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We report self-reporting fluorescent polysaccharide 4 FreT
polymersome nanoassemblies for enzyme-responsive intracellular
delivery of two clinical anticancer drugs doxorubicin (DOX) and
cisplatin to study the real-time drug-releasing aspects by
fluorescent resonance energy transfer (FRET) bioimaging in live
cancer cells. Fluorescent polymersomes were tailor-made by
tagging an aggregation-induced emission (AIE) optical chromo-
phore, tetraphenylethylene (TPE), and a plant-based vesicular
directing hydrophobic unit through enzyme-biodegradable ali- (ClEmple -l
phatic ester chemical linkages in the polysaccharide dextran. The
blue-luminescent polymersome self-assembled in water and
exhibited excellent encapsulation capability for the red-luminescent
anticancer drug DOX. FRET between the AIE polymersome host and DOX guest molecules resulted in a completely turn-off probe.
At the intracellular level, the lysosomal enzymatic disassembly of the polymersome restored the dual fluorescent signals from DOX
and TPE at the nucleus and the lysosomes, respectively. Live-cell confocal microscopy coupled with selective photoexcitation was
employed to study the real-time polymersome disassembly by monitoring the turn-on fluorescent signals in human breast cancer cell
lines. Alternatively, carboxylic acid-functionalized AIE polymersomes were also tailor-made for cisplatin stitching to directly monitor
Pt drug delivery. The polymersome nanoassemblies exhibited excellent structural tolerance for the chemical conjugation of the Pt
drugs, and the fluorescence signals were unaltered. An in vitro drug release study confirmed that the cisplatin-stitched fluorescent
polymersomes were very stable under physiological conditions and underwent lysosomal enzymatic degradation to inhibit the cancer
cell growth. A lysosomal colocalization experiment using confocal microscopy substantiates the enzyme-responsive degradation of
these polymersomes to release both the encapsulated and conjugated drugs at the intracellular level. The present design provides a
unique opportunity to deliver more than one anticancer drug from a single polymersome platform in cancer research.
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drug (SPI-77 or stealth cisplatin) showed rather poor efficacy
owing to slow release inside the tumor.'”'® The problem of
reduced efficacy due to poor uptake can be mitigated by a
thoughtful choice of engineering the structural aspects of the

Enlarging therapeutic effects of anticancer drugs has become
the holy grail of oncotherapy, thereby paving the way for the
development of drug-delivery systems (DDSs) in cancer

treatment.'~* Multitudes of delivery scaffolds ranging from nanoscaffold. Suga.rs are ubiquitous to cell membranes, and
: s 6 : 7 . hence, polysaccharide-based scaffolds such as dextran become
liposomes,” microspheres,” dendrimers,” polymeric drug

conjugates,® polymeric micelles® and polymersomes'®~"2 candidates of choice as they are easily taken up by the cells

. . . . 819-21 .

have been a subject of extensive clinical research. The rationale Owl}l:g ;10 like hhke 1ntef1:‘le;ct}llonsil Io sh galgg;lng th_e scaffolid

of loading therapeutics in delivery vehicles is to reduce with a ruorophore can rther help shed light on its u.pta ;
. icitv by shieldi he d . leth £ mechanism at the cellular level and also enable the tracking of

systemic toxicity by shielding the drug against a plethora o the polymer nanocarriers.””>> Therefore, next-generation

plasma components during its transport via the bloodstream | poly ) ’ ed ’ g "

and later accumulating inside the target site leading to polymer nanocarriers are required to create a smart self-

enhanced efficacy.’” The choice of the delivery scaffold and

its concomitant effects on drug efficacy is worth paying September 30, 2021
attention to improve the cancer treatment.'* For instance, December 11, 2021
liposomal encapsulation of the chemotherapy drug doxorubicin December 13, 2021

(DOX) has shown considerable reduction in cardiotoxicity, December 28, 2021

simultaneously maintaining a high level of efficacy.">"®
Surprisingly, liposomal formulation of cisplatin-conjugated
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Self-reporting AIE-Driven Theragnostic Polysaccharide Polymersome Platform for Dual Drug Delivery

Figure 1. AlE-activated and enzyme-responsive fluorescent polysaccharide self-reporting polymersome platform for the dual delivery of cisplatin
and DOX to cancer cells.

reporting system, while they administrate the drug molecules. shown in Figure 1.*° Dextran was conjugated with renewable
DDSs employing aggregation-induced emission (AIE)gen such 3-pentadecylphenol (PDP) and TPE via ester linkages and the
as tetraphenylethylene (TPE) have recently ;ained consid- resultant amphiphile was self-assembled into fluorescent
erable attention in bioimaging applications.”* ™" Conventional polymersomes in water of size less than 200 nm. Uptake of
fluorophores or dyes typically undergo aggregation-caused polymersomes via endocytosis was very well-monitored due to
quenching (ACQ) owing to strong z—n stacking in water, its intrinsic blue luminescence via confocal microscopy. The
thereby limiting their usage in bioimaging applications.”® blue-luminescent vesicles were capable of loading the
AlEgens display fluorescence in highly aggregated states due to anticancer drug DOX. The intact assembly encapsulating
restriction of intramolecular rotation (RIM), thereby augment- DOX underwent fluorescence quenching when excited at a
ing their usage in biological imaging.”” The second problem of TPE excitation wavelength leading to a turn-off probe which
slower release kinetics inside the cells can be fine-tuned by the turned on inside the cells in a time-dependent manner,
choice of the chemical linkages in DDSs. Employing pH- shedding more light on the release kinetics of this versatile
sensitive linkages such as oxime,*® imines,*' and acetals®* and DDS. Independently, the abovementioned scaffold was also
enzyme-sensitive linkages such as aliphatic esters’*" offers modified with an acid functional handle so as to conjugate
release in a more controlled manner. Self-reporting enzyme- another clinically important drug cisplatin. The cisplatin-
responsive and AlEgen polysaccharide DDSs capable of conjugated blue-luminescent vesicles showed enhanced efhi-
loading a multitude of drugs with unperturbed efficacies are cacy in comparison with the free counterpart. The polymer-
rather scarce in the literature. Polymersomes are important somes conjugated with cisplatin were taken via endocytosis as
classes of DDSs due to their unique capability to load both confirmed via a Lysotracker experiment. This unique scaffold,
water-soluble and -insoluble drug molecules."”***° From our irrespective of the drug loaded (such as DOX or chemically
research group, we have reported a renewable resource’’ conjugated like cisplatin), was readily taken up by the cell as

