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Abstract: Two bolaamphiphilic compounds with identical acetylcholine (ACh) head groups, but 

with different lengths of an alkyl chain pendant adjacent to the head group, as well as differences 

between their hydrophobic skeleton, were investigated for their ability to self-assemble into 

vesicles that release their encapsulated content upon hydrolysis of their head groups by acetyl-

cholinesterase (AChE). One of these bolaamphiphiles, synthesized from vernolic acid, has an 

alkyl chain pendant of five methylene groups, while the other, synthesized from oleic acid, has 

an alkyl chain pendant of eight methylene groups. Both bolaamphiphiles formed stable spherical 

vesicles with a diameter of about 130 nm. The ACh head groups of both bolaamphiphiles were 

hydrolyzed by AChE, but the hydrolysis rate was significantly faster for the bolaamphiphile 

with the shorter aliphatic chain pendant. Likewise, upon exposure to AChE, vesicles made from 

the bolaamphiphile with the shorter alkyl chain pendant released their encapsulated content 

faster than vesicles made from the bolaamphiphile with the longer alkyl chain pendant. Our 

results suggest that the steric environment around the ACh head group of bolaamphiphiles is 

a major factor affecting the hydrolysis rate of the head groups by AChE. Attaching an alkyl 

chain to the bolaamphiphile near the ACh head group allows self-assembled vesicles to form 

with a controlled release rate of the encapsulated materials, whereas shorter alkyl chains enable 

a faster head group hydrolysis, and consequently faster release, than longer alkyl chains. This 

principle may be implemented in the design of bolaamphiphiles for the formation of vesicles 

for drug delivery with desired controlled release rates.

Keywords: bolaamphiphiles, vesicles, drug delivery, controlled release, acetylcholine, 

acetylcholinesterase

Introduction
A variety of drug delivery systems (DDSs) are being developed with the goal of 

controlling the release rate of encapsulated drugs at a target site.1 A popular DDS, in 

clinical use, is based on phospholipids that form liposomes with bilayer membranes.2,3 

Liposomes that are currently used in clinical applications passively deliver the drug to 

target organs, particularly tumors, due to the increased porosity of the blood vessels 

at the target site,4–7 and release their encapsulated drug in a noncontrolled manner. 

There are, however, continued efforts to develop improved liposomes that release their 

encapsulated drug as a result of a triggering event, such as increased temperature,8–10 

changes in pH,11 alternating magnetic field,12 exposure to light,13 and exposure to specific 

enzymes.14–16 However, all these approaches involve DDSs in which the release rate is 

not controlled. There is a need for DDSs that will release drugs at their site of action at 

a desired rate, which would vary depending on the encapsulated drug and the medical 
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indication treated by the drug. Optimal liposomes, or vesicles 

for drug delivery, should be stable so that the encapsulated 

material will not leak out at nonrelevant sites, but they have 

to be destabilized in a controlled manner at the target site. 

Bolaamphiphiles, compounds with two hydrophilic head 

groups connected to the two ends of a hydrophobic alkyl 

chain, are good building block candidates for such vesicles, 

since a) they could form encapsulating monolayer mem-

branes17,18 that are characteristically more stable than bilayer 

membranes due to a high energy barrier for lipid exchange, 

and b) it is possible to provide such vesicles with a controlled 

release mechanism due to their tendency to switch from a 

vesicular structure to nanotubes or cylinders upon changes in 

their head groups.19,20 Indeed, vesicles made from a variety of 

bolaamphiphiles have been prepared for various applications, 

such as for molecular recognition,21 controllable release,22 

targeted drug delivery, and imaging.23

Recently, we have described novel nanovesicles made of 

synthetic bolaamphiphiles with acetylcholine (ACh) head 

groups16, 24 that are capable of releasing their encapsulated 

content upon exposure to acetylcholinesterases (AChEs).25–27 

When AChE hydrolyzes the ACh surface groups of such 

vesicles, the vesicular structure is disrupted, resulting in a 

release of the encapsulated material. Since the hydrolysis 

of the head groups causes the disruption of the vesicular 

structure,25 we postulated that the rate of the head group 

hydrolysis would determine the release rate of the encapsu-

lated drug. We further hypothesized that the rate of the head 

group hydrolysis may be varied by changing the molecular 

environment around the ACh head group, and thus affecting 

the interaction between the ACh head group and the hydrolyz-

ing enzyme, AChE.28,29 One way of changing the molecular 

environment of the ACh head group is to change the alkyl 

chain pendant near the head groups of these bolaamphiphiles, 

and thus interfere sterically with the interaction between 

the substrate and the enzyme. To test this possibility, we 

synthesized two bolaamphiphiles with different lengths of 

alkyl chain pendants adjacent to the ACh head group and 

compared them with respect to the hydrolysis rate of the 

ACh head group by AChE. Then we examined the capability 

of these bolaamphiphiles to form vesicles that release their 

encapsulated material at different rates, according to the rate 

of the head group hydrolysis.

Materials and methods
Materials
Standard chemicals were purchased from Sigma-Aldrich 

(St Louis, MO, USA). AChE (from electric eel, type V-S) 

was purchased from Sigma-Aldrich (catalog no C2888) 

and was dissolved in distilled water at a concentration of 

1  mg solid/mL (1,047 units/mg solid), and adjusted to a 

concentration of 200 units per mL just before the experiment. 

GLH-20 was synthesized from vernonia oil (containing about 

70% vernolic acid with naturally occurring epoxy groups),30 

that was obtained from Ver Tech International (Rockville, 

MD, USA), according to the procedure described by us 

previously.16

Synthesis of GLH-32
Synthesis of 9,10-epoxy methyl stearate (1)
Methyl oleate (Sigma-Aldrich, purity 99%) was used as 

received. Ti-MCM-41 (1.8 wt% Ti) was prepared as described 

previously,31 and calcinated at 773 K under dry air before 

use. The epoxidation reaction was carried out in a glass 

batch reactor (stirring rate 500 rpm) at 363 K in dry ethyl 

acetate (Carlo Erba, Cornaredo, Italy). Anhydrous tert-butyl 

hydroperoxide (TBHP; Sigma-Aldrich, 5 M solution in 

decane) was used as oxidant for the fatty acid methyl esters 

(FAME). The molar ratio of the TBHP/FAME was 1.4. The 

reaction was followed by Gas Chromatography with a Flame 

Ionization Detector (GC-FID) analysis (HP5890; HP-5 

column, 30 m × 0.25 mm). The desired 9,10-epoxy methyl 

stearate (compound 1 in Figure S1) was isolated from the 

final mixture, after filtration of the catalyst, by treatment with 

sodium thiosulfate and concentration under vacuum.32

Synthesis of 9,10-epoxy stearic acid (2)
A mixture of 2.4 g (7.7 mmol) of 9,10-epoxy methyl stear-

