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Influence of the solvent on the
spreading of poly[(p,L-lactic acid)-co-
(glycolic acid)| monolayers

Abstract The properties of mono
layers of poly[(D,L-lactic acid)-co-
(glycolic acid)] (PLA/GA) are
strongly conditioned by the nature of
the solvent from which they are
spread. In this work, we studied the
properties of PLA/GA films deposited
on water from acetonitrile (a poor
spreading solvent) and chloroform

(a good one), observing marked
differences with regard to the influ-
ence of the pH, temperature and ionic
strength of the subphase. These
differences were attributed to the
structure of PLA/GA at the air/water
interface, being pre-determined by

solvent (closely coiled in acetonitrile,
unfolded in chloroform). Viscosity
measurements on acetonitrile and
chloroform solutions of PLA/GA,
and the calculation of the corre-
sponding intermolecular expansion
factor, o, confirmed that PLA/GA was
better solvated by chloroform than by
acetonitrile, in which intramolecular
interactions between polymer
segments, and thus coiling, will
therefore have predominated over
polymer—solvent interactions.

Key words Poly[(D,L-lactic acid)-co-
(glycolic acid)] — drug forms —
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Introduction

In recent years, research aimed at the sustained release of
drugs has investigated drug forms in which the active
principle is contained in a microsphere or nanoparticle
with a biocompatible, biodegradable polymeric coating
and/or matrix [1-5]. Because these drug forms have large
specific surface areas, their behavior in the organism de-
pends largely on surface phenomena, and useful insight
into this behavior may be obtained by studying their
components as monolayers on aqueous substrates.
Hitherto, such studies have provided information on
the behavior, orientation and packing of various micro-
sphere polymers at the air/water interface [6-11], and
on the interactions between these polymers and certain
drugs [12].

Copolymers of DL-lactic acid and glycolic acid are
widely used in microsphere drug systems [13, 14], the

its structure in the bulk spreading

monolayers — air/water interface

properties of which are largely determined by the nature
of the solvent and stabilizing agent used in their prepara-
tion [11, 15]. In view of this, in this work, we examined
the effects of the spreading solvent on the behavior of
monolayers of poly [(D,L-lactic acid)-co~{glycolic acid)]
(PLA/GA) at the air/water interface. The results afford
insight into the interactions occurring within and among
PLA/GA molecules, and provide a basis for the considera-
tion of how these interactions might affect an incorporated
drug and condition its release from the microsphere and its
biological effects.

Experimental techniques

Two 50:50 PLA/GA polymer samples, one of mean mo-
lecular weight 34000 (commercial name Resomer 503),
and the other of mean molecular weight 98 000 (Resomer
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506), were used as supplied by Boehringer (Ingelheim,
Germany).

Spreading solutions containing approximately 0.8 mg/
ml (unless otherwise stated) of Resomer 503 were prepared
in chloroform, dichloromethane, acetonitrile and 4:1 (v/v)
mixtures of chloroform with methanol or ethanol (pro-
cedural hint: dissolve the PLA/GA in chloroform and then
add the cosolvent). All solvents were Merck p.a. grade
products. Pending use (always within 5 or 6 days of prep-
aration), the spreading solutions were stored at 4°C in
a desiccator under an atmosphere saturated with the cor-
responding solvent.

Subphases were Theorell-Stenhagen buffers (pH 7 un-
less otherwise stated) [9], which were prepared in water of
resistivity 18 MQcm obtained from a Millipore Milli-RO,
Milli-Q reverse osmosis system (Millipore Corp.).

Compression isotherms were recorded in a lLauda
(Germany) FW-1 surface balance; the balance trough was
thermostatted to 25° + 1°C by water circulating from
a Grant LC10 thermostat. The initial area available to the
deposited film was 562 cm?. The number of polymer mol-
ecules spread was 4.96 x 101* for the chloroform solution,
and 1.66 x 101> for the acetonitrile solution. After spread-
ing, the solvent was allowed to evaporate over 10 min, and
then the film was compressed at a barrier speed of
97.5 cm?/min (the isotherms obtained coincided in the
range of barrier speeds 25.5-97.5 cm?/min). Surface pres-
sure (n) was measured to within + 0.1 mN/m. The iso-
therms were highly reproducible, coinciding to within
+ 0.5 A?/monomer at all surface pressures, in three repeti-
tions of each experiment.

