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Instances of synthetic polymers obtained from renewable feedstock with 
the possibility of post-synthesis functionalization are scarce. Herein, the 
first ever synthesis and drug delivery application of amphiphilic block 
copolymer (mPEG-b-PJL) derived from renewable jasmine lactone with free 
allyl groups on the backbone is presented. The polymer is synthesized via 
facile ring-opening polymerization and subsequently, UV mediated thiol-ene 
click chemistry is utilized for post-functionalization. The introduction of 
hydroxyl, carboxyl, and amine functionality to mPEG-b-PJL polymer is 
successfully established. As a proof-of-concept demonstration, doxorubicin 
(DOX) is conjugated on hydroxyl-terminated polymer (mPEG-b-PJL-OH) via 
redox responsive disulfide linkage to obtain PJL-DOX. PJL-DOX is readily 
self-assembled into micelles with an average hydrodynamic size of ≈150 nm 
and demonstrates reduction-responsive DOX release. Micelles are evaluated 
in vitro for cytocompatibility and selective drug release in cancer cells 
(MDA-MB-231) using 10 mm glutathione as a reducing agent. Cytotoxicity and 
microscopy results confirm a redox-triggered release of DOX, which is further 
confirmed by flow cytometry. The introduction of these novel functional 
polymers can pave the way forward in designing polymer-drug conjugate-
based smart nano-carriers.
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solutions.[1] Polymers and more specifically, 
polyesters have gained a significant posi-
tion in drug delivery mainly owed to their 
well-controlled biodegradability. Poly(lactic 
acid) (PLA), and its copolymers such as 
poly(lactic-co-glycolic acid) (PLGA), are the 
ideal examples of polyesters derived from 
renewable feedstock that can further be 
produced via facile ring-opening polymeri-
zation (ROP) with full control on polymer 
structure. Nevertheless, poor drug loading 
is often observed with PLA-based materials 
owing to its low hydrophobicity and thus, 
more hydrophobic versions of PLA have 
been prepared to increase the stability and 
hydrophobicity of PLA-based drug delivery 
carriers.[2] However, synthesis of these 
alkyl-substituted lactides seems tedious 
and thus, a straightforward methodology 
of preparing amphiphilic block copolymer 
using renewable poly(decalactone) (PDL) 
was recently reported. PDL-based drug 
delivery carriers were evaluated largely for 
their toxicity, biodegradability, and their 
potential as drug delivery carriers.[3–6]

Since PDL is an amorphous polymer, PDL-based micelles 
demonstrate a rapid drug release along with initial burst 
release. In the absence of control over drug release, prema-
ture drug leakage is usually observed from micelles during 
storage and/or after administration in the human body (before 
reaching the actual target site), which could lead to suboptimal 
therapeutic activity.[7] In recent years, polymer-drug conjugates 
(PDCs) have emerged as an effective approach to circumvent 
the problems associated with premature drug release and to 
improve the overall efficiency of therapy. In addition, conjuga-
tion of polymers to the therapeutics offers improved pharma-
cokinetic and pharmacodynamic properties such as increased 
plasma half-life, protection of the drug/bioactives degradation 
from degrading enzymes, enhanced stability of proteins, and 
enhanced solubility of low-molecular-weight drugs.[8] Moreover, 
drug conjugation via stimuli-responsive linkers affords addi-
tional control over the drug release at selective target sites.[9]

The availability of free functional groups on the polymer 
backbone is a crucial pre-requisite for the development of effi-
cient PDCs. Several reports have been published discussing the 
approaches for preparing functional polyesters[10] but literatures 
presenting their drug delivery applications are rare, owing to 
the complex design and limited functionality. For instance, 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202101998.

