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ABSTRACT:&In&the&interest&of&nanomedicine&designs&toward&the&ultimate&clinical&relevance,&stimuliTresponsive&amphiphilic&
block& copolymers& have& emerged& as& promising& nanocarriers& for& enhancing& siteTspecific& and& onTdemand& drug& release& in&
response&to&a&range&of&stimuli&such&as&pH,&the&presence&of&redox&agents,&or&temperature.&The&formulation&of&amphiphilic&
block& copolymers& into& polymeric& drugTloaded& nanoparticles& is& typically& achieved& by& various&methods& (e.g.,& oilTinTwater&
emulsion& solvent& evaporation,& solid& dispersion,& microphase& separation,& dialysis& or& microfluidic).& Despite& the& several&
progresses& that& have& been& made,& there& remain& many& challenges& to& overcome& in& order& to& produce& reliable& polymeric&
systems.&The&main&weakness&of&the&above&methods&is&that&they&&imply&&very&low&solid&contents&(<&1&wt%)&and&multipleTstep&
procedures,&thus& limiting&their&scope.&Recently,&a&new&selfTassembly&methodology,&polymerisationTinduced&selfTassembly&
(PISA),& has& shown&great&promise& in& the&production&of&polymerTderived&particles& in& a& straightforward&oneTpot& approach,&
whilst& facilitating& high& yield,& scalability,& and& costTeffectiveness& with& respect& to& pharmaceutical& industry& protocols.& We&
therefore& focus& this& review& primarily& on& the& most& recent& studies& dealing& with& the& design& and& preparation& of& PISAT
generated&nanoTobjects& that&are& responsive& to& specific& stimuli,& thus&providing&an& insight& into&how&PISA&may&become&an&
effective&formulation&strategy&for&the&preparation&of&precisely&tailored&drug&delivery&systems&and&biomaterials,&while&some&
of& the& current& challenges,& conundrum& and& limitations& are& also& critically& discussed.

1.!Introduction!
The& highly& complex& behaviour& of& diseases& demands& that& drug&
delivery& systems& and&biomaterials& be& designed& in& such& a&way& that&
they& can& respond& to& various& pathogenic& environments& in& an&
opportune& and& judicious& manner.& To& improve& & therapeutic&
reliability,& it& is& of& utmost& importance& for& particles& to& exhibit& high&
drug& loading& and& siteTspecific& delivery,& while& efficiently& favouring&
drug& release& in& the& diseased& body& areas.1,2& In& this& regard,&
functionalised& materials& displaying& such& tailored& features& have&
rapidly& emerged& as& a& promising& toolbox& for& the& design& of& many&
advanced& drug& delivery& systems.3,4& The& functionalisation& can& be&
achieved& via& the& encoding& of& stimuliTsensitive& functionalities& into&
molecular& structures,& thus& endowing& onTdemand& responses& to&
endogenous& factors& such& as& pH,& oxidation,& and& reduction,& or& to&
exogenous& triggers& such& as& photoirradiation,& temperature,& and&
ultrasound& activation.! 5–11!On& the& other& hand,& synthetic& polymeric&
nanomaterials&are&of&particular&interest&as&their&colloidal&properties&
and& surface& chemistry& can& be& readily& tuned& to& precisely&meet& the&
demand& of& individual& applications.12–14! Altogether,& stimuliT
responsive& polymerTbased& nanocarriers& have& gained& rapidly&

growing&research&attention&in&the&biomedical&sciences&as&a&versatile&
and&exciting&platform&for&materials&design&strategies.15–20!However,&
polymer& synthesis& and& formulation& into& polymeric& nanoparticles&
(NPs)&usually&&

&

&

involves&multipleTstep&procedures,&addition&of&toxic&surfactants,&and&
extensive& intermediate& purifications.& In& an& attempt& to& minimise&
these& tedious& synthetic& efforts& whilst& maintaining& batchTtoTbatch&
consistency& and& clinical& relevance,& amphiphilic& block& copolymers&
have& been& adopted& as& nanoTvehicle& materials& since& they& can&
inherently&selfTassemble& in&aqueous&media&to&form&stabilised&coreT
shell& nanoTobjects.21,22! Amphiphilic& diblock& copolymers& have&
therefore&been&widely&exploited&in&a&range&of&therapeutic&purposes,&
including&cancer23,24&and&gene&therapy,25&and&also&in&diagnosis.26!&

Typically,&the&room&temperature&selfTassembly&of&amphiphilic&block&
copolymers& with& a& glassy& hydrophobic& block& is& usually& obtained&
using&the&coTsolvent&or&solvent&switch&method.27& In&this&technique,&
the&amphiphilic&block& copolymer& is& initially&dissolved& in&an&organic&
solvent&such&as&DMF,&acetone,&or&THF&that&is&comp&atible& with& both&
blocks,& followed& by& the& slow& addition& of& a& selective& solvent,& e.g.&
water,& which& is& a& good& solvent& for& only& one& block,& leading& to& the&
microphase&separation&and&then&to&spontaneous&selfTassembly&into&
nanoTobjects& with& a& solvophobic& core& coated& by& a& solvophilic&
layer.22! This& allows& for& relatively& low& & polymer& concentration& (<1&
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wt%)& to& be& used.28–31& In& addition,& the& selfTassembly& usually& occurs&
via& postTpolymerisation& from& wellTdefined& precursor& copolymers,&
and& hence& is& not& economically& ideal& for& scaleTup& and& industrial&
environments.& While& the& solutionTphase& selfTassembly& can& still&
leverage& a& diverse& set& of& particle& morphologies& such& as& micelles,&
nanofibers,& or& vesicles,32,33& primarily& dictated& by& the& packing&
parameter& (p),27& in& practice& it& is& tedious& to& obtain& higher& order&
morphologies.&&

To& meet& such& technical& challenges,& polymerisationTinduced& selfT
assembly&(PISA)&has&recently&been&proposed.&PISA&has&tremendously&
redefined& the& concept& of& block& copolymer& selfTassembly& by& jointly&
facilitating& polymerisation& and& selfTassembly& in& an& oneTpot&
approach.34–41& Two& types& of& polymerisations& are& used& in& PISA,&
dispersion&and&emulsion&polymerisations.&The&former&requires&&both&
monomers& and& a& precursor& macroTCTA& to& be& solvophilic& and&
compatible&with&each&other& (coTmiscible& ?)& in& a& continuous&phase,&
either&in&an&organic&solvent&or&waterTbased&systems.!Once&a&critical&
degree&of&polymerisation&of&the&coreTforming&monomer&is&reached,&
this& block& becomes& insoluble& and& tends& to& precipitate.& The& initial&
particles&act&then&as&the&loci&for&the&polymerisation,&with&monomers&
continuing&to&add&covalently&to&the&stabilised&particles.&Meanwhile,&
the&second&method&is&solely&implemented&in&water,&using&a&soluble&
homopolymer&precursor&that& is&chainTextended&with&an& immiscible&
monomer& to& a& critical& degree& of& polymerisation.& This& leads& to& the&
formation& of& monomer& droplets& stabilised& by& the& initial&
homopolymers.&Both&polymerisation&methods&generate& in!situ&selfT
assembled& nanoTobjects&with& various&morphologies& as& depicted& in&
Fig&1,&which&is&a&very&important&and&valuable&asset&compared&to&the&
typical& nanoprecipitation& technique& in& which& mostly& spherical&
particles&are&produced&while& the& same&copolymers&by&PISA&can&be&
shaped& in& several& ways.42& The& morphological& evolution& initially&
starts&with&the&early&formation&of&spherical&micelles&and&provides&a&
notTkineticallyTfrozen&structure&that&evolves&to&cylindrical&or&wormT
like&nanoparticles,&and&finally&to&vesicles&over&the&growing&course&of&
the&coreTforming&block.&The&control&over&particle&size&and&shape&has&
been& thoroughly& discussed& in& recent& reviews.43–50& Generally,& the&
formation& and& transformation& of&NPs&morphologies& are& controlled&
and& predictable& through& which& higher& order& sphereTtoTvesicle&
transition&is&promoted&with&the&increasing&degree&of&polymerisation&
(DP)& and& reaction& conditions.& This& feature& facilitates& the& precise&
production& of& targeted& particle& shapes& at& ease.& In& general,&
controlling& particle& shape& is& of& substantial& importance& to& the&
performances&of&drug&delivery&systems&as&morphologies&have&each&
their& own& effects& on& the& in! vivo& fate,& biodistribution& and& cellular&
uptake& after& administration.51–53&More& specifically,& oblate&particles&
exhibit& a& reduced& uptake& by&macrophages& and& a& prolonged& blood&
circulation,& strongly& enhancing& the& odds& of& reaching& the& targeted&
sites.&Due&to&their&high&surface&areas,&elongated&NPs&can&also&form&
stronger& ligandTreceptor& bindings& in& active& targeting& over&
nanospheres,&and&thus&improve&the&selectivity&and&specificity&during&
endocytosis.54–56& On& the& other& hand,& NPs& with& sharp& edges& can&
disrupt&the&endosomal&membranes,&inducing&less&exocytosis,&and&so&
stay&longer&in&the&cytoplasm&than&spherical&particles.57&By&producing&
a& wide& scope& of& wellTcontrolled& nanostructures,& PISA& can& provide&
more& possibilities& for& achieving& a& better& cellular& uptake& and&
tracking,58&which&ultimately&results&in&an&enhanced&bioavailability&of&

