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ABSTRACT: This study represents a successful approach toward employing polycaprolactone—
polyamidoamine (PCL—PAMAM) linear dendritic block copolymer (LDBC) nanoparticles as
small-molecule carriers in NIR imaging and photothermal therapy. A feasible and robust synthetic
strategy was used to synthesize a library of amphiphilic LDBCs with well-controlled hydrophobic-
to-hydrophilic weight ratios. Systems with a hydrophobic weight ratio higher than 70% formed
nanoparticles in aqueous media, which show hydrodynamic diameters of 51.6 and 96.4 nm. These
nanoparticles exhibited loading efficiencies up to 21% for a hydrophobic molecule and 64% for a
hydrophilic molecule. Furthermore, successful cellular uptake was observed via traficking into
endosomal and lysosomal compartments with an encapsulated NIR theranostic agent (C3) without
inducing cell death. A preliminary photothermal assessment resulted in cell death after treating the
cells with encapsulated C3 and exposing them to NIR light. The results of this work confirm the
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potential of these polymeric materials as promising candidates in theranostic nanomedicine.
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B INTRODUCTION

Modern advances in nanotechnology have opened the doors to
the enhancement of distinctively novel aspects of nano-
medicine. Applications such as drug delivery, therapy, in vivo
imaging, and in vitro diagnostics are the aspects of nano-
medicine that have attracted close attention in health care.
Such applications are advantageous in cancer treatment over
conventional chemotherapeutic approaches as they enable
target-specific delivery, as well as simultaneous delivery of
multiple therapeutic agents. Other advantages include the
utilization of specific binding moieties to target cancer cells
and simultaneous visualization of tumors using an encapsulated
imaging agent. All of these benefits have widened the
boundaries of nanomedicine toward theranostics.' > However,
an applicational drawback is the high hydrophobicity of many
commonly used chemotherapeutic agents (e.g, taxanes) and
the use of synthetic solvents (e.g, polysorbate 80), which
increase the solubility of those therapeutic agents in body fluid,
yet are well-known to induce adverse side effects.”’
Increasing interest has been focused on the potential of
polymeric nanoparticles (PNs) to revolutionize modern
nanomedicine. Among those PNs, polymeric micelles (PMs)
and polymersomes are the most extensively studied systems
due to their remarkable therapeutic potential.”~'* PMs can be
formed through the self-assembly of amphiphilic block
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copolymers (BCPs). When these BCPs are introduced to an
aqueous environment, they spontaneously assemble into core—
shell micellar structures to decrease the free energy of the
system."”~"> This micellar morphology provides an optimal
drug delivery system for therapeutic agents. The hydrophobic
core is capable of carrying hydrophobic molecules with high
loading capacity, and the hydrophilic shell enhances the
stability of the nanocarrier in the blood by providing steric
protection. PMs possess relatively low critical aggregation
concentration (CAC) values that lead to enhanced stability in
blood when compared to liposomes and other surfactant
micelles.”'® In addition, PMs are considerably larger, thus
allowing the transfer of more therapeutic agents than other
polymer—drug conjugates and have the ability to release the
drug in a more controlled manner.”"”~*'

However, research has shown that in vivo applications of
conventional micelles fail to provide their projected efﬁcac?f,
mainly due to premature disintegration during circulation.”'®
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Figure 1. Graphical representation of PCL-G3 LDBCs forming vesicles in water by nanoprecipitation while encapsulating a hydrophobic imaging/

photothermal agent.

On the other hand, polymersomes (polymeric vesicles) made
of biodegradable amphiphilic BCPs have shown superior
physicochemical properties when compared to PMs. Polymer-
somes have been shown to exhibit enhanced stability, extended
circulation times, and slow release of the therapeutic agent.
The reason for this high stability and longer retention time is
based on their low CAC values (i.e., relative to PMs) and the
slow exchange dynamics of the amphiphilic block copolymers
that form the nanoparticle.”” ** Furthermore, the improved
colloidal and mechanical stabilities of these polymersomes
make them a better candidate than PMs to be utilized in
nanomedicine.”**°

In the synthesis of these biocompatible PNs, polylactic-co-
glycolic acid (PLGA), poly(lactic acid) (PLA), and poly-
(ethylene glycol) (PEG) are currently employed and have
been mostly used in the synthesis of linear BCPs.'>*
Biocompatible linear dendritic block copolymers (LDBCs),
generally referred to as hybrid materials, are a unique type of
novel amphiphilic BCPs that have proven to be efficient and
highly effective in nanomedicine.”””* By combining the
desirable properties of both linear and dendritic (i.e.,
branched) macromolecules, these copolymers produce a
composition of segments with unique molecular architectures
and exceptional chemical properties. Recently, we reported an
accessible and robust synthetic methodology for the
preparation of a library of LDBCs."” Bilayer vesicles were
observed for the systems consisting of hydrophobic portions
>50 wt % (CAC <6.59 mg/L) and attracted particular interest
due to their biomimetic nature (i.e, resembling biological
vesicles). This work has laid the foundation for a diverse library
of biocompatible and biodegradable materials, which provides
evidence of potential applications in nanomedicine.

Herein, we present a novel library of LDBCs composed of
PCL (hydrophobic) and polyamidoamine (PAMAM) (hydro-
philic) as PNs for theranostic nanomedicine (Figure 1). A
library of S0, 70, and 90 (i.e., weight percentage concerning
PCL) LDBCs were synthesized, and their compositions were
confirmed. Nanoparticles were then formed in aqueous media
by nanoprecipitation, and the resulting structures were studied
by dynamic light scattering (DLS) and transmission electron
microscopy (TEM). As a proof of concept study in
theranostics, the capacity of the NPs to encapsulate hydro-
phobic or hydrophilic molecules was demonstrated. Potential
uses in photothermal therapy were studied using a hydro-
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phobic indolizine cyanine dye (C3).”” Finally, the cytotoxicity
of C3-loaded nanoparticles was evaluated with human
embryonic kidney (HEK) and Drosophila (S2) cells by lactate
dehydrogenase (LDH) assay.