ate (1), 0.8 g of KOH (85%), 1 mL of H
2
O, and 6 mL of 

ethanol (95%) was refluxed for 1 hour. The reaction mix-

ture was cooled to 0°C, and 50 mL of water and 150 mL 

of diethyl ether were added and acidified with a solution 

of 16% HCl until pH=3.8. After separation of the phases, 

the organic phase was washed with water and brine, dried 

over anhydrous MgSO
4
, filtered, and the solvent removed 

under reduced pressure. The product was purified by flash 

chromatography on silica gel 60 (40–63  micron) using a 

mixture of hexane:ether:acetic acid (8:2:0.05) as the eluent. 

The yield of 9,10-epoxy stearic acid (compound 2 in Figure 

S1) was 1.5 g (5.0 mmol, 65.4%), purity 97% (determined by 

high-performance liquid chromatography [HPLC]). Fourier 

transform infrared spectroscopy (FT-IR) (neat, cm−1): 1700 

(COOH), 845 and 820 (epoxy group) 1H NMR (nuclear mag-

netic resonance) (500 MHz δ ppm): 2.93–2.91 (2H, m, epoxy 

protons), 2.37–2.34 (2H, t, J=7.45 Hz CH
2
COOH), 13C NMR 

(500 MHz, CDCl
3
) δ ppm: 175.78 (COOH), 57.27 (epoxy 
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carbons), 33.89 (CH
2
COOH), 24.14 (CH

2
CH

2
COOH). Anal 

Calcd (analysis calculated) for C
19

H
36

O
3
: epoxy group, 

14.1%; Found: epoxy group 14.6%. Electrospray ioniza-

tion (ESI)  with mass spectrometry (MS) (negative mode): 

m/z=296.8 [M–1]–.

Synthesis of decane diepoxy distearate (3)
A mixture of 1.5 g (5 mmol) of 9,10-epoxy stearic acid 

(compound 2 in Figure S1), 0.43  g (2.5  mmol) of 1,10 

decandiol, and 0.043 g of immobilized Candida antarctica 

lipase B (Novozym 435) in 100 mL of toluene was refluxed 

with azeotropic distillation under reduced pressure 

(130–170  mmHg) for about 7  hours. After cooling the 

reaction mixture, the lipase was filtered off and most of 

the solvent was removed under reduced pressure. Then 

200 mL of methanol was added and the obtained suspen-

sion was left overnight in the refrigerator. The precipitate 

was filtered and washed with cold methanol to give 0.94 g 

(1.4 mmol, yield 25%) of product 3, with a 99.3% purity 

(determined by HPLC).

Thin-layer chromatography (TLC) – eluent system – 

petroleum ether (60°C–80°C): diethyl ether–7: 3.

IR (neat, cm−1): 1727 (RCOOR), 1,178 cm−1(CH
2
O(CO)), 

845, 821 (epoxy group), Anal Calcd for C
46

H
86

O
6
 Epoxy 

group, 11.4%, Found: epoxy group, 12.9%.
1H NMR (CDCl

3
) δ ppm 4.04 (4H, t, J=6.8  Hz, 

CH
2
OC(O)), 2.90–2.86 (4H, m, epoxy protons), 2.28 

(4H, t, J=6.8 Hz, CH
2
C(O)), 1.61–1.58 (8H, m, CH

2
-epoxy-

CH
2
), 1.48–1.27 (60H, m, (CH

2
)n), 0.87 (6H, t, J=6.8 Hz, 

CH
2
CH

3
). 13C NMR (CDCl

3
) δ ppm 173.93 (OC(O)), 

64.37 (CH
2
OC=O), 57.19, 64.20 (epoxy carbons), 34.32 

(CH
2
C(O)), 31.83, 29.49, 29.20, 28.61, 27.79, 26.56, 25.89, 

24.93 ((CH
2
)n), 22.64 (CH

2
CH

3
), 14.08 (CH

3
).

Synthesis of the dichloroacetate of diepoxy 
distearate (4)
A mixture of 0.92 g of diepoxy distearate (compound 3 in 

Figure S1) (1.25 mmol) and 1.37 g (14.4 mmol) of chlo-

roacetic acid in 25 mL of toluene was heated at 85°C for 

48 hours. After cooling, toluene (150 mL) was added and 

the reaction mixture was washed first with a solution of 6% 

NaHCO
3
 and then water. The organic phase was separated and 

dried over anhydrous MgSO
4
, and the solvent was removed 

under reduced pressure to give 1.0 g (1.1 mmol, 86.8% yield) 

purity 92% (determined by HPLC) of product 4.

ESI-MS C
50

H
92

O
10

Cl
2
: m/z=945 [M+23]+.

FT-IR (KBr) ν
max

 cm−1: 3503 (OH), 1758 (ClCH
2
C(O)), 

1732 (CH
2
CH

2
C(O)), 785 (C–Cl).

1H NMR (CDCl
3
) δ ppm 4.91–4.87 (2H dt J=6.5  Hz 

CH(OC(O)CH
2
Cl), 4.09 (4H, m, CH

2
Cl), 4.04 (4H, t, 

J=7.0 Hz, CH
2
OC(O)), 3.60 (2H, broad m, CHOH), 2.27 

(4H, t, J=7.0 Hz, CH
2
C(O)O), 1.65–1.25 (74 H, m, (CH

2
)n–), 

0.87 (6H, 2 t, J=7.0 Hz, CH
2
CH

3
).

13C NMR (CDCl
3
) δ ppm 173.94 (C(O)OCH

2
), 167.20 

(C(O)CH
2
Cl), 78.89, and 78.81 (CHOC(O)CH

2
Cl), 72.32 

(CHOH), 64.38 (CH
2
OC(O)), 40.96 (CH

2
Cl), 34.30 

(CH
2
C(O)), 33.58, 31.80, 30.49, 29.39, 29.18, 29.00, 28.60, 

25.87, 25.53, 25.47, 25.26, 25.18, 24.88 ((CH
2
)

n
), 22.63 

(CH
2
CH

3
), 14.08 (CH

3
).

