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Design and development of amphiphilic polyesters based (> hydrophobic

on bioresources are very important to cater to the ever-growing need for | 4 .. 4ic acia > hydrophilic

biodegradable polymers in biomedical applications. Here, we report  (Bioresource) o Solvent Free. WO on

structural engineering of enzyme-responsive amphiphilic polyesters based T —

on L-amino acid bioresources and study their drug delivery aspects in the
cancer cell line. For this purpose, an L-aspartic acid-based polyester

OH . o
3
Enzymatic-Biodegradable

platform is chosen, and two noncovalent forces such as hydrogen @ o .

bonding and side-chain hydrophobic interactions are introduced to study ® o

their effect on the aqueous self-assembly of nanoparticles. The synthetic 2

strategy involves the development of L-aspartic acid-based dimethyl ester E D
S by

monomers with acetal and stearate side chains and subjecting them to | Ps-HPTSin cells PsHPTS
solvent-free melt polycondensation reactions to produce side-chain- TR A,
functionalized polyesters in the entire composition range. Postpolyme-

rization acid catalyst deprotection of acetal yielded hydroxyl-function-

alized polyesters. Amphiphilicity of the polymer is carefully fine-tuned by varying the composition of the stearate and hydroxyl units
in the polymer chains to produce self-assembly in water. Various drugs such as camptothecin (CPT), curcumin (CUR), and
doxorubicin (DOX) and biomarkers like 8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS), rose bengal (RB), and Nile
red (NR) are successfully encapsulated in the polymer nanoparticles. Cytotoxicity of biodegradable polymer nanoparticles is tested
in normal and breast cancer cell lines. The polymer nanoparticles are found to be highly biocompatible and delivered the anticancer
drugs in the intracellular compartments of the cells.
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owing to their inherent biocompatibility and structural
resemblance to biological macromolecules.'”~>* This includes
the development of synthetic amphiphilic polypeptides
mimicking the natural-protein-type self-assemblies under
physiological conditions.”* To address the limitation in the
biodegradation aspects and broaden the scope of biomedical
applications of L-amino acid bioresources, alternative non-
peptide analogues such as poly(ester amides),” >’ polycar-
bonates,”® poly(ester urea urethanes),”” poly(disulfide ure-
thanes),”® and poly(acetal urethanes)’’ have been explored.
Our research has focused on the development of new classes of
polyesters, polyurethanes, and poly(ester-urethanes) from r-
amino acid bioresources.””~** These polymers have undergone

Polymers are emerging as indispensable components in
biomedical applications, and they have become an integral
part of drug delivery systems,' > gene delivery vehicles," tissue
engineering scaffolds,”® and antimicrobial agents.7’8 Synthetic
polymers gained significant importance because of their
tunable properties, including biocompatibility, biodegradabil-
ity, and versatility in molecular design, which made them
highly attractive for addressing diverse biomedical chal-
lenges.”~"" Among the myriad classes of polymers, biodegrad-
able variants hold particular significance, offering controlled
degradation that aligns with the dynamic needs of biological
systems.'”~"> These polymers not only mitigate concerns
related to long-term accumulation and toxicity but also
facilitate the controlled release of therapeutic agents, thereby February 25, 2024 POLYMERS ™
enhancing efficacy and minimizing adverse effects.'°~"® Within July 10, 2024
the domain of biodegradable polymers, those derived from July 10, 2024
natural resources hold immense promise; notably, the July 17, 2024
polymers synthesized from L-amino acids via ring-opening

polymerization (ROP) have garnered considerable attention
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Figure 1. Solvent-free melt polycondensation strategy for the development of hydroxyl-functionalized aliphatic polyesters containing stearate

pendants and their enzyme-responsive drug delivery in cancer cells.

rigorous scrutiny for drug delivery applications both in vitro
and in vivo."’ Polymers bearing hydroxyl functional groups
have a special place in the biomaterial arena due to their
unique ability to anchor desired targeting agents and drug
molecules to improve the efficacy of the drug delivery
aspects.”*® Unfortunately, these functional groups interfere
in the polymerization protocols, and therefore, an additional
masking strategy is required to overcome this limitation.
Functional polyesters are typically produced by employing
multitask monomers in the polymerization step and employing
an appropriate deprotection strategy to restore the desired
functional units in the postpolymerization step.””~>° In our
continuous effort to explore L-amino acid bioresources for
biomedical applications, here, efforts have been taken to
structurally engineer biodegradable aliphatic polyesters, for the
first time, having hydroxyl functional groups as the hydrophilic
handle and side-chain stearate pendant groups as the
hydrophobic handle. It is very important to mention that
hydroxyl-functionalized polyesters are relatively rarely reported
in the literature due to the synthetic complexity; thus, this new
effort really opens up new opportunities to program the
polyester amphiphilicity for aqueous self-assembly. By
controlling the composition of hydroxyl groups and hydro-
phobic side chains, the self-assembly aspects of the aliphatic
polyesters based on L-aspartic acid could be programmed for
drug and biomarker delivery in cancer cells, and this new
strategy is shown in Figure 1.

The present approach employs hydroxyl functional groups
for a hydrophilic content and stearate chains for a hydrophobic
content to bring appropriate amphiphilicity to enhance their
drug or biomarker encapsulation in the nanocavity. For this
purpose, L-aspartic acid was converted to dimethyl ester
monomers containing acetal and stearate pendant groups.
Employing a melt polycondensation strategy with L-aspartic
dimethyl ester and 1,12-dodecane diol monomers facilitated
the synthesis of acetal-functionalized polymers bearing various
compositions of stearate pendant groups. The solid-state
packing was studied in detail by thermal transitions such as
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melting and crystallization processes that revealed that the
introduction of side-chain stearate is a very crucial factor for
introducing semicrystallinity in the sluggish amorphous
backbone. Postpolymerization deprotection of the acetal side
chains under acidic conditions yielded hydroxyl-functionalized
polymers with stearate pendant groups, and the amphiphilic
balance resulted in the stable aqueous nanoparticle formula-
tions. The enzyme responsiveness of the L-aspartic acid
aliphatic polyester backbone renders biodegradability to
release the loaded cargos at the intracellular compartment;
the concept is illustrated in Figure 1. Anticancer drugs and
biomarkers were encapsulated in the nanoparticles, and these
polymer nanoparticles were found to be less than 250 nm in
size with a drug loading content (DLC) varying from 1 to 12%.
The drug-loaded nanoparticles underwent enzyme-responsive
release under physiological conditions. Studies on the cellular
uptake of the polymer nanoparticles demonstrated their
effective internalization of cargo molecules into the cancer
cell cytoplasm. This comprehensive study demonstrates that
bioresources such as L-amino acid-based polymers may be used
as a nanocarrier for drug delivery and bioimaging in cancer
cells.

