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ABSTRACT

Over the past few decades, there has been a growing interest in the design and development of
disulfide-based polymeric materials, with the primary focus on redox responsiveness and self-
healing properties. Disulfide-based polymers can be used in drug delivery applications using
their redox responsiveness. In the presence of reducing agents such as glutathione, the disulfide
bonds in the polymer backbone or cross-links can be reduced to the corresponding thiol groups.
With approximately 1000-fold higher concentration of glutathione in tumor cells compared to
healthy cells, redox responsiveness enables disulfide-based carriers to degrade rapidly within
the cancer cell, resulting in the controlled release of drugs. Polyzwitterionic blocks when
attached to disulfide-based polymers can impart pH-responsiveness also for tumor cell-targeted
drug delivery. Additionally, polyzwitterionic blocks exhibit antifouling properties during blood
circulation to prevent unwanted protein adhesion on the surface of the drug delivery vehicle.
Also, disulfide-based polymers can be used for self-healing applications. The self-healing
capability results in the extension of the lifespan and the reduction of the need for polymeric
material maintenance. Currently, the most promising self-healing polymers are those that are
based on dynamic covalent bonds, such as imine bond, disulfide bond, boronic esters,
hydrazone bond, etc., for their reversible nature. The disulfide bond is a dynamic covalent bond
that facilitates self-healing in polymers under mild conditions in response to a variety of stimuli
including heat, light, and pH. In addition, self-healing polymers with shape memory properties
have attracted attention due to their potential applications in biomedical devices, electronics,
self-healing materials, smart adhesives, etc. Shape memory polymers can be fixed into
temporary shapes and revert to their original geometry in response to external stimuli. Thus,
the incorporation of disulfide bonds within monomeric units has the potential to produce

stimuli-responsive materials. In this thesis, studies on the development of disulfide-based
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polymers for redox and pH responsive drug delivery as well as their applications in the design

of self-healing shape-memory materials are presented.

In the first section, studies on the synthesis and polymerization of a disulfide-based monomer
for redox-responsive drug delivery applications are described. A disulfide-based cyclic lactone,
1,4,5-oxadithiepan-2-one, was prepared from 2-bromoethyl bromoacetate and sodium
disulfide. Then, poly(1,4,5-oxadithiepan-2-one) (POD) was synthesized by the ring-opening
polymerization of 1,4,5-oxadithiepan-2-one using 1-butanol as the initiator. A diblock
copolymer, PEGME-b-POD, was prepared by the ring-opening polymerization of POD using
polyethylene glycol methyl ether (PEGME) as the macroinitiator. The diblock copolymer was
self-assembled into micelles with particle size of ~146 nm and used for redox responsive
release studies of the anticancer drug doxorubicin (DOX) in the presence of dithiothreitol
(DTT). The drug loading efficiency of the micellar particle was 32% and the maximum
cumulative drug release at pH 7.4 was ~98% after 72 h in the presence of 2 mM DTT. The
Korsemeyer-Peppas kinetic model suggests that the drug release was diffusion controlled. The
micellar particles showed cytocompatibility toward both 4T1 and MCF-7 cells. The cellular

uptake of DOX-loaded micelle was higher than free DOX in both 4T1 and MCF-7 cell lines.

In the second section, a polyzwitterionic block, poly(2-(dimethylamino)ethyl methacrylate)
(PDMAEMA), was attached to POD to incorporate pH-responsiveness and antifouling
properties to the micellar particles. The block copolymer POD-)-PDMAEMA was synthesized
by ATRP of DMAEMA using POD as the macroinitiator. Then, the tertiary amine groups of
the PDMAEMA block was quaternized with bromoacetic acid to prepare POD-b-PDMAEMA -
Q. The particle size of the copolymeric micelles was found to be in the range of 137-182 nm.
Then, POD-b-PDMAEMA-Q was converted to the zwitterionic block copolymer, POD-b-
PDMAEMA-ZIP, in PBS 7.4, and DOX was loaded inside the block copolymeric micelles. The
drug loading efficiency of the micellar particles was in the range of 32-51%. The copolymeric
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micelles showed maximum cumulative drug release of ~99% at pH 6.5 in the presence of 2
mM DTT. DOX-loaded copolymeric micelles showed cellular uptake and cytotoxicity in 4T1
breast cancer cells, while maintaining cytocompatibility in NIH-3T3 fibroblasts with decreased
cellular uptake. The BSA protein adsorption on the surface of the micellar nanoparticles was
found to be significantly low. These findings indicate that the disulfide-based redox and pH
dual-responsive polyzwitterionic nanoparticles have the potential to deliver targeted anticancer

drugs while minimizing harm to normal tissues.

