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Abstract

The physical properties of cyclic and linear polysnare markedly different; however, there
are few examples which exploit these differenceslimcal applications. In this study, we
demonstrate that self-assemblies comprised of@liokar graft copolymers are significantly
more stable than the equivalent linear-linear gecaftolymer assemblies. This difference in
stability can be exploited to allow for triggeredakssembly by cleavage of just a single bond
within the cyclic polymer backboneija disulfide reduction, in the presence of intradaliu
levels of_-glutathione. This topological effect was exploiteddemonstrate the first example

of topology-controlled particle disassembly for ttantrolled release of an anti-cancer drug

1



in vitro. This approach represents a markedly differematesjy for controlled release from
polymer nanopatrticles and highlights for the ftrste that a change in polymer topology can
be used as a trigger in the design of delivery alebi We propose such constructs, which
demonstrate disassembly behavior upon a changaympr topology, could find application

in the targeted delivery of therapeutic agents.

Introduction

Polymer topology can exert significant influenceepthe properties and potential
applications of a polymeric material. Among the ganof accessible topologies, cyclic
polymers have drawn considerable attention as aeguence of the unique behavior they
exhibit in comparison to their linear counterpdftswhile significant progress has been
made towards understanding these fundamental pyoghéfierences, there are comparatively
few reports that exploit these differences in dpe@pplications. Nevertheless, polymers
with a cyclic topology have shown great promisepasential drug and gene delivery
vehicles, often exhibiting greater efficacg,g. higher gene transfection efficiencie®,
longer in vivo circulation times; and higher cancer cell uptaké® than their linear
counterparts. Furthermore, amphiphilic cyclic poéym display markedly different self-
assembly behavior compared to linear amphiphilitympers® with cyclization shown to
affect the dimension¥, morphology*>'’ temperature and salt tolerart&e¢? and
degradatiofi' of polymer self-assemblies.

The selective delivery of therapeutic compoundsnfipolymer nanoparticles shows
promise for the treatment of cancer and other desseaControlled release of a compound at
the site of action is desirable to maximize efficaminimize side-effects and frequency of
administration. As such, triggered particle disadslg has been studied as a means to control

payload releas®* Whilst numerous stimuli including temperattfié® and light* have been



exploited to trigger particle disassembly, these generally not suitable foin vivo
applications given the inability to precisely catthese factors within the celllhus,
polymer degradation is the generally favored meigmarforin vivo particle disassembly and
cargo release. Degradation may be selective orsetattive, for example, the hydrolysis of
ester linkages is non-specific and occurs underphlsiological conditions, while the
reduction of disulfide bonds in the presence of ti@ogical reducing agentglutathione
(GSH) occurs primarily in intracellular environmenas a consequence of the 100-fold
increase of GSH in intracellular environments coragao extracellular environmerfts?®
Indeed, the difference in intracellular and extlat& GSH concentration has been elegantly
exploited for the disassembly of polymeric congsuthrough the cleavage of disulfide
crosslinks, which has been coupled to the relebserange of payload<:?® However, in all
instances of particle disassembly through degradator breakage of crosslinks,
consideration must be given to the resulting demiad products, which may differ
significantly in chemical structure, molar massJlubdity, and therefore toxicity and
retention, compared to the original polymer.

To overcome this limitation, we designed a new glakresponsive constructs that
can undergo a topological change and disassemldgeps in response to a reducing
(intracellular) environment. We report the firststance of topology-controlled particle
disassemblyn vitro, triggered by a switch in polymer topology fronchky to linear, where
the disassembled and original polymers vary onlyopology. Inspired by the observation
that self-assemblies of cyclic-linear graft copogmn (with a cyclic core and linear arms)
were significantly more stable than equivalentdinknear graft copolymer assemblies (with
a linear core and linear arms), we hypothesizetthistopology effect could be exploited to
trigger particle disassembly through incorporatmna cleavable disulfide linkage in the

cyclic polymer backbone. Upon disulfide cleavagke tcyclic-linear graft copolymer



assembly switches to an unstable linear graft gopet assembly, which disassembles.
Importantly, disulfide cleavage and subsequentiggartisassembly can be triggered in the
presence of intracellular levels of the celluladueing agent-glutathione. To demonstrate

that the topology switch is independent from theaghble linker selected, an acid-sensitive
acetal linker was incorporated in the cyclic polyns¢ructure, and the topology-directed
disassembly was triggered by acidic pH. This apgraapresents a significant breakthrough
in the development of new strategies forvivo particle disassembly and the selective
delivery of therapeutic agents, as well as expandire potential applications of cyclic

polymers.

