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ABSTRACT: We present new polymeric amphiphiles derived fidracryloyl derivatives of the cyclic secondary
amines: morpholine, piperidine, and azocane polymerized by reversible additigmentation transfer (RAFT)
polymerization. Both homopolymerization and block copolymerizationNedicryloylmorpholine (AM), N-
acryloylpiperidine (AP), antl-acryloylazocane (AH) were carried out. The block copolymeric amphiphiles, poly-
[(N-acryloylmorpholine)slock(N-acryloylpiperidine)] (PAM-PAP) and polyN-acryloylmorpholine)slock(N-
acryloylazocane)] (PAM-PAH) were investigated, PAM being a hydrophile, and PAP and PAH being hydrophobes.
Moreover, to compare PAM as a hydrophilic block with poly(ethylene glycol) (PEG), poly[(ethylene glycol)-
block-(N-acryloylpiperidine)] (PEG-PAP) was also formed. In all cases, the degree of polymerization was well-
controlled and polymers were obtained in monomodal distributions. The macroamphiphile aggregates in water
were reproducibly well-formed by dialysis with a size range between 10 and 70 nm as characterized by dynamic
light scattering (DLS). The morphology of the aggregates was examined by transmission electron microscopy
(TEM). All aggregates formed from PAM-PAP and PAM-PAH series, up to 0.76 and 0.85 hydrophobic weight
fraction, respectively, revealed spherical micelles, whereas coexistence of spherical micelles and/or polymersomes
was observed from PEG-PAP at a hydrophobic weight fraction of 0.91. From study of copolymer segregation
behavior, PEG-PAP and PAM-PAH span the weak segregation region (WSR) as well as the strong segregation
region (SSR), whereas PAM-PAP is positioned in the WSR, owing to the greater hydrophobicity of PAH than
PAP. PAM yielded similar aggregation results to PEG when copolymerized with hydrophobic blocks. As a model
drug, everolimus was loaded in PAM(0.15)-PAH(0.85) micelles. After loading the drug, the micelle hydrodynamic
diameter was slightly increased from 430.1 to 52+ 1.8 nm. Everolimus was encapsulated with-60/.8%

of efficiency and was released over 3 wk in PBS (pH 7.4, 10 mM) at@7

1. Introduction As a suitable polymer for DDS, poly(ethylene glycol) (PEG)
is widely accepted as a hydrophilic domain, or simply for the

¢ DDS) in_ bi dical h b th modification of biomolecules, referred to as “PEGylation”,
systems ) in biomedical research because they Canendowing many favorable “stealthy” effects to various sub-

solubllllzebhydrqpth)blcldrfugs within thglr hydrophob||c cores gnd strates#-3 Similarly, poly(N-acryloylmorpholine) (PAM) is

gg: gfsdoru es?/t/Jilttr?Z: ?;J;ng ajcz;(; I;g?;zig(;\:ﬁ ehnit ﬁi(l)géuga'considered as another candidate for the same purposes. In several
¢ |f-g bl dg tp ith 'd.ﬁy it Ip Pt lud- studies, PAM has shown low toxicity and a low incidence of
form sefl-assembled aggregates with difterent topologles Includ- . ing immunological reactioria 2i20.39-42 For example,

ing spherical mlc?llles, wor_mllke ”.”'CE‘"eS' and bilayer vesicles as Torchilin and co-workers noté#}2PAM-modified liposomes
(polymersomes). ** Nanosized micelles allow drugs to pen- showed prolonged in-blood residence time alitesi vo admin-

etrate tumors with reducepl toxicity to nontumor tissue by virtue istration. For this reason, PAM can be regarded as another
of the enhanced permeation and retention (EPR) effect, derived I .
hydrophilic polymer suitable for DDS.

from the leakiness of the tumor vasculatéité? Thus, much _ )
research has been done to design appropriate amphiphilic PAM has been generally synthesized by free radical polym-

Polymeric aggregates are widely studied as drug delivery

copolymers to load a number of drugs such as adrianifcifi, erization?®4* yet recently there have been several studies
camptotheci®2! paclitaxel?2-26 cyclosporine A27-29 cis- examining the synthesis of PAM by living radical polymeriza-
platin323 and otherg2.33 tion (LRP) technique4> 48 Polymers prepared by LRP often

have low polydispersity with high monomer conversion, even
under mild reaction conditions. Another important advantage
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monomerg®5456 For instance, olefins, vinyl halides, and vinyl ~ Scheme 1. Monomer SynthesisN-Acryloylmorpholine (AM, 1),
acetates are not amenable to atom transfer radical polymerization N-Acryloylpiperidine (AP, 2), and N-Acryloylazocane (AH, 3)

(ATRP) due to an equilibrium constant during polymerization H OY\

that is too low, yet are readily polymerized via RAF>’ For N a N

poly(acrylamide) synthesis, despite some outstanding ré&tits, [x] 30-83% [x]

ATRP is still not regarded as suitable a method as RAFT

polymerization because of its high polydispersity and poor a:CH.Cl,, 0°C/rt,2-4h

monomer conversion.

We sought to explore the aggregation behavior of block
copolymeric amphiphiles with PAM as a hydrophile, and thus
we sought hydrophobic monomers of structure analogous to
morphollqe: ‘.h?re exists another Q-membered cyclic secondaryunt” used. NMR solvents (CDgIDMSO-ds) and tetramethylsilane
amine, piperidine.N-acryloylpiperidine (AP), prepared by  (1\s) were purchased from Armar chemicals”@gen, Swit-
acylation of piperidine, can be polymerized to pdlygcryl- zerland) with 99.8% purity. Argon gas was purchased from Messer
oylpiperidine) (PAP) by radical polymerization. However, Schweiz AG (Preerenges, Switzerland). Phosphate buffered saline
different from PAM, PAP undergoes phase transition a64 (PBS) solution (pH 7.4, 10 mM) was prepared in Milli-Q water
°C and remains hydrophobic above this lower critical solution according to the standard protocol.
temperature (LCSTY Furthermore, there are other analogues ~ 2.2. Characterization and Analysis.Purification by column
of piperidine with different numbers of methylene groups on Cchromatography was done using 2300 mesh MN 60 silica gel
the aliphatic ring, such azocane (Syn: heptamethyleneamine, (Macherey Nagel, Dien, Germany). Thin layer chromatography
8-membered ring), from which a still more hydrophobic (TLC) was done using silica gel 60 F254 coated aluminum sheets

. (Merck KGaA, Darmstadt, Germany). TLC plates were colored with
monomer could be synthesized. Thisacryloylazocane (AH) ninhydrin (to detect amines) or KMn@to detect substances prone

was also polymerized to politacryloylazocane) (PAH) by 15 oxidation such as acrylamides, amines, etc.) solutions after
5}2'?;/(1 rF(;Jpr::I?c:rgl(:)rCGk g)AIK/IIOk():; }gOAﬁ)quly:/nvgr:ezn?np?oF; :(:‘(; A"\i,{;: BVL\Q'[Z visualizz?]tio_rlll_ugdler uv Iigrrl]t}(ABSd= 2&;4 nbm). For thehninhydriln .
; assay, the plate was heated with a butane torch or an electric
macromolecular chain transfer agent (CTA); PEG was similarly heat gun. SolutiodH NMR (400 MHz) spectra were recorded on
employed, to compare these two hydrophilic polymer blocks. a Bruker 400 UltraShield spectrometer at room temperature. NMR
Three amphiphilic diblock copolymers were synthesized in relaxation delay was set to 10 s for all samples with 32 scans for
combining the four building blocks: PEG, PAM, PAP, PAH, ‘H NMFli fpecttraT- '\%emlcal .sft"ft vallluteé)éof ;H ;rﬁdregé%gfg}ln
namely poly[(ethylene glycolplock(N-acryloylpiperidine)] ppm relatve 1o as an internal standard. >0lid-s
(PEG-PAP), poly[{-acryloylmorpholine)slock(N-acryloylpi- CPMAS NMR (75 MHz) spectra were recorded on a Bruker DRX