the&NPs.&NP&uptake&at&target&cells&are&also&directly&governed&by&their&
sizes.&NPs&should&ideally&be&designed&with&sizes&between&5&and&100&
nm& in& diameter.& Sizes& lower& than& 5& nm& are& known& to& generate&
particles&that&will&be&eliminated&by&renal&filtration,54&whereas&higher&
diameters&(over&200&nm)&trigger&excessive&accumulation&in&the&liver&
and& spleen,59& while& particles& with& diameters& lower& than& 100& nm&&
exhibit& less& adsorption& of& serum& proteins& while& circulating& in& the&
blood,&thus&enhancing&halfTlives& in!vivo.60,61&Moreover,&PISA&can&be&
implemented& at& relatively& high& solid& contents& up& to& 50& wt%& and&
usually& imparts& very& high& monomer& conversions& within& short&
reaction& times.& Hence,& PISA& is& of& high& benefit& to& the& NPs&
formulation,&with& tuneable& shapes& and& sizes& available& even&during&
largeTscale& productions.& Besides,& the& simultaneous& selfTassembly&
and& drug& encapsulation& may& enable& relatively& high& loading&
efficiencies& (67&%& for& doxorubicinTencapsulated&NPs62& vs.& 54&%& for&
cisplatinTloaded&micelles& or& 24& %& for& BSATloaded& vesicles,63& under&
simple& working& conditions),& likely& owing& to& high& polymer&
concentrations.&PISA&synthesis&have&been&carried&out&under&&several&
types& of& living& polymerisation& techniques,& but& reversible&
addition−fragmentation&chain& transfer& (RAFT)& is&probably& the&most&
prevalent&synthetic&method&currently&available&to&prepare&NPs&by&a&
PISA&approach&due& to& its&adaptability& to&a&broad& range&of& reaction&
conditions&and&monomer&families.64–69&RAFT&dispersion&or&emulsion&
PISA& processes& can& be& initiated& via& various& approaches,& most&
commonly& by& thermal& initiation& but& also& by& other& new& alternative&
approaches& such& as& under& photochemical,& ultrasound& and&
microwave& activations,& or& using& enzymes.50& Moreover,& & a& few&
emerging&types&of&polymerisations&have&recently&emerged&that&can&
be& of& interest& to& PISA& for& drug& delivery& formulations,& e.g.,& ring&
opening& polymerisation& (ROP)70& or& ringTopening& metathesis&
polymerisation& PISA& (ROMPISA).71& In& conclusion,& with& superior&
cellular&uptakes& resulting& from&diverse&and& tuneable&morphologies&
as& well& as& relatively& high& drug& loading& under& industrially& relevant&
approaches,& PISA& appears& as& a& versatile& synthetic& and& formulative&
technique& for& polymerTbased& nanomaterials& in& drug& delivery&
strategies.&

Based&on&simple&and&accessible& formulations&of&NPs& from&PISA,&an&
extensive& amount& of& literature& has& been& focused& on& producing&
stimuliTsensitive& NPs,& using& mostly& RAFT& and& some& ROP/ROMP&
combination,& thereby& conferring& an& efficient& programmable& drug&
release&through&a&timely&and&direct&nanoTformulation.&The&present&
review& therefore& aims& at& highlighting& a& selected& number& of& the&
latest&exciting&examples&in&the&design&and&preparation&of&polymeric&
NPs& sensitive& to& a& variety& of& stimuli& triggers& by& mainly& RAFTTPISA&
and& a& few& ROP/ROMPISA& that& show& remarkable& applications& on&
many& precision& drug& delivery& systems.& The& authors& will& conclude&
with& several& critical& remarks& on& the& challenges& and& opportunities&
underlying& the& role&of&PISA&as& a& formulation& strategy& for&polymerT
based&nanomedicine&in&the&context&of&clinical&translatability.&&&

!

2.! Summary! of! the! several! stimuli! used! for! drug!
delivery!systems!as!obtained!by!PISA!&
2.1.!pH.Responsive!systems!

Difference&in&pH&profiles&under&pathogenic&conditions&compared&to&
normal& cell& microenvironments& are& one& of& the& most& prominent&
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features& to& exploit& in& the& development& of& intelligent& tools& in&
nanomedicine.&Many& inflammation& sites&and& solid& tumours&display&
relatively&acidic&pHs&(<6.5)&compared&to&normal&tissues&(pH&7.4).73,74&
Integrating& functionalities& into& particles& that& are& stable& under&
physiological& pH&whilst& cleavable& at& low& pH& thus& allows& to& trigger&
drug&unloading&in&a&wellTprogrammed&way.&

For& example,& Karagoz& et& al.& described& a& oneTpot& PISA& synthetic&
route& to& asymmetricTblockTcopolymer& NPs:&
poly[oligo(ethyleneglycol)methacrylate]TblockT[poly(styrene)TcoT&

poly(vinyl& benzaldehyde)]& (POEGMATbTP(STTcoTVBA))& was& obtained&
by&these&authors&using&a&RAFTTmediated&dispersion&polymerisation&
in&methanol&and&enabling& selfTassembly& into&various&morphologies&
from& spheres,& wormTlike& and& rodTlike& to& vesicles.75& After& the&
particles&synthesis,&the&aldehyde&groups&in&the&coreTforming&blocks&
were& conjugated& with& doxorubicin& (DOX)& via& its& amine& functional&
groups& to& form& pHTresponsive& imine& moieties& (TC=NT)& on& Schiff&
bases.&A&release&study&demonstrated&that&more&than&80&%&DOX&was&
liberated& from& the& NPs& at& pH& 5& due& to& the& acidic& pHTbreakable&
bonds,&whereas& only& 10&%&were& released& at& pH& 7.4.& Furthermore,&
while& particle& morphologies& did& not& affect& the& DOX& release,& they&
had&a&significant& impact&on&the&cell& internalisation& in&MCFT7&breast&
cancer&cell&line:&wormT&and&rodTlike&particles&displayed&an&improved&
cell&internalisation&compared&to&spherical&micelles&and&vesicles.&The&
authors& reasoned& that& cylindrical& morphologies& imparted& greater&
aspect&ratios&or&surface&areas,&allowing&for&higher&adhesions&to&cell&
membranes&and&thus&favouring&cell&uptake.&In&addition,&rodTlike&and&
wormTlike& DOXTparticles& exhibited& higher& cytotoxicities& than&
vesicles&and&micelles,&as&observed& from& IC50&variations&on&a&MCFT7&
cell& line& (Fig& 2).& In& summary,& this& system& among& all& possible&
obtained&morphologies& demonstrated& an& effective& combination& of&
responsiveness,& cellular& internalisation& and& cytotoxicity,& a& feature&
very&difficult&to&achieve&from&a&conventional&nanoprecipitation.&!

