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Multicompartmentalized
Suprapolymersome

ABSTRACT: Macromolecular architecture plays an imp¥r- .
tant role in the self-assembly process of block copolyygeeos ;
amphiphiles. Herein, twori®s of stimuli-responsive "
amphiphilic 3-miktoarm star hybrid terpolypeptides @Ad
their corresponding linear analogues were synthe%ized
exhibiting the same overall composition and molecular Weight poymersomee
but di erent macromolecular architecture. The maéro,
molecular architecture was found to be a key parameger Iﬂ-?i‘:"ru?"
de ning the morphology of the nanostructures formed i§~ oM™ ¥ ;
agueous solutions as well as to alter the self-assembly behavior Core-Shell Micelle Stomatocyte

of the polymers independently of their composition. In

addition, it was found that the assemblies prepared from the star-shaped polymers showed superior tolerance against enzyma
degradation due to the increased corona block density on the outer surface of the nanoparticles. Encapsulation of the
hydrophobic anticancer drug Everolimus resulted in the formation of intriguing non-spherical and non-symmetric pH-
responsive nanostructures, sutbtasatocytésand“multi-compartmentalized suprapolymerspmbie the pH-triggered

release of the drug was also investigated. Owing to the similarities of the tseelgpecytésvith red blood cells, in

combination with their pH-responsiveness and superior stability over enzymatic degradation, they are expected to present
advanced drug delivery properties and have the ability to bypass several extra- and intracellular barrierseitivedygh and e

treat cancer cells.

WEROL S
f  —

1. INTRODUCTION body, there are several extra- and intracellular barriers that
hinder the ecacy of the nanocarriers through the blood

e ective cancer treatment remains an ongoing challenge, wigRmpartmeritMost of the studies thus far have been focused
cancer-related mortality increases every year. Conventiofd|the control of the functionality (e.g., pH-, temperature-,
chemotherapy still cannot direct the delivery of drugs to Canc@dox-respor}swene%cgihe size and surface chem?_salyd

cells in a targeted mode and presents cgnidrawbacks, the mechanical 'prqper.ﬁ%sof spherical nanoparticles to
such as poor aqueous solubility of the existing chem#DProve the blod|§trlbytlon andeetlvengss of NPs, ma|.nly.
therapeutics, non-specibiodistribution, severe toxicity to related to bypassing intracellular barriers. Toward this aim,
normal cells, inadequate drug concentrations at cancerdigveral func'qona_lltles haV(_e been mcqrporated in nanocarriers,
cells, and development of multidrug resistance. RecenfiiCh as stimuli-responsiveness directed by the unique
nanotechno|ogy has been uti"zeg in order to improve th@haracteristics of the tumor microenvironment over the
pharmacokinetics of anticancer d]ﬁ%ﬁanopartides (NPS) healthy cells, as well the attachment of targeting Moieties
self-assembled from amphiphilic block copolymers hatfat are overexpressed at the membrane of certain types of
demonstrated that they can improve theaey as well as
the targetability of drugs to tumor cells in both a passive arrkceived: September 27, 2019
an active targeting manner. Due to the natural mechanismsrafvised: November 5, 2019
organisms to resist and destroy anything foreign invading theirblished: November 7, 2019

In spite of considerableogts from researchers and clinicians,
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cancer cells. It has been found that, in addition to the abo®heme 1. Linear (a) and 3-Miktoarm Star (b) Hybrid
characteristics, the shape of the'NP§.e., nanoworms** Polypeptides Synthesized Herein
lomicelle$>*® nanorods’>*° and nanodisk¥") can aect
the hemorheological dynamics, cellular uptake capabili (@)
tumor targeting, and in vivo biodistribution of the systems. | . SA
is evident that, in order to introduce all these functionalities i
the same nanocarrier, the complete control of the self-assen
down to the lowest length-scales is required. This has not be
achieved up to date, and hencesagious patient responses PHis-co-PBLG
toward nanoparticulate drug delivery remain modest, as sho _ p [
in a recent study of Wilhelm et al., who reported that onl "y -’
0.7% (median) of the administered nanoparticle dose is foul
to be delivered to a solid tunidt>* We believe that the (b)
control of these parameters requires the use of multi-functional
polymeric materials combined with a complex macromolecular
architecture. ) ) . ) )
Over recent years, polypeptibntaining amphiphilic enzymatic degradation was monitored upon incubation of

polymers have become one of the most promising mulfi€ @ssemblies with proteolytic enzymes.
g Importantly, the anticancer drug Everolimus was encapsu-

functional platform for the design of drug delivery syste :
(DDS) compared to conventional synthetic polymers owing tft€d into the nanostructures, and the morphology of the drug-
oaded assemblies was evaluated, revealing the formation of

their unique 3D structure that allows for the control of their-< ! X . u .
self-assembly down to the lowest possible length scales, as {iffue morphologies, includifggomatocytésand “multi-

e for e crnanced ocompatbiy, Branched ampiph(ET0STER SpreDol e e, e pcepore
polymers such as dendrimers and miktoarm stars have X A~ )

shown to provide superior protection of the NPs and'ngrisatr'%ate:_%nd ;gtdelga(;?d t?;gg;eengal I(_)i;{l_lornssystems for on-
therefore, longer circulation within the blood Compartmemt,j P gu ug pplicat )

with the obvious advantage of potential improved accumy- £xpERIMENTAL SECTION

Iatllonm t? th?, targ,?tg?nﬂﬁtholor?lcflggggl%?i' Mlktr(%a‘i%n Strar 2.1. Materials. BOC-His(Trt)-OH (>99%) was purchased from
polymers, presente € early S by ou were hristof Senn Laboratories AG. Triphosgene (99%) was purchased
originally synthesized aiming toward the combination Gfom Acros Organics. Thionyl chioride (>92%sine (>99%), and

di erent polymeric materials with completelgreint proper- | glutamic acid-benzyl ester were purchased from Sigma-Aldrich.
ties within the same molecule. It was found that miktoarm starsiethylamine (>99%, {&, Acros Organics) was dried over calcium
can control the microphase morphology and volume fractidrydride for 1 day and then distilled and stored in vacuo over sodium.
Separatejlg/ in bulk and irence signcantly the aggregation in The appropriate quantity needed was freshly distilled prior to use.
solution2534 Puri cation of tetrahydrofuran (THF, max 0.005% water, Merck

: . o illipore) was performed over $ alloy, using standard high
To date, there is a limited number of publications on th'%\/ﬂacuum techniques reported elseviheghyl acetate (>99.5%,

synthesis of miktoarm stars containing polypeptides, Singfck wmillipore) was fractionally distilled over phosphorus
methodologies for the controlled polymerizationrashino pentoxide. Hexane (>99%, Merck Millipore) was fractionally distilled
acids have only been recently devefp&€dHerein, two over sodium, followed by distillation av&uLi. Dichloromethane
series of novel multi-functional amphiphilic linear and 3{99.5%) was purchased from Merck Millipgis-Dimethylforma-
miktoarm star hybrid polypeptides were synthesized via ringide (DMF; 99.9+%, Merck Millipore, special grade for peptide
opening polymerization (ROP) of the correspondamino synthesis with I_ess thgn_SO_ppm of active |mpur|t|e_s) waesl fayri
acidN-carboxy anhydrides (NCAs). In particular, the linegshort-path fractional distillation under high vacuum in a custom-made

: apparatus, and the middle fraction was used. Benzene (99%, thiophen-
triblock terpolymer analogues were of the ABC type, Whereﬁ%‘; grade, Sigma-Aldrich) was treated with calcium hydride and was

the miktoarm star-shaped analogues were of B(Bpe,  gjlowed to be stirred overnight for moisture removal. It was then
where A is poly(ethylene oxide) (PEO), B is pdiligtidine- distilled under high vacuum and stored inexeint ask containing

co -benzyl-glutamate) (P(HiseBLG)), and C is polyf n-BuLi. Diethyl ether (99.5+%) was purchased from Sigma-Aldrich.
lysine hydrochloride) (PLL)Scheme )1 The polymers were  Tri uoroacetic acid (TFA; >%9 was obtained from Merck
designed in pairs, one linear and its corresponding 3-miktoallipore. Fluorescamine and trypsin were purchased from Sigma-
star counterpart, where the polymers in each pair had the safi@ich. Poly(ethylene OX'dgg) mo”f?lmethy' ether (MPEO-OH) with
total molecular weight and the same overall composition, bij{c'23%hn = 9.95 and 5.8 10°g mof" was purchased from Sigma-