1. Introduction

Polymers derived from renewable feedstock have gained promi-
nent attention in recent years as a sustainable alternative to 
fossil-based materials due to the depletion of fossil fuels and 
government policies, which are aiming to promote greener 

© 2021 The Authors. Advanced Functional Materials published by Wiley-
VCH GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

Adv. Funct. Mater. 2021, 31, 2101998

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202101998&domain=pdf&date_stamp=2021-06-14


www.afm-journal.dewww.advancedsciencenews.com

2101998  (2 of 8) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

poly(glutamic acid) (PGA) was utilized for conjugation of camp-
tothecin, and the resultant product (CT-2106) entered clinical 
trials. However, the polymer PGA is limited to drug molecules 
that have free alcohol groups for conjugation. Moreover, the 
reaction conditions require protection and de-protection steps 
and thus, is not an industrial friendly approach.[11] Another suc-
cessful synthetic polymer used for fabricating PDCs to date is 
poly(ethylene glycol) (PEG), and approximately twelve such for-
mulations are available on the market.[8] However, non-degrada-
bility, poor drug loading due to lack of functional groups (type 
and number), and PEG immunogenicity limit its applications. 
Consequently, some PEG-based products were withdrawn from 
the market.[12]

A simplistic and reproducible design of biodegradable 
polymer with the scope of excellent tunability as per desired 
drug delivery application using economical/renewable feed-
stock is still the major key point for successful translation of 
polymer-based drug delivery systems from bench to bedside. 
Monomers containing free “ene” groups in their backbone 
are of immense interest for polymer synthesis due to the 
possibilities it offers to insert functional groups of interest 
via facile thiol-ene click reaction. Moreover, the “ene” group 
does not interfere in the ROP reactions, which is one of the 
most acceptable and reliable reaction mechanisms to produce 
high molecular-weight polyesters with precise chain length. 
The ROP of functional renewable monomer α-methylene-γ-
butyrolactone (MBL) is one of the best examples, which was 
utilized to generate polymers with “ene” handles.[13] How-
ever, specific catalysts and stringent reaction conditions are 
required to acquire polymers using MBL, which restrict its 
widespread applications and are apparent from the lack of 
published reports presenting the applications of poly(MBL).

The polymer science domain is still looking for a polymer, 
which can be synthesized easily with ample possibilities of 
post functionalization as per the desired requirement. There-
fore, here, we are presenting the synthesis, characterization, 
and one of the several possible applications of a novel polymer, 
called poly(jasmine lactone) (PJL) with functional handles. Sub-
sequently, we have designed a PJL-drug conjugate using dox-
orubicin (DOX) as a drug, with disulfide bond as a reduction  

sensitive linker to demonstrate the selective drug release capa-
bility in the presence of glutathione (GSH) (Figure  1). It is 
widely reported that disulfide linker cleaved in the presence 
of GSH, which is usually found in high levels within cancer 
cells compared to normal cells.[14,15] Thus, selective drug release 
in cancer treatment could be highly beneficial considering the 
serious side effects of chemotherapy.

The polymer is produced via a facile methodology using 
renewable monomer (jasmine lactone) with generous modifica-
tion possibilities. Jasmine lactone is a United States Food and 
Drug Administration approved food additive and a Generally 
Recognized As Safe (GRAS) substance, found in several nat-
ural substances including jasmine oil, tea, lily, ginger, peach, 
etc. This monomer provides two unique properties: 1) polymer 
synthesis in a highly controlled fashion via well-established 
ROP technique and 2) possibility of post-polymerization func-
tionalization via facile thiol-ene click reaction without addi-
tional efforts, such as protection-deprotection. To the best 
of our knowledge, this is the very first report discussing the 
synthesis, post-functionalization, and drug delivery capability  
of PJL.

2. Results and Discussion

2.1. Synthesis and Characterization of PJL based Polymers

The ROP is quite a robust technique for the synthesis of poly-
mers using lactone monomers in a highly controlled fashion. 
Metal-free ROP of six-membered rings unfolds the pathway 
of using renewable monomers for polymer synthesis.[16] Thus, 
inspired by our previous work on δ-decalactone, we decided to 
utilize jasmine lactone for polymer synthesis considering the 
possibilities of post-functionalization using thiol-ene click reac-
tions. The amphiphilic block copolymer of PJL was prepared 
at 50  °C using methoxy(polyethylene glycol) (mPEG) as the 
initiator in the absence of solvents (Scheme  1). The purified 
polymer was characterized by Fourier-transform infrared spec-
troscopy (FTIR), 1HNMR, and size exclusion chromatography 
(SEC) to confirm the structure and molecular weight.

Figure 1.  Graphical illustration of the preparation and evaluation of novel PJL polymer-based stimuli-responsive drug delivery system.

