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ABSTRACT: Developing smart nanocarriers for drug deliveygtem is advantageous
for many kinds of successful biomedicinal therapy.this study, we designed an
amphiphilic block copolymers containing pH-respeesitetrahydropyran (THP) and
tetrahydrofuran (THF) linkage. Their structures eveonfirmed by'H NMR and gel
permeation chromatography (GPC). The release faaaapsulated drugs depends upon
the pH value and pH sensitive linkage in the baokboof copolymers. For
PLA-THP-PEG micelles the cumulative release amatfintoxorubicin (DOX) was 62%
at pH 5.0, which is about four times higher thaattlat pH 7.4. Under the same
conditions the release rate for PLA-THF-PEG miceike a little faster than that of the
PLA-THP-PEG micelles. Cellular uptake study dematss that DOX-loaded micelles
can easily enter the cells and produce the depliadnacological action and minimizing
the side effect of free DOX. These findings indec#ttat THP and THF linked diblock

copolymer micelles is a promising candidate forgdearrier.

KEYWORDS: Amphiphilic block copolymer; drug delivery; pH-pansive;
doxorubicin

1. Introduction

A great challenge for hydrophobic anticancer drogigcerns limited availability of
effective biocompatible delivery systefitd Poor water solubility is the major problem
encountered with the anticancer drugs, so developrmoé novel delivery systems
attracted significant attention in the past decad#sck copolymer micelles with

core-shell structures self-assembled from amph@lebpolymers offer great potential



and promising approach to deliver hydrophobic drimge tumor sitd®. The inner

hydrophobic core and outer hydrophilic shell of theelles can be used to load and
protect hydrophobic drugs from inactivating undez biological environment. Recently
stimuli-responsive polymeric micelles have emerged/ehicles for smart drug delivery
based on the release of drugs can be readily medulay exerting an appropriate

stimulus such as temperattffé&® pH'? glucosé"?? glutathioné®?> etc.

26-28
Stimuli-responsive release of drugs may result ignicantly enhanced therapeutic
efficiency and minimal side effeéfs® Among available stimuli, pH responsiveness is
particularly appealing due to pH values in malignéssue from about 5.8 to 76
Therefore, pH-sensitive polymeric micelles whicpidly respond to the mild acidic pH
trigger provide an opportunity for the achievemehprogrammable and controlled drug
delivery. Tumoral pH variation has been consideaedn ideal trigger for drug delivery

based on the controlled release of anticancer drugamor tissues and/or within tumor

cells.

Up to now, a number of acid-cleavable linkers hiagen successfully adopted in the
design and synthesis of pH-sensitive polymeric deagiers’** While encouraging
progress has been made in this field, new stregdbet lead to further improvement on
the responsive acuteness of the corresponding deligery systems are still in high

demand.

Tetrahydropyran (THP) and tetrahydrofuran (THFpestecting group widely used
in organic synthesis have rarely been employedomsttucting acid-responsive block

copolymer&>®. In our current work, THP and THF will be usedaasacid-responsive



unit in the formation of new pH-responsive bloclpolymers. We aim to obtain a novel

and smart drug delivery system with THP and THBHgesponsive linkage.

Herein we report the synthesis of amphiphilic blagpolymers in which the
hydrophilic poly(ethylene glycol) (PEG) and hydrapic polylactic acid (PLA) are
connected through THP or THF linkage and their asembled micelles as potential
acid sensitive nanocarriers. The micelles base®lok-THP-PEG and PLA-THF-PEG
copolymers were developed for intracellular delvef doxorubicin (DOX), an effective
anticancer drug. Their physical characteristics piHeresponsive properties of blank and
drug-loaded micelles were observed by transmisstectron microscopy (TEM),
dynamic light scattering (DLS), in vitro drug reéea and confocal laser scanning
microscopy (CLSM) measurements. Under physical itimm3 the micelles as potential
drug delivery carriers remained stable up to 3sdhagwever under acidic conditions the
pH sensitive linkage was cleaved and resulted e rilease of encapsulated drugs.
Therefore, the introduced THP and THF linkage ie trackbone of copolymer drug

carriers is the key structure which determineg#tease of encapsulated drugs.

2. Experimental section

2.1. Materials

All chemicals were purchased from Aldrich or Aladdind were used as received
unless otherwise mentioned. All reactions were nooed by thin-layer chromatography
(precoated 0.25 mm silica gel plates from AldridRlash column chromatography was
carried out with silica gel 60 (mesh 200-409) N-dimethylformamide (DMF) was dried

over calcium hydride and distilled under vacuumieffiylamine (TEA) was refluxed



with phthalic anhydride, potassium hydroxide, aatticm hydride successively and then
distilled before use. Monomethyl ether of PEG, (#1900, 5000, determined by GPC)
was purchased from Shanghai Yarebio Co. Ltd. PLAv (M 1000, 3000, 5000,

determined by viscometry) was purchased from JDaigang Biomaterial Co. Ltd. and

used as received.
2.2. Methods

'H and °C NMR analyses were recorded on a Bruker Avance400 MHz
spectrometer with CDglas solvents. Tetramethylsilane (TMS) was usedasnternal
reference. Fourier transform infrared (FTIR) speeetere recorded by KBr sample holder
method on a Perkin-Elmer Paragon 1000 instrumetfitsmange of 4000-400 ¢ Ultra
Performance Liquid Chromatography with Tandem Léwair Pole Time of Flight Mass
Spectrometry (UPLC-TOF-MS) was recorded on a WatltviS Q-Tof Premier, UPLC
conditions: Waters UPLC BEH1¢1.0 x 100 mm column, 0.4 mL/min, methanol-water
gradient elution; methanol 20% in 1 min followed itmgthanol 20% to 40% in 1 min,
methanol 40% to 60% in 6 min, finally, methanol @% in 2 min. The identity of each
peak was confirmed by collecting the correspondiagtion that was then subjected to
analysis by mass spectrometry. Number-average wmlalecweight (M) and
polydispersity (PDI = M/M,) were determined by GPC on an Agilent 1260 infinit
GPC/SEC system (10m PLgel 600 x 7.5 mm column, linear polystyrenabration)
equipped with a refractive index (RI) detector. Baenples were estimated by GPC with
THF as eluent, which contained 0.01 mol/L lithiunoimide at a flow rate of 1 mL/min at
35 °C. Transmission Electron Microscopy (TEM) studiesrevperformed with a JEOL

JEM-100CX-IlI instrument at a voltage of 200 kV. Jdes were prepared by



drop-casting micellar solution onto carbon-coatepper grids and then air-drying at
room temperature overnight without staining befaneasurement. Dynamic Light
Scattering (DLS) measurements were performed witMadvern Zetasizer Nano S
apparatus (Malvern Instruments Ltd.) equipped @&ithO mW He-Ne laser operating at =
633 nm. All samples (1 mg/mL) were measured in agsesolution at room temperature

(25°C) and at a scattering angle of 173°.
2.3. Synthesisof PLA-THP-PEG copolymers