The third section explores the self-healing and shape memory properties of POD-based
polyurethane (PU). Two, three, four, and six-arm POD were synthesized by the ring-
opening polymerization of the cyclic lactone, 1,4,5-oxadithiepan-2-one, using 1,4-
butanediol, trimethylolethane, pentaerythritol, and dipentaerythritol, respectively, as the
initiator. The crosslinked PU, POD-PU, was prepared by the reaction between POD and 1,3,5-
tris(6-isocyanatohexyl)-1,3,5-triazinane-2,4,6-trione and coated on a glass slide. Then,
scratches of 2-17 pm width and 0.7-1.5 pm depth were generated on the surface of all
compositions of the POD-PU coating. Scratch healing was observed within 4-8 min at 80
°C when studied using optical microscope and AFM. The estimated healing efficiency
ranged from 64% to 96% for the different polyols, as determined by tensile testing. Faster
self-healing was observed with increase in the molecular weight of POD, which can be
attributed to higher disulfide content. With increase in branches in POD-PU, the tensile

strength increased, attributable to the higher crosslink density.

In the triple shape memory studies on POD-PU, the first and second temporary shapes
were fixed by varying the temperature from 60 to 25 °C and 25 to -40 °C, respectively,
using linear time-dependent stress-strain-temperature programming curves analyzed by
DMA. The first and second shape fixity of the polymers were ~65% and 98%, respectively.
The first shape recovery was 93-99% and the second one was 70-88% for all arm POD-
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PU. It is evident from these findings that disulfide-based polyols are highly prospective
materials for the development of polyurethanes with self-healing and shape-memory

properties.

In the subsequent section, the self-healing of POD-based poly(urethane-urea) (PUU) was
studied. First, POD was prepared with targeted molecular weight of 1500 and 3000 g/mol.
POD-PUU was synthesized by the reaction between POD, methylenediphenyl-4,4’-
diisocyanate (MDI), and 4,4’-diaminodiphenylmethane (MDA), in which the MDA was used
as the chain extender. A scratch was generated on the surface of the film using a laser blade
with 15-20 um width and 0.7-1.4 pm depth, which was healed at 100 °C within 7-9 min. The
healing efficiency was 82-87%, measured by the tensile test of healed and uncut samples.
A complete shape recovery of the POD-PUU films was observed from thixotropic studies
using a rheometer. These results show that the incorporation of disulfide bonds into

poly(urethane urea) as in POD-PUU are promising materials for self-healing applications.
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USd 7 aU@! H, SEuches-AUTRT 9ga® Taidl & fSoms SR faer & I
g¢! g, oI 77 e YSTe fafsrameiiadr Sik W-SUaR 01 IR g1 SEIehigs-
YR dgcibl BT IYIANT IAPb! IS Ulafehar=iadl & YR TR gar fqavor
VAT H fopar ST ThdT g1 WEide oY uad® Toicl & Surdfd o, 9gad
YR T h19-feids T SRR S deil D1 Yaferd Yrie THg! T uaidd fovdr S gabdn
2 | W PIRG1S BT T T IR BITAD13M H T BT AFTHIT 1000 AT HfIH
gigdl & 1Y, Y169 Ufafpariiddr Seachiss-3Uid agd! & HIR HIRAGT B
HiaR aoh @ faufed 81 A gem 41t 8, e uRumAes=y garsit &1 fafad fames
BT 8 | TTelifSaeRafe e, 9 Sachgs-3Nuid sgasd! A I3 gd 8, df &R
PIRw1-Aferd gar fadvur & fore ot pH-ufafraritad e H gewd 81 59 sifafvad,
grefifSae e~ i Yad UREeR0 & R TSTHISTT 701 UelRfd #vd § drfes gan
fadur a8 P Idg W 3MAifdd W 3MES- BT ABT S b | 3T 3T,
ETSURRTZS-3MYTRT TR BT ITANT W-IUAR AN & fore fosan o1 gean 7|