Adv. Funct. Mater. 2021, 31, 2101998
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The structure of block copolymer of PJL is almost identical 
to the previously reported PDL-based polymers, except for 
the availability of an “ene” group on the PJL side chain. The 
FTIR and 1HNMR analysis implied successful conversion of 
monomer to polymer, and observed peaks were matched with 
the PDL polymer.[4] The maximum conversion observed for 
jasmine lactone using 1,5,7-triazabicyclo[4.4.0]dec-5-ene as cata-
lyst was 88%, and a similar phenomenon was observed for the 
ROP of δ-decalactone, which also never reached 100% due to 
the polymerization thermodynamics.[16] The “ene’ group peaks 
were observed at 5.3 and 5.5  ppm and the percentage conver-
sion, as well as molecular weight, was calculated by comparing 
the proton peak resonance at 3.3 ppm (methyl group of PEG), 
4.2  ppm (newly formed ester bond) and at 4.9  ppm (shifted 
peak from 4.3  ppm after ring-opening of jasmine lactone) 
(Figures S1 and S2B, Supporting Information). The proton res-
onance of “ene” group peaks in 1HNMR suggested the attach-
ment of ≈24 repeating units of a monomer onto mPEG.

Next, to establish the multifunctional viability of PJL, we 
prepared polymers with different free functional groups. The 
“ene” groups present on the backbone of PJL were converted 
into hydroxyl, carboxyl, and amine end groups via UV medi-
ated thiol-ene click reaction[17] (Scheme 1 and Figure S1, Sup-
porting Information). The details of the synthesized polymers 
are presented in Table  1. Interestingly, no conversion was 
observed when cysteamine was used as a thiol moiety. A sim-
ilar phenomenon was reported earlier where cysteamine failed 
to participate in thiol-ene reaction owing to amine basicity.[18] 
Conversely, close to 100% conversion was observed using 
Boc protected cysteamine suggesting that the amine basicity 
has a direct impact on thiol-ene reaction in this case (data 
not included). However, since our objective is to design sim-
plistic methods for the development of functional polymers, 
and thus to avoid additional deprotection steps, we utilized 
cysteamine hydrochloride for generating amine-terminated 

polymer. However, conversion of amine to its hydrochloric salt 
in cysteamine was not good enough to suppress the amine 
basicity completely, and thus we only observed a maximum of 
70% of conversion.

The disappearance of the “ene” group peaks (730 cm−1 in 
FTIR and at 5.3 and 5.5  ppm in 1HNMR) was monitored to 
determine the success of thiol-ene reaction (Figures S3 to S5, 
Supporting Information). Since the substitution of thiol on 
“ene” of PJL is not regioselective, two peaks for methyl group 
at ≈1.0 ppm were observed. 100% substitution of “ene” groups 
was observed for hydroxyl and carboxyl terminated polymer as 
evident by 1HNMR. However, proton peaks at 5.3 and 5.5 ppm 
corresponding to “ene” groups are observed for amine-termi-
nated polymer due to the incomplete reaction (Figure S5B, 
Supporting Information). SEC traces using THF as solvent and 
polystyrene as standard suggested unimodal size distribution 
of mPEG-b-PJL, mPEG-b-PJL-OH, and mPEG-b-PJL-COOH 
with a low polydispersity index (Ð) (Table 1 and Figure S6, Sup-
porting Information). All the obtained characterization data 
suggested successful synthesis of the block copolymer of PJL as 
well as post-functionalization to generate OH, COOH, and 
NH2 end group polymers.

Scheme 1.  1) Synthesis scheme of jasmine lactone block copolymer via ring-opening polymerization using mPEG5k as initiator and 1,5,7-triazabi-
cyclo[4.4.0]dec-5-ene (TBD) as catalyst. 2) The block copolymer mPEG-b-PJL was later functionalized via UV-light induced thiol-ene click reaction to 
insert free alcohol groups (mPEG-b-PJL-OH). Since the post-functionalization reaction is not regioselective, thiol is attached randomly to either 2nd 
or 3rd carbon of the pendant chain of jasmine lactone. Thiol is used in excess for complete conversion of “ene” groups available on mPEG-b-PJL.

Table 1.  Molecular weight of different polymers analyzed by NMR and 
SEC (ND-not determined).