. . . —Aldrich and was converted to the corresponding amine-functionalized
di erent macromolecular architecture. The molecular weig PEO-NH and (mMPEO}NH, macroinitiators. Leucine amino-

of the PEO block in all linear polymers was914Bg mof*, peptidase (LAP), 2Ncmorpholino) ethanesulfonic acid (MES; 98%),
whereas a two-arm PEO macroinitiator of molecular weight foris base (99%), OxymaPure (99%), Mi-dicyclohexylcarbodii-
each arm equal to 50L0° g moP! was used for the synthesis mide (DCC; 98%) were purchased from Sigma-Aldrich. BOC-Glu-
of the 3-miktoarm star-shaped polymers. The B block w&X (99%) was purchased from Bachem.

maintained the same in all cases, while the molecular weight o8-2- Methods. 2.2.1. NMR Spectroscopil. NMR spectroscopy

; 3 ; performed using a Bruker400 spectrometer (400 MHz). The
the PLL block was varied. The self-assembly of the synthes%‘ggctra of the polymers were obtained in eiger IDCl + DMSO-

polymers in aqueous media was investigated, anddhefe ds, while the spectra of the NCAs were obtained in £&Gbom
the macromolecular architecture on the morphology of th@mperature.

formed NPs was also studied. Subsequently, the resistance @f2.2. FT-IR Spectroscofypurier Transform-Infrared (FT-IR)
the obtained linear and star polymer-based NPs towakgectroscopy measurements were performed using a PerkinElmer

Poly(ethylene oxide)
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Spectrum One instrument, in KBr pellets at room temperature, in theut using a JEOL JEM 3200F%@ emission microscope operated

45054000 cmi' range. at 300 kV in brighteld mode with an Omega-type Zero-loss energy
2.2.3. Size Exclusion Chromatograpbige exclusion chromatog-  Iter. The images were acquired using an Ultrascan 4000CCD camera
raphy (SEC) was used to determineMhand ,, = M,/ M, values. (Gatan) and Gatan Digital Micrograph software, while the specimen

The analysis was performed using two SEC sets. The one wasperature was constantly maintained.&t °C. Vitri ed samples
composed of a Waters Breeze instrument equipped with a 24t@re prepared using an FEI Vitrobot by pladdg 8 of sample
di erential refractometer and a Precision PD 2020 two-arfgle (15solution on holey carbon grids under 5 and 100% humidity, blotted
90) light scattering detector. The carrier solvent was a 0.10% TF&ith Iter paper about 58.5 s for aqueous samples, respectively,
(v/v) solution of water/acetonitrile (60/40 v/v) at aw rate of 0.8 and immediately plunged into an ethane/propane mixg&tg@ftC
mL mirr? at 35°C. Three linear Waters hydrogel columns were use@nd cryo-transferred to the microscope.
as a stationary phase. For protected polymers, the analysis wa2.2.9. Electron Tomograptlectron tomographic tilt series were
performed using a second SEC instrumentation. The system wagjuired with the SerialEm-software3 patkageples were tilted
composed of a Waters 600 high-performance liquid chromatographigtweent 69 angles with @3° increments step depending on the
pump, Waters Ultrastyragel columns (HT-2, HT-4, HT-5E, and HT-beam sensitivity of the sample. Alignment of tilt image series was
6E), a Waters 410 dirential refractometer and a Precision PD 2020carried out using Imod software packadeitially, maximum
two angles (5 90) light scattering detector at 8D. A 0.1 M LiBr entropy (MEM) reconstruction scheme was implemented using
in DMF solution was used as an eluent at a rate of 1 L. min MEM software on a Linux cluster with regularization parameter
2.2.4. UV SpectroscopyV spectroscopy was performed using avalue 5.6 10°2* A total variation (TV) reconstruction scheme was
PerkinElmer Lamda 650 spectrometer, fro85000nm, at room subsequently implemented for improved resolution according to
temperature with cells requiring 120 A Waters Diode-Array 690 Jensen et 4 and Astra toolb6X'’ was used for construction of the
detector was used for the calibration and online determination @fojection and back projection operators. For isosurface rendering,
Everolimus drug loading @ency at = 279.4 nm. reconstructed volumes were segmented using trainable Weka
2.2.5. Size Measurement®ynamic light scattering (DLS) segmentatioff.
measurements were conducted with a Brookhaven Instruments2.3. Polymer Synthesis.2.3.1. Synthesis of Linear mPEQ-NH
Nanobrook Omni system operating at 640 nm and with 40  Macroinitiator. Commercially available poly(ethylene oxide) mono-
mW power. Correlation functions were analyzed by the cumulaftethyl ether (mMPEO-OH) with average= 5.0x 10° or 9.95x 1¢°
method and the Contin software. The correlation function wa§ moP* was converted to its amino-functionalized analogue (mPEO-
collected at 90 All measurements were performed in either anNH>) via a two-step procedtifén a typical experiment, mPEO-OH
isotonic Tris buer (10 mM, 150 mM NaCl) atpH = 7.4, MESeu (10 g, averagd, = 5.0x 16°g moP*, 2 mmol) wasrst dissolved
(10 mM, 150 mM NacCl) at pH = 6.5, or an isotonic acetaterbu in 60 mL of dichloromethane in a round-bottamsk. Undgr an
(10 mM, 150 mM NaCl) at pH = 5.0. The concentration range argon atmosphere, a 10-fold excegsodfienesulfonyl chloride-(
measured was betweer 20°% and 1x 10°° g mL5%. Static light TsCl, 3.8 g, 20 mmol) and triethylamine (2.8 mL, 20 mmol) was
scattering (SLS) measurements were carried out on an ALV/CGSaglded, and the reaction mixture was stirred ax temperature
Compact Goniometer System (ALV GmbH, Langen, Germanypvernight. Then, the polymer was precipitated in excess diethyl ether
equipped with an ALV-5000/EPP multitau digital correlator with 28@nd ltered. The dissolution (dichlorometh&kcipitation
channels and an ALV/LSE-5003 light scattering electronics unit fédiethyl ether) procedure was repeated three times in order to
stepper motor drive and limit switch control. A JDS Uniphase 22 m\{gmove the excesdsCl. Finally, the resulting mPEO tosylate was
HeSNe laser was used as the light source. The instrument wg¥haustively dried under high vacuum. In the second step, the dry
connected to a Polyscience model 9102 bath for temperature contf®#’EO tosylate was dissolved in aqueoysshlkition 25% (60
allowing measurements at variable temperature. mL) in a round-bottomask, and the mixture Was_V|gor0ust stl_rred at
2.2.6. Electrophoretic MobilityThe electrophoretic mobility ~ foom temperature for 10 days. After this period, the solution was
measurements of the empty and drug-loaded nanoparticle dispersig@Rcentrated in vacuo, and the residue was dissolved in 1 M NaOH
were conducted using a Brookhaven Instruments Nanobrook Om#flution ( 50 mL). The aqueous solution was stirred for 1 h and then
system operating at 640 nm and with 40 mW power, operating in Was e_xtracted with dichloromethane< (80 mL). _The combined
PALLS mode. All the measurements were performed in isotonic TR§9anic phases were concentrated and dried over anhydrous
bu er (10 mM, 150 mM NaCl) at pH = 7.4 at 32 and were the ~ Magnesium sulfate. The drying agent was removiétign, and -
average of at least three runs. the ltrate was poured into excess diethyl ether. The precipitated
227 Fluorescence Measurememtl. uorescence measure- amino-functionalized mPEO-NMas collected byltration and
ments were performed using a TECAN SPARK 10 M multimoddried under vacuum (9.5 g, 1.9 mmol). The synthetic procedure
microplate reader using 96-well black microplates (Greiner). Tllowed is shown iBicheme .2 .
measure the enzymatic degradation of the hybrid terpolypeptide NP<2-3-2. Synthesis of Two-Armed (mBEG} Macroinitiator.The
by leucine aminopeptidase (LAP), 30.Z7of a 48.5 mg mt approa_tc_h_ foIIovyed for the synthe5|_s of the two-armed (@qRI_EIQ) _
polymer solution in PBS (either linear or star polymer) were mixefpacroinitiator involved thle reaction of the amlno-fu.nctlo.nallzed
with 10 L of 100 nM LAP in PBS at pH = 7.4. Respectively, for the"PEO-NH (5.0x 1C°g moP?) with BOC-protected-glutamic acid,
studies with trypsin, 50Q of a 3 mg mt! polymer solution in PBS followed by deprotection of the amine group. In particular, BOC-Glu-
(either linear or star polymer) were mixed with 4.8f 0.1 nM OH (0.371 g, 3 mm&COOH), OxymaPure (0.94 g, 6.6 mmol) and
trypsin in PBS at pH = 7.4. The total volume of the samples tested
with LAP was 100L and that of the samples tested with trypsin wasScheme 2. Synthetic Procedure of the Amino-
2 mL. All the samples were incubated 8€3a@r 0 h, 1 hinthe case  Functionalized mPEO-NfHMacromolecular Initiator for
of trypsin or 24 h in the case of LAP. At the end of the incubation, 1the Ring-Opening Polymerization of NCAs
L from each sample was mixed with ROof a 1 mg mt!
uorescamine solution in acetonitrile,l16f 0.1 M borate ber at
pH = 8.0 and 145L Milli-Q water. After 5 min, theiorescence was \/\/NaOH \/\/\aNHz
measured using excitation at405 nm and emission at 485 nm.
PBS samples, LAP samples in PBS (100 nM) or trypsin samples 1] 1]
PBS (0.1 nM), and polymer samples (either linear or star polyme g
from the stock samples) were also tested as controls. All tt \60/\),0H 1. p-TsCl, EN - \60/\),NH2
experiments were performed in triplicate. n 2. aq. NH3 n
2.2.8. Cryogenic Transmission Electron MicrosaBpyogenic
Transmission Electron Microscopy (Cryo-TEM) imaging was carrie. ~ mMPEO-OH mPEO-NH,
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Scheme 3. Synthetic Procedure of the Amino-Functionalized Two-Armed (mEQ)Macromolecular Initiator for the
Ring-Opening Polymerization of NCAs