Similarly,& (methacryloxyethoxy)benzaldehyde& (MAEBA)& was&
polymerised& in& the& presence& of& poly((N,NmTdimethylamino)ethyl&
methacrylate)& used& as& a&macroTChain& Transfer& Agent& (macroTCTA)&
under&RAFT&dispersion&PISA&conditions,&generating&PDMAEMA&block&
copolymer& nanoTobjects& as& spheres,& nanorods,& nanowires& and&
vesicles.76& DOX& was& conjugated& with& the& PMAEBA& block& via& the&
acidic&pHTbreakable&imine&linkage&(TC=NT)&in&a&similar&way&as&in&Ref&
75.&A&drug&release&study&indicated&that&less&than&1&%&of&the&DOX&had&
been&released&at&pH&7.4,&while&the&fastest&release&was&observed&at&
pH& 5& due& to& the& cleavage& of& the& aromatic& imine& under& acidic&
condition.&&

Lately,& Arms& and! coworkers& synthesised& bioTinspired& framboidal&
vesicles& that& simulated& some& Dengue& virus& features,& with& the&
vesicles& exhibiting& both& moieties& targeting& the& SRTB1& scavenger&
receptors& that& are& available& on& tripleTnegative& breast& cancer& cells,&
and& pHTsensitive& surface& areas& for& local& drug& delivery.77& In&
particular,& two& macroTCTAs& poly(glycerol& monomethacrylate)&&
(PGMA)& and& poly(2T(methacryloyloxy)ethyl& phosphorylcholine)&
(PMPC),& were& first& chainTextended& using& 2Thydroxypropyl&
methacrylate&(HPMA)&and&a&GlyMA&that&had&been&conjugated&with&
rhodamine& B& piperazine& (Rh).& The& obtained& PGMA–P(HPMATstatT
GlyMARh)& polymer& was& then& chainTextended& with& the& 2T
(diisopropylamino)ethyl& methacrylate& (DPA)& monomer& via& a& RAFT&

aqueousTseeded& emulsion& polymerisation,& resulting& in& a& pHT
responsive& framboidal& triblock& copolymer& vesicles.& In& this& respect,&
the& phosphorylcholine& functionalities& of& PMPC& endowed& the&
vesicles& with& selective& ligands& to& target& the& SRTB1& receptors&
available& on&MDATMBT231& cells,&while& the& tertiary& amines& on&DPA&
became& protonated& to& liberate& the& plasmid& DNA& in& the& nucleus&

through&intracellular&acidification&(Fig&3).&

Another&recent&example&was&reported&on&the&synthesis&of&cisplatin&
drugTencapsulated& spherical&micelles&using&ROMPISA.78&One&of& the&
most&attractive&features&of&ROMPISA&is&its&tolerance&with&respect&to&
a& wide& range& of& initiators& and& functionalities,& allowing& for& the&
straightforward& polymerisation& of& monomers& in& one& pot.&
Amphiphilic& block& copolymers& were& synthesised& in& water,&
particularly&a&poly(oligo&&

&

&

Fig!1.&Illustrative&mechanism&of&NP&morphological&transformation&by&
RAFTTPISA.& Taken& from& Ref& 72& with& permission& from& The& Royal&
Society&of&Chemistry.&

Fig! 2.& Schematic& diagram& of& in! situ& selfTassembly& of& POEGMATbT
P(STTcoTVBA)&using&PISA&and&its&conjugation&with&DOX&through&a&pHT
cleavable&bond.&Reproduced&from&Ref&75&with&permission&from&The&
Royal&Society&of&Chemistry.&

&

ethylene& glycol)& macro& CTA,& which& was& chainTextended& by&
comonomers&cisplatin&analogue&norbornene&dicarboximide&and&pHT
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responsive& 2T(diisopropylamino)ethyl& norbornene& dicarboximide.&
The&effect&of&sizes&and&surface&charges&on&the&resulting&micelles&was&
investigated& with& respect& to& cell& uptakes& and& cytotoxicities,&
indicating& that& smaller& sizes& exhibit& improved& cell& uptakes& and&
cytotoxicities,& whilst& positivelyTcharged& NPs&were& better& absorbed&
than&neutral&or&negativelyTcharged&ones.&A&drug&loading&of&20%&was&
achieved&at&20&%,&with&a&selective&release&at&pH&6.&&&

!

2.2.!Reduction.responsive!systems!

High& intracellular& redox& potentials& is& another& hallmark& of&
carcinogenesis,& resulting& from& an& overproduction& of& reductive&
agents& such& as& the& glutathione& tripeptide& γTglutamylTcysteinylT
glycine&(GSH),&whose&concentration&ranges&from&2&to&10&mM&in&the&
cytosol&of&tumour&cells&&
&
Fig!3.&Illustration&of&the&intracellular&release&of&a&EGFP&plasmid&DNA&
within& MDATMBT231& cells& using& 97& PGMA58& +& 3& PMPC60)–
P(HPMA300TstatTGlyMARh1)–PDPA52& (97& G58& +& 3& M60)–(H300TstatT
ERh1)–D52&framboidal&vesicles.&(a)&Schematic&diagram&of&the&loading&
of& plasmid& EGFP& DNA& in& these& triblock& copolymer& vesicles& (the&
green& colour& indicates& a& successful& EGFP& expression&while& the& red&
colour& indicates& the& location& of& the& rhodamineTlabeled& vesicles).&
Reproduced&from&Ref&77&with&permission&from&The&Royal&Society&of&
Chemistry.&

&
compared&to&the&1T2&mM&concentration&typical&of&normal&cells.&It&is&&
thus& widely& adopted& to& facilitate& targeted& and& onTdemand& drug&
releases.79–82&Reductive&responsiveness&is&also&critically&important&in&
hypoxia,& a& biological& condition& associated&with&oxygen&deprivation&
in& various& diseases& such& as& rheumatoid& arthritis,& ischemic& stroke,&
and& solid& tumours.& Hypoxia& is& associated& with& the& presence& of&
reductive&species&such&as&azoreductases&and&nitroreductases&(NTR),&
thus& nanomedicinal& tools& can& be& tailored& using& azobenzene& (Azo),&
nitroaromatic& or& quinone& derivatives& as& hypoxiaTresponsive&