To an ice-cold solution of (3, 4-dihydro-2H-pyranA2 methanol (925 mg, 8.1
mmol) in CHCI, (40 mL), TEA (1.15 mL) was added, followed by 4robenzoyl
chloride (2.02 g, 8.3 mmol). The reaction mixturaswstirred at GC for 1 h and then
continued at room temperature for 4 h. The requltmxture was washed with saturated
sodium bicarbonate solution and extracted with rethee combined organic extracts
were washed with water and brine, dried over armdysiimagnesium sulfate (Mg9QO
filtered, followed by removing solvent. Purificatiowas accomplished by column
chromatography on silica gel by using dichlorome#ipetroleum ether as eluent, which
gave the desired intermedidtes a yellowish green liquid. Yield: 1.6 g, 75%. NMR
(400 MHz, CDC}): 6 8.27-8.19 (m, 4H), 6.34 (d, = 6.4 Hz, 1H), 4.75-4.65 (m, 1H),
4.50-4.38 (m, 2H), 4.20-4.12 (m, 1H), 2.20-2.08 (tH), 2.05-1.95 (m, 1H), 1.95-1.85
(m, 1H) , 1.80-1.70 (m, 1H}*C NMR (100 MHz, CDGJ): 5 164.6, 150.6, 143.3, 135.4,
131.0, 123.6, 100.7, 72.6, 67.5, 24.3, 19.2; IR KB357, 3112, 3060, 2954, 2923,
2851, 1727, 1649, 1608, 1528, 1450, 1410, 13460,18274, 1239, 1188, 1170, 1118,

1103, 1070, 1014, 968, 950, 888, 845, 788, 762, 718



The intermediatd (1.689 g, 6.4 mmol) was dissolved in 45 mL ofabydrofuran
(THF), to which a solution of NkCI (1.368 g, 25.6 mmol) in water (30 mL) was added.
Upon the mixture stirred at PC for 30 min, Fe powder (1.428 g, 25.6 mmol) wadeatl
The reaction mixture was stirred at % for another 50 h, cooled to room temperature,
and then filtered through a celite pad. The fitratas extracted with ethyl acetate. After
being washed with saturated sodium bicarbonatetisnliand brine, and dried over
anhydrous sodium sulfate, the organic extract wep@ated under reduced pressure.
The residue was subjected to column chromatogrégitiga gel, petroleum ether/ethyl
acetate) to give the desired intermedidtas a cream-coloured solid. Yield: 1.16 g,
77.7%.*H NMR (400 MHz, CDCY): 6 7.86 (d,J = 8.8 Hz, 2H), 6.61 (d] = 8.8 Hz, 2H),
6.39 (d,J = 6.0 Hz, 1H), 4.75-4.65 (m, 1H), 4.38-4.34 (m, 24)18-4.11 (m, 1H),
2.18-2.07 (m, 1H), 2.06-1.96 (m, 1H), 1.95-1.87 (H), 1.82-1.71 (m, 1H*C NMR
(100 MHz, CDC}): 6 166.6, 151.2, 143.5, 131.9, 119.4, 113.8, 100361,766.1, 24.5,
19.3; IR (KBr): 3466, 3368, 3231, 3060, 2951, 29230, 1694, 1648, 1626, 1602, 1518,

1439, 1310, 1273, 1239, 1171, 1112, 1067, 1013,8%3 770, 729, 699.

Under nitrogen atmosphere, PLA (1 mmol) and 2-@&-8A-benzotriazole-1-yl)
-1,1,3,3- tetramethyluronium hexafluorophosphat&TH) (2 mmol) were dissolved in
30 mL DMF, then N, N- diisopropylethylamine (DIPEA4 mmol) was added and the
reaction was stirred at® for 0.5 h. After adding the intermedi&@&2 mmol, dissolved
in 4 mL DMF) the reaction mixture was stirred at ®D for an additional 45 h. The
resulting mixture was poured into a few drops ofhcamtrated hydrochloric acid and
extracted with ChICl,. The combined organic extracts were washed witlemand brine,

dried over anhydrous magnesium sulfate, filtered ahe filtrate was evaporated.



Purification was accomplished by chromatographgite the desired intermediaBeas

yellow semi-solid product.

3a, yield: 81%.'"H NMR (400 MHz, CROD): § 8.04-7.96 (m, 3H), 7.63-7.55 (m,
2H), 6.38 (d,J = 6.4 Hz, 1H), 5.20-5.05 (m, 53H), 4.72-4.66 (m)14140-4.35 (m, 2H),
4.20-4.10 (m, 12H), 2.85-2.61 (m, 13H), 2.20-2.10, (1H), 2.09-1.99 (m, 2H) ,
1.98-1.85 (m, 1H), 1.61-1.38 (m, 168HJC NMR (100 MHz, CDGJ): & 172.4, 170.4,
169.6, 169.4, 166.1, 143.3, 142.5, 130.9, 125.8,911100.6, 72.8, 69.3, 66.5, 31.9, 29.1,
24.3,19.2, 16.6; IR (KBr): 3371, 2993, 2944, 175649, 1598, 1530, 1453, 1409, 1383,

1364, 1308, 1273, 1189, 1130, 1094, 1051, 860, 74D, 698, 665.

3b, yield: 68%.'H NMR (400 MHz, CROD): § 8.29 (s, 1H), 8.02-7.94 (m, 2H),
7.63-7.55 (m, 2H), 6.36 (dl = 6.0 Hz, 1H), 5.20-5.04 (m, 15H), 4.72-4.66 (m,)1H
4.39-4.35 (m, 2H), 4.20-4.12 (m, 5H), 2.84-2.76 @H), 2.76-2.60 (m, 3H), 2.20-2.06
(m, 1H), 1.98-1.94 (m, 2H) , 1.80-1.70 (m, 1H), 2542 (m, 47H):**C NMR (100
MHz, CDCk): & 174.5, 171.2, 169.7, 169.2, 165.4, 143.1, 13023,5, 118.4, 100.2,
72.5, 69.0, 66.3, 38.3, 36.2, 31.1, 24.7, 20.13;1R (KBr): 3502, 2994, 2944, 1756,
1648, 1599, 1530, 1455, 1409, 1383, 1364, 1305),1P186, 1131, 1093, 1046, 955, 868,

756, 701.

3c, yield: 64%.'H NMR (400 MHz, CDCJ): 6 8.05-7.98 (m, 2H), 7.82-7.56 (m, 2H),
6.39 (d,J = 6.4 Hz, 1H), 5.26-5.08 (m, 68H), 4.77-4.68 (m,)14.42-4.38 (m, 2H),
4.20-4.16 (m, 2H), 2.86-2.78 (m, 7H), 2.78-2.66 @H), 2.20-2.10 (m, 1H), 2.08-2.01
(m, 12H) , 2.00-1.90 (m, 1H) , 1.68-1.46 (m, 223 NMR (100 MHz, CDGJ): &

174.8, 171.0, 169.4, 169.3, 169.1, 143.4, 130.8,812125.6, 119.3, 118.7, 100.5, 72.7,



69.1, 66.5, 38.5, 29.6, 24.3, 20.9, 16.7; IR (KB902, 2995, 2945, 1755, 1648, 1599,

1530, 1455, 1382, 1365, 1319, 1270, 1188, 11312,10861, 956, 865, 739, 701.

