Downloaded via UNIV OF MISSISSIPPI on April 14, 2022 at 16:52:48 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IERAPPLIED
POLYMER MATERIALS

pubs.acs.org/acsapm

Forum Article

Cross-linking Poly(caprolactone)—Polyamidoamine Linear Dendritic
Block Copolymers for Theranostic Nanomedicine

Indika Chandrasiri, Mahesh Loku Yaddehige, Bo Li, Yuzhe Sun, William E. Meador, Austin Dorris,
Mohammad Farid Zia, Nathan 1. Hammer, Alex Flynt, Jared H. Delcamp, Edward Davis,

Alexander Lippert, and Davita L. Watkins*

Cite This: https://doi.org/10.1021/acsapm.1c01131

I: I Read Online

ACCESS |

[l Metrics & More |

Article Recommendations |

e Supporting Information

ABSTRACT: This study represents a comparative analysis of the
solution behavior and self-assembly pattern of two linear dendritic
block copolymers (LDBCs) composed of a generation 3
polyamidoamine (PAMAM) dendron as the dendritic block and
poly(caprolactone) (PCL) as the linear block, the latter of which is
modified with pendant phenyl groups. Phenyl substituents were
introduced to induce physical cross-linking in LDBC nanoparticles
via 7—n stacking. A synthetic strategy was developed to access
phenyl substituted LDBCs through an é&-caprolactone monomer
derivative followed by ring-opening polymerization to form a
library of LDBCs with yields above 83%. Polymersome-like
nanoparticles were observed in water with a 74.4 nm average
diameter. Cross-linked LDBC nanoparticles demonstrated a 37.1%
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relative decrease in the critical aggregation concentration (CAC) and a 27.3—41.2% relative increase of hydrophobic loading
efficiency relative to unsubstituted LDBCs. Nanoparticles loaded with a potential photothermal agent (phenyl indolizine-CS (CS))
showed a photothermal efficiency of 49.4% with a heating temperature of 44.4 °C. These nanoparticles were efficiently loaded into
HEK293 cells with cell viability above 87.5% at the highest concentration. Upon illumination with red light, nanoparticles loaded
with photothermal agent were able to induce cell death in cancer cells. This work suggests that the phenyl substituted LDBCs form
nanoparticles with enhanced stability and loading efficiencies compared to conventional nonphenylated systems and display a greater

potential to be used as nanocarriers in theranostic nanomedicine.
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B INTRODUCTION

Nanomedicine has become an emerging topic in the fields of
therapeutic delivery, disease diagnosis, and medical imaging.
Over recent decades, nanomedicine has shown remarkable
success in clinical cancer therapy.'”’ In contrast with
conventional molecular-based therapeutics, nanoparticle-
based strategies offer the advantage of combining target
specific therapy and high resolution imaging into one system.”
Additionally, such strategies have been shown to address the
drawbacks of traditional medicine and chemotherapy, such as
nonselective accumulation, poor retention, low solubility, and
high toxicity toward healthy cells.”

Nanoplatforms such as liposomes, polymeric micelles, and
polymersomes have been closely studied and established as
promising modalities for diagnosis and treatment. Specifically,
polymersomes made from biocompatible amphiphilic block
copolymers have recently emerged as promising nanocarriers
to replace liposomes and conventional micellular nanocarriers
for targeted and controlled delivery of hydrophobic and
hydrophilic therapeutics.”~'* Although polymersomes are
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known for their stability compared to liposomes and polymeric
micelles, conventional nanocarriers tend to disintegrate before
reaching the target disease site due to systemic dilution, blood
temperature, pH incompatibility, and ionic strength."> ™"
Moreover, interactions between the bloodstream components,
specifically plasma proteins and the polymersomes’ building
blocks (unimers), lead to the premature release of the
therapeutic agents and suboptimal therapeutic responses.'*™>

Cross-linking is known to be simple and straightforward yet
a reliable method to minimize premature disintegration,
thereby assuring enhanced circulation times with sustained

release of the therapeutic agents.””' There are two main

Special Issue: Early Career Forum

Received: September 1, 2021
Accepted: December 21, 2021

https://doi.org/10.1021/acsapm.1c01131
ACS Appl. Polym. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Indika+Chandrasiri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mahesh+Loku+Yaddehige"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bo+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yuzhe+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+E.+Meador"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Austin+Dorris"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Farid+Zia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Farid+Zia"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+I.+Hammer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alex+Flynt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+H.+Delcamp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Edward+Davis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Lippert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+Lippert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Davita+L.+Watkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsapm.1c01131&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aapmcd/current?ref=pdf
https://pubs.acs.org/toc/aapmcd/current?ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsapm.1c01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsapm?ref=pdf
https://pubs.acs.org/acsapm?ref=pdf

ACS Applied Polymer Materials

Forum Article

pubs.acs.org/acsapm

HO -~~~/

Hydrophobic
bilayer (core)

@
NH3
o.NH
) H O
N—"NH,
N ®
J 0 NH,
O_NH ~NH
o N_ N -N_H
“N I ®
H o O  NH,
_ ®
NH o . NH3
o - 0o »NH
N~ _
{ N~
ol "
NH
HN
. 0% ©
N~ NH;3
HN- ©
) -NH3
O”NH
®NH 09 F
3
O)J\FFF
8

pi — pi
interactions

Hydrophilic
corona

Figure 1. (a) General ChemDraw depiction of PhPCL-G3 LDBC. (b) Graphical representation of PAPCL-G3 LDBCs forming polymersome-like
nanoparticles in water via physical cross-linking induced by 7—x interactions.

approaches to cross-linking with regard to the bonding type:
covalent (chemical) cross-linking and noncovalent (physical)
cross-linking. While the typical driving force for self-assembly
is based on hydrophobic interactions, in cross-linked nano-
particles, there are additional attractive forces between
unimers. The formation of the cross-links can be done in
either the core or the corona of the nanoparticle. These added
interactions improve the mechanical stability of the nano-
particles and keep them intact upon a higher degree of
dilution. However, applications have been limited due to the
excessive synthetic steps, inability to self-repair after being
disintegrated or damaged (before reaching the target site), and
weak responsiveness toward external stimuli.”>~**

Noncovalent cross-linking is more dynamic and yields self-
repairing properties without requiring excessive synthetic
steps.””>>?® Therefore, it has drawn more attention in
application perspectives. Noncovalent cross-linking can be
categorized according to the cross-linking mechanism: hydro-
gen (H)-bonding, 7—x stacking, dipole—dipole interactions,
hydrophobic interactions, and coordination complexing. These
noncovalent interactions form multiple bonds among unimers
and stabilize the nanoparticle while preserving the reversible
and dynamic nature that facilitates self-healing.”*”**

Recently, we reported a successful approach taken toward
photothermal therapy and near-infrared (NIR) imaging by
using polymeric bilayer vesicles (polymersomes) as nano-
For this work, a unique molecular architecture was
employed to design the amphiphiles that self-assemble into
polymersomes. This molecular architecture is based on a linear
dendritic structure that incorporates a generation three (G3)
polyamidoamine (PAMAM) dendron as the hydrophilic
dendritic block and a linear poly(caprolactone) (PCL) chain
as the hydrophobic linear block.”” This copolymer type is
known as linear dendritic block copolymers (LDBCs).*”*" The
linear dendritic structure provides enhanced mechanical
properties and results in monodispersed nanoparticles.””**™*°
A library of LDBCs was synthesized by varying the