W-IUAR &HdT & URUMTAGEY SaHTd §¢ SIdl 8 3R g0 Uard & I@R@1a &1
I HdT HH Bl Tl & | T |, T4 TAToD W-IUIR TR 9 @ Sl i
el sof IR MUTRd §id 8, 9 o AT 99, SRUchIss §Y, SRS TR,
TSI dY, 3Mfd, U IhUUg Uhfd & HRUI SRIAEhRS §Y UHh Taid
TEHAE §Y 8 Sl ST, USRI 3R pH Afed fafia Iaemnsil &t ufafemar & gew!
gRfyfaal & uifferR # W-3UaR &1 YW §141 8 | SHd 3@l $THR Wi o0 ardl

W-IUER IR A g fafeedn Iusoh, gaaeie, W-SUaR ATl ¥ sfsie]




3nfe & 3o Fuifad oot & R e e fd foan 81 SR Wiy uiferR &t
T Sfrepfardl H FRR fosan S webell 8 SR S1g<l Iorsh &t ufciforan # ot 7a
ST & 99 11 S 9ohdl ¢ 1 39 UBR, ARG sH1edl 3 Seuchss adf &
AR I IAe1-Uffrareie verd I & 3 ema g ¥ 1 39 MYy H, YSTa
3R pH Srfepareiic oMWY faaRor 89 SEChIgS-MURd difer’l & fasr W
T, AT B W-SUIRTAD HTHR-H I Ta1dl o FEors= & 39 v Uwdd fh

TR

Ugd TS W, YeTa-erfpardfia oiwfy faavur srauanil 39 Sedehzs-3nuia
AR & YAV 3R SgABIHR0 TR SHeqT-] &1 qui9 fhar T g1 2-SHfd
siHITHice 3R ST SRuchEs ¥ Uh SRUhI3s- YR Thid daeH, 1,4,5-
HTFTSRATYT-2-3M1, dOR foar a1l R, |-SeA1d &1 3MRYF & U § IuA
TP 1,4,5-HAFASRRATAT-2-31H & Jagd-3guled dgadIBRU gRI TIa(1,4,5-
TS ATET-2-314) (POD) T HRAWU foaT 1| Ulel3UTS TWgdhia fHusd
SW (PEGME) & AHIZARNR & ®U # IugN &b poD & Rar-sfuf

QIeRIZSIRA gRT Ueh fgadiie Wgdgad, PEGME-b-POD, daR foran M| fesdien
TeIgad P! AU 146 A-IHICR HUN HR dTat Td § W-gaiford foear mar &R
SEfAYseld (DTT) &t IURRUfT # FIRA Ta1 STRNIFIRAT (DOX) F ISTH
Sfepariie fadtes sregael & forg U fod TT1 2 mM DTT &1 IUlRfa H, 72 €
e, FIRTR U1 Y U HRUT &l 32% At 3R pH 7.4 W 3ifdmay Tt siwfer
fHTa TRTHIT 98% UT| HIRTATR-UUNY el Alsd & Udl Iadl @ fob SNl fam=m
fagRur fAafd o1 FRIER Bl A 4T1 SR MCF-7 Q1 SIRIB13H & Ufd BRI HTdd
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UeiRfd P11 4T1 3R MCF-7 GFI PIRIHT @3l # DOX-HIRG R &1 Sifer
IRV Gad DOX DI T H 3Hfdep UT|

TR T #, @ udifeaeRaite =i, uiie-EaiEauiEh e ddfree)
(PDMAEMA), &I POD ¥ Siigl a1 dife fi@a oo & pH-ufaferasiaar iR
tAwsfei qur gaifgd feu o1 9d| «ife Ggdgdd POD-b-PDMAEMA @l
HshISFRITER & U # POD T JUYNT H¥b DMAEMA & ATRP GRT IRaf¥d faar