Materials and methods

Materials

1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) was draaetr CaH, distilled and stored
under inert atmosphere. 1,4-butanediol and 1,3gegiol were dried and stored over 3 A
molecular sieves. RAFT CTA-functional carbonate dwinethyl-5-ethoxycarbonyl-1,3-
dioxan-2-one monomers were synthesized as previowegorted and dried over 3 A
molecular sieves in dry Gi8l,.2°3° 4-pentynoic anhydride was prepared according € th
literature™*3* AIBN (2,2'-azo-bis(isobutyronitrile)) was recrytized twice from methanol
and stored in the dark at 4 °C. @, was purified over Innovative Technology SPS alwamin
solvent columns and degassed before use. Nanomies with a resistivity of 18.2 K-cm
was prepared using a Millipore Simplicity UV ulttap water purification system. All other
solvents and chemicals were obtained from Sigmai&idor Fisher Scientific and used as
received. For the biological studies, A549 cellseaveurchased from Public Health England,

UK. F-12K (Kaighn's) medium was purchased from @jbietal bovine serum (FBS) was



acquired from Sigma-Aldrich, penicillin/streptomgcipen/strep) antibiotic solution was
acquired from Fisher Scientific.

Synthesis of RAFT CTA-functional polycarbonate
1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU) (38 mg2®mmol) was added to a solution of
the appropriate equivalents of RAFT CTA-functionafbonate (1 g, 2.5 mmol), 5-methyl-5-
ethoxycarbonyl-1,3-dioxan-2-one (0.47 g, 2.5 mnaoljl 1,4-butanediol (0.018 g, 0.2 mmol)
or 1,3-propanediol (0.011 g, 0.2 mmol) in dry &1 (20 mL) and stirred at room
temperature. After the desired amount of time tbé/merization was quenched by the
addition of Amberlyst 15 Hion exchange resin. The resin was removed byafiiiin, the
solution concentrated and the polymer precipitatecold diethyl ether. The unreacted
monomers and residual DBU were removed by columrormohtography (silica, 100%
CH.Cl,, then 100% ethyl acetate, yield = 65%)YH NMR (400 MHz, CDC4, ppm): § =
7.31-7.26 (M, 4bhckbone-1 Ar), 5.11 (M, 2Hackbone-1 OCHLAT), 4.59 (M, 2Hackbone-1 SCH2AT),
4.28 (M, 8Hackbone-1+2 C=OO0MHC(CH3)CH,0), 4.17 (M, 2lgckbone-2 OCH2CH3), 4.11 (m,
4Hend-group OCH2CH), 3.37 (M, 2Hackbone-1 SCH2CH3), 1.73 (M, 4Khd-group OCH2CHy), 1.35
(M, 3Hbackbone-1 SCHCH3), 1.24 (M, 6lackbone-1+2 CCH3), 1.21 (M, 3Hackbone-2 OCHCHy).
SEC (CHC} + 0.5% NE#, PS standardsM, (SEC) = 6.0 kg mat, By = 1.18.

End-group functionalization
Pyridine (0.12 g, 1.5 mmol) was added to a solubtbRAFT CTA-functional polycarbonate
(1 g, 0.15 mmol), 4-pentynoic anhydrid€0.88 g, 4.5 mmol) and DMAP (55 mg, 0.45
mmol) in dry CHCI, (30 mL) and stirred under nitrogen for 36 h. Tbh&ugon was washed
with saturated NaHSO(2 x 50 mL) and saturated NaHg( x 50 mL) and the organic
layer dried over MgS® Solvent was removed vacuq the polymer residue dissolved in the
minimum amount of CHGland precipitated into petroleum ether 40-60 °@ahimes (Yield

= 82%)% 'H NMR (400 MHz, CDC}, ppm): 8 = 7.31-7.26 (M, 4khckbone-1 Ar), 5.11 (m,



2Hpackbone-s  OCHZAN), 459 (M, 2Hackoones STH2AI), 4.28 (M, 8Hackbone-1+2
C=00,C(CH;)CH;0), 4.17 (M, 2lackbone-2 OCH2CHz), 4.11 (M, 4Hhg-group OCH2CHy),
3.87 (M, 2Hackbone-1 SCH2CH3), 2.55 (M, 4Hhg-group CH2CH2CCH), 2.50-2.42 (M, 4kd-group
CH,CH>CCH), 1.97 (m, 2lhd-group CH), 1.73 (M, 4Knd-group OCHCH>), 1.34 (M, 3Hackbone-
1, SCHCH3), 1.24 (M, 6Hackbone-1+2 CCH3), 1.22 (M, 3Hackbone-z OCHCH3). SEC (CHC] +
0.5% NE$, PS standardsM,, (SEC) = 7.4 kg mél, By = 1.17.

Synthesis of azides small molecules
Caution: Small organic azides are potentially explosive amgst be handled with care,
particularly in concentrated forms and/or in lagggntities. Keep away from sources of heat,
pressure, light, shocks and strong acids. Bis-¢etid/l)disulfide was prepared according to
literature procedures (Yield: 80%)>3'H NMR (400 MHz, CDC}, ppm):& = 3.59 (t, 4H,
N3CHy, 3Ju.n = 6.7 Hz), 2.86 (t, 4H, S8, *Ju.y = 6.7 Hz).2°*C NMR (100 MHz, CDC},
ppm):d = 50.0 (NCHy), 37.7 (£Hy).