mPEO-NH, BOC-Glu-OH (mPEO),-NH,
o o

) 0
NH 1.DCC ’Go\/)\ ,(\/09\
2 \(“o/\‘)r; 2 + yo OH 27 > AN N h
NH,
]l

HN
1]

<\ —NH, o)\q\

NH,

DCC (1.36 g, 6.6 mmol) were dissolved in anhydhghis of unreacted mPEO-NIdnd other low molecular weight substances.
dimethylformamide (10 mL). This solution was added to a stirredn general, the aqueous polymer solution has to be diluted enough
solution of MPEO-NH(12 g, 2.4 mmol) in 70 mL of anhydrous and contact time with the external solvent (Milli-Q water) has to be
N,N-dimethylformamide. The reaction mixture was stirred in a seal@dinimized for completion of the separation without the loss of
round-bottom ask at room temperature overnight. The followingdesired two-armed macroinitiator. The whole procedure was
day, an additional amount of OxymaPure (0.47 g, 3.3 mmol) anehonitored by size exclusion chromatography. Finally, excess amount
DCC (0.68 g, 3.3 mmol) dissolved in anhydiisdimethylfor- of water was removed by distillation using high vacuum techniques,
mamide (5 mL) was added and stirring was continued overnight. Treexd nal fractions of water were sublimated by lyophilization
cloudy solution was diluted with dichloromethane (50 mL) andprocedure. The pure (MPENH, macroinitiator (3 g) was

ltered through Celite. The cledtrate was concentrated until stored atS20 °C. The synthetic procedure followed is shown in
dryness, and the residue was dissolved in dichloromethane (60 m&rheme .3
The solution was poured into excess diethyl ether (500 mL), and the 2.3.3. Synthesis of the Linear and Star Polym&lispolymers
precipitated solid was obtained hgation and dried in a vacuum were synthesized by ring-opening polymerization (ROP) using high
oven. vacuum techniaues according to the general synthetic procedure

The coupling step was followed by the pation step, that is, the  described beloW™ Each polymerization was performed in a
separation of (MPE@NH(BOC) macroinitiator from the mPEO- custom-made apparatus. The synthetic pathway followed for the
NH, precursor. Initially, the mixture of the two polymers wassynthesis of the miktoarm stars are givesclieme .4A similar
subjected to fractional precipitation and after the deprotectioprocedure was utilized for the synthesis of linear polymers. Details for
procedure, dialysis was utilized for removal of the remaininthe polymerization procedure are given ifsthe
unreacted amino-functionalized mPEQ-NFhe solid obtained 2.4. Self-Assembly of Empty NPs via Solvent-SwitchThe
from the rst step was dissolved in chloroform so th&ia% wiv self-assembly behavior of NPs was studied at tteentisotonic
concentration was achieved. In particular, 12 g of the crude sold ers with dierent pH values, that is, pH = 7.4, 6.5, and 5.0. For
product were dissolved in 200 mL of chloroform at roomthat purpose, three érent buers were prepared, each at 10 mM
temperature. The solution was placed to a separatory funnel, andconcentration containing 150 mM NacCl. A Trigbwas used at pH
heptane was added portionwise (per 100 mL) under transient shakin.4 and was prepared by dissolving the appropriate amount of solid
until a permanently turbid solution was achieved. In general, twice tiigs in Milli-Q water, followed by addition of the appropriate amount
amount of n-heptane was required in order to obtain the of NaCl and concentrated aqueous solution of HCI for pH
aforementioned turbid solution (500 mL). The resulting solutionadjustment. A MES ber was used at pH = 6.5 and was prepared
was then gently heated using a heat gun with simultaneous shaklmng, dissolving the appropriate amount ofN-2rpErpholino)
and the obtained clear solution was left to stand at ambierdgthanesulfonic acid and NaCl in Milli-Q water, followed by titration
temperature. After a period of time, ranging from 3 h to overnightyith an agueous solution of 10 M NaOH for pH adjustment.
two phases were distinguishable in the separatory funnel. The uppeFinally, an acetate lar was used at pH = 5.0 and was prepared by
phase was transparent with low viscosity and the lower phase w&solving an appropriate amount of glacial acetic acid and NaCl in
viscous and translucent. The latter one, which mainly contained tMilli-Q water followed by titration with an aqueous solution of 10 M
polymer with higher molecular weight, was collected. An additiondlaOH for pH adjustment. In a typical experiment, 10 mg of the
amount ofn-heptane (100 mL) was added and the above-describelalybrid terpolypeptides were dissolved in 4 mL of DMSO. After
procedure of heating and standing was repeated. Another transluagmplete dissolution, 4 mL of eachdowere slowly added dropwise
fraction was collected. In total, three viscous fractions were collectedthin 30 min and were left for 1 h under vigorous stirring. The
The fourth one mainly consisted of mPEQ-Niecursor was  solution was then placed in a dialysis bag (Spectrapor MWCO 3500,
decanted. The whole procedure was monitored by size exclusi®®°C) and was dialyzed against 2 L of appropriate isotoricfbu
chromatography. The combined fractions were concentrated, and thé. The dialysis was repeated another three times with 2 erof bu
residue was dissolved in dichloromethane and then precipitateddne for 4 h, the second overnight for 12 h, and the third for another 4
excess diethyl ether. After drying, 8 g of white solid were isolated amdfor complete removal of DMSO.
were dissolved in 30 mL of dichloromethane. To the solution, 30 mL 2.5. Loading of Anticancer Drug Everolimus.Everolimus is a
of tri uoroacetic acid was added and the obtained solution was stirreather hydrophobic drug with a high molecular weight of 958'g mol
for 1.5 h at room temperature for quantitative removal of the BOChe above described solvent-switch methodology was utilized for
protecting group. At this time, the solution was concentrated, and tldeug encapsulation. Several drug/polymer weight ratios were used in
solid residue was dissolved in 30 mL of Milli-Q water containing 10@rder to obtain the optimum values with the highest Everolimus
of NaCl. The pH was adjusted to 12 with 1 M aqueous NaOHencapsulation eiency. When the ratio was high, that is, greater than
solution and the mixture was stirred at room temperature for 30 mif.3, it was found that excess non-encapsulated drug was present that
The aqueous solution was extracted with dichloromethar@ precipitated, while the amount of encapsulated drug remained stable
mL), and the combined organic phases were directly poured infor the same weight of polymer. Therefore, in order to obtain the
excess diethyl ether. The precipitated solid Iteaed and dried optimum encapsulation @ency, an Everolimus/polymer weight
under vacuum. ratio of 0.3 was chosen. In a typical experiment, 10 mg of the hybrid

The last step of (MPE@NH, macroinitiator preparation involved terpolypeptides were dissolved in 4 mL of DMSO. After complete
dialysis (MWCO $8 kDa) for removal of the remaining proportion dissolution, 3 mg of Everolimus were added in the polymer solution
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Scheme 4. Synthetic Pathway Followed for the Preparation of (A) the Linear rofEBis-coBLG)-b-PLL Triblock
Quarterpolymers, and (B) the Branched 3-Miktoarm Star (mPE®P(His-coBLG)-b-PLL Triblock Quarterpolymers