monitored via the emission of TPE. Luminescent polymer-
somes open up a multitude of opportunities in cancer research
by not only preserving the drug efficacy but also simulta-
neously allowing the tracking of both the drug and scaffold at
the cellular level by bioimaging.

approach to develop polysaccharide polymersomes for targeted
and combination therapy of wide ranges of anticancer
drugs.”**~* AIE-based polymersomes were reported in the
past for material application in CO, capture;**** however, they
are very rarely explored in biomedical research.*® Hence, the
development of fluorescent polysaccharide polymersomes for
both chemical conjugation and encapsulation of clinically
important anticancer drugs such as cisplatin and DOX in a
single polymersome nanocarrier would be very important for
achieving both therapeutic and bioimaging together in cancer The polysaccharide derivative DEX—PDP—TPE—COOH was

research. synthesized by coupling PDP acid, TPE acid, and tertiary butyl
Herein, we report a polysaccharide (dextran)-based scaffold ester of succinic acid (SA) to the dextran backbone in a one-
tagged with an AIE chromophore, TPE, which behaves as an pot reaction using DCC/DMAP coupling via aliphatic ester
excellent self-reporting nanoassembly for drug delivery as linkages, as described in Scheme 1. The deprotection of the t-
182 https://doi.org/10.1021/acspolymersau.1c00042
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Scheme 1. Synthesis of TPE-Conjugated Dextran Derivatives
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butyl ester group produced a carboxylic acid-substituted
dextran derivate. The degree of substitution for PDP acid
and TPE acid was calculated using 'H NMR, as shown in
Figure S1, by comparing the proton intensity of aromatic
protons with anomeric protons (4.6 ppm) of the dextran
polysaccharide, giving a value of 5% for PDP and 2% for TPE.
The degree of substitution for the SA group was calculated by
comparing the proton intensity of the tertiary butyl group of
the SA derivative with that of anomeric protons of the dextran
polysaccharide, which came out as 25%. Alternatively, TPE
acid and PDP acid were anchored simultaneously on the
dextran to yield DEX—PDP—TPE (without carboxylic acid
substitution) with a similar degree of substitution. The degree
of substitution on the dextran is controlled by maintaining the
equivalent ratio of PDP acid, TPE acid, and succinic ester in
the feed. The degree of substitution increases linearly with the
increasing equivalents of the respective acids in the feed. The
dependence of the equivalent ratio in the feed versus amount
incorporated has been studied in detail.>> The mole
equivalents of three acids SA, PDP, and TPE were maintained
as 0.5, 0.25, and 0.06 in the feed with respect to each sugar unit
in the dextran which led to the incorporation of 25, S, and 2%,
respectively, with respect to an average of 37 sugar repeating
units in a dextran molecular weight of 6000 g/mol. The feed
ratios of these acids are 8:4:1 for SA, PDP, and TPE which is
different from the actual degree of substitution 12.5:2.5:1. This
difference in substitution can be accounted for the difference in
reactivity of the three acids (Scheme 1).

Self-assembly of a derivatized dextran polymer in aqueous
medium resulted in polymersomes due to interdigitation of a
long hydrophobic alkyl chain of PDP units.*”** The hydro-
phobic rigid TPE units acquired in the hydrophobic layer
created by vesicular assemblies exhibited AIE with strong blue-
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luminescence due to RIM of aromatic rings, as shown in the
schematic of Figure 2a. The vesicles are unique architectures
with a well-separated hydrophobic bilayer and hydrophilic
lumen or core. The hydrophobicity of the bilayer in the present
case is high owing to the interdigitation of the PDP chains
which leads to the formation of the bilayer. PDP molecules
hence define the interior of the bilayer, making it more
hydrophobic and thereby pushing water-loving groups outside
facing the water environment. Furthermore, the inward folding
of the bilayer to minimize surface tension leads to the
formation of vesicles. Water is engulfed and forced inside the
lumen during the process of inward folding, making the lumen
or core more hydrophilic. In the present case, as the bilayer
folds, it engulfs surrounding water molecules and this pushes
the COOH—acid group on the periphery of the membrane to
later only rest inside the hydrophilic lumen of the formed
vesicle, as shown in Figure 2a. The minimum amount of PDP
required to produce vesicular assembly is 5%, and the dextran
derivative became water insoluble when the incorporation
exceeds 10%, hampering its self-assembly process in water.>
The polymer was dispersed in the solvent of varying DMSO
and water to access AIE properties. The photoluminescence
(PL) spectra of the polymer solution (OD = 0.1, 1., = 340
nm) in the DMSO solvent showed emission maxima at 394
nm, corresponding to the monomeric emission peak. The
intensity of the monomeric peak decreased as the water
content increased from 0 to 100% with a simultaneous
emergence of a new peak at 472 nm which can be attributed to
the aggregated emission peak, as shown in Figure 2b. No
variation was observed in absorbance maxima of the TPE
chromophore for varying solvent composition (see Figure S2).
The main reason for variation in PL intensity was AIE and not
due to the difference in the molar absorptivity. The plot of
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Figure 2. (a) Self-assembly of DEX—PDP—TPE—COOH. (b) Emission spectra of a polymer in the solvent DMSO + water mixture. The inset in
the figure shows I,;,/I;e, vs composition. DLS distribution for DEX—PDP—TPE—COOH in (c) 10% DMSO/water composition, (d) 50%
DMSO/water composition, and (e) dialyzed water. (f) Bar plot showing variation of DLS size with varying water/DMSO composition. (g) FESEM
and (h) HR-TEM data for DEX—PDP—TPE—COOH and the zoomed image.