The following substances were obtained from Sigma-Aldrich
chemicals: 1,12-dodecane diol, 2,2-bis(hydroxymethyl)propionic
acid, p-toluene sulfonic acid, N,N’-dicyclo-hexyl-carbodiimide, acid,
and titanium tetrabutoxide Ti(OBu),. The substances were employed
directly without additional purification. The following items were
purchased locally and purified before use: L-aspartic acid, thionyl
chloride, methanol, acetone, dimethyl aminopyridine, dichloro-
methane, ethyl acetate, PET ether, silica gel, tetrahydrofuran, dimethyl
sulfoxide, and toluene, among other solvents. The acetal monomer M-
AC and stearic monomer M-ST were synthesized following our earlier
reports.’>>” These monomers were polymerized by melt poly-
condensation along with 1,12-dodecane diol as reported earlier to
yield homopolyesters P-ST and P-AC.>*Y
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To maintain the cell culture, complete media were prepared by mixing
DMEM media with 10% FBS and 1% penicillin and streptomycin
solution. The cell culture MCF-7 and WT-MEF cells were maintained
in a 37 °C incubator with 5% CO,.

A Jeol NMR spectrophotometer operating at 400 MHz is a high-
resolution instrument used for recording nuclear magnetic resonance
(NMR) spectra. In NMR experiments, TMS (tetramethylsilane) was
used as an internal standard to reference chemical shifts. CDCI,
(deuterated chloroform) was used as a solvent for NMR experiments.

Size exclusion chromatography (SEC) was performed with THF as an
eluent; polystyrene standards were employed in SEC analysis as a
reference for estimating the molecular weight of polymers. The
Viscotek VE series instruments mentioned used components in SEC
setups, with the pump facilitating solvent flow, the RI (refractive
index) detector measuring changes in the refractive index, and the
UV/vis detector detecting changes in absorbance at specific
wavelengths.

A PerkinElmer thermal analyzer STA 6000 is a thermal analysis
instrument used for studying the thermal properties of materials.
Thermal decomposition and stability of polymers can be investigated
by subjecting them to controlled heating under an inert atmosphere.
Differential scanning calorimetry (DSC) is a technique used to
measure changes in heat capacity as a function of temperature.

Dynamic light scattering (DLS) is a technique used to measure the
size distribution of particles in solution based on the fluctuations in
the intensity of scattered light. A Nano ZS-90 apparatus from Malvern
Instruments is a commonly used instrument for DLS measurements.
The size and shape of the nanoparticles were also confirmed by AFM
and HR-TEM. For AFM microscopy imaging, the samples were drop
cast on a silicon wafer and dried over a period of 1 week; then,
samples were analyzed using a Vecco Nanoscope IV. While in the case
of HR-TEM, the samples were drop cast on a Formvar-coated copper
grid and dried over a period of 1 week and analyzed using TEM;
images were recorded using a Tecnai-300 instrument.

UV—vis spectroscopy is a technique used to measure the absorption
of light by a substance (chromophore) as a function of the
wavelength. Absorption spectra were recorded using a PerkinElmer
Lambda 45 UV—vis spectrophotometer.

Fluorescence spectroscopy is a technique used to study the emission
of light by a substance following excitation with light of a specific
wavelength. An SPEX Fluorolog Horiba Jobin Yvon fluorescence
spectrophotometer mentioned is a specialized instrument used for
measuring fluorescence spectra with the ability to excite samples with
a 450 W xenon lamp and detect emitted fluorescence over a range of
wavelengths.

Lyophilization, or freeze-drying, is a process used to remove water
from samples while preserving their structure and activity. A Christ
Alpha 1-2 LDplus is a model lyophilizer used in laboratory settings.

A Varioskan Flash device is a microplate reader used for measuring
absorbance or fluorescence in multiwell plates in the MTT assay. It
can be used for quantifying the concentration of substances in
solution such as the formazan concentration mentioned in the context

of cell viability assays.

Fixed-cell experiments involve treating cells with various compounds
or nanoparticles and then fixing them in place to visualize specific
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cellular structures or processes. The LSM710 confocal microscope
mentioned is a sophisticated imaging system that uses lasers of
different wavelengths to excite fluorescently labeled samples, allowing
for high-resolution imaging of cellular components. The 63X lens
mentioned refers to the magnification level of the objective lens used
for capturing images at a high resolution.

A BD LSRFortessa SORP cell analyzer is a flow cytometer used for
analyzing cell populations by measuring the physical and chemical
characteristics of the cells in a fluid suspension. It is equipped with
multiple lasers and detectors, allowing for the simultaneous detection
of various fluorophores in flow cytometry experiments.

