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A new strategy to construct a transient supramolecular peptide
amphiphile (SPA) and its vesicular aggregates is displayed. The
construction of the amphiphile is assisted by the ternary complexation
of cucurbit[8]uril and pH responsive imine bond formation. The
transient assembly follows a pH clock set by urea/urease and
hydrolysis of glucono delta-lactone (GdL). The transient assembly
can be repeated for several cycles through feeding the system with
the fuel (urea).

Self-assembly of simple molecules into complex and highly
ordered systems that perform vital biological processes has
been one of the principal tools used by nature for the creation
as well as sustenance of life." Most supramolecular systems are
under thermodynamic control and the self-assembly process is
generally an energetically down-hill process in which the stability
of the assembled state is conferred by the formation of a low-
energy equilibrium state.>* However, many self-assembly
processes occurring in nature such as the reversible formation
of actin filaments,” formation of microtubules,® cell division,®
motility” and signal transduction® are energetically demanding
processes and require a constant influx of energy in order to
retain the functional self-assembled state. The thermodynamic
pathway of assembly is inadequate to maintain the functional
efficacy of these systems and therefore such systems are kinetically
driven where the assembly process is governed by the assembly
pathway rather than the stability of the assembled state.” Such out
of equilibrium self-assembly processes which are self-regulatory in
nature and generate supramolecular assemblies of short finite
lifetimes are referred to as transient self-assembly processes.
Recently, substantial efforts have been made to mimic the
out of equilibrium processes in nature and to unravel the
mysteries regarding the origin of life. The concept of transient
assembly has been exploited to develop temporally controlled and
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short lived gels, vesicles, nano-reactors and nano-assemblies.>**

An elegant approach toward developing transient systems is to
temporally control factors such as temperature, pressure, light, pH
etc."®" which mediate the formation of the self-assembled state.
Using a combination of two competing triggers that induce a
temporary change in pH from acidic to basic reaching a transient
state before reverting back to the acidic range can be established.*
Combining this pH clock efficiently with any self-assembling system
whose assembly/disassembly is governed by the pH of the medium
can lead to a transient self-assembled system.’

We anticipated that such a fuel-driven pH clock can be utilized
to temporally form supramolecular peptide amphiphiles® and
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Scheme 1 Chemical structures of different components and graphical
presentation of the pH clock driven temporal formation of a CBI[8] assisted
supramolecular peptide amphiphile and its vesicles.
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Fig. 1 (A) UV-Visible spectra of 0.75 mM aqueous solutions of different
components of 1 showing the appearance of the charge transfer band
upon ternary complexation in the case of 1. (B) Thermograms (top) and
binding isotherms (bottom) of MV-CHO@CBI8] with Nap-P at 298 K.
(C) *H NMR of 1 and DA under different conditions showing the formation
and disappearance of the SPA as a function of pH of the medium.

also their self-assembly. In this regard, cucurbit[8]Juril (CB[8],
Scheme 1)*** assisted ternary complexation driven formation of
supramolecular amphiphiles and their self-assembly into robust
and stimuli responsive vesicles have been reported on several
occassions.”®® Inspired by our previous experience with CB[8]
based vesicles, herein we report pH regulated transient for-
mation of a supramolecular peptide amphiphile (SPA) which
self assembles to form transient vesicles.

Before constructing the pH clock and the transient system,
the ternary complex (1) formation by a viologen unit (MV-CHO)
and a naphthalene functionalized peptide (Nap-P) with CBJ[8]
was confirmed by the appearance of the characteristic broad
charge transfer (CT) band at 396 nm in the absorption spectra
(Fig. 1A).>° The isothermal titration calorimetric (ITC) experiment
also showed a 1:1 complexation between Nap-P and MV-CHO®@
CB[8] (Fig. 1B).** Since a "H NMR experiment with Nap-P resulted
in a complex spectrum, a shorter analogue, compound H,
(Scheme 1) was used to understand the situation. The NMR
spectra of different compositions of MV-CHO, H and CB[8] were
recorded (Fig. S1, ESIf). The up-field shifts®" of the MV- and
naphthalene-protons of H in the presence of CB[8] disclose a
slipped parallel stacking of the viologen and naphthalene units
inside the CB[8] cavity (detailed explanation is provided in the
ESIY). A similar slipped-stacking between donor acceptor groups
has already been reported.*** An ITC experiment using these
molecules also shows 1:1:1 ternary complexation (Fig. S2, ESIT).

In the presence of dodecylamine (DA), the ternary complex 1
formed the desired SPA under basic conditions. The formation
of the SPA was confirmed by the disappearance of the aldehyde
signal and appearance of the imine peaks in the 'H NMR
spectra as shown in Fig. 1C. Imine bonds are dynamic covalent
bonds (DCBs) which are stable at basic pH but are highly labile
under acidic conditions.’® The SPA breaks down to the parent
amine and 1 upon acidification which is confirmed by the
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disappearance of the imine signals and re-appearance of the
aldehyde proton. The formation-deformation of the SPA can
thus be controlled using a pH switch.

