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Bilayer Coated Capsule Membranes. Part 2.1.2 Photoresponsive
Permeability Control of Sodium Chloride across a Capsule Membrane

Yoshio Okahata,* Han-jin Lim, and Satoshi Hachiya

Department of Polymer Science, Tokyo Institute of Technology, Ookayama, Meguro-ku, Tokyo 152, Japan

Two types of photoresponsive nylon capsules coated with synthetic bilayer membranes were prepared.
In one system, the azobenzene chromophore is incorporated in the bilayer component (System I) ; the
other system contains the azobenzene moiety as part of the polyamide chain (System Il). Release of
NaCl from nylon capsules coated with photoresponsive bilayer membranes (System |) was reversibly
regulated by alternate irradiation with u.v. or visible light. Thus, permeation of NaCl was enhanced due
to the distorted cis-configuration of the azobenzene unit in bilayers, and reverted to the original rate by
recovery of the trans-configuration. NaCl release was also affected by the phase transition of the coating
bilayer membrane. The permeation mechanism is discussed from the activation energy data. Permeation
of the System Il capsule, in which the azobenzene unit is linked covalently, was not changed by photo-

irradiation.

Nylon capsule membranes have been described by Chang e?
al?™ and Kondo e al.*7 in connection with their studies on
artificial cells by trapping enzymes in the inner aqueous phase.
Capsule membranes, however, are semipermeable and
therefore have the disadvantage that they cannot trap low-
molecular-weight substances in the inner core.3®* Chang
et al 5-® prepared the egg-lecithin-coated capsule membrane
in order to overcome this disadvantage. On the other hand,
the trapping of various water-soluble substances in the inner
water phase of synthetic bilayer vesicles "' has been exam-
ined by several groups.'* ¢ These synthetic bilayer vesicles as
well as liposomes of natural lipids, however, have several
disadvantages in trapping; very small inner aqueous phases,
easily breakable bilayer walls against the osmotic pressure
difference, and difficulty in the separation of vesicles from the
outer phase.

To remove the respective weak points of both membranes,
functional nylon capsules whose porous membranes were
coated with synthetic dialkyl bilayers were prepared.!-!’-8
The capsule is formed by physically strong nylon membranes
and the coating shows the characteristics of bilayer vesicles.
For example, the release of water-soluble substances was
controlled by the phase transition of the coating dialkyl-
ammonium bilayers,""'” and by the interaction of added
divalent cations from outside with the coating dialkyl phos-
phate bilayers.'®

In aiming at the photoresponsive permeability control of
capsule membranes, we prepared two types of azobenzene-
containing nylon capsules coated with synthetic bilayer
membranes. A schematic illustration of two types of capsules
is shown in Figure 1. In System I, an ordinary nylon-2,12
capsule membrane was coated with photoresponsive bilayers
of C,3-Az0-C4-N+ or Cy6-,C2-Az0-Ci-Nt, and/or 2C N *-
2C, (see Figure 1). The distorted bilayer structure of the cis-
azobenzene chromophore which is formed by photoirradi-
ation is expected to increase the permeability across the mem-
brane. In System II, the photoresponsive unit was covalently
bonded to the nylon capsule membrane (nylon-2,Azo) which
was coated with ordinary dialkylammonium (2C,;\N+2C,)
bilayers. The cis—trans configurational change of the azo-
benzene unit in a capsule membrane is expected to change the
pore size of the membrane.

The azobenzene system was selected as the photoresponsive
unit since its photoisomerization behaviour has been studied
in detail in various systems: polymer solutions,'”~?* polymer
membranes,**?’ crown ethers, 2% cyclodextrins,®® liquid
crystals,® and bilayer membranes.3273%

Experimental

Materials.—Preparations of the amphiphiles ditetra-
decyldimethylammonium bromide (2C;N+2C;)?% and p-
dodecyloxy-p’-(@-trimethylammoniobutoxy)azobenzene
bromide (C,,-Azo-C-N*) 37 have been reported elsewhere.
p-Dodecyloxy-p’-(o-dimethylhexadecylammoniobutoxy)-
azobenzene bromide (Cis-,C;;-Az0-C-N*) was prepared
from p-dodecyloxy-p’-(w-bromobutoxy)azobenzene and di-
methylhexadecylamine, according to the literature.® 1,10-
Bis(chlorocarbonyl)decane, b.p. 150 °C at 0.5 mmHg, 4,4'-
bis(chlorocarbonyl)azobenzene, m.p. 160 °C [from n-hexane
and benzene (1 : 1)], and trimesoyl chloride, b.p. 130 °C at 3
mmHg, were prepared from the corresponding acids and
thionyl chloride according to the ordinary procedure. These
acid chlorides were redistilled just before use.