A. Synthesis of Linear mPEO-b-P(His-co-BLG)-b-PLL:
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B. Synthesis of 3-Miktoarm Star (mPEO),-b-P(His-co-BLG)-b-PLL:
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and was stirred for 30 min to allow for its dissolution. Then, 2 mL ofransferred in fresh isotonic Tris & and was dialyzed for an

bu er was added dropwise to the DMSO solution over a period of 3@dditional period of 3 h again with another 4 L oébdhe same

min. The solution was then placed in a dialysis bag (Spectrapprocedure was repeated one more time, and the NP solution was
MWCO 1514 kDa, 30C) and was dialyzed against isotonic 10 mM dialyzed for 12 h. Finally, the volume of the solution was about 12
Tris bu er at pH = 7.4 (150 mM NaCl, 10 mM Tris), in a volume of mL. Then, 2 mL was removed from the solution inside the membrane
4 L of buer. After 3 h of dialysis, the dialysis membrane wagrior to loading eciency analysis, while the rest of the solution was
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split at three equal parts and each part was placed in a new dialyges identied that the optimal methodology was that reported

membrane with the same MWCO and was immediately immersed figrein, which resulted in a high degree of transformation of the
50 mL of buers at dierent pH values. In all cases, the clip at thep, droxyl end-groups to amine groups. However, the size
bottom of the dialysis membrane was magnetic, so that the membr lusion chromatograms (SEC) of the mPEO derivatives

was stirred at 800 rpm during the dialysis procedure. - - .
2.6. Determination of Everolimus Loading in the NPs. The before and after the transformation were nearly identical. The

amount of Everolimus loaded in the nanoparticles was determined h degree of functionalization wasroed by synthesizing
SEC analysis using the DMF/LiBr system and an appropriate set @flock copolymers for the formation of a polypeptide block,
columns focused for retention of low molecular weight specid¥here no trace of the mPEO-NHacroinitiatorwas apparent,
(Styragel HT2) in order to separate the polymer from the drugindicating that at least 95% of the hydroxyl groups were
Quanti cation was performed by setting a calibration curve ofransformed to amine groups.
Everolimus in DMF, where the drug is fully soluble. In a typical 3.3, Synthesis of the Two-Armed (MPEG)}NH,
experiment, 2 mL of the aqueous NPs solution containing Everolimpygscroinitiator. The synthesis of the two-armed amino-
g‘r 'Z%t.%“;; beL:er gssrgﬁqt{,a‘éfdaﬁvéthtfe% tcr’;gthc')cr’]mf‘;rsm'reTizt'gg’etrfunctionalized macroinitiator (MPE®H, and its purica-

ganic ‘ayer w v xiraction w P _ﬁ)% process were monitored by SEC analysis. After dialysis,

times. The total amount of chloroform solution containing Ever d i PEO-Mid letel
olimus and a small amount of polymer were injected in the SEEIE €xcess unreacted linear mPEQ-M#s completely

system with the DMF/LiBr as the mobile phase and was analyzég@moved. The dialysis procedure was monitored by periodi-
using the Diode Array detector &279.4 nm. The two species were Cally withdrawing aliquots from the dialysis membrane and
clearly separated and the peak corresponding to Everolimus vaikectly injecting them in the aqueous SEC instrument and was
qyanti ed using the dryg c_alibration curve. Everolimus _Ioadir!g istopped when the linear precursor trace had completely
given through the loading @ency (LE; %; mass of Everolimus in disappeared. The corresponding SEC traces of mPEO-NH
NPs/mass of Everolimus in the |n_|t|al solution) and loading contenfnacroinitiator and (MPE®NH, macroinitiator before and

(LC; %; mass of Everolimus in NPs/mass of polymer). Allager nyrication are shown iffigure S1 (see SiThe
measurements were carried out in triplicate and the loading resuﬁ‘lsolecular weight of the single arm precursor Wasl.Bg@/

are reported as their average. | while th | I iaht of the 2 L
2.7.In Vitro Drug Release Studiesln vitro drug release studies MOl while the molecular weight of the 2-arm macroinitiator

were performed at three elient pH values (pH = 7.4, 6.5 and 5.0) at Was exactly 10:0 10 g/mol. The polydispersity indices of
37°C for pH = 7.4, while 4@ was applied at pH = 6.5 and 5.0. The both, the single arm precursor as well as of the two-armed
original dialysis solution after the drug loading procedure was split(mPEO)-NH, macroinitiator were as low as 1.03.
four parts. One part was used to determine the concentration of the 3.4. Synthesis of Linear and 3-Miktoarm Star Hybrid
drug into the _NPS, Whi.|e the other three were LI_SEd _fOI' in vitro drug@riblock Terpolypeptides. Two series of hybrid triblock
release studies at elient pH values. The dialysis membrane terpolypeptides were synthesized via sequential ROP of the
immediataly immersed in 2 solution of 50 mL of the corespondingOTESPONING NCAS using either MPEQ-BHMPEO)
immedia fl :
bu er, and){[he cumulative release of the drug was measurF()ed at E‘_f. as the macroinitiator, one linear of the type mPEO-
exterior solution at deed time intervals. The dialysis membrane wa '_SCGBLG)J‘}PLL’ and one star of the t}’pe (MPED)
transferred into a fresh I solution at every interval, in order to [P(His<CoBLG)D-PLL], where the blocks in the brackets
avoid saturation of the solution from the hydrophobic drug. In &epresent each arm of the 3-miktoarm star hybrid terpolypep-
typical experiment, 10 mL of the exterior solution were extracted witide. The synthetic strategy followed for the preparation of the
2 mL chloroform twice, and 25Q of the chloroform solution  branched polymers is summarizeddéheme 4A similar
containing Everolimus were subsequently injected in the SE§rategy was followed for the synthesis of the linear
in_strument using DMF/LiBr as t.he mobile pha§e featuring tthrponpeptides, with the only efience being the utilization
Ef%%ﬁ;iﬁ?gggg' ;’th_e S’g?"&“ﬂ?s ucsoiggeg"ggl?t':re‘l’;’iﬁi “C“Sf\‘lse”rﬁfjthe monoamino end-functionalized mPEQ+itHer than
obtained with solutions of known Everolimus concentration measurdd,_Wo-armed amino-functionalized (mB&0}, macro-
using the same instrument. Initiator. In order to elucidate the uence _of the molecular
architecture to the self-assembly properties, the polymers were
designed as follows: The total molecular weight of the two
3. RESULTS AND DISCUSSION mPEO arms of the star polymé\is € 10.0x 10° g/mol) was
3.1. Synthesis ofN-Carboxy Anhydrides (NCAs)The almost equal to the molecular weight of the single mPEO arm
synthesis of Trt-His-NCA, BLG-NCA, and BOC-Lys-NCA hagM,, = 9.95x 10° g/mol) of the linear polymers. The middle
been discussed in detail in previous publications of ounlock of all hybrid triblock terpolypeptides synthesized herein
group:*>°3 The high purity of the NCA monomers is crucial (linear and star) was a common pH-responsive block
for their successful living ring-opening polymerization (RORjomprised of a random copolymer of PHis and PBLG,
utilizing primary amine functionalized initiatoras con-  where PBLG is 18% molar ratio of the total block, with total
rmed by'H NMR and FT-IR spectroscopic analysis, molecular weight of about %.a0° g moP? after deprotection
discussed previouslyBOC-Lys-NCA was chosen as the of the PHis units. Finally, in each case the molecular weight of
resulting polymer that can be orthogonally deprotected in thtee PLL third block was either A, 15.0x 10, 25.0x
presence of PBLG, since it is well established that the BOOZ, or 45.0x 1G° g moP*. Therefore, for each linear triblock
protecting group can be selectively deprotected using TF#&rpolypeptide there exists a corresponding branched one,
while the benzyl ester groups of PBLG remain intact. having the same block composition as well as total molecular
3.2. Synthesis of the Linear mPEO-NH Macro- weight, but that ders only in its macromolecular architecture
initiator. In order to prepare hybrid copolypeptides with (namely, L7-S7, L15-S15, L25-S25, and L45-S45, L for linear
high blocking eciencies via living ROP of the correspondingand S for stars). A random copolypeptide was chosen as the
NCAs, it was critical to synthesize amino end-functionalizediddle block based ondings from a previous publication of
poly(ethylene oxide) macroinitiators with high end-groupmur group, revealing that the incorporation of hydrophobic
delity. After attempting severakdént synthetic approaches, units in the PHis block can lower tikg @f the polymer to 6.1
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Table 1. Molecular Characteristics of the Hybrid Linear Triblock Terpolypeptides of the Type rbHEBis-coBLG)b-
PLL*

M "
M ,PEOb - (Xllbig*gcc’ﬁb%)a e Mi pLL (Xb1033 gm dOFl) M, grot Triblock M, peprot.Tribi cf 4
polymer (x 105§g mob?) Prot?/Deprot: Npnid NaLo Prot’/Deprot: (X1055 g mocfgl) (><18§§ g mo%) M,Deprot
L7 9.95 16.0/6.70 38/7 12.5/7.0 38.6 23.7 1.10
L15 9.95 15.6/6.65 3717 26.4/14.8 52.5 31.4 1.12
L25 9.95 15.9/6.75 38/7 45.6/25.6 71.2 44.0 1.11
L45 9.95 16.6/6.95 40/7 77.8/43.7 106.0 60.6 1.16

3Abbreviations: Prot., protected; Deprot., deprot&@bthined by SEC-TALLS using DMF with 0.1 M LiBr as the eluerft@t%libtained
by 'H NMR spectroscopy in,D with a few drops of DClObtained by SEC-TALLS using 0.10% TFA (v/v) solutiop@MteCN (60/40 v/
v) as the eluent at 3&.