L . 300 spectrometer equipped with 7.0 T widebore magnet and 4 mm
E)Ne_rlaficl:lﬁz)]y(lz,zﬁx(lj\il:;iz;),(S'r;\('ivlrfglxﬁ-)écryloylmorphohne)blocle CPMAS probe head. Finely powdered samples were packed into 4

A AR ) ~_ mm outer diameter Zr@rotors and measured with a spin rate of
From the amphiphilic diblock copolymers synthesized in this 10 kHz. Two-pulse phase modulation (TPPRRroton decoupling
work, the effect of different hydrophiles and hydrophobes on was used for signal acquisition. The spectra are the result of
the size of aggregates and their segregating behaviors wasaveraging 640 transients with a recycle interval of 5 s. The cross-
studied. The synthesized polymers were fully characterized by polarization contact time was 1 ms. Chemical shifts'% are
1H NMR, 13C NMR, and size exclusion Chromatography (SEC) Epol'ted in ppm and given relative to TMS as eX‘ﬂnal standard.
The aggregates formed from the resulting diblock copolymers M,, denotes the weight-average molecular weight kfjdienotes
were characterized by dynamic light scattering (DLS), the the number-average molecular weight. Polydispersity (PD
evaluation of critical micelle concentration (cmc), and transmis- M, sec{Mnsec) Was obtained by size exclusion chromatography
sion electron microscopy (TEM). A model hydrophobic drug, (SEC), for whichN,N-dimethylformamide (DMF) or THF was used
everolimus was loaded in PAM-PAH micelles and its release as an eluent. When DMF was used, a Waters Alliance GPCV 2000
profile was monitored with a SEC module equipped with with allg_ht scattering detector was used in addition of LiCl to the
photodiode array detector (PDA). elyent with 0.5 g/L of concentration. The flow rate was 0.5 mL/
min at 60°C. When THF was used, no salt was added to the eluent
. . (flow rate: 1 mL/min) and a Waters Alliance 2695 Separation
2. Experimental Section Module was used with miniDAWN (Wyatt Technology, Santa
2.1. Materials. Chemicals were used as received unless stated Barbara, CA). Operating temperature was maintained aC4QV/
otherwise. 2-Bromopropionic acid (990), phenylmagnesium  vis measurements and cmc determinations were done either with a
chloride solution in tetrahydrofuran (THF) (2.0 M), carbon disulfide Tecan SAFIRE microplate reader using 96-well microplate or a
(99+%), 2-chloro-2-phenylacetyl chloride (CPAC, 90%),., 88, Shimadzu UV mini 1240 spectrometer using a quartz cuvette.

(99%), KOH (85+%), and NaHC@(99.5%) were purchased from .- was determined by measuring the absorbance of phenyl

1: X = O (30%)
2: X = CH, (81%)
3: X = CH,CH,CH, (83%)

Sigma-Aldrich (Steinheim, Germany). Morpholine (9%), pip- dithioester groups at the end of polymer chains at 496 nm. A
eridine (98%), azocane (9%0), Cahh (95+%), LiAIH 4 (97+%), calibration curve was obtained from different concentration of CTA.
2,2-azobis(2-methylpropionitrile) (AIBN) (98%), KMnO, (99+%), Mass spectra were obtained using Waters Micromass ZQ instrument

KHSO, (98+%) KzCO; (99+%), ninhydrin (99%), PEG monom-  with ESH- (capillary voltage: 3.0 kV) or APGH (corona current:
ethyl ether M, = 2 kDa), and acryloyl chloride (96%) were 8.0 uA) ionization modes.
purchased from Fluka (Buchs, Switzerland). Everolimus was a gift ~ 2.3. Synthesis.

from Guidant AVS. AIBN was recrystallized twice from methanol. 2.3.1. Monomer Synthesis (Scheme 1J.he monomers were
Triethylamine (TEA) (99%) was purchased from Acros (Geel, obtained with purity higher than 95% with negative reaction by
Belgium) in biochemical grade. TEA was distilled over Gadihd ninhydrin to confirm that no free amine exists. Once synthesized,

stored at-20 °C until used. Solvents were purchased from various monomers were protected from the light and kept20 °C prior
suppliers in reagent grade or HPLC grade. Solvents were usedto polymerization.

without purification unless stated otherwise. 1,4-dioxane was  2.3.1.1.N-Acryloylmorpholine (AM, 1). The synthetic proce-
distilled over LiAIH, and THF was distilled over KOH. Distilled dures were referred to as reported earlier with some modificaffons.
solvents were stored over molecular sieves at room temperatureA solution of acryloyl chloride (0.2 mol, 16.0 mL) in GBI, (250
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mL) was slowly added to a solution of morpholine (0.4 mol, 35.0
g) in CH,CI, (500 mL) previously cooled at €C. After 1 h, all
acryloyl chloride had been added and the white suspension was
warmed to room temperature. Aft8 h atroom temperature, the
mixture was concentrated under reduced pressure to about 300 mL
and filtered to remove the morpholif#¢Cl salt and rinsed with
small volumes of CECI,. The filtrate was successively washed
with H,O (100 mL), KHSQ (ag, 1 M, 100 mL), HO (100 mL),
NaHCG; (aq, 5% (w/v), 100 mL), and ¥0 (100 mL). The clear
solution was dried over N8Oy, and concentrated under reduced
pressure at 3040 °C to yield clear colorless or pale yellow oil.

Yield: 30%. TLC (EtOAc, SiQ): R = 0.34.1H NMR (400
MHz, CDCkL): ¢ 6.57 (dd, 1H, G1=CH,), 6.30 (d, 1H, CH=
CHyrans), 5.72 (d, 1H, CH=CH;s), 3.69 (s, 4H, Ei>-0), 3.58 (s,
4H, CH,-N); MS (m/'z, M + H*t, APCI+): 142.1.

2.3.1.2.N-Acryloylpiperidine (AP, 2). The synthetic procedures
were referred to as reported earlier with some modificatféms.
solution of acryloyl chloride (0.025 mol, 2.0 mL) in GA&l, (50
mL) was added to a solution of piperidine (0.05 mol, 5.0 mL) in
CH,Cl, (100 mL) previously cooled at OC After 30 min, all
acryloyl chloride had been added and the white suspension was
warmed to room temperature. Aft2 h atroom temperature, the
mixture was filtered and white residue was washed with, Gl
(25 mL). Purification was done as described above for AM. The
clear solution was dried over BBQO,;, and concentrated under
reduced pressure at 3@0 °C to yield a clear colorless or pale
yellow oil.

Yield: 81%. TLC (EtOAc): Rr = 0.40.'H NMR (400 MHz,
CDCly): ¢ 6.59 (dd, 1H, G1=CHy,), 6.24 (d, 1H, CH=CHysans),
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Scheme 2. Homopolymerization: Poly{l-acryloylmorpholine)

(PAM, 4a), Poly(N-acryloylpiperidine) (PAP, 4b), and
Poly(N-acryloylazocane) (PAH, 4c)

S CHs
OH
23— (7 SO
o)
X 4
b: CTA/ AIBN in 1,4-dioxane
90°C,24 h
4a: X=0
4b: X = CH,

4c: X = CHchQCHZ

Scheme 3. Diblock Copolymerization I: Poly-
[(N-acryloylmorpholine)-block-(N-acryloylpiperidine)]
(PAM-PAP, 5a) and Poly[(N-acryloylmorpholine)-
block-(N-acryloylazocane)] (PAM-PAH, 5b)

S CH3
c s OH
m2,s —— (7 S8 Y
el
y" S0~ 9
c: AIBN in 1,4-dioxane

90°C,24h

5a: Y =CH,
5b: Y = CH,CH,CH,

5.65 (d, 1H, CH=CHy;s), 3.63-3.60 (m, 4H, Gi,-N), 1.69-1.64
(m, 4H, H,), 1.59-1.55 (m, 2H, ®i,); MS (mzz M + H*,
ESH): 140.1.