1,8-diazidooctane was prepared according to titezaprocedures (Yield: 789%%§>°
'H NMR (300 MHz, CDC4, ppm):8 = 3.25 (t, 4H, NCH,, %4 = 6 Hz), 1.64-1.55 (m, 4H,
N3CH,CH,), 1.34 (m, 8H, El,). **C NMR (300 MHz, CDC}, ppm):8 = 52.5 (NCH>), 29.1
(NsCH,CH>), 28.9 CH,), 26.7 CH>).

2,2-bis(2-azidoethoxy)propane was prepared as ridedc below. Imidazole-1-
sulfonyl azide hydrochloride was prepared accordimea literature procedur.2-[1-(2-
Amino-ethoxy)-1-methyl-ethoxy]-ethylamine (AEE) wgwepared following a literature
procedure’ Imidazole-1-sulfonyl azide hydrochloride (2.6 §,40 mmol) was then added to
a solution of AEE (1 g, 6.17 mmol) in MeOH (20 mBpptassium carbonate (2.6 g, 19 mmol)
and copper(ll) sulfate pentahydrate (0.015 g, 0.0620l) were then added to the mixture.
The solution was stirred at room temperature ogétnithen concentrated and diluted with

water (20 mL). The product was then extracted EitBAc (100 mL), washed with brine (3



x 50 mL), and dried over MgSOFlash chromatography was used for purificatiod: 10
hexane:EtOACc) to obtain a clear viscous liquid {@ie663%). *H NMR (300 MHz, CDC},
ppm): & = 3.64 (t, 4H, NCHy, *Ju.n = 6 Hz), 3.36 (t, 4H, BCH,CH,0 33,4 = 6 Hz), 1.39 (s,
6H, CH3). °C NMR (300 MHz, CDC}, ppm): & = 100.61 C), 60.17 (NCH.CH,0), 51.1
(N3CHy,), 24.76 CHs). Mass = [M + Na'] 236.7.

Cyclization via the copper-catalyzed azide-alkyne cycloaddition

A solution ofN,N,N’,N’-pentamethyldiethylenetriamine (PMDETA) in toluern0.15
g, 0.9 mmol, 0.002 M) was bubbled with nitrogen fon. Cu(l)Br (0.12 g, 0.83 mmol) was
added and the solution bubbled for a further 30.rmna separate ampoule a solution of
alkyne terminated RAFT CTA-functional polycarbonée06 g, 0.008 mmol) and a diazide
linker (1.7 mg, 0.008 mmol) in toluene (1 mM) wagdssedia 3 freeze-pump-thaw cycles.
The degassed solution was then transferred in@séight glass syringe and added at a rate
of 0.3 mL/h to the solution of PMDETA and Cu(l)Brhikst stirred under nitrogen. After
completeaddition the solution was stirred for a further 3then washed with saturated
NaHCQ; (3 x 50 mL) and brine (3 x 50 mL) and the orgarager dried over MgS£
Toluene was removeid vacuoand the polymer residue was dissolved in,Cl (100 mL)
and stirred in the presence of Cuprisorb beadsnayler The beads were removed
filtration and the polymer was precipitated intdrpeum ether 40-60 "C (50 mL) three times
(Yields = 45-51%)M NMR (400 MHz, CDGJ, ppm): & = 7.31-7.25 (M, 4bhekbone-1 Ar),
5.12 (M, 2Hackbone-s OCHAr), 4.59 (M, 2Hackbone-s SCHAT), 4.28 (M, 8Bkackbone-1+2
C=00,C(CH;)CH,0), 4.17 (M, 2lgackbone-2 OCH2CHz), 4.12 (M, 4Hng-group OCH2CHy),
3.37 (M, 2Hhackpone-1 SCH2CH3), 3.14-2.59 (M, 12khd.group CH2SSTH, + CH,CH,CCH +
CH,CH,CCH), 1.73 (M, 4lhd-group OCH2CH), 1.35 (M, 3kackbone-1 SCHCH3), 1.24 (m,
6Hpackbone-1+2 CCH3), 1.22 (M, 3Hackbone-2 OCHCH3). SEC (CHGY + 0.5% NE§, PS

standards)M, (SEC) = 6.2 kg ma}, By = 1.16.



General procedure for RAFT polymerizations
The appropriate equivalents of RAFT CTA-functiongtlic (0.05 g, 0.008 mmol) or linear
polycarbonate (0.05 g, 0.007 mmol), AIBN (0.5 eg.total RAFT CTA groups) and 4-
Acryloylmorpholine (0.76 g, 5.4 mmol) were loadedo a dry ampoule and dissolved in
CHCI; (1.5 mL). The reaction mixture was degassed 4 freeze-pump-thaw cycles and
refilled with nitrogen. The polymerization was iated by immersion of the ampoule into an
oil bath at 70 °C. After the desired length of tirhe polymerization was quenched by
immersion of the ampoule in liquid nitrogen. Monamenversions were kept below 50% to
minimize graft-graft coupling.