Table 2. Molecular Characteristics of the Hybrid 3-Miktoarm Star Triblock Terpolypeptides of the Type (RBEMisco
BLG)-b-PLL®

M .
M ,PEOb = (Xlrbig—'gcﬁﬁléﬁa c Mn,PLL (xb]-o33 g meFl) Mn t. Triblo " Mn,D rot. Tribl o d
polymer (x 10$§g mob?) Prot®/Deprot! Nppid Nai o Prot°/Deprot: (><10%@g moFY (x 106 g motd) M.Deprot
S7 10.0 15.7/6.65 3717 12.8/7.1 38.3 23.9 1.13
S15 10.0 16.1/6.70 38/7 25.4/14.1 51.1 30.6 1.11
S25 10.0 16.2/6.70 39/7 44.6/24.6 70.3 42.0 1.10
S45 10.0 15.6/7.10 37/8 79.0/44.7 103.9 62.0 1.14

3Abbreviations: Prot., protected; Deprot., deprot€@bthined by SEC-TALLS using DMF with 0.1 M LiBr as the eluent@tibtained
by 'H NMR spectroscopy in,D with a few drops of DClObtained by SEC-TALLS using 0.10% TFA (v/v) solutiop@teCN (60/40 v/
V) as the eluent at 3%.

rather than 6.7, which was previously measured for a PHismpletion of the polymerization kinetics and deprotection
homopolymer of the same molecular weight. There are twocesses were monitored'HyNMR and FT-IR spectros-
di erent pH values that a drug delivery system can respormhpy, revealing that 7 days were required for complete
the extracellular pH of a cancer tissue which is approximateipnomer consumption during the polymerization of the
6.756.8° close to the g, value of the PHis homopolyrifer — mixture of Trt-His-NCA with the BLG-NCA, while three days
and the pH of the early endosome, which is lower th&h 6.5.were required for the BOC-Lys-NCA. Thal deprotected
Therefore, when a pH-responsive drug delivery system pslymers were exhaustively characterized by size exclusion
designed to deliver encapsulated anticancer agents insitieomatography featuring a two-angle laser light scattering
cancer cells rather than their extracellular vicinky |@ager detector (SEC-TALLS), addd NMR and FT-IR spectrosco-
than 6.7 should be chosen. In our case, a drug delivery systgyn In all cases, molecular weight distributions were
that targets the intracellular microenvironment was originaligonomodal with no apparent traces of low molecular weight
designed. Since the onlyatiences between the two series ofspecies and exhibiting low dispersity valyes (L.2;Figure
the prepared polymers regard their macromolecular archit&&2, see %IThe 'H NMR spectrum of the branched hybrid
ture and the molecular weight of the PLL block, theterpolypeptide exhibiting &01LG®g/mol of the PLL block is
abbreviation of the linear and star polymers wasdiby shown inFigure S3 (see SIThe obtained results for the
these characteristics. Therefore, the abbreviation L15 refersymthesized linear and 3-miktoarm star triblock terpolymers are
the linear triblock terpolymer wikh, p = 15.0x 1C° g summarized ifables land2.
moP?, while S15 refers to the 3-miktoarm star with the same 3.5. Self-Assembly of the Not-Loaded Hybrid Triblock
PLL molecular weight. Terpolypeptides. Nanostructure formation based on the self-
The polymer synthesis was performed using high vacuuassembly of the synthesized amphiphilic linear and 3-miktoarm
technique$’ The random distribution of the copolymerized star hybrid terpolypeptides was achieved by a solvent-switch
PBLG and PHis units was proved through the increasedethodology from the good solvent DMSO into aqueous
solubility of the protected diblock copolypeptide in DMFsolutions of appropriately adjusted pH values (i.e., pH = 7.4,
resulting from the copolymerization of Trt-His and BLG6.5, or 5.0) via dialysis. Self-assembly and nanoparticle (NP)
NCAs. In case the copolymers wirecky, the middle development were driven by the partial insolubility of the
P(HiscoeBLG) block would be insoluble in the polymerizationmiddle a-helix-forming P(HiseBLG) block in aqueous
solvent, DMF, whereas all polymerizations conducted in tleedia. The self-assembly behavior of the deprotected linear
present study were homogeneous, proving the randoamd star polymers was studied by DLS, SLS and zeta-potential
distribution of the two monomers across the second bochknalysis. It should be mentioned that it was not possible to
The selective deprotection of Trt-His and BOC-Lys monoperform cryo-TEM imaging of the empty NPs, most possibly
meric units, by simultaneous quantitative retention of thdue to disruption of the nanostructures during theceition
benzyl protecting groupsLeglutamic acid, was of paramount procedure. Therefore, only indirect results for their structure
importance for the functionality of the developed polymers. Were obtained through DLS and SLS measurements. More-
is well-known that BOC- and Trt-protecting groups can bever, the stability of the formed NPs toward proteolytic
orthogonally cleaved under acidic conditions in the presenceasfzymes was monitored thgbuenzymatic degradation
the benzyl protecting group ofglutamic acid>® The studies.
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Table 3. Summary of Characteristics of the Empty Self-Assembled NanostructuresrahDpH Values at 37C

diameterD,* diameterp,® diameterD,* zeta-potentidl Rs/Ry.©

polymer (nm; 9C), pH=7.4  KCounts (nm; 9C), pH = 6.5 KCounts (nm; 9C), pH =5.0 KCounts (mV),pH=74 pH=74
L7 76+ 2 459+ 15 44+ 1, 160.4 3 403+ 13 230.4 4 103+ 9 +11.5+ 0.9 0.76
S7 66+ 1 402+ 13 79.8+ 2 381+ 11 270.5 5 98+ 7 +18.3+ 1.1 0.74
L15 64+ 1 405+ 14 100.2+ 2 371+ 10 560.4 7 92+ 6 +24.5+ 1.4 0.75
S15 188 2 550+ 18 210.5 4 503+ 15 452.4+ 6 82+ 7 +3.8+ 0.3 1.02
L25 94+ 2 410+ 14 103.5: 2 371+ 11 360.4 5 79+ 9 +35.1+ 1.6 1.02
S25 8% 2 406+ 13 100.9+ 2 369+ 10 310.5 4 74+ 9 +30.5¢ 1.4 0.98
L45 114+ 3 410+ 14 125.4+ 2 361+ 11 380.4 4 65+ 2 +31.8+ 1.4 1.01
S45 55 1 350+ 10 65.3t 1 321+ 9 330.5t 4 60+ 14 +31.5t 1.5 0.78

3D, values measured from DLS analysis (the error shows the standard deviatiemepemt measuremenftgpta-potential values measured
from microelectrophoretic analysis at pH =R#4R, ratio determined from SLS and DLS analysis.