The general procedure for the synthesis of a random copolymer is
described in detail for the P-ST,,. The molar ratio of the two
monomers M-AC (0.7 g, 1.8 mmol) and M-ST (0.10 g, 0.2 mmol)
was kept as 90:10, respectively, along with the molar ratio of 100% of
1,12-dodecane diol (0.5 g 2.0 mmol). M-Ac and M-ST were taken in
a clean polymerization tube along with 1,12-dodecane diol, and the
polymerization mixture was melted at 140 °C. The Ti(OBu), catalyst
(1 mol %) was added. The polymerization was performed in two
steps: (i) in the first step, the polymerization mixture was subjected to
4 h of continuous nitrogen purging, and (ii) in the second step, the
polymerization mixture was subjected to 0.01 mbar stirring under
vacuum for 2 h at the same temperature. The polymer was purified by
precipitation in methanol. Yield = 1.27 g (98%). 'H NMR (400 MHz,
chloroform-d): § ppm 8.02 (1 H, d), 4.86 (1 H, m), 4.12 (2 H, m),
4.04 (2 H, t), 391 (2 H, m), 3.75 (2 H, dd), 3.00 (1 H, m), 2.86 (1
H, dd), 1.57 (5H, m), 1.42 (6 H, m), 1.24 (20 H, br s), 0.99 (3 H, s).
3C NMR (101 MHz, chloroform-d): § ppm 174.3, 170.8, 170.4,
170.4, 98.1, 76.7, 764, 67.5, 66.4, 65.6, 65.5, 65.4, 64.9, 64.7, 64.7,
62.4, 48.3, 48.2, 48.0, 47.5, 39.7, 36.0, 35.9, 35.7, 32.3, 31.5, 304,
292, 29.1, 29.0, 289, 28.8, 28.8, 28.7, 28.1, 28.0, 27.9, 25.4, 25.3,
25.1, 222, 18.1, 17.2, 17.0, 13.7.

The copolymer was taken in a clean round-bottom flask to which
dichloromethane was added under the ice-cold condition; trifluor-
acetic acid was added dropwise to the reaction mixture. After 15 min,
water was added to the reaction mixture. The reaction was carried out
for 2 h. After 2 h, trifluoracetic acid was removed from the reaction
mixture using a rotary evaporator along with dichloromethane. The
polymer was further purified by the dialysis method in water, and after
dialysis, water was removed by lyophilization and characterized by
NMR spectroscopy.

PSTy, (0.5 g, 1.0 mmol) and trifluoracetic acid (1.0 mL, 13.0 mmol)
were taken with a similar procedure as mentioned in the general
procedure for deprotection of acetal-functionalized copolymers. Yield
= 0.45 g (90%). "H NMR (400 MHz, chloroform-d): § ppm 1.09 (s, 1
H), 1.28 (brs, 15 H), 1.57 (brs, 4 H), 2.63 (s, 3 H), 2.87 (brs, 1 H),
3.00 (brs, 1 H), 3.64 (s, 2 H), 3.78 (brs, 2 H), 4.07 (brs, 1 H), 4.16
(brs, 1 H), 4.88 (brs, 1 H), 7.02 (brs, 1 H), 7.11 (br s, 1 H). C
NMR (101 MHz, chloroform-d): § ppm —0.03, 17.37, 25.69, 28.4S,
29.14, 29.37, 29.43, 29.50, 29.54, 32.74, 36.0S, 48.69, 63.06, 65.46,
66.27, 76.69, 77.31, 113.98, 126.39, 127.60, 131.27, 132.70, 171.04.

The polymer was self-assembled in an aqueous medium. It was carried
out by using a dialysis method. Five mg of the polymer was weighed
and dissolved into 2.0 mL of dimethyl sulfoxide; then, the solution
was transferred to a dialysis tube (semipermeable membrane of 1000
Da) and dialyzed against water. Nile red was loaded by following a
similar protocol where 5.0 mg of the polymer was dissolved in 2.0 mL
of dimethyl sulfoxide; then, 100 uL of Nile red solution was added to
it. Three mL of water was added to the solution. This solution was
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Scheme 1. (a) Synthesis of Acetal and Stearate L-Aspartic Acid Dimethyl Ester Monomers, (b) Melt Polycondensation for
Synthesis of Homopolymers P-Ac and P-ST, and (c) Synthesis of Copolymers P-STy
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dialyzed using Milli-Q water for 48 h in semipermeable membrane of
1000 Da molecular weight cutoff.

Since the synthesized nanoparticles possess a polyester backbone,
they are susceptible to enzymatic hydrolysis under physiological
conditions. The release kinetics of doxorubicin (DOX) from these
nanoparticles was investigated through an in vitro degradation study
conducted using enzyme esterase. The experiment was carried out at
37 °C with the buffer system maintained at a physiological pH of 7.4.
The DOX-loaded polymeric nanoparticles were suspended in 1X PBS,
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x=10, 20....90

and 10 units of esterase were added. This suspension was then placed
into a 1000 Da molecular weight cutoff dialysis bag and dialyzed
against 2 mL of 1X PBS. For the control, a similar setup was used, but
esterase was not added to the nanoparticle suspension. Samples from
the external dialysis medium were collected at predetermined time
intervals and analyzed for DOX concentration using UV—vis
spectroscopy.

The polymer nanoparticles were sterilized by exposure to UV light
under a laminar-airflow chamber for 1 h prior to conducting biological

https://doi.org/10.1021/acspolymersau.4c00013
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studies. The biocompatibility of the polymer alone, free DOX, and
Psr-DOX was evaluated using the MTT assay in human breast cancer
cell lines (MCE-7) following our earlier report.’*?’ Polymer
nanoparticle samples, with or without a drug or dye, were dissolved
in complete media and added to each well. The cells were incubated
for 72 h in an atmosphere of 5% CO, and 1% O,. To study cell
viability, a standard MTT assay was typically carried out by starting
with 1000 cells per well in a 96-well plate. However, the cells will
proliferate over time with incubation, and they grow to more than
10,000 cells at the end of the MTT assay at 72 h. Control experiments
were also performed in triplicate, where cells were seeded without any
cargo or polymer. Following this incubation period, the medium was
aspirated, and an MTT solution (0.5 mg/mL) in complete media was
added. The plates were incubated for another 4 h to allow
mitochondrial reductase in live cells to convert MTT to formazan.
After 4 h, the medium was removed, and 100 yL of HPLC-grade
dimethyl sulfoxide (DMSO) was added to each well to dissolve the
formazan crystals, resulting in a purple-colored solution. Absorbance
at 570 nm was recorded using a Varioskan microplate reader. Cell
viability was determined based on the formazan concentration and
compared to control values. All experiments were conducted in
triplicate.

