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ABSTRACT: Enzyme-instructed self-assembly is an increasingly attractive
topic owing to its broad applications in biomaterials and biomedicine. In this
work, we report an approach to construct enzyme-responsive aqueous
surfactant two-phase (ASTP) systems serving as enzyme substrates by using a
cationic surfactant (myristoylcholine chloride) and a series of anionic
surfactants. Driven by the hydrophobic interaction and electrostatic attraction,
self-assemblies of cationic—anionic surfactant mixtures result in biphasic
systems containing condensed lamellar structures and coexisting dilute
solutions, which turn into homogeneous aqueous phases in the presence of
hydrolase (cholinesterase). The enzyme-sensitive ASTP systems reported in
this work highlight potential applications in the active control of biomolecular
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enrichment/release and visual detection of cholinesterase.

Bl INTRODUCTION

Enzyme-responsive systems are attractive research areas owing
to the potential applications in broad fields including dru§
delivery,l_4 tumor imaging,s_9 bio-inspired assemblies, ™"
and biological materials.>~"° For example, enzymatic hydro-
gelation formed by polymers'®~*° or small molecules has been
utilized in enzyme inhibitor screening,”' ~>* cancer therapy,”*®
and tissue engineering.%’27 However, the enzyme-responsive
aqueous two-phase system has been an attractive system for
biological material processing due to its gentle high water
content environments.”*™" The aqueous two-phase system is
a phase separation phenomenon that was observed in polymer
solutions initially.”*~>> Subsequently, a similar phenomenon
termed as aqueous surfactant two-phases (ASTP) was
demonstrated with aqueous mixtures of cationic—anionic
surfactants.’*™* In an ASTP system, the solution separates
spontaneously into two immiscible aqueous phases with a clear
interfacial boundary between them, where one phase is rich in
surfactants and the other one is the dilute phase. The
spontaneous formation of a highly concentrated surfactant
solution has enabled the selective concentration of biomole-
cules,*"** carbon tubes,">** metal ions,* and small
molecules.** We envision that the coupling of ASTP with
external stimuli-responsiveness will allow for active separation
of a variety of biomolecules or biomaterials. Compared to
other stimuli, enzymes have advantages in terms of specificity
and efficiency in triggering chemical reactions and thereby
amplifying changes beyond molecular scales (e.g, supra-
molecular properties). Because secretory enzymes are closely
related to biological activities and their abnormal expression is
often associated with the development of human diseases, the

© XXXX American Chemical Society

WACS Publications

ASTP Enrichment Release

exploration of enzyme-responsive ASTP is also of great
significance in the fields of clinical medicine.

In this work, we reported enzyme-responsive ASTP systems
formed by the mixture of myristoylcholine chloride (MChCI)
and a series of anionic surfactants such as sodium laurate (SL),
sodium octyl sulfonate (SOS), and sodium decanoate (SD). It
is known that the association of the oppositely charged
surfactant can form ASTP under certain conditions (e.g.,
concentration, pH, temperature, and mixing ratio). The
electrostatic interaction between cationic and anionic
surfactants is an essential factor for the formation of
ASTP,>”*” where the variation of charges results in micro-
structural transition associated with macroscopic phase
behavior of surfactant systems. This inspired us to design
enzyme-responsive aqueous phase behaviors from cationic—
anionic surfactants, in which the positive/negative charge ratio
of surfactants can be adjusted by enzymatic hydrolysis of
surfactants.

To this goal, MChCl was employed as the cationic surfactant
and the enzyme substrate that can be converted to myristic
acid and choline in the presence of cholinesterases. Electro-
static interactions between myristoylcholine and anionic
surfactants lead to the formation of ASTP. With the response
to cholinesterase, the cationic—anionic ASTP can be eventually
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turned into a single homogeneous aqueous phase accompanied
with cationic surfactant MChCl converted into anionic
myristic acid. We anticipate that the cholinesterase-sensitive
ASTP can serve as a potential platform for active separation of
biomolecules and the visual detection of cholinesterase.

B EXPERIMENTAL SECTION

Materials. MChCl (99%) was purchased from TRC. SL (98%)
and SD (98%) were purchased from Aladdin. SOS (98%) was
purchased from Macklin. Butyryl cholinesterase (BchE) and
deuterium oxide (D,0, 99%) were purchased from Sigma. Nile red
was purchased from TCI. Fluorescein isothiocyanate-bovine serum
albumin (FITC-BSA) was provided by Prof. Yan Qiao group, Institute
of Chemistry, Chinese Academy of Sciences. Aqueous solutions were
prepared using Milli-Q water of 18 MQ.