. 2!
carriers.

hydrophobic to hydrophilic ratios. Morphological studies
provided evidence of polymersomes above 70% hydrophobic
wt % with approximate sizes ranging between 30 and 100 nm.
These nanoparticles were successfully employed as a carrier to
deliver a photothermal agent to living cells and execute
photothermal-induced cell death. This study laid the
foundation for our PCL-PAMAM LDBC nanoparticles to
be utilized as nanocarriers in biomedical applications.””
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Herein, we report a practical approach to enhance the
stability and hydrophobic therapeutic loading efficiency of
PCL—PAMAM LDBC nanoparticles via physical cross-linking.
Pendant phenyl (Ph) groups were introduced to the PCL
chains to generate 7—7 interactions among PCL chains in the
hydrophobic bilayer (Figure 1). On the basis of previous
research in amphiphilic block copolymer self-assembly, an
LDBC system consisting of 70% hydrophobic block wt % was
selected for the study to yield polymersome-like nano-
particles.””*”*® By introducing different weight ratios of Ph
substituents (5%, 10%, and 20% concerning the hydrophobic
block wt %), a library of Ph substituted LDBCs was
synthesized. After confirmation of the compositions, polymeric
nanoparticles with internal cross-linking were formed in
aqueous media by nanoprecipitation. The nanoparticles were
then characterized by dynamic light scattering (DLS) and
transmission electron microscopy (TEM) for the sizes and
morphologies. Critical aggregation concentration (CAC) and
hydrophobic loading efficiencies were calculated. Finally, in
vitro photothermal activities were evaluated with selected
hydrophobic photothermal agents, phenyl indolizine-CS (CS)
and indocyanine green (ICG).” Results were compared to our
previously reported unsubstituted LDBCs (i.e., non-cross-
linkzegd nanoparticles) (70-PCL—PAMAM) shown in Figure
SI.

B EXPERIMENTAL SECTION

Materials and Methods. Common solvents, HPLC solvents, and
reagents were purchased from commercial suppliers (Sigma-Aldrich
and Fisher Scientific) and used without additional purification.
PAMAM-G3-Boc, 70-PCL-G3, and CS were prepared as previously
reported.””*>*? Indocyanine green (ICG) was purchased from Sigma-
Aldrich. All synthetic procedures were carried out under ultrapurified
nitrogen conditions, and standard Schlenk line techniques were
employed unless otherwise specified. Chloroform (99.9%, Acros),
chlorobenzene (99.8%, Sigma-Aldrich), and e-caprolactone (99%,
BTC) were distilled over CaH,. Tin(II) 2-ethylhexanoate (Sn (Oct),,
92.5—100%, Sigma-Aldrich) was dried under vacuum (—100 kPa) for
S days and stored in a glovebox (O, and H,O < 0.1 ppm). PAMAM-
G3Boc [the macroinitiator used for ring-opening polymerization
(ROP)] and phenyl substituted e-caprolactone (Ph-e-CL) were
freeze-dried before use. All of the weighing for the ROP was done in a
glovebox. "H(**C) NMR spectra were collected on a 300 or a 400
MHz spectrometer [Bruker Avance spectrometers (Bruker, Ger-
many)]. Chemical shifts (5) are denoted in parts per million (ppm)
relative to an internal standard (tetramethylsilane; TMS) and
referenced to a protonated solvent obtained from Cambridge Isotope
Laboratories, Inc. (CDCly: 6H 7.26 ppm, 5C 77.16 ppm; MeOD: 6H
3.31, 4.87 ppm). Abbreviations used are s (singlet), d (doublet), t
(triplet), q (quartet), m (multiplet), and b (broad). Gel permeation
chromatography (GPC) measurements were done using DMF, and
measurements were done at a flow rate of 0.8 mL/min at 55 °C. A
Shimadzu 20A GPC system equipped with two PSS GRAM analytical
100 A columns and a differential refractive index detector was used.
The data was evaluated using Astra 7.0 software. The GPC system
was calibrated using poly(methyl methacrylate) (PMMA) standards.
A JEOL 1230 TEM was used at 100 kV to obtain electron microscopy
images using a bottom-mounted charge-coupled device (CCD)
camera (Gatan Orius 831). TEM sample preparation and negative
staining were done using a previously reported method.”> HEK293
cells were cultured under standard conditions.>

Synthesis of Phenyl-e-Caprolactone (Ph-g-CL). Phenyl sub-
stituted e-caprolactone was synthesized via Baeyer—Villiger oxidation
of 4-phenylcyclohexanone.*” As outlined in Scheme S1, 4-phenyl-
cyclohexanone (200 mg, 1.15 mmol, 1.0 equiv) and benzoyl peroxide
(741 mg, 2.30 mmol, 2.0 equiv) were dissolved in S mL of DCM.
H,0, (574 uL of a 60% solution in H,0, 5.74 mmol, 5.0 equiv) was

then added, and the mixture was stirred at room temperature for 16 h.
Then, 100 mL of diethyl ether (Et,0) was added to the resulting
mixture and washed with sat. ag. Na,SO; and sat. ag. NaHCO; (two
washing cycles with 25 mL of each sat. aq. solution) and dried over
anhydrous MgSO,. The resulting solution was concentrated to 1 mL
and directly loaded onto a silica column and eluted with a 10:1
hexanes/acetone mobile phase. Ph-e-CL was obtained as white
needle-like crystals (69.2% isolated yield).

Synthesis of PhPCL-G3. Phenyl substituted PCL-PAMAM
(PhPCL-G3) LDBCs were synthesized by modifying a previously
reported route.”” A Boc protected generation three (G3) PAMAM
dendron (PAMAM-G3Boc) was used to initiate the ROP of a mixture
of &-caprolactone and Ph-¢-CL by employing Sn(Oct), as the catalyst.
Different amounts (wt %) of Ph-¢-CL (5%, 10%, and 20% concerning
hydrophobic block wt %) were introduced by varying the feed ratio
for the Ph-e-CL monomer while keeping the hydrophobic weight
percent of the whole LDBC system constant (70% hydrophobic wt %,
Table S1). The percentage of Ph-£-CL was used to represent each
system. For example, 10-PhPCL-G3 corresponds to an LDBC
containing 10% of the hydrophobic block weight by PhPCL where
the linear hydrophobic segment is a random polyester block
copolymer via copolymerization of phenyl substituted e-caprolactone
and ¢-caprolactone monomer. Trifluoroacetic acid (TFA) was used to
remove the Boc protection of the terminal amine on the PAMAM
block affording amphiphilicity.*”**

Characterization of Boc-Protected LDBC Precursors. The
molar mass and the degree of polymerization (DP) were calculated
using proton NMR spectra for all the precursors (i.e., before the Boc
deprotection). Either MeOD or CDCly was used as the solvent with
TMS as the internal standard. GPC was utilized to confirm the molar
masses calculated by NMR and obtain the dispersity (D) of the
polymers. The NMR spectrum and GPC chromatograms are located
in the Supporting Information.