General procedure for particle preparation

Assemblies were prepared using the solvent switethod or the direct dissolution
method. In the first case, the relevant polymer @&solved in THF at 10 mg/mL. 18.2
MQ-cm water (20 mL) was added to the stirred solwiara peristaltic pump at a rate of 0.6
mL/h. After complete water addition, THF was remdwea exhaustive dialysis (6-8 kDa
MWCO) against 18.2 I®-cm water for 3 days to yield a final concentratminca. 0.5
mg/mL. No loss of polymer was observed after dialymder these conditions. In the direct
dissolution method, the relevant polymer was dissblin 18.2 M2-cm water to reach the
desired concentration (from 0.25 to 2 mg/mL) andlygsed directly after.

General procedure for particle preparation via thin film hydration

The relevant polymer was dissolved in CECL mg/mL) in a round bottom flask.
CHCI; was removedh vacuoto leave a thin polymer film coating the insidelod flask. 18.2
MQ-cm water was carefully added down the side offldmk to prevent disruption of the
polymer film, which was left to hydrate for 16 hgove a final polymer concentration o
0.5 mg/mL.

Determination of cmc via fluorescence spectroscopy



73 pL of a stock solution of pyrene in acetone 12x410° M) was added to several
vials and the acetone subsequently evaporated. cyhkc and linear assemblies were
preparedvia direct dissolution in 18.2 EA-cm water, with concentrations from 0.0003 to 2
mg/mL. 300 pL of each polymer solution was added fmyrene containing vial and stirred
overnight to give a final pyrene concentration of 0’ M. Excitation spectra were recorded
in the rangelex = 300-375 nm andey, = 390 nm. A clear shift in the excitation speatfa
pyrene of the excitation maxima frooa. 339 to 335 nm is observed when pyrene enters a
hydrophobic environment. Comparison of the intgnsftthese two signalssy/l334.9 over a
range of polymer concentrations allows determimatbthe cmc; where the cmc was taken
as the inflection point in the plot afs¥1334.5vSs polymer concentration.

Encapsulation of small molecules
The relevant polymer was dissolved in 2 mL of DM&QCa concentration of 10 mg/mL. 20
wt% of the small molecule (BODIPY-FL, Camptothecimds then added to the solution and
stirred for 30 min to achieve a homogeneous salu6 mL of 18.2 MR-cm water was then
added to the solution and left to stir overnighth&ustive dialysis (6-8 kDa MWCO) against
18.2 MQ-cm water for 3 days was then used to remove amgnaapsulated dye/drughe
drug loading was optimized using different feedimgtios (5, 10, 20, 40% w/w of
drug:polymer) and it was observed that a feedinip raf 20% would achieve the highest
encapsulation efficiency (70%). Encapsulation efhcy (EE) was calculated using the

following equation:

_ Amount of drug loaded in the assemblies

EE = 100

Amount of drug added during assembly %

where the amount of drug was measuvé fluorescence spectroscopy. Cyclic or linear
assemblies were dissolved in DMSO to a concentraifol mg/mL. The drug loading was
calculated for all the cyclic polymers independgrdéind for the linear 2 polymer by

fluorescence measurements using a plate readersdlaéon of assemblies (40 pL) and



DMSO (10 pL) were pipetted into a black flat bott®@& well plate and read on a BMG
Labtech FLUOstar OPTIMA plate readée(= 370 nmiem = 428 nm). Three samples were
read and the fluorescence averaged. Control cumeze constructed by dissolving blank
assemblies as described above and adding knownrasnaiudrug.

Drug release studies
The relevant polymer (2 mL, 1 mg/mL) was incubateth either 10 uM or 10 mM of L-
glutathione and the vial was placed in a shakiraylyator (60 rpm) at 37 °C. Time points
were taken every 2 hours, up to 16 h, and the damgentration was measured using a
Spectrofotometer FS5 by Edinburgh Instrumeigs< 370 nmiey, = 428 nm).

Cell viability studies

A549 cells were cultured in F-12K (Kaighn's) mediwith the addition of 10% FBS
and 1% pen/strep at 37 °C, 5% £®or the viability experiments, cells were seedad24
wells plates at a seeding density of 10000 cells&nd let adhere and proliferate for 72 h.
Culture medium was then replaced with an increasiogcentration of linear or cyclic
assemblies (from 0 to 2 mg/mL), and linear or @yalssemblies encapsulating camptothecin
(from 0 to 250 nM of camptothecin in the case dflicyassemblies and from 0 to 7 nM in the
case of linear assemblies). Briefly, the cyclicypoérs (20 mg) were dissolved in DMSO (2
mL), then camptothecin (4 mg) was added. After 30. mnder stirring 18 mL of water was
added to the solution, which was then dialysedetnave DMSO. 20 mL of the particles
solution was obtained after dialysis, with a dragding of 0.14 mg of camptothecin per mg
of polymer (2.8 mg camptothecin per 20 mg of polyared therefore 0.8 x Fomols and 0.4
x 10° M). This solution was further diluted (0.4 x4®) in cell culture medium and this
was used as a stock solution for the camptothemicentration range used in the cell studies.
Experiments were performed in triplicate, seediggae number of cells on three different