PEG (0. 5 mmol) was dissolved in 1, 2-dichloroethgh, 2-DCE) (90 mL) and
pyridinium p-toluenesulfonate (PPTS) solution ((hvimol). After stirring at room
temperature for 15 min, the intermedi&€0. 5 mmol) was added. The reaction was
refluxed at 95°C for 24 h. Then the solvent was evaporated andfigulir by
chromatography to give the desired terminal produlotk copolymerd as solid. An
inseparable mixture of trans/cis diastereomersobagrved for the terminal produtin

some cases.

4a (PLA1000 THP-PEGgog). Yield: 50.9%.'H NMR (400 MHz, CDCJ) & 8.00-7.94
(m, 2H), 7.78-7.58 (m, 2H), 5.24-5.08 (m, 14H), 8.8, 1H), 4.40-4.26 (m, 2H),
4.26-4.22 (m, 2H), 3.90-3.42 (m, 206H), 3.36 (s),3H84-2.75 (m, 2H), 2.75-2.60 (m,
2H), 1.96-1.70 (m, 6H), 1.70-1.40 (m, 49HfC NMR (100 MHz, CDGJ): § 172.0,
170.1, 169.2, 169.1, 165.8, 143.2, 130.4, 125.8,211118.5, 100.3, 97.0, 77.4, 72.3, 70.3,
68.8, 67.6, 58.8, 31.7, 29.4, 24.1, 18.9, 16.0(KRr): 3502, 2868, 1755, 1713, 1599,
1536, 1454, 1410, 1383, 1350, 1272, 1255, 1186311040, 991, 952, 860, 771, 700,

S77.

4b (PLAsoor THP-PEGagog). Yield: 18.6%.*H NMR (400 MHz, CDC}) 6 8.02-7.92
(M, 2H), 7.68-7.58 (m, 2H), 5.22-5.08 (m, 20H), 4.8, 1H), 4.42-4.20 (m, 2H),
4.20-4.10 (m, 6H), 3.85-3.41 (m, 191H), 3.35 (s),3490-2.77 (m, 2H), 2.77-2.60 (m,
6H), 1.96-1.60 (m, 10H), 1.60-1.46 (m, 63HJC NMR (100 MHz, CDG)): & 174.8,

172.1, 170.1, 169.4, 165.8, 142.9, 130.5, 124.8,5,102.2, 97.1, 71.7, 70.4, 69.1, 68.3,



64.6, 58.8, 31.7, 29.1, 24.8, 20.3, 16.9; IR (KB901, 2921, 2871, 1755, 1716, 1598,
1534, 1455, 1409, 1384, 1354, 1271, 1257, 121511829, 1095, 1043, 994, 952, 862,

771, 756, 700.

4c¢ (PLAs00c THP-PEGo9). Yield: 12.7%.*H NMR (400 MHz, CDCY) 6 7.98-7.92
(m, 2H), 7.66-7.60 (m, 2H), 5.21-5.04 (m, 20H), &.@, 1H), 4.37-4.20 (m, 2H),
4.20-4.14 (m, 5H), 3.81-3.41 (m, 501H), 3.35 (s),3888-2.73 (M, 3H), 2.73-2.62 (m,
4H), 2.02-1.66 (m, 6H), 1.60-1.46 (m, 64HfC NMR (100 MHz, CDGJ): & 174.6,
171.9, 171.2, 169.7, 169.2, 165.7, 142.8, 130.3,4,218.4, 102.1, 96.9, 77.4, 71.6, 70.2,
68.7, 64.4, 58.7, 31.1, 29.3, 24.7, 20.2, 16.3(KBr): 3502, 2869, 1758, 1715, 1647,
1560, 1534, 1455, 1409, 1383, 1350, 1298, 1255411800, 1042, 994, 950, 861, 771,

701.

4d (PLAsooo THP-PEGog). Yield: 12.7%.'H NMR (400 MHz, CDCJ) 6 8.02-7.96
(m, 2H), 7.78-7.60 (m, 2H), 5.25-5.10 (m, 76H), %@, 1H), 4.41-4.30 (m, 2H),
4.28-4.24 (m, 1H), 3.84-3.42 (m, 427H), 3.36 (s),3M88-2.75 (M, 2H), 2.75-2.60 (m,
2H), 1.94-1.66 (m, 6H), 1.64-1.42 (m, 243H); IR (§B3504, 2902, 2863, 1755, 1715,

1705, 1454, 1384, 1362, 1269, 1186, 1128, 109%,1982, 862, 798, 739, 706.

Similarly the diblock copolymers PLA-THF-PE®B were synthesized and characterized

accordingly, the detailed procedure was in suppgritiformation.
2.4. Preparation of blank and DOX-loaded micelles

In brief, one of the copolymers PLA-THP-PE&(4b, 4c, 4d) and PLA-THF-PEG
(18a, 18b, 18c) (10 mg) was dissolved in 1 mL of DMF and stiregdoom temperature.

The solution was then added slowly to 8 mL of deied water and stirred for another 1



hr. Subsequently, the solution was dialyzed agadesbnized water for 24 hrs using
dialysis tubing having molecular weight cut off (M8®) of 2000, with the deionized
water being changed every 5 hrs. The appearantertatlity in the aqueous solution
indicated the formation of aggregations. DOX-loadeidelles were prepared as above.
Besides, adding 1 mg of DOX-HCI and 1.5 equivaleftgiethylamine to the solution.
In order to confirm that no more free DOX couldreenoved by dialysis, the change of
the fluorescent emission intensity of dialysatehwiiine was monitored. To determine the
drug loading content (DLC) and drug loading efficg (DLE), the DOX-loaded micelle
solution was lyophilized and dissolved in DMSO. Thmrescence excitation spectra at
485 nm was measured to determine the DOX concemirbbsed on the standard curve
of the fluorescence excitation spectra of DOX in 8® solution. DLC and DLE were

calculated according to the following formula:

DLC (wt %) = (weight of loaded drug/weight of polgm x 100%
DLE (%) = (weight of loaded drug/weight of drugfeed) x 100%
2.5. CM C measurement

The change of fluorescence emission of pyrene whnted against the
corresponding concentration of the block copolynieading to the determination of
critical micelle concentration (CMC). Pyrene wassdived in acetone and added to 5 mL
volumetric flasks to the concentration of 6.4 x*HOM in the final solutions. Acetone
was then evaporated and replaced with aqueous pdlymmicelle solution with
concentrations ranging from 5.0 x® 5.0 x 10" mg/mL. Samples were stirred at room

temperature for 24 hrs. The emission wavelength exwitation bandwidth were set at



334 and 5 nm respectively. The intensity ratio edfs at 373 nm to those at 384 nm was

plotted against the logarithm of copolymer concaiin to measure CMC.
2.6. Evaluation of Drug Release