PAM (4a). Isolated yield: 88%H NMR (400 MHz, CDC}):
0 8.05-7.89 (m, AH), 7.67-7.52 (m, AH), 7.49-7.35 (m, AH),
2.3.1.3.N-Acryloylazocane (AH, 3). A solution of acryloyl 5.23-5.04 (m, @), 4.01-3.10 (m, G1y), 2.82-2.13 (m, ),
chloride (0.044 mol, 3.54 mL) in C}€l, (50 mL) was added toa ~ 1.99-1.02 (m, GH,). *C{*H} CPMAS NMR (75 MHz): 6 173.5
solution of azocane (0.04 mol, 5.0 mL) and TEA (0.04 mol, 5.51 (s, N-C=0), 67.0 (s,CH,—0), 46.6, 43.0 (dCH>—N), 36.0 (s,
mL) in CH,Cl, (200 mL) previously cooled at @C After 1 h, all CH;—CH).
acryloyl chloride had been added and warmed to room temperature. PAP (4b). Isolated yield: 63%!H NMR (400 MHz, CDC}):
After 1 h, the organic solution was washed as was done for AM, 6 8.02-7.83 (m, AH), 7.59-7.46 (m, AH), 7.42-7.31 (m, AH),
described above. The clear solution was dried oveiSg and 5.25-5.09 (m, (H), 4.18-2.98 (m, GH1,), 2.98-2.13 (m, ),
concentrated was under reduced pressure-a#80C to yield clear 2.13-0.76 (m, GH,). 13C{*H} CPMAS NMR (75 MHz): ¢ 173.2
colorless or pale yellow oil. (s, N—C=0), 46.9, 43.3 (dCH,—N), 35.8 (s,CH,—CH), 26.2 (s,
Yield: 83%. TLC (EtOAc): R = 0.41.'H NMR (400 MHz, CHy).
CDCly): ¢ 6.60 (dd, 1H, CH=CH,), 6.34 (d, 1H, CH=CHyans), PAH (4c). Isolated yield: 83%!H NMR (400 MHz, CDC}):
5.66 (d, 1H, CH=CH), 3.59-3.46 (m, 4H, Gi,-N), 1.82-1.69 08.04-7.83 (m, AH), 7.60-7.17 (m, AH), 5.35-5.26 (m, ¢H),
(m, 4H, (Hy), 1.64-1.47 (m, 6H, Gi;). MS (m/z, M + HT, 3.92-2.96 (m, Hy), 2.87-2.36 (m, @H), 2.21-1.01 (M, ¢H,).
ESH): 168.1. 13C{1H} CPMAS NMR (75 MHz): 6 174.4 (s, N-C=0), 48.6
2.3.2. 2-[(2-Phenyl-1-thioxo)thio]propanoic Acid (Chain Trans- (d, CH—N), 37.1 (s,CH,—CH), 27.4 (s,CH,).
fer Agent, CTA). The procedure was followed as reported by  2.3.4. Diblock Copolymers I. Poly[(N-acryloylmorpholine)-
D’Agosto et al*® except that the Grignard reagent was replaced block-(N-acryloylpiperidine)] (PAM-PAP, 5a) and Poly[(N-
with phenylmagnesium chloride and excess 2-bromopropionic acid acryloylmorpholine)-block-(N-acryloylazocane)] (PAM-PAH, 5b)
was removed using a conventional distillation setup. In addition, a (Scheme 3)Series of PAM-PAP and PAM-PAH diblock copoly-
different eluent composition was used for purification by column mers were synthesized with [monomer]/[PAM] of 20, 50, 100, and
chromatography: ethyl acetateiexane/acetic acid (20:80:1). After 200 respectively. As an example, to add 50 units of PAP block to
column chromatography, solvent was removed under reduced PAM (Mynmr) = 8330 Da), PAM macro CTA (0.12 mmol, 1 g),
pressure and the red oil was crystallized frorhexane to yield AP (6 mmol, 0.84 g), and AIBN (0.012 mmol, 2.0 mg) were mixed
red-orange crystals. in dioxane (6.4 mL). All reaction conditions were identical with
Yield: 47%. TLC (EtOAc): R = 0.38.'H NMR (400 MHz, homopolymerization. In all cases, [PAM]/[AIBN] was maintained
CDCl): ¢ 8.10-7.90 (m, 2H, AH), 7.55 (m, 1H, AH), 7.48- constant at 18% Copolymers were precipitated imhexane and
7.34 (m, 2H, AH), 4.81 (q, 1H, &), 1.72 (d, 3H, El3). MS (m/z, driedin vacua Average isolated yield was 77%.

M + H*, ESH): 227.0. 2.3.5.S[Poly(ethylene glycol) methoxy]carbonylphenylmethyl
2.3.3. Homopolymers: Polyl-acryloylmorpholine) (PAM, Dithiobenzoate (PEG-CTA).The synthesis of macro PEG RAFT
4a), Poly(N-acryloylpiperidine) (PAP, 4b), and Poly(N-acryloyl- agent (PEG-CTA) was adapted from that reported by Perrier et
azocane) (PAH, 4c) (Scheme 2Yhe respective monomer (10.8  al%*with some modifications. All reactions were done under argon.
mmol, 1.52 g of AM, 1.50 g of AP, 1.81 g of AH), CTA (0.22  PEG monomethyl ether (3.6 mmol, 7.2 g) was dissolved in toluene

mmol, 49.8 mg) and AIBN (0.022 mmol, 3.61 mg) were loaded in and dried by azeotropic distillation using a De&Btark trap. The

a Schlenk tube and mixed in 1,4-dioxane (5 mL). After the tube residue was redissolved in THF (250 mL) by warming in a water
was closed with a silicone septum, the solution was subjected to bath and TEA (18.0 mmol, 2.5 mL) was added. CPAC (18.0 mmol,
five freeze-thaw cycles under vacuum (260 mbar). Polymeri- 3.6 mL) was added to the clear solution and the mixture stirred for
zation was carried out at 9CC for 24 h and the polymers were 2 d at room temperature. The solution was concentrated under
precipitated in colch-hexane or diethyl ether. After the filtration,  reduced pressure and the residue was dissolved iFCGH150

the polymers were drieth vacua mL). The clear solution was washed with NaHg&@q, 5% (w/v),
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Scheme 4. Diblock Copolymerization II: Poly[(ethylene
glycol)-block-(N-acryloylpiperidine)] (PEG-PAP, 6)

s
ds O~ FocH,
m 0 n
Sa
6

d: PEG-CTA /AIBN in 1,4-dioxane
90°C, 24 h

d

m2

3 x 150 mL) and dried over N&O,. The mixture was filtered
and PEG-CPAC recovered by precipitation in cold ether (100%
conversion, confirmed byH NMR). PEG-CPAC (3.2 g) was
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2.6. TEM. Aggregates suspension in waten(5, 1—5% (w/v))
was placed on the carbon-coated grid (400 mesh) for 1 min, and
the grid was washed with distilled water. For the negative staining,
the grid was treated with uranyl acetate aqueous solutiqa(5
2% (w/v)) for 30 s and the excess solution was blotted away to a
filter paper. Samples were observed with Philips CM12 operated
at 80 kV.

2.7.in vitro Release of Everolimus from PAM-PAH Micelles.
Everolimus (2 mgimax = 278 nm) was dissolved in acetone (200
ul) and then slowly added to 1 mL of PAM(0.15)-PAH(0.85)
micelle suspension (10 mg/mL). The solution was stirred overnight
to allow all residual acetone to be evaporated and centrifuged with
a speed of 13 000 rpm for 10 min to sediment unloaded drug. The
supernatant was carefully taken and the total volume was adjusted
at 2 mL by adding PBS (pH 7.4, 10 mM). The solution was placed
into upper part of centrifugal filter device (Amicon Ultra-MWCO

dissolved in THF (100 mL) and degassed under argon. phenyl- 5000 Da, Millipore, Carrigtwohill, Ireland). The lower part was
magnesium chloride solution (2.0 M in THF, 3 mL) and carbon filled with PBS (pH 7.4, 10 mM), which was frequently replaced
disulfide (2 mL) was mixed in an ice bath and added to the PEG- With fresh solution. The whole solution was incubated at°87
CPAC solution by a two-head needle connected through septa. Thewith 5% CQ; supply. A known amount of the upper solution (100
solution was refluxed overnight and a white solid formed during #L) was taken at predetermined time points, lyophilized, and

cooling was removed by filtration. PEG-CTA was washed with
1.0 M KHSQ, (ag, 3x 150 mL) and precipitated in cold diethyl
ether (100% conversion, confirmed By NMR).

