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The synergetic combination of the distinct properties of azobenzene and bile acid could afford stable
tweezer-like conformation with tunable hydrophilic and hydrophobic channels, thus increasing their
antimicrobial activity toward both Gram-positive and Gram-negative bacteria, which can be conve-
niently switched off when the conformation turn back to the extended state.

� 2016 Elsevier Ltd. All rights reserved.
In nature, the essential functions of the majority of biomole-
cules, such as the binding properties of protein receptors and the
catalytic activity of enzymes, are regulated through their highly
sophisticated conformation changes.1 The interconnectivity
between conformation and bioactivity could also provide out-
standing potential for studying organism development or disease
progression.2 However, in chemical systems controlling and
manipulating the conformation and activity of man-made materi-
als in a reversible manner is very difficult3 and only several limited
examples were presented.4

Recently, it is revealed that synthetic molecules with controlled
bioactivity ‘on’ and ‘off’ by conformational change have great
advantage when used as antibacterial agents.5 The selective activa-
tion/inactivation is useful for reducing the accumulation of drugs
in the environment and will pave the way to address the chal-
lenges associated with the emergence of drug resistance.6 Azoben-
zene with reversible light-induced isomerization has been well-
demonstrated to be suited for induction of local conformational
changes into various molecules, such as peptides, proteins and
nucleic acids, and thus leading to the regulation of corresponding
bioactivity.7 In this respect, some outstanding examples with this
conformation switchable groups modified the well-known antibac-
terial active compounds have been presented.8 However, develop-
ing new activity-switchable drugs without the traditional active
groups has long been attractive and is helpful for circumventing
the problem of drug resistance.

Bile acids are naturally occurring amphiphilic compounds.
Unlike the traditional ‘head–tail’ amphiphilic molecules, they have
a curved steroidal skeleton with polar hydroxyl groups on one face
and nonpolar hydrophobic methyl groups on the other face, thus
they exhibit the facial amphiphilicity.9 Although they are not tradi-
tional active antimicrobial drugs, due to the unique features the
derivatives of bile acids are still pharmacologically interesting
and some bile acid dimers and oligomers have been demonstrated
with antiproliferative and antifungal activities.10 It is revealed that
these cholic acid derived facial amphiphiles with cleft or umbrella
conformation can improve the permeability or destroy the integ-
rity of membranes such as bacterial cell walls, thus leading to
the impressive antimicrobial activities.11 This kind of antibiotics
without the traditional active compounds has great advantages
to address the emergence of drug resistance. However, the effec-
tiveness of the above mentioned bile acid derivatives are highly
dependent on their polar solvent-induced conformation, which
are not stable and predictable.

With the aim of developing new stable and predictable confor-
mation-controlled antibacterial agents without using the tradi-
tional active antimicrobial compounds, in this work we
synthesized a series of azobenzene-bridged bile acid conjugates
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Scheme 1. Chemical structure of the azobenzene linked bile acid dimers (CA-azo,
DA-azo and LA-azo) and the model compound (P-azo).
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and explored their conformation-bioactivity interconnectivity. It
was found that the synergetic combination of the distinct proper-
ties of azobenzene and bile acid moieties, the stable and control-
lable tweezer conformation with tunable hydrophilic and
hydrophobic channels can be obtained conveniently. Interestingly,
at this tweezer-like conformation the antibacterial activity of the
synthesized bile acid conjugates for both Gram-positive and
Gram-negative bacteria increased apparently. However, when the
molecules conformation changed back to the extended state, the
antibacterial activity decreased simultaneously. For azobenzene-
bridged deoxycholic acid dimers, the antibacterial activity was
even switched off for Gram-positive bacteria. More importantly,
this bioactivity conversion can be carried out reversibly upon the
molecule conformation changes from the extended state to the
tweezer-like form.