Preparation and Characterization of Amphiphilic LDBCs
and Their Self-Assembled Nanoparticles. After the Boc
deprotection, the resulting LDBCs were analyzed by thermogravi-
metric analysis (TGA) and differential scanning calorimetry (DSC) to
evaluate the thermal stability and qualitative compositions. For TGA,
the TA Instruments TGA SS was employed. A platinum pan was used
for each sample, and the thermal studies were conducted under a
nitrogen atmosphere within the temperature range of 25 to 500 °C at
a ramp rate of 20 °C/min. For DSC, a TA Instruments DSCQ1000-
0620 v9.9 was used. DSC scans were done at ramp rates of 20 °C/min
with three heating/cooling cycles. The data were analyzed (for both
TGA and DSC) using TA Instruments Universal Analysis 2000 4.5SA
software.

5-PhPCL-G3 and 10-PhPCL-G3 LDBC systems were formed into
nanoparticles via a previously reported nanoprecipitation method.”**>
1 mg of LDBC was dissolved in THF (200 yL), and the resulting
solution was added dropwise (1 drop/s) to a vial containing Milli-Q
water (1 mL) while gently stirring and sonicating. THF was allowed
to evaporate under constant airflow. Nanoformulations were allowed
to equilibrate for 12 h before testing.

Particle size and zeta potential ({-potential) measurements were
carried out on a Zetasizer Nano ZS (Malvern Instrument) using a
He—Ne laser (633 nm) detector angle of 173° at 25 °C. The
concentration was kept at 1 mg/mL for all the systems, and all
measurements were done in triplicate to ensure consistency.
Morphologies of the nanoparticles were obtained by environmental
TEM and cryo-TEM.

The pyrene fluorescence probe method was carried out to obtain
the CAC of the LDBC nanoparticles.*""*> The experiment was carried
out with a series of eight concentrations (10~® to 107" mg/L). The
fluorescence spectra were taken on a Varian Cary fluorescence
spectrometer (Agilent Technologies). CAC was calculated by plotting
the ratio of emission intensities at 338 and 333 nm as a function of the
log of the concentration. Additional associative results are given in the
Supporting Information.

Encapsulation Studies. Curcumin, indolizine cyanine C5,** and
ICG were separately loaded into the nanoparticles. Chemical
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structures, absorbance, and emission profiles for each dye are given in
the Supporting Information. The encapsulation efficiency (EE%) and
loading efficiency (DL%) were calculated for each dye using the
following equations, where M = mass of the dye in the nanoparticle,
M, = mass of LDBC, and Mc; = mass of the dye initially added.*®

(M)
My + Mc) (1)

(M¢)
(Mc;) )

A similar procedure was followed for all the dyes. One mg of dye
and 2 mg of the block copolymer were dissolved in THF (200 uL).
The nanoprecipitation method (vide supra) was followed to form
dye-loaded nanoparticles. After the 12 h equilibrating period, the
unloaded dye was filtered out using a 0.45 pum syringe filter. Water
was then removed by freeze-drying. The resulting crude (dye-loaded
nanoparticles) was redissolved in THF (S mL) to solubilize the
encapsulated dye. The amount of encapsulated dye was estimated
using a Cary 6000 UV—visible spectrophotometer, and a standard
calibration curve was obtained from free dye in THF.

Optical Activity of C5-Encapsulated Nanoparticles. Femto-
second transient absorption spectroscopy (fsTAS) was used to obtain
the excited-state lifetimes for both CS5 loaded nanoparticles and free
CS. Optical pulses of a sub-100 fs bandwidth were generated using a
Ti:sapphire regenerative amplified laser system (Coherent Astrella).
The 800 nm fundamental output from the fs amplifier was tuned to
the excitation wavelengths used for data acquisition inside an optical
parametric amplifier (Light Conversion) before being routed into a
transient absorption spectrometer (Ultrafast Systems Helios). Broad-
band probe pulses for measuring the transient absorption were
generated inside the spectrometer by routing a portion of the 800 nm
fs pulses through a CaF, crystal. The generation of the probe pulses in
this manner preserves the temporal characteristics of the fundamental
pulses, allowing for excellent resolution in time-resolved measure-
ments and the detection of short-lived-transient species.**

Storage Stability of C5-Encapsulated Nanoparticles. Dy-
namic light scattering (DLS) was employed to evaluate the storage
stability of CS-encapsulated nanoparticles. Dye-loaded nanoparticles
were formed using the nanoprecipitation method explained in the
encapsulation studies. Particle size and the PDI were then measured
at 24 h intervals over S days and then 48 h intervals up to 10 days.
Data collection was done using a Zetasizer Nano ZS (Malvern
Instrument) using a He—Ne laser (633 nm) having a detector angle of
173° at 25 °C. The percent change in the size and PDI was plotted
against the number of days to evaluate the stability.

Photothermal Efficiency.”® The temperature increase of nano-
particle dispersions upon irradiation with an 808 nm laser was used to
evaluate the photothermal efficiency. In a typical test, 2 mg LDBC
prepared nanoparticles with photothermal agents were dispersed in 1
mL of Milli-Q water and placed in a 10 mm X 10 mm quartz cuvette.
The dispersion temperature was monitored and allowed to equilibrate
to room temperature. The dispersion was then irradiated with an 808
nm wavelength laser (1 W cm™) from the top of the liquid. The
thermocouple inserted in the sample was kept out of the laser path,
and the temperature was recorded every 10 s. The photothermal
efficiency, 7, was calculated by

_ hA(ATmax - A’I;al)
o I(1 - 107Y)

DL (%) = 100 x

EE (%) = 100 X

where h is the heat transfer coefficient, A is the surface area of the
container, AT, is the maximum temperature change of the
dispersion (this was obtained after the temperature ceased increasing
and reached steady state), AT, is the maximum temperature change
of Milli-Q water irradiated by the same laser, I is the laser irradiation
power, and A, is the absorbance of the nanoparticles with
photothermal agents loaded at 808 nm. The parameter set hA was
determined by fitting temperature vs time during a naturally cooling
process through this equation:

t=

Z,’Mx’CPi [ AT ]
&R 2
hA AT, (3)
where t is the time since the cooling starts, M; is the mass of
component i in the system, cp; is the specific heat capacity of
component i, and AT is the difference between liquid temperature
and room temperature. Zi Mcp,; is approximated by the mass and

specific heat capacity of the Milli-Q water.

In Vitro Cell Uptake and Cytotoxicity Assay. Human
embryonic kidney (HEK293) cells purchased from ATCC were
used for the assay. HEK cells were grown under standard conditions
(37 °C, 5% CO,, DMEM media with 10% FBS). CS5-encapsulated
nanoparticles were added to tissue culture media and allowed a 24 h
incubation period. LysoTracker Green DND-26 (Invitrogen) staining
was performed to image lysosomes simultaneously. The distribution
of dyes in the cells was visualized with a laser scanning confocal
microscope (Zeiss LSM 510 META). Cytotoxicity of the nano-
particles (dye loaded and unloaded) was then evaluated with a
CyQUANT LDH Cytotoxicity Assay Kit (Invitrogen) using a
microplate reader (BioTek Synergy H1).

