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Advanced stimuli-responsive polymer nanocapsules
with enhanced capabilities for payloads delivery

Yi Zhao, Li-Ping Lv, Shuai Jiang, Katharina Landfester and Daniel Crespy*

Stimuli-responsive polymer nanocapsules (PNCs) are smart nanocarriers that encapsulate functional pay-
loads and release them on demand upon external triggers. Stimuli-responsive PNCs are of interest in a
wide range of disciplines such as pharmaceutics, agriculture, and materials science. Studies on stimuli-
responsive PNCs so far are widely reported but are mainly focused on using only one stimulus to release
one payload. However, a nanocarrier is efficient if distinct payloads can be selectively released via
different stimuli because unwanted and unspecific release can be avoided. Here, the recent progress of
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stimuli-responsive PNCs that possess enhanced capabilities for payloads delivery is highlighted, including
PNCs that respond to multiple stimuli, stimuli-responsive PNCs that co-encapsulate different payloads,
and stimuli-responsive PNCs that release the payloads selectively or in a pulsatile way. Finally, the possible
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1. Introduction

Polymer nanocapsules (PNCs) are submicron colloidal par-
ticles that possess core-shell structures, where the core is an
oily or aqueous liquid reservoir and the polymer shell is a pro-
tective layer."”” PNCs can encapsulate large quantities of guest
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future directions in this area are suggested.

substances in the core and protect them from undesired
leakage. Compared with microcapsules, PNCs have smaller
size, higher surface to volume ratio, and usually a higher prob-
ability of uptake by cells. Compared with solid nanoparticles,
nanocapsules with a liquid core allow for the encapsulation of
a much larger amount of payloads. Therefore, PNCs have huge
potential applications in drug delivery,> food enhancements,*
cosmetics,” actuators,® and self-healing materials.” Stimuli-
responsive polymers display sharp property transitions upon
slight environmental changes in pH,® temperature,” electric
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field,'® redox,"""? light,"® or gas concentration'* and are there-
fore used to build PNC shells.
Living polymerizations'> ™ and post-polymerization modi-
fication®>*! techniques have largely increased the range of
stimuli-responsive polymers, and thus enrich the choices of
building blocks for PNCs. The triggered dissociation of PNCs
shell is a straightforward route for burst release of payloads
from PNCs. Stimuli-responsive polymers with sharp polarity
changes®*** upon stimulation or self-immolative polymers>*
are usually applied to build such types of PNC shells. Self-
immolative polymers are defined as polymers able to react to
different environmental stimuli by giving amplified response
outputs.”®

Most of the studies on PNCs are focused on using one
trigger to release one payload. However, the practical appli-
cations of stimuli-responsive PNCs are usually in complex
environments. In some cases, multiple stimuli are requested
for efficient release of payloads from PNCs. In other cases,
multiple payloads need to be co-encapsulated in PNCs and
released together. In addition, pulsatile release of payloads
from smart PNCs is particularly interesting in nanomedicine,
especially for treating chronic diseases to relieve patients pains
caused by frequent injections.

Herein, we discuss the frontiers and breakthroughs in the
development of advanced stimuli-responsive PNCs. The
release of payloads from polymer capsules triggered by one
stimulus has been already well documented in a recent
review.”® In the present review, we describe stimuli-responsive
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PNCs that response to multiple stimuli, encapsulate multiple
payloads, and release payloads in pulsatile or selective way.