wells and analysing the viability data from eacHIwEme points were taken at 24 and 72 h
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of incubation, after removing the polymer solutiarsl washing the wells with PBS (3 x 1
mL). Viability was assessed by counting the livioglls in each well after trypsinization.
Specifically, each well was incubated with 0.5 nflLtrypsin for 5 min at 37 °C, 5% GO
Trypsin was then diluted with culture medium (1ahd cells were centrifuged at 2000 rpm
for 5 min to obtain a pellet. The cell pellet whert re-dispersed in fresh medium (1 mL), and
50 pL of this solution diluted 1:1 with trypan blueO pL of the cell solution was then placed
in each counting chamber of a haemocytometer amdattal number of cells was obtained
using a Countess Il FL Automated Cell Counter. @&lbility is expressed as a percentage
against the control (polymer concentration = 0 nig/nfPrestoBlue cell proliferation assay
was also used to assess the cytotoxicity of thdéiccymd linear polymers, following the
suppliers’ instructions. However it was observedt ttyclic 1i was interfering with the assay,
which is sensitive to thiols and other reducingrag® and therefore cell counting was
selected as the preferred method to determine veatiility and obtain comparable data
between the different cyclic-linear polymers.

| nternalization of the assemblies by A549 cells

A549 cells were cultured as described in the previjparagraph. For the experiments,
cells were seeded at a seeding density of 10006/ro&l on EtOH sterilized circular glass
slides (19 mm in diameter) placed on 12 wells gla@ells were let adhere and proliferate for
72 h. Culture medium was then replaced with 0.1nmbhgdr 0.3 mg/mL of polymer (cyclic or
linear) encapsulating BODIPY-FL, diluted with thense F-12K (Kaighn’s) medium. Cells
were incubated at 37 °C, 5% e@r 4 h, after which the medium was discarded egits
were washed with PBS (3 x 1 mL). Experiments werdégomed in triplicate. Cells were then
fixed with a 4% paraformaldehyde solution in PB$ I® min at room temperature, then
washed with PBS (3 x 1 mL). Cells were then perntieald with a solution of Triton X-100

for 20 min at room temperature and washed with PB8 1 mL, 5 min each). Nuclei were
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then stained with DAPI (15 pL in 20 mL of PBS) t8min, washed with PBS (3 x 1 mL)
and finally stored in the dark at 4 °C overnigimaging was performed using a Zeiss LSM
880 inverted confocal microscope. DARL(= 358 nm,/lem = 461 nm) was excited with a
405 nm laser, and BODIPY-FL& = 503 nm e, = 512 nm) with a 488 laser. At least ten

pictures per glass slide were taken, covering thelevsample area.

Results and discussion

Amphiphilic cyclic-linear and linear-linear grafopolymers,1 and2, (Figure 1) were
prepared as previously report@th a combination of ring-opening (ROP) and reversible
addition-fragmentation chain transfer (RAFT) polyiration3®*? Cyclization was achieved
via copper-catalyzed azide-alkyne cycloaddition anbizat three different linking agents.
The disulfide- and acetal-containing linkers wesetested to introduce a reduction- and pH-
sensitive cleavable functionality to the cyclic ymkr backbone (cyclic-linear graft
copolymersli andlii, respectively). A non-responsive, alkyl linker,svalso selected as a
control for non-triggered disassembly (cyclic-lineaaft copolymerliii). Graft copolymer
arms were composed of padNdacryloylmorpholine) (PNAM), with degrees of
polymerisation ofca. 19. As a result of experimental error, the molaculkeights and
dispersities of the polymers considered in thisdgtwary between the different
polymerisations performed, and hence the ratio @etwthe hydrophobic and hydrophilic
weight fractions may be different. Full charactatian details for all of the polymers are

available in the Supporting Information (Figures&22 and Table S1).
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Figure 1. (a) Cyclic-linear and linear-linearl(and 2) PNAM graft copolymers, where is
cyclized with two responsive linkers to giteandlii and one non-responsive linker to give
liii; (b) Self-assembly of in the presence of an imaging agent or a drugsamgequent
particle disassembly and cargo release triggerezgkimrnal stimuli (in the case @if and1ii),
to give cleaved linear graft copolymer

Self-assembly of PNAM cyclic-linear and linear-lamegraft copolymerdi (with the
disulfide linkage) an@, respectivelywas studied with an emphasis on probing the raativ
stabilities of the assemblies. Three methods ofmel self-assembly were investigated;
direct dissolution in water (18.2@cm), solvent switch from THF to water and thimnil
hydration, all to give [polymer] =a. 0.5 mg/mL. For assemblies of cyclic-linear graft
copolymerli, well-defined aggregates with consistent valuePf(150 - 170 nm) were
produced each time (Table 1, Figure 2 and S23joirirast, a large disparity in particle size
was observed for linear-linear graft copolyr@dor the different assembly techniques. Large
structures D, > 100 nm) were observed for direct dissolution aotvent switch (Table 1,