The viscosities of the PLA/GA (Resomer 503 and Re-
somer 506) solutions were determined in a Cannon—
Fenske Ostwald viscometer, which was immersed in
a water bath thermostatted at 25° + 0.1 °C. The standard
technique was followed (ASTM D-446-74). The value of k,
the characteristic constant of the viscometer, was esti-
mated by linear interpolation between the values given by
the manufacturer at two temperatures. From the relative
viscosities of series of solutions of concentration between
1 and 6 mg/ml, the specific viscosities ng, were calculated
[16] and then the intrinsic viscosities [#] were estimated
by fitting a suitable equation to plot n/c against ¢

[16, 17]. Of the various models available for estimation of
[#], our data were fitted best by Martin’s equation [18]

log ny/c = log[n] + k[n]c .

Results
Influence of the spreading solvent

For each of the five spreading solvents, Fig. 1 shows the
surface pressure — area (n—A) curves obtained by continu-
ous compression of PLA/GA films at the air/water inter-
face. The two poorest spreading solvents were acetonitrile
and 4:1 chloroform/ethanol (Curves 1 and 4, respectively),
for both of which the limiting areas of the expanded and
condensed states of the film (around 18 and 2 A% mono-
mer, respectively) were much smaller than for similar
polymers [19].

Fig. 1 Comparison of -4 isotherms for PLA/GA films compressed
on a subphase of pH 7 at 25 °C after spreading from: 1) acetonitrile;
2) chloroform; 3) dichloromethane; 4) 4:1(v/v) chloroform/ethanol;
5) 4:1 (v/v) chloroform/methanol
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As for the polyvinylacetate the best spreading solvent
was chloroform [20]) (Curve 2), which like dichloro-
methane (curve 3) allowed expanded phase films with
limiting areas of around 42 A¥monomer, in keeping with
other values obtained for polymers [19]. The isotherm
obtained with 4:1 chloroform/methanol as spreading sol-
vent (Curve 5) was similar to Curves 2 and 3, but with
rather smaller specific areas for surface pressures lower
than 17 mN/m.

Influence of the concentration of the spreading solution

Figure 2a shows the n—A4 isotherms for PLA/GA films
spread from chloroform at three different concentrations
(0.31, 0.155 and 0.031 mg/ml). Dilution of the spreading

Fig. 2 (A) Influence of the concentration of the spreading solution on
the n—4 isotherms for PLA/GA films compressed on a subphase of
pH 7 at 25°C after spreading from: chloroform (xxxx: ¢ = 0.31

mg/ml, oooo: ¢ = 0.155 mg/ml, : —c¢ = 0.031 mg/ml). (B) Inset: aceto-
nitrile (A:c =446 mg/ml, A":c =223 mg/ml, A”:c =0.86 mg/ml,
A"":c = 0.446 mg/ml)
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solution did not significantly alter the shape of the iso-
therm. Figure 2b shows the results of similar experiments
in which PLA/GA was spread from acetonitrile (classified
above as a poor spreading solvent), this time at four
concentrations (4.46, 2.23, 0.86 and 0.446 mg/ml). In this
case, the specific areas of the polymer increased signi-
ficantly as its concentration in the spreading solution
decreased.

Influence of subphase temperature

Figures 3a and b show the isotherms obtained for continu-
ous compression of PLA/GA films spread from chloro-
form and acetonitrile, respectively, onto subphases with
temperatures between 10°C and 35°C. For chloroform,
the specific areas of the expanded film were barely affected
by the subphase temperature, whereas for acetonitrile the

Fig. 3 Influence of the subphase temperature on the n—A isotherms
for PLA/GA films compressed on a subphase of pH 7 after spreading
from: A) chloroform; B) acetonitrile
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specific area increased considerably with temperature
in the range studied. For both solvents, the onset of
the transition between expanded and condensed states
barely shifted with temperature, although the length of
the corresponding plateau increased, as a result the specific
areas of the condensed film decreased with increasing
temperature.

Influence of subphase pH

Figures 4a and b show the isotherms for PLA/GA films
spread from chloroform and acetonitrile, respectively,
onto subphases of between pH 1.5 and 12. Again, the
results for the two spreading solvents differed: for chloro-
form, the shape of the isotherm barely altered in the pH
range 2-9, whereas for acetonitrile the specific areas of the

Fig. 4 Influence of the pH of the subphase (numbers on curves) on
the n—-A isotherms for PLA/GA films compressed at 20°C after
spreading from: a) chloroform; b) acetonitrile
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expanded film increased considerably in the same pH
range. For both solvents, the isotherms obtained at pH 11
and pH 12 (the latter especially) were suggestive of dissolu-
tion of the PLA/GA in the subphase.