2. Encapsulation of payloads in smart
PNCs with the miniemulsion process

Functional payloads can be encapsulated in stimuli-responsive
PNCs by different methods including nanoprecipitation, co-
acervation, emulsion-solvent diffusion or evaporation, inclusion
complexation, spray drying, and freeze drying.>”*® Layer-by-
layer assembly is also feasible for the encapsulation,* but tem-
plates and repetitive steps are required. On the contrary, the
encapsulation strategies based on miniemulsion (Fig. 1) are

Pre-synthesized
polymer ~~. j\%

1 II

- Payloads

Miniemulsion
solvent-evaporation

Payloads in PNCs

Miniemulsion
polymerization

Fig. 1 Schematic illustration for the encapsulation of payloads in smart
PNCs based on miniemulsion: () miniemulsion droplets containing
monomers and non-polymerizable payloads are polymerized to encap-
sulate payloads in the core; (ll) pre-synthesized polymers and payloads
are well mixed in a good solvent to form miniemulsion droplets, and
then payloads are encapsulated by pre-synthesized polymers after eva-
porating the good solvent.
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Fig. 2 TEM micrographs of exemplary shown stimuli-responsive PNCs:
(a) redox/electrochemically responsive polyaniline nanocapsules pre-
pared by oxidative polymerization of aniline in miniemulsion; (b) photo-
crosslinkable poly(vinyl cinnamate) nanocapsules prepared by miniemul-
sion-solvent evaporation technique (adapted from ref. 12 and ref. 7
respectively). Copyright 2013, American Chemical Society and Copyright
(2012) Wiley-VCH Verlag GmbH & Co. KGaA, respectively.

straightforward. The driving force for successful encapsulation
is the ideal phase separation between the stimuli-responsive
polymer and the payload or the solution containing the
payload in miniemulsion droplets, no matter induced by
polymerization,®® a condensation reaction,® or by solvent
evaporation.®” In the three different approaches, the formation
of the PNCs and the encapsulation of payload are realized sim-
ultaneously. Meanwhile, the PNC quantity is easy to scale up
by increasing the feed. All approaches can be carried out in
direct miniemulsion (usually water as continuous hydrophilic
phase) or inverse miniemulsion (usually water as dispersed
hydrophilic phase). The encapsulation process benefits from
the stability of miniemulsion droplets that are stabilized
against Ostwald ripening and coalescence.*® For a successful
encapsulation of payloads, the interfacial tensions among
polymer, payload or its solution, and continuous phase have
to be balanced so that the thermodynamically favourable mor-
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phology to obtain is a core-shell structure as predicted by
Torza and Mason.**

Miniemulsion polymerization was applied to encapsulate
payloads by choosing monomers for constituting units of
stimuli-responsive polymers. In direct miniemulsion, hydro-
phobic payloads are emulsified and the obtained dispersed
phase is stabilized by surfactants. The monomers can be
either in the dispersed phase, in the continuous phase, or
both. After polymerization, the newly formed polymer is
soluble neither in the dispersed liquid nor the continuous
phase. Thus, it precipitates on the droplet interface to form
the PNC shell and encapsulate the payloads at the same time
(approach I in Fig. 1). For example, electrochemically respon-
sive polyaniline (PANI) capsules were synthesized by oxidative
polymerization of aniline in direct miniemulsion (Fig. 2a); the
aniline is mostly soluble in the dispersed phase and precipi-
tates upon polymerization at the interface.'> The PANI cap-
sules exhibited redox-responsive properties due to the intrinsic
characteristics of the PANI backbone that can be either oxi-
dized or reduced. The encapsulation of different self-healing
agents was also achieved. Differently, stimuli-responsive PNCs
with primary amine, carboxylic acid and poly(ethylene glycol)
as side-chain groups were prepared by free radical miniemul-
sion polymerization for encapsulating self-healing agents.?
Surface initiated polymerization is another feasible approach
to attach responsive groups on pre-synthesized PNCs.>®