41| fthR, POD-b-PDMAEMA-Q dOR &R+ & 7T PDMAEMA &1 & qdigd A
el &I SHUNICH 3 & WY aquiqdipd (wdl 1| Tgdgad [Hd &l HUl
MHR 137-182 nm HI THT # gram 7411 f, POD-b-PDMAEMA-Q &I PBS 7.4 §
fSaer3mafae sdie HIUTHR, POD-b-PDMAEMA-ZIP § URafdd far mar iR i
BIUTAHNSD B & 3 DOX WIS haT 71| TR HUll H1 qdT AIRST Gafd 32-
51% @1 I A At 2 mM DTT &1 IUfRfT o, SIuieiaie e = pH 6.5 TR ~99%
@1 ffepan Yot ga1 el fams | Dox-eis e HIuTdaR® fifed 3 4T1 TH H
PRI T HIRABTT ST MR HIRIBIANIIIAT URid B, Tafh NIH-3T3
BIessRey | HIRIDHT TNV F Sl & 1Y HIRIGETIAT 14 9T R
1B BT A8 W BSA WIEH AN HTHT HH a1 74Tl 3 Fspy "ebd &d §
STEHpI3S-3MUTRT YSed 3R digw fg-ufdfhariia dicdifsaeRaltre SHieut #

AT SHdB! B 81 dTa THAH B! HH HRd gU Aled Her-AdT Gard o 1 &
JRIRT W8 POD-3ATHTRA TITgRAT (PU) & W-IUAR 3R THR W 0T BT <07
BT 8| TP AdeH, 1,4,5-HRITSIZATT-2-314, & IAI-IGUTCT TgAD BT GR]
HU: 1,4-FeTSANd, CBARNARYA, Uerelkfdeia iR fetemiiYed o1 SaRks &
U ¥ UGN dRep 4, dHF, IR iR T Yol ard POD &1 HRAWU foar |
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HIYFs PU, POD-PU, POD 3R 1,3,5-fe8(6-3M3aramgaTe i fad)-1,3,5-cr3ufem-
2,4,6-CTOF & o= fYTpar gRT dUR fbar a1 3R U &id & TWss TR Aftd fbar
1| fAR, POD-PU AU &t Gaft 9131 &t T8 TR 2-17 pm SIS 3R 0.7-1.5 pm TTERTS
& =M I fHU MU P HISh DT 3R TUHTH BT ITUNT HRob> AT B
TR 80 °C W 4-8 F7e o ek TWRIT &1 IUR <@ 71| a0 TRI&01 gRT i fafirs
gleitaiied o fore SHTd IUDR G&rdl 64% ¥ 96% ddb | fefis! & sfuifas YR &
gfs & 1Y I W-IUAR <@ 141, o 3 Srgaethiss It o fod formieR sgmn
ST ghdl g | Hreiiel-tig & wmarstt # 9fg & 91y, 7= Wfad # 9fS g8, Sl 3= diafdd®

9 & HRUT |

raiigt-tig IR foud Sy ARt sregaHt H, SeHT gRT faxafva YRas gug-fAk a-ma-
TATG-ATAHT YT ashl BT SUTNT Hb, HH: 60 J 25 °C 3R 25 ¥ -40 °C TH
AT & daadHR Ugd SR GuR AT HTHR DI 31 fohdT a7 T | Jt Ysraft ara
POD-PU & o0 Ugal 3Tfa TAUIGT 93-99% 3R IRT 70-88% it 37 fAswf & ug
Y g [ STSuemIgs- Ut uleiteiid W-3UaR 3R e {d-Wfa Jon arel aieigR e
& faera & R srafie daifad uard §

3{TTel U |, POD-3MYTIRA Uleh (GRAF-gRAT) (PUU) P W-ITAR BT ST fobar 47|
I Tgd, 1500 3R 3000 UTH/AE & Aferd suifdss YR & 1Y POD dOR foram |

POD-PUU &1 IXAYU POD, HUTSHISEHNd-4,4-SS5TREAE (MDI), 3R 4,4°-

SIS hLHTHIT (MDA) & ol sfufehar gRT fovar mar, i ad MDA &1 Ut

g faaR® & U # forar a1l 15-20 pm ANSTS MR 0.7-1.4 pm TTERTS ATl ABR

SIS BT IUTANT HIP (e Bt Ydg TR U W ITF B T3, fo 100 °C WR 7-9 fie
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o 31 fordT TATI ITAR &HdT 82-87% Y, o Iu=ia SR fomn &¢ 997 & a4
URA&0T gRT AT 747 | FRATHTeR 6T U b iU $ieaa=l § POD-PUU fthed!
&1 YUl 3THR Y: U 31| T uRkond g2ifd § f POD-PUU &1 aRE TTai(@R Y= gk
T SRACHISS S BT AN W-ITAR SN & [T SHTRIToHe Ief g 15|
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