Preparation of Capsules.—Large, semipermeable nylon
capsules were prepared from the corresponding diacid
chloride and ethylenediamine in the presence of 5 mol% of
crosslinking agent (trimesoyl chloride) by interfacial polymer-
ization using a drop technique, as described previously.!:’-17:18
The presence of the crosslinking agent gave strong, tensile
capsule membranes.!!”"'®* Nylon-2,12 and nylon-2,Azo
capsules, which were prepared from ethylenediamine and
1,10-bis(chlorocarbonyl)decane or 4,4’-bis(chlorocarbony!)-
azobenzene, respectively, had an ultra-thin membrane thick-
ness (5 um) and a large diameter (2.5 mm). Both nylon-2,12-
and -2,Azo capsules were proved by scanning electron
microscopy (s.e.m.) to have a porous and semipermeable
membrane structure, as shown in Figure 2A. They were di-
alysed in 0.2M-NaCl aqueous solution for 2—3 days to obtain
capsules containing NaCl in the inner aqueous phase.

Amphiphile-coated capsules were prepared as follows.!:17-1%
Ten pieces of NaCl-trapped capsules were transferred to a
dodecane solution (3 ml) of amphiphile (50 mg) and kept at
50—60 °C for 10 min. After cooling slowly, amphiphile-
coated capsules were picked up and rolled on a filter paper to
remove excess of dodecane solution. It was proved by s.e.m.
that amphiphile-coated capsule membranes were entirely
covered with plates of amphiphile including pores, and clear
pores observed in the uncoated capsule (Figure 2A) were not
seen in the intersection of the coated capsule. For example, the
intersectional s.e.m. of nylon-2,12 capsule membrane coated
with a mixed bilayer of C;;-Azo-C,-N* and 2C,N*+2C,
(5:1) is shown in Figure 2B. Similar results were obtained
from other amphiphile-coated capsules.

The amphiphile content on the capsule was estimated to be
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Figure 1. A schematic illustration of two types of photoresponsive nylon capsule membranes coated with synthetic amphiphile bilayers
In System I, an ordinary nylon-2,12 capsule membrane is coated with photoresponsive bilayers of C,,-Az0-C-N* or Cy¢-,C12-Az0-C-N*
and/or 2C,N*2C,. In System II, the photoresponsive unit is covalently bonded to the nylon capsule membrane (nylon-2,Azo) which is
coated with ordinary dialkylammonium bilayers (2C,;,N*2C,). Amphiphile bilayers on the capsule exist as multiple-lamellar structures,

although they are drawn as single wall bilayers

0.01—0.02 mg per capsule from elemental analysis. The sur-
face area of capsules are calculated to be 0.30 4+ 0.03 cm?.

Measurements.—Permeation of NaCl from the inner aque-
ous phase across the capsule membrane was measured by
detecting increases in the electrical conductance of the outer
water phase. It was started by dropping one capsule into 50 ml
of the deionized water in a constant temperature cell.

trans—cis-Photoisomerization of the azobenzene unit in
capsule membranes (Systems I and II) was carried out in
dodecane by irradiating with 360 nm (a HOYA U 360 glass
filter) or >400 nm light (a HOYA L38 glass filter), respec-
tively, from an Ushio 500 W super high-pressure lamp.

The gel-to-liquid crystalline phase transition of coating
amphiphile-bilayers was measured with a Daini-Seikosha
model SSC-560 differential scanning calorimeter. Five crushed
amphiphile-coated capsules were sealed with 50 ul of water in
silver sample-pans and heated from 2 to 90 °C at a rate of
2 °C min™.

Results and Discussion

Photoisomerization Spectra.—Figure 3A shows progressive
spectra changes when the nylon-2,12 capsule membrane
coated with a mixed bilayer of C,,-Azo-C,-N* and 2C,\N*-
2C, (5: 1) (System I) was irradiated in dodecane with 360 nm
light. The absorption spectra clearly showed the formation of
the cis-isomer within 10 min; adsorption peaks at 239 and
358 nm due to the trans-azobenzene unit disappeared and a
new peak for the cis-isomer appeared at 450 nm. This spectral
change due to photoisomerization is consistent with those of
C2-Az0-C,-N* amphiphiles embedded in liposomal mem-
branes 3 and C,,-Azo-C,-N* bilayer aggregates.3? It is esti-
mated from the spectral change that >80% of trans-C,,-Azo-
C,-N* was converted into the cis-isomer at a photostationary
state. Upon irradiation with >400 nm light, ca. 90% of the
cis-isomer on the capsule reverted to the trans-isomer without
other photochemical processes. The photochemical behaviour
of the capsule membrane coated solely with C,;-Azo-C-N* or