ratio of intensity I,,,/I;, versus solvent composition clearly
depicted a break point at 30% DMSO in water (inset, Figure
2b). Due to 77— stacking of aromatic units, the intramolecular
rotation of aromatic rings got restricted and resulted in new
aggregated species which has emission at a higher wavelength
compared to monomeric emission. Polysaccharide polymer-
some self-assembly is typically produced by the dialysis
method by dissolving a polymer in the DMSO + water
mixture and dialyzing against fresh water using a semi-
permeable membrane. In this process, DMSO was gradually
removed from the dialysis tube which indirectly enhances the
water content inside the dialysis membrane, forcing the
polymer chains to undergo self-assembly. The interdigitization
of hydrophobic unit (PDP chains in the present case) in water
drives the system to form bilayer assembly. Subsequent folding
of the bilayers and splitting of the large-size mother vesicles to
smaller-size daughter vesicles helps minimize the surface
tension and the process continues until tiny nanosize
polymersomes are produced in the aqueous phase.*”**
Therefore, the DMSO + water composition-dependent
fluorescence data in Figure 2b are reflection of actual
aggregation phenomena experienced by the DEX-PDP-—
TPE—COOH polymer during self-assembly inside the dialysis
membrane. The exhibition of strong fluorescence in the
presence of higher water content is a direct read out of the
interchain aggregation of the DEX-PDP-TPE—COOH
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during the formation of blue-luminescent polymersome
nanoassemblies.

To validate the DEX—PDP—TPE—COOH polymer self-
assembly, dynamic light scattering (DLS) studies was
performed for the polymer solution (0.1 mg/mL) in different
solvent compositions (Figure S4). DLS plots showed that the
polymer self-assembly was very poor in the DMSO-rich
composition as evident from a multimodal distribution (10%
water in DMSO, Figure 2c). In water-rich solvent composi-
tions, the chains tend to aggregate in a higher order to produce
compact nanoassemblies and the distribution began to center
at 200 nm (see 50% water in DMSO samples, Figure 2d). The
size distribution in the histogram became narrower with the
further increase in the water environment (Figure S4) and the
size matching with that of the completely dialyzed sample (in
water, Figure 2e). The plot of DLS sizes in different solvent
mixtures in Figure 2f clearly indicates the self-assembly of the
polymer in a water-rich environment. The comparison of
Figures 2b—d and S4 establishes that the enhancement in the
AIE signal is driven by the formation of tiny polymersome
nanoassemblies in water. Field emission scanning electron
microscopy (FESEM) images of the dialyzed samples were
recorded, and the images shown in Figure 2g showed a well-
distinguished bilayer in good contrast to that of lumen. High-
resolution transmission electron microscopy (HR-TEM)
images in Figure 2h showed similar characteristics and lumen
appeared to be porous. Polymer vesicles or polymersomes are
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Figure 3. (a) Schematic showing cisplatin stitching of the dextran carboxylic acid derivative. (b) Fluorescence spectra of the DEX—PDP—TPE—
COOH derivative before and after cisplatin conjugation. (c) TGA plot for dextran, Pt-stitched dextran, and free cisplatin. (d) DLS histograms, (e)
HR-TEM image, and (f) AFM image of cisplatin-stitched DEX—PDP—TPE—COOH polymersomes.

mesmerizing architectures composed of a well-defined tightly
packed hydrophobic bilayer membrane and a hydrophobic
lumen. The versatility of polymersomes comes from their well-
defined architecture emanating from appropriate balance
between hydrophobic PDP tails and the hydrophilic glucose
backbone of dextran. The interdigitation of long PDP tails
leads to the formation of a bilayer, whose subsequent folding
leads to the formation of structurally ordered vesicles of size
less than 200 nm and a bilayer thickness of 2.45 nm, as
confirmed via TEM analysis in earlier investigation.”> The
nature of chain packing in the bilayer was rationalized by
resolving the single-crystal X-ray structure of its hydrophobic
PDP unit.*” The alkyl chains in PDP projected toward each
other owing to like—like interactions, leading to the formation
of a hydrophobic layer of thickness 29.2 A or 2.92 nm. This
matched well with the bilayer thickness of the vesicles obtained
from the TEM analysis. Atomic force microscopy (AFM)
showed the presence of a hollow cavity and a hard periphery
which is characteristic of vesicular morphology. Such
transitions were then captured via confocal fluorescence
microscopy employing fluorescent rose bengal dye as a guest
molecule loaded inside dextran vesicles. Initially, larger-sized
disordered bilayer structures could be seen which became
smaller as time elapsed. With larger-sized vesicles, the
periphery could be clearly distinguished from the lumen but
became indistinguishable as the size became smaller owing to
resolution limits of the confocal instrument.** From all our
previous studies, it was seen that the morphology remained
vesicular even after drug encapsulation®***’ or conjuga-
tion.*"*> Our group had explored these nanovesicle
architectures for multitude of drug delivery ranging from
water-soluble chemotherapeutic drugs such as DOX,”>*%*
cisplatin,42 CPT,* and their cocktails for combination
therapy*"** and extremely water-insoluble aurora kinase
inhibitors MLN 8237 for inhibiting the anchorage-independent
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growth of cancer cells.*’ From these studies, it is clear that the
vesicle or polymersome formation by the dextran-conjugated
PDP is both thermodynamically and kinetically controlled for
drug-delivery applications.