A solution (2.5 mL) of DOX-loaded PLA-THP-PEG andARTHF-PEG micelles,
prepared as described above, was transferred imerbrane bag with a MWCO of
2000. The membrane bag was immersed in 200 mL aépitate buffer (pH 7.4) or pH
5.0 solutions in a shaking water bath at 37 to acquire sink conditions. At
predetermined time intervals, 2.5 mL of the exterbaffer was withdrawn and
replenished with an equal volume of fresh mediadoalysis. Drug release study was
performed for 100 hrs. The amount of released DQa$ wnalyzed with fluorescence
measurement (BioTek Synergy 2, excitation wavelea485 nm, emission wavelength
at 490 nm). All DOX-release experiments were paented in triplicate, and the results

were the average data with standard deviations.
2.7. Confocal laser scanning microscope (CLSM) studies

CLSM was utilized to visualize the cellular intelimation and investigate the
intracellular distribution of DOX-loaded micellesdchfree DOX. For the CLSM study,
Hela cells were seeded in 6-well plates at 2% délls per well in 1 mL complete
DMEM and cultured for 24 hrs, followed by removirglture medium and adding
DMEM solution of free DOX and DOX-loaded micellesfiaally the DOX concentration
of 9 ug/mL, respectively. The cells were incubated at°87for the predetermined
interval 60 min and then washed with PBS and fiwéti 4% paraformaldehyde at room

temperature for 30 min before the cell nucleus westined by DAPI



(4',6-diamidino-2-phenylindole) (excitation/emissio486 nm/596 nm) for 10 min.
Thereatfter, the slides were rinsed with PBStfoee times and cover slips were placed

onto glass microscope slides. Finally the slidesevigstalled and observed with CLSM.
2.8. Invitro cell assay

The cytotoxicity of DOX-loaded PLA-THP-PEG, PLA-THFEG micelles and free
DOX against HeLa cancer cells was evaluated by, 35limethylthiazol-2-yl)-2,
5-diphenyl tetrazolium bromide (MTT) assay. Thelxalere seeded in 96-well plates
with a density of 1x10cell per well and were cultured in 200 DMEM at 37°C under
atmosphere containing 5% @fr 24 hrs to allow cell attachment. Then, the redi
was replaced with 20QL fresh medium containing the indicated concerdratof
DOX-loaded PLA-THP-PEG, PLA-THF-PEG micelles andefrDOX. After incubation
for 48 h, the medium was aspirated and replacetOBymL of fresh medium containing
20 pL 5 mg mC* of MTT. After 4 hrs, the medium was replaced by 20L DMSO.
Afterward, the absorbance at a wavelength of 49@heach well was measured using a
microplate reader. The relative cell viability (percentage) was determined by the

following equation:

Cell viability (%) = Qsample— Ibtank) / (Icontrol— lblank)

Where lsampie lconror @Nd lpank represents the absorbance intensity at 490 nm
determined for cells treated with sample containdiffjerent amounts of DOX, for

control cells (nontreated), for blank well withaedlls, respectively.



3. Results and discussion
3.1. Synthesisand Characterization

To design block copolymers containing THP or THikéiges in the backbone, the
intermediate3 with the dihydropyran (DHP) terminals was prepaogdcondensation of
carboxyl group in PLA with the amine in modified PHnoiety. The synthetic route of
PLA-THP-PEG was shown in Scheme 1. First, the cafbgroup of macromolecular
PLA was reacted with the amine terminals of the D#ith the feeding molar ratio of 1:2,
affording the intermediate produ8t The molecular weight of DHP modified PLA was
determined directly by the starting material PLAIbSequently, the intermediaBewas
further coupled to different molecular weight of ®Bby DHP group reacted with
hydroxyl group of PEG, resulted in the formatiorterfiminal product PLA-THP-PEGI)

as diblock copolymer.

y —< >—COCI ‘Q)J\ Fe NH4CI
/U /U H,0,THF

NEt,, DCM
_< >/ ~ HATU DMF
) 0 ! 0 Ho 0 HO{_~ g -OCH;
Y o Oy WOH opa 12008
(0] (0]
3a:m=14
3b:m=42
3c:m=69

4a: n=43 m=14

0 H
/O\/fO&} N_ 4b: n=43 m=42
n 4c: n=114,m=42

4d: n=114,m=69



PLA-THP-PEG amphiphilic block copolymer

Doxorubicin

>
>
R R ¥

Drug loaded micelles

Scheme 1 Synthesis and self-assembly of diblock copolymeAHIHP-PEG

For diblock copolymers PLA-THF-PE® (see supplementary matertheme S1), the
synthetic route has a little difference with thatopolymers PLA-THP-PE@. First, the
hydroxyl group of PEG was condensed with hydroxgugp in modified tetrahydrofuran
(THF), affording THF modified PEGL6 with nitro functional ends. Followed by
reduction of the nitro group to amine catalyzedPolyC to give THF-modified PEG?7.
Accordingly, the amine group in the intermedidi®was further reacted with carboxyl

group of PLA to afford the terminal product diblocgpolymers PLA-THF-PEGS.

Figure 1A and 1B provides th#d NMR spectra of the intermediaBe and the
terminal product diblock copolymer PLA-THP-PE@. The signal around 6.39 and 4.72
ppm in Figure 1A corresponds to the characteristid3HP. After the following coupled
reaction with PEG, the DHP signal disappeared asslin Figure 1B. Meanwhile, the
signal at 4.87 ppm suggested the successful cauplinthe intermediat&c with the
hydroxyl terminal of PEG monomethyl ether to gitee terminal producéd. Similarly
from the™H NMR spectra of the intermediat@b (Figure 1C) and the terminal product
diblock copolymer PEG-THF-PLA8c (Figure 1D), the signal of 5.33 corresponds to

the THF characteristics, the signals of 5.13, 268 1.50-1.60 ppm corresponds to PLA,



and the signals of 3.35 and 3.45-3.75 ppm corredspom PEG segment in Figure 1D.
Therefore,'™M NMR spectra in Figure 1 elucidate the successfuthesis of the

intermediates and the terminal products PLA-THP-PEGNd PLA-THF-PEGS8c.

85 80 75 70 65 60 55 50 45 40 35 3.0 25 20 15
Ppm

Figure 1'H NMR spectra of (A) modified PLAc (m = 69) (B) the terminal produéd
(m =69, n = 114) (C) intermediat&b (n = 114) (D) the terminal produt8c (m = 69, n
=114) (400 MHz, CDGl 298 K).

The proposed structure of the block copolymers HEHBE-PLA and PEG-THF-PLA was

further confirmed by the gel permeation chromatpbya(GPC) traces (Figure S19).



Table 1 lists the number-average molecular weight$ polydispersity index (PDI) of
PEG, the intermediatg the terminal product, PLA, modified PEGL7 and the terminal
product diblock copolymersl18. All the GPC traces of PLA-THP-PEG and
PLA-THF-PEG showed monomodal symmetric distributidime GPC profile of the
block copolymers PLA-THP-PEG and PLA-THF-PEG coneplawith their precursor
modified PLA or modified PEG affords an evidentfstoward higher molecular weight,
suggesting successful coupling between PEG and WBATHP or THF linkage. For
typical terminal productd the number-average molecular weight is 16x%dth a PDI
value of 1.08. The other copolymers with differemlecular weight gave similar results.
Moreover, the amphiphilic block copolymers displaygood solubility in common
organic solvent, like THF, DMF, and DMSO. Besid#ss polymeric amphiphile can
make itself spontaneously aggregate in aqueousantkad to the common amphiphilic

nature, which is beneficial for further biomediegiplications.