Ci6-,C12-Az0-C4-N* was virtually identical with that of Figure
3A

In the case of both 2C,,N*2C,-coated and uncoated nylon-
2,Az0 capsule membranes in which the azobenzene unit was
incorporated covalently (System II), the spectral change of
trans-azobenzene unit (A, 338 nm) was hardly observed
upon irradiation of 360 nm light for >1 h (Figure 3B). When
tetrahydrofuran solutions of nylon-2,Azo or the monomeric
analogue (1) were irradiated with 360 nm light, the isomeriz-
ation proceeded within 1 min to >80% cis-isomer (Figure 3C).
This indicates the nylon-2,Azo capsule membrane prepared
from interfacial polymerization is not suitable for the photo-
isomerization, because the nylon membrane is slightly cross-
linked (5 mol%,). A cast film of nylon-2,Azo can be to some
extent photoisomerized under the same conditions.

cngcugwuco@-r«:n@ CONH(CH,)3CH

(N

Permeation of NaCl.—Permeation of NaCl from the inner
aqueous phase was followed by detecting increases in the
electrical conductance in the outer water phase. Figure 4
shows typical time courses for release of NaCl to the outer
water phase.

The permeability constant P can be calculated from equation
(1) where &, ¥V, and A are the slope of Figure 4, the volume of

P = kVIAC = kd/6AC (1)

the outer water phase, and the surface area of the capsule,
respectively. C denotes the concentration of NaCl trapped in
the inner phase and is substituted by AC (the change of the
electric conductance after crushing the capsule). Thus, P/cm
s! depends on only the capsule diameter (d/cm), the slope
(k/uS cm™ s™), and the electric conductance change at
infinite time (AC/uS cm™). From the AC values, the concen-
tration of the NaCl incorporated in the inner core was esti-



Figure 2. Scanning electron micrographs of intersectional view of the nylon-2,12 capsule membrane (A) uncoated, and (B) coated with
a mixture of C,;-Azo-C~-N* and 2C;,N*2C; amphiphiles (5 : 1). The scale is 5 um
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Figure 3. Progressive absorption spectral changes of (A) nylon-2,12 capsule membrane coated with a mixture of C,-Azo-C,-N* and
2C s N*2C, (5:1), (B) nylon-2,Azo capsule membrane coated with 2C;;N*2C,, and (C) a tetrahydrofuran solution of nylon-2,Azo

polymer, during irradiation by 360 nm light at 25 °C

mated to be 0.19 + 0.01m which was nearly equal to that of
the dialysis solution (0.2M). Permeability constants calc-
ulated from equation (1) are summarized in Table 1. When
uncoated, semipermeable capsule membranes (nylon-2,12 or
nylon-2,Azo) were employed, complete release of NaCl was
achieved within 10 min (see Figure 4), and the permeability
was not affected by photoirradiation (P 5.0—5.6 x 107 cm
s™1). On the other hand, a marked decrease in NaCl release
was observed when capsules were coated with azobenzene-
containing amphiphiles and/or dialkyl amphiphiles (P 1.3—
2.4 x 10 cm s except for the C,,-Azo-C,-N*-coated
nylon-2,12-capsule.

When a capsule coated with a mixed bilayer of trans-C,,-
Az0-C,-N* and 2C\N*2C, (5: 1) was picked from the cell,
irradiated with 360 nm light in dodecane for 10 min, and re-
turned to the cell, the permeability of NaCl was enhanced 3.2
times (P 6.0 X 107 ¢cm s™). Upon reirradiation with >400
nm light in dodecane for 10 min, the permeability was re-
duced nearly to the original size (P 2.0 x 10® cm s™). This
permeability control by u.v. and visible light irradiation could

