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Communication assemblies between biomimetic nanocapsules in a
3D closed system with self-regulating and self-organization func-
tionalities were demonstrated for the first time. Two types of bio-
mimetic nanocapsules, TiO,/polydopamine capsules and SiO,/poly-
electrolytes capsules with different stimuli-responsive properties
were prepared and leveraged to sense the external stimulus, trans-
mit chemical signaling, and autonomic communication-controlled
release of active cargos. The capsules have clear core—shell struc-
tures with average diameters of 30 nm and 25 nm, respectively. The
nitrogen adsorption—desorption isotherms and thermogravimetric
analysis displayed their massive pore structures and encapsulation
capacity of 32% of glycine pH buffer and 68% of benzotriazole,
respectively. Different from the direct release mode of the single
capsule, the communication assemblies show an autonomic three-
stage release process with a “jet lag” feature, showing the internal
modulation ability of self-controlled release efficiency. The control
overweight ratios of capsules influences on communication-release
interaction between capsules. The highest communication-release
efficiency (89.6% of benzotriazole) was achieved when the weight
ratio of TiO,/polydopamine/SiO,/polyelectrolytes capsules was 5:1
or 10:1. Communication assemblies containing various types of
nanocapsules can autonomically perform complex tasks in a bio-
mimetic fashion, such as cascaded amplification and multidirec-
tional communication platforms in bioreactors.

Introduction

Biological regulatory networks use chemical signaling mole-
cules to drive cell communications and coordinate their
actions to obtain  quorum-based  functionalities.'™
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Communicating behaviors play a pivotal role in self-organizing
processes across all-natural objects, from single cells to indi-
vidual organisms. For instance, signaling molecules can be
recognized by the cellular membrane and transmitted to the
genome;™” bacteria release autoinducers communicate with
other individuals through processes like quorum sensing.®”
The cell-to-cell communication in natural bacteria is the most
typical and has been studied extensively. The cell-to-cell inter-
actions involve producing, releasing, detecting, and respond-
ing. Recognition of the triggers, chemical signals, receptors,
target genes, and mechanisms of signal transduction is
leading to a comprehensive understanding of communication
between cells.® Communicating behaviors between artificial
materials and bacterial cells have received considerable atten-
tion during the last years.””"> Theoretical and computational
models have demonstrated communication ability caused by
chemical signaling.**> However, according to our best knowl-
edge, there is no wholly artificial biomimetic system that can
represent or simulate the process of generating, transforming,
and processing chemical signals.

Biomimetic nanocapsules have been of great interest in a
wide range of scientific areas such as drug delivery,">"”
catalysis,"®"? analytical applications,”® self-healing coatings>"
and multifunctional autonomic materials.>*> Nanocapsules
consisting of hollow or porous structures can encapsulate
various active cargos (e.g., drugs, enzymes, biocides). The
nanocapsules have a shell that isolates the encapsulated
material from the surrounding environment and has con-
trolled release properties of the cargo. Generally, nanocap-
sules’ fabrication requires the loading of active cargo and the
formation of a stable shell with controlled permeability.>* Over
the last couple of years, various smart materials (e.g., nano-
particles, polymers, proteins) have been introduced for the for-
mation of capsule shells.>*® Types of stimuli strategies have
also been designed in many research works to trigger revers-
ible or irreversible shell transformations/deformation such as
pH change,” ionic strength,?® light,”® and ultrasonication.?**"
However, all of them focus on individual capsules reacting to
external environmental stimuli. There are no examples of two
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or more different capsules cooperating with each other as well
as no mentioning of the capsules’ behavior in communicating
assemblies.