Influence of the ionic strength of the subphase

The effects of increasing the ionic strength of the subphase
(by addition of NaCl) are shown in Figs. 5a and b for films
spread from chloroform and acetonitrile, respectively. For
both the solvents, the specific areas of the expanded and
condensed PLA/GA films increased with ionic strength in
the range studied, but this effect was much more marked
for acetonitrile.

Fig. 5 Influence of the ionic strength of the subphase (molarities on
curves) on the n—-A isotherms for PLA/GA films compressed on
a subphase of pH 7 at 25 °C after spreading from: a) chloroform; b)
acetonitrile
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Discussion
Influence of the spreading solvent

For the best two spreading solvents, chloroform and dich-
loromethane, the specific areas of the expanded PLA/GA
films did not depend on the concentration of PLA/GA in
the spreading solution (Figs. 1 and 2a). This, and the large
specific areas occupied, suggests that in these solvents
PLA/GA has an uncoiled structure in the spreading solu-
tion (regardless of concentration). By contrast, the specific
areas of the PLA/GA film spread from acetonitrile were
small and increased as the concentration of PLA/GA
concentration in the spreading solution decreased
(Figs. 1 and 2b), suggesting that in this solvent the polymer
chains had a coiled structure resulting in small specific
areas and enhanced probability of dissolution in the sub-
phase; the unfolding of these structures through solvation
of the polymer chain would explain why the specific film
areas increased with the ratio of solvent to polymer mol-
ecules. The evidence for the coiling of the polymer chains
in acetonitrile also came from the fact that the specific
areas of the PLA/GA film increased with the time elapsing
etween preparation of the spreading solution and spread-
ing itself, especially for concentrated solutions (results not
shown). No such effect was observed for the chloroform
solutions.

Indirect evidence of structural differences between
PLA/GA in chloroform and PLA/GA in acetonitrile
comes from the viscosity measurements, since the vis-
cosity of a polymer solution increases with solvation of
the polymer [21]. According to the Mark—Houwink
power law,

[n] = KM*

(where M is the molecular weight of the polymer and K is
constant for a given polymer), the intrinsic viscosity of
a solution of a polymer in an organic solvent depends on
the intermolecular expansion factor a, which reflects poly-
mer—solvent interaction and hence varies with the solvent.
In a solvent that interacts strongly with the polymer, o is
greater than in a poor solvent in which the polymer inter-
acts mainly with itself and so becomes coiled [22, 23]. The
experimental values of [#] obtained for solutions of the
two different types of PLA/GA in chloroform and in
acetonitrile (Table 1) are of the same order of magnitude as
for other polymers [7]. The fact that « was greater in
chloroform confirms that PLA/GA interacts more strong-
ly with this solvent than with acetonitrile, and suggests
that in the latter solvent the polymer must form dense coils
that prevent its full extension when spread at the surface of
a subphase [23-25]. Although « was <1 in both solvents
(indicating that the polymer chains were not fully unfolded

Table 1 Intrinsic viscosities [#] and parameters of the Mark—
Houwink power law, estimated for the two PLA/GA samples

Molar weight Acetonitrile  Chloroform Acetonitrile Chloroform

(nllml/gl  [#]lml/g] o x
34.000 30.05 41.02
98.000 36.91 71.39 0.19 0.52

even in chloroform), it should be borne in mind that these
o values are for bulk-phase solutions of the PLA/GA, and
thus do not necessarily faithfully reflect the behavior of the
polymer at the air/water interface, where surface forces will
play an important role in unfolding the polymer chains.

Influence of temperature

The specific areas of PLA/GA films spread from aceto-
nitrile increased with temperature at low surface pressures
but decreased with increasing temperature at high surface
pressures (Fig. 3b). The increase of specific areas with
temperature at low surface pressures may be attributable
to a combination of increased molecular agitation [26]
and thermally induced unfolding of the polymer chains
(presumed coiled in acetonitrile), effects which in the ex-
panded film must have predominated over the film-shrink-
ing effect of increased polymer solubility. At high surface
pressures, lack of available space may be assumed to have
limited unfolding and the film-expanding effect of in-
creased agitation, and the predominant effect will therefore
have been the thermally facilitated submersion of polymer
coils in the substrate, which explains the observed (anom-
alous [27]) decrease in surface areca as temperature
increased.