functionalities& that& are& likely& cleavable& within& hypoxiaTaffected&
areas.83,84&&
In&this&regard,&anticancer&drug&camptothecin&(CPT)&was&integrated&in&
a& prodrug& monomer& (CPTM).& 2T(2T(Methoxyethoxy)ethyl&
methacrylate&(MEO2MA)&and&the&obtained&CPTM&comonomer&were&
then&polymerised&in&the&presence&of&poly(ethylene&glycol)T4TcyanoT
4T((phenylcarbonoTthioyl)thio)& pentanoic& acid& (PEG113TCPDB)& used&
as&macroTCTA,&via&a&RAFT&dispersion&technique,&leading&to&the&PEGT
bTP(MEO2MATcoTCPTM)&diblock&prodrug&copolymer.85&This&synthetic&
technique&resulted&in&prodrug&NPs&with&a&threeTlayered&structure.&In&
particular,& the& reductionTsensitive& core& was& crossTlinked& via& a&
copolymerisation& of& benzyl& methacrylate& (BzMA)& and& N,NT
cystaminebismethacrylamide& (CBMA);& the& second& layer& contained&
the&CPTTcopolymer&with&the&CPT&conjugated&to&the&polymer&
chains&via&reductiveTsensitive&disulfide&linkages;&and&the&outer&layer&
included& stabilising& hydrophilic& PEG& chains.& This& prodrug& NPs&
facilitated&the&cleavage&of&the&conjugated&CPTs&upon&exposure&to&a&
reductive& microenvironment,& e.g.& at& high& levels& of& GSH& in& the&
cytosol.& The& synthetic& strategy&enabled&an& intriguing&drug&delivery&
system& achieving& (1)& a& oneTpot& simultaneous& polymerisation& and&
drug&encapsulation&at&a&relatively&high&concentration&of&100&mg.mLT
1,& (2)& a& high& monomer& conversion,& (3)& a& simultaneous& coreTcrossT
linking&during&prodrug&particle&preparation,&(4)&a&CPT&concentration&
that&could&be&precisely&tuned&by&altering&the&MEO2MA&/&CPT&ratio,&
and&(5)&an&efficient&drug&unloading&upon&cell& internalisation&due&to&
the&high&concentration&of&GSH&in&the&cytoplasm.&
&&&
Recently,& the& development& of& dualTfunctional& polymer& NPs&
exhibiting&a&fluorescenceTassisted&tracking&capability&and&reductionT
responsive&triggered&drug&release&was&reported.86&Accordingly,&azaT
boron&dipyrromethene&(BODIPY),&a&nearTinfrared&(NIR)&fluorescence&
dye,&was&loaded&in!situ&into&particles&via&a&RAFT&aqueous&dispersion&
PISA& without& specific& purifications.& Firstly,& a& reductionTresponsive&
polyprodrug& camptothecinTmonomer& (pCPTM)&was& prepared& via& a&
chain& extension& of& a& PPEGMA& macroTCTA& during& the& RAFT&
copolymerisation& of& PEGMA& and& CPTM.& Secondly,& PEGMA&
comonomers&and&preTsynthesised&NIR&fluorescent&monomer&(NIRM)&
were& coTpolymerised& in& the& presence& of& the& PPEGMA&macroTCTA,&
yielding&pNIRM.&The&last&step&was&required&to&prepare&coreTcrossedT
linked& bifunctional& NPs,& wherein& pCPTM& and& pNIRM& were&
hydrophilic& macroTCTA& agents& chainTextended& with& the& HPMA&
monomer& and& dimethacrylate& crossTlinker& (EGDMA)& in& a& oneTpot&
RAFT& aqueous& dispersion& polymerisation.& The& resulting& spherical&
micelles& had& a& threeTlayered& structure,& with& a& crossTlinked& core&
encapsulating& the&CPT&drug,&surrounded&by&the&pNIRM&fluorescent&
layer,&and&externally&coated&by&the&hydrophilic&PPEGMA&corona.&The&
covalent& attachment& of& BODIPY& imaging& agent& endowed&
distinguished& (specific,& distinctive& ?)& optical& properties& to& the&
spheres,& enabling& the& realTtime& monitoring& and& tracking& of& the&
loaded& drugs& and& NPs& via& an& NIR& imaging& technique.& In& addition,&
both&cell&internalisation&and&intracellular&drug&release&induced&by&a&
high&level&of&GSH&(10&mM)&was&compellingly&confirmed&in&HeLa&cells&
in!vitro.& In&addition,& the& in!vivo& imaging&clearly& indicated&a&passive&
targeting& of& the& spherical& micelles& in& tumour& site& over& time,& with&
constantly&visualised&fluorescent&signals.&Taken&as&a&whole,&PISA&has&
successfully&allowed&for&the&preparation&of&highly&delicate&spherical&
micelles&with& reductiveTresponsive& drug& release& and& stable& optical&
characters&via&a&direct&and&simple&oneTpot&formulation&strategy,&and&
thus& paving& a& novel& pathway& for& tracking& dynamic& processes& and&
biological&imaging&therapies&(Fig&4).&
&
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Couturaud& et! al.& synthesised& functionalized& fluorineTbased&
amphiphilic& block& copolymers& using& a& photoTmediated& RAFT&
dispersion& polymerisation,& as& promising& scaffolds& for& drug&
delivery.87& Due& to& the& readily& functionalisation& with& amino&
compounds,& esterTactivated& pentafluorophenyl& methacrylate&&
(PFMA)& was& employed& and& polymerised& with& the& poly(ethylene&
glycol)T4TcyanoT4T(ethylthiocarbonothioylthio)pentanoic& acid&
(PEG113TCEPA)&macroTCTA,&via&lightTtriggered&PISA&at&405&nm&and&at&
37°C,&yielding&uniform&spherical&micelles&independently&of&given&DP&
variations.& A& postTfunctionalisation& with& primary& amines,& e.g.,&
ethylenediamine& (EDA)&or& cysteamine,&with& the&pentafluorophenyl&
ester& groups& generated& amide& crossTlinking&with& the& coreTforming&
block,& imparting& a& greater& colloidal& stability& to& the& spherical&
particles.& Upon& exposure& to& increasing& levels& of& GSH,& the&
cysteamineTbearing& nanoTstructures& dissociated& due& to& the&
reduction& in& GSHTsensitive& disulfide& crossTlinks,& whereas& the&
diamineTcrossTlinked& spherical& micelles& remained& intact.& The&
designed& crossTlinked& polymeric& NPs& also& had& excellent&
biocompatibilities&with&respect&to&in!vitro&human&cells&(Fig&5).&

A& recent& work& by& Hong& and! coll.& demonstrated& dual& reductionT
triggered& drug& release& and& pHTresponsive& chargeTreversible&
characteristic& of& prodrug& NPs& prepared& by& PISA.88& Poly(NT(2T
hydroxypropyl)methacrylamide)& (PHPMA)& and& poly(2T
(diethylamino)ethyl&methacrylate)&(PDEAEMA)&were&used&as&&macro&
CTAs& and& chainTextended& with& CPTM& to& produce&
PHPMA/PDEAEMATstabilized& NPs& with& 10& %& of& polymer&
concentration.& The& PDEAEMA& chains& were& protonated& in& acidic&
tumours& and& transitioned& from& a& hydrophobic& to& a& hydrophilic&
state,&which& in& turn&enabled&an& increased&drug& release&and&cancer&
cell&uptake.&&

&
&
3.!Oxidation.responsive!systems&

While& a& moderate& level& of& ROS& (requiert& une& definition& de&
l’abréviation)&is&a&key&necessity&to&maintain&normal&functions&in&cell&
signaling& pathways& and& metabolism& through& oxygenTregulating&
homeostasis,&a&large&increase&in&ROS&is&associated&with&a&variety&of&
pathological& conditions& such& as& cancer,& diabetes& and&
inflammations.89,90& Hence,& the& overexpression& of& ROS& has& been&
employed& for& the& design& of& smart& oxidationTresponsive& polymerT
based&nanomaterials.91–95&

Having& realised& the& current& stimuliTsensitive& nanocarriers& usually&
require& tedious& preparations,& Sobotta& et! al.& developed& a& oneTpot&
synthetic&pathway&using&RAFTTmediated&dispersion&PISA&to&produce&
wellTdefined& spherical& micelles& of& tuneable& sizes& and& displaying&
ROSTtriggered& drug& release.96& A& series& of& block& copolymers& with&
varying& chain& ratios& was& prepared,& whereby& poly(NT
acryloylmorpholine)& (PNAM)&was&utilised&as&a&macroTCTA& for&chain&
extension& with& NTacryloylthiomorpholine& (NAT),& a& monomer&
carrying& a& oxidationTsensitive& thioether& moiety.& This& procedure&
readily& afforded& P(NAMTbTNAT)& spherical& particles& of& 25–73& nm& in&
diameter&(DLS)&via&the&PISA&process.&

The& sphere& sizeTrange& could& be& tailored& by& tuning& the& size& or&
composition&of&the&diblock&copolymers.&Nile&Red&dye&was&chosen&as&
a&model& for& the& drugs,& and&was& encapsulated& into& the& spheres.& In&
response& to& a& H2O2& concentration& at& 10& mM,& the& hydrophobic&
thioether& was& oxidised& to& the& hydrophilic& sulfone,& triggering& a&
solubility& transition& for& the& coreTforming& block.& As& a& result,& the&
micellar& structures& dissociated,& and& the& drug& was& released& as&
confirmed&by&a&fluorescence&quenching&of&Nile&Red&proportional&to&

increased& H2O2& levels.& In& addition& to& oxidationTtriggered& drug&
releases,& the& formulated& nanoTvehicle& showed& excellent&
biocompatibilities& and& no& cytotoxicities,& therefore& providing& a&
versatile&and&exciting&avenue&towards&selective&and&controlled&drug&
deliveries&to&sites&of&interests&(Fig&6).&

&

2.4.!Carbon!dioxide!(CO2).responsive!systems!

