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Various synthetic surfactants have been proposed as the Hac\ CHs CHy
alternative for lipid.' lon pairing of oppositely charged sur- N o_ o H3C\N§4c;?3\P//O
factants through electrostatic attraction help forming vesicle HQC/ \ ¢F o o
and numerous ion-paired surfactants (II’S) have been | TH2 c,:H2 l (|3 y
reported, together with the polymerizable one.>* One IPS (CH2)n(CH2 l o H | :
vesicle can sensor specific ions such as Al*' and Ce*', and ’ " (CH) , 2 (CH)m
collapse to micelle.* lon pairing technique can be also CHy &, I & (THZ)m l
applied to control the permeation of vesicular membrane. In o ° CHy cro
this paper, the permeability of IPS vesicle is checked with
encapsulated ions. Some [PS vesicle shows improvements in ::),,:1;,_ m=11 (ND14C14) L’_'f,zl-_z_ m=14
stability, and encapsulation of ion and fluorescence marker. b. n=12, m=13 (ND14C16) h- =i, ::ij
Details of this finding and plausible explanation for the f,'_ :;{i?;;l,igﬁ‘l‘;ﬂ‘;{ E',:_:n:'m;m
results are briefly discussed. ¢ =12, m=3 (ND14Ch)
As shown in Figure 1. IPS (1). (11). and (I[1) are prepared.
IPS (1V) is used as a control for 1PS (I1). IPS (V) and {VI) H”C\ ;e\\CHf’O o SHa BSO\P/O
have a intervening spacer for ion-pairing. IPS was prepared /N\ \/,:/\’ Ml i acHy S o
by literature method.” The solid product showed ion-pairing HC  on, © I | (|3H2
as confirmed by FI-IR in which disappearance of carboxyl (les.. ’ |cn CH, <|3Hz ‘
peak at 1700 cm™' was observed. The protons of ammonium [CH7]"| ¢ (I;H (CHas {CHzlm(THZ)“
group shifted from 3.5 to 3.3 ppm in NMR. Vesicle was L . tCH;>m(| I | CHy
made by bath-type sonicator, while probe sonicator was too ! CHy (|:H CH; cH, Ofb
powerful to form vesicle, resulting in clear solution. Extru- !
sion method was not useful because of the clogging problem i av
during extrusion.® IPS () surpassed other IPS in reliability Y :::}i $2:2

and stability of vesicle formation. [PS (1[), (1[1), (1V). (V),
and (VI) did not form homogeneous solution, showing either
precipitation or aggregation. Despite of the unstability, [PS
(Il) formed good vesicle when 20 mol% excess of dice-
tylphosphate was combined. But it was not stable either for
more than a day. Accordingly, attention was paid to 1PS {[)
excluding the unstable ND14C6 vesicle. Vesicle tormation
of the remaining four IPS (1) was confirmed by transmission
electron microscopy (TEM), staining with 2% urany| ace-
tate. Their sizes were about 400-700 A. TEM picture of
ND16C 14 vesicle is shown in Figure 2.

Membrane properties of the four [PS (I} vesicle were
checked by permeation and phase transition. Encapsulation
and release of the fluorescence marker such as 4(5)-carboxy-
fluorescein (CF), riboflavin and fluorescein isothiocyanate-
dextran (FITC-dextran. M., — 4.000) was tried by dialysis
method.® Ribotlavin was avoided due to low capture etfi-
ciency, and CF showed aggregation and precipitation during
vesicle preparation. FITC-dextran was encapsulated well
and the vesicle was stable enough to measure permeation for
more than 100 hes. Thos it was the suitable marker for IPS
vesicle, enabling the result shown in Table 1.

FITC-dextran was not released even by the temperature
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Figure 1. Structures of the lon Paired Surfactant.

increase from 25 °C to 45 °C. 0.03% (w/v) SDS or Triton X-
100,” and 0.2 mM AP~ which induced the collapse of some
IPS vesicle.* lons could be also encapsulated and their
release was followed with the ion sensitive indicators. For
instance, release of encapsulated A’ could be monitored
with CF outside of vesicle by following the decrease of fluo-
rescence. Fluorescence of CF was drastically reduced at
[AF]= Ix10™ M. As a control experiment, AP~ solution
was added to the hollow vesicle. followed by gel-filtration to



Notes

Figure 2. Transmission clecton micrograph ot the vesicle of
ND16C14.