B EXPERIMENTAL SECTION

Materials and Methods. Common solvents and reagents were
purchased from commercial suppliers and used as received without
additional purification. Tetrahydrofuran (THF) and N,N-dimethyl-
formamide (DMF) were purified using a solvent purification system.
PAMAM-G3-Boc and C3 were prepared as previously reported.'>*’
All of the synthetic procedures were conducted under an ultrapurified
nitrogen atmosphere using standard organic synthesis techniques
(e.g, Schlenk line) 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 high vacuum
(=100 kPa) for S days before use. The macroinitiator (PAMAM-G3-
Boc) used for ring-opening polymerization (ROP) was freeze-dried
prior to use. All starting materials used for the ROP were weighed 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 (§) 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. (CDCl;: 6H 7.26 ppm, 6C 77.16 ppm; MeOD: 6H
3.31, 4.87 ppm, DMSO-ds;: 6H 2.50 ppm, 6C 39.52 ppm).
Abbreviations used are s (singlet), d (doublet), t (triplet), q
(quartet), m (multiplet), and/or b (broad). 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). Samples were prepared 1 day in advance and then filtered and
diluted within 1 h of the experiment. For the room-temperature TEM,
carbon-coated, 300 mesh grids were plasma-cleaned just before
applying the sample solution. Negative staining was carried out
immediately, followed by applying a 1% uranyl formate solution to the
grid. For the cryo-TEM, grid freezing was achieved by using a Mark
IV Vitrobot (FEI Co., Hillsboro, OH). Blotting parameters were
optimized for each sample: usually, two, 1-s blots with a force of 0, +1,
or +2 or alternately one, 2-s blot with a force of 0 or —3. Prepped
grids were kept in liquid nitrogen until moved to a 626 Single Tilt
(Gatan Inc., Pleasanton, CA) cryo transfer holder. Grids were imaged
via a JEOL 1230 TEM, using a 100 kV accelerating voltage. Images
were captured with a CCD camera (Gatan 831 Orius) and analyzed
using the Digital Micrograph software. Tissue culture cells were
grown under standard conditions. HEK293 cells were cultured in
standard Dulbecco’s modified Eagle’s medium (DMEM) media
containing 10% fetal bovine serum (FBS) and antibiotics (e.g,
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Scheme 1. General Synthetic Route to LDBCs, PCL-G3; Example of 90:10 (90-PCL-G3) LDBC Obtained by ROP of &-
Caprolactone Monomer Initiated by a PAMAM-G3-Boc Macroinitiator (1) to Yield PCL-G3-Boc (2), Which Is Then
Deprotected to Afford the Final Amphiphilic PCL-G3 LDBC (3)
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penicillin/streptomycin) under a 37 °C CO,-injected incubator.
Drosophila S2 cells were kept in Schneider media containing
antibiotics (e.g, penicillin/streptomycin) and 10% FBS. S2 cells
were grown at 26 °C.

General Synthesis. As outlined in Scheme 1, a generation 3
PAMAM dendron with a hydroxyl focal point (PAMAM-G3-Boc) was
utilized as the macroinitiator for the ROP of e-caprolactone to
synthesize the linear segment of the block copolymer. The PAMAM
dendron was synthesized according to a previously reported
procedure in which ethanolamine acted as the focal point."> To
preserve the hydroxyl focal point as the principal nucleophile, the
terminal amine groups were protected with di-tert-butyl dicarbonate
(Boc).'* Boc-protected LDBC intermediates (i.e., before making the
dendritic portion hydrophilic) were made by the ROP of e&-
caprolactone, employing Sn(Oct), as the catalyst. Different weight
ratios of the LDBC intermediates with respect to PCL (i.e., 90, 70,
and 50%) were obtained by varying the feed ratio for the lactone
monomer. In regard to the total weight of the amphiphilic (Boc-
deprotected) block copolymer, note that the percentages denote the
weight ratio with respect to the hydrophobic segment. As an example,
when an LDBC is labeled as 90%, the nomenclature indicates that the
hydrophobic polymer segment (PCL) contains 90% of the weight of
the block copolymer: 90-PCL-G3. Amine Boc protection was
removed using trifluoroacetic acid (TFA) to make the dendritic
portion hydrophilic and obtain amphiphilic LDBC systems (abbre-
viated as PCL-G3 in the main text).

Characterization of Boc-Protected Intermediates. Proton
NMR spectra of all intermediates (PAMAM dendrons and Boc-
protected) were collected using a Bruker Avance spectrometer
(Bruker, Germany) operating at 400 or 300 MHz. Either MeOD,
DMSO-d,, or CDCl; was used as the solvent with TMS as an internal
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standard. The degree of polymerization (DP) of PCL was calculated
by 'H NMR. The molecular weight and the polydispersity index
(PDI) of each LDBC intermediate were obtained via gel permeation
chromatography (GPC) using DMF as the mobile phase. GPC
measurements were carried out on a Waters Alliance HPLC System at
50 °C at a flow rate of 0.3 mL/min using a 2695 Separation Module
equipped with 2 Tosoh Bioscience columns (TSKgel Super HM-M),
a Waters 2414 DRI, and a Waters 2998 Photodiode Array Detector
(PDA). The data was evaluated using Waters Empower 3 software.
The GPC system was calibrated using polystyrene standards.