Unlike& other& experimental& models& for& stimuli& that& usually& involve&
chemical& stimulations& and& possibly& generate& byTproducts& that& can&
have& side& effects& on& biological& cells,& CO2& appears& as& an& attractive&
alternate&stimulus&since&it&is&a&key&endogenous&metabolite&with&mild&

and& green& nature.& Additionally,& CO2& exhibits& excellent&
biocompatibility& and& membrane& permeability.97–101& Even& though&
CO2&responsiveness&has&not&been&largely&adopted&in&the&context&of&
therapeutic& treatments,& some& of& the& designs& available& for& CO2T
sensitive& polymeric& materials& have& been& considered& as& proofTofT
concepts&for&uses&in&drug&delivery.&&

Recently,& silica& nanoparticles& (SiO2& NPs)& have& been& utilised& as&
effective&adhesives&for&hydrogels&and&biological&tissues.102,103&It&was&
reported& that& SiO2& NPs& (20& nm)& can& be& encapsulated& into& PISAT
produced& hybrid& vesicles& displaying& an& onTdemand& release& of& the&
internal&contents&due&to&the&CO2Tresponsive&character&of&the&coreT
forming&block.&Here,&mPEG113&was&exploited&as&a&macroTCTA&for&the&
photoTinitiated&RAFT&&

!
!

Fig! 4.& Synthetic& routes& for& reductiveTresponsive,& prodrug& and&NIRT
fluorescence& imaging& dualTfunctional& NPs& by& RAFT& mediated&
dispersion&polymerisation,&producing&P(CPTMTcoTNIRM)TbTP(HPMAT
coTEDGMA)& spherical& micelles& in& water.& Reproduced& from& Ref& 86&
with&permission&from&The&Royal&Society&of&Chemistry.&!
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&

Fig!5.&Schematic&illustration&of&the&preparation&of&PEGTbTPPFMA&via&
photoTinitiated& PISA& in& DMSO& at& 37°C& (M1),& followed& by& crossT
linking& reactions& using& either& ethylenediamine& or& cysteamine& (P1&
and&P2,&respectively)& for&transfer& into&aqueous&media.&Reproduced&
from&Ref&87&with&permission.&
&
Fig!6.&Schematic&diagram&of&the&oneTpot&synthesis&of&P(NAMTbTNAT)&
micelles& of& tuneable& sizes& displaying& ROSTtriggered& drug& release.&
Reproduced&from&Ref&96&with&permission&from&The&Royal&Society&of&
Chemistry.&

&
aqueous& dispersion& copolymerisation& of& 2Thydroxypropyl&
methacrylate& (HPMA)& and& 2T(dimethylamino)ethyl& methacrylate&
(DMAEMA)& at& room& temperature.& The& obtained& results& indicated&
that&complete&monomer&conversion&was&rapidly&achieved&within&15&
min&upon&exposure&to&a&405&nm&visibleTlight&irradiation,&affording&a&
wellTdefined& CO2Tsensitive& diblock& copolymer&mPEGTbTP(HPMATcoT
DMAEMA).& The& SiO2&NPs&were& concurrently& encapsulated& into& the&
lumen&of&the&polymeric&vesicles&via&PISA,&providing&a&simultaneous&
and&convenient&oneTpot&synthetic&strategy.&The&loaded&cargos&were&
released& from& the& NPs& in& response& to& CO2& bubbling& under& mild&
conditions,& due& to& the&presence&of& the&DMAEMA&monomer& in& the&
hydrophobic&block.&After&a&2&minutes&treatment&with&CO2,&DMAEMA&
was& protonated,& enhancing& the& hydrophilicity& of& the& coreTforming&
block,& and& the& vesicles& therefore& disintegrated& to& release& the& SiO2&
NPs&(Fig&7).104&The&same&research&group&used&the&same&concept&&

!
Fig!7.&CO2Ttriggered& release&of&SiO2&NPs& from&mPEGTbTP(HPMATcoT
DMAEMA)& hybrid& vesicles.& Reproduced& from& Ref& 105& with&
permission.!

&
to& encapsulate& fragile& biomacromolecules& such& as& bovine& serum&
albumin&(BSA)&(5&wt%)&into&the&polymeric&vesicles&prepared&from&an&
aqueous& photoTinitiated& PISA& under& mild& conditions.& BSA& was&
encapsulated& in!situ& in&hybrid&vesicles&made&of&PEGMATbTP(HPMAT
coTDMAEMA).&The&addition&of& increased&amounts&of&DMAEMA& led&
to& higher& order& morphologies& during& the& block& copolymer& selfT
assembly,& due& to& increased& hydrogen& bonding& interactions.& In& the&
presence& of& CO2,& BSA&was& unloaded& from& the& vesicles& due& to& the&
disassembly& of& copolymer& chains& induced& by& the& protonation& of&
DMAEMA.105&

Nevertheless,& several& challenges& remain& to& produce& CO2Tsensitive&
NPs&via&PISA.&First,&the&polymerisation&solution&has&to&be&judiciously&
degassed& by& purging& inert& gas& or& freezeTpumpTthaw& cycles,& thus&
complicating&a&largeTscale&manufacturing&of&those&NPs.&Second,&the&
obtained& particles& are& likely& to& disintegrate& upon& exposure& to&
surfactants&or&organic&solvents.&Third,&the&switchability&of&CO2&with&

inert&gas&(N2&or&Argon)&is&limited.&To&answer&these&challenges,&Yu&et!
al.&described&a&robust&in!situ&crossTlinking&strategy&that&provides&(1)&
a&mild&PISA&process&using&photoTinduced& initiation& in&water;& (2)&an&
openTair& polymerisation& using& enzymeTassisted& degassing;& (3)& CO2T
responsive& vesicles& to& precisely& release& the& internal& cargos.&
Particularly,& HPMA& and& DMAEMA& were& polymerised,& under& RAFT&
aqueous& dispersion& copolymerisation,& with& 4TcyanoT4T
(ethylthiocarbonothioylthio)pentanoic& acid& (CDPA)& macroTCTA,& to&
directly& produce& PGMATb7P(HPMATcoTDMAEMATcoTAMA)& vesicles&
via& photoTinduced& PISA.106& The& reaction& was& deoxygenated& by&
adding& glucose& oxidase& and& glucose.& In! situ& crosslinking& was&
achieved& by& including& allyl& methacrylate& (AMA),& an& asymmetric&
crossTlinker,& during& the& PISA& process.& Under& CO2& treatment,& the&
coreTcontained&DMAEMA&was&protonated&and&became&hydrophilic,&
in& a& similar& way& to& the& aforementioned& studies.& However,& due& to&
the&AMA&crossTlinked&core,&the&vesicles&did&not&disrupt&but&became&
prone& to& swelling& or& expansion& in& volume& and& size.& On& the& other&
hand,&when&purging&with&N2,&the&swelling&vesicles&shrunk&because&of&
the& deprotonation& of& DMAEMA&under& these& inert& conditions.& This&
swellingTshrinking&process&was& reversible&over& four& CO2/N2& cycles..&
Methylene&Blue&(MB)&dye&was&used&as&a&drug&model& in&a&proofTofT
concept& release&experiment,&and& revealed&enhanced& release&when&
subjected& to& a& CO2& environment.& In& the& meantime,& these& CO2T
sensitive&vesicles&could&carry&an&increased&amount&of&SiO2&NPs&after&
the&&CO2&treatment.&This&was&explained&by&the&interactions&between&
SiO2&NPs&with&tertiary&amines&on&DMAEMA&in&the&hydrophobic&block&
and&the& improved&surface&area&of&the&vesicles&favouring&more&SiO2&
NPs&to&be&loaded&(Fig&8).&

&

!
Fig! 8.& Schematic& illustration& of& an& enzymeTassisted& photoTPISA& for&
preparing& crossTlinked& CO2Tresponsive& vesicles.& Reproduced& from&
Ref&106&with&permission&from&The&Royal&Society&of&Chemistry.&

!
2.5.!Temperature.responsive!systems!