Quaternization stage for the bolaamphiphile GLH-32
A mixture of 1 g (1 mmol) of dichloroacetate diepoxystearate 

(compound 4 in Figure S1) and 1.8 g (13.7 mmol) of N,N-

dimethylaminoethyl acetate was stirred at 65°C–75°C for 

about 6 hours.

After cooling the reaction mixture, diethyl ether was 

added and the mixture was left to stand overnight in the 

freezer. After decantation of the solvent, the product was 

dissolved in chloroform, diethyl ether was added, and the 

solvent was decanted again. The procedure was repeated 

three more times to give 1.1 g of bolaamphiphile GLH-32 in 

a 92.3% yield.

Anal Calcd for C
62

 H
118

N
2
 O

14
 Cl

2
 Cl–, 6.0. Found 

Cl–, 5.8.

ESI-MS: m/z=557 [M–71(Clx2)/2]+, FT-IR (KBr) 

ν
max

, cm−1: 3369 (OH), 1742 (COOCH), 1650.
1H NMR (CDCl

3
) δ ppm 5.46, 4.79 (4H, m, OC(O)

CH
2
N+), 4.89 (2H, m, CHOC (O)), 4.60 (4H, m, N+CH

2
CH

2
O), 

4.25 (4H, m, N+CH
2
CH

2
(O)CO), 4.04 (4H, 2t, J=7.0  Hz, 

CH
2
OC(O)), 3.68 (6H, 2s, N+(CH

3
)

2
), 3.62, 3.61 (6H, 2s, N+ 

(CH
3
)

2
), 3.55 (2H, m, CHOH), 2.29 (4H, 2t, J=7.5 Hz, OC(O)

CH
2
), 2.12 (6H, s, CH

3
C(O)O), 1.61–1.48 (14H, m, (CH

2
)n), 

1.41–1.26 (56H, m, (CH
2
)n), 0.88 (6H, 2t, J=7.0 Hz, CH

2
CH

3
); 

13C NMR (CDCl
3
) δ ppm 173.97 (OC(O)CH

2
), 170.01 

(CH
3
C(O)O), 165.03 (CHOC(O)), 80.59 (CHOC(O)), 71.76 

(CHOH), 64.37 (CH
2
OC(O)), 63.04 (N+CH

2
CH

2
), 62.67 

(OC(O)CH
2
 N+), 57.82 (N+CH

2
CH

2
), 52.46 (N+(CH

3
)

2
), 34.34 

(CH
2
C(O)), 33.22, 31.89 and 31.82, 30.76, 29.67–29.08, 

28.58, 25.86, 25.43 and 25.27, 24.99 and 24.91, 22.65 

(CH
2
CH

3
), 20.89 (OC(O) CH

3
), 14.11 (CH

3
).

Characterization of synthesized  
compounds
Epoxy groups were determined by potentiometric titration.33 

FT-IR analysis was carried out on a Nicolet Impact 410 spec-

trometer (Nicolet Instrument Corporation/Thermo Scientific, 
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Waltham, MA, USA). 1H and 13C NMR (500 MHz) spectra 

were recorded on Brucker WP-500 SY spectrometers (Bruker 

Biosciences Corporation, Billerica, MA, USA) in CDCl
3
 with 

tetramethylsilane (TMS) as the internal standard or d
6
 DMSO 

(deuterated dimethyl sulfoxide) solutions. HPLC analysis was 

carried out on a C18RP column (Macherey-Nagel ES 250/4 

Nucleosil 100-5C18AB; Macherey-Nagel, Düren, Germany) 

with an evaporative light scattering detector (evaporation 

temperature 46°C; mobile phase methanol:water [9:1, v/v]; 

flow rate 0.5 mL/minute). MS analysis was carried out on 

a Waters Micromass Q-TOF Premier Mass spectrometer 

(Waters, Milford, MA, USA).

Vesicle formation
Vesicles were prepared from the bolaamphiphiles by film 

hydration followed by sonication or consecutive extrusions 

through microporous membranes with pores of 200  nm 

and 100 nm, respectively, using common methods for the 

preparation of liposomes.34,35 Briefly, the vesicle formulation 

contained 10 mg/mL bolaamphiphile, 1.6 mg/mL cholesterol, 

and 2.1 mg/mL cholesteryl hemisuccinate (a molar ratio of 

2:1:1, respectively). These components were dissolved in 

chloroform and the organic solvent was evaporated under 

vacuum to form a thin film. Hydration of the thin film was 

done by phosphate buffered saline (PBS). For encapsulation 

of carboxyfluorescein (CF) the hydrating solution contained 

1 mg/mL of the fluorescent dye.

Vesicle characterization
Fluorimetric measurements were performed with a Cary 

Eclipse spectrofluorimeter, and spectrophotometric mea-

surements were performed with a Cary 50 scan ultraviolet 

(UV)/visible spectrophotometer (both Varian, Palo Alto, 

CA, USA).

Dynamic light scattering (DLS) was measured by a 

High Performance Particle Sizer-Non Invasive Back-Scatter 

(HPPS-NIBS), light scattering apparatus (ALV-Laser, 

Langen, Germany) with the laser powered at 3 mW helium–

neon (HeNe) laser line (632.8 nm).

For transmission electron microscopy (TEM), a drop of 

vesicle suspension was placed on a Formvar-coated cop-

per grid, air-dried, negatively stained with a drop of 0.5% 

uranyl acetate solution in water, and dried again at room 

temperature. Visualization of the samples was performed by 

JEOL JEM-1230 TEM (JEOL, Tokyo, Japan) at 80 kV and 

TEM micrographs were taken using TemCam-F214 (Tietz 

Video and Image Processing Systems, Gauting, Germany).

Determination of vesicle stability
Vesicles with encapsulated CF were incubated for various 

times in PBS and the amount of the encapsulated CF 

was measured by determining fluorescence of the vesicle 

suspension, as a function of incubation time, before and 

after the addition of Triton X100.24 When AChE-induced 

release of encapsulated CF was measured, the fluores-

cence of the vesicle suspension was measured for several 

minutes until a stable fluorescence reading was obtained. 