3.6. E ect of the Macromolecular Architecture on NP Scheme 5. Schematic Representation of the Aggregates
Structure. In a previous publication, we had shown that aObtained in Aqueous Solutions: (a) Vesicular Structure
mPEOb-PBLGb-PLL triblock terpolymer bearing two hydro- Obtained from the S15 and (b) Core-Shell Micelle
philic blocks at the two ends of each chain and a hydrophot@btained from the L15
middle block was able to self-assemble into polymersomae
where the hydrophilic chain with the larger volume fractio
remained at the outer periphery of the nanostrutiinés.
envisioned that, by altering the macromolecular architecture
the polymer from linear to 3-arm star, keeping the overe
molecular characteristics unchanged (i.e., composition a
total molecular weight), we would be able to control the she
composition of the NPs formed, independently of the volum
fraction of the water-soluble PEO and PLL blocks. Due to tF
higher density of PEO chains close to the cScona A /
interface in the case of the star architectures, it would ‘

. : . (a) (b)
possible to obtain a polymer nanostructure where the interface
must be curved inward to the single PGaBLG)b-PLL arm @Red is the block P(H&BLG), blue is PEO, and yellow is PLL.
even though the volume fraction of the hydrophilic PLL block

would be larger. In the case of the linear hydrophilic Chairb%rresponding linear hybrid terpolypeptide L7 (+2109

with the same composition, we hypothesized that the oppos{{a) This is expected since, in case of the linear polymer, the
corona preference would occur where, as commonly observggkitively charged PLL chains are shorter than the PEO blocks
the hydrophilic part with the larger volume fractlon_would b?Schemel@ and thus the charged units are less exposed at the
located at the outer periphery of the synthesized NPgyter periphery of the NPs than in the case of the star polymer
Therefore, even for low molecular weight PEO brancheghere the PEO chains are shorter as compared to the PLL
chains, the hydrophilic PEO blocks would remain at the outer
periphery and form the corona of the NPs, which is preferreghneme 6. Schematic Representation Showing the

in order for the NPs to maintairfsiealth character toward  c\rvature of the Hydrophili§Hydrophobic Interface as
the immune system. In addition to thee@ of the  \yg|| as the Mixed Coronae of the Obtained Core-Shell

macromolecular architecture, the pH-responsiveness of fgcelles: (a) Branched Polymers and (b) Linear Polymers
NPs was also studied by DLS, SLS as well as electrophorgjith Low PLL Molecular Weigfit

mobility measurements. The obtained characterization results
of the assemblies resulting from eacleratit polymer
composition are shownTiable 3

An R/ Ry value close to 0.75 indicates a spheric& core
shell micellar structure of the aggregate, while a value close to
1.00 indicates the formation of a bilayer vesicular struc-
ture®®™% In the case of the vesicular structures, the
hydrophilic domains are either located in the outer periphery
or in the inner aqueous lumen of the assemblies. Based on the
Rs/ R, value of the L7 and S7 polymeRs/ Ry = 0.76 and
0.74, respectively), light scattering analysis indicates their self-
assembly into compact céskell structures for both
polymers. This also indicates that for both polymers the
cores of the obtained NPs are comprised of the €{BIi<5)
pH-responsive copolypeptide, with a mixed corona domain (a) (b)
composed of both hydrophilic PLL and PEO polymers
(Schemely). The zeta potential value of the S7 nanostructures
(+18.3+ 1.1 mV) was more positive than that of the ®Blue is PEO, red is P(HisBLG), and yellow is PLL.
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Scheme 7. Schematic Representation Showing the Interfacial Curvature and Outer vs Inner Hydrophilic Domain Composition
of the Obtained Vesicular Nanostructures: (a) Branched Polymers, (b) Linear Polymers, (c, d) Linear Polymers with Flat
Interphase, and (e) Branched Polyniérs

®Blue is PEO, red is P(HisBLG), and yellow is PLL.

chains Hcheme &), rendering the zeta potential more remained in the outer periphery despite the fact that the PLL
positive. On the contrary, in the case of the L15 and SiBlock was sigréantly longer compared to PB®, o= 5 %
pair, the linear L15 polymer structure resulted in spherical® g moP* for the star ant¥l, p . = 15x 10° g moP* for the
coréSshell micelles with higher zeta potential than thdinear). Therefore, we have demonstrated that it is possible to
respective L7 NPs wit, p | = 7.0x 10° g moP* (Scheme  change the self-assembly behavior and resulting structure of
6a). the NPs independently of the relative volume fraction of their

This is reasonable since the longer PLL blocks are locatedhydrophilic block components by altering the macromolecular
the outer periphery in the case of L15 polymer screening tlachitecture of the triblock terpolymers from linear to star-
shorter PEO chains, rendering the NPs strongly positivebhaped.
charged $cheme &. Surprisingly, contrary to the linear 3.7. pH-Responsiveness of the Not-Loaded NP®ased
polymer L15 ndings, the 3-miktoarm S15 polymer resulted inon DLS measurements showdtle 3 it is clear that the
the development of vesicular structuRgsR; = 1.02) with empty self-assembled NPs formed by either the linear or the
zeta-potential values close to 0 mV (£3@3 mV). This miktoarm star polymers are responsive toward changes in
shows that the star-shaped macromolecular architecture casm@ation pH, owing to gradual protonation of PHis units at
the interface of the assemblies to curve inward toward the thi@ver pH, leading to increased hydrophilicity of the
arm, forcing the branched PEO chains to form the outepolymers? In particular, at pH = 6.5 (i.e., the extracellular
hydrophilic layer and the PLL blocks to be located in the inngyH value of cancer cells), a siDglihcrease was measured in
domain of the polymersomé&siemesasbandra). In the case  all cases, although the swelling of the assemblies was not very
of the L25 and S25 pair, light scattering measurements suggesing. Importantly, upon further lowering of the pH matching
the formation of vesicular structufRg R, = 1.02 and 0.98, the value of the late endosome (pH = 5.0), a sati size
respectively) with positively charged PLL chains located increase was monitored in all cases, and the count rate of the
their outer peripherys¢cheme & for L25 and’e for S25). aggregates was sigantly lowered as compared to the one

In this case, the interfacial curvature induced by the 3-arabtained at pH = 7.4. The observed size changegrandi
star macromolecular architecture of the hybrid terpolypeptigeH values highlight that the formed NPs are satly
cannot maintain the hydrophilic PEO blocks on the outeswollen at pH = 5.0, and their number is either drastically
periphery of the NPs, thereby forcing an Sirteer lowered or the NPs are completely disrupted. The lower values
hydrophilic domain inversion due to the increased length a@f KCounts at lower pH values, while maintaining the same
the PLL blocks that dominates their self-assembly process.plwlymer concentration at all pH solutions indicate that the
the case of the L45 and S45 polymers, the linear architecturggregates not only swell but they also become ruptured.
led to the formation of vesicular structuRgR, = 1.01) 3.8. Enzymatic Degradation Studies of the Empty
with PLL blocks covering their outer periphery and PENPs. Recently, the utilization of enzymatic degradation of
blocks the inner parBthemed), whereas S45 self-assembledpolypeptide-based nanoparticles by proteolytic enzymes has
into a cor8shell structureRg/R; = 0.78) with a mixed been investigated as an additional advantage of such systems,
corona composed of both hydrophilic polynt&redme &). o ering a new stimulus for their drug release applications and
As in the case of L15, since PLL blocks are longer than thosesstablishing biodegradation as an important structural
PEO, the positive charge of PLL dominates, resulting in characteristit™°® Cancer cells often secrete proteolytic
strong positive surface charge of the NPs, equal to the thatesfzymes that can act as an external stimulus for polypeptide-
L45 with a pure corona composed only of PLL. based materials to gradually release their loaded cargo. Due to

On the basis of ourndings, it is obvious that the star- the partial polypeptide nature of the NPs developed in the
shaped macromolecular architecture resulting in increasesent study, we exploited their responsiveness toward this
PEO density close to the outer interfaceieinced the  external stimulus in order to induce the release of their drug
structure of the hybrid triblock terpolypeptide, and PEQcargo. Biodegradation is distinct from this stimulus as a
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biological process, as it can also be mediated by the normaald star polymers where the PLL chains are longer and
proteolytic activity of the extracellular matrix. Various enzymegposed at the outer periphery, trypsin reacts more slowly with
can potentially participate in these biochemical processes.thie NPs than doesiorescamine.

our case, LAP and trypsin were used for the enzymeOn the contrary, in the case of S7, where the PEO blocks are
degradation studies on the NPs. LAP is an exopeptidase tlsabrter than that of PLL and, thus, the PLL chains are more
catalyzes the hydrolysis of amino acid residues only from teeposed at the shell, LAP reacts rapidly with the end-groups of
amino terminus of polypeptide chéinshile trypsin is an  PLL and cleaves the lysine monomeric units faster than the
endopeptidase which can cleave randomly the amide bondsedction of uorescamine with the side groups of PLL. In the
lysine residues from their C-terminal $idéwus, free amino  case of the L15-S15 pair, the star-based vesicular nanostruc-
groups are produced during the degradation by each enzymees (S15) whose outer periphery is mostly consisted of PEO
During the enzyme-mediated degradation reaction of thghains, showed negligible interactions and degradation by both
nanostructures, aliquots were withdrawn at spieaé points enzymes, contrary to the corresponding linear L15-based
and were reacted witluorescamirt€. The product of this  chains that showed sigmintly higher degradation due to the
reaction can be detected lyorescence measurements andpresence of PLL in the mixed corona doni&ihegme )3 It

can be used to calculate the rate of enzymatic degradation-of

the NPs. In this study, two distinct phenomena occurred at tiécheme 8. Schematic Representation Showing that

same time: one was the reaction umfrescamine with the Proteolytic Enzymes (i.e., LAP and Trypsin) can Interact
exposed-amino groups of the PLL blocks, while the seconéind Degrade the Linear L15-Based Micelles (left), Contrary
was the reaction of the amines produced due to the the Star-Based S15 Vesicular Analogues (right) That
degradation of the polypeptides through the catalytiCannot Be Degraded by the Enzymes Due to the Presence
hydrolysis by the two proteases. In the cases that the reactisfnthe Synthetic PEO Located at the Outer Corona

of uorescamine with freeamino groups of PLL was faster

than the reaction of cleaved free amino acids,cspetivity

measurements were mentioned“RAISUOR'. This was

determined by studying the coupling reaction wibhesc-

amine in the absence and in the presence of each enzyme,

where the uorescence was higher when no enzyme was

utilized (Table 4. This indicates that the enzymes are not able

Table 4. Biodegradation Evaluation of Empty NPs after
Incubation with (a) LAP for 24 h and (b) Trypsin for 1 h at