Typically,&a&temperatureTsensitive&block&copolymer&exhibits&a&lower&
critical& solution& temperature& (LCST)& at& the& interface& between& a&
stabilising&block&and&a&coreTforming&block,&below&which&it&is&soluble&
and& above& which& it& becomes& insoluble.& A& temperature& oscillation&
around& the& LCST& triggers& a& particle&morphological& transformation,&
leading&to&the&disassembly&of&nanoTstructures&and&to&the&unloading&
of& the& internal& payloads.& This& feature& is& interesting& in& the& area& of&
tissue& engineering& and& regeneration& as& illustrated& in& the& following&
examples.&&

Lately,&Mable&et! al.& prepared& a& series& of& in! situ& SiO2Tencapsulated&
amphiphilic& block& copolymer& vesicles& via& a& oneTpot& RAFT& aqueous&
dispersion& polymerisation,& in& which& a& poly(glycerol&
monomethacrylate)& (PGMA)& macroTCTA& was& chainTextended& with&
the& HPMA&monomer& while& adding& simultaneously& hydrophilic& 18T
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nm&SiO2&NPs.
63&SiO2&NPs&were&utilised&as&a&bioTrelated&active&species&

due& to& their& intrinsic& selfThealing&effects&on& synthetic&hydrogels&or&
biological& tissues.107& The& targeted& degree& of& polymerization& was&
maintained&relatively& low&to&explore&the&thermoTresponsiveness&of&
the&PHPMA&coreTforming&block.&SAXS&confirmed&that&the&release&of&
SiO2&NPs&occurs&within&the&first&12&
min& upon& cooling& to& 0°C,& as& the& PGMA587bTPHPMA250& diblock&
copolymer& underwent& a& morphological& transformation& from&
vesicles&to&a&mixture&of&spherical&and&shortTworm&micelles,&thereby&
triggering& the& release&of& internal& cargos.& Furthermore,& an&onset&of&
vesicle& dissociation& was& observed& at& about& 10°C,& and& promptly&
(regularly&?)& increased&as& the& temperature&decreased.&The&authors&
reported&this&smart&formulation&and&effective&onTdemand&release&of&
SiO2& NPs& would& be& applied& to& selfThealing& adhesives& of& synthetic&
hydrogels& and& living& tissues,& thus& enabling& a& possible& model& for&
encapsulating&globular&proteins&(BSA),&enzymes&and&antibodies&(Fig&
9).&

On& the& other& hand,& wormTlike& gels& have& been& widely& adopted& as&
potential&materials&in&a&range&of&biomedical&applications.&The&group&
of& Armes& reported& the& preparation& of& biocompatible& poly(glycerol&
monomethacrylate)Tpoly(2Thydroxypropyl& methacrylate)& (PGMATbT
PHPMA)&diblock&copolymer&nanoworm&gel&that&were&responsive&to&
temperature&changes.108&These&PGMATbTPHPMA&diblock&copolymer&
wormTlike& micelles& display& a& reversible& thermalTresponsive&
behaviour.& Here,& A& PGMATbTPHPMA& diblock& copolymer& was&
dispersed& into& fluorophoreTlabelled& Staphylococcus! aureus& at& 4°C,&
the& temperature& at& which& nanoworm& degelation& (gel& deletion& ?)&
occurred,&and& led& to&wormTtoTsphere& transition,& thus& lowering& the&
solution&viscosity.&This&solution&was&then&filtered&through&a&0.45&µm&
membrane,&allowing&for&the&smaller&diblock&copolymer&particles&to&
cross& whereas& the& micrometerTsized& bacteria& stayed& on& the&

membrane.&Brought&back&to&ambient&temperature,&the&&
&
Fig! 9.& (a)& Synthesis& of& PGMA58TbTPHPMA250& (G58H250)& diblock&
copolymer& via& RAFT& aqueous& dispersion;& (b)& Schematic& illustration&
of&the&
in!situ&encapsulation&of&SiO2&NPs&via&PISA&and&subsequent&release&of&
SiO2&NPs&on&cooling&to&0&

oC&due&to&vesicle&dissociation.&Reproduced&
from&Ref&63&with&permission.&

&
&
obtained& solution& reversibly& shifted& from& spheres& to& worms,&
favouring& the& sterilised& gelation,& which& in& turn& served& as& an&
injectable& scaffold& for& stem& cell& growth.& Later,& the& same& research&
group& exploited& the& use& of& PGMATbTPHPMA& diblock& copolymer&
nanoworm&gel&in&human&Pluripotent&Stem&Cells&(hPSCs)&and&human&
embryos.109&When& cooled& down& from& 37& to& 5°C,& PGMATb7PHPMA&
worm& gels& switched& from& worms& to& spheres,& allowing& for& a&
reversible& gel& formationTdestruction& via& an& orderTorder& transition,&
on&which&cells& can&be&embedded&and& recovered.&These&worm&gels&
showed& a& good& aptitude& at&mimicking& natural&mammalian&mucins&
and& at& forming& an& excellent& 3D&matrix& to&maintain& hPSCs& viability&

and&pluripotency&without&any&passaging& for&14&days,&as&well&as& for&
possible&shortTterm&storage&of&hPSCs&and&human&embryos&without&a&
need&for&cryopreservation.&

2.6.!Enzymatically!responsive!systems!

Enzymes& are& key& components& in& cell& regulation,& and& enzymatic&
dysfunction& or& overexpression& is& associated& with& a& number& of&
pathological& conditions,& particularly& in& cancer.110–112& These&
dysfunctions& or& overexpressions& can& be& exploited& as& a& potential&
target&in&drug&delivery&designs.&For&instance,&drugs&can&be&leveraged&
when& being& exposed& and& degraded& in& a& dysfunctional& enzyme&
environment.&&&

Although& a& majority& of& reported& examples& has& been& using& RAFTT
PISA,&other&potential&types&of&polymerisations&can&be&of&interest&for&
the& production& of& biodegradable& and& responsive& polymer& NPs.& To&
address& the& challenge& of& high& polymerisation& temperatures& and&
strictly& oxygenT& free& conditions,& ROMPISA& has& been& introduced& to&
synthesise& particles& with& high& control& over& the& polymerisation&
process&under&aerobic&conditions.&
!
In& a& recent& report,& Wright& et! al.& generated& peptideTbased& NPs&
sensitive&to&the&proteolytic&enzyme&thermolysin& in&aqueous&media,&
via& a& oneTpot& method& in& open& air& upon& ROMPISA& at& a& high& solid&
concentration& (10&%).71& Such& enzymeTresponsive& poly(norbornene)&
block& copolymers& are& key& to& a& series& of& future& applications&where&
more& enzymatically& sensitive& biodegradable& materials& can& be&
prepared&from&the&versatile&and&robust&ROMPISA&method.&&

Recently,& vesicles& made& from& the& ROP& of& NTcarboxyanhydride&
(NCA)Tinduced&selfTassembly& (NCATPISA)&have&been&suggested.&The&
polymerisation& of& & the& LTphenylalanine& NCA& (LTPhe& NCA)& was&
initiated&by&methoxypolyethylene&glycol&amine&(PEG45TNH2)&at&10°C&
without&the&need&for&degassing,&using&a&20&%&solid&contents.70&The&
obtained&vesicles&were&then&degraded&by&trypsin&over&96&h.&&

2.7.!Dual!photo.!and!pH.responsive!systems!
!
The& following& formulation& was& proceeded& upon& a& bifunctional&
responsiveness,& endowing& particles& with& the& UVTinduced& crossT
linking& for& enhanced& colloidal& stability& under& physiological&
conditions,& while& conferring& pHTtriggered& drug& unloading& in& acidic&
microenvironments.& In& this& contribution,& two& photosensitive&
monomers,& 2Tnitrobenzyl& methacrylate& (NBMA)& and& 7T(2T
methacryloyloxyTethoxy)T4TmethylTcoumarin&(CMA)&were&employed&
as&comonomers& in&a&RAFT&aqueous&dispersion&polymerisation&with&
poly(NT(2Thydroxypropyl)&methacrylamide&(PHPMA)&as&a&macroTCTA&
agent.&This&approach&readily&afforded&wellTdefined&polymeric&nanoT
structures& with& four& types& of& morphologies:& spheres,& worms,&
lamellae,&and&vesicles.113&Upon&UV&irradiation&(365&nm),&the&NBMA&
moieties& were& cleaved& and& replaced& with& the& ionised& methyl&
methacrylate& (MMA),& inducing& the& hydrophobicTtoThydrophilic&
transition& of& the& coreTforming& block;& at& the& same& time,& the&
coumarin& segments& were& dimerised& to& generate& a& core& crossT
linking,& thus& preventing& the&NP&disassembly.&DOX&was& loaded& into&
the& PHPMATbTP(MAA7coTCMA)& nanoTobjects& via& an& electrostatic&
interaction&between&the&TNH3