Table 1 GPC Data of PEG, the intermedi&eaerminal productl, PLA, intermediaaté7 and
terminal productl8?

Polymer Mh(X10%) Mw(x10°) PDI
PEGio0o 2.1 2.2 1.04
PEGso00 5.1 5.4 1.07
3a 1.9 3.2 1.65
3b 3.4 4.2 1.23
3c 6.1 8.3 1.35
4a 3.4 3.9 1.13
4b 4.3 4.8 1.12
4c 7.6 8.2 1.08
4d 10 11 1.08
PLA1000 1.0 1.7 1.82
PLA3000 1.2 3.4 2.80
PLAs000 3.7 6.0 1.62
17a 2.0 2.0 1.03




17b 4.5 5.0 1.10
18a 2.8 3.1 1.12
18b 7.8 8.4 1.08
18c 11 13 1.23

®Estimated by GPC (THF, 1 mL/min) using polystyrstendards.
3.2. Self-Assembly of Block Copolymers

Considering that the critical micelle concentrati@MC) is one of the most
important parameters for micelles, the CMC value BLA-THP-PEG and
PLA-THF-PEG in water was investigated. The deteation of CMC was further
verified the successful formation of PLA-THP-PEGdaRLA-THF-PEG micelles in
agueous media. CMC value was determined by usingnpyas a fluorescent probe. In
the process of aggregation, the absorbance of D#iRlase to zero when the
concentration is below the CMC value, whereas diasure intensity of DHP is enhanced
exponentially with the growing concentration whehe t hydrophobic probe is
encapsulated into the micelles. Therefore a grajpi thve intensity ratids74/13s4 of two
linear segments having two different slopes wasiobtl. The intersection point of the
two segments gave the CMC value (Figure S20). Asvehn Table 2, the CMC of each
micelled’ being in the range of TOM, indicating the high stability characteristicé o
polymeric micelle®. Further the CMC value was decreased when the mateseight
of copolymers was increased (Table 2). These mesudhfirmed that the molecular

weight of the copolymers are larger, the resultaicelles will be more stabl&

To further study the properties of the polymericcefies, both DLS and TEM
measurements were performed. Diameter and PDI ofA-FiP-PEG and

PLA-THF-PEG micelles were characterized by DLS. Témults from DLS showed that



all of the micelles exhibited unimodal size distitibon, with mean diameters ranging

from 19 nm to 53 nm (Table 2). As shown in Tablett® average diameter of the

micelles increases with the length of the hydrophi®i A block, while the size of the

PEG block has little effect on the diameter of thieelles. The longer hydrophobic PLA

block leads to enhanced hydrophobicity and moreveoient self-assembly process

driven by hydrophobic interaction. A typical TEM age of the blank micelles formed

from copolymerdd and18c was shown in Figure 2A and Figure 2B respectivetych

appear approximately spherical. Both of the sizéhefmicellesdd (Figure 2C) and.8c

(Figure 2D) determined by DLS was in accordancé wie data from TEM.

Table 2 Properties of the PLA-THP-PE&Gand PLA-THF-PEGL8 micelles

Copolymer Diameté(nm) PDP CMC" (10° M)
4a 28 0.274 10.5
4ab 31 0.245 6.2
4c 41 0.201 2.8
4d 40 0.124 1.7
18a 30 0.156 12.5
18b 32 0.157 2.6
18c 53 0.200 1.6

®Diameter and pondisEJersity index (PDI) of micellgsre determined by dynamic

light scattering (DLS),

UV/vis spectrometer.

Critical micelle concentration (CMC) was determinieg
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Figure 2 TEM image of (A)4d and (B) 18c micelles; DLS measurement of the
hydrodynamic diameter of micelles (@) and (D)18c in agueous solution.

3.3. Size and mor phology of DOX-loaded micelles4 and 18

Doxorubicin (DOX) is one of the most widely useditmor drugs, which acts by
inhibiting the synthesis of nucleic acids in tuncetls. The polymeric micelles described
above had a size distribution in the range of 183am, which affords the polymeric
micelles passive targeting function to tumor tissu@ the enhanced permeability and
retention (EPR) effett Furthermore, the micelles described here wereackerized
with core-shell architecture. Thus, hydrophobicgireould be entrapped into the core,
and the hydrophilic shell could effectively protélae core against the external biological
media, inhibit nonspecific protein absorption, aimdrease the plasma clearance of

half-life. In this paper, DOX as a model drug wasapsulated into the micelles, and the
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drug loading content of micellesl and18c were 13.0% and 14.3%, respectively (Figure
S27). The morphology of the DOX-loaded micellesaqueous solution was studied by
TEM technique. As shown in Figure 3A and 3B, spt@rimicelles with an average
diameter of about 80 nm were observed for Hotland18c. To further confirm the TEM
observation, DLS measurements were performed tlyznshe hydrodynamic diameter
of the DOX-loaded micelles. Figure 3C and 3D showvikd average size of the
DOX-loaded micellesid and18c were 131 nm and 130 nm with a PDI value of 0.155
and 0.148 respectively, which is larger than tHidilank micelles while still kept narrow
distribution in aqueous media. The size of the ff@ds decided by the hydrophobic core
and DOX as hydrophobic drug which easily associatigil the hydrophobic block of the
micelle. Therefore, the size of micelle increaspdruDOX was loaded. Moreover, the
size of micelles observed with DLS was also latpan that of TEM. The smaller size
measured by TEM as compared to DLS was most prplohld to shrinkage of the PEG

shell upon drying.
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Figure 3 TEM image of DOX-loaded micelle (Ad and (B)18c; DLS measurement of
the hydrodynamic diameter of DOX-loaded micelle @) and (D) 18c in aqueous
solution.

3.4. Stability and pH Responsiveness of Blank and DOX-L oaded Micelles4 and 18

The stability of blank micelle4 and18 was studied at room temperature using DLS
(Figure S24 and S25). As shown in Figure 4, theell@s4d and18c remained stable up
to 35 days (Figure 4A) and 32 days (Figure 4C)oatr temperature in the absence of
acid, respectively. Furthermore, the DOX-loadedattecid was examined under various
acidic conditions as shown in Figure 4B which remedi stable for up to 4 hrs at 32
and pH 6.8, its average diameter increases from rifi0to 1000 nm after 13 hrs.
Similarly as shown in Figure 4D, the DOX-loaded efie 18c began to change at 6 hrs
and the size of micelles increases from 62 nm ® &% after 10 hrs. The driving force
for the change of micelle size at low pH value tisilzuted to the cleavage of THP or
THF linkage, which leads to the shedding of hydibpPEG shell from the micelles and
the aggregation of hydrophobic PLA creUnder acid conditions the micelles was
degraded and the hydrophobic PLA core aggregatdse¢ome larger. In contrast, no
obvious change in micelle size was observed afiedd&/s and 32 days at pH = 7.4 for
blank micelle4d (Figure 4A) andl8c (Figure 4B), respectively. From these resultsit ¢

be concluded that the prepared micelles is higtdple and the release behavior is pH



dependent. That is, significantly faster drug re¢eat mildly acidic pH 6.8 compared to

that of physiological pH. These pH-responsive bgrddable micelles are promising as

smart nanovehicles for delivery of anticancer drugs
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Figure 4 DLS plots of size change of micelles (A) blagll (25 °C, pH 7.4); (B)
DOX-loaded4d (37°C, pH 6.8); (C) blank8c (25°C, pH 7.4); (D) DOX-loaded8c (37

°C, pH 6.8).