In Vitro Photothermal Assay. Human lung cancer (AS49) cells
were used for the assay. A549 cells were prepared in three 12-well
plates and grown under standard conditions (37 °C, 5% CO,, F-12K
media with 10% FBS). AS49 cells were washed with 10 mM PBS
buffer and treated with 0 (A1, A2), S00 ng (A3, A4), 2.5 ug (B1, B2),
S ug (B3, B4), 25 ug (C1, C2), and S0 pg (C3, C4) polymers in 1 mL
of F-12K media. The cells were incubated overnight under 5% CO, at
37 °C. Then, one plate of cells was placed in the dark for 8 min, and
the other two plates of cells were irradiated with the red LED of a
commercial LED flood lamp (Novostella 100W RGB LED Flood
Light), one for 8 min and one for 80 min, followed by incubation for
2 h. The light intensity was measured with a ThorLabs digital light
meter (PM100D) and sensor (S120VC) and was found to be 9.7 +
2.9 mW cm™2 After incubation, the culture media of each well was
removed and 200 or 10 mL of PBS buffer was added to each well. 200
mL of a LIVE/DEAD Cell Imaging assay solution was added in every
well, and cell death was evaluated with a LIVE/DEAD Cell Imaging
Kit (Invitrogen) following the manufacturer’s protocols. Cell death
was assessed as the percentage of dead cells by counting the live cells
indicated by green fluorescence (GFP filter cube: 470/22 nm
excitation, 525/50 nm emission) and the dead cells indicated by
red fluorescence (RFP filter cube: 531/40 nm excitation, 593/40 nm
emission) using an EVOS-fl fluorescence microscope. Two
independent experiments were performed to ensure consistency.
The statistical significance between the dark control and 8 min
irradiation test and the statistical significance between the dark
control and 80 min irradiation test were calculated using a two-tailed
Student’s t test with n = 4 technical replicates across two independent
experiments.

B RESULTS AND DISCUSSION

Design and Synthesis of Phenyl Substituted PCL—
PAMAM LDBCs. In this work, we aim to increase the stability
and hydrophobic therapeutic loading efficiency of the PCL—
PAMAM LDBC nanoparticles. The potential of our nano-
particles to be utilized in photothermal therapy and NIR
imaging has recentlg been proven using an unmodified LDBC,
70-PCL—PAMAM.””*” The linear dendritic structure and the
selection of polymer types (i.e., PCL and PAMAM) focuses on
the end-use of these nanoparticles as carriers in nanomedicine.
PCL (hydrophobic block) is known for its excellent
biocompatibility and is thus approved by the Food and Drug
Administration (FDA) for safe practice in humans (e.g,
surgical material containing PCL as a primary component). In
contrast with other biocompatible polyesters, such as
polylactides, PCL demonstrates an increased permeability
toward hydrophobic therapeutic agents. The glass transition

https://doi.org/10.1021/acsapm.1c01131
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pu

bs.acs.org/acsapm

Forum Article

Scheme 1. General Synthetic Route Towards PhPCL-G3 LDBCs”
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“Obtained by ROP of e-caprolactone (blue) and Ph-¢-CL (orange) monomers initiated by the PAMAM-G3-Boc macroinitiator (1) to yield
PhPCL-G3Boc (LDBC precursor) (2), which is then deprotected to obtain the final amphiphilic PhPCL-G3 LDBC (3).

temperature (T,) for PCL is comparatively low (=60 °C),
which adds a soft rubbery nature to the polymer
matrix.>”>>*™* Furthermore, its lower acid degradation rate
comes as an added advantage when designing nanocarriers for
slow-release applications. The hydrophilic block, PAMAM,
provides unique surface functionalities that can be strategically
modified to achieve target-specific and stimuli-responsive
carriers. Owing to its highly branched architecture, PAMAM
can facilitate the transportation of a range of guest molecules
via guest—host interactions.

Previous work has been reported on the introduction of
benzyl and phenyl substitutions to PCL chains as a
postmodification via alpha alkylation and click-chemistry
(CuAAC and thiol-ene).”>*’ However, these approaches
have setbacks due to the use of extreme reaction conditions
(e.g, strong bases such as LDA), excessive synthetic and
purification steps, and lack of synthetic feasibility to control the
substituent amount. Furthermore, click approaches demand
the addition of one reactant in excess to achieve good yields
and require added steps to remove the excess reactants.’”>' To
overcome these challenges and control the substituent amount
through a one-step synthesis, the caprolactone monomer was
modified to achieve Ph-e-CL prior to the ROP. Ph-e-CL
monomer was synthesized by the Baeyer—Villiger oxidation of
4-phenyl cyclohexanone (Scheme S1).

The synthetic approach employed here was designed to
introduce pendant phenyl (Ph) groups to the linear PCL chain
of the LDBC. We modified one of our previously reported
syntheses to achieve a feasible synthetic strategy for this work

(Scheme 1).*” A Boc-protected G3 PAMAM dendron with an
OH focal point (1) was used as the macroinitiator for the ROP
of a mixture of e-caprolactone and Ph-e-CL monomers. By
simply changing the e-caprolactone to Ph-e-CL feed ratio, we
introduced different weight ratios (5%, 10%, and 20%) of
pendant phenyl groups through a one-step and one-pot
synthesis to yield a random hydrophobic polyester block
attached to a hydrophilic PAMAM dendron. This synthetic
strategy provides the simultaneous control of the phenyl
substituent amount and the hydrophobic to hydrophilic weight
ratios of the LDBC. The hydrophobic to hydrophilic wt % of
the LDBC was kept constant (i.e., 70:30, PCL/PhPCL—
PAMAM) regardless of the PhPCL wt %.

Although the Sn(Oct), catalyst is known for its biocompat-
ibility,”* the catalyst concentration was kept at the minimum to
avoid possible toxicity toward biological systems. Catalyst
equivalents of 0.6 per hydroxyl focal point were identified as
the optimal amount for 70-PCL-G3 and kept the same for the
Ph-PCL series.”” The percent conversions shown for the
polymerization of S-PhPCL and 10-PhPCL systems were
above 93%. However, the 20-PhPCL system did not reach
completion with the same catalyst amount (0.6 equiv).
According to NMR evidence, the chain propagation was
discontinued after adding 20 wt % of phenyl substituents. This
indicates that the increased addition of phenyl groups to the
growing polymer causes a depletion of the catalytic activity of
Sn(Oct),. We speculate that, as more pendant phenyl groups
are added to the propagating chain, several chains undergo
aggregation via 7—7 interactions to form a bulky intermediate.
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Figure 2. 'H NMR overlay of the (a) macroinitiator (PAMAM-G3-Boc), (b) LDBC precursor (70-PhPCL-G3Boc), and (c) LDBC precursor (10-

PhPCL-G3Boc) in CDCl,.

This can disrupt the coordination among the propagating
terminal, Sn(Oct), catalyst, and monomer, resulting in chain
growth termination. Additionally, we know from our previous
works that the polymerization proceeds with a slow initiation
and propagation with our PAMAM-G3Boc macroinitiator and
can be further hindered with the addition of Ph-e-CL
monomer.””** Therefore, we moved forward with S-PhPCL
and 10-PhPCL systems, and polymerization kinetic studies are
being carried out with the focus on understanding the catalyst
deactivation and termination of the chain growth under an
increased Ph-e-CL environment.