Then, the enzyme AChE was added to the vesicle sus-

pension and the fluorescence measurements continued 

for an additional 7–8 minutes, monitoring the rise in the 

fluorescence as an indication for CF release (the encapsu-

lated CF is quenched and is dequenched upon its release, 

emitting a fluorescent signal). After that, Triton X100 was 

added to disrupt the remaining intact vesicles, in order to 

determine the total CF encapsulation. The percentage of 

CF released was determined at different time points after 

the addition of AChE, by calculating the amount of CF 

released at a given time compared to the total encapsu-

lated CF.

Measurements of ACh head  
group hydrolysis
The rate of the ACh head group hydrolysis was determined 

by a modification of the pH-stat method previously used by 

us.25 Briefly, the pH of the bolaamphiphile, suspended in 

water, was measured for several minutes until a stable read-

ing was achieved. Then 0.1 unit of AChE was added with a 

continuous pH measurement for 11 minutes. The change in 

the pH was transformed to moles of H+ released as a function 

of incubation time.

Spectroscopic determination  
of acetylthiocholine hydrolysis
Hydrolysis of acetylthiocholine (ATC) by AChE yields 

thiocholine and acetic acid. The thiocholine reacts with 

5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB) to give a yellow 

product that was determined quantitatively by absorbance 

measurements at 412 nm.36 For this determination, 0.64 mM 

ATC, 0.3 mM DTNB, 0.8 µL AChE (0.1 u/µL), and 5 µL 

ethanol were added to 1 mL of low ionic strength PBS and 

placed in a spectrophotometer. The change in absorbance at 

412 nm as a function of time was measured continuously, on 

line, for 300 seconds. To test the effect of bolaamphiphiles 

on the rate of ATC hydrolysis, 5 µL of the tested derivative 

dissolved in ethanol was added to the reaction mixture.
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Lineweaver–Burk analysis
Lineweaver–Burk plots were calculated using the 

data obtained from measurements of the hydrolysis 

rates of ATC by AChE (as described above) at sev-

eral concentrations of ATC in the presence or in the 

absence of three different concentrations of the tested 

bolaamphiphile.

Results and discussion
Synthesis of bolaamphiphiles
The starting materials for the synthesis of the bolaam-

phiphiles GLH-20 and GLH-32 (Figure  1) were vernolic 

acid (cis-12,13 epoxy-cis-9-octadecenoic acid)37 and oleic 

acid,32 respectively. The ACh head groups of GLH-20 were 

previously shown by us to be hydrolyzed by AChE.16 In order 

to compare the hydrolysis rate of GLH-20’s head group to a 

similar ACh head group of a bolaamphiphile with a longer 

alkyl chain pendant adjacent to the ACh head group, we had to 

synthesize a novel bolaamphiphile with the required features. 

We used oleic acid to synthesize the new bolaamphiphile, 

which was named GLH-32 (Figure 1).

For the synthesis of GLH-32, the methyl ester of oleic acid 

was first epoxidized, using an approach previously described 

by Guidotti et al,31,32 based on the acid-free epoxidation with 

tert-butyl hydroperoxide on a heterogeneous catalyst, and 

yielding 9,10-epoxy methyl stearate. The synthetic strategy 

comprised two main steps: a) synthesis of the bolaam-

phiphile’s skeleton by elongation of the corresponding fatty 

acid through its carboxylic group in an esterification reaction; 

and b) head group addition through the functional groups on 

the fatty acid aliphatic chain.

Bolaskeleton formation
To synthesize skeleton (3) (Figure S1A) of the bolaam-

phiphile, GLH-32, we used the epoxy methyl stearate (1) syn-

thesized by epoxidation of methyl oleate in the presence of 

grafted titanium-containing silica materials as the catalyst.31 

The epoxy methyl stearate (1) was hydrolyzed to obtain the 

mono epoxy stearic acid (2). MS in negative mode showed 

m/z=296.8 [M–1]+. A peak at 1,700 cm−1 appeared in the 

infrared (IR) spectra, indicating the presence of the carboxy-

lic group. NMR spectroscopy showed that the epoxy group 

remained unreacted (2.93–2.91 ppm), and the α-methylene 

group of the carboxylic acid CH
2
COOH appeared at 

2.37–2.34 ppm. The epoxy stearic acid (2) was reacted, using 

a chemo enzymatic reaction, with stoichiometric amounts of 

an aliphatic diol, 1,10-decanediol, in toluene, in the presence 

of immobilized Candida antarctica lipase as the catalyst.38 

The product, decane diepoxy distearate (3), is the skeleton 

of the bolaamphiphilic compound.

The FT-IR spectrum of the diester (3) showed the dis-

appearance of the absorption band at 1,700 cm−1, which is 

related to the carboxylic acid group, and the appearance of the 

absorption band at 1,727 cm−1, characteristic of the new ester 

group. The new alkoxy methylene group CH
2
OC(O) appeared 

at 4.04 ppm in the 1H-NMR spectrum and at 64.4 ppm in the 
13C-NMR. The epoxy group remained unchanged.

Attachment of the head group
After synthesizing the decane diepoxy distearate as the 

bolaamphiphile’s skeleton, the head groups were attached 

in a two-stage reaction (Figure S1B): 1) Opening the epoxy 

ring with chloroacetic acid to give the dichloroacetate 

derivative (4); and 2) quaternization stage of N,N-dimeth-

ylaminoethyl acetate with compound 4 (Figure S1) to give 

the bolaamphiphile GLH-32 with two ACh head groups 

bound on opposite ends of the hydrophobic chain through 

the nitrogen of the choline moiety.

The diepoxy distearate (3) was reacted with an excess of 

chloroacetic acid in dry toluene at 85°C for 48 hours. The 

reaction progress was followed by TLC and HPLC. To remove 

the excess chloroacetic acid, the reaction mixture was washed 

with a concentrated solution of NaHCO
3
, and the product 

purified by flash chromatography. The FT-IR spectrum of the 

dichloroacetate derivative (4) showed a new absorption band 

of the chloroacetate group at 1,758 cm−1 and carboxylic ester 

absorption band at 1732 cm-1 of the starting diester. In the 1H 

NMR spectrum the following new signals appeared: a peak 

at 4.09 ppm of the methylene protons of the chloroacetate 

group (CH
2
Cl); a peak at 4.87–4.91 ppm of the proton of 

the new ester group (CHOC(O)); and a peak at 3.60 ppm of 

the proton near the hydroxyl group CHOH group (Figure 2). 