The uptake of drug- or dye-loaded polymeric nanoparticles was
evaluated by fixed-cell imaging techniques. MCF-7 breast cancer cells
were selected for these experiments. Cells were cultured on sterilized
coverslips placed in a 6-well plate, with each well receiving 10° cells
and 2.0 mL of complete media. The cells were incubated at 37 °C in
an atmosphere of 5% CO, and 1% O, for 16 h. The polymeric
nanoparticles were prepared by reconstituting the lyophilized polymer
in complete media, and this solution was added to the wells
containing the cells. The plate was then incubated for an additional 4
h under the same conditions. Following incubation, the cells were
fixed to microscopic slides using the following protocol: the medium
was aspirated, and the cells were washed twice with 1X PBS. A 4%
paraformaldehyde solution was then added to the wells, and the cells
were incubated at 4 °C for 20 min to achieve fixation. After fixation,
the cells were washed twice with 1X PBS. Subsequently, the cells were
stained with DAPI solution for 1 min to visualize the nuclei followed
by washing off excess DAPI with 1X PBS. To prepare the slides for
imaging, a 70% glycerol solution was added, and coverslips were
secured using nail polish to ensure proper sealing and exposure to the
glycerol solution. The prepared slides were left to air-dry for 12—18 h
before imaging. Imaging was performed using a Leica SP8 confocal
microscope, and image analysis was conducted using Image]J software.

The intracellular uptake of free doxorubicin (DOX) and DOX-
encapsulated random copolymer nanoparticles was quantitatively
assessed in MCF-7 breast cancer cells utilizing flow cytometry. MCF-
7 cells were cultured in a 6-well plate at an initial density of 10° cells
per well in complete media followed by an incubation period of 16 h
at 37 °C under standard physiological conditions. Postincubation,
cells were exposed to a S pg/mL concentration of either free DOX or
DOX-loaded nanoparticles for 4 h. Subsequently, the medium
containing the drug was aspirated, and the cells were washed with 1
mL of PBS. To detach the cells, 500 L of trypsin was added followed
by a 1 min incubation. The cell suspension was then subjected to
centrifugation at 1000 rpm for S min. The resultant cell pellet was
resuspended in 1 mL of PBS for flow cytometric analysis. Flow
cytometry was conducted using a BD LSRFortessa SORP cell
analyzer, which is equipped with five lasers and capable of detecting
18 distinct fluorescence channels simultaneously. Excitation of DOX
was achieved with a 561 nm laser, and emission was detected using a
band-pass filter cantered at 610 + 10 nm.
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The L-aspartic acid consists of two carboxylic acid groups,
which were converted to dimethyl esters under acidic
conditions. The amine group of resultant compound 1 ((S)-
1,4-dimethoxy-1,4-dioxobutan-2-aminium chloride) was modi-
fied as an amide for the synthesis of two different monomers,
namely, M-AC and M-ST, as shown in Scheme 1. In the
monomers, M-AC and M-ST were composed of acetal and
stearate groups, respectively, as the side-chain pendant. In the
case of the synthesis of the M-ST monomer, the amine group
of compound 1 was coupled with stearic acid using an acid
chloride coupling reaction.”” Meanwhile, for the synthesis of
the M-AC monomer, compound 2 (2,2,5-trimethyl-1,3-
dioxane-S-carboxylic acid) was prepared by the reaction
between 2,2-dimethoxy propane with bis(hydroxyl methyl)
propionic acid under acidic conditions. The compound 1 was
coupled to 2,2,5-trimethyl-1,3-dioxane-S-carboxylic acid (com-
pound 2) using EDC coupling to produce M-AC.** The
syntheses of the monomers are shown in Scheme 1. The
structures of monomers and the intermediate compound were
characterized by NMR, and their 'H and *C spectra are
provided as Figures S1—S6. Both of the monomers were
subjected to thermogravimetric analysis, and they were found
to be stable up to 180 °C, which is found to be suitable for
melt condensation polymerization. TGA of the monomers
further shows that M-ST is more thermally stable as compared
to M-Ac as shown in Figure S7. The polyesters were
synthesized by employing a solvent-free melt polycondensation
approach by taking the dimethyl ester monomer of aspartic
acid along with the 1,12-dodecane diol monomer (see Scheme
1). For the synthesis of P-ST (homopolymer of the stearate
units), monomer M-ST and 1,12-dodecane diol were added in
the test tube-shaped polymerization tube along with a Ti
catalyst. The polymer reaction mixture was then subjected to
polycondensation in two steps: (i) in the first step, M-ST and
1,12-dodecane diol were melted at 140 °C to produce
oligomers of 2—6 repeating units, and (ii) in the second
step, a high vacuum of 0.01 mbar was applied at 140 °C to
accomplish more than 98% conversion in the melt process.
The structure of polymer P-ST was confirmed by "H NMR
spectroscopy. During the melt transesterification polyconden-
sation, the six protons corresponding to the two methoxy
(—COOCH,;) groups in the M-ST monomer at 3.68 and 3.78
ppm vanished, and a new ester backbone (—CH,00C-)
appeared at 4.07 and 4.15 ppm. The number of repeating units
(degree of polymerization, X,,) was determined by comparing
the intensity of end groups at 3.68 and 3.78 ppm with new
ester groups at 4.07 and 4.14 ppm. The degree of
polymerization X, was found to be more than 97%. The 'H
and *C spectra of the P-ST polymer are shown in Figures S8
and S9. Following the similar polymerization procedure, the
polymer P-AC was synthesized and characterized with NMR
spectroscopy in Figures S10 and S11. A similar polymerization
methodology was adopted for the synthesis of copolymers as
employed for the homopolymer except that the molar ratio of
the dimethyl ester monomers was varied with respect to 1,12-
dodecane diol. For example, the copolymer PST , stands for
the polymer with 10% M-ST units and 90% M-Ac units in the
polymer backbone. To synthesize the PST,, copolymer, the
1,12-dodecane diol percentage of the molar ratio was kept fixed
as 100%, and with respect to it, M-ST was taken as 10% and
the remaining 90% was maintained using M-Ac. In this way,
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Figure 2. '"H NMR spectra of the (a) M-Ac, (b) M-ST, and (c) P-STy copolymer (different peaks in the monomers are assigned alphabetically).
(d) Plot of feed versus incorporation of stearic units in the copolymer determined by '"H NMR. (e) SEC chromatograms of P-STy copolymers

recorded in THF as an eluent at 25 °C.