To verify the proposed temporal aggregated system using
this SPA, the pH clock was established. The pH clock (Scheme 1)
has been realised by using a combination of two triggers: (i) the
autocatalytic reaction of urea with the enzyme, urease, that
releases NH; and leads to an increase in pH of the system,
and (ii) the base-catalyzed saponification reaction of the dormant
deactivator Glucono delta-lactone (GdL) as a counter trigger
which furnishes gluconic acid and thereby decreases the pH.
Upon addition of a mixture of urea and GdL in a definite ratio to
an aqueous solution of the urease enzyme, initially a swift
increase in pH was observed. After the activation kinetics of
urease reaches its peak, no further rise in pH takes place. Under
alkaline conditions, the hydrolysis of GdL is aggravated and
initially, there is a rapid fall in pH until the pH reaches around
7.5 when the decrease in pH becomes slow and steady (Fig. 2A).
A probable reason for this is that as the optimum pH for urease
is 7.4,% the rate of formation of ammonia abruptly increases in
this pH range and slows down the drop in pH. An increase in
the concentration of urea and/or urease not only elevates the
rate of activation but also causes an increment in the maximum
overall pH. A high concentration of GdL restricts the rise in pH
and escalates the rate of fall in pH. By fine tuning the rates of
the activation and deactivation steps, the lifetime of the tran-
sient supramolecular assemblies can be easily modulated. An
aqueous solution containing 0.2 mg mL " of urease showed an
initial pH in the range of 6.5-6.8. The pH of the solution was
adjusted to ~5 before initiating the pH cycle. A very slow
deactivation kinetics was observed when the amount of GdL
was <2 equivalents of urea (Fig. 2A). This may be ascribed to
the fact that one molecule of urea releases two molecules of
NH;, which neutralize the acid generated by GdL and thereby
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Fig. 2 (A) Optimizing the pH clock. The change in pH with time for four
different urea/GdL compositions. (B) Appearance of particles of different
sizes (from DLS) as a function of time for the transient system constructed
by 1 and DA in the presence of 0.2 mg mL™* urease, and 1:3 urea/GdL
showing the response toward the pH clock. (C) FETEM, (D) FESEM and
(E) AFM images of the transient vesicles formed during the cycle
mentioned in (B).
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slow down the decay in pH. In order to accelerate the deactivation
step, the amount of GdL used should be sufficient to counter the
neutralization caused by urea. Upon adding a mixture of urea and
GdL in the ratio 1: 3, an initial pH jump to 9.2-9.3 followed by a
steady decay to 6.8-6.9 was observed in 120 minutes (Fig. 2A).

The kinetics of the transient formation of the SPA was then
assessed under the influence of the pH clock. A 0.1 mM
solution of the ternary complex, 1, in water containing
0.2 mg mL~" of urease and an equivalent amount (0.1 mM)
of DA (dissolved in THF to facilitate solubilisation) showed an
initial pH of 7.0-7.2. The presence of the amine might be
responsible for this higher initial pH. The pH of the solution
was adjusted to ~5 in order to avoid any SPA formation. The
pH jump induced by the addition of urea and GdL (1:3) led to
the transient generation of the SPA by the formation of imine
bonds under alkaline pH conditions.

The aggregation process of the so formed SPA was monitored
using Dynamic Light Scattering (DLS) measurements. Fig. 2B
shows the appearance of particles of different sizes and change
in pH of the system as a function of time. Prior to the addition
of the triggers, no particular size distribution was observed in
the DLS profile. However, aggregates with a hydrodynamic
diameter of ~220 nm started (Fig. S3, ESIf) appearing soon
after the pH clock started (addition of urea/GdL). Peaks corres-
ponding to 220 nm distribution continued appearing until the
pH of the system remained above 7.4 (~60 min). However, after
that, the distribution disappeared completely. Even though the
pH jump takes place almost instantaneously, aggregation takes
place in a relatively slower and delayed fashion. This might be due
to the reason that the ammonium ions present in the system
might compete with DA for imine formation.® However, DA, owing
to its stronger hydrophobic interactions in the assembled state,
forms stronger imine bonds and outweighs the effect of ammonium
ions. The aggregation pattern clearly demonstrates a pH dependent
behaviour.

In order to determine the morphology of the supramolecular
aggregates, microscopic techniques were employed. The FETEM
image of the sample at pH 7.8 shows hollow spherical aggregates
with a thin dark boundary which is indicative of the formation of
vesicles (Fig. 2C). The diameter of the vesicles was found to be
200 nm which is in good agreement with the DLS data obtained.
Furthermore, the absence of any specific morphology for the
samples at pH below 7.4 corroborates the transient formation of
vesicles. FESEM and AFM experiments also showed the formation
of spherical aggregates with similar dimensions (Fig. 2D and E).