3.5.In Vitro Drug Release

As an initial test to verify the utility of prepateDOX-loaded PLA-THP-PEG and

PLA-THF-PEG micelles for drug release, the vitro drug release profiles were
monitored at pH 7.4 and 5.0 by fluorescence spebttmmetry. As shown in Figure 5,

DOX release under physiological conditions (pH 7 significantly lower than that
under

acidic conditions (pH 5.0) for both DOX-loddePLA-THP-PEG and

PLA-THF-PEG micelles. The accumulated drug releass 62% for PLA-THP-PEG
micelles and 69% for PLA-THF-PEG micelles at pH ®within 100 hrs, respectively. In

contrast, the release was 16% for PLA-THP-PEG heisednd 20% for PLA-THF-PEG



micelles at pH 7.4, respectively. The drug reldas® micelles PLA-THF-PEG is a little
faster than that from PLA-THP-PEG micelle under saene pH conditions due to the
linkage THF is more acid sensitive than THP. Intcast, the drug release profile of
DOX-loaded PLA-PEG micelles without pH-sensitivekiige (PLA-PEG) was also
carried out under the same conditions. Both ofréhease amounts were less than 7% at
pH 7.4 and pH 5.0, indicating the significant raé& THP and THF linker in pH

responsiveness.

Although the mechanism of drug release from polymeratrices is very complex
and is still not completely understood, it can bepdistically classified as either pure
diffusion, erosion controlled release or a comhbémabf the two mechanisiis In this
study, we supposed that the release of DOX from -FH®R-PEG and PLA-THF-PEG
copolymer micelles under acidic conditions may letednined by the cleavage of
pH-sensitive linkages and eventually lead to theetfte size increases as the copolymers

degrade at low pH.
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Figure 5 DOX release profiles of DOX-loaded PLA-THF-PHE®Bc, PLA-THP-PEG4d
and PLA-PEG micelles at 3T in pH 5.0 and pH 7.4, respectively

3.6. Confocal Microscopy Studies

CLSM was exploited to further investigate and coreghe cell uptake behavior and
intracellular distribution of the DOX loaded miasdl with that of free DOX by Hela
cells. Prior to the incubation of HelLa cells at°&7 for predetermined interval 60 min,
both of DOX loaded PLA-THP-PEG and PLA-THF-PEG niiee were added to culture
medium with a DOX concentration of ©g/mL. Stained with DAPI, the nuclei and
cytoplasm of pretreated cells were observed by CLBcomparison with the control in
Figure 6A, the observation reveals that free DOMigely accumulated in the cell nuclei
of HelLa cells in Figure 6B, while DOX released fr&®X loaded micelles is mainly

located in the cytoplasm in Figure 6C and 6D. Témult also indicates that free DOX is



taken up by diffusion through the cell membrane #r@dDOX loaded micelles are taken
up by the cells via the indocytosis process. CLSMIlyses confirmed that the DOX

loaded micelles can be efficiently internalizedthg HelLa cells.

Figure 6 CLSM images of HelLa cells incubated with (Agither free DOX nor
DOX-loaded micelleg¢B) free DOX, (C) DOX-loaded PLA-THP-PE& micelles and (D)
DOX-loaded PLA-THF-PEGS8c micelles at 37C for 60 min; Cell nuclei were stained
with DAPI.

3.7. Activity Analysis of the Drug-L oaded Micelles

The drug loaded self-assembled micelles were fuitheestigated to evaluate the

potential therapeutic efficacy. The in vitro cywity of DOX-loaded PLA-THP-PEG



and PLA-THF-PEG micelles compared with that of f@@X was determined by MTT
assay against HelLa cells. To analyze the activitihOX loaded nanoparticles, HelLa
cells were cultured in the solutions of free DOXddDOX loaded micelles at different
DOX concentrations ranging from 0.5 to g@/mL for 48h, respectively. As shown in
Figure 7, the viability of HeLa cells depends onX0€bncentration. It can be found that
DOX loaded micelles perform potent effect of inkidmm to HelLa cell proliferation
similar to free DOX. The inhibition of cancer cglowth is attributed to the intracellular
DOX released from the DOX loaded micelles and faraty into the nuclei of HelLa cells.
Moreover, the DOX loaded PLA-THP-PEG and PLA-THFGPRicelles and free DOX
doses required for 50% cellular growth inhibitid@) are 2.08, 2.14 and 0.83 mg/mL,
respectively. Both of the DOX loaded micelles shadightly lower cytotoxicity than free
DOX due to the time-consuming DOX release from DiOXded micelles in comparison
to free DOX at the same DOX concentration, provedhe in vitro DOX release. The
result reveals that DOX released from the micalmdd exploit a potent drug efficacy as
free DOX after entry into the Hela cells, producthg desired pharmacological action

and minimizing the side effect of free DOX.
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Figure 7 In vitro cell viability of HeLa cells against free DOX abdX-loaded THP and
THF micelles 4d and18c) at different concentrations

4, Conclusions

In conclusion, the paper constructed an acid seesitug delivery system based on
amphiphilic PLA-THP-PEG and PLA-THF-PEG diblock obymers. The obtained
diblock copolymers were characterized iy NMR and GPC, their self assembled
micelles exhibited unimodal size distribution, witiean diameters ranging from 19 nm
to 53 nm. Their average size of DOX-loaded micefldsand 18c increased compared
with that of blank micelles. The CMC of every ditkocopolymers is in the range of 10
M, indicated the high stability of polymeric micedl. Further study confirmed that the
micelles kept stable up to 35 days under physioldgiconditions. Both of the
PLA-THP-PEG and PLA-THF-PEG polymeric micelles slkeomaccelerated drug release
at pH 5.0 compared with that at pH 7.4. Under thmes conditions the release rate of

micelles with THF linkage is faster than that owiP linkage. Moreover the copolymer



micelles without acid sensitive linkage kept stablen in acidic conditions which
indicated that the THP and THF linkage plays imgatrtrole in drug release. The in vitro
cell assay demonstrated that DOX-loaded PLA-THP-RIEG PLA-THF-PEG micelles
are able to enter the cells and produce the depliadmacological action as that of free
DOX. Confocal microscopy studies indicated that B@X-loaded PLA-THP-PEG and
PLA-THF-PEG micelles performed good cell internafian. In one word, the strategy
for employing THP and THF linkage in the formatiohacid sensitive block copolymer

micelles provides a potential alternative for pldpensive drug delivery system.
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1. Synthesisof PLA-THF-PEG copolymers