Molecular Weight Analysis of LDBCs. Molar mass
characterization was done using NMR spectroscopy and GPC.
The analysis was done with the Boc-protected LDBC
precursors because of their better solubility in organic solvents.
As the hydrophilic block (PAMAM-G3) is a constant for all
the LDBCs, the characteristic peak at 3.30 ppm (with 46
protons) was used as the reference peak. The PCL peak at 4.05
ppm (methylene protons) was integrated with respect to the
PAMAM reference peak to calculate the degree of polymer-
ization of the hydrophobic chain (Figures S4 and SS, Table
S2). The number of pendant phenyl groups was calculated
using the aromatic resonance signals between 7.05 and 7.35
ppm (Figure 2c). Molar mass data obtained from GPC agrees
with the calculated molar mass values from NMR (Table S2).
The chromatographic behavior (Figure S6) of the linear
dendritic architecture is presumably a result of a delayed or
slow initiation and propagation with the PAMAM-G3Boc
macroinitiator.””*>**>* According to the previous kinetic
studies,”””* an increase in the catalytic equivalents causes an
increase in initiation time. However, we have kept the catalytic
equivalents low despite a compromise to the dispersity of the
resulting polymer. Furthermore, it is known that intermolec-
ular ester interchange occurs at high temperatures. As the ROP
was carried out at 130 °C, this ester interchange is possible
until the most abundant molar mass distribution is
established.”®>® This may lead to broad molar mass
distributions that result in a higher D.*® However, with the
synthetic approach taken in this work, D values did not exceed

1.3, which is a favorable trend. NMR spectra and GPC
chromatograms are given in the Supporting Information.

Amphiphile Formation. The 'H NMR spectra overlay of
PAMAM-G3Boc, 70-CL-G3Boc, and 10-PhPCL-G3Boc (Fig-
ure 2) illustrates the characteristic signals along with the
incorporation of the macroinitiator to the phenyl substituted
LDBC system. Resonance peaks corresponding to the Boc-
protected macroinitiator (2.19—3.69 ppm) and the LDBC with
no phenyl substituents (70-CL-G3Boc; 1.38, 1.64, 2.30, and
4.0S ppm) are shown in Figure 2ab, respectively. Figure 2c
represents 10-PhPCL-G3Boc, the LDBC precursor with
pendant phenyl substituents (10% of the hydrophobic weight),
while maintaining the overall 70:30 hydrophobic to hydro-
philic weight ratio. After the Boc deprotection, the intensities
of PAMAM resonance peaks decreased dramatically (Figure
S3) in CDCIl,. This observation was expected, and similar
results were observed with the previously reported LDBCs.*”
The deprotection decreases the solubility of PAMAM in
organic solvents, which leads to solvent-driven self-assembly.
As the self-assembly occurs in an organic solvent, more soluble
PCL forms the outer corona of the nanoparticle while less
soluble PAMAM stays shielded in the core. This is described as
reverse-phase nanoaggregation. Due to the phase change
experienced by the PAMAM in the nanoparticle, a change in
relaxation time occurs and suppresses signal intensities
corresponding to PAMAM in the '"H NMR spectrum.

Thermal Analysis. Thermal properties of the PhPCL-G3
LDBC series were evaluated using TGA/DTG and DSC. Boc
deprotected amphiphilic LDBCs (containing NH;* end
groups) were used for the analysis. TGA/DTG is a well-
known and convenient method to deduce relative composi-
tions of block copolymers qualitatively.”*° By analyzing the
weight loss percentage (AW) and the inflection point
temperature (T,) related to each block, a qualitative
calculation of the decomposition temperatures and the weight
percent of the blocks was carried out.

As the polymers consist of three different components
(PAMAM, PCL, and PhPCL), three different thermal
degradation events were expected (Table S3). The thermo-

https://doi.org/10.1021/acsapm.1c01131
ACS Appl. Polym. Mater. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsapm.1c01131/suppl_file/ap1c01131_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.1c01131?fig=fig2&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.1c01131?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Forum Article

gram of the 10-PhPCL-G3 system (Figure 3, Table S3)
showed concurrence with the theoretical assumption by giving

100

90 —

80 —

70 —

60 —

50 —

Weight (wt%)
Derived weight (%/°C)

40

30 —

20 —

-l T I T I |‘ 1T I l‘ L I |I T 'l T
100 200 300 400
Temperature (°C)
Figure 3. TGA (green) and derived thermogravimetry (DTG)

(yellow) thermograms for 10-PhPCL-G3 under nitrogen. Vertical
dotted lines indicate T, for major thermal degradation events.

inflection point temperatures at 226, 321, and 422 °C. The Ty
and AW values (Table S3) correlate well with the degradation
of the hydrophilic block (PAMAM, Figure S7).”” The
theoretical PAMAM ratio in the block copolymer is 30%,
which qualitatively aligns with the AW percentage obtained for
the first degradation step (32.5%) observed in TGA (Figure
S9). The latter decompositions summing up to 67.5%
represent the hydrophobic block (PCL and PhPCL) that
contains 70% of the weight theoretically. According to the
inflection point temperatures reported in the literature, T, at
321 °C represents the decomposition of PCL.” Furthermore,
the thermograms reported for our previous LDBC, 70-PCL-
G3, did not show the decomposition at 422 °C (Figure S1 1)
This suggests that the final thermal event is related to the
decomposition of phenyl substituents on the PCL chain
(Figures 3 and S8—S11). For the 10-PhPCL-G3 system,
PhPCL takes 10% of the hydrophobic weight, which is 7% of
the total weight of the block copolymer. The AW percentage
of the final thermal event is approximately 8%, providing
additional evidence for the decomposition of pendant phenyl
groups. The correlations between the weight ratio of each
block, composition, Ty, and AW at each thermal degradation
event support the reliability of the synthetic methodology
developed for this work. Similar results were seen with S-
PhPCL-G3 (Figures S8 and S10). However, the decom-
position step for the PhPCL units was not prominent enough
to conduct a reliable calculation. The lower PhPCL content in
S-PhPCL-GS3 is the most probable reason for this observation.
Additional TGA data as well as predicted and experimental
compositions are included in Table S3 and Figures S7—S11.
Unlike previous studies,””*” no obvious thermal features
were observed in the DSC thermograms for both polymeric
series. The melting temperature (T,) range and glass
transition temperature (Tg) for pure PCL are reported as
59—64 and —60 °C, respectively. For our previous LDBCs that

consist of a polyester block above 90 wt %, sharp and intense
thermal events were reported.”” In those studies, when the
hydrophobic wt % decreases, changes in the peak shape (from
sharp and intense to broad) were observed as the PAMAM
block. For this polymer series, the substituents (i.e.,, phenyl)
were expected to strongly affect the thermal properties of PCL
at lower PCL weight ratios. However, the thermograms shown
in Figures S12 and S13 appear broad and featureless,
demonstrating the influence of substituents on the properties
of the PCL block as this was not seen for the thermograms of
70-PCL-G3.” The lack of clear melting transition peaks can
arise as a result of the poor crystallinity of the polymer due to
the random distribution of phenyl groups in the linear block
and the influence of the dendritic block. Such deviations are
well-known for low molecular weight block copolymers and
point to the contribution of substituents to the thermal
properties of the polymeric system.”’