the ratio of dimethyl ester and diol monomers was kept at 1:1,
and polymerization was performed. The synthesized copoly-
mers were characterized by NMR spectroscopy as shown in
Figure 2. To study the monomer incorporated in the P-STy
copolymer, the 'H NMR spectra of the copolymer are
compared with the monomers M-Ac and M-ST. By comparing
the monomer and copolymer "H NMR spectra (Figure 2a—c),
it can be concluded that during the polymerization, the side-
chain pendants such as acetal and stearate groups remain intact
and do not interfere in the polymerization. The methyl ester
peak belonging to the monomers gets consumed to produce a
new ester backbone appearing at 4.12 and 4.02 ppm
(highlighted in pink color). Following the similar procedure,
a series of copolymers with different compositions were
synthesized and characterized such as PST,,, PST;,, and PST,,
until PSTy, depending upon % of M-ST units incorporated in
the copolymer chain. The peak highlighted in a blue color
belongs to the acetal unit, while the green peak corresponds to
the stearate unit; upon comparison of the integration ratio of
these two monomers, the percentage incorporation of the
acetal and stearate units in the polymer chain was determined.
Similarly, all of the copolymers were characterized. "H NMR
spectra of other copolymers are provided as Figures S12—S20.
The percentage incorporation of the stearic segments in the
polymer was calculated from the 'H NMR spectrum of the
copolymer shown in Figure 2d. The plot of feed wvs
incorporation for the acetal unit is shown in Figure 2d. The
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teed vs incorporation plot shows a linear trend, which suggests
the good reproducibility of the copolyester synthesis. The
synthesized polymer was further studied for the molecular
weight using size exclusion chromatography (SEC) with
tetrahydrofuran (THF) as an eluent and calibrated with a
polystyrene standard. The SEC chromatogram for a few
copolymers is shown in Figure 2e. The polymer produced a
moderate to higher molecular weight with monomodal
distribution (the SEC chromatogram for other polymers is
provided as Figure S21). The molecular weight of polymers
obtained in the case of P-STy random copolymers was
moderate to high, with M, ranging from 7.4 X 10° to 16.5 X
10°> g/mol. Meanwhile, the weight-average molecular weight
(M,,) ranges from 15.0 X 10° to 25.4 X 10° g/mol with a
polydispersity index close to 2.0, which was expected for the
melt polycondensation. The molecular weights obtained are
summarized in Table 1. The acetal pendant group from the P-
STy random copolymer was deprotected with trifluoracetic
acid (TFA) to produce hydroxyl polymer stearate pendants as
shown in Scheme 2. The deprotected polymer was
characterized by 'H NMR (see Figure S22). The polymer P-
STy peak at 1.47 ppm corresponding to acetal vanished after
deprotection, while other backbone peaks remain intact, which
confirms the successful deprotection of the P-STy polymer, in
which stearate units remain intact during deprotection. The
deprotected polymer is denoted as PSTy-OH, which
corresponds to the deprotected version of P-STy polymers.
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Table 1. Table Showing Feed vs Incorporation in the
Polymer and SEC Molecular Weights

incorporated”

feed” (%) (%)

M- M- M, M,S
polymer  Ac ST  acetal stearic  (g/mol) (g/mol) pe
P-AC 100 0 100 0 11,700 20,400 1.7
P-STy, 920 10 86 14 14,000 18,000 1.3
P-ST,, 80 20 77 23 16,500 25,700 1.5
P-ST;, 70 30 68 32 7600 14,800 1.9
P-STy, 60 40 59 41 14,400 25,600 1.7
P-STy, 50 S0 47 53 13,600 24,500 1.8
P-STg 40 60 40 60 13,000 23,800 1.8
P-ST,, 30 70 30 70 8800 17,000 1.9
P-STyg, 20 80 18 82 9000 15,400 1.7
P-STy, 10 920 13 86 7400 15,000 2.0
P-ST 0 100 0 100 8500 15,000 1.7

“Percentage of the monomers in the feed. bPercentage of the units
incorporated in the polymer backbone determined by '"H NMR. “The
number-average molecular weight (M,), weight-average molecular
weight (M,,), and dispersity were determined by SEC using THF as
an eluent at 25 °C.

Scheme 2. Synthesis of Hydroxyl-Functionalized Random
Copolymers
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The polyesters were subjected to thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC) to study
their thermal properties. TGA data reveal that polymers are
stable up to 280 to 300 °C (see Figure 3a). Differential
scanning calorimetry studies showed that the polymer P-Ac is
amorphous in nature as shown in Figure 3b with a glass
transition (T,) temperature of —20 °C, while P-ST (stearate-
substituted polymer) is found to be semicrystalline with a
melting point of 42 °C as shown in Figure 3c. As the
copolymer is prepared by mixing these two different
monomers that are acetal and stearate, the copolymer becomes
semicrystalline (see Figure 3d). This semicrystalline nature of
the polymer is attributed to the presence of the stearate side
chain in the polymer backbone, which produces a crystalline
domain in the polymer matrix. The van der Waals interaction
between the stearate pendant in the polymer causes formation
of the nucleating site for the formation of the crystalline
domain. It was clearly observed that an increase in percentage
of the stearate unit in the polymer increases the rigidity in
packing of the polymer chain, which is reflected in terms of the
melting point of the polymer. The polymers were also studied
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for thermal stability after deprotection, as shown in Figure $23,
and the polymers showed a much lower decomposition
temperature as compared to the acetal counterpart; this
reduction in stability is due to the presence of a free hydroxyl
group in the side chain of the polymer, which causes backbiting
on the polyester backbone. The nature of PSTx-OH polymers
was further compared to P-STy polymers, and Figure 3e shows
the DSC thermogram for PST,,-OH. The DSC thermograms
for all the P-STy and PSTy-OH polymers are shown in Figures
S$24—827. After the deprotection of the acetal group, the
polymer shows a small difference in the thermal properties, and
both the melting point and crystallization temperature increase
with the stearate content in the polymer backbone, as shown in
Figure 3f.