Preparation and Characterization of Self-Assembled Ag-
gregates. Thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) analysis were employed to evaluated
the thermal stability of the LDBCs. For each sample, a platinum pan
was used, and the thermal studies were conducted under a nitrogen
atmosphere at temperatures ranging from 25 to 400 °C at a ramp rate
of 15 °C/min. The results were analyzed using the MUSE Analysis
software. A TA Instruments DSCQ1000-0620 v9.9 was used to collect
DSC scans at ramp rates of 20 °C/min with three heating/cooling
cycles. The data was analyzed using TA Instruments software,
Universal Analysis 2000 4.4A.

The LDBCs possessing weight ratios of 90:10, 70:30, and 50:50
(with reference to PCL) were formed into nanoparticles by employing
nanoprecipitation.*”*’! Using a glass vial, THF (200 yL) was added as
the organic solvent to dissolve 1 mg of LDBC. The resulting solution
was added (dropwise) to a second vial containing MilliQ water (1
mL) while gently stirring and sonicating. THF was removed by
allowing it to evaporate under constant airflow. Formulations were
allowed to equilibrate for 12 h before testing.

Nanoparticle size and zeta potential ({-potential) measurements
were conducted on a Zetasizer Nano ZS (Malvern Instrument) using
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a He—Ne laser (633 nm) detector angle of 173° at 25 °C. The
nanoparticle concentration was 1 mg/mL, and all measurements were
done in triplicate to ensure consistency. The morphological study of
the aggregates formed from the LDBCs was carried out by
environmental TEM and cryo-TEM.

CAC measurements were acquired via fluorescence spectroscopy
and DLS. The fluorescence probe method was carried out according
to a previously reported procedure.'® A series of eight concentrations
ranging from 107° to 107" mg/L were used for the experiment. The
fluorescence spectra were collected on a Varian Cary fluorescence
spectrometer (Agilent Technologies). For the DLS method, the same
concentration series was prepared, and the measurements were taken
at 25 °C. The measurements were repeated three times to assure
reproducibility. By plotting the intensity of scattered light as a
function of polymer concentration (mg/L), the CAC was determined.

Encapsulation Studies. Rhodamine-B (RhB), curcumin, and
indolizine cyanine (C3) dye® were separately loaded into nano-
particles. Chemical structures and absorbance profiles for each dye are
included in the Supporting Information (SI). The encapsulation
efficiency (EE%) and dye loading efficiency (DL%) were determined
for each molecular species. For curcumin-loaded vesicles/micelles,
curcumin (1 mg) and block copolymer (2 mg) were dissolved in THF
(200 L) and added dropwise to MilliQ water (2 mL) while stirring
and sonicating. THF was removed by allowing it to evaporate under a
stream of nitrogen. Formulations were allowed to equilibrate for 12 h,
and the unloaded dye was filtered out using a 0.45 um syringe filter.
Then, water was removed by freeze-drying, and the dye-loaded
nanoparticles were redissolved in THF (S mL). The curcumin
concentration was estimated by using a Cary 6000 UV—visible
spectrophotometer at 423 nm based on the standard calibration curve
obtained from free curcumin in THF. A similar procedure was
followed for C3 dye (1 mg), and UV—visible measurements were
taken at 705 nm. DL% and EE% were calculated using the following
formula

o (Mc)
DL (%) = 100 x TS YA]
EE (%) = 100 X ((AAZS))

with Mc = mass of curcumin or C3 in the nanoparticle, Mp = mass of
LDBC, and M¢; = mass of curcumin or C3 initially added during
nanoprecipitation.32

For RhB encapsulation, RhB (10 mg) was dissolved in MilliQ water
(2 mL) in a vial, and the polymer (2 mg) was dissolved in THF (200
uL) in a separate vial. The polymer solution was added into the RhB
solution dropwise while sonicating and stirring. The resulting mixture
was dialyzed with a 3.5 kD dialysis bag in water until all of the
untrapped dye escaped as determined by testing the outer solution
using a UV—vis spectroscopy at 554 nm until no dye was detected.
The amount of unloaded dye was calculated via a UV—vis data
analysis with a standard calibration curve. Then, the encapsulated dye
amount was calculated by subtracting the unloaded dye amount from
the initial weight. DL% and EE% were calculated using the same
formula used for the curcumin studies.

Optical Activity of C3-Encapsulated Nanoparticles. Excited-
state lifetimes were obtained from femtosecond transient absorption
spectroscopy (fsTAS) measurements for both C3 and C3-
encapsulated. The fsTAS measurements were performed using a
femtosecond transient absorption spectrometer (Ultrafast Systems
Helios Fire) and a Ti:sapphire regenerative amplified laser system
(Coherent Astrella). Both samples were placed in a 2 mm cuvette and
excited by a 695 nm beam generated by pumping an OPerA Solo
optical parametric amplifier (Coherent) with the 800 nm fundamental
output of the fs amplifier. Kinetic traces were obtained by plotting the
AA at 480 nm for both samples over time, where the transient of both
the encapsulated and nonencapsulated samples strongly absorbed.
Absolute quantum yields for both samples were obtained with a
Horiba Quantamaster 8075-21 spectrofluorometer and an integrating
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sphere. A xenon lamp monochromated to 695 nm served as the
excitation source.

Storage Stability of C3-Encapsulated Nanoparticles. The
storage stability of C3-encapsulated nanoparticles was evaluated by
means of both dynamic light scattering (DLS) and absorbance
spectroscopy. For the DLS method, C3 (1 mg) and LDBC (2 mg)
dissolved in THF (200 uL) were added dropwise to MilliQ water (2
mL) while stirring and sonicating. THF was removed by allowing it to
evaporate under a stream of nitrogen. Formulations were permitted to
equilibrate for 12 h, and the unloaded dye was filtered (removed)
using a 0.45 um syringe filter. Particle size and the PDI were
measured in 24 h intervals over S days and then 48 h intervals up to
10 days. Measurements were carried out on a Zetasizer Nano ZS
(Malvern Instrument) using a He—Ne laser (633 nm) having a
detector angle of 173° at 25 °C. To evaluate the stability of the
formulations, the percent change in the size and PDI was plotted
against the number of days.