Scheme 1 shows the chemical structures of synthesized azoben-
zene linked dimeric cholic acid (CA-azo), deoxycholic acid (DA-
azo), and lithocholic acid (LA-azo). Attempts to directly condense
the bile acid with 4,40-azodianiline in the presence of DCC proved
to be rather sluggish and afforded a complex mixture of products.
In an alternative way (Scheme S1), the hydroxyl groups of bile acid
were first protected by formylation with anhydrous formic acid in
almost quantitative yield. Then coupling of the acid chloride with
diaminoazobenzene in the presence of triethylamine gave the bis-
coupled products. Hydrolysis of the diamide with LiOH in THF–H2O
led to the desired bile acid dimers in about 80% yield. The three
kinds of molecules are differentiated only by the number of hydro-
xyl groups. As the model compound for comparison, azobenzene
with two butane end groups (P-azo) was also synthesized.

It was well recognized that azobenzene can undergo photoiso-
merization from a full-conjugated trans configuration to a cis iso-
mer under illumination by 365 nm light.12 Thermal cis to trans
relaxation in the dark leads to 100% trans isomer reversibly. As
demonstrated by 1H NMR spectra of azobenzene-bridged bile
acid dimers (Figs. S15, S17, S19), the peaks at about 7.80 ppm
are ascribed to the aromatic protons of trans isomers and no
peaks belonging to the cis isomers were observed,13 revealing a
pure trans isomers before irradiating by 365 nm light. The
extended trans conformation can change to a tweezer-like state
in a reversible manner. And the tweezer-like conformation is
expected to be adaptable to the polarity of the surroundings
and led to the tunable hydrophilic and hydrophobic channels
(Fig. 1a). Due to the facial amphiphilic feature of the pendant bile
acid moieties, the tweezer-like conformation can be more pre-
dictable and stable, thereby facilitating our effort to evaluate
the bioactivity of these two different conformation states and
further probe the conformation-bioactivity relationship of these
bile acid derivatives.

The conformation switchable behavior of these azobenzene-
bridged bile acid dimers and the model compound P-azo was first
investigated. When irradiating the CA-azo solution (1 mM in CH3-
OH) with 365 nm light, the absorption band at 371 nm which is
attributed to the p–p⁄ transition of the trans-azobenzene
decreases, along with an increase of the band around 455 nm,
which is attributed to the n–p⁄ absorption (Fig. 1b). This result
indicates that the CA-azo undergoes the expected conformation
change and the Uv–vis spectra further confirmed the presence of
pure trans isomers before irradiation by 365 nm light. The isomer-
ization of CA-azo proceeds relatively slowly compared to the
model compound P-azo (Fig. 1c), which only need less than
3 min to complete isomerization. This phenomenon can be easily
understood by the fact that the azo unit of CA-azo was placed at
core of the molecule which was surrounded by two large and rigid
steroid skeletons, so that its conformation state change encounters
more significant resistance than P-azo with only two short and
flexible end groups.
However, the further investigation proves that the rates of the
conformation change of these three bile acid-azobenzene conju-
gates are also varied and strongly affected by the subtle variation
of the pendant groups, especially in the relative concentrated solu-
tion (�10 mg/mL). For this concentration, 1H NMR measurement
can be performed to calculate the ratio of different configurations
accurately by the integral of the corresponding signals. As shown
in Figure S1, for CA-azo the fraction of the tweezer-like conforma-
tion is much lower than that of LA-azo under the same intensity of
light irritation. The conformation change rate of DA-azo, which
possesses two hydroxyl groups at the steroid nucleus, lies right
in between the values of CA-azo and LA-azo. It is clear that the
only thing different between the three bile acid derivatives is the
number of the hydroxyl groups on the skeleton, so the different
rate of isomerization could no longer be simply explained by the
steric hindrance due to size of the pendant groups. In the concen-
trated solution (Scheme S2), it was assumed that the hydrophobic
face of bile acid tends to aggregate together in the polar media,
leaving the hydrophilic groups pointing toward the solvents and
reducing the interfacial energy. The hydroxyl groups are expected
to form hydrogen bonds with the solvent molecules. The more
hydroxyl groups the compounds present, the stronger hydrogen
bond will be formed between the pendant groups and solvent
molecules. Therefore, not only the size of the pendant group, but
also the properties of the substituents around the azobenzene core
determine the rate and activation energy barrier for the conforma-
tion change process.