Critical Aggregation Concentration (CAC) and Self-
Assembly. As previously stated, the low stability of the
nanocarrier in the systemic circulation is a significant
bottleneck regarding the development of efficient nano-
particle-based delivery systems. Many different factors govern
the stability of the nanoparticle, including surface charge,
polymer concentration, the molar mass of the block
responsible for the core formation, and the loaded host
molecules.”® Here, the surface charges, expressed as (-
potential, for the nanoparticles formed by PhPCL-G3 were
all positive with values of 51.2 + 0.47 mV for S-PhPCL-G3 and
66.4 + 10.3 mV for 10-PhPCL-G3. Such values are due to the
hydrophilic block containing a cationic terminus and making
up the outer corona of the nanoparticle. Although concerningly
high for biomaterials, these values are indicative of stable
colloidal structures.””°

The polymer concentration is a crucial parameter when
forming nanoparticles. The CAC denotes the minimum
polymer concentration needed to form self-assembled nano-
particles in a particular medium. A dilution below the CAC
leads the nanoparticles to disintegrate/disassemble rapidly.**®!
The magnitude of the CAC primarily depends on the size and
hydrophobicity of the block that makes the core. Thereby,
when the molar mass and the hydrophobicity of the polyester
block are increased, the CAC can be decreased.®* However, an
increase in the hydrophobic molar mass has limitations
because the block copolymer should maintain a particular
hydrophobic/hydrophilic we'ght ratio to form biocompatible
morphologies and sizes.”**°

Here, we sought to use phenyl groups to stabilize the
nanoparticles without affecting the molar masses of the blocks.
Additionally, the nanoparticles are stabilized not only by
making cross-links but also by increasing the hydrophobicity of
the core-forming block. The CAC for 5-PhPCL-G3 was 6.17
mg/L, which does not show a notable decrease relative to
LDBCs with no phenyl groups (70-PCL-G3, 6.20 mg/L). In
contrast, the CAC for the 10-PhPCL-G3 nanoparticles showed
a 37.1% relative decrease of the CAC (3.90 mg/L) obtained
for 70-PCL-G3. This reflects the effect of both increased
hydrophobicity and 7—n cross-linking on the aggregation
behavior of the nanoparticle. Nanoparticles with low CAC
values resist disintegration upon a more extensive dilution.
Such systems can tolerate a higher degree of dilution (such as
bloodstream dilution), making the nanocarriers more stable in
biological systems. Furthermore, physical cross-linking can
reform the particle even after a disintegration, which is known
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Figure 4. Intensity average DLS size distribution plots for (a) 70-PCL-G3 (LDBC system with no Ph substituents), (b) S-PhPCL-G3, (c) 10-
PhPCL-G3, and (d) morphology of 10-PhPCL-G3 nanoparticles under cryo-TEM.

as self-healing,'”'® Supporting data for the CAC are included
in Figure S14.

For the size and morphological analysis, nanoparticles were
formed in water by conventional nanoprecipitation. The size
distributions and dispersity of the nanoparticles in the solution
were determined using DLS (Figure 4). Nanoparticles formed
from 5-PhPCL-G3 exhibited a Z-avg particle size of 78.6 nm
and a PDI of 0.53 with intensity and number averages of 204.2
and 10.4 nm, respectively (Figures 4b and S15-S17). Of
particular interest are the nanoparticles formed from the
PhPCL-G3 LDBC self-assembly. The Z-avg particle size for
10-PhPCL-G3 LDBC nanoparticles was 74.4 nm, which was
represented by two major size distributions. According to the
intensity average scattering plots, one distribution was around
130.6 nm and the other distribution, around 18.3 nm (Figure
4c). The existence of these distributions for 10-PhPCL-G3
LDBC nanoparticles was supported by number and volume
average plots as well (Figures S18—520). The dispersity (PDI)
of these nanoparticle suspensions was 0.45, which is typical for
a nanoparticle dispersion with several size distributions.
Additional supporting data for 10-PhPCL-G3 LDBC nano-
particle sizes and morphologies were collected via transmission
electron microscopy (TEM; Figures 4d and S21). The average
diameter calculated for TEM images was 127.0 nm, which
agrees with the hydrodynamic diameter of the main size
distribution obtained by DLS. A TEM contrasting agent,
uranyl formate, was utilized to observe the areas with different
densities in the nanoparticles. Two distinct regions in the
nanoparticles showed a distinctive contrast difference provid-
ing indirect evidence for bilayer vesicle morphology (Figure
s21).

When comparing these results with the size distributions of
the unsubstituted LDBC (70-PCL-G3),”’ an increase in
particle size was observed. The phenyl substituents increase

the volume of the hydrophobic block, which could lead to a
volume expansion of the hydrophobic core, thereby increasing
the size of the nanoparticles. Other than the major size
distributions, larger secondary aggregates (clusters formed by
smaller nanoparticles) were observed for the 70-PCL-G3
system (Figure 4a). The formation of secondary aggregates
results from the fusion of smaller nanoparticles to reduce their
excess surface energy.””*>™ The probable cause for this
observation is the reduced surface energy of the nanoparticles
due to the size expansion (Figure 4b). Additional DLS data is
included in Figures S15—S20.

According to the literature, copolymers with hydrophobic
weight ratios of >70 wt % self-assembled into bilayer vesicles
(polymersomes).”** This can also be justified by the principles
of self-assembly. Israelachvili et al.”* showed that morphologies
and the curvature could be predicted using the packing
parameter (p) given in eq 4, where v is the hydrophobic
volume, a; is the optimal area of the head (hydrophilic block),
and L, is the length of the hydrophobic block.

v

" al, @

The hydrophilic area (a,) is not a variable for the LDBCs
discussed in this work because a G3 PAMAM dendron is a
constant throughout the series. Therefore, the hydrophobic
block volume and the weight percentage are the driving forces
to achieve different curvatures that define p. According to the
theory, p should be between 1/2 and 1 to form vesicles. In
turn, it is logical to deduce that the spherical nanoparticles
observed here possess bilayer vesicle (polymersome) mor-
phologies, further supported by the TEM images (Figure S21).

Preliminary Encapsulation Studies. In order to identify
the optimal phenyl substituent percentage to enhance the
hydrophobic loading ability, the DL% of each PhPCL-G3

p
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Figure 5. (a) Dispersion of curcumin in water, (b) curcumin-loaded 5-PhPCL-G3, (c) curcumin-loaded 10-PhPCL-G3.
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Figure 6. (2) Absorption spectra of free CS (dissolved in a 1:5 ACN/water mixture) and the encapsulated CS in 10-PhPCL LDBC nanoparticles;
(b) absorption spectra of CS encapsulated by conventional nanoprecipitation and reverse nanoprecipitation.

LDBC was compared with that of 70-PCL-G3. The studies
were initiated with curcumin, a hydrophobic molecule
(chemically referred to as diferuloylmethane).”® The high
hydrophobicity and the ease of detection (UV—vis spectros-
copy) inherited from curcumin were employed to observe the
changes in hydrophobic loading profiles. As phenyl groups are
present in the hydrophobic bilayer, we hypothesized that the
phenyl substituted LDBCs would increase the uptake of
curcumin via enhanced m—z interactions. Both S- and 10-
PhPCL-G3 dramatically increased the water solubility of
curcumin (Figure Sb,c) via nanoparticle encapsulation. With-
out the presence of LDBC nanoparticles, the dye was
completely insoluble in water, forming a separate layer on
the water surface and the vial walls (Figure Sa). The reported
DL% for 70-PCL-G3 is 13.70%.”” The DL% of curcumin into

the 5-PhPCL-G3 nanoparticles was 13.73%, which is not a
significant increase compared to the nonphenylated LDBC.*”
However, the 10-PhPCL-G3 LDBC shows a DL% of 17.50,
which is a 27.7% relative increase in the loading efficiency
toward a hydrophobic guest molecule.