Figure 2 and S23), whereas small species consisttntinimers(D, = 7 nm) were observed

following thin film hydration, suggesting the absenof aggregation or that the resulting

13



assemblies were unstable (Table 1, Figure S23).tidddlly, aggregates of linear-linear
graft copolymer2 exhibited significantly different particle sizeBy(= 200-600 nm) and
broader dispersities (PDa. 0.4) for each repeat by DLS (Figure S23). Thereggtes
formation was further probed by determination oftical micelle concentration (cmc)
(0.09 g/L for cyclic-linear graft copolymei and 0.23 g/L for linear-linear graft copolymer
2) (Table 1, Figure 2). However, while the cmc idigative of the concentration at which the
polymers aggregate, it gives no information on #t&bility and dynamic nature of the
aggregation process. Thus, the stability of theigdas to changes in polymer concentration
was investigated by DLS. Assemblies of linear-Imgiaft copolymeP revealed a significant
increase iDy, as p] increased from 0.1 to 2 mg/mL (Figure S24). Meamsylassemblies of
cyclic-linear graft copolymeti revealed very little difference By, over this concentration
range (Figure S24). Assemblieslofand2 were also monitored by DLS over time to gauge
kinetic stability. After 48 h, assemblies of linderear graft copolyme2 had disassembled to
afford unimers with &y, of ca. 7.5 nm (Figure 2). In contrast, assemblies of icylalear
graft copolymerl remained stable over a period of weeks; with renge inDy, or dispersity
(Figure 2). SEC analysis confirmed the absenceraft gopolymer degradation during this
time period (Figure S25); therefore disassembllirgar-linear graft copolyme® under
these conditions must result from poor particlebiitg and not polymer degradation. In
combination, these findings strongly suggest tlyalic and linear polymers form assemblies
of differing stability. Indeed, our results suggektt assemblies of cyclic-linear graft
copolymerli possess both greater thermodynamic and kinetmlistathan assemblies of

linear-linear graft copolymes.

Table 1. Characterization data farelf-assemblies ofyclic-linear and linear-linear PNAM
graft copolymerdi and2.
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Polymer D (direct Dh (solvent Dh (thin film Dae | Ry cmc?
dissolution)/NM switehy/NM | hyaration/nmM(PDY | /am | /nm | /g-L*
(PDY (PDY
1i -cydic | 170 (0.15) 170 (0.56) 150 (0.28) 207 75 009
2-linear | 200 (0.36) 115 (0.66) 7.1(0.61) | 140 028

2Determined by DLS analysiB), is for number average solution diamet8Betermined by cryo-TEM analysis
from the counting of 50 particles, assemblies preghdby direct dissolution technigu®etermined by SAXS
analysis, assemblies prepared by direct dissolutiohnique “Determined by fluorescence spectroscopy using
pyrene as the fluorescent probe, assemblies prpardirect dissolution technique.

Small angle X-ray scattering (SAXS) and cryogeram$mission electron microscopy
(cryo-TEM) were undertaken to gain further insigito the size and morphology of the graft
copolymer assemblies (Figure 2 and S26). The SAKXflgs (at 0.5 mg/mL) of both the
cyclic-linear and linear-linear graft copolymershibited the same pattern, with a plateau
region at mediung values and up-turn at log/values (Figure 2). The Guinier-Porod model
was used to fit the SAXS data excluding highvalues. In agreement with particle size
determined by DLS analysis, &y of 75 nm was calculated for cyclic-linear grafpotymer
1i, and arRy of 140 nm was found for linear-linear graft copabr2. As was also observed
by DLS analysis, the linear-linear graft exhibitadsignificantly larger dispersity than the
cyclic-linear graft copolymer. Meanwhile, a Guiniglot (In 1(g) vs g°) was used to fit the
SAXS data excluding the log range, which gav&, values of 3.7 and 3.3 nm for cyclic-
linear and linear-linear graft copolymets and 2 respectively (Figure 2). As both large
aggregates and unimers were observed in the llmsmr graft copolymer2 by SAXS
analysis, we suggest that a mixture of both isres solution, indicative of a highly
dynamic system. Cryo-TEM of cyclic-linear graft obgmer 1i at 2 mg/mL revealed large
spherical structures with an average diameter @f 261 nm, in agreement with DLS and
SAXS analyses (Figure S26). Poor image contrasiitex] from the high hydrophilic content

of the assemblies and solvation of the PNAM coroGeyo-TEM of linear-linear graft
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copolymer2 was attempted on numerous occasions, howeversenddies were observed,

further suggestive of poor particle stability.
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Figure 2. DLS analysis showing assembly size for cyclic-lmead linear-linear PNAM
graft copolymerdli (a) and2 (b) preparedia direct dissolution and their stability over time.
(c) Concentration dependence of pyresg/lkss s intensity ratio for assembliels and2. (d)

SAXS profiles for assemblies @f and2 at 0.5 mg/mL.