To conjugate the cisplatin drug on the polysaccharide
backbone, a cisplatin aqua complex was made by treating
cisplatin with silver nitrate in water for 24 h in the dark.*' This
aqua complex was then treated with an acid-functionalized
polysaccharide derivative under basic conditions. The reaction
for aqua complex formation and cisplatin stitching to the
polymer backbone is schematically shown in Figure 3a. During
cisplatin conjugation, one would anticipate a reduction in the
log P value of the formed esters. Esters are known to have a
more positive log P value, and hence, cisplatin has more
preference for hydrophobic domains in the vesicles, as shown
in Figure 3a. The photophysical properties of the fluorophore-
tagged derivatives are imperative to study before their
biological application. The derivatives in the present study
are designed to show special AIE, and thus, it is important to
study their photophysical properties to ensure their applic-
ability for biomedical imaging. The emission properties before
and after cisplatin stitching were monitored using a 340 nm
excitation wavelength. The data in Figure 3b clearly indicate
that both the polymersomes showed significant emission and
confirm that the cisplatin stitching in these polymersomes does
not hamper the AIE property of the fluorophore. The cisplatin
stitching onto the polymer backbone was confirmed using
three different techniques such as Fourier transform infrared
(FT-IR), orthophenylene diamine (OPD) colorimetric assay,
and thermogravimetric analysis (TGA). The FT-IR spectrum
(see Figure S3) of acid-functionalized polysaccharide deriva-
tives, where dextran has a carboxyl functional group and an
ester functional group, showed a distinct peak at 1740 cm™
corresponding to the ester —C=O peak. Upon cisplatin
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Figure 4. (a) Schematic showing enzyme-assisted release of the platinum drug from DEX—PDP—TPE—COOH. (b) Cisplatin release kinetics in
the presence and absence of the esterase enzyme under phosphate-buffered saline conditions at pH = 7.4. (c) MTT experiment showing cell
viability of Prpg polymersomes in MCF 7 cell lines. (d) Cell viability data for free cisplatin and Prpg,cp polymersomes in MCF 7 cell lines. (e) Live-
cell Lysotracker experiment for Prpg polymersomes in MCF 7 cell lines. (f) Fixed-cell images showing the cellular uptake of Prpg and Prpg,cp
polymersomes in MCF 7 cell lines, co-staining with phalloidin for visualization cellular actin and filaments.

complexation, these derivatives displayed a discrete stretching
band at 1650 cm™' with respect to the Pt—O—C=O
stretching frequency of the carboxylic acid functional group.
Additionally, a distinct peak at around 480 cm™" corresponding
to the Pt—O (metal alkoxide) bond stretching clearly appeared
in the cisplatin-stitched derivatives.”* To calculate the drug-
loading content (DLC), OPD assay has been performed,
wherein the cisplatin-stitched derivatives were treated with
OPD solution in dimethylformamide and the reaction was
allowed to happen at 80 °C for 2 h. Upon the OPD
complexation with cisplatin, the formed OPD—cisplatin adduct
showed a strong absorption peak at 706 nm. Using the
Lambert—Beer’s law, the amount of cisplatin stitched on the
polymer backbone was calculated and the DLC was found to
be 11.5%. Cisplatin drug exhibited two-step degradation in the
TGA profile in Figure 3c, first at 220 °C and second at 330 °C
corresponds to both ligands’ degradation (overall 40% weight
loss for ligands) below 400 °C and remained almost constant
up to 800 °C for Pt metal content. The dextran polymer
showed a sudden dip at 280 °C (~80% weight loss). Typically,
Pt—polymer conjugate degradation had started at 270 °C
(degradation of ligand) and gradually decreased up to 70%
weight loss up to 500 °C (degradation of polymer). Thereafter,
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up to 800 °C, it was constant showing the Pt metal content, as
shown in Figure 3c. Based on TGA, platinum content in the
Pt-stitched polymer was found to be ~12%. The cisplatin-
stitched polysaccharide derivative was dispersed in water, and
the size of the nano-objects was measured using the DLS
technique which showed a monomodal distribution of size
around 210 + 15 nm (Figure 3d). The photograph of the vial
showed in Figure 3d represents a blue-colored transparent
aqueous solution of cisplatin-stitched derivatives. The HR-
TEM image in Figure 3e confirmed the existence of spherical
nanoassemblies; however, it could not differentiate between
the softer core and the harder periphery. This is owing to the
high contrast offered by the presence of heavy metals such as
cisplatin, thereby making it difficult to distinguish the core
from the periphery. To confirm the polymersome nano-
assembly in the cisplatin-stitched samples, the morphology of
these nano-objects was studied using AFM. The principle of
AFM relies on the dispersion of energy by the AFM tip when it
taps the surface of the nano-object. The energy disputation
becomes the direct readout for the softness or hardness of the
surface. The center of the polymersomes is typically softer than
the periphery which can clearly be seen from the elevated
phase in the height profile diagram. Dip in this phase diagram
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corresponds to the soft region of the nano-object. A soft center
and hard periphery point toward a vesicular morphology, as
shown in Figure 3f (phase information shown by the height
profile). The sizes of the polymersomes from AFM and HR-
TEM were found to be 200 + 20 and 210 + 20 nm which
matched well with sizes obtained from the DLS measurement
data (Figure 3d). The polymersomes will hereafter be referred
as “Prpg.cp™-