S.No. Polymer Name Mn by 1HNMRa) [kDa] Mn by SEC [kDa] Ð (Mw/Mn)

1 mPEG-b-PJL 9.0 8.8 1.4

2 mPEG-b-PJL-OH 10.7 9.4 1.4

3 mPEG-b-PJL-COOH 11.4 9.8 1.4

4 mPEG-b-PJL-NH2.HCl 10.8 ND ND

a)Molecular weight was calculated by comparing the proton integral of mPEG at 
3.3 ppm and PJL at 4.8 and 5.3 ppm (in case of functional polymers to determine 
the consumption of “ene” groups).

Adv. Funct. Mater. 2021, 31, 2101998
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2.2. Preparation and Evaluation of PJL-Drug Conjugate

Polymers with free functional groups are valuable for designing 
PDCs to achieve high drug loading. Thus, to explore the ben-
efits of functional PJL polymer and to establish the stimuli-
responsive drug delivery capability, mPEG-b-PJL-OH was 
selected for further evaluation. The critical micelle concentra-
tion (CMC) of the polymer was evaluated using pyrene fluores-
cence peak intensity ratio method to ensure mPEG-b-PJL-OH 
is capable of self-assembly to generate micelles.[4] The peak 
intensity of pyrene is influenced greatly by the polarity shift 
in the surrounding environment where the peak at 375 nm is 
dominant in aqueous surroundings while the peak at 393 nm 
is dominant in hydrophobic surroundings (Figure S7A, Sup-
porting Information). As the micelles start forming, the pyrene 
in water start migrating to the hydrophobic core of the micelles 
(most favorable place for hydrophobic compound) and thus the 
peak ratio starts declining. A curve was plotted between peak 
intensity ratio and polymer concentration and the inflection 
point of the curve was selected as the CMC of the polymer, 
which is found to be 8.9  µg mL−1 (Figure S7B, Supporting 
Information).

DOX was used as a drug candidate in this study considering 
that despite being a potent drug, its widespread use in chem-
otherapy is restricted due to severe cardiotoxicity.[19] Disulfide 
linker was selected to conjugate the DOX with mPEG-b-PJL-
OH. Disulfide is a well-known linker and has been utilized in 
several studies to produce stimuli-responsive drug delivery sys-
tems that are cleaved in highly reductive environments, which 
is usually observed in tumor regions.[9] Dithiodipropionic acid 
was used to prepare a disulfide linker and converted into pro-
tected anhydride form (i.e., dithiodipropionic anhydride, DTPA) 
to control its reactivity via a reported procedure.[15] The con-
version of acid into anhydride was confirmed by FTIR, where 
a clear peak of CO anhydride stretching was observed at  
1793 cm−1 (Figure S8, Supporting Information). To make the 
conjugation process simpler, a one-pot reaction scheme was fol-
lowed where DOX was first reacted with DTPA, followed by acti-
vation of acid end group via 1-Ethyl-3-(3-dimethylaminopropyl)

carbodiimide and coupling of mPEG-b-PJL-OH using dimeth-
ylamino pyridine as catalyst (Scheme  2). The reactions were 
monitored by following the consumption of DOX via thin-layer 
chromatography.

After reaction completion, the conjugate 
mPEG-b-PJL-S-S-DOX (PJL-DOX) was purified by dialysis and 
freeze-dried for further evaluation. The absence of free DOX 
in conjugate was ascertained by HPLC (Figure S9, Supporting 
Information), where the disappearance of the peak at retention 
time 9.1 (DOX peak) in PJL-DOX sample confirms the purifica-
tion of polymer conjugate. However, the appearances of three 
peaks in PJL-DOX HPLC trace suggest a random number of 
DOX molecules conjugation onto the polymer chain. We pre-
sumed that the peak at 18.6 min indicates the PJL-DOX with the 
highest number of DOX molecules (owing to increased hydro-
phobicity). To determine the number of DOX molecules attached 
onto mPEG-b-PJL-OH, a 1HNMR analysis was performed. Out 
of 10 molecules, ≈9 DOX molecules were attached to mPEG-b-
PJL as calculated by comparing the proton integral for DOX at 
7.75 ppm, mPEG at 3.3 ppm, and PJL at 0.98 ppm (Figure S4B, 
Supporting Information). The weight % drug loading was deter-
mined by UV–Vis spectroscopy as no substantial change in λmax 
of DOX was observed after its conjugation onto the polymer 
(Figure S10A, Supporting Information). The DOX content in 
PJL-DOX was found to be 30% by weight. It should be noted 
that we have used a 1:10 molar ratio of polymer:DOX for the 
conjugation reaction despite having 24 available conjugation 
sites. Thus, we believe that a higher drug loading could be pos-
sible when 100% of the available conjugation sites will be uti-
lized. Moreover, we anticipated that the steric hindrance during 
conjugation reaction would not be the limiting factor due to the 
amorphous nature (chain flexibility) of PJL.

