
has the maximum np at c2 = 10-6 M for π ≈ 
10 mN/m, whereas at c2 = 10-2 M it attains π ≈ 
20 mN/m. 
 It is interesting to compare values of the 
maximum penetration number with those obtained 
earlier for the penetration of PRH+ in SA 
monolayers under identical conditions, vis. with 
SA spread on unbuffered aqueous solutions of 
protonated procaine.13 It seems that PRH+ 
penetrates much more easily into DPPC 
monolayers than into the SA ones. Presumably, 
this is due in part to the less compact character of 
the DPPC monolayers, when compared to those of 
SA under similar conditions.  

On the other hand, the PRH+/DPPC binding 
energy presumably arises from hydrophobic and 
polar interactions, resulting in the stabilization of 
the procaine dipole (ester bond) in the lipid dipole 
region at the air/water interface and from 
interactions of the protonated tertiary amine of 
procaine, either with the polar head groups of the 
lipids, or directly with the zwitterion lattice. It is 
expected the procaine molecules to shuttle 
relatively rapidly between deeper and shallower 
sites (toward the polar head group of lipid) 
depending on the charge of procaine molecule.  

The effect of the insoluble lipid monolayer to 
enhance the PR adsorption is due mainly to the 
hydrophobic interactions between the molecules of 
both surfactants, but it is strongly influenced also 
by the compactness of the DPPC monolayer 
membrane.   
 The hydrophobic moiety of the PR molecule is 
of small dimensions and, consequently, in its 
interaction with the long hydrocarbon chains of the 
insoluble surfactants no important differences may 
arise. Thus, the different behavior might be 
assigned to the hydrophobic interactions between 
the molecules of the insoluble surfactant 
themselves. The attracting forces between the 
neighboring molecules will be the most important 
in the case of SA, having a small polar group and a 
single saturated hydrocarbon chain and SA will 
give the most compact film, being the most 
disadvantageous for the PR penetration. 
 Penetration number values obtained in this 
study are comparable to those calculated for 
norleucine from literature data obtained with 

dimyristoyl phosphatidylcholine monolayers.34 
However, these values are much lower than those 
reported for the penetration of dibucaine into 
palmitoyl-oleoyl phosphatidylcholine monolayers.43 
The high values obtained in the latter case might 
be due to the more expanded character of this 
partly unsaturated phospholipid membrane.  

Atomic force microscopy, AFM, investigation 

Further, AFM imaging yields important results 
on the structure and dynamics of lipid membranes 
at nanometer scale. Furthermore, AFM allows high 
resolution imaging of surfaces of membrane 
supramolecular assemblies leading to substantial 
new insights about the structure of lipid 
membranes in interaction with anesthetics.   

For instance, AFM images revealed quantitative 
(measurable) details (Fig. 5) on various-sized LC 
domains (e.g., mainly nano-level domains) and 
their shapes (spherical, oval, squares, windmill 
aspect) occurred at a surface pressure of about 8 
mN/m, during the phase transition of pure DPPC 
membrane where the LC and LE phases coexist.  

These LC structures (Fig. 5) are compacted 
close together under the compression of the lipid 
membrane leading to the formation of rather large 
and flat vesicles within the DPPC monolayer  
(Fig. 6). The vesicles were detected at a surface 
pressure of 35 mN/m. The smooth DPPC 
membrane is characterized by low surface 
roughness, i.e., RMS and Ra values of the height 
distribution, which are given in the legend of  
Figs. 5 and 6.  

Further, the phase transformation from LE to 
LC is well evidenced on compressional isotherm 
given in Fig. 1A, on curve 1, at the surface 
pressure of about 35 mN/m, which is equivalent to 
the surface pressure indicated in Fig. 6. Thus, an 
interesting observation appears, namely the surface 
pressure is controlling the LC domain formation in 
DPPC membrane, as showed in Figs. 5 and 6. 

In Fig. 6, a portion of a circular DPPC vesicle 
from condensed domain of about 6 µm in diameter 
is revealed at this surface pressure, which is much 
higher than the surface pressure given in Fig. 5. 
Finally, flat DPPC condensed domains are 
compressed near the collapse pressure of pure 
DPPC monolayer membrane (see, Fig. 1A, curve 1 
and Table 1). Near the DPPC membrane collapse, 
vesicles are almost jointly condensed together 
leading to a DPPC smooth compact layer of very 
high stability.  