Since cisplatin stitching to the polymer backbone was
performed via the ester bonds, it was important to study the
effect of the enzyme activity on these polymersomes. Hence,
enzyme-responsive release of cisplatin from these polymer-
somes was investigated in pH = 7.4 at 37 °C. The schematics
showed in Figure 4a explains the enzymatic cleavage of the
polymersomes and release of the cisplatin drug. The in vitro
release kinetics was determined in the presence of 10 U of
esterase enzyme and in phosphate-buffered solution (PBS)
maintained at pH = 7.4 to monitor the release of cisplatin, as
shown in Figure 4b. The amount of the cisplatin released was
monitored by OPD colorimetric assay, and the details are given
in the experimental section. From Figure 4b, it was observed
that these cisplatin-stitched polymersomes showed a good
stability in PBS 7.4 with about 30% after 12 h. Dialyzed
samples are typically Iyophilized and stored at 4 °C, and the
stability of the cisplatin-stitched samples was found to be stable
for more than 6 months. A release study is typically performed
for 48 h and the 40% release was accounted for the partial
complex destabilization of the Pt complex by the CI™ or
phosphate ions present in the PBS.>> When these polymer-
somes were treated with 10 U of the esterase enzyme, the
enzyme triggered the release of the drug and almost 90% of the
drug release was observed in 48 h. This experiment proved that
the release of the cisplatin drug can be triggered using the
esterase enzyme and the same effect is anticipated at the
intracellular level. To evaluate the cytotoxic effect of the
polysaccharide polymersomes (Prpg), cisplatin-stitched poly-
mersomes (Prpg,cp), and free cisplatin on the human breast
cancer MCF 7 cells, initially, the cells were treated with
polysaccharide polymersomes and incubated for 72 h and the
effect was studied using standard MTT assay. The results are
shown in Figure 4c,d. It is evident from Figure 4c that Pppg was
not toxic to the cells up to a concentration of 80 yg/mL, hence
proving the noncytotoxic nature of the present design. Further
cells were treated with free cisplatin and Prpg,cp and incubated
for 72 h and the results are shown in Figure 4d. From the bar
diagram in Figure 4d, it was observed that the free cisplatin
drug was able to achieve only 60% cell killing and the 40%
population was still alive even after 72 h of incubation. On the
other hand, the cisplatin-stitched polysaccharide polymer-
somes could achieve more than 90% of cell killing, proving the
fact that the polymersome platform is an excellent choice for
cisplatin delivery to cancer cells. The enhanced cytotoxicity of
the cisplatin conjugated to polymersomes can be attributed to
the cleavage of polymersomes in the lysosomes of the cells.

To understand the uptake mechanism of these polymer-
somes, a Lysotracker experiment was performed. Cells were
incubated with media containing Prpg for a time period of 60
min. The blue luminescence of Prpy emanating from the TPE
unit attached to the polymersomes could be traced inside the
cells when selectively excited using a 405 nm laser source and
subsequent collection of emission intensity in the blue channel,
as shown in Figure 4e. The cells were then co-stained with a
Lysotracker dye DND 26 which specifically stains the
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lysosomes of the cells in comparison with another cytosolic
organelle. The lysosomes are marked green due to the
fluorescence coming from Lysotracker green. Interestingly,
the green emission from the Lysotracker stain matches very
well with the blue emission of the TPE chromophore (as
shown by the merged image in yellow color) tagged to Prpg.
This clearly suggests that Prpg are taken up inside the cells via
the endocytosis pathway. Cellular uptake of Prpg and Prpg.cp
was investigated in a fixed MCF 7 cell line and the data are
shown in Figure 4f. The blue channel for both Prpz and
Prpg,cp showed blue luminescence coming from TPE when
excited using a 405 nm laser. This suggests that both Prpg and
Porpg.cp exhibit a similar luminescence behavior inside the cells
and that cisplatin conjugation has not altered the photo-
physical properties of TPE as also proved from photophysical
studies performed for Prpg,cp and Prpg, as shown in Figure 3b.
Phalloidin staining for both the polymersomes was carried out.
A uniform and intact cellular actin could be seen in green. The
merged image showed that polymersomes were not stuck to
the actins or filaments and were localized efficiently inside the
cytoplasm, as shown in Figure 4f. The enhanced efficacy of
Prpg,cp can be then attributed to the cleavage of the
polymersomes inside the lysosome of the cells and subsequent
release of the free cisplatin, leading to enhanced cell death. The
enhanced efficacy of the Pypg,cp in MCF 7 cell line motivated
us toward testing these polymersomes for loading and activity
of other cytotoxic drugs such as DOX.