The P-ST polymers are hydrophobic in nature and do not
show solubility in water as they are composed of acetal and
stearate side chains, while the polymer attains hydrophilicity
after deprotection of the acetal group pendant to the hydroxyl
group in the polymer. The PSTx-OH polymer is composed of
both hydrophobic and hydrophilic units; the hydroxy group
serves as a hydrophilic segment, while the long-chain stearate
group serves as a hydrophobic group in the polymer. The
polymer attains enough amphiphilic balance to form stable
nanoparticles in water. Polymers with different contents of
hydroxyl and stearate were attempted for self-assembly in the
water by a dialysis method. In the dialysis method of
nanoparticle synthesis, 5.0 mg of the polymer was dissolved
2.0 mL of dimethyl sulfoxide and was added with 3.0 mL of
deionized water dropwise. The solution was then transferred to
a dialysis tube of 1000 Da MWCO and dialyzed against
deionized water for 48 h; water was replenished in a reservoir
after regular intervals of time. All PSTy-OH polymers with
different compositions of stearate pendant and hydroxyl groups
were attempted to make polymer nanoparticles using the
dialysis method. Among the different PSTyx-OH copolymers,
the polymer with up to 50% stearate and hydroxyl pendants
was found to be producing nanoparticles, while polymers with
more than 50% stearate units were unable to form stable
nanoparticles and precipitate out after or during dialysis. The
different hydroxyl-functionalized copolymer nanoparticles were
characterized for their size, and it was found that NPs showed
a size in the range of 500 nm, while the polymer PST,,-OH
showed formation of stable polymer nanoparticles. Taking this
into account, the polymer PST,-OH was attempted to
encapsulate various drugs and biomarkers in the polymer
nanoparticles. The encapsulation of a drug or dye (biomarker)
was carried out by the following procedure as mentioned for
self-assembly; the only difference was the addition of a drug or
biomarker along with the polymer during dialysis. The PST,-
OH polymer (5.0 mg) was dissolved along with 0.5 mg of the
drug or biomarker in 2 mL of HPLC-grade DMSO. This
solution was then added with deionized water slowly dropwise
with continuous stirring to avoid early precipitation of the
polymer. After complete addition of the polymer, the resulting
solution was then transferred in a semipermeable membrane of
MWCO 1000 Da and dialyzed for 48 h against deionized
water. The primary concept of this project is the development
of amphiphilic nanocarriers for drug or biomarker encapsula-
tion. To demonstrate the proof of concept, various biomarkers
and drugs were selected and loaded into the core of the
polymeric micelles as the polymer nanoparticles attained
sufficient amphiphilicity to form stable nanoparticles. Various
drugs and biomarkers were attempted to encapsulate inside the
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Psr-RB RB 12.4% 60%

Psr-NR NR 1.0% 10%
Psr-CUR CUR 3.5% 68%
Ps-CPT CPT 7.3% 73%
Psr-HPTS HPTS 5.8% 58%
Psr-DOX DOX 43% 43%
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Figure 4. (a) Diagrammatic illustration of drug/dye encapsulation in PST,,-OH water-based self-assembly. (b) Picture of drug and dye-loaded
nanoparticles taken in UV light. (c) DLS histogram for polymeric self-assembly loaded with a drug. (d) Table containing the DLC and DLE values.
(e) AFM image and (f) HR-TEM image of Pg;-DOX nanoparticles at 0.1 mg/mL (scale bar for AFM and HR-TEM = 200 nm).

nanocavity of the nanoparticles; among them, the following
biomarkers such as Nile red (NR), rose bengal (RB), and 8-
hydroxypyrene-1,3,6-trisulfonic acid (HPTS) and drugs such
as doxorubicin (DOX), curcumin (CUR), and camptothecin
(CPT) were encapsulated inside the nanoparticles (the
chemical structure of the cargo shown as Figure S28).

The amphiphilicity of the polymer is controlled by the ratio
of the hydroxyl to stearate units. The interaction of the
hydroxyl functional groups in the polymer backbone with the
drug or biomarkers occurs during loading during the dialysis
process. It was found that a higher content of stearate units in
the polymer led to the destabilization of nanoparticles,
resulting in the precipitation of polymer nanoparticles. Phase
segregation of the hydroxyl group occurs during encapsulation,
which assists in the loading of cargos into the core of the
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polymer nanoparticles. The schematic representation of
loading of drugs/dyes inside the nanocavity is shown in Figure
4a. The polymer PST,-OH present in the extended
confirmation in the DMSO, during dialysis, undergoes phase
segregation as the content of water increases in the dialysis
medium, resulting in the formation of polymeric nanoparticles.
These polymer nanoparticles have a hydrophobic cavity at the
core, which is made from the stearate unit, and it is able to
encapsulate various hydrophobic cargos, while the corona was
occupied by hydroxyl pendants of the polymer. The drug- or
biomarker-loaded nanoparticles were denoted as Py -HPTS for
HPTS-loaded NPs; similarly, others are referred accordingly
depending upon the loaded cargo. When UV light was
irradiated on the polymer NPs encapsulating cargos, they
showed bright-colored emission depending upon the loaded
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Figure 5. (a) Enzymatic biodegradation of polymer nanoparticles in the lysosomal compartment of the cells after the endocytosis of Pgi-DOX by
MCF-7 cell lines. (b) Cumulative profile of doxorubicin release from Pgr-DOX nanoparticles. (c) Cell viability of the PST,,-OH polymer in the
MCE-7 cell lines. (d) Cell viability of Pg;-DOX and free DOX. In the cytotoxicity assays, 10 cells are employed as seeding. The experiments were

performed in triplicates, N = 3.