Bridged by azobenzene groups, these bile acid derivatives with
tweezer-like configuration tend to revert to the extended state
thermally once the optical irritation was absence. This behavior
may interfere with our bioactivity test and leave unpredictable
result for the tweezer-like configuration, so it is necessary to char-
acterize the stability of the tweezer-like state before the antimicro-
bial screen. In order to obtain a useful reference for the conversion
rate during the bioactivity test, the tweezer-like state of both CA-
azo and P-azo in solution was placed in dark at 30 �C, which is
the temperature that the bacteria were cultured. Then the kinetics
of the thermal-induced conformation reversion was measured by
following the changes in absorbance at 371 nm. As displayed in
Figure S2, the thermal half-lives (s1/2) of CA-azo are about 3.5 h,
which was found to be extraordinarily extended as compared to
P-azo (s1/2 < 1.5 h) in CH3OH. The result indicated that once the
molecule conformation changed to tweezer-like state, CA-azo pre-
sented a higher thermal-energy barrier to convert back to the
extended form compared with that of P-azo. Besides the above
mentioned steric hindrance effect, this phenomenon could also
be contributed to the formation of tightly folded conformation by
hydrophobic and hydrophilic interactions in solvents. In other
words, the tweezer-like configuration of bile acid dimers is more
stable than other typical azo derivatives.

As demonstrated by the conformation change of bile acid
derivatives, the 100% tweezer-like isomers is not expected to be



Figure 1. (a) Schematic representation of conformation change of azobenzene linked cholic acid derivatives: from extended state to tweezer-like conformation; UV–vis
spectra of conformation change procedure of (b) CA-azo and (c) P-azo under the irradiation at 365 nm UV light; spectra are normalized to the maximum p–p⁄ absorption
around 371 nm.
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maintained during the antibacterial test. However, the slow ther-
mal re-isomerization allows us to evaluate the antibacterial activ-
ity of these two configurations respectively. Two bacterial cultures,
such as Escherichia coli (Gram-negative bacteria) and Bacillus mega-
terium (Gram-positive bacteria) were selected. For E. Coli, only
modest (ca. 40% bacteriostasis rate) antibacterial property was
observed for CA-azo and DA-azo in the extended conformation
(Figs. 2a and b, S3). When the compounds were exposed to
365 nm light for 15 min, the tweezer-like conformation was
formed and a considerable increase of the bacteriostasis rate was
observed. More than 80% bacterial growth was inhibited at
100 lg/mL concentration of these two bile acid derivatives
(Fig. S3), which suggests that the tweezer-like conformation exhi-
bits stronger antibacterial activity compared to the corresponding
extended structure.

Compared to E. coli, these bile acid derivatives show relative
weak inhibitory effect toward Gram-positive bacteria Bacillus
megaterium, especially for DA-azo. As demonstrated in Figure 2d,
the extended configuration of DA-azo exhibits almost no antibac-
terial activity even in concentrations up to 100 lg/mL. It is also
demonstrated that the difference of bacteria inhibitory effect
between CA-azo and DA-azo toward the Gram-positive bacteria
becomes more pronounced, about 20% bacteriostasis rate discrep-
ancies, which is much greater than that toward Gram-negative
bacteria (Fig. 2c, d). However, the similar phenomenon to the
Gram-negative bacteria is that the obvious increase of the bacte-
riostasis rate was also observed when the conformation trans-
ferred to tweezer-like state. Due to the limited solubility in
aqueous solution, the antibacterial activity of compound LA-azo
and P-azo was not tested.