Sample Preparation. Samples were prepared by mixing the stock
solutions of cationic and anionic surfactants at a desired concentration
and mixing ratio at 25 °C. Samples were vortically mixed after sealing.
Unless specifically stated, the pH of MChCI and the anionic surfactant
mixed system was fixed to 7.2 (Tris-HCI).

1H Nuclear Magnetic Resonance. The 'H nuclear magnetic
resonance (‘H NMR) experiments were performed on a Bruker ARX
500 MHz spectrometer with D,O as a solvent at 25 °C.

Transmission Electron Microscopy. Samples were prepared by
the negative-staining method (with uranyl acetate) and freeze fracture
replication technique and then observed by Tecnai T20 (200 kV). For
the negative-staining method, a drop of the sample was added onto a
200 mesh copper grid coated with the Formvar film. Excess solution
was removed with a piece of filter paper, and the samples were stained
with 3% uranyl acetate for 3—5 min. The excess staining agent was
removed with filter papers before transmission electron microscopy
(TEM) observation. Also, the freeze fracture replication technique
was carried out in a high-vacuum freeze-etching system (Balzers BAF-
400D).

Electrospray lonization Mass Spectrometry. Electrospray
ionization mass spectrometry (ESI-MS) measurements were carried
out on an APEX IV FT-MS (Bruker). The operating condition of the
ESI source was in negative ion mode.

Rheology. The rheological properties of the samples were
measured at 25 °C with a Thermo Haake RS300 rheometer (cone
and plate geometry of 35 mm in diameter with the cone gap equal to
0.105 mm).

Elemental Analysis. The elemental analyses were carried out on a
Vario EL elemental analyzer (Elementar Analysensysteme GmbH,
Langenselbold, Germany)

Fluorescence Spectrometry. Fluorescence spectra were re-
corded on a Hitachi F7000 spectrometer equipped with a constant
temperature bath to control the temperature at 25 °C (4., = 540 nm).

Bl RESULTS AND DISCUSSION

Phase Behavior and Microstructures of MChCI/SL
Mixed System. Mixtures of MChCl and SL were prepared by
mixing the stock solutions at different total concentrations
(cioray ) and mixing ratios (xg ). The phase diagram of
MChCI/SL mixed systems is shown in Figure la at pH 7.2, in
which the homogenous phase, ASTP, and precipitate were
observed when c, was higher than 10 mM (illustrated in Figure
1b). At the total concentration of 40 mM (Figure lc), it was
observed that when cationic surfactant MChCI dominated (xg;
< 0.25), the solutions remained homogenous and clear with
vesicles inside (Figure S1). With the increase of xg, ASTP of
two coexisting phases was observed (0.25 < xg < 0.4) and the
heterogeneous mixture emerged (0.4S < xg < 0.55). The
turbidity confirmed the macroscopic phenomena in the two
phases of ASTP and homogenous solutions (Figure S2). The
high value of xg (0.6 < xg ) would result in the homogenous
solution with the vesicles inside (Figure S1). Moreover, ASTP
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Figure 1. (a) Phase diagram for MChCl/SL mixed systems at pH =
7.2. (b) Schematic illustration of the three types of phase behaviors in
MChCI/SL mixed systems: (i) homogenous solution, (ii) ASTP, and
(iii) precipitate and solution. (c) Photographs of MChCl/SL mixed
systems at different mixing ratios (¢, = 40 mM, pH = 7.2).

can remain stable at 25—40 °C or with NaCl up to 20 mM
(Figure S3).