cargo (see Figure 4b). The polymer NPs were then
characterized for the size using DLS; Pg-CPT was found to
produce polymer NPs of 105 + 10 nm as shown in Figure 4c.
DLS was carried out for other drug-/dye-loaded polymer NPs;
results further suggest formation of nanoparticles of <250 nm
with a PDI less than 0.5, with the data for others provided as
Figure S29. The self-assembled polymers were then charac-
terized by absorbance for calculating the drug/dye loading
content (DLC) and drug/dye loading efficacy (DLE) using
Lambert—Beer's law using the equation provided in the
Experimental Section. Among the different loaded cargos, RB
showed the highest 12% DLC with 60% DLE, while NR
showed the lowest DLC of about 1% and 10% DLE. The table
in Figure 4d summarizes DLC and DLE of various cargos
loaded in polymer NPs. The Pg-DOX was characterized for its
shape and size using AFM and HR-TEM. The AFM image
shows the formation of spherical polymer nanoparticles with a
size less than 250 nm, which can be seen from the height
profile provided in Figure 4e. The HR-TEM image for the Py~
DOX is shown in Figure 4f, which further confirms the
spherical shape and size of the polymer nanoparticles of less
than 250 nm. Absorbance and emission plots for the polymer
NPs suggest that there is no difference in the photophysical
properties of the cargo after being loaded inside the
hydrophobic core of nanoparticles as shown in Figure S30.
The stability of the nanoparticles in water, 10% PBS, and 10%
FBS was assessed using DLS over the course of a week, and it
was found that the polymer nanoparticles remained stable
under all tested conditions, as shown in Figure S31. It is very
well-known that lysosomal enzymes found in intracellular
compartments biodegrade aliphatic polyester polymeric nano-
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particles, causing release of encapsulated cargos as seen in
Figure 5a. The polymeric nanoparticles taken up by the cells by
the process of endocytosis go through the early endosome, late
endosome, and finally to the lysosome. The lysosome is an
enzyme-rich compartment of the cells having hydrolytic or
degrading enzymes such as protease, esterase, chymotrypsin,
etc, which acts on the polymer nanoparticle causing it to
cleave the aliphatic ester backbone, ultimately releasing the
loaded cargo. An in vitro experiment was designed to
investigate the enzyme stimulus-responsive drug releasing
properties of the Pg-DOX polymer NPs. A 1000 Da dialysis
tube was filled with the polymeric solution containing the
horse liver esterase enzyme. The Pg-DOX sample was
incubated at 37 °C, the physiological temperature, with 10 U
of the horse liver esterase enzyme in PBS at pH = 7.4. The
outside reservoir was filled with PBS of pH 7.4, the samples
were collected, and absorbance was recorded, which enabled
monitoring of the discharged doxorubicin.

Doxorubicin release kinetics was also investigated as a
control experiment in PBS alone at pH 7.4 in the absence of an
enzyme. The DOX release was tracked by absorbance
spectroscopy. Nearly up to 90% DOX was released from
polymer nanoparticles, when an enzyme was present in the
dialysis bag, as shown by the plot in Figure 5b. Upon
incubation of the polymer nanoparticles with PBS, a partial
destabilization of the nanoparticles occurred in the early stage,
leading to leaching of loaded cargos. Subsequent destabiliza-
tion and release occurred due to the action of enzymes on the
polymer nanoparticles. The influence of PBS salt and swelling
of nanoparticles account for the partial destabilization of the
NPs at 37 °C and are responsible for the 20% drug leaching
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out. A degradation study for the random copolyester PST-
OH was conducted using size exclusion chromatography
(SEC) as shown in Figure S32. The polymer’s molecular
weight decreases with respect to the degradation in the
presence of an enzyme. It is critical to comprehend the
biocompatibility of any polymeric biomaterial with various cell
types under physiological conditions. The cytotoxicity of the
PST,,-OH polymer nanoparticles and DOX (anticancer drug)-
loaded polymer nanoparticles (Pg-DOX) was investigated
using the MTT assay. To study cell viability of PST,,-OH
polymer nanoparticles, the concentration of the polymer was
examined between 10 and 100 pg/mL. Cell viability data for
MCE-7 cell lines are shown as seen in Figure Sc. The breast
cancer cell lines MCF-7 and the normal cell line wild-type
mouse embryonic fibroblast (WT MEF) were selected for the
cytotoxicity study (see Figure S33). The polymer PST,,-OH
was found to be biocompatible up to the concentration of 100
pug/mL; it was revealed that both malignant cell lines as well as
normal cell lines remain unaffected by the polymer PST,,-OH
(see Figure Sc and Figure S33 for WT-MEFs). The
cytotoxicity of the Pgr-DOX and free DOX was examined
similarly as performed for the polymer nanoparticles. The
DOX concentration was kept within a range of 0.1 to 1.0 ug/
mL, and an MTT assay was performed for both normal and
cancerous cell lines. In Figure 5d, cell viability data in MCF-7
cell lines for Pgr-DOX are shown as a histogram, which shows
that Pgr-DOX polymer NPs are effective in inhibiting the
cancer cell growth as compared to the free DOX. FACS
analyses were carried out to study the ability of the
nanoparticles to undergo cellular uptake by the cells. It was
found that the polymer nanoparticle was taken up by the cells
in a higher concentration as compared to the free DOX as
shown in Figure S34. The PST,-OH polymer nanoparticles'
capacity to undergo endocytosis and deliver the various loaded
cargos across the cell membrane was investigated by using the
MCE-7 cell line. The cellular uptake of polymer nanoparticles
by the MCF-7 cell lines was studied using confocal laser
scanning microscopy (CSLM). The cells were grown on glass
coverslips in a 6-well plate in complete media for 18 h.
Subsequently, after 18 h, when cells get adhered on the surface
of the coverslip, the medium from the well was aspirated and
fresh complete media with drug- or biomarker-loaded polymer
NPs were added and plate incubated for 4 h. The
concentration of the drug or biomarker was maintained as S
ug for each chromophore. The cells were stained with a
nucleus staining dye such as DAPI and acridine orange (AO)
depending upon uptake of loaded cargos. While staining the
nuclease of the cells with different dyes, it was taken care that
the excitation source of nuclear stain should not overlap with
cargos inside the polymer nanoparticles; for example, while
studying the cellular uptake of Pgr-DOX, Pgr-RB, and Pgr-NR,
the nucleus of the cells was stained using DAPI. While AO
stain was used for uptake of Pg-HPTS, Pg-CUR, and Pgr-
CPT polymer nanoparticles. Different biomarkers and drugs
were utilized for cellular uptake studies, necessitating the use of
specific nuclear dyes. DAPI was used for DOX, RB, and NR
cargos as it does not interfere with bioimaging of these cell
lines. Conversely, acridine orange was used for CPT, CUR, and
HPTS uptake studies because DAPI can interfere with the
bioimaging of these chromophores, which require excitation
with a 405 nm laser. This selection ensures accurate imaging
results for each respective drug. CSLM images of the Pgp-
DOX, Pgr-RB, and Pg-HPTS are shown in Figure 6, while
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cellular uptake images of other cargos such as Pg-NR, Pgr-
CUR, and Pg-CPT are provided as Figure S3S.