The preliminary encapsulation studies with curcumin
suggest that the introduction of 5 wt % phenyl substituents
is insufficient for significantly enhancing hydrophobic loading
efficiency. On the other hand, the increase of the substituent
wt % up to 10% demonstrated a notable enhancement in the
loading efficiency. Similar results were observed with several
other selected hydrophobic molecules (Table S4).

Although the hydrophobic interactions are a primary driving
force determining the loading efficiency, the miscibility
between polymers and the host molecule is another vital fact
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to be considered. The loading basically refers to the mixing
between the hydrophobic polymer and the drug. This can be
explained by the Flory—Huggins equation (eq 5)

Xpolymer—drug = (Vdrug/RT)(adrug - 5polymer) (5)

where X is the Flory—Huggins parameter for the interactions
between the drug and the polymer, Vg, is the volume of the
drug, ¢ is the Hildebrand—Scatchard solubility parameter, and
R and T are the gas constant and the temperature, respectively.
0 is a factor related to the drug loading of a polymeric
micelle.””**°"*’ Using this relationship, Liu et al. examined
the miscibility of different hydrophobic molecules (curcumin,
paclitaxel, plumbagin, indomethacin, and etoposide) with
PEG—-PCL nanopartides.él’70 Surprisingly, they observed
that the best solubility (loading) is for indomethacin, one of
the least hydrophobic molecule in the series. Another study
carried out with different polymeric backbones showed the
loading is related to the heat of the mixing. The observed trend
was poly(benzyl-L-aspartate) (PBLA) > PCL > polylactide
(PLA) > polyglycolide (PGA).”” This observation suggests
that PCL has a better mixing ability toward hydrophobic drugs,
which rationalizes the polymeric material selection for this
work. Also, it is important to note that the heat of the mixing
related to the polymer type is another factor that affects the
loading. Consequently, the results observed for the loading
ability of PhPCL-G3 nanoparticles may be varied according to
the drug molecule and the selection of polymer types.

Photothermal Efficiency. As 5-PhPCL-G3 LDBC nano-
particles did not display significantly increased loading
efficiencies and decreased CAC values, the remaining studies
were carried out with 10-PhPCL-G3 LDBCs.

There have been reported attempts of utilizing cyanine-
based photothermal imaging agents to showcase the
theranostic potential of LDBC nanoparticles.”” These dyes
are known for their photoacoustic imaging applications (PAI)
and near-infrared fluorescence (NIRF) imaging. In addition,
they can transform absorbed NIR photons to heat, which
makes them useful in photothermal therapy. However, the
hydrophobicity and instability in the aqueous medium have
hindered their full potential to be used as photothermal and
imaging agents in biological systems. Herein, we focus on
enhancing the water solubility of selected hydrophobic cyanine
dyes and evaluate their potential in photothermal therapy and
NIR-imaging. Phenyl indolizine-C$5 or CS5, a recently reported
near-infrared (NIR) emissive cyanine dye, was chosen for these
studies.” The dye is insoluble in water, but encapsulation in
LDBCs made it highly soluble in water (Figure 6). Upon
uptake of CS5, we saw a decrease in PDI as well as an ~70 nm
increase in size. The DL% obtained for 70-PCL-G3 (no phenyl
substituents) was 2.58%. Interestingly, CS loading using the
phenyl substituted LDBCs exhibited an enhanced loading
efficiency of 32.1%. Although the comparative increase of DL%
of CS is significant, the DL% values are considerably lower
than that of curcumin (Table S4). As both C3 and CS are
indolizine—cyanine salts, they could possess a diminished
hydrophobicity and their partitioning coefficient can cause the
observed lower DL% compared to curcumin.

“Free” (nonencapsulated) CS$ in a solution of ACN and H,O
(1:5) gave a low-energy absorbance maximum wavelength
(A™) and emission maxima (A.,;;™*) of 810 and 826 nm,
respectively (Figures 6 and S22). However, after the
encapsulation of CS in LDBC nanoparticles, a prominent
high energy absorption peak at ~700 nm appears (Figure 6a)

in addition to its characteristic low energy absorption band
(810 nm), a similar peak observed for the nonencapsulated
form. When comparing the two spectra, the significant
intensity increase at 705 nm indicates the presence of an
aggregated state for the cyanine dye.’””" This suggests that the
dye exists in the nanoparticle in two different states. The low
energy absorption represents the dispersed CS (which mimics
that of the “free” dye in organic solvent or the nonencapsulated
form). The newly appeared high-energy absorbance is
indicative of an H-aggregated formation. H-aggregates are
common organizational states for cyanine dyes and result from
the face-to-face interactions of the dye framework. The
appearance of H-aggregates after the encapsulation suggests
that these LDBC nanoparticles force the dye molecules to form
face-to-face interactions rather than head-to-tail interactions. In
order to obtain more supporting evidence for the presence of
H-aggregates, emission spectra were studied (Figures S22 and
$23). As H-aggregates often inherit a poor emissive behavior
due to the excited-state to ground-state radiative transition
being forbidden by symmetry,”* one should observe emission
solely from the monomeric or “free” form of the dye dispersed
in the nanoparticle (1, = 810 nm). When comparing the
emission spectra of the “free” (in solution) and the
encapsulated dye, a similar emission (4,,,,"™ = 826 nm) was
observed for both forms regardless of the excitation wavelength
(700 and 810 nm). This indicates the emission of the
encapsulated state is from the monomeric form (i.e., dispersed
CS in the nanoparticle) but not from potential H-aggregates.
Additionally, we observed a change in the peak intensity ratio
(possible H-aggregates/dispersed) over a three-day time
period from the day of encapsulation (Figure S23). The
absorption peak intensity ratio was 1.3:1 (possible H-
aggregates/dispersed) 12 h after the encapsulation. The ratio
became approximately 1:1 after 48 h and remained the same
ratio after 3 days (Figure S23), indicating a dynamic
equilibrium between the aggregated form and the mono-
meric/dispersed form. We were able to shift this equilibrium
more toward dispersed CS by changing the nanoformulation
method from conventional nanoprecipitation to reverse
nanoprecipitation (Figure 6b). Additionally, we observed a
difference in absorbance intensity. Conventional nanoprecipi-
tation showed an overall higher intensity than reverse
nanoprecipitation, which gives an indirect indication that DL
% for the latter is less than the former. These eminent
observations suggest that the aggregation behavior of the dye
inside the nanoparticles can be controlled according to the
need. Further studies are being carried out to understand more
about these aggregation behaviors and the possibilities of J-
aggregate formation.

The excited-state lifetime (7) was evaluated before and after
encapsulation (Figure $24). The “free” form of CS in solution
(1:1 ACN, H,0) decays with a single exponential and a
lifetime of about 45.7 ps. The encapsulated molecule shows
double exponential decay with a fast component of around
1.36 ps and a slow component at 891 ps. These two
components could be a result of the different aggregation
behaviors discussed above. The calculated photothermal
efficiency (1) for CS encapsulated PhPCL-G3 nanoparticles
was 49.4%. In order to benchmark the obtained results, an
FDA-approved commercially available photothermal agent,
indocyanine green (ICG), was used. The photothermal
efficiency for ICG encapsulated nanoparticles was 47.2%
(Table SS), demonstrating the potential of CS loaded LDBC
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nanoparticles as a photothermal agent. Upon the irradiation
with a NIR laser, these nanoparticles were able to increase the
temperature of the system from 21.6 to 66 °C in 20 min, which
is comparable with the values observed for the ICG loaded
nanoparticles (Figure 7c).
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Figure 7. (a) Dispersion of CS in water; (b) CS loaded 10-PhPCL-
G3; (c) photothermal activity of the PhAPCL-G3 nanoparticles.