Table 1. Permeation rate (/) and phase transition temperature ot
IPS (I vesicle

P 1 0%, em/hr Transition Temp. (°C)

1PS -
Dextran®  AlY Mg?! DSC Polarization
NDI14C14 NR¢ NR NR 39 38-44
NDI14Cle NR 13 3.4 38.51 50-33
ND16C14 NR 3.5 3.6 31.72 53-60
NDl16Cl6 NR NR 1.8 60 65-70

“Permeation rate s an average ol two independent experiments and the
temperature was kept at 23 °C. *FITC-Dextran, My—4.000. “NR-no
release. Temperature was raised to 43 ¥C for NR. but the release was not
observed.

remove unadsorbed ion, and the release was monitored by
the same method. After initial fast but slight decrease by
adsorbed ion. fluorcscence intensity was almost constant,
indicating that the slow decrease was originating from the
permeation of ion within vesicle (Figure 3). Release of Mg?!
was followed with criochrome black T (EBT) and the char-
acteristic absorption peak at 705 nm decreased upon binding
Mg? . As intable 1. release of Mg is very slow for the four
IPS () vesicle. A vesicle solution was heated to attain com-
plete liberation of the ion and the decreased absorbance was
used as 100% release for the calculation of permeation rate.
Similar to the control experiment of A", the adsorbed Mg?'
showed very little absorbance drop.

Phase transition of the IPS ([) vesicle was detected by both
dilferential scanning calorimetry (DSC) and polarization
change of the probe. 1.6-diphenyl-1.3.5-hexatriene (DPH)
from 15 °C to 75 °C.¥ Polarization method provided some-
what intermediate value compared to DSC. Notably. the 1PS
vesicle showed higher transition temperature than dialky-
lammonium surfactants by more than 20 °C. Based on DSC
results, 39 °C of ND14C14 and 60 °C of ND16C16 can be
compared to the 16 °C of ditetradecyldimethylammonium
bromide and 28 °C ol dihexadecyldimethylammonium bro-
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Figure 3. Comparison of the rclease of Al from the vesicle ot
NIHAC16 and the adsorbed one.

mide respectively.? This supports denser and less permeable
membrane of the [PS ([) vesicle.

[n conclusion, the stability of IPS vesicle is highly depen-
dent on the component. The fact that IPS (I} vesicle encapsu-
lates FITC-dextran and ions like Mg? and AF' well
supports the enhanced membrane tightness together with the
DSC data. As for [PS (I), intervening carboxylate group
reduces repulsion between ammonium head groups and
attracts nearby ammonium surfactant. Presence of four oxy-
gen atoms and bulkiness of dicetylphosphate do not help
forming tight ion pair in [PS {11), ([I1}. and (V) vesicle. [n
IPS (V) and (VI). the inserted monovalent anionic chain
does not strongly attract two ammonium surfactants, unlike
the dicarboxylate chain.'” Enhanced membrane tightness
established simply by ion-pairing an oppositely charged sur-
factant will be very useful in permeation control. Consider-
ing the antibacterial activity of the ammonium surfactant,'" it
is quite feasible to design a new carrier with controlled per-
meability and ion-sensing capability.