PEG-CPAC. lIsolated vyield: 87%.'H NMR (400 MHz,
CDCly): 0 7.55-7.47 (m, AH), 7.42-7.33 (m, AH), 5.41-5.38
(s, AH), 4.40-4.25 (m, CH,), 3.84-3.44 (s, OCI,CH,), 3.40-
3.36 (s, Gy).

PEG-CTA. Isolated yield: 59%H NMR (400 MHz, CDC}):

0 8.06-7.92 (d, AH), 7.60-7.32 (m, AH), 5.78-5.66 (s, &),
4.44-4.22 (m, @H,), 3.84-3.42 (s, OGI,CH,), 3.40-3.34 (s,
CHy).

2.3.6. Diblock Copolymers II. Poly[(ethylene glycol)slock-
(N-acryloylpiperidine)] (PEG-PAP, 6) (Scheme 4).PEG-PAP
diblock copolymers were synthesized with [AP]/[PEG-CTA] of 20,

redissolved in the same volume of THF (100). The withdrawn
solution (20uL) was injected into a SEC module (eluent: THF,
flow rate: 1 mL/min, temperature: 4TC) and the absorbance at
278 nm was monitored with Waters 996 PDA. The loaded amount
of everolimus was calculated based on a calibration curRfe<(
0.9999) obtained from already-known concentrations of everolimus/
THF solutions. From the amount of remaining everolimus, the
released amount of drug was inversely calculated by subtracting
the amount of remaining drug from the amount of loaded drug
calculated at zero time point.

3. Results and Discussion

3.1. Monomer Synthesis: AM, AP, and AH.The scheme
for AM synthesis and AP synthesis has been already re-

50, 100, and 200 respectively. As an example, to add 50 units of ported$1.63.66yet to our limited knowledge, the acylation of

PAP block, PEG-CTA (0.121 mmol, 0.26 g), AP (6.1 mmol, 0.84
g), and AIBN (0.0121 mmol, 2.0 mg) were mixed in dioxane (4
mL). All reaction conditions were identical with homopolymeri-
zation. In all cases, [PEG-CTA]/[AIBN] was fixed constant at 10.
Copolymers were recovered with 56% of isolated yield in average.
Copolymers were precipitated mhexane and drieth vacua

2.4. Aggregate Formation Adequate amount of polymers (20
80 mg) were dissolved iN-methyl-2-pyrrolidone (NMP) (0.51

azocane is first reported here. Three monomers (AM, AP, AH)
were synthesized by nucleophilic substitution of secondary
cyclic amines with acryloyl chloride as shown in Scheme 1.
Monomers were successively washed with mild acid to remove
basic salt and with base to remove hydrolyzed acid adduct from
acryloyl chloride. The yields for AP and AH were higher than
AM, consistent with higher hydrophilicity of AM than AP and

mL), placed in regenerated cellulose membrane (MWCO 1 kDa or AH- *H NMR and mass spectrometry confirmed the structures
10 kDa, Spectrum Laboratories, Breda, The Netherlands), andaccordingly. (See Figures Sta in the Supporting Information

dialyzed against water (5 L) for-12 d by regularly replacing the

for 'H NMR spectra of all monomers.)

water. Mean size of aggregates was determined using a Malvern 3.2, Homopolymerization: PAM, PAP, and PAH. The
Zetasizer Nano ZS equipped with He/Ne laser at 633 nm. All values selection of the CTA is very critical in designing RAFT

are given as volume-average hydrodynamic diameter.

2.5. Cmc Determination. The cmcs of the block copolymers
were determined by the fluorescence probe technique with p§tene.
Agueous polymer solution (500L) was sequentially diluted and
mixed with pyrene solution (&L, 1 x 10-3 M in absolute ethanol).
The final concentration of pyrene was adjusted tox 2076 M.
Each solution (20Q:L) was transferred to 96-well microplate. In
30—40 min, I,/I3 was determined with a microplate reader, from
Aem = 377 nm (1) and 386 nm for I) with Aex = 355 nm. To
determine the cmc, thig/l; ratio was plotted vs polymer concentra-
tion in a semilogarithmic scale. The plotted points were fitted
according to the eq 1 by using Origin software (v. 7.03). We

polymerization. Since there is no clear-cut rule in selecting an
optimal CTA, intensive studies have been devoted to finding
an adequate CTA for various specific systems. As for
PAM, Fabier et al. exploited different species of CTAs such
as tert-butyl dithiobenzoate, carboxymethyl dithiobenzoate,
(1-(4-methylcyclohexan-2-onyl)-1-methyl)ethyl dithiobenzoate
(menthonyl dithiobenzoate), 1,3-bis(2-(thiobenzoylthio)prop-2-
yl)benzene'®48In addition, D’agosto et al. reported that a CTA
with a phenyl group at th& position (stabilizing group) with
[-propionic acid for theRk position (good leaving group) exhibits
better performance over benzyl dithioestyl group at e

regarded the inflection points of the fitted curve as the cmcs. Thus, position?® On the basis of these pioneering works, we selected

the inflection point was determined as the minimum of the
derivative of the fitted curve obtained from eq 1

Al_AZ

—t "z 1
14 gox )

y=~A+

wherex = log(C), y = I//l3. Cis the molarity of polymer. Constants
Xo, A1, andA, denote the center, the initial value, and the final value
respectively.

2-[(2-phenyl-1-thioxo)thio]propanoic acid, hereafter referred to
simply as CTA. Thus, in this work, by synthesizing all
homopolymers under the same conditietesmperature, solvent,
CTA, [monomer]/[CTA], etc-we examined our hypothesis that
AP and AH would behave the same as AM in RAFT polym-
erization.

First, the CTA was well synthesized as characterized by TLC
and 'H NMR with a slightly higher yield than previously
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NMR spectra of PAM, PAP, and PAH.) As an alternative

method,M,yyuis) Was calculated from the optical absorbance
of the phenyl dithioester groups at 496 nm. Sequentially diluted
CTA solutions in DMSO (PAM, PAP) or MeOH (PAH) were

used to create a calibration curve to which the optical density
of the known concentration of polymer solution in the same
solvent was correlated. The results deviated slightly from

M,nmr)y Yet were still acceptable.

In order to record3C{1H} CPMAS NMR spectra of solid
PAM, PAP, and PAH homopolymers, the cross-polarization (CP)
technique is used to transfer the magnetization from protons to
carbons under magic angle spinning (MAS). This is done to
increase the signal intensity and to collect data more rapidly as
the spin-lattice relaxations of protons are often much longer
than those of carbons. Because of high crystallinity and impress-
ive polydispersity, alt3C resonances are just moderately broad.
For all homopolymers;*C signals of the amide carbonyl groups
(C3) appear between 173 and 175 ppm while backbone carbons
reported. (See Figure S1d in the Supporting Information for the (C1 and C2) commonly result in signals between 36 and 37 ppm.
IH NMR spectrum of CTA.) We note that it is worthwhile to  The spectrum of PAM displays a characteristic peak at 67 ppm,
mention here that the distillation step in CTA synthesis is criti- which is attributed to the carbon atoms (C6 and C7) adjacent
cal, as distillation is the only way to remove residual 2-bromo- to the oxygen atom while in other homopolymers they are ob-
propionic acid and obtain a clean product. Several other methodsserved between 26 and 28 ppm as expected. Furthermore, car-
were attempted (i.e., extraction, recrystallization, etc.), yet no bons adjacent to nitrogen (C4 and C5) of PAM and PAP result
other method was successful. Careful heating of the distillation in two nicely resolved resonances as a consequence of their non-
apparatus’ connections, where the heat could be lost, wasequivalent chemical environment due to rigid amide bond. In
required to achieve higher yield. After obtaining CTA, homo- spectra of PAH, they are not resolved possibly due to larger line
polymerizations were done under the conditions as describedwidths and smaller chemical shift separation. Signals of the phen-
in the Experimental Section. All homopolymers were targeted vyl dithioester groups and 2-propionic acid groups from the RAFT
to consist of 50 monomeric units. As can be seen in Figure 1, agent are not visible. (See Figure S3 in the Supporting Infor-
all three homopolymers were obtained with a monomodal mation forl3C{H} CPMAS NMR spectra for homopolymers.)
distribution. The targeted number-average molecular weight 3.3. Copolymerization I: PAM-PAP and PAM-PAH. As
(_n(meo& was calculated based on egs 2 and 3 as follws, discussed above, PAM still possesses the phenyl dithioester

groups and thus can be used as a macromolecular CTA (macro
CTA) in diblock copolymerization with AP and AH. Reaction
conditions were the same as for homopolymerization. Two
different batches of PAM (PAM1 and PAM2) were used to
copolymerize with AP for PAM-PAP series and AH for PAM-
PAH series, respectively.