Remarkably, the freeze-dried powder of PJL-DOX in the 
absence of any cryoprotectants was found to be easily dis-
persible in water without the need for additional measures. 
Generally, it has been reported that the freeze-drying pro-
cess significantly affects the particle size upon reconstitution 
and thus, a large amount of cryoprotectant is often required 
to protect the structure of amphiphilic polymer-based 

Scheme 2.  Schematic representation of the conjugation of DOX to the polymer chain via reduction sensitive di-sulfide linker. DTPA- dithiodipropionic 
anhydride, TEA- triethylamine, EDC- 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide, DMAP- dimethylamino pyridine, RT- room temperature.

Adv. Funct. Mater. 2021, 31, 2101998

 16163028, 2021, 33, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202101998 by C
ochrane G

erm
any, W

iley O
nline L

ibrary on [27/07/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.afm-journal.dewww.advancedsciencenews.com

2101998  (5 of 8) © 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

nanoparticles/micelles.[20] Since the dried products are more 
stable compared to solutions/suspensions in terms of long-
term storage, PJL polymer-based drug delivery systems might 
be the better alternative for such solution/suspension-based 
nanoparticles currently on the market. The easy dispersibility 
of conjugate (up to the tested concentration of 4  mg mL−1) 
could be attributed to the availability of free hydroxyl groups 
on the polymer side chain, as out of 24, only 9 conjugation 
sites were occupied by DOX.

The sizes of micelles either obtained via dialysis (during the 
final purification step) or by reconstituted PJL-DOX in water 
were determined by DLS and TEM. As shown in Figure 2C, a 
bimodal size distribution was observed for both micelles attrib-
uted to the random attachment of DOX molecules, which in 
turn modulates the overall hydrophobic-to-hydrophilic ratio 
of the block copolymer and consequently, size upon self-
assembly. The TEM images however suggested an absence 
of individual micelles with sizes greater than 100  nm in the 
sample, but the aggregation of micelles was evident and more 
prominent in the reconstitution sample owing to the freeze-
drying stresses and could be the probable reason for the 
broader peaks in DLS (Figure 2C). As per TEM image analysis 
(by ImageJ), the size distribution histogram suggested that the 
majority of individual micelles were in the range of 30–40 nm 
along with some larger aggregates representing the second 
peak of the DLS graph.

The size distribution by volume in DLS also suggested 
that the majority of micelles fall in 30–40  nm (hydrodynamic 
diameter) along with some larger aggregates. We preferred to 
present the size distribution by volume here to demonstrate 
the change in size upon redispersion in an aqueous medium 
where a larger ratio is occupied by less than 100 nm micelles. 
Size distribution by intensity in DLS could be misleading in the 
bimodal distribution curve, as the intensity curve shows that 
the particles with bigger sizes are dominant particles owing to 
the stronger reflection of light. Based on the size results, it was 
decided to use reconstituted micelles for further evaluations 
since there were no substantial differences in size distribution.

Zeta potential of the PJL-DOX micelles was recorded in 
HEPES buffer (20  mm, pH–7.2) and a charge close to neutral 
was observed (Figure S11, Supporting Information). Close to 
neutral surface charge was expected from PJL-DOX micelles 
owing to the PEG corona where the micelles are usually steri-
cally stabilized instead of electrostatically.[3,5] The in vitro drug 
release was performed via dialysis method at pH 5.0 mimicking 
intracellular environment in the presence of two different con-
centrations of commonly used reducing agent dithiothreitol 
(DTT).[21] A sustained release pattern was observed for DOX 
from PJL-DOX micelles and as expected, a higher percentage 
of the drug was released in the presence of elevated DTT con-
centration (Figure  2F). However, even after 9 days, we did 
not observe even 50% of drug release (≈43% release), which 

Figure 2.  Size distribution evaluation of PJL-DOX micelles as determined by TEM imaging (via ImageJ), A) analyzed directly after dialysis, B) prepared 
by reconstituting in water, and C) by DLS. TEM micrographs of micelles D) prepared by dialysis and E) reconstituted (scale – 200 nm). F) In vitro 
release of DOX from reconstituted PJL-DOX micelles in the presence of different concentrations of DTT at 37 °C in acetate buffer (0.1 m, pH – 5.0), 
and G) size details (in diameter) estimated by DLS for both micelle types.