For the UV—vis method, the samples were prepared using the same
procedure mentioned in the DLS method. Absorption intensities were
obtained using a Cary 600 UV—visible spectrophotometer in 24 h
intervals for S days and then 48 h intervals up to 10 days. To assess
the stability of the formulations, the percent decrease in the maximum
intensity (A,,,;) was plotted against the number of days.

In Vitro Cell Uptake and Cytotoxicity Assay. Following self-
assembly, C3-encapsulated nanoparticles were added to tissue culture
media. HEK293 cells were grown under standard conditions (37 °C,
5% CO,) in DMEM media with 10% FBS. S2 cell cultures were
preserved in S2 media with 10% FBS at 25 °C. Distribution of dyes
following the uptake was visualized with a laser scanning confocal
microscope (Zeiss LSM 510 META) following a 24 h incubation with
the nanoparticles. Cells were co-stained with a LysoTracker Green
DND-26 (Invitrogen) to simultaneously image lysosomes. Cytotox-
icity of the nanoparticles was then determined with a CyQUANT
LDH Cytotoxicity Assay Kit (Invitrogen) using a microplate reader
(BioTek Synergy H1). Differences in viability between loaded and
unloaded particles at different concentrations were determined by a
Tukey honestly significant difference (HSD) test.

In Vitro Photothermal Assay. HEK cells near 100% confluency
were treated with 500 ng of polymers and incubated overnight in 5%
CO, at 37 °C. A 633 nm laser (5 mW) was used to irradiate cells for 8
min, followed by incubation for 2 h. Afterward, cell death was assessed
with a LIVE/DEAD Cell Imaging KitTM Invitrogen following the
manufacturer’s protocols. Confocal microscopy was then used to
assess cell death through fluorescence (568 nm excitation, >S80 nm
emission) of propidium iodide accumulation in cell nuclei (red
channel). The number of dead cells was counted in three biological
replicates. A one-tailed t-test was used to assess the statistical
significance between loaded and unloaded nanoparticles.

B RESULTS AND DISCUSSION

Design and Synthesis of PCL—PAMAM LDBCs. In this
work, we aim to explore the potential applications of LDBC
systems based on PAMAM and polyesters. Molecular
architecture design and selection of the polymer types for
each block were made with a focus on potential end uses as a
biomaterial. Often referred to as the “artificial protein” because
of its biomimetic characteristics,>> a G3 PAMAM dendron was
used as the hydrophilic segment due to its highly branched
architecture that offers unique interfacial and functional
performance. Furthermore, the dendrimer interiors can be
designed and modified to facilitate the encapsulation of a vast
array of guest molecules via noncovalent interactions (i.e.,
hydrogen-bonding, ligand, or acid—base interactions).>* For
the hydrophobic segment, PCL was used. PCL-containing (as
a primary component) materials have been accepted by the
Food and Drug Administration (FDA) for use in surgeries,
which provides evidence of safe practice in humans. PCL
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Figure 2. '"H NMR overlay of the (a) macroinitiator (PAMAM-G3-Boc), (b) LDBC intermediate (70-PCL-G3Boc), and (c) LDBC after Boc

deprotection (70-PCL-G3) in CDCl,.

Table 1. Molecular Weight Characterization of PCL—PAMAM LDBCs of Varying Weight Ratios by GPC (Chromatograms are

Shown in Figure S8)

'H NMR GPC
system” My, DPy, M,, (g/mol) DP M, (g/mol) M, (g/mol) b
90-PCL-G3Boc 17 465 132 18211 138 10 185 15902 1.56
70-PCL-G3Boc 6564 34 6564 34 5548 8850 1.59
50-PCL-G3Boc 4127 15 3944 13 3702 5733 1.56

“The notation of PCL-G3 denotes the LDBC composition, where PCL connected to a G3 PAMAM with a weight percentage is in respect to the
lactone monomer used; My, theoretical molar mass; M,, number average molar mass; M,, weight-average molar mass; and D, dispersity.

exhibits a high permeability to drugs and has a lower acidic
degradation rate than other aliphatic polyesters.” The low T,
(—60 °C) of PCL and its exceptional rheological properties
make it an appropriate candidate for various applications in the
biomedical field.”®

The general synthesis of PCL-G3 is depicted in Scheme 1.
Previous work has been reported on the synthesis of LDBCs
via copper (Cu) click chemistry approaches. However, these
approaches have limitations due to involving multistep
syntheses to achieve different weight ratios of the blocks.
Such protocols require excess addition of one reactant to
achieve high yields and demand additional purification steps to
remove the excess reactants from the reaction mixture.’”*"
Here, we took an approach that uses Boc-protected PAMAM
(G3) containing a hydroxyl focal point to initiate the ROP of
e-caprolactone with a Sn(Oct), catalyst. By changing the
monomer feed ratio, a library of PCL-G3-Boc LDBCs were
synthesized with mass ratios of 90:10, 70:30, and 50:50 PCL to
PAMAM.

The heavy metal-containing catalyst concentration should be
kept at the minimum possible level to avoid potential toxicity-
related issues in biological systems. Therefore, polymerization
kinetic studies were carried out to identify the minimum
catalyst concentration (Figures S5—S7). We observed that the
LDBC systems, which have PAMAM > 30 wt % (i.e., 70-PCL-
G3 and S0-PCL-G3), required higher catalyst loading than the
90-PCL-G3 system. This may be due to the deactivation of the
catalyst via coordination between the metal center and the
PAMAM dendron. Additional polymerization kinetic studies
are provided in the SI (Figure S7). Catalyst equivalents of 0.3—

5668

0.6 (i.e., 0.3 for 90-PCL-G3 and 0.6 for 70-PCL-G3 and S0-
PCL-G3) per hydroxyl focal point were used with the LDBC
systems studied here.