From the lH NMR spectra of a series of PAM-PAP
copolymers, three characteristic regions, namely-2.9 ppm
(region A), 2.9-2.1 ppm (region B), 2.£1.0 ppm (region C),
were evolved as longer PAP blocks were added to PAM. Phenyl
dithioester groups were still observed at the same position.
However, the molecular weight calculated from phenyl dithioester
end groups differed from the theoretically estimated molecular
weight. This discrepancy may partially stem from destroyed end
groups, for example, by oxidation of the dithioester into sulfine
and/or thioester and/or sulfide species, “®tbecause the end
weight, andt is the duration of polymerization. groups on the macro CTA are exposed to oxygen or other

The number-average molecular weight4 X of homopoly- oxygen-containing solvents during a second round of polym-
mers were determined by different methods. The results areerization and excessive purification steps. It can also be
summarized in Table 1. To calculat, ..., we simplified eq hypothesized that the end groups become more diluted, as
2 to eq 3 under a more practical assumption that (1) the reactionPolymer chains grow larger, leading to a signal broadening effect
goes to the completion and (2) the concentration of AIBN was and less-defined integral values. For this reason, difiggr,
negligibly smaller than other reagents such as CTA or monomer. could not be accurately determined in the same way as with
From theH NMR spectra for PAM, PAP, and PAH, three the homopolymers, we decided to Ca|CU|Mﬁr‘(NMR) by com-
separate peaks (8:0.3 ppm) for the five protons of the phenyl  paring the integral values of three separable regions: region A,

ring of the pheny! dithioester were clearly resolved in a 2:1:2 oqion B, and region C. In the same wayl of PAM-
integral ratio. By comparing the integral values of these protons p waé also calculated. NNMR)

— PAM1

Normalized R. I. (A.U.)

- VI
22 23 24 25 26 2
Retention time (min)

20 21 28 29 30

Figure 1. Size exclusion chromatograms in overlay for homopolymers;
poly(N-acryloylmorpholine) (PAM), poly{-acryloylpiperidine) (PAP),
and poly(N-acryloylazocane) (PAH). THF was used as an eluent at 1
mL/min of flow rate and 4C0C.

Mn(theor):
[A]O X MAM X Ntheor

_l’_
[CTA], + 2f[AIBN] o(1 — e *)(1 — f/2)

MCTA (2)

[A]O X MAM X Ntheor
Mn(theor)E

[CTA],

+ MCTA (3)

where Nieor IS the targeted degree of polymerizatioA]( is
the initial concentration of monomer, [AIBY]is the initial
concentration of AIBN, [CTA] is the initial concentration of
CTA, fis the efficiency factor of AIBNKq is the decomposition
rate constant for AIBNf. is the percentage of coupling reactions
relatively to the overall termination reactiomg,is the molecular

with those of the protons on the aliphatic rings and polyacryl-
amide backbones (4:10.9 ppm), M,yyry Was correspond-

The integral values for region A and C are both contributed
by the protons on the aliphatic rings of PAM and PAP/PAH

ingly calculated and were in a reasonable agreement with plus two protons of polyacrylamide backbone. The coefficients

Mnaneory (S€€ Figure S2 in the Supporting Information for

in eqs 4 and 5 were derived from the theoretical integral values
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Table 1. Characterization of Homopolymers-°

Mn(theor) M n(NMR) Mn(UVlvis) MW(SEC) Mn(SEC) PDF
PAM1 7280 8330 6600 8110 7840 1902
PAM2 7280 6480 7210 7770 6590 1418
PAP 7190 7100 6500 6780 6630 1903
PAH 8590 8350 7020 9750 7960 122

a All molecular weights are given in D& Abbreviations for polymers: polj-acryloylmorpholine) (PAM), poly{-acryloylpiperidine) (PAP), poly{-
acryloylazocane) (PAHY. Polydispersityd Determined from THF-eluting SEC modufeDetermined from DMF-eluting SEC module.

Table 2. Characterization of Diblock Copolymers-p-b:

M theon) Mo nmiry M, eo/amNmR) Mi(apiaHNMR) Mysec) Mnseq) pDd
PEG(0.47)-PAP(0.53) 5010 4710 2230 2480 3780 3040 1.24
PEG(0.41)-PAP(0.59) 9600 7210 2230 4980 7150 5910 1.21
PEG(0.16)-PAP(0.84) 16 200 14 200 2230 12 000 9920 8000 1.24
PEG(0.09)-PAP(0.91) 30100 24100 2230 21900 20 600 17 100 1.20
PAM(0.66)-PAP(0.34) 14 800 12 300 8100 4120 7680 6450 1.19
PAM(0.54)-PAP(0.46) 16 900 14 900 8100 6830 9970 8350 1.19
PAM(0.43)-PAP(0.57) 22000 18 800 8100 10 700 11 600 11100 1.05
PAM(0.24)-PAP(0.76) 35900 33200 8100 25100 20900 17 400 1.20
PAM(0.63)-PAH(0.37) 9210 9930 6250 3680 9790 8060 1.21
PAM(0.43)-PAH(0.57) 13 600 14 400 6250 8180 13600 11 000 1.24
PAM(0.26)-PAH(0.74) 21 000 24100 6250 17 900 22 400 18100 1.24
PAM(0.15)-PAH(0.85) 35800 41 400 6250 35100 30 800 23400 1.32

a All molecular weights are given in D&.As Relogio et al. indicated in ref 52, size exclusion chromatography (SEC) is not highly recommended to
determine the molecular weight of copolymers. Thus, we anticipate the presented results are qualitatively feljabdmdations for polymers: poly[(ethylene
glycol)-block(N-acryloylpiperidine)] (PEG-PAP), polyiN-acryloylmorpholine)block(N-acryloylpiperidine)] (PAM-PAP), poly[d-acryloylmorpholine)-
block(N-acryloylazocane)] (PAM-PAH), where the numbers in parentheses denote the weight fraction of each Ribdgdispersities determined from
DMF-eluting SEC module, where PD denotes polydispersity.

of 'H NMR spectra of the homopolymers (PAM, PAP, PAH).
By normalizing the integral value of region A and C to region
B, by setting it to unity, the molar fraction of AM, AP, or AH
(Xam, Xap Or Xan) can be calculated. The molecular weights of
end groups were not considered for the calculation of weight
fraction of both blocks.

8x Xam T4 xXpp=1y 2x Xy +8xXpp=Ic (4)
8X Xay TA4XXay=1y 8xXyy+12x Xy =1Ic (5)

Normalized R.I. (A.U.)