37°C
polymer spec;glar(r:gé/{t’\)llptg LAP, spemcsS ?crg\ggtchlgfstrypsm,
L7 FLUOR 0.10
s7 3.5¢ 10° FLUOR
L15 3.9x 10° FLUOR
S15 1.1x 10°° (negligible) 2.% 1057 (negligible)
L25 4.0x 10°4 FLUOR
S25 4.5 105 FLUOR should also be mentioned that the concentration of the
L45 3.8x 105 FLUOR proteolytic enzymes used in this study was much higher
S45 4.% 105 FLUOR compared to that present in the organism, and the degradation

rate observed is not comparable to those under in vivo
conditions, which are expected to be rather slower.
to react fast enough with the NPs due to steric hindrance that3.9. Self-Assembly of the Everolimus-Loaded Hybrid
does not allow for increased interactions with the termindlriblock Terpolypeptides. The self-assembly behavior of
amino groups in the case of LAP or with any polypeptide ithe deprotected hybrid triblock terpolypeptides was sub-
the case of trypsin. It should be noticed that LAP is &equently studied upon encapsulation of the anticancer drug
signicantly larger enzyme by volume as compared witBverolimus (EVER) via a solvent-switch methodology similar
trypsin. to that described above. The polymers used for self-assembly
As mentioned above, in the case of the L7 NPs, spheriaaid EVER encapsulation were the pairs L15 and S15, as well as
coreésshell micelles are formed with both hydrophilic PEO and.25 and S25. The abbreviation for the polymer NPs with the
PLL chains comprising their outer periphery. Since the PL&ncapsulated drug are designated as the name of each polymer
chains are shorter than those of PEO, LAP (which can oniyith the addition of EVER. Therefore, the NPs formed from
interact with the terminalamino groups of the PLL) reacts the self-assembly of linear L15 will designated as L15-EVER.
more slowly thanuorescamine since the amino groups areThe drug-loaded NPs formed were characterized by DLS, SLS,
hidden by the PEO chains, while small molegatescamine  cryo-TEM, as well as 3D-tomography. Drug release curves at
can penetrate the shell of the PEO chains in a more facNarious pH values were performed for the pair L15-EVER and
manner. Still, for the same NPs, trypsin can rather rapid§15-EVER.
cleave the PLL chains that are located at the outer shell of the3.10. Characteristics of the Drug-Loaded NPs
NPs even if they are buried within tegible chains of PEO, Obtained by Light Scattering and Electrophoretic
and the degradation of PLL is faster than the reaction of tHdobility Analysis. The dimensions of the Everolimus-loaded
side amine groups withorescamine. For the remaining linear L15-S15 and L25-S25 NPs measured by dynamic and static
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Table 5. Summary of Characteristics of the Everolimus-Loaded Self-Assembled Nanostructureeat ptH Values at 37
°C

diameterD,* (nm; 9C°), diameterD,® (nm; 90), diameterD,> (nm; 90°), zeta-potential (m\, Re/Ry,S
polymer pH=7.4 pH=6.5 pH=5.0 pH=7.4 pH=7.4
L15-EVER 20% 3 291+ 4 430+ 6 +5.0+ 0.4 1.10
S15-EVER 256 4 330+ 4 450+ 6 +4.2+ 0.3 1.08
L25-EVER 23 4 301+ 4 510+ 6 +6.3+ 0.5 1.10
S25-EVER 369 5 490+ 6 616+ 9 +6.1+ 0.5 1.07

3D, values measured from DLS analysis (the error shows the standard deviatienepeat measuremerftgpta-potential values measured
from microelectrophoretic analysis at pH =R#AR, ratio determined from SLS and DLS analysis.

light scattering, as well as their zeta potential measured by

microelectrophoretic analysis are showiaisle 5 The

structure of the drug-loaded NPs is the result of the

interactions between the hybrid amphiphilic terpolypeptide,

the encapsulated drug and éu The obtained character-

ization results indicate that sinceRpER, value determined

for all drug-loaded NPs formed is close to 1.00, formation of

hollow vesicular structures was expected. In both amphiphilic

polymer pairs, the star-shaped polymer precursors form

aggregates larger than the corresponding linear ones. In

particular, in the case of the polymersMith, = 25x 10 g

moP?, D, values of the NPs prepared upon self-assembly of the

star polymer are nearly double compared to the corresponding

NPs formed by the linear triblock quarterpolymers with the

same molecular weight of PLL. For the L15-EVER-S15-EVER

pair, the dimensions of the NPs are comparable, although the

NPs resulting from the 3-miktoarm star polymers are larger

and ellipsoidal than the corresponding NPs composed of tiiéure 1.Dependence of the dimensions of the loaded NPs S25-
linear polymers. This érence is most possibly attributed to EVER, L25-EVER, L15-EVER, and S15-EVER as a function of pH.
the higher interfacial curvature between the outer corona- and

core-forming blocks, which compensates for the larger volume

fraction of the PLL block, resulting inatter interface and is

expected to result to@d NPs with larger dimensions for the been thoroughly investigated in recent WotKs.The

star polymers. The encapsulation of the hydrophobic dr“&)rresponding cryo-TEM images are shoviigime 25c.

Everolimus is expected to increase the thickness of thior careful observation, it is evident that almost all of self-

membrane of vesicles of the hydrophobic domains, that is, thesempled NPs presentstematocytestructure, indicating
P(HiscoeBLG) block along with the encapsulated drug. It iSpa; this is a thermodynamily favorable equilibrium
obvious that the dimensions of the formed NPS argircture rather than a metastable phase (the completely
signi cantly inuenced by the macromolecular architecture o pherical structure observed in one NP is probably due to the
the polymeric materials. As in the case of the emptc that it is turned in such a way that the missing part is
nanostructures, the pH-responsiveness of the drug-loadgfden). It should be also mentioned that the structures
NPs was also investigated by DLS analysisc&ngimcrease  remained stable and intact for a periodvefweeks. Cryo-
of D, values was measured in all cases upon lowering the i\ imaging observations were in good agreement with DLS
value from 7.4 to 6.5 ¢ble 9, which was more evident upon ang SLS results, where By R, 1.0 was calculated,
further pH decrease to 5.0, showing that pH can bgngicating that the NPs possess a hollow cavity in their interior
successfully utilized as an externally controlled stimulus f&fycture Bcheme)9
the swelling of the synthesized NPs and induction of a pH- As shown in the schematic representation of the
regulated drug releasegure J. Importantly, since measured stomatocytes iScheme ,%the externally located blue chains
zeta potential values were close to 0 mV, it can be concludggpresent the hydrophilic PEO blocks, the red and green
that the inert PEO blocks are always located at the outglended domain represents the hydrophobic B@BisG)
periphery of the prepared NPs. copolypeptide containing the encapsulated drug Everolimus,
3.11. Cryo-TEM Imaging and 3D-Tomography Anal-  while the inner yellow chains represent the PLL blocks.
ysis.Cryo-TEM imaging as well as Cryo-TEM 3d-tomography Even more surprisingly, the NPs formed by the self-assembly
analysis was performed in order to determine the self-asseniflg15-EVER revealetsaprapolymersofnmorphology with
behavior of the NPs in aqgueous media. Surprisingly, cryo-TE#Nble-multi-compartmentalized or patchy internal structure.
images revealed that the nanoassemblies formed by the L2b-further investigate this intriguing morphology, cryo-TEM
EVER and S25-EVER, as well as L15-EVER amphiphi8©-tomographic analysis of these NPs was conducted to
triblock quarterpolymers, were similar in structure but hadbtain a more detailed characterization of their internal
di erent overall dimensions. They all formed characteristgtructure. The acquired 3D-tomography images exemi
“stomatocytemorphologies not identical but similar to the tilt angles and slices along thexis are shown kigure 3
one found by the group of van H&stho rst reported this  (also se#/ideo File S1, Bl

structure, which have been very rarely reported and have only
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Figure 3. Cryo-TEM 3D-tomography slices of the S15-EVER
“suprapolymersoimeanoparticles obtained along Zhaxis. Slices
progress from lowgraxis values at (a) to highkaxis values at (f).