When looking at the storage lifetimes, the 10-PhPCL-G3
nanoparticles showed a 2-fold increase compared to 70-PCL-
G3 with a loaded hydrophobic agent. 70-PCL-G3 nano-
particles started showing significant size and PDI changes after
5 days upon the encapsulation.”” Interestingly, PhPCL-G3
nanoparticles managed to achieve and retain a PDI closer to
0.1 even after 10 days of encapsulation. There were no
observed visual changes (i.e., no color change or precipitate
formation) and significant changes in the size of the
distributions (Table S6). These results signify that nano-
particles formed from PhPCL-G3 can maintain highly
monodispersed particle suspensions even with a loaded
hydrophobic agent for more than 10 days. These extended
storage lifetimes were obtained without any specific preserva-
tion protocol such as PEGylation or lyophilization; thus, these
lifetimes are exceptional for biomedical application where
storage shelf lives in solution form are needed. Furthermore,

these lifetimes are well comparable with the reported values for
cargo-loaded nanoparticles having similar morphologies.”*~ "

Nanoparticles in Biological Imaging and Photo-
therapy. The cytotoxicity of CS-loaded nanoparticles and
the empty nanoparticles (no loaded dye) was tested with
HEK293 cells. Despite highly positive {-potentials, empty
nanoparticles showed >97% cell viability for all the
concentrations (Figure 8), while the observed cell viability
for CS-loaded nanoparticles was >87.5%. Although highly
cationic charge densities have been reported to induce cell
lysis,”* the most logical explanation for the observed cell
viabilities is that the surface charge decreases due to
nonspecific plasma protein adsorption onto the nanoparticle
surface.”*””

The most significant impact on cell viability was seen with
CS-loaded 10-PhPCL-G3, even more so than with CS loaded
70-PCL-G3 where no cross-linking is present. This suggests a
modest cost associated with the stability offered by cross-
linking. In this case, cellular enzymes could be confounded by
cross-linking, leading to a persistent release of dye and a
subsequent increased impact on cell viability. Nonetheless,
even at the highest concentration tested (50 ug/mL), both
dye-loaded and empty nanoparticles exhibit generally minimal
cytotoxicity.

The fluorescence of CS-loaded nanoparticles was imaged
after uptake by HEK293 cells (Figure 8b). In live cell culture,
particles appear to load through filopodial processes, a route
seen for polyplexes such as those generated from glycopol-
ymers’® and other PAMAM-based nanoparticles.”” Similar to
these polymer systems, nanoparticles are trafficked to
lysosomal compartments (Figure 8c—e) as observed using
LysoTracker (green) to image lysosomes alongside fluores-
cence associated with the CS dye. Co-localization was
confirmed by calculating the Pearson coefficient, 0.6313 at a
41.65% colocalization rate (Figure 8c). Together, this suggests
that the dye-loaded nanoparticles traffic through endosomes
after being taken up by the cells and ultimately accumulate in
the lysosomes.”

The phototherapeutic efficiency of CS-loaded nanoparticles
was evaluated in human lung cancer (AS549) cells. Two
independent sets of experiments were performed where cells
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Figure 8. (a) Cytotoxicity (percentage) was determined by the LDH assay; (b) HEK293 cells after exposure to dye-loaded nanoparticles; (c) CS
dye fluorescence alone (red) in HEK293 cells; (d) LysoTracker fluorescence (green); (e) a merge of the bright field with LysoTracker and CS.
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treated with varying concentrations of the nanoparticle
suspension were irradiated with a 100 W red LED lamp for
0, 8 or 80 min (Figures S25 and S26). Concentration
dependent studies aligned well with cell viability data
demonstrating an effective dosage of 5 ug/mL. Figure 9
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Figure 9. (a—f) Overlay of fluorescence images of A5S49 cells imaged
using a LIVE/DEAD assay. Controls, with no nanoparticle loading (a,
¢, e); CS-loaded nanoparticles formed from 10-PhPCL-G3 with
human lung cancer (A549) cells without (b) and after 8 min (d) or 80
min (f) of red light exposure. (g) Cell death count before and after
light exposure with and without nanoparticles. Error bars are + SD of
n = 4 technical replicates across 2 independent experiments.

summarizes the in vitro photothermal assessment of cancer
cells treated with CS-loaded nanoparticles with and without
red light exposure. Compared to cells treated with no dye-
loaded nanoparticle or light irradiation alone (Figure 9a,c,e),
results indicate an increase in cell death is achieved after
irradiation (Figure 9d) and enhances with time (Figure 9f).
Figure 9g quantifies the difference in the number of dead cells
relative to nanoparticle treatment and irradiation time,
showing a clear trend with increasing illumination time.
These results provide promising evidence for the use of these
LDBCs and their dye-loaded nanoparticles as theranostic
agents.

B CONCLUSIONS

This work presents a successful attempt to enhance the
hydrophobic loading efficiency and mechanical stability of
LDBC nanoparticles by introducing cross-linking. Noncovalent
cross-linking was made via 7—7 stacking in the polyester
segment of polymeric nanoparticles. A e-caprolactone
monomer was modified via a phenyl substitution, and different

weight ratios (5% and 10% concerning the hydrophobic block)
were introduced into the linear hydrophobic block of newly
designed LDBCs. In addition to the conventional structural
characterization with NMR and GPC, TGA/DTG provided
qualitative evidence for the reliability of the synthetic strategy
employed. In comparison to an LDBC system with no phenyl
substituents, a 37.1% decrease in the CAC was observed,
indicating an enhanced stability due to increased hydro-
phobicity of the polyester block and core-cross-linking in the
nanoparticles. Preliminary encapsulation studies showed a
27.3—41.2% relative increase of hydrophobic loading efficiency
toward selected hydrophobic guest molecules. A near-infrared
(NIR) emissive cyanine dye CS was successfully loaded into
these LDBC nanoparticles, and the photothermal efficiency
was compared with ICG. C5 loaded nanocarriers showed a
photothermal efficiency of 49.4%, which is similar to the
efficacy of ICG (47.2%). Furthermore, CS-loaded LDBC
nanoparticles increased the temperature from 21.6 to 66 °C
after 20 min of photothermal activity. C5-loaded nanoparticles
were successfully trafficked into HEK293 cells with no
significant toxicity. Uptake was seen to proceed through a
filopodia process via an endosome route with final accumu-
lation in the lysosomes.

Upon exposure to red light irradiation, CS-loaded nano-
particles were able to induce cell death in cancer cells. This
work highlights the effects of aromatic functionalization on the
self-assembly and encapsulation properties of the LDBC
nanoparticles. The enhanced colloidal stability, hydrophobic
loading, and photothermal activity suggest that the physical
cross-linking improves the potential of LDBCs in theranostic
applications. The next level of this work will be focusing on
understanding the aggregation behaviors of hydrophobic
imaging/photothermal agents in LDBC nanoparticles and
selective H-aggregate and J-aggregate formation according to
the application perspective.
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