The miniemulsion-solvent evaporation technique is
another facile method to encapsulate payloads in stimuli-
responsive PNCs.?* This technique is particularly interesting to
fabricate stimuli-responsive PNCs with high purity and low tox-
icity that can find applications in biomedicine®” or for up-
conversion.*® In direct miniemulsion, the pre-synthesized
polymer, hydrophobic payload, and a non-solvent for polymer
are well mixed in a “good” solvent to form miniemulsion dro-
plets under ultrasonication (approach II in Fig. 1). The volatile
low boiling point solvent is immiscible with the continuous
phase.®® After evaporation of the good solvent, phase sepa-
ration between the pre-synthesized polymer and the payload
in the non-solvent leads to the formation of capsular morpho-
logy. Several stimuli-responsive PNCs have been successfully
prepared by this approach, including PNCs from biodegrad-
able poly(i-lactide),” photo-crosslinkable poly(vinyl cinnamate)
(Fig. 2b),” redox-responsive poly(vinylferrocene)-block-poly-
(methyl methacrylate)’® and pH-/thermo-responsive poly-
(styrene)-block-poly(N,N-dimethylaminoethyl ~methacrylate).*!
Principally, this technique can also be used to encapsulate
hydrophilic payloads in inverse miniemulsion.*?

3. Techniques for monitoring
payloads release

Tracking the payload release profile is a crucial step in the
study of smart PNCs. It is beneficial to optimize the design of

smart PNCs and selection of stimuli. Before the measure-
ments, the released payloads are usually separated from the

Polym. Chem., 2015, 6, 4197-4205 | 4199
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Table 1 Non-comprehensive list of relevant methods used to monitor
the release of payloads from hydrophobic nanocapsules

Method Stimulus Payload Ref.
Ox. Pyrene 40

Fluorescence Red. Nile red 43
T, ApH, ox. 411
Red., ox. Pyrene, PDMS-DC, PDMS-DE 12

"H-NMR ApH DDA 41,44
Ox. Diphenylsulfide 41

FCS PMI 45
Red. MET

. ApH . o1

UV-Vis Red., ox. 3-NisA 16

Red. MBT 43

DDA: N,N-dimethyldodecylamine, MBT: 2-mercaptobenzothiazole,
3-NisA:  3-nitrosalicylic acid, PDMS-DC: polydimethylsiloxane
dicarboxylic acid, PDMS-DE: polydimethylsiloxane diglycidyl ether,
PMI: N-(2,6-diisopropylphenyl)perylene-3,4-dicarbonacidimide. Red. =
redcution, ox. = oxidation.

PNCs that still contain the unreleased payloads. For example,
dialysis bags with suitable molecular weight cut-off value can
be used to separate the payloads with low molar mass from
the stimuli-responsive PNCs.*’ The released payloads are then
analyzed by several techniques, including high performance
liquid chromatography (HPLC), gas chromatography (GC),
nuclear magnetic resonance spectroscopy (NMR), ultraviolet-
visible spectroscopy (UV-Vis), and fluorescence correlation
spectroscopy (FCS), to name only a few (see Table 1). Note that
many other analytical techniques can be applied to detect the
released species. These techniques largely depend on the
characteristics of the payloads.

Chromatography, such as HPLC or GC, usually combined
with mass spectroscopy, can separate, identify and exactly
quantify payloads from a mixture. But this technique is time
consuming, costly and generates waste solvent. If there are
specific UV-Vis absorption peaks from the payload, UV-Vis
spectroscopy can be used to follow the release process. The
quantification of released payload can be achieved with the
Beer-Lambert equation derived from a calibration curve of the
absorbance of pure payload solutions at different concen-
trations. This technique is fast and inexpensive but it requires
that maximum UV-Vis absorption peak of the payloads does
not overlap with peaks from other substances such as solvents
or side products generated after the trigger of the release. Fluo-
rescence spectroscopy is used to detect the release of fluo-
rescent payload. It can be difficult to quantify the released
payload using this technique because the fluorescence of a
substance is largely influenced by pH, temperature, solvents
and aggregation states of the substance. For payloads having
no UV-Vis absorption peaks and fluorescence, 'H-NMR can be
used to track the release process if the released payloads can
be separated from the nanocapsules, or if the released payload
presents a distinct resonance peak. The latter case was accom-
plished for example in the case of a hydrophobic tertiary
amine that was released by acidifying the medium.*"** Apply-
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ing an external or internal standard, quantification of released
payloads can also be achieved. One general issue during the
characterization of the release from nanocapsules is their col-
loidal stability after being triggered. If they are not stable in
dispersion after application of the stimuli, investigation on the
release will yield information on the release profile of aggre-
gates rather than release from the nanocapsules. The second
classical issue is the separation of released payloads from
encapsulated payloads. Since nanocapsules scatter light, it is
normally suitable to separate the nanocapsules from their con-
tinuous phase after the release of the payloads. However, it
has been shown in some cases that centrifugation can be detri-
mental to the mechanical integrity of the nanocapsules,* thus
yielding artificially larger release due to partial destruction of
the nanocapsule shell. Dialysis for instance is a mild method
allowing for separating released and encapsulated payloads.