Artificially designed assemblies of biomimetic nanocap-
sules will play a significant role in a new generation of smart
materials, which enables precise temporal control in a 3D
environment and reproducing natural events during material
exploitation. Inspired by the biological regulatory networks, we
propose a strategy for the rational design of programmable
functional assemblies of biomimetic nanocapsules. Compared
with a single capsule, these assemblies allow different cap-
sules to work cooperatively achieving complicated and versatile
functions. Among these assemblies, the single capsule can
sense the external environment changes, and, by releasing
initiating cargo, chemically inform surrounding capsules for
their further active response. The assemblies of communicat-
ing biomimetic nanocapsules can exhibit self-regulating, self-
organization functionalities involving internal modulation
ability of self-controlled release rate. We built a capsule com-
munity containing two types of nanocapsules that exhibit
dynamic behavior by chemical information exchange between
capsules (Fig. 1). One type is TiO,/polydopamine hybrid cap-
sules (TiO,-pH®@PDA) with encapsulated initiating cargo (pH
buffer glycine) as a core which release can be triggered by
visible light, and nanostructured hybrid shell containing TiO,
and polydopamine. The other, receptor-like type, is SiO,/poly-
electrolytes composite capsules, which are pH-responsive and
contain active agents (e.g., benzotriazole, BTA) as a core and
composite shell formed by SiO, and multilayered polyelectro-
lyte layers (SiO,~BTA@PESs). The communicating behavior and
chemical mechanisms of the assemblies in a 3D environment
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have been investigated. The knowledge gained from these arti-
ficial capsule networks may lead to the design of synthetic
systems that can perform complex tasks in a biomimetic
fashion. It will also provide the route to create platforms and
devices with self-recognition and self-regulating functionalities
without continuous external impact.

Results and discussion

Two types of inorganic nanospheres (TiO, and SiO,) were syn-
thesized using reverse microemulsions as templates to obtain
nanocapsules with large interior space and developed pore
structures. Also, the robust inorganic nanospheres allow the
high loading of cargo inside the capsule. DLS analysis indicates
that the as-synthesized TiO, and SiO, nanospheres are mono-
disperse with average hydrodynamic diameters of 20 + 5 nm
and 18 + 5 nm, respectively. After exterior shell formation, the
final capsules with cargo have average hydrodynamic diameters
of 30 + 5 nm and 25 + 5 nm, respectively (Fig. S1t). With polydo-
pamine decoration, TiO, nanospheres have a broader size distri-
bution, caused by polydopamine strong adhesion to TiO,.
However, the SiO, nanospheres with multilayered polyelectro-
Iytes have a narrow size distribution, owing to the electrostatic
repulsion between poly (sodium 4-styrenesulfonate) (PSS) used
as final polyelectrolyte layer. Transmission electron microscopy
(TEM) analysis was performed to observe inorganic nano-
spheres’ morphology and structure before and after encapsula-
tion (Fig. 2). From the images, it can be noted that both TiO,—~
pPH®@PDA and SiO,-BTA@PEs capsules have clear core-shell
structure after encapsulation.
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Communicating assemblies
Fig. 1 Schematic representation of the self-controlled artificial nanocapsule networks. Stable reverse microemulsion templates were first prepared
by mixing cyclohexane, deionized water, and non-ionic surfactant polyoxyethylene nonylphenylether (CO-520). The as-formed microemulsion was
ultrasonicated for 15 min to obtain uniform and monodisperse droplets, followed by growing inorganic shells (TiO,/SiO,) on the templates.
Subsequently, the formation of biomimetic nanocapsules was present by cargo loading and exterior shell building through dopamine polymerisation
and polyelectrolyte layer-by-layer (LBL) assembly, respectively. Then, the mixed solution containing TiO,—pH@PDA and SiO,—BTA@PEs was illumi-
nated by visible light for 400 min using a 100 W Xe lamp under continuous stirring. The pH change of the solution was tested at the given interval.

The fluorescence intensity at the emission maximum of BTA was plotted as a function of time to obtain a final communication-controlled release
profile.
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Fig. 2 TEM image of a typical (a) TiOy; (b) TiO,—pH@PDA capsules; (c)
N, sorption isotherms of TiO; and SiO, (77.3 K): (i) filled circles, adsorp-
tion experiments; (i) unfilled circle, desorption experiments. (d) TEM
images of SiO,; and (e) SiO,—BTA@PEs capsules; (f) the enlarged view of
a single SiO,—BTA@PEs capsule.