 Interaction of procaine with phospholipids membrane 863 

 
Fig. 5 – AFM images on pure DPPC monolayer membrane transferred on mica surface, at the onset of the LE to LC phase transition, 
at about 8 mN/m; A) 2D topographic image; B) phase image; C) amplitude image; D) 3D image; E) cross profile along the arrow in 

image (A); scanned area of 2 µm x 2 µm; RMS (root mean square) on scanned area 0.4 nm; RMS on cross profile 0.4 nm; Ra 
(arithmetic surface roughness) on scanned area 0.3 nm; Ra on profile 0.4 nm. 

 

 
Fig. 6 – AFM images for pure DPPC monolayer membrane, transferred on mica surface at high surface pressure of about 35 mN/m; 

A-E images: symbols as in Fig. 5; scanned area of 3 µm x 3 µm; RMS on scanned area 0.3 nm; RMS on profile 0.4 nm; Ra on 
scanned area 0.2 nm; Ra on profile 0.3 nm.  

 
The thickness of DPPC LC domain is 

predominantly around 31 Å (Fig. 5E) and the 
domain boundaries (Figs. 5A-D) were clearly 
observed in pure DPPC membrane at the phase 
transition LE/LC at 8 mN/m. In LC structures, the 
molecular packing of DPPC molecules, which are 
formed from hydrocarbon tails and head polar 
groups (i.e., ester along with zwitterion groups), is 
in substantial agreement with the molecular models 
proposed earlier for DPPC molecules31 well 
packed at the air/water interface. Clearly, DPPC 

molecules are preferentially oriented with head 
groups predominantly parallel oriented to the 
air/water interface.31 At higher surface pressures, 
like 35 mN/m, the membrane thickness of LC 
domains is about 40 Å (Fig. 6E), much higher than 
about 31 Å (Fig. 5E), indicating that the DPPC 
molecules are mainly packed with head groups 
predominantly perpendicular oriented to the 
air/water interface.31  

The analogous situations are presented for 
DPPC monomolecular membrane on PR concentra-
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tion of 10-4 M (Fig. 7) and 10-3 M (Figs. 8 and 9) in 
aqueous subphase at the surface pressure of about 
8 mN/m for comparison with pure DPPC 
membrane structure given in Fig. 5. Very 
interestingly the thickness of LC domains of 
DPPC-PR membranes is almost the same of about 
18 to 21 Å (Figs. 7E-9E), and much smaller than 
about 31 Å characteristic for LC of pure DPPC 
membrane (Fig. 5E). This situation indicates that 
the PR can modulate the fluidity of DPPC 

membrane by its penetration among the 
hydrocarbon tails of DPPC membrane and between 
the LC and LE domains at the phase transition 
from LE to LC mixed systems. This finding can be 
also interpreted that the molecular packing of 
DPPC molecules is perturbed by the adsorption of 
PR molecules on polar groups of DPPC molecules 
and also due to their penetration among the tails of 
hydrocarbons of DPPC membrane. 

  
 

 
Fig. 7 – AFM images for DPPC monolayer membrane on PR (0.0001 M) substrate, transferred on mica surface, at the onset of 

LE/LC phase transition, at about 8 mN/m; A-E images: symbols as in Fig. 5; scanned area of 5 µm x 5 µm; RMS on scanned area 0.5 
nm; RMS on cross profile 0.5 nm; Ra on scanned area 0.3 nm; Ra on profile 0.5 nm. 

 

 
Fig. 8 – AFM images for DPPC monolayer membrane on PR (0.001 M) substrate, transferred on mica surface at surface pressure of 

about 8 mN/m; A-E images: symbols as in Fig. 5; scanned area of 10 µm x 10 µm; RMS on scanned area 0.3 nm; RMS on profile 0.3 
nm; Ra on scanned area 0.2 nm; Ra on cross profile 0.3 nm. 
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Fig. 9 – AFM images for DPPC monolayer membrane on PR (0.001 M) substrate, at the LE/LC phase transition, at about 8 mN/m; 

A-E images: symbols as in Fig. 5; scanned area of 5 µm x 5 µm; RMS on scanned area 0.3 nm; RMS on profile 0.3 nm; Ra on 
scanned area 0.2 nm; Ra profile 0.2 nm. 

 

 
Fig. 10 – AFM images for DPPC monolayer membrane on PR (0.001 M) substrate, at about 35 mN/m; A-E images: symbols as in 

Fig. 5; sanned area of 4 µm x 4 µm; RMS on area 0.3 nm; RMS on profile 0.6 nm; Ra on area 0.2 nm; Ra on profile 0.5 nm. 
 