Experimental Section

N,N-dimethyl-N,N-dihexadecylammonium hexade-
canoate. 287 mg (0.500 mmol) of N N-dimethyl-N,N-
dihexadecylammonium bromide in 10 mL of methanol was
converted to hydroxide form by passing through ion-
exchange resin (Bio-Rad AG-1X8). and mixed with 128 mg
(0.500 mmol) of n-hexadecanoic acid. Alter stirting over-
night. solvent was evaporated and residue was reerystallized
from cthylacctate/hexane to get 350 mg of colorless solid
(93%): mp — 94°C; Re— 0.9 (CHICI:/MeOILL 1/1): "1l NMR
(CDCls. 300 Mliz) 0.90 (t. 15H. CHz). 1.0-1.5 {s, 721,
CH:). 1.65 (m, 4H. CH.CI:CH:N'). 2.0 (m. 4],
CH:CILN'). 215 (t. 2t CH:CO:). 235 {1 2I1,
CH:CI:COs), (3.1-3.3. 101[. CHsN'CH:); IR (NaCl) 1573
em '{C - 0), 1468 cm ' (C-1[), 719 em ' (N-Cll;). Anal.
Caled. for Csol [1):NOQs. 111:0: C. 78.16; N, 1.82. Found: C,
78.37: N. 1.56.

N,N-dimethyl-V,N-dihexadecylammonium tetradeca-
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noate, 374 mg (1.00 mmol) of N, N-dimethy1-N,N-dihexade-
¢y lammonium bromide and 228 mg (1.00 mmol) of #-tet-
radecanoic acid were used and 480 mg of colorless solid was
obtained (66%). mp = 87°C. Ry = 0.89 (CHC1¥MeOH. 1/1):
"H NMR (CDCls. 300 MHz) 0.80 (t. 9 H. CH3). 1.1-1.4 (s.
68H. CH:). 1.60 (m. 4H. CH-CH-CH:N-). 2.00 (m. 4H.
CH-CH:N). 2.10 (m. 2H. CH-CH-CO:). 2.40 (1. 2H.
CH-CO-). 3.1-3.3 10H. CH:N*CH3): IR (NaCl) 1570 ¢cm~!
(C=0). 1467 cm~' (C-H). 739 cm~' (N-CH3). Anal. Caled.
for CysHouNO-. 1H-O: C. 77.87: N. 1.89. Found: C. 77.94:
N. 2.00.

N,N-dimethyl-N, N-ditetradecylammonium tetrade-
canoate  and N, N-dimethyl-V,N-ditetradecylammo-
nium hexadecanoate were prepared according 1o the above
precedurc. and NMR. IR, and clemental analyvsis data agree
with the structurcs,

Permeation Measurement, Encapsulation of FITC-dext-
ran and permeation measurement was done following the
previous method. "

Into a 3 mg of surfactant thin (ilm. 1 mL of 1x10= M
AI(NOs): was added. and the mixture was vorlex-mixed and
sonicated for 3 minule. Alter removing the unencapsulated
AP~ by gel-liltration. [ractions containing the encapsulated
ion were cellected. 1 mL of the vesicle was mixed with 2
mL of 1x10% mM 4(3)-carboxy{luorcscein. Decrcase of (lu-
orcscence was followed at 25 °C or 45 °C (E; 480 and Ej;
318). As a control. 3 mg of surfactant and 900 gL of walcr
were used (o prepare (he emply vesicle. into which 100 yL
of 1x10-= M AI(NOs): was added. followed by gel-filtration.
1 mL of the solution was mixed with 1 mL of 1x10~ mM
CF. and the decrease of (luorescence was followed.

As flor the permeation of Mg™*. 3 mg of surlaclant and |
mL of 1x10-* M MgCl: was uscd and cncapsulated vesicle
was prepared by the same method as above. 300 gL of the
solution was mixed with 500 gL of 1x10-* M NaOH and
300 4L of 1x10-* M criochrome black T (EBT). The absor-
bance decrease at 703 nm was followed for more than 100
hrs. As a control expeniment. 3 mg of surfactant in 900 pL of
deionized waler was uscd Lo obtain the hollow vesicle and
100 uL of 1x10-3 M MgCl- was added. followed by gel-fil-
tration. Into 300 uL of the vesicle was added 500 gl of
Ix10-* M NaOH. 300 gL of Ix10-* M of EBT. and 1.5 mL
of walcr. Absorbance decrcase al 703 nm was monitored.

Polarization and DSC was mcasurcd following previous
mcthod.

Notes
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