be repeated more than five times (see Figure 4). A capsule
coated with the single-chain amphiphile (C,,-Azo-C,-N*) did
not show a detectable permeability change by photoirradi-
ation. The permeation constant P was not markedly reduced
in the C;,-Azo-C,-N*-coated capsule compared with those
of other bilayer-coated capsules (Table 1). This means the
covering bilayers of single-chain amphiphiles do not have
enough barrier ability. Therefore, the effect of photoisomer-
ization (the formation of the distorted cis-isomer) is not
clearly detected. The large permeability change was not either
observed (1.3—1.7 times), when the capsule was coated with
the dialkyl-type azobenzene-amphiphile (C,¢-,C;,-Az0-C,-N )
or coated with a mixed bilayer containing a small amount of
the chromophore (C;;-Azo-C,-N*+ and 2C,\N*2C; (1:4).
In the latter case, since the content of azobenzene-amphi-
phile in the bilayer is relatively small (20 mol?%), the effect
of the distorted cis-isomer on the permeability seems not to
appear clearly. These results indicate that the combination
of dialkylammonium-amphiphile with a large amount of
azobenzene-amphiphile produces the most suitable coating
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Table 1. Permeability constants of NaCl across capsule membranes under irradiation with light (25 °C) ¢

Capsules

Uncoated nylon-2,12
Uncoated nylon-2,Azo
System I (nylon-2,12)
coated with a mixture of C,;-Azo-C,-N+
and 2C14N+2C1 (5 ')
(1:4)
coated with C3-Azo-C,-N*
coated with Cw—,Cu-AZO-CrN+
System II (nylon-2,Azo)
coated with 2C,(N+2C,

-1
. 10° Plem s . U.v. light
Dark U.v. light  Visible light Dark
50 51 51 1.0
55 56 55 1.0
1.9 6.0 2.0 32
1.3 1.7 1.3 1.3
11 12 10 1.0
24 4.0 2.6 1.7
1.8 1.9 1.9 1.0

“ A capsule was picked from a cell, irradiated with u.v. (360 nm) or visible (>>400 nm) light in dodecane, and returned to the cell.

vis.

Specific conductance (uS cm™)

t/ min

Figure 4. NaCl permeation from nylon capsules at 25 °C. One
capsule trapped ca. 0.19M-NaCl in the inner aqueous phase was
dropped into distilled water (50 ml). A capsule was picked from
a cell, irradiated with u.v. (360 nm) or visible light (>400 nm) in
dodecane, and returned to the cell. (A), uncoated nylon-2,Azo
capsule; (B), uncoated nylon-2,12 capsule; (C), nylon-2,12 capsule
coated with a mixture of C;;-Azo-C-N* and 2C,[N*2C, (5:1)
(System I); (D), nylon-2,Azo capsule coated with 2C,,N*+2C,
(System II)

for the bilayer, having both higher barrier ability and a large
effect on photoisomerization.

On the other hand, the permeability was not affected when
the 2C,;(N+2C,-coated nylon-2,Azo capsule-(System II) was
photoirradiated in the same way (Table 1 and Figure 4). In
System II, since the azobenzene unit exists as part of the
slightly crosslinked nylon capsule membrane, it did not under-
go photoisomerization (Figure 3B).

It has been observed that the permeation of water molecules
across the liposomal membrane (dipalmitoyl-lecithin bilayer
vesicle) with embedded C,,-Azo-C,-N* amphiphile increases
with the photoisomerization of trans- to cis-form.3* It was not
mentioned, however, whether the permeability can revert to
the original rate by re-photoisomerization from cis- to trans-
isomer in the liposomal membrane. The photoirradiation of
the chromophore-containing liposome seems to cause photo-
bleaching of lipid bilayers or morphological change of the
liposomes such as vesicle fusion. On the other hand, the
bilayer-coated capsule membrane is not damaged by repeated
photoisomerization because of the physically strong capsule
wall and the chemically stable synthetic amphiphiles.

T/°C
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T T ) ) T T -1
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Figure 5. Arrhenius plots of NaCl permeation across (A) uncoated
nylon-2,12 capsule membrane, and nylon-2,12 capsule membrane
coated with a mixture of C;;-Azo-C-N* and 2CN*+2C, (§ . 1),
(B), trans-isomer and (C), cis-isomer. Arrow shows T. obtained
from d.s.c. measurements

Effect of Temperature.—It is important to confirm whether
the coating amphiphiles form bilayer structures on the cap-
sule membrane or not. The liquid crystalline property is one
of the fundamental physicochemical characteristics of the
synthetic bilayer membrane.®*? The presence of the phase
transition between gel and liquid crystal has been inferred or
proved for the synthetic bilayers on the capsule membrane by
differential scanning calorimetry (DSC),!-'’-*® as in the case of
aqueous bilayer vesicles 3! and bilayer-polymer blends.*?