WhereXAM = NAM/Nt, Xap = NAp/Nt, XaH = NAH/Nt, and Nt =
Nam + Nap or Nt = Nam + Nan, la is the integral value of 0 5 10 15 20 25 30
region A, andic is the integral value of region C, witRay =
57.4 and 44.3 for PAM1 and PAM2 respectively. (See Figure
S4, parts a and b in the Supporting Information fortHeNMR E(i)glglemZe-rSSiZ% | ;@ngSiﬁ;ﬂI rf]g:orr?;%gg)ra%;m) O%chl?g (f:O'FAdiglr?(j:k
spectra of PAM-PAP and PAM-PAH series.) . var?ou}; poly['NBalcryloylmr)cl)rp};lolinerialocle(N-acryloylpiperidine)] diblock

As given in Table 2, monomodal distribution was still - copolymers abbreviated as PAM(0.66)-PAP(0.34), PAM(0.54)-PAP-
maintained. Importantly, the molecular weight evolution of (0.46), PAM(0.43)-PAP(0.57), and PAM(0.24)-PAP(0.76) (from top).
copolymers is clearly seen by the shift of retention time as the The numbers in parentheses denote the weight fraction of each block.
molecular weights of the second block increase (see Figure 2 1HF was used as an eluent at 1 mL/min of flow rate and'@0
for size exclusion chromatograms in overlay of PAM-PAP series
and Figure S5a for size exclusion chromatograms in overlay of py perrier et af* We found that the azeotropic distillation of
PAM-PAH series in the Supporting Information). Narrowly e starting PEG is crucial to prepare PEG-CTA. When this
resolved spectra indicate well-controlled copolymerization with step was omitted, PEG-CPAC was poorly functionalized with
the PAM macro CTA. Our results are slightly different from low conversion rate (1837%) as determined frotH NMR
those reported in a previous study, in which the copolymeri- spectra. This may be due to the partial hydrolysis of CPAC
zation of PAM with styrene was attempted, yet multimodal . . . )

S . . ) groups into acids caused by water hydration, which leads to a
distribution was achievet. This suggests that the difference lesser degree of functionalization. Thus, before PEG was

in polymerizing character of monomers is very crucial to the . . . T
degigz of the gblock copolymerization from Iiv)i/ng polymeric subjected to the reaction with CPAC, the azeotropic distillation
was done in toluene, although it is not described in the original

CTA under the constant conditions. . X ) !
3.4. Copolymerization 1l PEG-PAP. To study the effect literature. It is also important to note that the diethyl ether
on aggregation behavior of PAM as a hydrophilic block, we precipitation after the second step should be executed very
also prepared a block copolymer composed of PEG and PAP.carefully to remove colored impurities. PEG-CTA thus synthe-

There have been several reports concerning how to incorporatesized showed complete functionalization as confirmed sy
PEG in block copolymers via RAFT polymerizatiéh®’.68In NMR. In addition, as evident from SEC monomodality, no
this work, PEG-derived macro CTA (PEG-CTA) was synthe- structural change such as coupling or degradation occurred
sized in two steps from PEG monomethoxy ether as reportedduring the reaction (data not shown).

Retention time (min)
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Table 3. Solubility of Homopolymers in Various Solvents at Room observations are ascribed to the reported LCSTE4C) for
Temperature?® PAPSL71PAP was soluble in all organic solvents used in this
polarity study except-hexane. PAH, which to our knowledge has not
index®  PEG PAM PAP PAH been previously reported, behaves quite differently from PAM
water 9.0 soluble  soluble  insoluble insoluble and PAP. PAH was poorly soluble in polar solvents such as
formamide 7.3  soluble  soluble  soluble insoluble  formamide, nitromethane, acetonitrile, and DMSO. In acetone,

nitromethane 6.8  soluble  soluble  soluble insoluble pap was not dissolved well, but remained in a swollen state.

methanol 6.6 soluble swollen soluble soluble . .
DMSO 6.5 soluble  soluble  soluble  insoluble  AS expected_, PAH was not soluble in water. _leferently from
NMP 6.5 soluble  soluble  soluble  soluble PAP, PAH did not undergo any phase transition tt00 PEG
DMF 6.4  soluble  soluble  soluble  soluble was soluble in most solvents exceaphexane and 2-propanol.
DMAc 6.3 soluble soluble soluble soluble 352 Selecti f c | tDialvsis i
acetonitrile 6.2 soluble soluble soluble insoluble e election ol a Cosolven |ays!s 'S a common
acetone 5.4 soluble  soluble  soluble  swollen technique to form a_ggr_egates fr_om amphiphilic b!OCk _COp0|Y'
ethanol 52  soluble insoluble soluble  soluble mers. The polymer is dissolved in a cosolvent which dissolves
1,4-dioxane 48  soluble  soluble  soluble  soluble  hoth hydrophilic and hydrophobic segments and the solution is
chloroform 44 soluble — soluble —soluble soluble dialyzed against water to induce slow solvent exchange. As the
iso-propanol 4.3 insoluble insoluble  soluble soluble . . . .
ethyl acetate 43  soluble  insoluble soluble  soluble  Solventdiffuses through the dlaly3|s membrane, the hydrophobic
THF 4.2 soluble  soluble  soluble  soluble segments come into contact with the aqueous phase and start
DCM 34  soluble  soluble  soluble  soluble to aggregate to form self-assembled structures in a specific
toluene 23 soluble — soluble  soluble —soluble —t555]0gy. For this reason, to form aggregates by dialysis, one
n-hexane 0.0 insoluble insoluble insoluble insoluble . . ; :
o _ ' should find a cosolvent that (1) is capable of dissolving each
@ Abbreviations for solvents: dichloromethane (DCN)N-dimethyl- block commonly and (2) is miscible with water to facilitate

acetamide (DMAc),N,N-dimethylformamide (DMF), dimethylsulfoxide solvent exchange. NMP, DMF, DMAc, 1,4-dioxane, and THF

(DMSO0), N-methyl-2-pyrrolidone (NMP), tetrahydrofuran (THP)Abbre- . L
viations for polymers: poly(ethylene glycol) (PEG), pdliyécryloylmor- fulfilled these prerequisites. However, except for NMP, all

pholine) (PAM), polyN-acryloylpiperidine) (PAP), poly{-acryloylazocane) solvents led to polymer gelation or agglomeration during
(PAH). dialysis. Since it is known that the cosolvent itself can affect

) . the size and morphology of aggregaté&iMP was used as a
PEG-CTA was further polymerized with AP under the same .o<qvent for all experiments in this study.

conditions as for PAM homopolymerization. The degree of
polymerization was calculated by comparing the average of the
integral values of region B (2-92.1 ppm) and region C (21

1.0 ppm) to the integral value of region A (4:2.9 ppm)
subtracted from the known integral value for the given molecular
weight of PEG (at~3.5 ppm). The results calculated are listed
in Table 2. After copolymerizationrtH NMR spectra showed

no evidence of hydrolysis of the ester between PEG and PAP,
as no COOH groups or OH groups could be detecte¢Hin
NMR spectra with either DMS&@ls or CDCk. (*H NMR spectra

3.5.3. Particle Size and Morphology Analyses by DLS and
TEM. Table 4 shows the degrees of polymerization for the
hydrophilic block Neosam), hydrophobic block Nap/an), and
the overall degree of polymerizatioN{ for the copolymers
examined. The molecular weight of the end group is not taken
into account, assuming that end groups do not influence the
aggregation behavior. Since the densities of the homopolymers
are not known, the weight fractiom) was used instead of the
volume fraction. Thus, if one assumes the densities of all
with DMSO-ds are not shown. See Figure S4c in the Supporting pplymers are close to L g/mL., volume fractions will not gregtly

differ from the weight fractions. For more comprehensive

Information for'H NMR spectra with CDGlfor the PEG-PAP tati h fer th iaht fracti ¢ h block h
series.) Size exclusion chromatograms also confirmed that single.no ation, hereatter the weignt fractions ot each block are shown

peaks were mostly resolved, demonstrating that copolymeriza—In parentheses next to eaF:h F"OC"-
tion was successful on all PEG-CTA chains. (See Figure S5b  The mean hydrodynamic diametei3)(of the polymers as

in the Supporting Information for size exclusion chromatograms Measured by DLS are given in Table 5, and Figure 3a-c show
in overlay of the PEG-PAP series.) D as a function of the aggregation numtz(listed in Table