Inspired by the observed differences in particibsity between assemblies of cyclic-
linear and linear-linear graft copolymers, we eaged that a change in polymer topology,
from cyclic to linear, could be exploited as a ¢eg for particle disassembly. Such a method
of disassembly would avoid non-specific, randonmypwr degradation and the formation of
side-products as the disassembled polymer andnatigiolymer vary only in topology.

Cyclic-linear graft copolymeti contains a disulfide moiety, which upon reductinduces
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cleavage of the cyclic polymer backbone (Figure\We reasoned that the relative instability
of the resulting assemblies of linear graft copay® would result in particle disassembly.
To test this hypothesis, the vivo reducing agent-glutathione (GSH) was added to a
solution of aggregates of cyclic-linear graft copoér 1i (0.5 mg/mL,Dy = 170 nm). At
intracellular concentrations of GSH (1-10 mM), Dl#alysis after 16 h revealed the
complete loss of large self-assembled structurdstlaa presence of only very small species
with solution diameters that correspond to unin{@®gs= 7.4 nm, PD = 0.46) (Figure 3a);
consistent with backbone cleavage to yield a limgaft copolymer, followed by disassembly
of the relatively unstable particles. The newlynfied linear graft copolyme¥ remained as a
unimer and did not reassemble over time as detednioy DLS analysis. Meanwhile,
assemblies of cyclic-linear graft copolynigrin the presence of extracellular levels of GSH
(1-10uM) were observed to remain intact by DLS and ditildisassemble over time (Figure
S27). The transition from cyclic-linear graft copmler aggregates to linear graft copolymer
unimers was further studied by SAXS analysis owraetand confirmed the disassembly of
the particle under intracellular reducing condiiofFigure S27). Thus, as hypothesized,
disulfide cleavage and particle disassembly aresdgnt on GSH concentration, which
provides the opportunity for utilization of thesenstructs in specific triggered particle
disassembly in intracellular environments.

To confirm that the topology switch is the key ¢rgg for disassembly, a second
responsive linker was explored to provide a sectmmblogy switching nanoparticle. To
achieve this an acid-sensitive acetal linker wasgied and introduced as a cleavable moiety
in the cyclic polymer structure, to givii. The cyclic polymer based assemMly (0.5
mg/mL) was incubated in a solution at pH 4.0 fo® I0and degradation was monitored via
DLS analysis. As expected, disassembly of the &traqwith a decrease in particle size of

210 nm to 6.5 nm) was observed after 100 h of iattab under these conditions, showing
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that the topology change, from cyclic to linearindependent of the cleavable linker selected

or the conditions used (Figure 3c). Furthermoregnvh non-responsive linker was used for

the cyclization (to afford polymetiii), the topology switch from cyclic to linear did tho

occur, as no change in size was observed by DLysasapon incubation with 10 mM GSH

(Figure 3b), while evidence of an increase in phatsize, due to swelling of the assemblies,

rather than disassembly was observed upon a reductipH (Figure 3d). This confirms that

the topology change of the backbone from cycliclibear (through incorporation of a

cleavable linker) is required for nanoparticle dsambly.
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Figure 3. Aggregate disassembly triggered by disulfide clgavaf 1i with 10 mM -
glutathione monitored by DLS before and 16 h adiddition of GSH (a) and acetal cleavage
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of 1ii with 0.1 mM HCI at pH 4.0 before and 100 h aftddiion of HCI (c), compared to
non-responsive linketiii at the same conditions (b and B), is volume average solution
diameter.

To demonstrate the applicability of this stimulggered topology switch for clinical and
biological applications, we firstly tested the dgixicity of our cyclic-linear and linear-linear
graft copolymers and their ability to be internatizoy cancer cells. A549 cells were selected
for this study as a model cancer cell line withareed intracellular glutathione concentration
higher than normal cefl¥*. A549 (cancer lung fibroblasts) were incubatechviiitcreasing
concentrations of cyclic-linear and linear-lineaafty copolymers (from 0 to 2 mg/mL), and
they showed a viability higher than 95% even athiglest concentration used (Figure S28),
confirming the good cytocompatibility of the polyree Furthermore, by encapsulating a
fluorescent dye (BODIPY-FL) in both cyclic and larepolymer-based assemblies, we were
able to track the particle’s uptake by A549 cell.cyclic-linear graft copolymedf (1i - 1iii)

and linear-linear copolyme& assemblies (0.1 mg/mL) were internalized by A54%iw 4 h

of incubation (Figure 4, and S29-30). However, wttenlinear assembligswere incubated
with A549 for 4 h, the fluorescent dye was founddmain as a precipitate on the glass slide
even after extensive washings with PBS (Figurd s behavior was only observed with the
linear-based assembly and not with any of the cylitlear graft copolymers, suggesting the
linear-linear polymer disassembles much quickemn tita cyclic-based counterpart. This
result correlates well with our observation on thierence in stability of the cyclic and

linear assemblies’ using scattering methods.
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BODIPY-FL DAPI Overlay