The corresponding chemical shifts in the 13C NMR spectrum 

appeared at 40.96 ppm (CH
2
Cl) for the chloroacetate group, at 

72.32 ppm for the carbon near the hydroxyl group (CHOH), at 
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78.81 and 78.89 ppm for the carbon adjacent to the new ester 

group (CHOCOCH
2
Cl) and at 167.20 ppm for the carbonyl 

carbon of this new ester group. The formation of structural 

isomers in compound 4 (Figure S1) was identified by the 

two peaks at 78.81, 78.89 for CHOC(O) in the 13C NMR 

spectrum, confirming previously reported data regarding the 

presence of structural isomers for the chloroacetate of methyl 

vernolate.37 The presence of structural isomers can also be 

followed from the terminal methyl group at 0.87 ppm and 

the α-methylene carbonyl group CH
2
C(O)O at 2.27 ppm; 

both appear as two triplets.

Figure 2 shows that due to the proximity of the chiral 

carbon, the two protons of the chloromethylene group are 

diastereotopic hydrogens, and they split each other. Two 

doublets were obtained, one for the H
a
 proton and the sec-

ond one for the H
b
 proton, with one of the signals overlap-

ping with the triplet of the alkoxy methylene group of the 

original ester.

The last stage of the synthesis is the quaternization reac-

tion of N,N-dimethylamino ethyl acetate with the dicholoro 

acetate 4 (Figure S1B) that yields the final bolaamphiphile, 

GLH-32 with two ACh head groups. The reaction was carried 

out with a large excess of the amine at 45°C for 6 hours, 

followed up by repeated washings with ether to remove the 

excess of the tertiary amine. The desired bolaamphiphile was 

obtained as a yellow viscous product.

The 1H-NMR of the bolaamphiphilic compound (Figure 3) 

can distinguish the new peaks of the ACh head group. The 

methyl (24) of the acetate CH
3
C(O)O appeared as a singlet 

at 2.12 ppm. The methylene group (22) N+CH
2
CH

2
O near the 

quaternary nitrogen appeared at 4.25 ppm and the methylene 

group (23) N+CH
2
CH

2
OC(O) near the oxygen appeared at 

4.60 ppm. The two methyl groups (21) of the quaternary 

nitrogen appeared as two singlets at 3.61 and 3.62 ppm, while 

the two different protons of the methylene group (20) between 

the quaternary nitrogen and the carbonyl OC(O)CH
2
N+ both 

appeared as a multiplet at 4.79 and 5.46 ppm.

Enzymatic hydrolysis of the ACh  
head groups by AChE
In a previous study we demonstrated that choline esters, 

covalently attached to the two ends of a bolaamphiphilic 

skeleton via the nitrogen atom of the choline moiety, are 

hydrolyzed when exposed to the enzyme AChE.25,39 ACh head 
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Figure 2 Chemical shifts of the chloromethylene (CH2Cl) and alkoxymethylene (C(O)OCH2) groups of compound 4.
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groups attached to bolaamphiphiles via the nitrogen atom of 

the choline moiety were hydrolyzed regardless if the alkyl 

chain of the skeleton contained 30 atoms,39 or 38 atoms,25 sug-

gesting that long alkyl chains that contain 30 atoms or more 

enable the ACh head group (which is covalently attached to 

them), to reach the bottom of the catalytic gorge of AChE so 

that they can be hydrolyzed. Due to steric considerations, it 

is expected that the interaction between the ACh head group 

and the active site of AChE would be influenced by chemical 

moieties, which are situated near the head group. In fact, it is 

well known that because of the nature of the acyl pocket in 

the enzyme, the bulky acyl group of the substrate (eg, acetyl, 

propionyl, butyryl, etc) affects its hydrolysis rate.40 Thus, 

larger or longer alkyl groups cannot fit into the acyl pocket 

subsite and be accommodated correctly for nucleophilic 

attack by the active site’s serine.41,42 In addition, the choline 

group of the substrate has to be stabilized by the choline 

binding site at the bottom of the catalytic gorge of AChE and 

the presence of a substituent near the ACh head group could 

interfere with this stabilization by preventing efficient binding 

of the substrate.43 We hypothesized that an alkyl chain, with 

one end free, which will be situated near the head group, 

may be a substituent that will affect the interaction of the 

head group with the enzyme, either similarly to the action of 

bulky acyl moieties, or by interfering with the stabilization of 

the choline moiety of the head group at the choline binding 

site of AChE. We further hypothesized that the length of the 

alkyl chain adjacent to the ACh head group may influence 

the degree of the interference with the interaction between 

the ACh head group and the active site of AChE; therefore, 

it should also affect the rate of the head group hydrolysis. 

To test our hypothesis, we used the head groups of GLH-20 

and GLH-32 as substrates and measured their hydrolysis, 

using concentrations of the bolaamphiphiles below their criti-

cal aggregation concentration (CAC). Below the CAC, the 

bolaamphiphiles are at their monomeric form, and therefore 

aggregated structures do not interfere with the access of the 

entire bolaamphiphile to the enzyme. The reaction was car-

ried out in water so that changes in the pH could be easily 

detected and ions did not interfere with the hydrolysis. As 
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can be seen from Figure 4, the head groups of both bolaam-

phiphiles (GLH-20 and GLH-32) were hydrolyzed by AChE, 

but the rate of the hydrolysis of GLH-20’s head group was 

faster than that of GLH-32’s head group, indicating that a 

longer alkyl chain near the ACh moiety retards the rate of the 

head group’s hydrolysis more than a shorter alkyl chain. In 

comparison, the hydrolysis of free ATC, an analog of ACh that 

like ACh does not contain an adjacent alkyl chain, is much 

faster than the hydrolysis rate of the ACh head groups of both 

bolaamphiphiles (Figure 4). ATC was used in this experiment, 

rather than ACh, since its hydrolysis could be determined 

by two independent methods: the pH stat method;29 and the 

Elman reagent.29,36 Therefore, our measurements with the pH 

stat method could have been confirmed by the spectroscopic 

method, and also compared to the results of the experiment in 

which we investigated possible competition between ATC and 

the ACh head groups of both bolaamphiphiles (see Figure 5). 