4. Multiple stimuli responsive
polymer nanocapsules

External stimuli provide the driving force to release payloads
from PNCs for targeted release. Many studies on stimuli-
responsive PNCs deal with only one stimulus such as redox
potential,">*° pH change,® temperature,”” or light.*®* However,
several external parameters may change simultaneously in the
surrounding medium of the application. For instance, the pH
value and temperature in the human body are variable and
both parameters depend on the environment. Thus, pH value
and temperature changes could act simultaneously as stimuli
to guarantee the release of drugs from PNCs and to achieve
better curative results. The payload release process can be
therefore modulated by different parameters. Recent progress
in multiple stimuli-responsive PNCs is summarized in Table 2,
including the compositions of PNCs, the stimuli types, and
sizes of PNCs.

4.1. PNCs with one sensitive group that respond to multiple
stimuli

Multiple stimuli responsive PNCs can be prepared when the
polymer(s) that builds the PNC shell contains sensitive groups
that can respond to different triggers. Indeed, there are many
homopolymers that can respond to multiple triggers, no
matter the sensitive group located in the side-chain or main-
chain. For example, poly(2-dimethylaminoethyl methacrylate)
(PDMAEMA) with tertiary amine groups in their side-chains
can respond to pH, temperature, and CO,."* Polystyrene-b-
PDMAEMA nanocapsules were successfully prepared by mini-
emulsion-solvent evaporation technique.*’ About 80% of the
encapsulated nile red (NR) was released at pH 1.54 whereas no
release of NR was detected at pH 9.54. Meanwhile, the release
of NR was hindered at neutral pH value when the temperature
was above 75 °C due to the collapse of the PDMAEMA chains.
Multiple stimuli responsive PNCs can also be prepared by
using polymers with sensitive groups in the main-chain. For
example, polyaniline (PANI) can response to pH, oxidation or

This journal is © The Royal Society of Chemistry 2015
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Table 2 Summary of multiple stimuli responsive polymer nanocapsules

PNC composition

Shell Core Stimuli Size [nm] Ref.
P(S-b-DMAEMA) HD/NR pH/T 250 + 110 41
P(MAA-co-DVB)-g-PNIPAm/P(MAA-co-DVB) H,0/DOX pH/T ~190 52
P(MEO,MA-co-OEGMA)/Pdop H,0/Rh6G or MO pH/T ~360 58
PAA/P(NIPAM-co-MBA) H,0/DOX pH/T ~560 53
PAA/P(AA-co-PEGA)/CADH DOX pH/redox ~260 56
P(VFc-b-2VP) DDA/DPDS pH/redox 250 + 110 41
PANI/AuNP/MBT HD/3-NisA pH/redox ~700 51
Car/Cs H,0 pH/ionic strength ~100 60
P(VFc-b-MMA) HD/pyrene Dual redox 240 + 110 40
P(NIPAM-co-APBA-co-DVB) H,0 Glucose/T <200 54
PRM/CS PBS/DOX Dual enzymes ~200 59
P(MAA-co-OEGMA-co-MBAAmM-co-BAC)/Fe;0, PBS buffer/DNR pH/redox/magnetic field ~400 57
P(MAA-co-NIPAM)/Fe;0, H,O/DNR pH/T/magnetic field ~390 61
PU(TDI/VA-060) H,0/SR101 pH/hvIT 300-400 50
P(MAA-co-BAC)/DOX Perfluorohexane pH/redox/ultrasound ~300 55