Figure 2a shows the macroscopic appearance of the ASTP
system (¢, = 40 mM, xg = 0.40, pH = 7.2, 25 °C), in which the
volume ratio of the upper to lower phase is about 1:3, and the
upper phase was opalescent with a slightly bluish. Under two
polarizers, the upper phase displayed birefringence (ii), while
the lower phase was clear without any birefringence. The upper
phase was demonstrated to show higher capacity to solubilize
hydrophobic dye oil red than the lower phase (iii). In addition,
the upper phase was shown to be viscous with a shear-thinning
effect (Figure 2b), while the lower phase displayed water-like
fluid behavior. Structurally, the birefringence of the upper
phase indicated the existence of lamellar structures, which can
be confirmed by freeze-fracture TEM (FF-TEM) (Figure 2c).
The ordered structure was further confirmed by X-ray
diffraction (XRD) shown in Figure 2e, where three Bragg
diffraction peaks correspond to distances of 41.8, 21.1, and
14.0 A and these peaks indicated the presence of lamellar
structures.”® The thickness of the lamellae was determined
from the 001 diffraction peak to be 41.8 A, that is,
approximately the sum of the length of extended MChCI
and SL molecules (Figure 2f). The fluorescence spectroscopy
also confirmed that the molecular arrangement is more orderly
in the lamellar phase (Figure S4). In contrast, the formation of
spherical vesicles in the lower phase of ASTP and other
homogenous solutions was demonstrated by negative-stained
TEM (Figure 2d). It is therefore concluded that lamellar
structures exist in the surfactant-rich upper phase, while
vesicles exist in the bottom phase with low surfactant
concentration. Elemental analysis (Table S1) and NMR
(Figure SS) confirmed the results that the upper phase is the
surfactant-enriched one, while the lower phase is a very dilute
phase.

Enzyme Response of ASTP Systems. MChCI can be
hydrolyzed by cholinesterase into myristate and choline,
leading to enzyme-responsive ASTP system. To demonstrate
this, 10 U/mL BchE was added into the ASTP system (c, = 12
mM, xg = 0.40) and incubated at 25 °C. The hydrolysis of
MChCI and the production of choline were tracked by 'H
NMR. Figure 3a illustrates the enzymatic reaction of MChCl in
the presence of BchE. After the enzyme reaction for 24 h, the

https://doi.org/10.1021/acs.langmuir.1c02303
Langmuir XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.1c02303/suppl_file/la1c02303_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02303?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02303?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02303?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.langmuir.1c02303?fig=fig1&ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://doi.org/10.1021/acs.langmuir.1c02303?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Langmuir

pubs.acs.org/Langmuir

. 40,
e) 4184 | e21a
16000 - §| g g
> ¥
" — =
£ z
=
&
R
= 8000
0- 1 1 1 1 1 1
1 2 3 4 5 6
20 (deg)

—s—upper phase
—— lower phase

) PN \‘i?v ‘,q‘,“‘.q ,|l ('#i1 JI///
! """I‘,‘\‘,\,‘, 1 i /|" 41.8A
oA CORSRA AT st P

AL T PR L
MChCl TR SL
AU g (T
I ”‘ il ‘./l’}{}} 3
J AL
F oo i < —
2334 1564

Figure 2. (a) Macroscopic appearance for MChCl/SL ASTP (¢, = 20 mM, xg = 0.40): (i) under visible light, (ii) under the polarizer, (iii) with the
addition of hydrophobic dye oil red, and (iv) with the addition of 0.1 mg/mL FITC-BSA and under the UV light. (b) Steady rheology results of
upper and bottom phases for MChCl/SL ASTP (c, = 40 mM, xg; = 0.40). (c) FF-TEM image for the upper phase of ASTP. (d) Negative-stained
TEM image for the lower phase of ASTP. (e) XRD result for the upper phase of ASTP. (f) Schematic illustration of the lamellar structure in the

upper phase.

ASTP system disappeared and the two phases turned to be
homogenous (Figure 3b), with a lower viscosity than the upper
phase of the ASTP system (Figure S6). Negative-stained TEM
observation confirmed that no lamellae existed in the system
but the thick-walled vesicles (Figure 3c). The presence of BchE
converted MChCl into an anionic surfactant myristic acid. As a
result, electrostatic attractions between cationic—anionic
surfactants to form ASTP (lamellar structure in the upper
phase and vesicles in the lower phase) were replaced by
repulsive force, causing the transition to a single homogeneous
phase with thick-walled vesicles inside. Figure 3d shows that
the feature peaks of choline are produced gradually. ESI-MS
analysis confirmed that the molecular structure of SL did not
change during the enzymatic process (Figure S7). The enzyme
reaction is affected by pH' and temperature,’”*" and
generally, the enzyme activity is highest at 25—37 °C. The
appropriate pH depends on the properties of the enzyme itself.
Considering the characteristics of the ASTP, pH = 7.2 and 25
°C were chosen as the reaction conditions of the enzyme. In

addition, the turnover number of BchE is about 4796 min™".