Adv. Funct. Mater. 2021, 31, 2101998
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is contrary to the objective of using stimuli-sensitive linkers 
to achieve triggered and complete release in the presence of 
stimuli. The probable reason for this could be associated with 
the micelle’s core-corona structure, where the highly hydro-
phobic core contains all the DOX linked to PJL via the disulfide 
linker. DTT, being a hydrophilic substance could have limited 
access to the core and thus, in turn, cleaved fewer di-sulfide 
linkages. Slow drug release pattern has often been observed 
from micelles when the drug is being conjugated to the hydro-
phobic polymer[22] compared to hydrophilic polymer[21,23] via 
disulfide linking.

2.3. Evaluation of mPEG-b-PJL-OH and PJL-DOX  
on Cancer Cells

Cytotoxicity is an important parameter, which needs to be 
established for polymers that are intended to be used as drug 
delivery carriers. Therefore, we evaluated the toxicity profile of 
mPEG-b-PJL-OH on MDA-MB-231 cells. More than 90% of cells 
were found to be viable after 48 h of incubation for polymer 
concentrations up to 2  mg mL−1 (Figure 3A). This result sug-
gested the good tolerability of the polymer itself and minimum 
to no interference in the experiments aimed to determine the 
ability of PJL-DOX towards killing cancer cells.

DOX is a powerful anticancer drug, but also responsible for 
eliciting severe side effects, with cardiotoxicity being the most 
prominent one. Thus, selective release of DOX only within 
cancer cells is of prime importance in chemotherapy to avoid 
severe side effects. Prodrug formation of DOX by attaching it 
with polymer is a widely utilized approach to achieve this objec-
tive.[24] However, the most widely used synthetic polymers such 
as PEG and poly(N-(2-hydroxypropyl)methacrylamide) (HPMA) 
used for that purpose lacks biodegradability and has limited 
conjugation sites (for PEG). Moreover, unlike hydrophilic PEG 
or HPMA, mPEG-b-PJL being an amphiphilic polymer, dem-
onstrated its ability to assemble into a core-corona structure as 

reported above and could thus possibly protect the degradation 
of loaded cargo.[25] We earlier demonstrated this phenomenon 
by loading curcumin in a hydrophobic PDL core with the objec-
tive of increasing its stability.[3]

To establish the selective drug release capability of PJL-DOX 
in the presence of GSH, free DOX and PJL-DOX with equiva-
lent concentrations of DOX (between 10–50  µg mL−1) were 
incubated with MDA-MB-231 cells with and without media con-
taining GSH (10mm).  As expected, being a highly toxic drug, 
DOX inhibited the growth of ≈75% cells at 50 µg mL−1 concen-
tration after 48 h incubation. No significant change in the tox-
icity pattern was observed for DOX in the presence of GSH. 
In contrast, PJL-DOX were found to be less toxic at similar 
DOX concentrations, where only ≈35% cell growth inhibition 
was observed after 48 h incubation. However, when PJL-DOX 
was incubated with cells in media containing GSH, a signifi-
cant difference in toxicity was observed compared to without 
GSH treatment group (Figure  3A). This difference in cytotox-
icity demonstrated by PJL-DOX can be attributed to the accel-
erated release of DOX due to the cleavage of disulfide linkage 
facilitated by GSH. Yet, PJL-DOX was not equally toxic as DOX 
on cancer cells, which can be ascribed to the limited disulfide 
cleavage and sustained release property exhibited by PJL-DOX 
micelles. As evident by the in vitro drug release evaluation, only 
≈33% of drug release was observed after 48 h in the presence of 
1 mm DTT (Figure 2F).