APBA: 3-acrylamidophenylboronic acid; AuNP: gold nanoparticle; BAC:

N,N'-bis(acryloyl)-cystamine; CADH: cystamine dihydrochloride; Car:

carrageenan; Cs: chitosan; CS: chondroitin sulphate; DDA: dimethyldodecylamine; DNR: daunorubicin hydrochloride; DOX: doxorubicin
hydrochloride; DPDS: diphenyl disulfide; DVB: divinylbenzene; HD: hexadecane; MAA: methacrylic acid; MBAAm: N,N'-methylene bisacrylamide;
MBT: 2-mercaptobenzothiazole; MEO,MA: 2-(2-methoxyethoxy)ethyl methacrylate; MMA: methyl methacrylate; MO: methyl orange; NIPAM:
N-isopropylacrylamide; 3-NisA: 3-nitrosalicylic acid; NR: nile red; OEGMA: oligo(ethylene glycol) methacrylate; PAA: polyacrylic acid; PANI: poly-
(aniline); PBS: phosphate buffered saline; PDMAEMA: poly(N,N-dimethylaminoethyl methacrylate); PEGA: poly(ethylene glycol) acrylate; Pdop:
polydopamine; PRM: protamine; PS: polystyrene; PU: polyurethane; Rh6G: rhodamine 6G; SR101: sulforhodamine 101; TDI: toluene-2,4-
diisocyanate; VA-060: 2,2'-zzobis{2-[1-(2-hydroxyethyl)-2-imidazolin-2-yl] propane} dihydrochloride; VFc: vinylferrocene; 2VP: 2-vinyl pyridine.

i ) >

oxidative

“oolymerization * Anilineor Pyrrole
—_

— Surfactant
EB or EB/HD
Water

ultrasonication
—_—

NH,
® @ H H 20
n

+ 4nH,S0, +  5n(NH,),SO,

Fig. 3 Scheme illustrating the fabrication of PANI nanocontainers by
oxidative polymerization of aniline at the interface of miniemulsion dro-
plets (adapted from ref. 12). Copyright 2013, American Chemical
Society.

reduction, and electric field. PANI nanocapsules were prepared
by oxidative polymerization of aniline in miniemulsion (see
Fig. 3). The encapsulated payloads, diglycidyl ether terminated
polydimethylsiloxane (PDMS-DE) and 3-nitrosalicylic acid
(3-NisA), were released upon redox'* and electrochemical®’
stimuli, respectively. In the latter case, PANI nanocapsules
have been successfully used for self-healing and anticorrosion
applications. Payloads in PNCs can be released by the degra-
dation of the polymer main-chain upon triple external stimuli
(pH, UV light and temperature). Polyurethane nanocapsules
were fabricated by polycondensation between toluene-2,4-di-
isocyanate (TDI) and a diol containing an azo bond (VA-060) in
inverse miniemulsion.>® Since the azo unit can respond to pH
change, UV light, and temperature, these stimuli were applied
to trigger the release of encapsulated sulforhodamine 101 (SR

This journal is © The Royal Society of Chemistry 2015

101). No release of SR 101 from PNCs was detected upon UV
trigger when there were no azo units in the polymer main-
chain. The building of multiple stimuli responsive PNCs by
using smart homopolymers is conceptually easy to implement.
However, there is only a limited number of multiple stimuli
responsive homopolymers that can be used to build PNC shell.

4.2. PNCs with multiple sensitive groups

Multiple stimuli-responsive PNCs can also be prepared by
introducing different sensitive groups in the PNC shell. These
sensitive groups can be inserted in the PNCs shell by copoly-
merization or by directly mixing different stimuli-responsive
homopolymers. Random copolymerization of monomers with
different sensitive groups is a general and facile method to
build smart PNCs.