Linear 2 assemblies

i

Figure 4. Internalization of cyclicli assemblies (a) and linearassemblies (b) encapsulating
Bodipy-FL (green) by A549 cells. (Inset, top righbrner) Expansion of the image
highlighting the absence (a) or presence (b) otipitated dye on the glass slide. Images
were taken after 4 h of incubation with the ass&sbliCell nuclei (blue) are stained with
DAPI. Scale bar = 20 pum.

Finally, to further exploit the scope of our topgjedirected disassembly we loaded the
assemblies of linear-linear and cyclic-linear NAK&fy copolymers with an anti-cancer drug,
camptothecin. Encapsulation efficiency (EE) waswakted as 70% for the cyclic-linear graft
copolymers and 5% for the linear-linear graft cgpoér assemblies, with a drug loading of
0.14 mg of drug/l mg of cyclic polymer and 0.01 drgg/1 mg of linear polymeL.ittle
variation was observed in encapsulation efficiensyng the three different cyclic polymers,
when 20% drug:polymer feeding ratio was used. Tdwel EE obtained for the linear
assemblies can be explained by their lower stghalitd tendency to disassemble over time.
A549 cells were incubated with both cyclic-linear {1iii) and linear-linear?, camptothecin

loaded assemblies to investigate the effect ofvelga of the responsive linker, with

subsequent release of the drug, upon uptake anusesg to the intracellular environment,
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would have on the viability of the cancer cell lildnder these conditions, we confirmed the
presence of aggregates of around 100 nm in diar(fétgire S31).

As expected, a higher decrease in viability overetiwas observed when A549 cells were
incubated with the cyclic-linear graft polymers taining a responsive linker (cycligc and

1lii) compared to the cyclic-linear graft polymer wilie non-responsive linketi(i), with a
viability of 16 + 3.0%, 35 + 2.5% and 73 + 8.7% foyclic 1i, cyclic 1ii, and cyclicliii,
respectively, when the camptothecin concentras®bD nM (Figure 5 and S32). However, it
should be noted that cyclidiii, containing the non-responsive linker, does induce
cytotoxicity over time, with the cell viability degasing below 40% after 72 h, when
campothecin is encapsulated (Figure S32). In otdenvestigate if the cytotoxicity is a
consequence of glutathione triggered release,emsel study was conducted using 10 mM
GSH as external stimulus. A 65% camptothecin releeas observed from cyclia, while

no release was detected from cydiic (Figure S33). These data are in good agreement with
the DLS study shown in Figure 3, where no disas$emas observed for cyclitiii using 10
mM GSH. Therefore, the release of camptothecin feguiic liii could be ascribed to either
swelling, which indeed occurs at acidic pH (Figld@), or degradation of the polymer
backbone in the cell environment and subsequeadsel which has been reported before for
polymeric nanoparticles with a degradable backfone

In contrast, when A549 were incubated with the sawpacentration of linear-linear
copolymer assemblies?, polymer viability was found to be higher than 95%s a

consequence of the lower amount of drug encapsu(gigure S34).
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Figure 5. Viability of A549 cells incubated for 24 h with ireasing concentrations (from 0 to

250 nM) of camptothecin encapsulated in the cylaliear graft copolymer assembliels, (
Lii, anddiii).

Conclusions

Herein, we have shown that self-assembled nancfemtihat are comprised of cyclic-
linear graft copolymers are significantly more $&alkand are better able to encapsulate
hydrophobic molecules, than their directly analago(same chemistry) linear-linear
equivalents. Subsequently, we have exploited tHéerdnce in assembly stability by
switching between polymer topologies to direct tinggered disassembly of polymer
nanoparticle constructs. In turn, we show that #pproach can be used as to trigger the
release of an anti-cancer druig vitro using intracellular stimuli, such as intracellular
glutathione concentration and acidic pH, to trigtper change in polymer topology.

This study highlights, for the first time, that e&ul design of polymer topology and
chemistry can be used to design novel deliveryaclehicapable of triggered drug release.
Indeed, we hypothesize that the cleavage of sibgled within the polymer chain, which
leads only to a change in topology of the coréhefdraft copolymer from cyclic to linear and

subsequently facilitates nanoparticle disassenmbfyresents a new mechanism for controlled
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release. Moreover, the simple change of one bomtldirmihe polymer structure ensures that
the bulk of the chemical structure, molar mass swidbility are largely the same for both
polymers before and after the delivery event whichurn should ensure that toxicity and
retention characteristics of the polymer are unaiteWe believe that this is the first time that
such a topology-driven switch has been reportedcanttl have profound implications on the

field of nanoparticle-mediate drug delivery.
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