The TPE-conjugated dextran scaffold DEX—PDP—TPE (see
Scheme 1, without —COOH group) was self-assembled in
water to produce blue-luminescent polymersomes. The
emission spectra of the polymer solution (for OD = 0.1, A,
= 340 nm) in the DMSO + water solvent composition showed
strong blue fluorescence in water with emission maxima at 460
nm with respect to the AIE from TPE (see Figure SSb). No
significant changes were observed in the absorbance spectra of
varying DMSO/water composition, as shown in Figure SSa.
The plot of PL intensity versus the solvent composition is
shown in Figure SSc, showing a clear break point at 50% of
DMSO + water composition. DOX which is a red-luminescent
water-soluble drug could be loaded in the blue-luminescent
polymersomes. Encapsulation of the water-soluble anticancer
drug DOX hydrochloride (DOX-HCI) in the polymersomes
was carried out by the dialysis method using a semipermeable
membrane having a molecular weight cutoff of 1000 g/mol.
The unencapsulated drug molecules were removed by
replenishing fresh water in the reservoir and carrying out
dialysis for 48 h. The DLC and drug-loading efliciency of
Prpg,pox were found to be 3.8 and 60%, respectively. The
DOX-loaded TPE polymersome is hereafter referred as
Prpgipox- Attempts were also made for the encapsulation of
DOX in the carboxylic-substituted Prpy (used for cisplatin
stitching); however, DLC was obtained almost similar so that
it was not considered for further studies. The size of Prpg,pox
was determined by DLS as 220 + 20 nm (see Figure S5d). FE-
SEM (see Figure SSe) showed donut-like morphology which
corresponds to the vesicular-like nature of the soft assembly.
HR-TEM images (see Figure S5f) further confirmed the
existence of spherical polymersome nanoassemblies as evident
from a hollow center and a harder periphery which can be
clearly seen as the contrast difference in the image. The
physical encapsulation of DOX in Prppg yielded Prppg,pox
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Figure 5. (a) Schematic representation of four different types of the photophysical process possible for the selective photoexcitation of TPE and
DOX chromophores. (b) Absorbance spectra of Prpg_pox, Prpp and Ppoy in an aqueous medium. The optical density (OD) of TPE and DOX-
HCI was maintained as 0.1 and 0.05 in the samples. (c) Emission spectra of Prpg,pox, at TPE excitation (blue line), Prpg,pox, at DOX excitation
(red line), and Prpg, in aqueous medium. Emission spectra of Prpg,pox and Prpg were recorded using A, = 340 nm, and Pp,ox was recorded using

A

exc

= 484 nm. (d) Plot showing overlap integral between emission of TPE and absorbance of DOX shaded in orange and (e) emission spectra of

Prpg,pox with different amounts of DOX loaded in their polymersome, spectra were recorded at A, = 340 nm.

polymersomes. It is quite interesting to understand the
interaction of the blue-luminescent TPE molecule attached
to the polymersome with that of physically encapsulated red-
luminescent DOX as the guest molecule. We could anticipate
the following physical process taking place between TPE and
DOX which are (i) self-emission of TPE when excited at the
TPE excitation wavelength (340 nm), (ii) fluorescent
resonance energy transfer (FRET) emission between TPE
and DOX in which TPE acts as a donor and DOX acts as an
acceptor molecule, (iii) self-emission of DOX when excited at
DOX (484 nm), and (iv) complete fluorescence quenching
between TPE and DOX when excited at their respective
excitation wavelength.

To understand the possible molecular interaction between
DOX and TPE in Prpgpox, the OD of TPE in Prpg and
Prpe.pox (see Figure Sb) was maintained as 0.1. The OD of
TPE in control or empty polymersomes (Prpg) was also
maintained as 0.1. Upon photoexcitation of TPE at A, = 340
nm, the Prpp showed strong blue emission at 460 nm with
respect to AIE in the aqueous medium (see Figure Sc).
Interestingly, the photoexcitation of TPE at 4., = 340 nm in
Prpgipox exhibited complete fluorescence quenching of both
TPE and DOX. The system was rendered completely dark.
Furthermore, the selective photoexcitation of DOX (at Ag, =
484 nm) in Prpp,pox also did not show red emission from
DOX, as shown in Figure Sc. This observation confirmed that
both DOX and TPE chromophores underwent strong ACQ,
resulting in the complete turn-off of emissions from both DOX
and TPE in the polymersome nanoassemblies. TPE and DOX
were reported to be very good FRET pairs in earlier
reports,” > and they were known to exhibit complete
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fluorescent turn-off in the aggregated state. Therefore, the
complete turn-off of the fluorescent signal in the Prpg,pox Was
attributed to FRET between TPE and DOX. TPE could
transfer its energy to DOX as seen from the reduction in the
emission intensity of TPE. However, the transferred energy did
not cause an enhancement in the emission from DOX. This
can be attributed to the strong z—r interaction between the
DOX molecules, causing complete fluorescence quench-
ing."" ™ Strong bimolecular quenching like the one observed
here depends on the overlap between the donor and the
quencher/acceptor of energy levels. The emission spectra of
TPE overlap very well with the absorbance spectra of DOX. A
95% overlap integral is shown in orange in Figure 5d. To prove
ACQ hypothesis for complete fluorescence quenching, control
experiments were carried out and these details are shown in
Figure Se. Any ACQ process is highly driven by the
composition of the quencher species (DOX in the present
case); thus, the amount of DOX is varied with various degrees
of loading (DLC values) to study the ACQ between TPE and
DOX (it is important to note that the amount of TPE is fixed
in the polymersome). The emission spectra of TPE were
recorded for Prpg,pox samples having different amounts of
DOX loading content as 1.0, 1.8, and 3.8% and the data are
shown in Figure Se. As expected, the AIE from the TPE
chromophores in the polymersome decreased with the increase
in the amount of DOX loading. This experiment suggests that
high DOX loading in the polymersome is essential for strong
molecular interaction between DOX and TPE.