Such approaches were used to prepare pH/temperature,
or glucose/temperature®® dual stimuli responsive PNCs.
During the copolymerization, the sensitive group can also be
placed in a crosslinker. As an example, redox sensitivity can be
introduced to multiple stimuli responsive PNCs by using cross-
linkers containing disulfide bonds.>*” The removal of the
crosslinking by reducing agents induce a burst release of pay-
loads from the PNCs. A special case of PNCs is when the sensi-
tive groups are located in different blocks of a block
copolymer. pH/redox responsive PNCs were prepared by using
poly(vinylferrocene)-block-poly(2-vinylpyridine) PVFc-b-P2VP.*!
The encapsulated NR was released fast below pH ~ 3 or in the
present of hydrogen peroxide (H,0,) due to the increased per-
meability of PNC shell. Surface decoration of pre-existing PNCs
is another method to build multiple stimuli-responsive PNCs.

52,53

Polym. Chem., 2015, 6, 4197-4205 | 4201
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For example, pH/temperature dual responsive PNCs were pre-
pared by surface initiated atom-transfer radical polymerization
of 2-(2-methoxyethoxy)ethyl methacrylate (MEO,MA) and oligo-
(ethylene glycol) methacrylate (OEGMA) from pH sensitive poly-
(dopamine) NCs.*® Without further reactions, multiple stimuli
responsive PNCs can also be prepared by mixing several
stimuli responsive homopolymers to build the PNC shell. Dual
enzyme responsive PNCs were built by polypeptide protamine
(PRM) and the glycosaminoglycan chondroitin sulphate (CS)
by the layer-by-layer technique.”® PRM was degraded in
the presence of protease enzyme trypsin, while CS was
degraded in response to endo-p-N-acetylhexosaminidase. Thus
different enzymes were used to trigger the release of the encap-
sulated doxorubicin. The aforementioned strategies can be
used to build libraries of multiple stimuli responsive PNCs.
However, the choices of the building blocks are still limited to
polymers.

4.3. Inorganic/polymer hybrid multiple stimuli responsive
nanocapsules

Inorganic materials have many unique features and advan-
tages which polymer materials do not have. Thus, inorganic/
polymer hybrid nanocapsules have combined functionalities
and more tunable parameters for payloads release. For
instance, pH/redox dual responsive PMAA/P(MAA-co-PEGMA-
co-MBBAmM-co-BAC) nanocapsules were prepared by using a
sacrificial template-directed approach, and further decorated
with magnetic nanoparticles (Fe;0,).””®" The hybrid nano-
capsules displayed efficient magnetic response and could induce
hyperthermia and thus the payloads in the nanocapsules
could be released by the application of an external magnetic
field. Magnetic nanoparticles were also encapsulated in the
core or used as building blocks to form a PNC shell for mul-
tiple drug delivery.®* ** Other inorganic nanoparticles, such as
gold nanoparticles (AuNPs)®>' and quantum dots (QDs),*” were
also used to build hybrid nanocapsules for anti-corrosion and
drug delivery respectively.

5. Stimuli responsive PNCs with
multiple payloads

The encapsulation of multiple active payloads in PNCs can
enrich the functionalities of PNCs. Using multiple payloads
together can have also synergistic effect and obtain better
applicative results than using the individual components.
Thus, loading multiple payloads in PNCs is becoming an
emerging research topic in the field of PNCs.