The capsule membrane coated with a mixture of C,;-Azo-
C,-N* and 2C,yN*2C, (5:1) showed the phase transition
temperature (7.) at 22 °C (endothermic peak, AH 17 kcal
mol™). 2C,N*2C, bilayer- and C,,-Azo-C,-N* bilayer-
coated capsules coincidentally have T, 22 °C and the transition
enthalpy was 25 and 1.0 kcal mol™, respectively. Therefore
the enthalpy change at T. of the mixed bilayer should be
largely attributed to the 2C,,N*+2C, component. T, of aqueous
vesicles of 2C,(N+2C, and C,;-Azo-C,-N* and their mixed
vesicles appeared at 22, 25, and 22 °C, respectively, and the
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Table 2. Activation energies above and below T, for NaCl perme-
ation through the capsule membrane

E,/kcal mol™ ¢

Capsule (nylon-2,12) above T, below T
Uncoated 2.8
Coated with 2C;(N*+2C, ® 12 54
Coated with a mixture of
C1,-Az0-C-N* and 2C [N*2C, (5: 1)
trans-isomer 5.8 2.4
cis-isomer 5.8 2.1

%1 kcal = 4.184 kJ. ® Ref. 1.

enthalpy change at T, of single-chain bilayers was also much
smaller than those of dialkyl-chain bilayers.3”-%°

It is expected that the permeability of NaCl across the
capsule membrane may change near T of the coating bilayers.
Permeability constants of capsule membranes coated with the
trans- and cis-isomer of a mixed bilayer [C,,-Azo-C,-N* and
2C,:N*2C, (5:1)] were obtained at various temperatures
(2—60 °C), together with those of the uncoated capsule. This
mixed-bilayer-coated capsule was chosen because of the
largest effect of photoisomerization. Arrhenius plots are
shown in Figure 5.

In the case of the uncoated capsule, the plot of log P versus
T™! gave a straight line. On the other hand, Arrhenius plots
gave inflections near 22 °C in the case of capsules coated
with the trans- and cis-isomers. The cis-isomer-coated capsule
showed about three-fold enhancement of the permeability,
compared with the trans-isomer-coated one over the whole
temperature range. The inflection points agree with T,
obtained from d.s.c. measurements (7 is shown by the arrow
in Figure 5). Activation energies E, calculated from Arrhenius
slopes above and below T, are summarized in Table 2 together
with data for the capsule coated with 2C,(\N*2C,.!

When a hydrated electrolyte such as NaCl permeates
through the hydrophobic bilayer membrane, large E, values
will result. E, Values of the permeation of Na* and Cl~
through egg lecithin vesicles have been reported to be 14—27
kcal mol™.93-4 E, Values above T, are larger than those below
T. in both the trans- and cis-isomer-coated membrane. At
temperatures above 7., NaCl may permeate through the
fluid, a hydrophobic bilayer matrix with relatively high activ-
ation energy (E, 5.8 kcal mol™). When the bilayer is in the
rigid gel state below T., permeation through the hydrophobic
matrix becomes difficult and NaCl may permeate through
defective pores in the coated capsule membrane, instead. E,
Values below T, then, become similar to that of the uncoated
capsule (E, 2.8 kcal mol™), in which NaCl permeation mainly
proceeds by a diffusion process (E, 2—4 kcal mol™).4"47 The
same phenomenon was also observed in the capsule membrane
coated with a series of dialkyldimethylammonium bilayers
QC,N*2C,, n = 12—18).t

E, Values both above and below T. of the cis-isomer-
coated capsule are nearly equal to those of the frans-isomer-
coated one and only the permeation rate is accelerated.
Photoisomerization from trans- to cis-C,,-Azo-C,-N7 in the
mixed bilayer is expected to give a smaller E, value, because
NaCl can permeate through the defective pores of the dis-
torted cis-configuration. Judging from E, values, the form-
ation of the distorted cis-isomer in bilayers, however, seems to
make bilayers more fluid and the permeability increases
without a change in E, values.

Conclusions—We prepared two types of photo-responsive
capsule membranes (Systems I and II) aiming at ° on-off
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light switch ’ permeability control. The permeability of water-
soluble substances such as NaCl can be reversibility con-
trolled in the case of a capsule coated with a large amount of
azobenzene-amphiphile containing dialkyl bilayers (System I).
The configurational change due to frans—cis photoisomeriz-
ation of the azobenzene unit enables the perturbation of the
coating bilayers to result in the increase of the permeability.
This is the first example of a reversibly photoresponsive cap-
sule membrane. We are also studying other, new, signal-
receptive capsule membranes, which respond to stimuli from
outside such as temperature,!''” metal ion interaction,'®
electric field, ultrasound,*® ezc.
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