HCOOH,H,0, om0~ 0 TsCl /'m{/v/o
HOOC._~_~ HO Mg ————= TsO
NEt; DMAP
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O @— /MN O DIBAI-H O /MNUOH
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18c:n=114,m=69
Scheme S1 Synthesis of diblock copolymers PLA-THF-PEG

20 mL 88% formic acid and 7.7 mL 30% hydrogen p&texvere added to flask
and stirred at 56C. Then 5.01 g 4-pentenoic acid (50 mmol) was dissbin 10 mL
88% formic acid and dropwise added to the flask 1(tn min). The reaction was
continued to stir at 58C for 10 hrs, then the solvent was evaporated ddech0.35
mL concentrated hydrochloric acid and 17 mL dry hmebl, stirred at room
temperature for 4 hrs, then the reaction was ewa@drand pure yellow liquitl2 was

obtained. Yield: 5.8 g, 100%H NMR (CDCk, 400 MHz):§ 4.65-4.56 (m, 1H),

3



3.89-3.81 (m, 1H), 3.65-3.57 (m, 1H), 2.65-2.45 (BY), 2.30-2.18 (m, 1H),
2.18-2.06 (m, 1H).

6.6 g compound? (56.9 mmol) was dissolved in 80 mL DCM, then addéd
mL triethylamine, 560 mg dimethylamino pyridine (M) (4.6 mmol) and 10.86 g
TsCl (56.9 mmol), stirred for 4 hrs at room temper@ The reaction was stopped and
the organic extract washed with water, brine, droeer with anhydrous sodium
sulfate, and the filtrate was evaporated to giwslal. Column chromatography (PE:
DCM = 2:1, 1:2), to give pure produt8. Yield: 13.5 g, 87.7%'H NMR (CDCE,
400 MHz):6 7.78 (d,J = 8.4 Hz, 2H), 7.36 (dJ = 8.4 Hz, 2H), 4.72-4.65 (m, 1H),
4.21-4.11 (m, 2H), 2.64-2.48 (m, 2H), 2.45 (s, 3B%0-2.30 (m, 1H), 2.17-2.07 (m,
1H). 3¢ NMR (100 MHz, CDG): 6 176.1, 145.5, 132.3, 130.2, 128.1, 76.5, 70.1,
28.0, 23.6, 21.8. IR (KBr): 3437, 2924, 1779, 159895, 1458, 1358, 1266, 1190,
1176, 1095, 1003, 957, 860, 812, 740, 665, 569, 554

9.057 g compound3 (33.5 mmol) and 5.09 gX0Os; (36.8 mmol) were added to
flask, 6.65 g 4-nitrophenol (47.8 mmol) was disedlvin 60 mL DMF and added to
the flask. Under nitrogen atmosphere, the reacdtias placed in an oil bath at 8
for stirring for 5 hrs. Then the reaction was sw@and extracted with GBl,, the
combined organic extracts were washed with watedrtame, dried over anhydrous
magnesium sulfate (MgS{) filtered, followed by removing solvent. Pure guat 14
as yellow solid was obtained by column chromatolgyajYield: 7.67 g, 95.8%'H
NMR (CDCk, 400 MHz): ¢ 8.13 (d,J = 9.2 Hz, 2H), 6.94 (dJ = 9.2 Hz, 2H),

4.94-4.86 (m, 1H), 4.31-4.26 (m, 1H), 4.19-4.13 (iH), 2.73-2.54 (m, 2H),



2.49-2.39 (m, 1H), 2.29-2.19 (m, 1HfC NMR (100 MHz, CDGJ): § 176.9, 163.1,
142.0, 125.9, 114.6, 69.9, 28.3, 23.8. IR (KBr)4842924, 1771, 1647, 1607, 1593,
1557, 1542, 1509, 1497, 1456, 1384, 1340, 1298117660, 1111, 1073, 983, 944,
919, 846, 751, 689, 668.

Under nitrogen atmosphere, 6 g compodAd25.3 mmol) was dissolved in 40
mL CH,Cl, and stirred at -78C, then slowly added 20 mL diisobutylaluminum
hydride (DIBAL-H) (1.5 M in Toluene, 30 mmol) todlreaction. After stirring for 4
hrs, the reaction was stopped. Extracted withh@}l the combined organic extracts
were washed with water and brine, dried over andyslmagnesium sulfate (MgoQ
filtered, the solvent was evaporated under redpeessure to give desire produét
Yield: 4.1 g, 67%H NMR (CDCk, 400 MHz):6 8.21-8.16 (m, 2H), 7.01-6.95 (m,
2H), 5.65-5.55 (m, 1H), 4.67-4.60 (m, 1H), 4.164(in, 1H), 4.10-4.00 (m, 1H),
2.32-2.03 (m, 2H), 2.02-1.76 (m, 2K5C NMR (100 MHz, CDGJ): & 163.7, 141.9,
126.1, 114.7, 72.9, 69.9, 62.9, 30.6, 28.9. IR (KBd11, 3115, 3084, 2929, 1607,
1593, 1510, 1453, 1342, 1299, 1264, 1174, 1112),10025, 967, 890, 847, 752, 691,
650, 500.

729 mg compound5 (3 mmol), PEG (1.5 mmol) and 600 mg Amberlyst A-15
was dissolved in 80 mL toluene and refluxed at 300for 10 hrs. The reaction
solution was removed by filtration through Celibegive a yellow solid. Pure product
16 was obtained by column chromatography.

16a, yield: 42.6%H NMR (CDCk, 400 MHz):5 8.18-8.13 (m, 2H), 6.99-6.92

(m, 2H), 5.22-5.12 (m, 1H), 4.49-4.40 (m, 1H), 4387 (m, 2H), 3.87-3.39 (m,



195H), 3.34 (s, 4H), 2.22-1.70 (m, 4H). IR (KBry4b, 2920, 2867, 1647, 1592,
1509, 1456, 1384, 1341, 1260, 1108, 950, 850, 6609.

16b, yield: 23.7%H NMR (CDCk, 400 MHz):$ 8.21-8.17 (m, 2H), 7.02-6.96
(m, 2H), 5.25-5.16 (m, 1H), 4.51-4.45 (m, 1H), 4466 (m, 2H), 3.89-3.43 (m,
372H), 3.37 (s, 3H), 2.12-1.96 (m, 4H). IR (KBry4®, 2923, 2853, 1632, 1508,
1456, 1384, 1640, 1246, 1091, 931, 837, 752, 669.

Under hydrogen atmosphere, 1.8 g compol®énd 360 mg 10% Pd / C was
dissolved in 45 mL methanol. The mixture was stireg 35°C for 12 h and the
reaction solvent was filtered, evaporated to gekoyv solid17.