5.1. Multiple payloads with the same polarity

Multiple functional payloads with the same polarity, either
hydrophilic or hydrophobic, can be directly encapsulated in
the PNC core. For example, Staff et al. encapsulated hydro-
phobic dimethyldodecylamine and diphenyldisulfide in PVFc-
b-P2VP nanocapsules by the miniemulsion-solvent evaporation
technique.”’ Another strategy for loading multiple hydro-
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Fig. 4 (a) Scheme illustrating the loading two hydrophobic payloads in

PANI nanocapsules and the triggered release of payloads after pH/
chemical reduction stimuli; (b—d) the pH stimulus was used to trigger
the release of MBT and 3-NisA while the reduction was applied to
release MBT (adapted from ref. 51). Copyright 2014, American Chemical
Society.

phobic payloads is to locate one payload in the core while the
other payload is in the shell. As shown in Fig. 4a, 3-NisA was
first loaded in the core of PANI nanocapsules during the for-
mation process of the nanocapsules. Then AuNPs were
attached on the surface of PNCs via electrostatic interactions,
followed by binding 2-mercaptobenzothiazole (MBT) to the
AuNPs.”" Both payloads were released from PNCs at pH 12.4,
but only MBT was released after treating PNCs by a reducing
agent (Fig. 4b-d). MBT and 3-NisA are efficient corrosion
inhibitors and can be used for metal anticorrosion. Hydro-
phobic payloads can also be inserted in the PNC shell through
a cleavable weak bond. We recently prepared MBT-containing
random and block copolymers, P(MBTMA-co-MMA) and
PMBTMA-b-PMMA, respectively. The MBT units were attached
to the polymer via a disulfide bond.®® The polymers were used
to encapsulate a hydrophobic self-healing agent, diglycidyl
ether polydimethylsiloxane (PDMS-DE), by the miniemulsion-
solvent evaporation technique. A chemical reduction was suc-
cessfully applied to simultaneously release MBT and PDMS-DE
from the PNCs. Therefore, these PNCs can be used as self-
healing materials for anticorrosion applications.

5.2. Multiple payloads with different polarities

When the payloads are with different polarities, the encapsula-
tion procedure becomes challenging but is still possible. As
shown in Fig. 5a, Hu and co-workers successfully encapsulated
a hydrophobic and a hydrophilic drug in PNCs with a water-in-
oil-in-water (W/O/W) emulsion strategy.®* The PNC shell was
composed of poly(vinyl alcohol) (PVA), magnetic nanoparticles
(Fe;0,), and a hydrophobic drug paclitaxel (PTX). The core was
filled with an aqueous solution of the hydrophilic drug doxor-
ubicin (DOX). Magnetic field was applied to generate local
heat through Fe;0, nanoparticles, thus leading to fast release
of PTX and DOX (Fig. 5¢). Similar strategies were employed to
encapsulate DOX/PTX or DOX/curcumin that were further
modified with trastuzumab® and lactoferrin,®* respectively to

This journal is © The Royal Society of Chemistry 2015
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Fig. 5 (a) Scheme showing the encapsulation of a hydrophilic DOX and
a hydrophobic PTX in PVA/FesO,4 hybrid nanocapsules; (b) TEM micro-
graph of the hybrid nanocapsules; (c) plots of the cumulative release of
payloads vs. magnetic field (MF) stimulating time (adapted from ref. 62).
Copyright (2012) Wiley-VCH Verlag GmbH & Co. KGaA.

increase cellular uptake of the PNCs. Using a W/O/W emulsion
method, hydrophilic dye-labeled DNA or quantum dots (QDs)
and hydrophobic pyrene were encapsulated in PAA-b-PS/Fe;0,
hybrid nanocapsules.®® High frequency magnetic field was
applied to induce pulsatile release of both payloads from
PNCs. Besides this approach, template-based method can also
be used to load payloads with different polarities. P(MAA-co-
BAC) nanocapsules were prepared to load hydropholic per-
fluorohexane in the core and hydrophilic DOX in the shell.>®
Removal of the disulfide crosslinker by reducing agents could
destabilize the structure of PNCs and the two payloads were
released.