To further examine the switchable biological properties, we
evaluate the antibacterial activity of CA-azo under alternating irra-
diation at 365 and 450 nm light, thus the conformation of CA-azo
changes from extended form to a stable tweezer-like conformation
(Fig. 3). When the molecular conformation is turning to stable
tweezer-like state gradually, the bacteriostasis rate undergoes a
steady increase and finally up to around 80%, which is consistent
with the antibacterial test results in Figure 2. The recovery of the
inhibitory effect to the initial state was observed when the sample
was converted to the extended state. The nearly periodical change
of the antibacterial activity of azobenzene-bridged bile acid dimers
is a clear evidence of the interconnectivity of the conformation and
bioactivity. The conformation-controlled antibacterial activity can
be useful to address the accumulation of drugs in the environment
and decrease the drug resistance.

According to the literature reports, ion channel mechanism
plays a very important role for many bile acid derived antibacterial
agents,14 in which the facially amphiphilic structures form a
hydrophilic pore and produce ionic fluxes across biological mem-
branes. In order for ions or molecules to be transported across
the hydrophobic membrane barriers, the bile acid derivatives must
be to some extent insert into the double layer phospholipids. In
this respect, the tweezer-like configuration of azobenzene-bridged
bile acid dimers has the great advantages to facilitate the forma-
tion of hydrophilic channels, thereby avoiding the unfavorable
interaction between the hydrophobic lipids and the hydrophilic
face of the bile acid moieties (Scheme 2). After the insertion of
the bile acid dimers into phospholipids, it promotes the mass
transport across the bacterial outer membrane, which accounts
for the strong antimicrobial activity. And the better performance
toward other inhibitors may also be ascribed to this special inter-
action mechanism. The extended conformation of azobenzene-
bridged bile acid dimers may produce intermolecular hydrogen
bonds in non-polar media and insert into the membrane, as it
was presented by Kobuke et al.15 However, our experiment
demonstrates that the tweezer-like configuration could form the
ion channels more efficiently due to the unique preorganization
of the amphiphilic structure.

The reason for lower efficiency of these bile acid dimers in bac-
teriostasis rate toward Gram-positive compared with Gram-nega-
tive bacteria is not very clear, but similar phenomena have been
observed for some antimicrobial peptides.16 Unlike Gram-negative



Figure 2. Graphical representation of in vitro antibacterial tests toward Escherichia coli 5a (a, b) and Bacillus megaterium (c, d) at tweezer-like and extended conformation: (a,
c) CA-azo, (b, d) DA-azo.

Figure 3. Conformation-regulated antibacterial property of CA-azo against E. coli in
the concentration of 50 lg/mL.
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bacteria, the outer layer of Gram-positive bacteria is thick and
rigid, consisting of a cross-linked peptidoglycan.17 Perhaps the
thick and cross-linked peptidoglycan layer greatly hinders the per-
Scheme 2. Proposed mechanism for the azobenzene-bridged bile acid dimers being
drawn into a lipid bilayer in their tweezer-like configuration. Here, the azobenzene
bridge has been omitted for simplicity.
meation of the bile acid dimers, thereby protecting the membrane
of the Gram-positive from disruption.

In summary, a new series of conformation-controlled antibacte-
rial agents based on bile acid-azobenzene conjugates have been
developed. By combination the distinct properties of azobenzene
and bile acid units, these amphiphilic conjugates undergo remark-
able conformation changes from the extended form to tweezer-like
conformation in a predictable and reversible manner. Interestingly,
upon the conformation changing to tweezer-like form, the antimi-
crobial activity of the synthesized derivatives for both Gram-posi-
tive and Gram-negative bacteria was increased, which can be
switched back conveniently by the conformation regulation. This
work demonstrates an interesting class of conformation-controlled
antibacterial agents based on the unconventional antimicrobial
activity groups, which may be useful for circumventing the prob-
lem of drug resistance.
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