Since the hydrolysis rates of ACh and ATC by AChE and 

their Michaelis–Menten constant (K
m
) values are similar,29 

our comparison of ATC to ACh head group is legitimate and 

valid. Our results showed that the order of the hydrolysis 

rates is as follows: ATC>ACh head group of GLH-20>ACh 

head group of GLH-32. This order of the hydrolysis rates is 

consistent with our hypothesis that an alkyl chain adjacent 

to the ACh head group interferes with the interaction of the 

head group with AChE, and thus affects the hydrolysis rate. 

The longer the alkyl chain, the slower the hydrolysis of the 

adjacent ACh head group by AChE.
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Figure 4 Hydrolysis of the ACh head groups of GLH-20 and GLH-32 by AChE. Hydrolysis was determined by measuring the pH change after the addition of AChE (which 
was added 4 minutes after the beginning of the pH measurements) to the incubation medium and was converted to a change in the proton concentration.
Note: Each point on the graph is the mean of three independent experiments ± SEM.
Abbreviations: ACh, acetylcholine; AChE, acetylcholinesterase; ATC, acetylthiocholine; min, minutes; SEM, standard error of the mean.
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Figure 5 Lineweaver–Burk plots of ATC hydrolysis by AChE in the presence of several concentrations of GLH-20 (A) and GLH-32 (B).
Note: The bolaamphiphiles were added together with ATC to a solution containing DTNB and the kinetics of the increase in absorbance at 412 nm was measured during 
20 seconds.
Abbreviations: AChE, acetylcholinesterase; ATC, acetylthiocholine; DTNB, 5,5′-dithiobis-(2-nitrobenzoic acid).
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The difference in the hydrolysis rates between GLH-20 

and GLH-32 can be attributed to several differences that 

exist between these two bolaamphiphiles. As can be seen 

from Figure 1, GLH-20 is different from GLH-32 in the fol-

lowing three molecular features: a) the alkyl chain pendant 

(with a free end), which is bound to the bolaamphiphile 

near the head group is of five carbon members in GLH-20 

and of eight carbon members in GLH-32; b) the alkyl chain 

skeleton that connects the two ACh head groups contains 

38 atoms (36 carbon atoms and two oxygen atoms) in 

GLH-20 and 32 atoms (30 carbon atoms and two oxygen 

atoms) in GLH-32; and c) the alkyl chain of the skeleton 

of GLH-20 contains two double bonds and the alkyl chain 

of the skeleton of GLH-32 is fully saturated. In principle, 

every one of these differences, separately or in combina-

tion, may account for the different hydrolysis rates of the 

head groups of the two bolaamphiphiles. With respect to 

the length of the alkyl chain that connects the two ACh 

head groups (in fact, the alkyl chain of the bolaamphiphilic 

skeleton), it seems that both alkyl chains of GLH-20 and 

GLH-32 are long enough to enable their ACh head group 

to reach the bottom of the gorge, as shorter alkyl chains 

such as those of decamethonium and BW284C51 (inhibi-

tors of ACh that bind to the active site of the enzyme) 

enable their quaternary moiety to reach the bottom of the 

gorge of the catalytic site.42 Also, our previous studies 

have shown that the ACh head groups of bolaamphiphiles 

with hydrophobic skeleton shorter than that of GLH-32 are 

also well hydrolyzed by AChE. These results argue that the 

difference in the length of the alkyl chain of the skeleton 

is not a major factor responsible for the difference in the 

hydrolysis rates. Also, the presence of the double bonds in 

the alkyl chain of the bolaamphiphilic skeleton of GLH-20 

does not seem to significantly affect the hydrolysis rate, as 

bolaamphiphiles with different moieties within the alkyl 

chain of their skeleton are well hydrolyzed by AChE.25,39 

Moreover, the surface head group of GLH-20 is also hydro-

lyzed by AChE when the bolaamphiphile is aggregated 

into vesicles,25 and the alkyl chain of the bolaamphiphilic 

skeleton has no access to the enzyme as it is buried deep 

in the monolayer membrane (see below results obtained 

with intact vesicles described in Figure 9). These results 

exclude a significant contribution of the alkyl chain of the 

bolaamphiphilic skeleton to the difference in the hydrolysis 

rate of the ACh head group of GLH-20 and GLH-32 and 

leave the alkyl chain pendant, which is adjacent to the 

head group, as the most likely candidate that affects the 

hydrolysis rate.

The ability of AChE to hydrolyze the ACh head groups of 

both bolaamphiphiles (GLH-20 and GLH-32) suggests that 

the ACh head groups of both bolaamphiphiles are substrates 

for the enzyme, and thus both head groups bind to the active 

site of AChE. We assumed that as a substrate, the ACh head 

group of the bolaamphiphiles reacts with AChE in much the 

same way as does the substrate ACh, binding at both the anionic 

and the esteratic sites on the enzyme. Therefore, the two sub-

strates, the free ACh and the ACh head group, are expected 

to compete for the same enzyme form, suggesting a mode of 

competitive inhibition. If the alkyl chain pendant, which is 

adjacent to the ACh head group, has an effect on the interac-

tion between the head group and the enzyme, then bolaam-

phiphiles that contain alkyl chain pendant of different lengths 

(as GLH-20 and GLH-32) should differently affect the K
m
 of 

the substrate with which they compete.

To compare between the inhibitory potentials of GLH-

20 and GLH-32, the rate of ATC hydrolysis was measured 

in the presence of three concentrations of each of these 

bolaamphiphiles, and the kinetics were analyzed using a 

Lineweaver–Burk plot. The results (Figure  5) show that 

both GLH-20 and GLH-32  inhibit the hydrolysis of ATC 

in a competitive manner, as increasing their concentrations 

affected the K
m
, but not the maximum rate (V

max
) of ATC 

hydrolysis. However, GLH-20 (Figure 5A) affects the K
m
 

significantly more than the same concentrations of GLH-

32 (Figure 5B), indicating that GLH-20’s head group has 

higher affinity to the enzyme than GLH-32. This finding 

suggests that the head group of GLH-20 is a better substrate 

for AChE than that of GLH-32; therefore, the hydrolysis 

rate of its head group is faster than the hydrolysis rate of 

GLH-32’s head groups.