17a, yield: 89.1%1H NMR (CDCk, 400 MHz):§ 6.70-6.60 (m, 2H), 6.56-6.42
(m, 2H), 5.20-5.09 (m, 1H), 4.42-4.30 (m, 1H), 3@60 (m, 2H), 3.80-3.41 (m,
170H), 3.33 (s, 3H), 2.18-1.64 (m, 4H). IR (KBrdb, 2952, 2923, 2868, 1635,
1510, 1457, 1377, 1348, 1296, 1239, 1100, 948, &54.,

17b, yield: 80.3%H NMR (CDCk, 400 MHz):6 6.88-6.70 (m, 4H), 5.22-5.10
(m, 1H), 4.45-4.36 (m, 1H), 3.97-3.85 (m, 2H), 3820 (m, 403H), 3.35 (s, 3H),
2.17-1.91 (m, 4H). IR (KBr): 3446, 2954, 2859, 164309, 1456, 1384, 1348, 1246,
1100, 947, 669.

Under nitrogen atmosphere, PLA (1 mmol) and HATUn@&ol) were dissolved
in 30 mL DMF, then DIPEA (1 mmol) was added and riaaction was stirred atC
for 0.5 hr. After addingl7 (0.5 mmol, dissolved in 4 mL DMF) the reaction was
stirred at 30°C for an additional 30 hrs. The resulting mixturaswpoured into a few

drops of concentrated hydrochloric acid and ex#dhavith CHCI,. The combined



organic extracts were washed with water and bdnied over anhydrous magnesium
sulfate, filtered, and the filtrate was evaporatBdrification was accomplished by
chromatography to give the desired prodi&t

18a, yield: 63.8%.*H NMR (CDCk, 400 MHz):5 7.51-7.36 (m, 2H), 6.88-6.76
(m, 2H), 5.35-5.26 (m, 1H), 5.22-5.05 (m, 11H), %437 (m, 1H), 3.99-3.89 (m,
2H), 3.84-3.40 (m, 156H), 3.34 (s, 3H), 2.80-2.40, 4H), 2.21-1.79 (m, 4H),
1.64-1.40 (m, 34H). IR (KBr): 3446, 2921, 2852, 174647, 1509, 1454, 1349, 1187,
1090, 946, 840, 6609.

18b, yield: 32.6%.H NMR (CDCk, 400 MHz):6 7.55-7.36 (m, 2H), 6.85-6.65
(m, 2H), 5.35-5.26 (m, 1H), 5.22-5.05 (m, 29H), #437 (m, 1H), 3.99-3.85 (m,
2H), 3.84-3.40 (m, 406H), 3.33 (s, 3H), 2.78-2.58, (4H), 2.13-1.84 (m, 4H),
1.64-1.40 (m, 93H). IR (KBr): 3446, 2921, 2855, 874647, 1509, 1455, 1348, 1275
1260, 1185, 1091, 946, 860, 764, 750.

18c, yield: 19.7%.*H NMR (CDCk, 400 MHz):d 7.54-7.37 (m, 2H), 6.90-6.72
(m, 2H), 5.35-5.26 (m, 2H), 5.22-5.05 (m, 26H), %439 (m, 1H), 4.09-3.86 (m,
2H), 3.84-3.40 (m, 396H), 3.35 (s, 3H), 2.78-2.5@, (6H), 2.18-1.86 (m, 9H),
1.64-1.40 (m, 83H). IR (KBr): 3502, 2934, 2870, 675541, 1511, 1455, 1351, 1256,

1187, 1098, 951, 862, 750.



2. Copiesof '"H-NMR and *C-NMR
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Figure S1. *H-NMR spectra of intermedia intermediate3a (m = 14) and terminal

productd4a (400 MHz, CDC}).
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Figure S2. 'H-NMR spectra of intermediatg, intermediate3b (m = 42) and the



terminal productib (400 MHz, CDCJ)).
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Figure S3. 'H-NMR spectra of intermediat®, intermediate3b (m = 42) and

termianal producic (400 MHz, CDCY).
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Figure S4. *C-NMR spectrum of intermediafie(100 MHz, CDC})
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Figure S5. *C-NMR spectrum of intermedia(100 MHz, CDC§)
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Figure S6. *C-NMR spectrum of intermediaga (100 MHz, CDC})

10



— A2
Fide
EL ]
84N
RLEAT ]

s
=

Jﬂ| |

LLEF ]

[ & 4T
L2 ]
BT ]
.1
.20
— 00124

T — 154

7

\=

ppm (1)
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Figure S11. **C-NMR spectrum of intermediate (100 MHz, CDC})
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Figure S15. *3C-NMR spectrum of intermedia (100 MHz, CDC})
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Figure S16. 13C-NMR spectrum of intermediafie! (100 MHz, CDC})
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3. FT-IR Spectra
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4. GPC Curvesof Block Copolymers
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Figure S19. GPC curves of PLA-THP-PEG and PLA-THF-PEG
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5. Preparation of PLA-THP-PEG/PLA-THF-PEG Micelles

(A)

In brief, 10 mg PLA-THP-PEG and PLA-THF-PEG wersddilved in 1 mL of

DMSO and stirred at room temperature for 15 mine,hthe solution was slowly

added to 8 mL of deionized water and stirred foother 1 h. Subsequently, the

solution was dialyzed against deionized water #oh& (MWCO = 2000 g md), the

deionized water was exchanged every 5 hrs. Watbeigood solvent for linear PEG
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arms and not for hyperbranched PLA core. The appearof turbidity in the aqueous
solution indicated the formation of aggregationke Tcritical micelle concentration
(CMC) was measured by the change of fluorescenciaéinn spectra of pyrene in

varied concentrations of block copolymers.
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CMC=0.020 mginL
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Figure S20. Relationship of the fluorescence intensity of pgres a function of the
concentration of micellest r.t. (A) PLA_]_ooo-THP-PEG_goo,(B) PLA3goc THP-PEGgqg
(C) PL%OO()—THP-PEG,OOQ (D) PLA5000-THP-PEQ000 (E) PLAlooo-THF-PEG_QOO, (F)
PLAz000 THF-PEGoos (G) PLAsoor THF-PEGo0o

Figure S21. Representative TEM image of nanoparticles (A) BleATHP-PEGgog
(B) PLA3p00 THP-PEGoo (the scale bars present 500 nm)
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Figure S22. Representative DLS measurement of the hydrodynati@meter of

24



micelles
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Figure S23. Representative DLS measurement of the hydrodynati@meter of
PLA-THF-PEG micelles of (A) PL@@)QQ-THF-PEGlggd (B) PL%OOUTHF-PEG;,OOOin

aqueous solution
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Figure S24. The stability of PLA-THP-PEG micelles (A) Pléyc THP-PEGoog (B)
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Figure S25. The stability of PLA-THF-PEG micelles Plefye THF-PEGn00
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Figure S26. DLS Plots of (A) Size change of DOX-loaded Riéy THP-PEGooo
micelles over time (37°C, pH = 2.4); (B) Size change of DOX-loaded
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Figure S27. The calibration curve of the relationship of tHeofescent emission
intensity of DOX at 485 nm and concentration in DMSolution.
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