The white circles and the ellipsoid shows the cavities within the
aggregate. The two white circles at (a) indicate the development of
the cylinders, shown alsofggure d.

dimension). The schematic representation of the dissected
S15-EVER-based multicompartmentalizegrapolymer-
Figure 2.Self-assembled nanostructures with intriguing morphologis®me’s showing their internal microphase structure, according
formed upon loading of Everolimus: (a) stomatocytes obtained fromw the 3D tomography analysis, is depict&tieme 10
the L25-EVER, (b) stomatocytes obtained from the S25-EVER, (c)

stomatocytes obtained from the L15-EVER, and (d) supramoleculat-neme 10, Schematic Representation of the Dissected S15-
polymersomes from the S15-EVER, as projected perpendicular to ax| R-Based Multicompartmentalized

Z (see alsd-igure 3. Better views of its structure can be obtained ; p

from the two videoles,Video Files SandS2in the SI. Suprapolymersomes

Scheme 9. Schematic Representation of the Suggested
Internal Microphase-Separated Structure of the Formed
Drug-Loaded Stomatocytes

8Z-axis shown oRigure 3is the one indicated by 255 nm in this
gure.

As shown inrscheme 10the blue domain represents the
The two circles ifrigure 2 indicate the beginning of the polymeric part together with the encapsulated drug, while the
development of the two cylinders, shown in perpendiculaellow domain represents the welkdd empty space within
projection taZ axis inFigure @. In Figure B, it can also be the NP. Since it was not possible to separately stain each
seen the development of the third ellipsoidal compartmembaterial to obtain the internal structure of this particular NP of
between the two cylinders. A better view can be obtained the PLL, PEO, or of the P(HisBLG) phases without

the two videoles provided in the Slideo Files S4ndS2 In destroying its structure, it is not possible to separately illustrate
particular, the internal hollow space of the nanostructures eésch microphase.
composed of three dirent parts: two well-deed parallel It is evident that Everolimus is directing the self-assembly of

hollow cylinders connected together with another wetdle the polyme8drug mixture in an aqueous environment, since
hollow part with an ellipsoidal shape on the same plane to thiee aggregates obtained in the presence of EVER are
cylinders. The two well-ded cylinders can be seehigure completely dierent from the ones obtained by the polymers
2d highlighted with two white circles (see dldeo File S2, alone. This may be due to the large amount of the
SI). The diameter of each cylinder is approximately 42 nmgncapsulated drug which makes it the main component of
while its length is approximately 255 nm (the longethe aggregates in the EVER-POLYMER mixture and,
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particularly, of the hydrophobic parts, which direct selfwas found that the drug loading remained constant, while the
assembly. As discussed in the next session, EVER presentedding e ciency progressively decreased, therefore the
loading content of 25% per weight of the total L15 and S18eveloped NPs had the capability to encapsulate a certain
polymers. At these polymers, the hydrophobic part¢®His- amount of Everolimus while the remainder of the drug
PBLG at pH = 7.4) is only 17.5% (w/w) of the mixture and precipitated since it is insoluble in water. To the best of our
EVER is 20%, where PLL is 37.5% (w/w) and PEQ is 25% (wknowledge, there only report of the nanoparticulate delivery of
w). Between the hydrophobic parts of the mixture, EVER BVER, is a paper by Houdaihed &t Hi.this study, EVER
53% (w/w). Therefore, it is obvious that EVER drives the selfvas encapsulated into polymeric NPs based on a poly(ethylene
assembly of these NPs. The fact that self-assembly is diregjgaol)b-poly(lactideseglycolide) copolymer, with 9.1% drug
in both stomatocytes, as well as the supramolecular polymigrading and 41% loadingatency. The low loading eiency
somes, might also be due to the large molecular weight of tiieind by Houdaihed et%lis most possibly attributed to the
drug, as well as the peculiar structure of EVER, which is|gk of aromatic bonds in the polymer structure and therefore
cyclic molecule with“@ail’ (Scheme Jithat might induce  to the absence ofS interactions developed between the
polymer and the drug. The nanoparticles synthesized in our
Scheme 11. Structure of the Anticancer Drug Everolimus work remained stable under storage conditions @tfav at
least 12 h in a 10% FBS containingebu

In vitro drug release studies for the L15-EVER-S15-EVER
NP pair at dierent pH values revealed the pH-responsive
character of the developed nanostructures. The PHis
homopolymer has &pof 6.5 that varies slightly depending
on its molecular weight. If instead of the P¢HB:-G)
middle block, a PHis homopolymer of the same molecular
weight was incorporated in the synthesized triblock terpol-
ymers, almost quantitative drug release could have been
achieved at pH = 6.5 (i.e., pH value similar to the extracellular
pH value of cancer cells). On the contrary, upon introduction
of the BLG groups, thekpof the polymer was reduced to
6.1>"and thus, a limited drug release (<30%) was achieved in
both cases over a 140 h period at the extracellular cancer cell
pH value. Moreover, thisiding agreed well with the drug
steric hindrances and the interaction with the complerelease prée of both NPs where near quantitative pH-
structure of the polymerads these structures. Non-sphericaltriggered drug release (>80%) occurred at the late endosome
toroidal structures have been obtained from the self-assemibltyacellular pH (pH = 5.0), as showrrigure 41t should be
through electrostatic interactions between a plasmid DNA amdentioned that the drug lacks pH responsiveness; therefore,
PLL, where the cyclic and high molecular weight of DNAhe release is due exclusively to the pH-responsiveness of
molecule directed the self-assembly of the polyplexes. Probgigiyhistidine. The similar release lgrbetween the two NPs
the similar cyclic structure of Everolimus directed to thenay be due to the fact that the release is based on the
form%ion of these non-spherical structures observed at thisnsformation of PHis.
work!

312 Drug Loading an.d In Vitro Release Studies. Lt) CONCLUSION
EVER is a rather new anticancer agent that was approved by ) ) _ )
the FDA in 2011 for the treatment of progressive pancreatl order to design an ective polymeric drug delivery system,
neuroendocrine tumdt€ It is a rapamycin mTOR inhibitor it is necessary to control several characteristics of the carrier,
that exhibits antitumor activity via disruption of varioussuch as its functionality, size, shape, and mechanical properties,
signaling pathways and it is also used in the treatment @ Well as its surface functionality. Therefore, it would be
advanced renal cell cancer, breast cancer and neuroendodp@gsible to ne-tune the self-assembly behavior of the
tumors (NET); as well as an antirejection agent foramphiphilic polymers that form the drug delivery vehicle. In
transplantatiofY. Lipid disorders, hyperglycemia as well aghe present study, we have shown that the key parameters that
increase of LDL cholesterol have emerged as common a@e ne the aggregation of block copolymer amphiphiles are not
unique side ects upon treatment with EVER! Therefore,  only the polym&polymer and polyresolvent interactions
it is necessary for the drug to be delivered through &s well as the composition of each polymeric block, but also
nanoparticulate drug delivery system in order to control iteir macromolecular architecture. A series of stimuli-
release behavior and biodistribution, and avoid undesired si@sponsive 3-miktoarm stamphiphilic hybrid triblock
e ects. terpolypeptides and their corresponding linear analogues

EVER is rather hydrophobic and interacts with the B§His- were synthesized exhibiting the same molecular characteristics
BLG) block through$S interactions via the phenyl groups of but di erent macromolecular architecture, and their self-
the drug and BLG units. In order to determine the optimungassembly in aqueous media was investigated. It was shown that,
polymer-to-drug weight ratio, the amount of the polymer useidr amphiphilic polymers exhibiting identical molecular
was kept constant, whereas the amount of EVER was varidwracteristics, the macromolecular architecture could com-
during the drug encapsulation process. It was found that 10 mpigtely alter not only the overall dimensions but also the
of either L15 or S15 and 3 mg of drug gave the optimum drugiorphology of the developed nanoparticlesjrigewhether
loading e ciency (83.3% w/w) and loading content (25.0%the polypeptide-based amphiphiles would self-assemble into a
w/w). By increasing the initial Everolimus/polymer ratio, itcoreésshell micelle or a vesicular structure.
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cancer cells (pH = 6.5) it showed a slow release rate that was
maximized at intracellular late endosome pH values (pH =
5.0). In future studies, we intend to perform in vivo assays
against human pancreatic cancer xenografts to evaluate their
e ectiveness. Finally, we believe that the ongoing synergy of
materials and pharmaceutical scientists, biologists, and clinical
oncologists is imperative to produceient drug delivery
systems that possess advanced properties and required
functionalities toght pancreatic cancer.
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