6. Precise controlled release with
pulsatile and selective delivery

For smart PNCs, burst release of payloads are widely studied,
i.e., payloads are released completely after the trigger. However,
it is suitable for some applications to deliver the payloads in a
pulsatile way. In other words, the release of payload is sus-
pended after stopping the trigger but it starts again upon re-
activation by trigger input. Pulsatile release of drugs from
PNCs is especially interesting for the treatment of some chronic
diseases. For anticorrosion, a pulsatile release of corrosion
inhibitors would ensure that only the needed quantity of pay-
loads is consumed until the corrosion is stopped. The rest of the
payload can be then still be used when corrosion occurs again.
As mentioned in the previous section, payloads with different
polarities were released in a pulsatile fashion under magnetic
field trigger.”” As another example, Vimalanandan and co-
workers encapsulated 3-NisA in PANI nanocapsules and further
decorated the PNCs with AuNPs to circumvent Fermi-level misa-
lignment (Fig. 6a).* Electrochemically trigger was applied to
release 3-NisA from PNCs in a pulsatile way (Fig. 6b). The cumu-
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Fig. 6 (a) Scheme illustrating PANI capsule shell that open and close
upon external electric stimuli; (b) the cumulative release of 3-NisA was
constant when PANI was oxidized (range a and c) whereas the value
increased when PANI was reduced (range b and d) (adapted from ref.
49). Copyright (2013) Wiley-VCH Verlag GmbH & Co. KGaA.

.
Q) i
s

—— untreated
b) _ c)
~—— treated with HCI
— reated with HO, lg—r—f//
5=210 ppm N~ Oxidation e
st [ { L) e | e
H ©/ﬁ\s —— treated with HCI
u
5285 ppm J Y
water-soluble \/\T.
__—y
\‘~ x‘_,__,/k/\
35 30 25 20 15 10 05 00 80 75 70 65 6.0
8/ ppm 3/ ppm
Fig. 7 (a) Scheme illustrating two payloads in PNCs can be selectively

released upon different stimuli; (b) *H NMR spectra showed that DDA
was released by treating the PNCs with HCl and that it was not released
in the presence of H,O,; (c) *H NMR spectra showed that DPDS was
released upon treatment with H,O, whereas no release of DPDS was
detected in acidic condition (adapted from ref. 41). Copyright 2014,
American Chemical Society.

lative release of 3-NisA was constant when PANI was in the oxi-
dized state, but it increased fast when PANI was reduced. Many
external stimuli, which can temporarily change the properties of
PNC shell, can be applied to achieve pulsatile release of
payloads.

The selective release of different payloads in the presence
of different triggers is an emerging topic in smart PNCs. As
shown in Fig. 4a, the pH trigger was used to release 3-NisA
and MBT together from PNCs, but the reduction trigger was
applied to release MBT only. Another representative example is
shown in Fig. 7. PVFc-b-P2VP nanocapsules were built to
encapsulate N,N'-dimethyldodecylamine (DDA) and diphenyl
disulfide (DPDS). DDA was released faster in acidic condition
than in oxidative condition (Fig. 7b). In contrast, DPDS was
released faster in the present of H,O, than that in HCI

Polym. Chem., 2015, 6, 4197-4205 | 4203
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(Fig. 7c). Thus, the two payloads were selectively released by
changing external environments.

7. Conclusions and outlook

Substantial progress was achieved for the design of stimuli-
responsive PNCs in the recent years. Considering the potential
of PNCs in different disciplines, such as medicine, materials
science, agriculture, and cosmetics, the study of PNCs will
attract more and more attentions in the future. New hybrid
PNCs, either inorganic/polymer or biomacromolecule/polymer,
will be of special interest because these hybrid PNCs display
enhanced modulation parameters, functionalities, or target
binding capabilities. The fabrication of multicompartment
stimuli-responsive materials from PNCs will allow for the cre-
ation of minicomputers, designed for the direct or cascade
release of multiple payloads in dependence of the surrounding
environments. By implementing stimuli-selective release pro-
files, they will be truly adaptive materials that can adapt their
response to changes in the environment.
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