As shown in Figure 2, an overlay of 'H NMR spectra
displays characteristic resonance peaks corresponding to the
Boc-protected macroinitiator (2.19—3.69 ppm; Figure 2a) and
PCL (1.38, 1.64, 2.30, 4.05 ppm; Figure 2b,c) in CDCl,
(Figures S1—S4). Peaks representing both blocks are shown in
the spectrum of the LDBC intermediate before the Boc
deprotection (Figure 2b). After the Boc deprotection, a drastic
reduction in the intensity of the resonance peaks correspond-
ing to PAMAM is observed, yet signals corresponding to PCL
remained visible. The suppression of PAMAM signals is
presumably due to a change in relaxation time that is caused by
a phase change. Note that deprotected PAMAM exhibits a
decrease in solubility when placed in an organic solvent. This
insolubility leads to a solvent-driven nanoaggregation that
helps to shield the hydrophilic PAMAM from the organic
solvent resulting in a reverse-phase nanoaggregation, where
PCL is the outer shell and PAMAM is the inner core. Upon the
formation of these reverse nanoparticles, PAMAM experiences
a phase change from the solution phase to the aggregation
phase. This phase change can be considered as the reason for
the change in the relaxation time for the PAMAM protons as it
is frozen or locked in the core of the nanoparticle. Similar
behavior was observed with previously reported amphiphilic
LDBCs.' ™

Molecular Weight Analysis of LDBCs. The molar mass
and DP of the Boc-protected intermediates were calculated
using 'H NMR spectroscopy. The characteristic PAMAM
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resonance signal at 3.30 ppm (with 46 protons) was used as
the reference peak, and the PCL peak (methylene protons) at
4.05 ppm was integrated with respect to PAMAM to calculate
the DP. Molar mass calculations from 'H NMR were
supported by the GPC data, which are given in Table 1.
Since evidence of reverse aggregate formation from the LDBCs
in less polar organic solvents is observed, the Boc-protected
intermediates were analyzed due to the 'H NMR signals
appearing in a more molecular form. GPC chromatograms are
included in the SI (Figure S8).

Thermal Analysis. Thermal analysis was achieved via TGA
and DSC using deprotected LDBCs. In this regard, all LDBCs
of study possess NH;" end groups, unless otherwise noted.
TGA is a well-known method for assessing polymer backbone
and architectural structure.”” The polymeric composition can
be deduced by the qualitative characterization of the
degradation process shown by the weight loss percentage
(AW) and the inflection point temperature (T;).*" All of the
measurements were taken under nitrogen conditions at a
heating rate of 10 °C/min and are shown in SI (Figures S9 and
S10). Two significant transitions in the slopes of the
degradation curves were observed for all of the LDBCs. Each
slope change corresponds to the decompositions of the phase-
separated PAMAM and PCL blocks. The Ty and AW data
(Table 2) suggest that the first degradation step is due to the

Table 2. Thermal Analysis Data (TGA) Confirming the
Weight Ratios for Each LDBC”

composition first step second step
P AW i AW
system PAMAM PCL (°C) (wt %) (°C) (wt %)
90-PCL-G3 10 90 214 9 379 88
70-PCL-G3 30 70 216 28 312 65
S0-PCL-G3 S0 0 215 45 288 40

“Ty, inflection point temperature; and AW, weight loss percentage.

PAMAM block and the second to the PCL block. For example,
in 70-PCL-G3 (70 wt % PCL) (Figure 3), two weight loss
steps, the former of 28% and the latter of 65%, were observed,
which correlate to a theoretical weight ratio of 30:70
(PAMAM/PCL). Similar results were obtained with the
other two systems (Table 2 and Figures S9 and S10). These
correlations between the weight ratio of the blocks, Ty, and the
weight loss percentage after each degradation step provide
qualitative evidence for the reliability of the synthetic
methodology employed.

With the synthetic strategy established, the weight of the
hydrophilic PAMAM portion was kept constant, and the
weight of the hydrophobic PCL portion was changed
accordingly to obtain the desired wt % ratios. The same
trend can be seen when comparing the Ty values at two
thermal steps. The first step corresponds to the decomposition
of PAMAM and shows a minimal change in T, values between
different systems (only 1 °C fluctuation). The second step
corresponds to the decomposition of PCL and shows a
significant decrease of Ty between the LDBCs when decreasing
the PCL weight ratio (Table 2). 90-PCL-G3, which has the
highest weight ratio of PCL, shows the largest T4 (379 °C)
when compared to 70 and 50-PCL-G3 with Ty values of 312
and 288 °C, respectively. This trend suggests that the
molecular architecture of the LDBCs has the same PAMAM
block but different PCL chain lengths. DSC thermograms
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Figure 3. TGA (green) and derivative thermogravimetry (DTG)
(black) thermograms for 70-PCL-G3 under nitrogen. (The arrow
indicates the midpoint between the two major thermal events.).

showed a peak at 54 °C for 90-PCL-G3, which is hypothesized
to be the melting temperature (T,,) of PCL in the LDBC as
the reported melting point range for pure linear PCL is 59—64
°C, and the T, of PCL homopolymer is —60 °C (Figure
S11).*° T, was shown to decrease as a function of the
polyester type and hydrophobic mass ratio. 70-PCL-G3 and
50-PCL-G3 exhibited 50.4 and 47.3 °C T, values, respectively
(Figures S12 and S13). In addition, the peak shape changes
from sharp and intense to broad when the hydrophobic wt %
decreases, suggesting a critical influence of the PAMAM block
on the properties of the linear polyester. Such changes in
polymer properties due to diblock formation are well known in
the literature and point to the combinatory contribution of
both PCL and PAMAM in the LDBC."****