+&ammoniums&on&DOX&and&the&TCOO–&
carboxylates&on&P(MAATcoTCMA)&in&water,&enabling&a&relatively&high&
drug&loading&of&24.9&%&wt.&In!vitro&release&revealed&that&DOX&rapidly&
escaped& from& the& nanoTobjects& at& pH& 5.4& in& intracellular&
endosomes/lysosomes&due&to&the&protonation&of&the&TCOO–&groups&
on& PMAA,& thus& disrupting& the& electrostatic& interactions& between&
DOX&and& the&hydrophobic&P(MMATco7CMA)& core.& In& summary,& the&
above& formulation& method& has& enabled& polymeric& NPs& powerful&
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dual& responsive& behaviours,& exhibiting& a& robust& photoTinduced&
crossTlinked& core& for& greater& stabilisation& and& onTdemand& DOX&
release& in& acidic& intracellular& microenvironment& upon& cellular&
uptake.&

In& a& similar& work,& Pan& et! al.& described& the& RAFT& dispersion&
copolymerisation&of&DIPEMA&and&CMA&in&the&presence&of&PHPMA&as&
a& macroTRAFT& agent& to& produce& in! situ& vesicles.114& Following&
irradiation& with& UV& light& at& 365& nm,& the& coumarin& moieties&
anchored& in& the& vesicle& membrane& underwent& dimerisation& to&
crosslink& together,& thus& bringing& an& improved& structural&
stabilisation&to& the&polymeric&vesicles.& In&addition,& the&presence&of&
the& tertiary& amino& groups& on& the& DIPEMA& segments& of& the&
membrane&triggered&a&swellingTshrinking&transition&upon&tuning&the&
solution& pH& from& acidic& to& basic.& At& pH& 4,& the& DIPEMA& was&
protonated&and&shifted&to&a&hydrophilic&state,&inducing&the&swelling&
of& the& coreTforming& block,& thus& enabling& the& pores& of& the&
membrane& vesicles& to& open& and& facilitating& the& transmembrane&
traffic& of& substances.& In& acidic& solutions,& both& the& membrane&
(DIPEMA)& and&DOX&were& protonated,& and& the& escape& of& DOX&was&
inhibited& due& to& electrostatic& repulsion,& although& the& membrane&
pores& were& large& enough& for& DOX& to& get& through.& In& contrast& to&
DOX,&fluorescein&was&effectively&released&after&loading&through&the&
vesicle&membrane&due&to&a&size&of&fluorescein&smaller&than&those&of&
the&pores&and&the&absence&of&electrostatic&repulsions.&

&

2.8.!Dual!reductive.!and!pH.responsive!systems!

To&enhance&the&chemical&versatility&of&membraneTforming&block&of&
the& amphiphilic& block& copolymer& vesicles,& the& dual& in& situ& crossT
linkers,& pHTresponsive& and& a& reductiveTcleavable& bond& into& the&
PISATmediated&copolymerisation&was&introduced.115&First,&PEGTCPDB&
was& chainTextended& with& comonomers& including& 2T
(diisopropylamino)Tethyl& methacrylate& (DIPEMA),& and& either&
methacrylamide& multivinyl& comonomer&
cysteaminebismethacrylamide& (CBMA)& or& bis(2T
methacryloyloxyethyl)& disulfide& (DSDMA)& using& a& RAFTTmediated&
dispersion&polymerisation.&It&was&indicated&that&the&PISA&of&DIPEMA&
with& the& CBMA& crossTlinker& imparted& more& robust& crosslinked&
membranes.& Rhodamine& B& was& used& as& a& drug& model& and&
encapsulated&into&the&polymeric&vesicles.&Owing&to&the&dual&stimuliT
responsive&character&of& the&vesicles,& the&dye&was&rapidly&unloaded&

by&the&synergistic&effect&of&DLTdithiothreitol& (DTT)& (10&mM)&and&an&
acidic& media& at& pH& 4& mimicking& intracellular& conditions.& At& acidic&
pHs,& DIPEMA& was& protonated& and& switched& the& system& to&
hydrophilic,& vesicles& thus& swollen,& and& the& dye& was& conclusively&
liberated.& On& the& other& hand,& drug& release& was& also& extraT
augmented&due&to&the&DTTTinduced&cleavage&of&disulfide&crossTlinks&
in& the& acidic& aqueous& medium.& This& study& demonstrated& a&
straightforward&oneTpot&strategy&of&the&crosslinked&membrane,&selfT

assembly& and& drug& encapsulation,& endowing& enhanced& structural&
integrity& and& stabilisation& to& the& vesicle& membrane& as& well& as& an&
improved&intracellular&drug&release&(Fig&10).&

&

Outlooks!and!Future!Challenges!
The&present& review&discussed& the& latest&exciting&studies&describing&
the& design& and& formulation& of& in! situ& stimuliTresponsive& NPs& via&
mostly&RAFTTPISA&and&a&few&ROP/ROMPTPISA&methods,&&in&order&to&
achieve& onTdemand& drug& release& while& favouring& a& simple& and&
effortless& (vraiment& ?)& synthetic& approach.& The& distinctive&
heterogeneity& of& diseased& body& areas& and& their& associated&
pathogenic& conditions& such& as& a& higher& reduction& potential,& the&
presence& of& ROS& and/or& low& pHs& have& long& become& potential&
targets& for& the& development& of& drug& delivery& systems& that& are&
responsive& to& these& specific& factors& and& enable& drug& unloading& at&
the& appropriate& sites& of& action.& The& use& of& PISA& is& of& particular&
interest&and&widely&recognised&as&a&powerful&technique&to&prepare&
selfTassembled& NPs& in& a& oneTpot& synthetic& pathway,& with& limited&
intermediate& purification& steps,& while& facilitating& scalability& and&
industrial& demands&as&opposed& to& traditional&methods.&A& range&of&
PISATprepared& selfTassemblies& incorporating& functional& moieties&
have& been& highlighted& that& respond& to& pathogenically& mimicking&
stimuli.& For& example,& NP& pHTresponsiveness& in& order& to& release&
drugs& could& be& accomplished& by& an& hydrophobicTtoThydrophilic&
solubility& transition& of& the& coreTforming& block.& This& transition&
resulted& from& the& incorporation& of& ionisable& groups& that,& upon&
acidic& pHs& associated& to& the& cell& pathology,& induced& protonation&
and& hydrophilicity& of& the& internal& fragments,& leading& to& nanoT
objects&disassembling&and!drugs&being&released.&

!
!
Fig! 10.& (A)& In! situ& crosslinking& in& PISA& to& prepare& crosslinked& PEGT
CPDBTbTP(DIPEMA90TcoTCBMA10)&membrane&vesicles&(D90C10);&(B)&
Reversible& changes& in& the& diameter& of& D90C10& vesicles& upon&
switching&solution&pH&between&4.0&and&8.0.& (C)&Cumulative&release&
profiles& of& Rhodamine& B& from& D90C10& vesicles& under& different&
conditions.&Reprinted&with&permission&from&Ref&115.&Copyright&2019&
American&Chemical&Society.&
The&nanoTstructural&dissociation&arising&fom&the&solubility&transition&
was& also& observed& under& ROSTabundant& conditions,& whereby& the&
hydrophobic& thioether& moieties& in& the& core& were& oxidised& to&
hydrophilic& sulfones,& disintegrating& the& coreTshell& structures.&
Micelles& crossTlinked& via& disulfide& bonds& displayed& an& enhanced&
colloidal& stability& under& normal& cell& conditions;& however,& in& the&
presence& of& reductive& agents,& they& disintegrated& to& liberate& the&
internal& payloads& owing& to& the& cleavage& of& reductiveTsensitive&
disulfide& bonds.& On& the& other& hand,& thermal& responsiveness& of&
spherical& micelles& triggered& drug& release& upon& temperature&
changes& because& of& the& morphological& evolutions.& Dual& triggers&
such& as& pHTandTreduction& or& pHTandTlight& stimuli& combinations&
synergistically&increased&the&sensitivity&of&particles&for&an&enhanced&
drug&release&efficiency.&&