3.5. Aggregate Formation. 5), Wap/an, andyap/an. All series of copolymers except for PEG-

3.5.1. Solubility. The solubility of all homopolymers, namely ~ (0.09)-PAP(0.91) behaved quite similarly, with a linear relation
PEG, PAM, PAP, and PAH, was tested with different solvents Of D andZ as a function ofwap/an and/oryapian. This means
as listed in Table 3. A total of 19 different solvents were chosen that the substitution of PAM by PEG did not result in any
with different polarities, from water (maximum polarity) to ~dramatic change in the size of aggregates uAga+ = 0.85.
n-hexane (minimum polarity). As expected, PAM was com- With similarwapan values, PEG(0.16)-PAP(0.84), PAM(0.24)-
pletely soluble in water, but remained insoluble in aliphatic PAP(0.76), and PAM(0.26)-PAH(0.74) formed aggregates with
alcohols such as ethanol and iso-propanol. PAM was insoluble SimilarD: 35, 33, and 33 nm, respectively. One notes that the
in ethyl acetate and-hexane as well. Notably, a discrepancy PEG(0.09)-PAP(0.91) copolymer does not fit the trend; it is
was found in the solubility of PAM with 1,4-dioxane and different from other PEG-PAP copolymers, with lovwekp/at
methanol from the previous studi#ks? values. Thus, we examined the morphologies of some aggregates

For instance, from our experiments, PAM was not completely formed from PEG(0.09)-PAP(0.91), PAM(0.24)-PAP(0.76), and
soluble in methanol, but slightly swollen. In contrast, PAM was PAM(0.15)-PAH(0.85) with TEM.
completely soluble in 1,4-dioxane. This discrepancy may arise ~ As shown in Figure 4, the morphologies of the aggregates
from different molecular weight or difference in polymer from PAM (0.24)-PAP(0.76) and PAM(0.15)-PAH(0.85) were
architecture (i.e., linear or partially branched), because earliercommonly found as spherical micelles, while PEG(0.09)-
studies dealt with PAM synthesized by free radical polymeri- PAP(0.91) formed a mixture of spherical micelles and larger
zation. As previously known, PAP was insoluble in water at spherical aggregates. Interestingly, from the histogram of particle
room temperature. However, when it was cooled to below 4 size analysis (data not shown), PEG(0.09)-PAP(0.91) showed
°C, the solution turned transparent and by warming to the bimodal distribution with significantly larger size and standard
ambient temperature, it reversibly regained its turbidity. These deviation than two others, which were in a narrow and
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Figure 3. Plots for the aggregates with B) VS Wap/an, (D) D VS yapian, @and (C)Z vs wapsan. (error bar: SD fom = 3) Abbreviations for diblock
copolymers: poly[(ethylene glycohlock(N-acryloylpiperidine)] (PEG-PAP), polyiN-acryloylmorpholine)elock-(N-acryloylpiperidine)] (PAM-

PAP), and poly[{-acryloylmorpholine)block (N-acryloylazocane)] (PAM-PAH), where the numbers in parentheses denote the weight fraction of
each blocky indicates the fraction of the degree of polymerizatigrefan = Nap/an/Ni, whereN; = Neojam + Nap/an) andw indicates the weight
fraction andZ indicates the aggregation number.

“crew-cut” micelles or bilayer polymersomes may be in different
size, and (3) two different morphologies, spherical micelles and
bilayer polymersomes, may coexist. However, besides the
morphology of the aggregates, the sizes measured from TEM
images correlated well with the results obtained by DLS
measurement: 6& 12 nm (DLS), 57+ 19 nm (TEM) for
PEG(0.09)-PAP(0.91); 33 1.4 nm (DLS), 35t 4.1 nm (TEM)

for PAM(0.24)-PAP(0.76); 43 0.1 nm (DLS), 41+ 6.6 nm
(TEM) for PAM(0.15)-PAH(0.85).

3.5.4. Cmc Determination.To better characterize aggregate
formation, the cmc was determined for all block copolymers.
There are many methods to determine cmc, such as fluorescence
micellization®57374dye solubilizatio’>~ 77 and surface tension
measuremen°In this work, as described in the Experimental
Section, we employed pyrene as a fluorescent probe, determining
the cmc as the inflection point in the fit of th¢l; ratio plotted
vs polymer concentration in a semilogarithmic scale as seen in

0.20 ym 2wy

Figure 4. TEM images of the aggregates from
(aand d), PAM(0.24)-PAP(0.76) (b and e), and PAM(0.15)-PAH(0.85)
(c and f), where PEG-PAP denotes poly[(ethylene glybibek(N-
acryloylpiperidine)] and PAM-PAP denotes polMacryloylmorpho- Figure 5a-c.
line)-block-(N-acryloylpiperidine)] and PAM-PAH denotes polix{ .
acryloylmorpholine)slock-(N-acryloylazocane)]. The numbers in For a|7| polymers, cmcs were in the range fromx110~? to
parentheses denote the weight fraction of each block. All samples were5 x 107" M, as listed in Table 5. With an identical length of
negatively stained with 2% (ag, w/v) uranyl acetate solution. hydrophile, cmc values decreased with increasing molecular
weight of hydrophobes, as is typically observed for amphiphilic
block copolymers. Except for PAM(0.24)-PAP(0.76) and PAM-

Table 4. Characterization of Diblock Copol llabe _ _
— A i (0.15)-PAH(0.85), all polymers obeyed the linear inverse

d

Neom  Napian  Ne  yapan®  Wapian correlation in a semilogarithmic plot (Figure 5d). This agrees
PEG(0.47)-PAP(0.53) 50.7 178 685 0.24 0.53 well as reported for low molecular weight amphiphiléThus,
Egggg-ig-mggg-ggg 28-; gg-g 1@3-5 8?; 8'3491 the results clearly support that all of the examined block
PEG(0.09)-PAP(0.91)  50.7 157 208 0.74 0.91 copolymers formgd aggreggtes. ) _ _
PAM(0.66)-PAP(0.34)  57.4 206 87.0 024 0.34 3.5.5. Segregation BehaviorExtending the discussion from
PAM(0.54)-PAP(0.46)  57.4 49.1 107 0.43 0.46 the previous section, two important characterization parameters
PAM(0.43)-PAP(0.57)  57.4 76.6 134 0.54 0.57 were further considered, namaly the segregation factor, and
PAM(0.24)-PAP(0.76) ~ 57.4 180 = 238 066 076 7 First, segregation factors were calculated from the overall
PAM(0.63)-PAH(0.37)  44.3 220 663 017 0.37 degree of polymerizatior\f) and hydrodynamic radiusj as
PAM(0.43)-PAH(0.57)  44.3 489 932 0.29 0.57 ) .
PAM(0.26)-PAH(0.74) 443 107 152 0.48 0.74 obtained from DLS.Z values, presenFed in Table 5 as well,
PAM(0.15)-PAH(0.85) 443 210 254 0.67 0.85 denote the number of copolymer chains per aggregate. Forster

et al. has reviewed three major segregation models: the weak
segregation model and the strong segregation model as studied
by Bates and co-workefsand the super strong segregation
model by Nyrkova et a2 On the basis of those studies,
segregation factors can be calculated to give better insight into
the segregating behavior of the block copolymers. While the
entire group of the PAM-PAP series belonged to the weak
segregation region (WSR), the PAM-PAH series, except for
PAM(0.63)-PAH(0.37), fell into the strong segregation region
monomodal distribution of particle size. As for PEG(0.09)- (SSR) located between the strong segregation limit (SSL) and
PAP(0.91), notably, wormlike micelles were not observed as a weak segregation limit (WSL). The PEG-PAP series was
continuum from spherical micelles to polymersomes. Although positioned very similarly with PAM-PAH except for PEG(0.09)-

it is not clear from the negatively stained TEM images, three PAP(0.91), which reached SSL. However, due to the different
possibilities may be hypothesized: (1) the larger objects may morphology (polymersomes vs spherical micelles), PEG(0.09)-
not represent equilibrium structure, (2) an identical morphology, PAP(0.91) should not be directly compared to others.

a Subscript, EO/AM denotes the hydrophilic block (PEG or PAM) and
AP/AH denotes the hydrophobic block (PAP or PARN denotes the
degree of polymerizatiorf.Abbreviations for diblock copolymers: poly-
[(ethylene glycol)block(N-acryloylpiperidine)] (PEG-PAP), polyiN-acryl-
oylmorpholine)block (N-acryloylpiperidine)] (PAM-PAP), polyl-acryl-
oylmorpholine)block(N-acryloylazocane)] (PAM-PAH), where the numbers
in parentheses denote the weight fraction of each blbgkindicates the
fraction of degree of polymerizationAp/an = Napan/Ni), whereN; =
Neoam + Nap/an @andw indicates the weight fraction.
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Table 5. Characterization of Aggregates Formed from Diblock Copolymers with NMP as a Cosolvenf