The nitrogen adsorption-desorption isotherms were
measured to characterize the pore structures of as-synthesized
TiO, and SiO, nanospheres (Fig. 2c¢). According to the ITUPAC
classification,*” both isotherms are classic type IV showing a
hysteresis loop characteristic to mesoporous materials. For the
TiO, nanospheres, the curve exhibits a hysteresis type , loop at
the relative pressures between 0.6 and 0.8. It is well known
that various size of the cavities causes this type of hysteresis
loop. This result indicated that TiO, nanospheres have
massive disordered mesopores structure. The massive meso-
pore structure has lots of ink-bottle shapes with narrow necks
and broader bodies providing huge cavities for cargo
encapsulation.

The SiO, nanospheres have a narrower hysteresis loop and
almost parallel hysteresis branches. It is confirmed that the
SiO, nanospheres have a highly homogeneous interconnected
3D mesopore structure with large, well-ordered mesopores.
The proper interior structure of inorganic nanospheres
benefits the loading of different cargos.
Thermogravimetric (TGA) demonstrated the
maximum encapsulation capacity for both nanospheres
(Fig. S27). The final TiO,-pH@PDA and SiO,-BTA@PEs cap-
sules possess the maximum loading of cargos for 32% and
68%, respectively. The detailed structural information of both
capsules is illustrated in Table 1 for comparison.

To further confirm the formation of hybrid nanocapsules,
the chemical composition of the initial inorganic nanospheres
and final encapsulated nanocapsules was characterized by atte-
nuated total reflection-Fourier transform infrared (ATR-FTIR)
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Fig. 3 ATR-FTIR spectra of (a) TiO, (black), TiO,—pH@PDA capsules
(red); (b) SiO; (black), SiO,—BTA@PEs capsules (purple).

spectroscopy (Fig. 3). A series of weak absorption peaks at
about 3500 cm™" can be attributed to the stretching vibration
of the ~-OH bond. The peak at 1630 cm™" is assigned to the
bonding modes of Ti-OH. The typical absorption peaks at 630
and 1380 cm™" are corresponding to the stretching vibration of
Ti-O. Compared with the TiO,, the TiO,-pH@PDA capsules
show extra absorption peaks at 1060, 1250, 1502, and
1640 cm™ "' which can be assigned to the bending §(C-H), the
indole ring CNC stretching, uying(C=N) stretching, and
Uring(C=C) stretching modes (Fig. 3a). The spectra profile of
SiO,-BTA@PEs capsules also provides series of characteristic
peaks. The absorption peaks at 475, 820, and 1098 cm™* can
be attributed to Si-O-Si bending vibration, symmetric stretch-
ing of Si-O-Si, and asymmetric vibration of Si-O. After encap-
sulation, a small peak at 750 cm™" is found, which corres-
ponds to in-plane bending vibrations of C-H in the BTA
benzene ring. Also, the peaks at 1470 and 1590 cm™" can be
assigned to the symmetric distortion and asymmetric stretch-
ing vibrations of -NH®**. The peaks of hydrogen bonding
caused by C-H vibration can be found at about
2840-2990 cm ™. Also, two weak peaks at 3150 and 3400 cm™*
correspond to the -N, group (Fig. 3b). The ATR-FTIR analysis
indicated that the polydopamine and multilayered PEs suc-
cessfully decorated the surface of TiO, and SiO,, respectively.
In order to study the release kinetics of a single capsule, we
carried out photodegradation measurement and BTA release
curve test on individual TiO,-pH@PDA capsules and SiO,—
BTA@PEs capsules first. The detailed experimental procedures
and methods can be found in ESI.j For the light-responsive
TiO,-pH®@PDA capsules, the stimuli-release performance was
tested by pH change of the solution and photocatalytic activity
through degrading of Rhodamine B (RhB) under visible light
irradiation. Typically, pristine TiO, can respond to UV
irradiation but shows no photoactivity under visible light
irradiation. Hence, we employed PDA as a surface modifier to
obtain TiO,-pH®@PDA hybrid shell sensitivity to visible light.