Although&PISA&research&has&vigorously&been&growing&and&displaying&
some& great& promises& to& overcome& the& drawbacks& of& traditional&
solution& selfTassembly& techniques,& &many& challenges& remain& to& be&
addressed.&One&of&the&major&bottlenecks&preventing&the&expansion&
of& PISA& into&more&biomaterials& applications& are& the& relatively& high&
temperatures&and&the&absolute&oxygenTfree&environments&required&
by&radical&polymerisations,&which&can&be&challenging&to&achieve&and&
hamper& the& final& desired& reaction& yields.& Most& of& the& existing&
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(meth)acrylateTbased& polymers& are& also& difficult& to& degrade& in&
biological& media& resulting& in& some& increased& accumulation& and&
toxicity.& Fortunately,& some&of& these& issues& can&be&addressed&using&
ROMP&or&ROP&methods,&involving&the&use&of&new&and&biodegradable&
monomers& to& synthesise& selfTassembled& objects& under& mild&
conditions,& or& by& using& UV& initiation& to& avoid& the& need& of& high&
reaction&temperatures.&These&approaches&are&also&of&great&benefit&
to& the& encapsulation& of& fragile& therapeutic& drugs& or& biomolecules&
such& as& peptides,& antibodies,& or& DNA/RNA,& thus& avoiding& their&
denaturation&or&degradation&while&retaining&the&structural&integrity&
of&selfTassembly.&Also,&currently&the&majority&of&PISA&formulation&for&
drug&delivery&and&biomaterials&has&been&carried&out&based&on&RAFT&
polymerisations,&some&on&ROP&or&ROMP.&Hence&there& is&a&need&to&
exploit& other& types& of& living& radical& polymerisations& such& as&
nitroxideTmediated& polymerisations& (NMP),116& iodineTmediated&
polymerisations& (ITP),117& and& sulfurTfree& RAFT118,119& for& potentially&
preparing& less& toxic& polymers.& Though& atom& transfer& radical&
polymerization&(ATRP)& has& been& extensively& adopted& to& synthesise&
PISATderived& nanoTobjects,120,121& its& application& in& drug& delivery& is&
very&limited&due&to&the&use&of&cytotoxic&copper&catalysts&during&the&
polymerisation.&&

Also,& it& is&of& importance& to&be&able& to&design&multifunctional&PISAT
made& particles& that& can& load& multiple& therapeutic& agents& and/or&
diagnostic&probes&while&being&conjugated&with&targeting&ligands&for&
achieving& enhanced& siteTspecific& drug& delivery& as&well& as& precisely&
controlled& drug& release& on& demand.& Additionally,& more& attempts&
are& required& to& investigate& the& behaviour& of& these& PISATprepared&
NPs&in&delicate&(complex&?)&3D&cell&culture&models&as&well&as&in!vivo,&
in& order& to& rapidly& accelerate& translations& to& clinical& studies.& In&
principle,&a&formulation&method&at&the&hint&of&future&interest&should&
also&display& reasonable&drug& loading&and& increased&cellular&uptake&
or& trafficking,& and& PISA& has& proven& itself& as& an& ideal& candidate.&
Attempts&have&been&made&to&apply&external&stimuli&to&impart&higher&
control& over& sizes& and& morphologies& of& PISATprepared& NPs.&
Interestingly,& light&has&been&used&to&enable&spatiotemporal&control&
of& initiation,122& crossTlinking,113& or& modification& of& the&
hydrophobic/hydrophilic&block&ratio.123&&

Nevertheless,&while&it&is&critical&to&carry&out&PISA&in&aqueous&media&
for& medical& purposes,& it& can& limit& the& ability& of& encapsulating&
hydrophobic& drugs,& especially& via& physical& entrapment.& Probably,&
the&use&of&prodrug&monomers&as&aforementioned&could&potentially&
provide&a&solution&by&which&drugs&can&be&conjugated&to&monomers&
or& macroTCTAs& prior& to/during& the& PISA& process& via& stimuliT
responsive& linkages,& thus& both& increasing& loading& efficiency& whilst&
yielding& local& release.& Also,& the& question& has& been& raised& about&
whether& particle& shapes& may& have& an& impact& on& the& resulting&
loading&efficiency&and&cell&internalisation&since&there&have&not&been&
many& reports& addressing& this& issue.& Hence&more& attention& should&
definitely& be& drawn& to& this& critical& aspect.& In& the& meanwhile,&
hydrophilic& drugs& can& be& easily& compartmentalised& into& PISAT
generated&NPs,&particularly& in&vesicles,& imparting& the&protection&of&
internal&cargos&from&a&degradation&by&biological&media.&This&aspect&
could& be& very& useful& for& the& preparation& of& less& invasive& oral&
formulation& where& drugs& can& be& protected& from& the& extreme&
conditions&of&the&digestive&and&intestinal&tracks&before&reaching&the&
disease&areas.&Finally,&the&majority&of&PISATrelated&work&up&to&now&
has&been&focusing&on&anticancer&drug&delivery&while&it&is&very&likely&
that& the& same&methodology&could&be&applied& to&other& therapeutic&
treatments,& such& as& diabetes,& and& cardiovascular& or& infectious&
diseases.&&

Until& the& end,& beyond& these& challenges,& it& is& widely& believed& that&
PISA& will& continue& to& thrive& and& rapidly& expedite& (expand& ?),&
building&on&our&growing&understanding&of&synthetic&parameters&and&
formulation& strategies.& To& date,& PISA& has& successfully& enabled& the&
selfTassembly,&drug&loading&and&incorporation&of&stimuliTresponsive&
functionalities& allTinToneTpot& synthetic& approach.& In& a& very& soon&
future,& one& believes& the& rapid& mature& of& PISA& can& instil& more&
important& aspects& of& the& talented& drug& delivery& into& a& selfT
assembled& nanoTobject,& thus& furthering& a& range& of& therapeutic&
values& to& the& ultimate& translation& from& the& bench& to& the& bedside&
(???).&
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&
Table!1.&Summary&of&block&copolymers,&Stimulus/Stimuli,&Drug/Payload&and&Morphology&of&nanoTobjects

& !

Block&copolymer& Stimulus/Stimuli& Drug/Payload& Morphology& Ref.&

POEGMATbTP(STTcoTVBA)& Acidic&pH& Doxorubicin&(DOX)&
Spheres,&Worms,&Rods,&
Vesicles&

75&

PDMAEMA& Acidic&pH& DOX&
Spheres,&Rods,&Wires,&
Vesicles&

76&

P(HPMA300TstatTGlyMARh1)–PDPA52& Acidic&pH& Rhodamine&B&& Vesicles&
77&

PEGTbTP(MEO2MATcoTCPTM)& GSH&10&mM& Camptothecin&(CPT)& Spheres&
85&

P(CPTMTcoTNIRM)TbTP(HPMATcoTEDGMA)& GSH&10&mM& BODIPY& Spheres&
86&

PEG113TbTPPFMA& GSH&10&mM& None& Spheres&
87&

P(NAMTbTNAT)& H2O2&10&mM& Nile&red& Spheres&
96&

mPEGTbTP(HPMATcoTDMAEMA)& CO2& SiO2&NPs& Vesicles&
104&

PEGMATbTP(HPMATcoTDMAEMA)& CO2& BSA& Vesicles&
105&

PGMATbTP(HPMATcoTDMAEMATcoTAMA)& CO2&
Methylene&blue&(MB)/&
SiO2&NPs&

Vesicles&
106&

PGMATbTPHPMA& Temperature& SiO2&NPs& Vesicles&
63&

PHPMATbTP(NBMATcoTCMA)& UV&and&acidic&pH& DOX&
Spheres,&Nanorods,&
Lamellae,&Vesicles&

113&

PHPMATbTP(DIPEMATcoTCMA)& UV&and&acidic&pH& AuNPs/DOX/Fluorescein& Vesicles&
114&

PEGTCPDBTbTP(DIPEMATcoTCBMA)&
Reductive&(DTT)&and&acidic&
pH&

Rhodamine&B& Vesicles&
115&
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