Enzyme trigger is employed to disassemble the polymer-
some via the cleavage of the aliphatic ester linkages that
connect the hydrophobic PDP to the hydrophilic dextran
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Figure 6. (a) Schematic showing the enzyme-assisted cleavage of polymersomes at the intracellular level leading to a fluorescence turn-off to turn-
on system. (b) Cumulative drug-release profile of Pypg,pox dispersed in PBS 7.4 both in the presence and absence of the esterase enzyme. (c) Bar
diagram showing the fluorescence retrieval in a time-dependent manner in Prpg,pox in the presence and absence of the enzyme. MTT data for

Prpespox and free DOX in (d) MCF 7 and (e) WT MEF cell lines.

backbone; as a result, the enzyme trigger can be employed as a
switch to modulate the fluorescence activity of Prpg,pox at the
intracellular level, as shown in Figure 6a. Pppg,pox was
subjected to enzymatic disassembly using the horse liver
esterase enzyme under in vitro conditions by the dialysis
method.”> A control experiment was also carried out in the
absence of the esterase enzyme. The cumulative drug release
was plotted against the incubation time and is shown in Figure
6b. It was also observed that Prpg,pox polymersomes in PBS at
pH 7.4 exhibited slight leaching (<20%) due to the influence
of ions present in PBS. In the presence of the enzyme, the
polymersomes underwent enzymatic disassembly and released
95% of DOX. Enzyme trigger was employed to study the
extent of the fluorescence recoveries of both TPE and DOX
from its ACQ-induced turn-off in Prpg,pox polymersomes. In
the presence of the enzyme, the TPE emission (see Figure
S6a) and the DOX emission (see Figure S6b) were recovered
completely within 3 h. This confirmed the turn-off — turn-on
process in the Pypg,pox polymersomes. In the absence of the
esterase enzyme (in PBS at pH 7.4, see Figure S6¢), neither the
TPE emission nor the DOX emission recovery was noticed.
The bar diagram in Figure 6¢ quantifies the enzyme-responsive
fluorescence recovery from Prpg,pox, and it was found that the
emission intensities of TPE and DOX were recovered almost
80% in a time-dependent manner compared to that of no
enzyme control which stayed constant. This property makes it
significant for turn-off — turn-on bioimaging probes. The
fluorescence recovery experiments using Prpg,pox polymer-
somes were also studied for other enzymes such as papain,
trypsin, a-chymotrypsin, and intracellular species such as
glutathione (see Figure S7). Among all these enzymes, the
esterase enzyme seems to be exhibiting the maximum
efficiency for the cleavage of the aliphatic ester chemical
linkages that connect the PDP at the dextran backbone. MTT
assay was employed to study the cytotoxicity of the
polymersomes (Prpg) in human breast cancer cells (MCF 7)
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and the data are shown Figure 6d. MTT data in wild-type
mouse embryonic fibroblast (WT-MEF) cell lines are given in
Figure 6e. The free drug exhibited 80% cell death at a
concentration of 1 yg/mL with an IC 50 value of 0.2 yg/mL.
Prpe.pox too exhibited 80% cell killing at 1 pg/mL with an IC
50 value of 0.40 ug/mL. Hence, the killing offered by Prpg,pox
is comparable to that of the free drug. The efficacy of the free
drug and drug-loaded polymer is equivalent, which is an aided
advantage as polymeric encapsulation did not alter/reduce the
drug efficacy. Prpg,pox exhibited comparatively less killing in
WT-MEEF cells as compared to free DOX. The polymersomes
displayed similar efficacy as compared to the free drug and
could also be effectively tracked inside the cells, giving
important insights into enzyme-assisted drug delivery of the
DOX drug.

Time-dependent cellular uptake experiments were carried out
using the live-cell imaging technique to study the fluorescent
“turn-off — turn-on” of the polymersome Prpp,pox- Breast
cancer cells were treated with polymersomes by varying the
incubation from 1 to 240 min using a four-well live-cell
chamber and was imaged using a confocal instrument equipped
with a stage incubator which was maintained at 37 °C and 5%
CO, throughout the experiment. The TPE chromophore was
excited with a 405 nm laser, and the images were captured in
the range of the 415—510 nm window. DOX was excited with
a 488 nm laser, and the images were captured in 510—720 nm.
The live-cell imaging setup, equipped with an incubator,
allowed us to capture images continuously from 1 to 45 min
using a single well of a four-well live-cell chamber; however, for
a longer incubation time (1 h and above), Prpg,pox was
administered to the cells in the remaining three wells of live-
cell chambers and preincubated prior to imaging. Live-cell
images recorded at various time intervals are shown in Figure
7a. The images captured for the TPE and DOX excitation are
shown in the second and third rows, respectively. The merged
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Figure 7. (a) Live-cell imaging for Prpg,pox. Excitation wavelength = 405 nm laser, collection of TPE emission in the blue channel (415—510 nm);
collection of DOX emission in the red channel (510—720 nm); merged panel for the red and blue channel, as shown as magenta color. (b) CTCF
calculation for the TPE channel showing fluorescence turn-on in a time-dependent manner. (c) CTCEF plot for the DOX channel. (d) CTCF plot
for no FRET channel, excitation source 405 nm laser, and collection in the FRET channel (510—720 nm).