The results described in Figure  5 are consistent with 

results published in a previous study,25 where similar com-

petitive inhibition was described for bolaamphiphiles with 

ACh head groups. In fact, unlike the mixed type of inhibi-

tion shown for ACh inhibitors, such as decamethonium and 

BW284C51,42 competitive inhibition for compounds that 

are hydrolyzed by AChE in a similar mode of action to that 

of ACh has been described for several substrates of AChE 

that also act as inhibitors of the enzyme. For example, in 

neostigmine (a reversible inhibitor of AChE), hydrolysis 

occurs in a similar manner to that of ACh, splitting off the 

quaternary ammonium phenol and leaving the carbamoylated 

enzyme, which is hydrolyzed to regenerate the free enzyme. 

The hydrolysis of the carbamoylated enzyme is similar in 

mechanism to that of the acylated enzyme (a form of the 

enzyme produced when the enzyme reacts with ACh), but 
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is considerably slower than the acylated enzyme. This mode 

of action agrees well with competitive inhibition, as has 

been described for neostigmine,44 as well as for the bolaam-

phiphiles, as described in Figure 5.

Vesicle formation and characterization
Amphiphiles in general, and specifically bolaamphiphiles, 

can aggregate into micelles, multilayered sheets, spherical 

vesicles, rings, or a variety of nanostructures with cylindrical 

geometry, such as rods, tubules, ribbons, and helices.18 The 

morphology of the self-assembled structure is a function of 

the molecular parameters of the specific bolaamphiphile. As 

can be seen in Figure 6, both bolaamphiphiles, GLH-20 and 

GLH-32, formed spherical vesicles, with an average diameter 

of about 130 nm.

Size distribution determined by DLS showed an average 

diameter of 125±3.7 nm for GLH-20 vesicles and 140±8.2 nm 

for GLH-32 vesicles. The vesicle size did not change during a 

2-week incubation at room temperature (Figure 7), indicating 

that no aggregation nor fusion occurred during storage.

Both GLH-20 and GLH-32 vesicles were positively 

charged due to their cationic ACh head groups. Accordingly, 

the zeta potentials of GLH-20 and GLH-32 vesicles were 

55.7±2.25 mV and 41.9±1.13 mV, respectively. The slightly 

lower zeta potential of the GLH-32 vesicle is consistent with 

its larger outer surface area compared to GLH 20 vesicles.

Vesicle stability
Vesicle stability was evaluated by measuring the amount of 

encapsulated CF as a function of various incubation times in 

PBS at room temperature. Vesicles from formulations that 

contained GLH-20 and GLH-32 remained stable for at least 

16 days (the last time point of our measurements), without 

changes in the amount of their encapsulated CF (Figure 8).

Release of encapsulated CF  
from vesicles by AChE
In a previous study, we have shown that the hydrolysis 

of the surface head groups of bolaamphiphilic vesicles 

leads to destabilization of the vesicular structure and release 

of the encapsulated CF to the medium.25 The fluorescence 

of the encapsulated CF, which is present in relatively high 

 A B

Figure 6 TEM micrographs of vesicles formed from GLH-20 (A) and GLH-32 (B).
Notes: Vesicles were formulated from 10 mg/mL bolaamphiphile with cholesterol 
and cholesteryl hemisuccinate at a molar ratio of 2:1:1 (bolaamphiphile:cholesterol:
cholesteryl hemisuccinate) by film hydration followed by consecutive extrusions on 
200 nm and 100 nm, respectively. Bar =200 nm.
Abbreviation: TEM, transmission electron microscopy.
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Figure  8 Vesicle stability determined by monitoring the changes in percent 
encapsulation as a function of time.
Notes: Vesicles were prepared by film hydration followed by sonication from 
10 mg/mL GLH-20 or GLH-32 and cholesterol and cholesteryl hemisuccinate at a 
ratio of 2:1:1 (bolaamphiphile:cholesterol:cholesteryl hemisuccinate) in the presence 
of CF. Percent encapsulation was determined by measuring fluorescence of the 
intact vesicles after diluting them 200× and then again, after breaking the vesicles 
with Triton X100. The quenched encapsulated CF emitted fluorescence following 
its release from the vesicles and the fluorescence was converted to quantities of CF 
using a calibration curve.
Abbreviation: CF, carboxyfluorescein.
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Figure 7 Vesicle size as a function of time in storage as determined by DLS.
Notes: Vesicles were prepared by film hydration followed by sonication from 
10 mg/mL bolaamphiphile together with cholesterol and cholesteryl hemisuccinate 
at a molar ratio of 2:1:1 (bolaamphiphile:cholesterol:cholesteryl hemisuccinate).
Abbreviation: DLS, dynamic light scattering.
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concentrations in the vesicle’s core, is quenched, but when it 

is released, it emits a fluorescence signal due to dequench-

ing that occurs following its dilution in the bathing medium.

Using the same technique, we measured the rate of CF release 

from GLH-20 and GLH-32 vesicles following their exposure 

to AChE, and determined if the release rate correlates to the 

rate of the hydrolysis of the ACh head group. Figure 9 shows 

that upon exposure of CF-encapsulated vesicles to the enzyme 

AChE, an increase in the fluorescent signal is observed for 

both GLH-20 and GLH-32 vesicles, suggesting that the 

vesicles released their encapsulated CF into the medium.