Universality of the Enzyme-Responsive ASTP System.
The MChCI/SL ASTP system showed the specific response to
BchE, while no sensitivity to other enzymes, such as a-amylase
(Figure S8). Moreover, replacing SL with other amphiphiles
could also construct the ASTP systems with MChCI. Figure 4a
shows the phase diagram of MChCI/SOS at pH 7.2, and the
phase situations are illustrated in Figure 4b (¢, = 40 mM).
Different from the MChCI/SL ASTP system, the upper phase
of MChCI/SOS ASTP had no birefringence, indicating that
there may be no lamellar structure. Figure 4c,d shows the
microstructures in the upper phase and lower phase by
negative-stained TEM, respectively, where fused vesicles were
in the surfactant-rich upper phase, which was also verified by
the viscosity measurements (Figure S9). The enzyme-
responsiveness for the ASTP system is shown in Figure S10,
and the precipitates formed after the BchE reaction and optical
microscopy image showed the microstructure turned to be
flakes. ESI-MS confirmed that the SOS had no change during
enzyme reaction (Figure S11). The macroscopical appearance
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Figure 3. (a) Enzymatic reaction of MChCI in the presence of BchE. (b) Photographs of the MChCI/SL ASTP (¢, = 12 mM, xg = 0.40) before
and after 10 U/mL BchE reaction. (c) Negative-stained TEM image for the MChCI/SL ASTP system after the enzyme reaction. (d) '"H NMR
spectra for MChCI/SL ASTP during 10 U/mL BchE reaction.
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Figure 4. (a) Phase diagram for MChCl/SOS mixed systems at pH
7.2. (b) Photographs of MChCl/SOS mixed systems (c, = 40 mM).
Negative-stained TEM images for the ASTP system: (c) upper phase
and (d) lower phase.

and properties in MChCl/SD mixed systems and their enzyme
response of ASTP are shown in Figure S12.

Visual Detection for Cholinesterase and Active
Enrichment/Release of Biomolecules in ASTP System.
The visible macroscopic phase transition from ASTP to a
homogeneous solution or precipitate by the addition of BchE
can be potentially utilized to detect cholinesterase, which is key

to daily metabolism and the overexpression may lead to
diseases. The ASTP formed by MChCI/SL mixing (¢, = 10
mM, x5 = 0.40) was used for concept-proof, in which the
original system exhibited two co-existing solutions. As shown
in Figure Sa, the upper phase was opalescent and the bottom
phase was transparent. With the addition of S U/mL BchE, the
phenomenon of ASTP disappeared. We therefore envisioned

a) BchE (U/ml)
0

5 10 20 50

Figure S. (a) Macroscopic photographs of MChCl/SL ASTP systems
(¢, = 10 mM, xg; = 0.40) with 0, S, 10, 20, and SO U/mL of BchE. (b)
Macroscopic photographs of MChCI/SL ASTP systems with the
addition of FITC-BSA before (i) and after (ii) adding 10 U/mL of
BchE under the UV light.
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that this ASTP system can be utilized as a potential tool for
naked-eye detection of enzymes. Figure Sb shows the ability of
enrichment for biomolecules of the ASTP system. 0.1 mg/mL
FITC-BSA was added into the ASTP system (c, = 20 mM, xg,
= 0.40), and under the UV light, the upper phase displayed
green fluorescence, while the lower phase was dark (i). After
adding 10 U/mL of BchE, the whole solution displayed
fluorescence (ii), which confirmed that the ASTP turned to be
homogenous after the BchE reaction and the FITC-BSA
released into the solution.

B CONCLUSIONS

In conclusion, we herein report an approach to construct
enzyme-responsive ASTP systems with BchE-cleavable cationic
surfactant MChCl and enzyme-insert anionic surfactants (e.g.,
SL, SOS, and SD). Depending on the cationic—anionic ratio,
the surfactant mixture was found to aggregate into a variety of
nanostructures, accompanied by the emergence of macroscopic
phase separation. The presence of BchE was found to trigger
the hydrolysis of ester bonds, converting MChCI into an
anionic surfactant myristic acid. As a result, electrostatic
attractions between cationic—anionic surfactants (MChCl/
SOS, MChCI/SL, and MChCl/SD) were replaced by repulsive
force, causing the dissociation of high-ordered self-assembly.
We anticipate that this work represents a facile approach to
design biologically active soft materials across different scales,
which will find potential applications in broad fields such as
smart delivery and biosensing.
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