Qualitatively similar behavior was exhibited by
PLA/GA films spread from chloroform (Fig. 3a), but in
this case the area of the expanded film increased with
temperature very much less than in the case of acetonitrile.
This difference is probably due to the absence of any
polymer unfolding effect, the polymer chains being highly
unfolded at all temperatures when deposited from chloro-
form, and to PLA/GA molecules having very short side
chains, which means that expansion due to increased ther-
mal agitation is less than that reported for amphiphiles
with long apolar side chains. For films spread from
chloroform, the decrease in surface area with increasing
temperature at high surface pressures may be attributed
to increased submersion of individual polar groups (fol-
lowing their reorientation during the transition from the
expanded to the condensed state [9]), rather than to
increased submersion of coiled segments as in the case of
films spread from acetonitrile. At pH 9 the anomalous
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temperature dependence of the area of the condensed film
is even more marked than at pH 7 (results not shown),
which is attributable to increased solvation of carboxyl
groups due to their increased ionization. Further light can
be thrown on this question by the use of other surface
techniques such as ellipsometry or surface potencial
measurements.

Influence of pH

The small areas of the PLA/GA films spread from
acetonitrile onto subphases of pH 1.5 or 3 (Fig. 4b) are
attributed to the coiling of the PLA/GA being more pro-
nounced at acid pH, at which the polymer is unionized.
Above pH 4.3 (the pK, of the terminal carboxyl groups of
PLA/GA), ionization of the polymer causes the film to
expand through intra- and intermolecular repulsions.
Above pH 11, the compressibility of the film increases with
increasing pH and the transition between expanded and
condensed states disappears, which is attributed to the
increasing solubility [19] of the PLA/GA; at pH 12, the
solubility of the PLA/GA film is so high that the mono-
layer essentially does not form. For films spread from
chloroform, pH hardly affects compression behavior over
the pH range 2-9 because the polymer chains are unfolded
in this solvent regardless of their ionization state, but
above pH 9 the solvation of polar groups due to their
electric charge results in the solubilization of the mono-
layer (Fig. 4a).

Influence of ionic strength

The specific areas of films spread on substrates of pH
7 increased with the ionic strength of the substrate, espe-
cially in the case of films spread from acetonitrile (Fig. 5).
This may be attributed to a salting-out effect: competition
for solvent molecules between the inert electrolyte and the
ionized PLA/GA groups will have meant that increasing
the concentration of the former will have reduced the
solvation of the polymer and increased the number of
monomers at the interface and the surface area of the film.
That the effect was less marked for films spread from
chloroform than for films spread from acetonitrile will

have been simply due to the fact that the former were
already highly expanded even on substrates of low ionic
strength, so that little further expansion was possible upon
increasing ionic strength. In the condensed film region, the
effect of salting-out was that the collapse pressure of the
films increased with ionic strength, especially in the case of
films spread from chloroform.

Increasing the ionic strength may also be expected to
have reduced the thickness of the electric double layer
around polar PLA/GA groups, and hence the repulsive
forces among them. By itself, this effect would lead to
smaller surface areas, but it appears to have been too small
to outweigh the salting-out effect except in the case of
condensed films spread from chloroform (Fig. 5a).

General conclusions

1) The properties of PLA/GA monolayers depend on
the nature of the spreading solvent. Of the solvents used in
this work, PLA/GA was spread worst by acetonitrile and
4:1 chloroform/ethanol, and best by chloroform and
dichloromethane.

2) The above differences are attributed to the structure of
PLA/GA at the air-water interface depending on its struc-
ture in the bulk spreading solution (closely coiled in
acetonitrile, unfolded in chloroform).

3) Indirect evidence of the difference between the struc-
tures of PLA/GA in chloroform and acetonitrile is af-
forded by the values of the viscosity of solutions of
PLA/GA in the two solvents. The greater values of [#] for
chloroform solutions indicate significant polymer—solvent
interaction.

4) The properties of PLA/GA monolayers vary signifi-
cantly with temperature, pH and the ionic strength of the
substrate on which they are spread. This behavior can be
explained in terms of the influence of these variables on
polymer—substrate interactions.

Further work must be carried out to gain a better
understanding of the interactions of PLA/GA with sol-
vents and with other molecules involved in the preparation
of PLA/GA-based microsphere or nanoparticle drug
forms, and of the implications of these interactions for the
behavior of such drug forms.
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