In the presence of PR 10-4 M, in Fig 7, the 
shaped LC phospholipid domains were almost 
circular, oval or squares of various–sizes (e.g.,  
about 1 µm to 4 µm in diameter) in DPPC-PR 
membrane at the phase transition. At higher PR 
concentration, like 10-3 M in Figs 8 and 9, the 
DPPC-PR  LC domains were almost circular 
vesicles of about 4 µm to 6 µm diameters at the 
phase transition, in the presence of many small LC 
domains existing in LE phase. The center of 
vesicles of about 1 µm was rather porous and 
occupied by LC small circular nano domains, 
(Figs. 8 and 9).  The common boundary region of 
these vesicles appeared to define the condensation 
process of large vesicles with small DPPC-PR 

patches, or with smaller vesicles, through the 
phospholipid membrane compression, as seen in 
Figs. 8 A-D and 9 A-D.   

Circular mixed vesicles of DPPC-PR, with 
condensed domains about 3 µm in diameter, were 
also revealed, in Fig. 10 A-D, fused together in 
DPPC membrane on PR (0.001 M) in aqueous 
phase at the surface pressure of about 35 mN/m. 
The DPPC-PR condensed domains are smaller than 
those observed in pure DPPC membrane (Fig. 6). 
The DPPC-PR, LC domains are further compressed 
close together near the collapse pressure of DPPC 
monolayer membrane on a 0.001 M procaine 
subphase (see Fig. 1, curve 3 and Table 1). 
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Increasing the surface pressure and thus, 
continuously decreasing the DPPC-PR membrane 
area, these vesicles were fused together and gave 
the network of almost circular vesicles, well 
oriented and jointly packed at the air/water 
interface and perfectly transferred on mica surface, 
by LB technology, as visualized in AFM images 
(Fig. 10A-D). In addition, the planar domains 
formed were reasonably circular. Therefore, we 
consider that their fusion is an approximately 
symmetric process.   

The symmetric process is consistent with the 
fusion of large vesicles with small patches or small 
vesicles followed by an approximately equal 
spreading around the entire initial area of large 
vesicles. This mechanism of fusion process itself 
was directly observed due to high resolution AFM 
measurements.  

The thickness of LC domains in mixed DPPC-
PR membrane is around 33 Å (Fig. 10E) at  
35 mN/m, much higher than 21 Å, which was 
found characteristic for LC domains of mixed 
DPPC-PR  membrane at the phase transition at 8 
mN/m (Figs. 8E and 9E). Consequently, the 
structural changes were discovered within DPPC 
membrane during the interaction with the local 
anesthetic procaine, which is an amphiphilic drug, 
by using AFM images and cross profiles. 

Coupling thermodynamic approach with AFM 
investigation we analysed the procaine location 
and preferential orientation in DPPC membrane as 
well as the specific interactions of PR and DPPC 
model membrane. The charged polar group of 
procaine prefers the head group region of DPPC 
membrane, while uncharged amino group and 
benzene ring can penetrate in the hydrocarbon 
(tail) region of the phospholipid monolayer 
membrane. Procaine can also establish hydrogen 
bonds with phosphate and carbonyl moieties of the 
phospholipid in substantial agreement with 
molecular models used to investigate the behavior 
of procaine in lipid model membranes. 

Our results led to a better understanding of the 
interaction between DPPC molecules within the 
Langmuir monolayer membrane and between the 
phospholipid membrane and procaine at a 
molecular level, in substantial agreement with 
vibrational spectroscopic approach74,75 and molecular 
dynamic simulations.76-78  

The effects of PRH+ on the surface properties of 
DPPC monolayer membrane give further support 
for various hypotheses referenced as to how the 
phospholipids might be involved in anesthetic 
action. However, more work is needed before a 

detailed molecular mechanism involving 
phospholipids can be made to conform to 
physiological data on the behavior of various 
excitable membranes.  

EXPERIMENTAL 

Materials 

L-α-dipalmitoyl phosphatidylcholine (DPPC) was purchased 
from Avanti Polar Lipids (Alabaster, AL). Procaine hydrochloride 
was obtained from Merck (Darmstadt, Germany). All chemicals 
were of analytical grade and were used without further 
purification. Procaine was dissolved in twice-distilled water.  

Langmuir monolayer and compressional isotherms 

The characteristic properties of biomolecules are firstly 
characterized by compressional isotherms which are crucial in 
obtaining a proper knowledge of what is occurring in model 
membranes at the molecular level. Secondly, AFM is used to 
obtain various images of LB transferred monolayer membrane 
on mica showing the membrane structure.  