Ternary complexation induced formation of supramolecular
amphiphiles and their vesicles are already demonstrated by our
group and in the present case, the microscopic images also
indicate the formation of vesicles.”” However, it is important to
confirm that the spherical aggregates are indeed vesicles. To
prove the vesicular nature of the aggregates, diphenylhexatriene
(DPH) was used which is well-known for the enhancement of
emission upon encapsulation in the lipid bi-layer of vesicles.? In
the present case, when the pH of the system (1 + DA) is
increased to ~8 by the addition of NaOH solution, significant
enhancement in the emission (at 438 nm; e, = 355 nm) was
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Fig. 3 Three consecutive cycles of the transient SPA and its vesicle
formation as monitored by (A) emission spectra of DPH and (B) appearance
of particles of different sizes as a function of time (from DLS).

observed which confirms the vesicular nature of the system
(Fig. S4, ESIf). Upon addition of HCl to this system, the
emission returns back to its original position. Furthermore, to
confirm the transient nature, similar experiments were per-
formed (1 + DA + DPH + urease) in the presence of GdL-urea
and a prominent enhancement in the emission of DPH was
observed until 5 min followed by a decay to its original position
within 90 min (Fig. 3A).

It is worth mentioning that, control experiments in the
absence of CB[8] showed the formation of imine bonds at higher
pH. However, neither any size distribution nor any particular
morphology could be found for this system. The attachment of
DA with MV-CHO certainly created an amphiphile which pre-
sumably could not form any vesicular aggregate as no particular
morphology could be seen from microscopic experiments. Experi-
ments with DPH also showed no change in the emission of the
dye upon increasing the pH from 5 to 8 confirming the absence
of vesicles (data not shown). It is well-established that asym-
metric viologen amphiphiles are not capable of forming a
vesicular assembly alone but ternary complexation with CB[8]
assists the aggregation to vesicles.*®

Confocal laser scanning microscopy (CLSM) was performed
to directly visualize the assembly as well as the disassembly
processes. A hydrophobic dye, Nile red (NR) was used to facilitate
the visualization of the aggregates. A control experiment with 1
and DA at pH 8 showed vesicle like structures under the micro-
scope (Fig. S5, ESIT). The fluorescent spots remained unchanged
for 2 h ensuring no photo-bleaching. During the experiment
under the pH clock, initially, no fluorescence was observed in the
absence of pH triggers due to the absence of any vesicles (Fig. 4).
However, the fluorescence intensity of NR increased abruptly
after 15 minutes due to the addition of the fuel indicating the
formation of vesicles and entrapment of NR. As the reaction
proceeds further, the fluorescence intensity diminishes slowly
indicating the breakdown of the vesicles. One cycle of vesicle
formation and dissociation was visualized by recording an image
every 30 s. Time lapsed movies for one such cycle have been
provided as Videos S1 and S2 (ESIt). The number of fluorescent
objects (Fig. S6, ESIT) was then counted to quantify the analyses.
From the movies, Fig. 4 and Fig. S6 (ESIt), the formation and
dissociation of the vesicles is clearly visible as the number of
fluorescent particles increased and then disappeared following
the pH clock.
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Fig. 4 CLSM images of the transient system constructed by 1, DA,
0.2 mg mL~* urease, and 1: 3 urea/GdL in the presence of NR at different
times showing the temporal formation of the vesicles.

Having established the transient formation of vesicles, we
were interested to check the repeatability of the transient
assembly by refuelling after each cycle. Refuelling after the first
cycle reproduced similar cycles of events and the aggregation in
subsequent cycles was studied using DLS and fluorescence
spectroscopy (using DPH) as shown in Fig. 3A and B. In
subsequent cycles, a lower rise in initial pH followed by a rapid
decay in pH was observed (Fig. S7, ESIf). The DLS data also
showed a steady decrease in the lifetime of the assembled state
in consecutive cycles. This fall in efficiency of the pH clock is
due to the accumulation of gluconic acid in the system after
each cycle which increases the overall acidity of the system.
Fluorescence studies using DPH as the hydrophobic probe also
showed an increase in the fluorescence intensity followed by a
steady decay. The second reaction cycle shows a nearly identical
variation in the fluorescence intensity which indicates the
stability of the system under repeated pH cycles.

To gain further insight into the dynamics of the aggregation,
DLS studies were performed with aliphatic amines of varying
chain lengths (Fig. S8, ESIt). The chain length had no significant
effect on the aggregation behaviour and time scale. However, a
direct proportionality between the size of the aggregates and the
chain lengths could be observed as the average diameter increases
with the chain length of the amine.

In conclusion, we have shown the transient formation of a
SPA which subsequently forms a vesicular assembly in response
to a pH clock. The formation of the SPA is assisted by the
ternary complexation by CB[8]. The pH clock is established by
combining urea/urease based fast biocatalytic processes and
slow hydrolysis of GdL. The imine bond formation under basic
conditions and its hydrolysis under an acidic medium are
the key chemical transformations used for the construction of
the SPA and its transient assembly. The temporal formation of the
vesicle requires chemical fuel to maintain the out-of-equilibrium
state and several cycles of the transient assembly can be achieved by
supplying the fuel to the system.
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