Table 1 Structures and properties of TiO,—pH@PDA and SiO,-BTA@PEs capsules

Nanosphere Capsule size Surface area Pore volume Encapsulation
Sample size (nm) (nm) (em®g™) (em® g™ capacity (%)
TiO,~-pH®@PDA capsules 20£5 30£5 97.07 0.15 32
SiO,-BTA@PEs capsules 18+5 25+5 161.47 0.42 68

This journal is © The Royal Society of Chemistry 2021
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The improved photoactivity of TiO,-pH@PDA capsules was
confirmed by the complete degradation of RhB (wavelength =
560 nm) after 180 min of visible light irradiation (Fig. S37).
The release of pH buffer from TiO,-pH@PDA was tested under
visible light irradiation at continuous stirring (Fig. S471). The
pH value increased gradually and reached equilibrium after
220 min of irradiation. However, the suspension pH was kept
almost unchanged without visible light irradiation. Therefore,
PDA modification can effectively suppress spontaneous
leakage from TiO, mesopores and provide effective light-
response in the visible light range.

The layer-by-layer (LBL) technique is a well-studied method
to fabricate microcapsules. The release profile of BTA from
SiO,-BTA@PEs capsules was measured at different pH
(Fig. S5t). The variation of BTA adsorption peaks (274 nm)
versus time is shown in Fig. S6.1 The multi-layered polyelectro-
lyte shells composed of weak polyelectrolytes (PAH and PSS)
are responsive to the pH of the environment. The leakage of
BTA was restrained by multilayered polyelectrolytes at pH = 7.
When pH increases to 10, the multi-layered polyelectrolytes
will swell to increase the permeability, BTA molecules demon-
strate a gradual release process. About 35% of BTA was
released in the first 20 min.

After revealing the stimuli-responsive behaviour of single
capsules alone, we focused on the internal communication
between different capsules in a solution. The nanosized cap-
sules containing different chemical signalling and cargos were
mixed in an aqueous solution under stirring. The pH buffer
(pH = 10) encapsulated inside the TiO,-pH@PDA capsules
was introduced as a chemical signal to build the communi-
cation bridge between two different types of capsules. After the
TiO,-pH®@PDA was initiated by light exposure, the pH buffer
was released as exchanging substances to the solution leading
to the pH change. The SiO,-BTA@PEs subsequently response
to the pH change and finish the communication-controlled
BTA release. Fig. 4a shows the typical spectrum of communi-
cation-controlled BTA release (TiO,-pH@PDA/SiO,-BTA@PESs
= 5:1 mixing ratio). The adsorption peak of BTA has a notice-
able increase with the time increased. This indicates that the
release of BTA, which is not controlled by light in SiO,-
BTA@PEs capsules, is controlled by light now in the presence
of TiO,~-pH@PDA capsules. This is owed to TiO,-pH®@PDA,
which can regulate the pH of the closed system acting as a
signal bridge. Compared with the direct release mode of BTA
(solution pH = 10) from SiO,~-BTA@PEs capsules, the com-
munication-controlled release has an entirely different release
mode (Fig. 4b).

We revealed three periods of the whole autonomic com-
munication-controlled release process. At the first stage
(0-180 min), a slow-release profile is caused by the slight pH
change and a low release of BTA was observed. Subsequently,
more pH buffer was released from the TiO,-pH@PDA under
continuous visible light irradiation at 180-280 min period
leading to the faster release of BTA at the second stage. The
maximum release efficiency (89.6%) was achieved at the end of
release process (280-400 min). It is worth noting that the com-
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Fig. 4 Dynamic release behaviour controlled by chemical information
exchange between different capsules. (a) UV-vis spectra of BTA released
from SiO,—BTA@Pes capsules (TiO,—pH@PDA/SiO,—-BTA@PEs = 5:1);
(b) the release profile of BTA controlled by single SiO,—BTA@PEs cap-
sules (red dotted line) and communication-controlled by mixed capsules
(red line), and pH change (blue line); (c) the release profile of BTA under
different ratio of TiO,—pH@PDA to SiO,—BTA@Pes capsules; (d) the
cumulative release efficiency of BTA under different ratio of TiO,—
pH@PDA to SiO,—BTA@Pes capsules.

munication system shows a “jet lag” between pH change and
BTA release.