A comparison of the literature data shows that the surface 
pressure, π, vs mean molecular area, A, curves of DPPC 
monolayers are sensitive to the type of spreading solvent 
used.24-30 Preliminary tests indicate that mixture (2:98, v/v) of 
absolute ethanol: n-hexane is sufficiently polar to dissolve the 
DPPC,31 since the presence of ethanol affects both the surface 
tension and the physical state of the monolayer.32 We 
attempted to minimize the effect of ethanol by spreading 
DPPC at relatively high (≈ 10-3 M) phospholipid concentrations. 
Doubly-distilled water (pH ≈ 5.6) was used as an aqueous 
subphase. The reproducibility of the isotherms obtained from 
DPPC monolayers was checked following spreading by 
maintaining the film at high areas (A > 100Å2 / molecule) for 
different time intervals (between 5 and 30 min) prior to 
compression. The π-A isotherms obtained were found to be 
practically identical irrespective of the waiting times, 
indicating that the DPPC monolayer isotherms were 
independent of the precompressional delay and the spreading 
solvent. 
 The surface pressure versus area curves were recorded 
continuously using the Wilhelmy method, as shown in Figs. 
1A and 1B. Measurements revealed the shape of the isotherm 
to depend on the compressional speed at or above the LE/LC 
phase transition. Such effects have also been reported by other 
authors.20,28,29 In our experiments, a compressional speed of  
4-8 Å2 molecule-1 min-1 was used. This allowed a complete 
isotherm to be recorded in about 20-30 min with minimum 
data variation. The concentration range of used PR aqueous 
solutions was 0.001 mM-10 mM. The pH of the subphase was 
controlled between 5.1 and 5.6. At these values only the 
monocationic form (PRH+) of procaine exists in aqueous 
solutions. All measurements were made at 220C. The accuracy 
of the surface pressure measurements was ± 0.25 mN/m while 
the π-A isotherm was selected from at least ten separate 
determinations, all made under identical conditions. DPPC 
monolayers were spread at the air/aqueous solution interface 
in the presence of procaine hydrochloride aqueous substrates 
and left about 15-30 min to attain equilibrium. At the air/water 
interface a mixed monolayer is formed that contains, besides 
water molecules (component 1), molecules of both surfactants, 
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protonated procaine (component 2), and phospholipid 
(component 3). All three components must be considered in 
order to understand the nature of drug-membrane interactions. 

Langmuir-Blodgett, LB, transferred monolayers 

Lipid monolayers were transferred by Langmuir-Blodgett 
technique, LBT, at different constant surface pressures,44-53 on 
freshly cleaved muscovite mica surface, that were previously 
submerged in the aqueous subphase, as elsewhere described. 
The mica plate was fixed to a lifting device and was raised in 
the vertical plane out of the aqueous subphase at a constant 
speed of 8 Å2/molecule, for every chosen constant surface 
pressure. Before the transfer, the lipid monolayer was 
equilibrated for 10 min at the selected constant surface 
pressure. The transfer ratio was equal to 1, namely without 
compression or expansion of the spread lipid monolayer either 
in the absence or in the presence of different concentrations in 
procaine. The LB film transfer took place at a speed of about  
5 mm/min, which was tested as appropriate at each used 
constant surface pressure. Certainly, LBT improved the 
immobilization of monolayer membranes on mica substrate 
and made them accessible to high resolution imaging with 
AFM. 

AFM measurements 

Atomic force microscopy is a surface imaging technique 
with a nanometer-scale resolution.54-64 AFM studies were 
performed using the AFM JEOL. The cantilevers were made 
of Si3N4, with a resonance frequency of 250 – 350 kHz. 
Through this study, AFM images were obtained at several 
constant surface pressures, like around 8 mN/m and 35 mN/m, 
in order to examine the effect of procaine on the phase 
transition from expanded liquid (LE) to condensed liquid (LC) 
in pure DPPC monolayers. In each situation, five to ten 
independent experiments were carried out, and up to 10 AFM 
images were taken and analyzed. The phospholipid membrane 
surface was also evaluated by surface roughness measure-
ments79,80 as shown elsewhere.  

CONCLUSIONS 

In this work, we studied the effects of procaine 
on a DPPC monolayer membrane. For the first 
time, the penetration of procaine into DPPC 
monolayers is explored by thermodynamic approach 
along with AFM investigation.  

By recording surface pressure versus mean 
molecular area isotherms, the penetration of PRH+ 
into DPPC monolayers was studied. Penetration 
number values derived for different π values 
allowed us to postulate the molecular mechanism 
of drug penetration. By collecting sequences of 
AFM images over a large monolayer membrane 
area, at various surface pressures, the conversion 
of isolated small patches and circular vesicles to 
large planar monolayer vesicles was observed.  

One major conclusion is that the procaine 
concentration exerts a modulating influence on 

phospholipid (vesicles) LC domain structure and 
size along with the increasing of lateral surface 
pressures. Finally, the outcomes suggest that the 
pressure dependence of the procaine penetration 
into phospholipid model membranes might be of 
relevance in the interfacial mechanism of pressure 
reversal in anesthesia. 
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