Self-Assembly and Morphology. The self-assembly into
nanoparticles of the LDBCs in water was done using the
nanoprecipitation method.** The sizes and morphologies were
studied using DLS (Table S1) and TEM (Figures 4 and S14
and S15). The intensity-average DLS size distribution shows
that the 90-PCL-G3 LDBC forms aggregates of approximately
96.4 nm in hydrodynamic diameter (D,), while the Z-average
size shows a diameter of 77.8 nm, which indicates the presence
of a smaller particle distribution as well. Cryo-TEM images
(Figure 4) confirm the presence of two significant distributions
of spherical particles with an average diameter of 71.1 nm,
which correlates with the Z-average diameter observed from
DLS. Although it is not evident from the cryo-TEM images
herein, previous studies have shown that the LDBCs having
hydrophobic (polyester) wt % >70% form bilayer
vesicles.'>*>*® Uranyl formate was used as a contrasting
agent to improve the visibility of the PCL bilayer. The
contrasting agent accumulates more in the dense polyester
bilayer, and this can be seen as a darker region in the room-
temperature TEM image (Figure S14). Using these lighter and
darker regions of the TEM image, indirect evidence can be
obtained about layered vesicle morphologies.*”

Aggregates formed from 70-PCL-G3 LDBCs exhibited high
polydispersity with an average Dy, of 45.6 nm and a PDI of
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Figure 4. Nanoparticles formed by (a) 90-PCL-G3, (b) 70-PCL-G3, and (c) S0-PCL-G3 under cryo-TEM, 1% uranyl formate as the contrast

agent. Additional analysis is included in the SI (Figures S14 and S15).

0.50. Size distribution by intensity shows a polymodal
distribution with two significant sizes of 51.6 and 359.4 nm,
which result from the secondary aggregation of regular
nanoparticles. This hypothesis was supported by TEM images,
which show two major size distributions of spherical shaped
particles with average diameters of 48.1 and 29.8 nm.
Additional secondary clusters made of smaller particles
correspond well with the polymodal distribution observed in
DLS (Figure S15). Furthermore, additional TEM images with
a contrast agent suggest vesicle morphologies for these
spherical shaped particles formed by 90-PCL-G3 and 70-
PCL-G3 LDBC systems (Figure S14).

In comparison with 90 and 70, S0-PCL-G3 also showed a
high polydispersity of 0.53 and a polymodal distribution in the
DLS intensity plot, where the major distribution showed a Dy,
of 221.4 nm and a minor distribution of 16.7 nm. The majority
of the particles were seen as clusters in the TEM images, which
explains the high polydispersity and larger size DLS
distributions. Isolated particles from the clusters showed a
spherical shape with an average diameter of 14.0 nm and
assumed to be core—shell micelles because the PCL bilayer
was not visible in the TEM images (Figure S15b). The
morphological evidence obtained from the TEM analysis was
further supported by encapsulation studies described below.

When considering the sizes of the individual particles
(isolated particles form clusters), a decreasing trend was
observed, and more aggregation of the particles into clusters
was shown. We hypothesize that the smaller particles (70-PCL-
G3 and 50-PCL-G3) tend to form larger aggregates to decrease
the relative surface energy, while the LDBC solution that has
larger particles (90-PCL-G3) shows minimum secondary
aggregation. It is well established that there is an inverse
proportional relationship between the diameter of the spherical
nanoparticles and the relative surface energy.**"” This
postulation can be further supported by the Brownian
agglomeration mechanism. In this case, the formation of larger
aggregates results from particles colliding and fusing as a result
of their random motion.”” For this study, temperature (the
main factor affecting Brownian motion), sample volume, and
material concentration were kept constant among all of the
trials. Therefore, the smaller particles should have higher
kinetic energy than the larger particles and thus gain higher
velocities. This leads to a higher collision rate of the particles
and makes more aggregates/clusters in the systems that have
smaller nanoparticles.*’

The observed morphologies follow previously reported and
established morphological trends, which can be explained using
the packing of the copolymer chains and molecular
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curvature.****' 753 The packing parameter (p), established
by Israelachvili et al. and defined in eq 1, combines copolymer
properties to predict the curvature and the prepared

morphologiessz_55
o= v
a,L. (1)

In eq 1, v is the volume of the hydrophobic chains, a, is the
optimal area of the head group (hydrophilic PAMAM block in
our case), and L, is the hydrophobic chain length. According
to the theories of self-assembly, p should be less than 1/3 to
form spherical micelles and between 1/2 and 1 to form
vesicles/polymersomes.*”*"*>** For these LDBCs, a, remains
constant because the hydrophilic block is the same for all
systems. Therefore, p is defined by the weight ratio of the
hydrophobic block. When the weight ratio of the hydrophobic
block is >70%, the higher volume and length lead to the
formation of vesicle-like structures. Spherical micelle structures
obtained from 50-PCL-G3 can also be explained similarly.

Surface charges ({-potential) of the nanoparticles ranged
from 37.0 to 724 mV. The lowest {-potential value was
obtained for the 90-PCL-G3 system, which showed the highest
monodispersity and did not have larger secondary aggregates.
For the other two LDBC systems that had larger secondary
aggregates, higher surface charges were observed (Table S1).
This trend can be explained from the {-potential distribution
plots of each system, where 90-PCL-G3 shows a monomodal
and a narrow distribution that correlates with the PDI
observed from DLS. Nevertheless, for 70-PCL-G3 and 50-
PCL-G3, bimodal/polymodal distributions are observed with
peaks corresponding to higher surface charges, which are
assumed to be from the larger secondary aggregates (Figures
§19—S21). Such values are viewed as highly stable in colloidal
research, and those of 20—30 mV are prevalent in the drug
delivery literature.”®*” In general, positively charged nano-
particles can penetrate cell membranes easily since they are
commonly known to be negative.”**” Since the high ¢-
potentials for the LDBC nanoparticles are concerning, in vitro
cytotoxicity studies were undertaken. These studies (vide
infra) show that the cell death induced by these polymeric
nanoparticles is <15% at the highest concentrations, which
provides a preliminary indication that these materials are
nontoxic to biological systems.