In principle, the multilayered PSS/PAH shell is open at pH =
10. However, the BTA release rate started to increase at about
pH = 9.5. Typically, BTA is an amphoteric compound and ben-
zotriazole species can be transferred through protonic equili-
bria depending on the solution pH. Under a basic environ-
ment (pH = 10), the neutral benzotriazole becomes deproto-
nated with local OH- consumption leading to the initial delay
phenomenon by decreasing free OH- concentration. Before
the pH change to 10 (first 200 min), the release efficiency of
BTA is about 18%. This evidences that when SiO,-BTA@PEs
capsules received chemical signals sent by TiO,-pH®@PDA,
they can either release cargos or not respond depending on
OH- concentration.

The communication behavior can also be affected by the
weight ratio of TiO,~-pH@PDA/SiO,-BTA@PEs mixture (Fig. 4c
and d). The study of communication release behaviour under
different ratios was illustrated in Fig. S7.f When the ratio is
1:1, there is almost no communication observed between cap-
sules. The quantity of pH buffer released from TiO,-pH@PDA
capsules is not enough to change the solution pH to 10
because all OH- is consumed by the deprotonated benzotria-
zole. When the ratio increases to 3 : 1, more pH buffer diffuses
into the external solution. The shell of SiO,-BTA@PEs cap-
sules was opened after 220 min of irradiation, the release
efficiency is gradually increased for about 60 min and then
reached a final equilibrium of 50%. Although SiO,-BTA@PEs
capsules were opened, there is not enough encapsulated pH
buffer to reach protonic equilibrium. The existed OH- is con-

This journal is © The Royal Society of Chemistry 2021
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Fig. 5 Schematic representation of the communication mechanism of
self-controlled artificial nanocapsule networks. The different weight
ratios of TiO,—pH@PDA/SiO,—BTA@PEs capsules create different self-
communication strategy. The lower ratio leads to incomplete release of
BTA with a negative feedback loop. The higher ratios trigger complete
release of BTA with positive feedback loop.

tinuously consumed by BTA, leading to the pH decrease. So,
the multi-layered polyelectrolytes shells are closing again after
50% BTA release. The neutral benzotriazole concentration in
the solution also reaches saturation level suppressing the con-
tinuous release of BTA from SiO,-BTA@PEs capsules and
creating stopping feedback response. The communication be-
havior between capsules stops due to the lack of chemical
signals, and the final incomplete release of BTA is achieved.
The maximum release efficiency is obtained at the 5:1 or
10:1 TiO,-pH@PDA/SiO,-BTA@PEs weight ratio. Sufficient
amount of pH buffer triggers intensive release of BTA with
positive feedback.®® (Fig. 5). The abundant pH buffer supply
keeps the pH stable during BTA protonation process. The poly-
electrolytes shell is open and BTA is continuously released and
deprotonated, leading the completed BTA release. By this way,
we achieved biomimetic reproduction of the effective chemical
signal cooperations between biological cells.

The different nanocapsules containing pH buffer and BTA
were mixed in an aqueous solution to make complete auto-
nomic signalling system. Hence, considering the dynamic
stimuli-response-communication-decide-response  behavior,
the assemblies of different biomimetic nanocapsules can
exhibit self-regulating, self-organization functionalities invol-
ving internal modulation of self-controlled release efficiency.

Conclusions

In summary, we have successfully demonstrated autonomic
communications between different nanocapsules in one
system. This provides the possibility of self-regulating and self-
organization functionalities and finally shifts control from
external stimuli to internal chemical communication between
capsules. The colonies of different capsules can exhibit more
complicated functions by incorporating communication shut-
tles and internal modulation ability. We believe such a rational
design idea would lead to the development of synthetic
systems that can perform autonomic complex tasks in a bio-

This journal is © The Royal Society of Chemistry 2021
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mimetic fashion. Also, the combination of uniquely response
behaviour and communication opens up exciting opportu-
nities in the design of soft functional materials that are
capable of signal transduction. For example, a wide variety of
biomimetic communication platforms capable of cascaded
amplification and bidirectional communication can be intro-
duced. Or, soft robotic materials have to depend on the ability
to exchange signals and react upon them often in complex
environments. Furthermore, different inducers and cargos can
be encapsulated inside the capsules to realize more compli-
cated autonomic applications, from biological technology to
materials science. It can even provide internal physiological
cycle changes for the robotic systems.
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