HPTS Acridine Orange
Aex=405nm Aex=488nm
Aem= 410-494nm A, = 510-720nm

DAPI RB
Aex=405nm Aex= 561nm
Aom= 410-494nm Aoy, = 570-700nm

DAPI Dox
Aex=405nm Aex= 488nm
Aem=410-494nm Aoy =510-720nm Merge

Figure 6. Confocal images of cellular uptake of (a) Pg-HPTS, (b)
Pgr-RB, and (c) Pg-DOX in the MCF-7 cell line [4 h of incubation;
10° cells were seeded]. Concentrations of the RB, DOX, and HPTS
were maintained as 5.0 yg/mL. Scale bar = 50 ym.

(a)

Ps-HPTS

(b)

Merge

Ps-RB

(c)

The first panel in Figure 6a shows the cellular uptake studies
of Pgr-HPTS for a 4 h time point, while imaging HPTS in the
cells was excited with a 405 nm laser in a confocal laser
scanning microscope, and for collection of emission signal in
the range of 410 to 494 nm, the signal was given a pseudo blue
color, which confirms uptake of Pg-HPTS; in this case,
acridine orange (AO) nuclear stain was excited at 488 nm, and
collection was done between 510 and 570 nm. HPTS signals
were observed from the cytoplasm of the cells. Similarly,
another biomarker-encapsulated polymer NP Pg-RB uptake
study is shown in Figure 6b; in this case, DAPI was used as a
nuclear stain; the cells show signal from the cytoplasm of the
cells, which can be confirmed from the merged image. Pgr-
DOX uptake is shown in Figure 6¢, similar to the rose bengal
nucleus stained with DAPL. DOX and RB were excited at 488
and 561 nm, respectively; collection of signals was done at
510—720 nm for DOX, while for RB, it was collected at 570—
700 nm. The signal from DOX is shown as a pseudo red color,
while from RB is shown in the pink color. At a 4 h time point,
the signal of loaded cargos was found to be coming from the
cytoplasm of the cells. The cellular uptake images of Pgr-NR,
Pgr-CUR, and Pg;-CPT are provided as Figure S35. In CSLM,
the cargos were excited using different lasers depending upon
their excitation spectra. This study confirms that the polymer
PST,,-OH is capable to encapsulate the biomarker and drug,
which is further used for delivery in side the cells and effective
inhibition of the cell growth upon delivery of DOX using
polymer nanoparticles.
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L-Aspartic acid-based P-STyx random copolymers were
synthesized using a solvent-free melt polycondensation strategy
with a perfect feed vs incorporation ratio. The control of acetal
to stearate units in the polymer was maintained at the stage of
polymerization by carefully maintaining the feed ratio of the
monomers. These copolymers were characterized with the help
of NMR spectroscopy, size exclusion chromatography, etc.,
which suggests the formation moderate- to high-molecular-
weight polymers with monomodal distribution. The acetal-
functionalized polymers were found to be hydrophobic in
nature, while it was converted into the hydrophilic hydroxyl-
functionalized group by selective deprotection of the acetal
pendant groups under acidic conditions. The polymers were
characterized for thermal properties using TGA and DSC.
These polymers were found to be thermally stable up to 280 to
300 °C. DSC data of the polymer further suggest that the
acetal-functionalized polymer is amorphous in nature, while
after incorporation, the stearate unit in the polymer induces a
semicrystalline nature. A further increase in the content of
stearate units increases the melting point of the copolymers.
The hydroxyl-functionalized copolymers were found to be
dispersible in water and formed stable nanoparticles in water,
which were capable of loading various cargos. Due to the
presence of the polyester backbone in the polymer, it shows
enzyme-responsive release of loaded cargos. Further cytotox-
icity studies carried out for polymer NPs suggest that polymers
and polymers loaded with a biomarker are nontoxic toward
normal and cancer cell lines. Meanwhile, polymers loaded with
DOX showed growth inhibition of the cancer cells, which
suggest that polymer NPs showed good drug delivery
capabilities. The cellular uptake in MCF-7 cell lines was
carried out, which confirms the uptake of NPs inside the cells.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acspolymersau.4c00013.
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