Further, to examine the cellular uptake efficiency of PJL-
DOX micelles, confocal laser scanning microscopy (CLSM) 
was performed using DOX as an inherent fluorescent probe. 
The control samples did not produce any fluorescence as evi-
dent by CLSM images and thus not interfered in the analysis 
(Figure S12, Supporting Information). The fluorescence intensity 
of DOX was greatly reduced after conjugation with polymer fol-
lowed by assembly into micelles, as evident by the fluorescence 
measurement of DOX and PJL-DOX in an aqueous medium 
(Figure S10B, Supporting Information). The quenching in fluo-
rescence intensity of DOX after self-assembly into nanoparticles 

Figure 3.  A) Inhibition of cell proliferation as detected by AlamarBlue assay after 48 h incubation of samples with MDA-MB-231 cells. The concentration 
of PJL-DOX was equivalent to the free DOX (n = 3). B) Change in mean fluorescence intensity of PJL-DOX determined by flow cytometry after 1 and  
24 h of incubation with cells. Experiments are done in media with and without 10 mm GSH to realize the cleavage of the disulfide bond. Statistical sig-
nificance has been represented as extremely significant (****p < 0.0001), extremely significant (***p = 0.0001–0.001), very significant (**p = 0.001–0.01), 
significant (*p = 0.01–0.05).
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has been also reported recently.[26] We observed that free DOX 
abruptly enter into the nucleus to produce lethal effects owing 
to its mechanism of action, that is, inhibition of topoisomerase 
II enzyme found in the nucleus. On the other hand, the fluo-
rescence observed from PJL-DOX suggested that it is mostly 
surrounded by the nucleus instead of entering directly into the 
nucleus after 1 h of incubation. This observation again confirmed 
the absence of free DOX in conjugates and advised that DOX will 
slowly release from PJL-DOX and enter the nucleus to exert the 
therapeutic action, as demonstrated in previous studies.[27]

To ascertain this phenomenon, CLSM images at 24 h time 
point were taken for PJL-DOX and an increase in fluorescence 
intensity and DOX localization into the nucleus was observed. 
Moreover, a higher fluorescence intensity was observed for 
the sample containing GSH at similar time points in CLSM 
images (Figure  4). This increment in fluorescence intensity 
of DOX from PJL-DOX can be attributed to the DOX release 
from micelles post cleavage of disulfide bond. To reconfirm the 
increment in fluorescence intensity, flow cytometry was per-
formed and as shown in Figure 3B and Figure S13, Supporting 
Information, an increase in fluorescent intensity was clearly 
observed as the incubation time increases and in the presence 
of GSH in media. These observations demonstrate an intel-
ligible advantage of delivering highly toxic drugs via conjuga-
tion approach (using stimuli sensitive linker) to avoid off-target 
toxicities.

3. Conclusion

In this study, we have, for the very first time, reported the 
synthesis and post-polymerization functionalization of novel 

polymer PJL, derived from renewable monomer jasmine lac-
tone. We demonstrated that the combination of ROP and 
thiol-ene click reaction are capable of generating PJL poly-
mers with different pendant functional groups, which could 
be tuned as per the desired application. As a proof-of-concept, 
we have successfully demonstrated that PJL polymer could be 
successfully utilized to deliver highly toxic drugs in a precise 
manner with an additional possibility of high drug loading. 
Interestingly, due to the amorphous nature of the polymer, 
we have not encountered any issue related to steric hin-
drance, which might considerably affect the reactivity of PJL. 
We believe that this PJL polymer with its excellent tunable 
property could bring on a paradigm shift in the functional 
materials category. Our future studies will thus be focused 
on developing PJL polymer with multi-functional reactive 
groups in a single chain with the possibility to prepare dual 
stimuli-sensitive drug delivery systems. We postulate that 
the combination of endogenous with exogenous stimuli in 
designing smart drug delivery systems would certainly bring 
more control on precise drug release at target sites in suffi-
cient amounts and in the long run, probably solve the issue of 
incomplete drug release.

4. Experimental Section
Experimental details are provided in the Supporting Information.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.

Figure 4.  CLSM images of DOX and PJL-DOX internalized in MDA-MB-231 cells after 1 h or 24 h incubation with or without GSH (10 mm). Cells were 
treated with 5 µg mL−1 equivalent concentration of DOX. Scale bar corresponds to 30 µm. Cell nucleus was stained with DAPI (blue), while DOX 
inherent red fluorescence was used to detect PJL-DOX.
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