For both GLH-20 and GLH-32 vesicles, the release rates 

were biphasic, with an initial rapid release immediately after 

the addition of the enzyme, followed by a slower and constant 

rate after about 20–50 seconds. To ensure that the biphasic 

release rate is not due to insufficient enzyme, which may 

have been depleted during the incubation period, we added 

ten times more enzyme and obtained very similar results, 

indicating that the amount of the enzyme that was used in the 

experiment described in Figure 9 was saturating. One pos-

sible explanation for the biphasic feature of the release rate 

might be related to the mechanism of the release, which most 

probably involves a transition of the vesicular structure to 

ribbons or cylinders,18,19 and may occur in an initial rapid rate, 

which then slows down. We found that the biphasic curve was 

not seen when the hydrolysis of the ACh head groups was 

measured with the monomeric form of the bolaamphiphiles, 

at a concentration below the CAC (Figure  4). This sug-

gests that the biphasic feature of the release is related to the 

changes in the vesicular structure and not to the hydrolysis 

of the bolaamphiphiles’ head groups, and supports the notion 

that the biphasic release rate is related to the mechanism of 

release and not to the hydrolysis process itself, 

The results shown in Figure 9 also indicate that the release 

rate from GLH-20 vesicles was more rapid for both phases 

than the release rate from GLH-32 vesicles. Since the release 

was measured from vesicles in which the concentrations of 

the bolaamphiphiles were above the CAC, the question is 

whether changes in the CAC due to effects of ions or proteins 

may influence the rate of ACh-induced hydrolysis. In a pre-

vious study, we measured the CAC of six different bolaam-

phiphiles,20 including that of GLH-20. From the results of this 

study, it can be concluded that GLH-32 has a similar CAC 

to that of GLH-20, and since the conditions under which the 

release from the vesicles were identical for both bolaam-

phiphiles, it is unlikely that the difference in the hydrolysis 

rate could be attributed to differences in the CAC. Moreover, 

at the concentration of the bolaamphiphiles that was used to 

form the vesicles (10 mg/mL), which is much higher than the 

CAC, no effect of ion strength and proteins was seen on the 

aggregation properties of the bolaamphiphiles.20,25,26 Since 

AChE-induced release from the vesicles was carried out 

under conditions that do not affect the aggregation properties 

of both bolaamphiphiles, the difference in the release rate 

that was observed between GLH-20 vesicles and GLH-32 

vesicles cannot be attributed to the effects of ions and/or 

proteins (ie, the protein of the hydrolyzing enzyme) on the 

CAC of the bolaamphiphiles.

The results shown in Figure 9 strongly suggest that the 

alkyl chain adjacent to the ACh head group significantly 

affects the hydrolysis rate of the head group; hence, affecting 

the rate of release of encapsulated compounds from the ves-

icles. When vesicles from both bolaamphiphiles are exposed 

to AChE, only the head groups and the alkyl chain (which is 

attached to the bolaamphiphile near the head group), have 

access to the enzyme, whereas other components of the 
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Figure 9 The effect of AChE on the release of CF from vesicles made from GLH-20 (A) and GLH-32 (B).
Notes: The released CF was monitored by measuring the fluorescence before and after the addition of two units of AChE dissolved in 10 µL of H2O. The experiment was 
terminated by the addition of Triton X100 to disrupt the vesicles and release all the encapsulated CF. The graphs show mean values taken from three different experiments, 
whereas the bars represent SEM.
Abbreviations: AChE, acetylcholinesterase; CF, carboxyfluorescein; sec, seconds; SEM, standard error of the mean.
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bolaamphiphiles are unexposed to AChE as they are part of 

the hydrophobic region of the monolayer membrane. Between 

the two moieties that are exposed to the enzyme, only the 

alkyl chain pendant is different in GLH-20 and GLH-32 

vesicles, suggesting that the alkyl chain adjacent to the head 

group is primarily responsible for the different hydrolysis 

rates, and consequently for the different release rates.

To quantify the differences in the release rates, the percent 

release from each vesicle preparation was calculated for sev-

eral time points during the second release phase (the data used 

for the calculation were taken from Figure 9). This analysis 

(Figure 10) shows that the slope of the curve, which represents 

the release rate at the second phase, was significantly greater 

for GLH-20 vesicles, compared to GLH-32 vesicles.

The steeper slope represents a faster release rate; indeed, 

at 400 seconds after the addition of AChE to the vesicles, 

about 35% of the CF was released from GLH-20 vesicles, 

whereas less than 20% of the encapsulated CF was released 

from GLH-32 vesicles at the same time point (Figure 10). It 

should be noted, however, that differences in the hydrolysis 

rates of the head groups of GLH-20 and GLH-32 were seen 

only 15–20 minutes after exposure of the bolaamphiphiles 

to AChE, whereas differences in the rates of release were 

already observed 3 minutes after the addition of AChE to 

the vesicles. This difference could be due to the time reso-

lution of the two methods (ie, determination of head group 

hydrolysis rate by the pH-stat method and determination of 

release rate by monitoring the increase in fluorescence); one 

determines the hydrolysis rate, while the other determines 

the release rate. Apparently, vesicles start to disrupt after the 

removal of only a few ACh head groups from the surface of 

the vesicles, whereas in order to see a significant hydrolysis 

by a pH change, many more head groups have to be hydro-

lyzed. Yet vesicles that were made from bolaamphiphiles 

with head groups that are hydrolyzed faster by AChE also 

released their encapsulated material faster, suggesting that 

there is a correlation between the rate of the head groups 

hydrolysis and the rate of release. This correlation implies 

that the release rate can be varied in a controlled manner by 

using bolaamphiphiles with head groups that are designed 

to be hydrolyzed by AChE at different rates. This principle 

can be implemented in the design of vesicles that will 

release their content at organs or tissues that highly express 

the hydrolyzing enzyme. This design may be based on 

bolaamphiphiles with head groups such that their interaction 

with the hydrolyzing enzyme is modified by adjacent alkyl 

chains of various lengths, as described here.

Conclusion
In the present study we have shown that the release of encap-

sulated material from bolaamphiphilic vesicles can be varied 

by attaching alkyl chains of different lengths to the bolaam-

phiphile in the vicinity of the ACh head group. The results 

of this study show that when the alkyl chain in the vicinity 

of the ACh moiety is longer, the hydrolysis rate is slower, 

possibly because of steric hindrance that reduces the sub-

strate’s affinity to the enzyme active site. Vesicles made from 

bolaamphiphiles, such as those described in the present study, 

show release rates that correlate with the rate of hydrolysis 

of the head groups by AChE. This study demonstrates the 

potential value of bolaamphiphilic vesicles as candidates 

for designing drug delivery systems with controlled release 

of the encapsulated drug. Bolaamphiphiles are particularly 

suitable as building blocks for constructing DDS with con-

trolled release mechanisms, due to the high stability of their 

self-assembled vesicles and the tendency of the vesicles to 

disrupt upon head groups’ hydrolysis. The concept presented 

in the present study may be implemented in the design of 

bolaamphiphilic nanovesicles with various release rates for 

controlled drug delivery.
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Figure  10 Percent release of encapsulated CF at different times after exposing 
bolaamphiphilic vesicles to AChE.
Notes: Percent release was calculated from the amount of CF that was released 
at a particular time point versus the total amount of encapsulated CF, which was 
determined after lysing the vesicles with Triton X100. Each point on the graph 
represents the mean of three different experiments ± SEM.
Abbreviations: AChE, acetylcholinesterase; CF, carboxyfluorescein; sec, seconds; 
SEM, standard error of the mean.
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Figure S1 Synthetic stages of the bolaamphiphile GLH-32: synthesis of the bolaamphiphilic skeleton (A) and the addition of the head groups (B).
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