The CAC for the LDBCs ranges from 0.67 to 6.16 mg/L as
determined by a fluorescent probe (pyrene), which provides
further evidence of stable nanoparticles. DLS analysis shows a
nonlinear relationship between LDBC concentration and
scattering intensity, confirming the presence of nanoscale
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vesicles/micelles above the CAC (Figure S22). The CAC
varied among the LDBC systems, with an observed depend-
ence on hydrophobic wt %. The CAC is one of the basic
parameters that defines the thermodynamic stability of a
nanoparticle. Lower CAC values indicate higher thermody-
namic stability. When the polymer chains have a higher
number of points of interactions, higher thermodynamic
stability is gained and leads to lower CAC values."> Lower
CAC values were exhibited by LDBCs, which have longer PCL
chains. The CAC for 90-PCL-G3 (0.67 mg/L) was the lowest
(10-fold lower than S0-PCL-G3, 6.2 mg/L) due to its
increased hydrophobic interactions among the longer PCL
chains.*>° The values for 70-PCL-G3 and 90-PCL-G3 (Figure
§22) are analogous to those found in the literature and
correlate to their potential as exceptional biomaterials.®' ~®*

Encapsulation Studies. As our goal is to evaluate the
potential of these nanoparticles as carriers in therapeutic
delivery and/or theranostics, the ability to uptake hydrophobic
or hydrophilic molecules was studied. As a hydrophobic drug
model, curcumin, chemically referred to as diferuloylmethane
(Figure S23), was selected. This is a highly hydrophobic small
molecule that exhibits antioxidant, anti-inflammatory, and
anticancer properties.””*> Because aggregates formed from 90-
PCL-G3 and 70-PCL-G3 show evidence of bilayer vesicle
formation in an aqueous medium, we hypothesized that these
LDBCs would improve the water solubility of curcumin via the
encapsulation into the PCL bilayer of the vesicle. Figure S
validates the solubilizing abilities of the LDBCs (Figure Sa)
and enhanced drug-applicable curcumin loaded in all three
LDBC systems (Figure Sb—d).

Figure S. (a) Left, a dispersion of curcumin in H,O; and right,
curcumin-loaded 90-PCL-G3, (b) magnified image of curcumin-
loaded 90-PCL-G3, (c) curcumin-loaded 70-PCL-G3, and (d)
curcumin-loaded 50-PCL-G3. (Curcumin and the LDBC concen-
trations were kept at 0.5 and 1.0 mg/mL, respectively, for all of the
systems. ).
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In the absence of 90-PCL-G3, curcumin is entirely insoluble.
Figure Sa (left) shows where precipitated curcumin is visible at
the bottom of the tube and adheres to the sample vial as a
separate layer on the water surface. In contrast, the
encapsulation of curcumin in 90-PCL-G3 nanoparticles
(Figure Sa, right) provides a homogeneous and transparent
yellow-orange solution. As shown in Figure Sb,c, LDBCs
containing hydrophobic portions at >70 wt % increased the
solubility of curcumin by giving clear homogeneous solutions,
while 50-PCL-G3 system exhibits a highly turbid solution with
sedimentation on the bottom of the vial (Figure 5d). The
presence of longer hydrophobic chains results in a significantly
higher EE% and DL% of curcumin (Table S2). This
observation correlates with the morphological differences
observed in TEM analysis. Nanoparticles showing the evidence
of bilayer vesicle morphologies (70-PCL-G3 and 90-PCL-G3)
encapsulated more curcumin and increased its solubility.
Furthermore, 90-PCL-G3 showed an enhanced DL% and EE%
toward curcumin than 70-PCL-G3, which suggests that the
higher hydrophobic wt % LDBCs more efficiently load
hydrophobic molecules. Encapsulation of curcumin in the
hydrophobic bilayer of the 90-PCL-G3 particles leads to an
increase in Dy, from 96.4 to 255.5 nm as determined with DLS,
suggesting an expansion of the particles upon encapsulation of
curcumin. Another possibility for this size expansion is
secondary aggregate formation upon the encapsulation.
However, the monomodal size distribution and 0.10 PDI in
DLS suggest that 90-PCL-G3 particles, upon loading, formed
no secondary aggregates (Figures S16 and S17). DLS analysis
of before and after encapsulation with 70-PCL-G3 shows a size
increase consistent with secondary aggregation from 359.4 to
550.5 nm after the encapsulation, which is an indication of
smaller aggregates forming larger secondary aggregates.”>” In
contrast with 90-PCL-G3, isolated vesicles (first distribution in
DLS; Figure S17) of 70-PCL-G3 did not show a significant
increase in size (only a 4 nm increase of Dy), which was
expected due to its relatively low loading efficiency (Table S2).
The DL% of 50-PCL-G3 is insignificant at <1% due to its
shorter hydrophobic chain and smaller particle size.
Furthermore, there was no increase in particle size after
curcumin encapsulation. It is interesting to note that the 90-
PCL-G3 can uptake the hydrophobic drug (curcumin) up to
21.7 DL% without making secondary aggregates while keeping
the PDI at 0.10, which is a positive indication of its potential to
be utilized in therapeutic delivery applications.