image in the last row depicts the co-localization of both TPE
and DOX chromophores together at the intracellular level. The
images clearly showed that both TPE and DOX were
completely in the turn-off state initially and then slowly
turned-on with an increase in the incubation time. Prpg,pox
polymersomes initially are present in the turn-off stage at the
intracellular level in the cytosol. Cellular uptake of the
polymersome occurs very quickly (<5 min); thus, the longer
duration taken up by the Prpg,pox polymersomes to turn-on
(45—60 min) in the present investigation is primarily
attributed to the ACQ. Over a period of time, the lysosomal
enzymatic disassembly of polymersomes triggered the isolation
of the TPE and DOX chromophores. This, in turn, showed the
turn-on of DOX and TPE self-emission in the cellular level.
Since DOX is the DNA-intercalating drug, the close
observation of the red emission in the cells clearly showed
the increase in the DOX concentration at the nucleus with the
increase in the incubation time. Prpg,pox Was excited using
405 nm (TPE excitation); however, the images were captured
at DOX emission (from 510 to 720 nm, see Figure S8) to trace
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the FRET phenomena, if any occurred in the Prpp,pox
polymersomes at the intracellular level. Interestingly, the
selective photoexcitation did not show any significant emission
from DOX (see Figure S8) as noticed in the photophysical
experiments shown in Figure Sc. Hence, it can be categorically
ruled out that FRET phenomena did not occur between TPE
and DOX containing the Prpg,pox polymersomes at the
intracellular level due to the isolation of donor and acceptor
species. Corrected total cell fluorescence (CTCF) values were
estimated and plotted, as shown in Figure 7b—d. In Figure 7b,
TPE exhibited the turn-on blue emission almost 2—3-fold at
the intracellular level with the increase in incubation time.
DOX (in Figure 7c) exhibited turn-on red fluorescence almost
by 8—10-fold.

This enhancement is significant enough to monitor the real-
time drug release at the intracellular level. In Figure 7d, the
CTCEF data, calculated from the control experiment in Figure
S8, showed that there is no FRET between DOX and TPE in
the polymersomes at the intracellular level. This implies that
the custom-designed Prpg,pox polymersome is an excellent
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candidate to exhibit complete turn-off of DOX emission at the
extracellular level (or under storage) and behave as a turn-on
fluorescence switch to monitor polymersome disassembly in
lysosomes and subsequent accumulation of DOX at the
nucleus in a time-dependent manner. The proof of concept of
capability of the polymersome design was also validated in
fixed-cell confocal imaging in the breast cancer cell line (MCF
7). The fluorescence turn-on process in Prpp,pox was studied
in MCEF-7 cells and data are shown in Figure 8a. The first panel
represents the TPE blue channel (415—510 nm) followed by
the TPE excitation at a 405 nm laser, and the second panel
represents the red channel (510—720 nm) with respect to
DOX emission when excited at a 488 nm laser. It is very clear
from the images that the polymersome Prpg,pox was in the
“turn-off” state up to 60 min with no appreciable emission
emanating either from TPE or DOX. This observation is
attributed to the ACQ process between TPE and DOX, as
explained earlier in Figure Sc. With the increase in the
incubation time, there was a gradual increase in the emission
intensity of both TPE and DOX, signifying the disassembly
process at the intracellular level CTCF of fluorescence
recovery for TPE and DOX chromophores is plotted in Figure
8b,c, respectively. The complete emission recovery was
observed only after 2 h of incubation. The current design
holds promise for an enzyme-responsive theranostic probe in

fixed-cell imaging.

A class of dextran-based trackable universal polymersomes was
synthesized and was successfully demonstrated as efficient
drug-delivery vectors for the delivery of two different classes of
drugs. The polymersomes were trackable owing to their blue-
luminescent properties. The chemical modification of these
polymersomes yielded carboxylic acid-functionalized scaffolds
which can be used for conjugating the cisplatin drug. The
cisplatin-conjugated, blue-luminescent polymersomes entered
cells via endocytosis as confirmed by the Lysotracker
experiment and were able to achieve 95% cell death in MCF
7 cancer cell lines. The efficacy of the cisplatin-conjugated
polymersomes enhanced in comparison with the free drug. The

120 min

Figure 8. (a) Time-dependent fixed-cell confocal microscope images of Prpg,pox polymersomes in the MCF 7 breast cancer cell line. (b) Bar plot
showing CTCF for the emission recovery of TPE with time when excited using a 405 nm laser. (c) Bar plot showing CTCF for the emission
recovery of DOX with time when excited using a 488 nm laser.
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blue luminescence emanating from the cisplatin-conjugated
polymersomes made them traceable inside the cells which is
otherwise not possible with the drug alone. The versatility of
polymersomes could be enhanced by loading Prpg polymer-
somes with a well-known cytotoxic drug DOX. The physical
interaction of the blue chromophore TPE with the red
luminescent drug DOX leads to fluorescence quenching which
was confirmed via various photophysical techniques. This turn-
off probe can be selectively turned-on in response to cellular
enzymes such as esterase as depicted in vitro. The enzyme-
mediated rapture of polymersomes turned back the fluo-
rescence of TPE and DOX as they moved apart. The
accumulation of DOX in the nucleus of the cells and TPE-
tagged polymersomes continued to be localized inside the
cytoplasm which sheds light on the delivery mechanism of this
scaffold. A commendable efficacy was achieved in MCF 7
cancer cell lines. The polymersome scaffold not only retained
the efficacy of two different classes of drug molecules but also
could be traced inside the cell, a feature not accomplished
before. This class of universal polymersomes capable of loading
different classes of drugs has a bright opportunity in future
theragnostic research.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.1c00042.

"H NMR of the synthesized compounds, absorbance
data, enzyme response data, FTIR data for cisplatin
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