Ne D (nm) cmce (M) o° z
PEG(0.47)-PAP(0.53) 68.5 120.3 (1.02+0.81)x 102 0.424+ 0.007 3.16+ 0.28
PEG(0.41)-PAP(0.59) 86.5 200.6 (5.90+ 3.83)x 104 0.515+ 0.007 11.5+ 1.06
PEG(0.16)-PAP(0.84) 137 3655 (1.424+0.97)x 104 0.577+ 0.031 39.4+ 19.7
PEG(0.09)-PAP(0.91) 208 6812 (7.564 2.06) x 1076 0.664+ 0.042 235+ 171
PAM(0.66)-PAP(0.34) 87.0 12 1.1 (1.33+ 0.56) x 1073 0.404 0.020 2.63t 0.67
PAM(0.54)-PAP(0.46) 107 14 1.4 (3.61+ 1.38) x 107 0.411+ 0.021 3.07+£0.97
PAM(0.43)-PAP(0.57) 134 24 5.3 (3.844+1.11)x 10°° 0.504+ 0.043 14.1+9.81
PAM(0.24)-PAP(0.76) 238 3314 (5.16+ 4.71)x 10°6 0.512+ 0.008 18.8+ 2.34
PAM(0.63)-PAH(0.37) 66.3 18:2.9 (1.54+ 1.10)x 102 0.382+ 0.073 2.34k 1.57
PAM(0.43)-PAH(0.57) 93.2 26 1.7 (6.874 7.65)x 10°° 0.508+ 0.019 10.9+ 2.79
PAM(0.26)-PAH(0.74) 152 3347 (1.534+1.06)x 10°6 0.559+ 0.028 3174+ 13.2
PAM(0.15)-PAH(0.85) 254 43 0.1 (4.62+ 3.46) x 1077 0.555: 0.001 39.4+ 0.42

a All values represent Meatt SD for n = 3. ® Abbreviations for diblock copolymers: poly[(ethylene glycblpck-(N-acryloylpiperidine)] (PEG-PAP),
poly[(N-acryloylmorpholine)block-(N-acryloylpiperidine)] (PAM-PAP), polyN-acryloylmorpholine)block(N-acryloylazocane)] (PAM-PAH), where the
numbers in parentheses denote the weight fraction of each lddkdicates the segregation factor, wh&e= D/2 ~ Ny. 9 Z indicates the aggregation
number (Z~ N), whered = (a + 1)/3.
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Figure 5. Critical micelle concentrations (cmcs) determined by pyrene method for the a) poly[(ethylene blgotdiN-acryloylpiperidine)]
(PEG-PAP), (b) poly[{-acryloylmorpholine)slock-(N-acryloylpiperidine)] (PAM-PAP), (c) poly[{-acryloylmorpholine)slock(N-acryloylazocane)]
(PAM-PAH) series, where the numbers in parentheses denote the weight fraction of each block, and (d) cmc pigtiedavsemilogarithmic
scale (error bar: SD fon = 3). Graphs from part a to part c represent one representative example out of triplicates.

We considered comparing two pairs of block copolymers in This discussion leads us to conclude that the PAH block
terms of (1) hydrophilicity comparison (PEG vs PAM) and (2) segregates PAM more strongly than PAP does, and it coincides
hydrophobicity corrll)p?risonh(PArIT \;]S dPAHh).I From the above well with our initial speculation from its structure.
interpretations, we believe that the hydrophile PAM segregates L .
with PAP less than does the hydrophile PEG, which suggests _3'6‘ N 2itro Relea;e of Everollmus from PAM-PAH )
that PAM possess less hydrophilicity as PEG. Vice versa, if Micelles. Everolimus is a mammalian target of rapamycin
one compares the hydrophobicity of PAP to PAH with a (mTOR)_mhlbltor widely used in cardiac transplantatllon and
common hydrophilic block, PAM, PAH reveals itself to be recently it has been also used for the treatment of cardiovascular
substantially more hydrophobic. As for two pairs with similar diseases associated with drug-eluting stent. In this study,
molecular weight, PAM(0.43)-PAP(0.57) (18.8 kDa) vs PAM- everolimus was loaded in the micelles of PAM(0.15)-PAH-
(0.26)-PAH(0.74) (24.1 kDa), PAM(0.43)-PAP(0.57) was found (0.85). As an example of a hydrophobic drug, its encapsulation
to exist at the WSL, while PAM(0.26)-PAH(0.74) was posi- efficiency was 60+ 7.8%. In 3 weeks, 87% of everolimus
tioned in the SSR. This was also found with PAM(0.24)-PAP- loaded was released, as shown in Figure 6, demonstrating that
(0.76) (33.2 kDa) and PAM(0.15)-PAH(0.85) (41.4 kDa). PAM-PAH micelles can be suitable drug carrier releasing
Speculating how cmc correlates with molecular weight, one hydrophobic drugs over a long time span.
notices the PAM-PAP series is generally placed higher than
the PAM-PAH series in overall, especially when compared M M
between two pairs; PAM(0.66)-PAP(0.34) vs PAM(0.63)-PAH- ! b
(0.37) and PAM(0.54)-PAP(0.46) vs PAM(0.43)-PAH(0.57). Mint My

+ k" (6)
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Figure 6. Release profile of everolimus from PAM(0.15)-PAH(0.85)
micelles in PBS (pH 7.4, 10 mM) at 3. PAM-PAH denotes poly-
[(N-acryloylmorpholine)slock(N-acryloylazocane)] diblock copolymer.
The inset represents the fitted line according to the eq 6, wiire
denotes the amount of everolimus released at tinv, denotes the
amount of everolimus released at infinite tinvk, denotes the initially
burst amount of everolimus, amddenotes the release exponent.

Table 6. Hydrodynamic Diameter and Encapsulation Efficiency of
Everolimus-loaded Micelles Formed from Poly[(N-acryloyl-
morpholine)-block-(N-acryloylazocane)] (PAM-PAH) Diblock

Copolymerab
before after encapsulation
loading (nm) loading (nm) efficiency (%Y
43+0.1 52+ 1.8 60+ 7.8

aSolvent evaporation method was used to encapsulate the drug in
PAM(0.15)-PAH(0.85) micelle Mean+ SD for n = 3. ¢ Encapsulation
efficiency (%)= (the actual amount of loaded drug)/(the amount of total
drug attemptedx 100.n denotes the release exponent &mukenotes the
release constant.

Table 7. Calculated Kinetic Parameters of the Release of Everolimus
from PAM(0.15)-PAH(0.85) Micelles-P
n k
0.55+ 0.047 2.5+ 0.170

aData were fitted by eq @ Mean4 SD forn = 3. PAM-PAH denotes
[(N-acryloylmorpholine)block-(N-acryloylazocane)] diblock copolymer.

whereM; is the amount of everolimus released at tityli.s is
the amount of everolimus released at infinite tirv, is the
initially burst amount of everolimugs is the release constant,
andn is the release exponent.

The experimental data were fitted using eq 6 to evaluate
release constant and release exponent. In our studyas
evaluated as 0.55 0.047 as listed in Table 7. As Siepmann
and Peppas reportéén varies between 0.43 (diffusion-based

Polyacrylamide Block Copolymeric Amphiphilesl149

PAM shows similar behavior as the better studied PEG with
respect to the size of aggregates and segregation behavior. In
addition, PAH was revealed as a more segregating hydrophobe
than PAP, corresponding to the greater number of methylene
groups on the side group of the acrylamide monomer, provide
higher hydrophobicity. PAM-PAH micelles could load everoli-
mus, a hydrophobic model drug with superior encapsulation
efficiency and the drug was released over 3 weeks in a slow
releasing pattern. These self-assembling macroamphiphiles may
have applications in drug delivery systems, as demonstrated with
model drug incorporation, whether to contain a hydrophobic
payload or to display surface biofunctionality or linked drugs.
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