Rhodamine-B (RhB) (Figure S23), an amphoteric dye and
fluorochrome, was used to evaluate the uptake of hydrophilic
molecules. Both 90-PCL-G3 and 70-PCL-G3 systems showed
high DL% for RhB. There are three possible sites where
hydrophilic molecules can be loaded into the vesicles of 90-
PCL-G3 and 70-PCL-G3 LDBC systems: (1) the water pocket
that is trapped in the vesicle, (2) the inner PAMAM layers, and
(3) the outer PAMAM layers (Figure 1). S0-PCL-G3 has a
lower DL%, which can be explained by the lack of both the
water pocket and the inner PAMAM layer because of the
micelle morphology and the smaller particle size. This
observation provides indirect evidence for the morphologies
deduced from TEM analysis. When comparing the 90-PCL-G3
and 70-PCL-G3 systems, both have the same DL% values even
though the particles of 70-PCL-G3 are smaller in size before
the encapsulation. Interestingly, the 70-PCL-G3 particle size
has expanded and reached the same size as the 90-PCL-G3
system after dye encapsulation, which explains the similar
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encapsulation behavior of both systems. In addition, a decrease
in surface charge (down to a range between 24.2 and 39.6 mV)
was observed for all three systems after the encapsulation of
RhB, which can be an added advantage in potential therapeutic
delivery applications. This observation is yet to be explained,
and experiments with different hydrophilic molecules and
computational modeling are actively being carried out.

Benchmark Studies with Cyanine-Based Photother-
mal Imaging Agent C3. The preliminary encapsulation
studies with curcumin and RhB provide substantial evidence of
the ability of the LDBCs to uptake both hydrophobic and
hydrophilic molecules separately. Aiming to apply the LDBC
materials toward theranostics, we sought to increase the
solubility of a hydrophobic photothermal/imaging agent and
study the cellular uptake and toxicity of the agent-loaded
LDBCs. Recently, the reported near-infrared (NIR) emissive
cyanine dye C3 was selected for these studies.”” Cyanine-based
dyes are commonly used as imaging agents for photoacoustic
(PAI) and near-infrared fluorescence (NIRF) imaging. They
are capable of transforming absorbed NIR photons to heat as a
photothermal (PT) agent and to lower energy NIR photons
for an image-guided combinatorial phototherapeutic agent.
However, several bottlenecks limit the application of cyanine
dyes, such as solubility and instability in aqueous media, which
decrease their imaging and therapeutic potential.**~"°

As a benchmark for the application of LDBCs in
photothermal therapy, hydrophobic cyanine dye C3 (Figure
S23) was encapsulated in the 90-PCL-G3 and 70-PCL-G3
systems. The dye is not soluble in water, but encapsulation in
LDBCs increased its solubility dramatically (Figure 6a,c) to
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Figure 6. Top: dispersion of C3 in (a) water, (b) 70-PCL-G3 in water
(by nanoprecipitation), and (c) C3 encapsulated in 70-PCL-G3
LDBC nanoparticles in water. Bottom: vis—NIR emission overlay of
the dye in 1:1 ACN/H,O (yellow) and encapsulated nanoparticles in
water (blue) with excitation at 650 nm. (C3 and the LDBC
concentrations were kept at 0.5 and 1.0 mg/mL, respectively, for all of
the systems.).

afford DL% values of 4.3% for 90-PCL-G3 and 1.7% for 70-
PCL-G3. As the dye is insoluble in water, absorption, emission,
and the lifetime of the free dye were evaluated in a mixture of
ACN/H,0 (1:1) and compared with the encapsulated dye in
water. Nonencapsulated C3 has a low-energy absorbance
maximum wavelength (A1) and emission wavelength
maxima (A,,™°) of 696 and 728 nm, respectively (Figures
6 and S23). C3-loaded nanoparticles show only modest shifts
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of A, and A, with values of 693 and 720 nm,
respectively, in water. However, the absorption profile of the
dye does change significantly with a dramatic broadening of
the absorption curve from a half-peak height width of ~80 nm
to a half-peak height width of ~200 nm upon encapsulation.
Additionally, the higher-energy vibronic shoulder shifts from
approximately 25% of the 4,,,,"* peak height to approximately
80% of the A, peak height upon encapsulation. This
broadening and vibronic shoulder increase in intensity are
indicative of cyanine-type dye aggregation, as can commonly
be observed from neat films or at interfaces.”"””* Notably, the
emission curve shape did not change in a similarly dramatic
way relative to the absorption curve shape upon encapsulation.
The quantum yields for nonencapsulated and encapsulated C3
were measured to be less than 1%. Such values are not
uncommon for cyanine dyes in water with exceptionally
popular dyes such as indocyanine green, which is FDA-
approved and has been used routinely in surgical/diagnostic
settings for multiple decades.”® Furthermore, the lifetime (7) of
the excited state was evaluated before and after encapsulation
(Figure S24). The kinetic trace for the nonencapsulated C3
solution was fit using a single-exponential decay function and
gave a lifetime of 10.24 ps. The C3 LDBC system was fit using
a double exponential with a short component of 7 = 11.47 ps
and a longer component of 7 = 106.51 ps. The double-
exponential nature of the encapsulated C3 suggests either the
presence of both the free dye and its encapsulated form during
measurements or a dynamic process occurring upon photo-
excitation. Given the dramatically longer lifetime of C3 when
encapsulated, the nanoparticles are capable of inducing an
extended excited-state lifetime of an encapsulated dye. This is
most likely due to an increased delocalization of the excited
state due to C3 molecular aggregation occurring inside of the
nanoparticle.”*

The storage lifetime of the delivery system (carrier of the
therapeutic agent) is a crucial factor in biomedical applications.
For the LDBC nanoparticles, the change in the PDI and the
size of the nanoparticles (with no C3 loading) were
insignificant after 10 days (Figure $25), and no visual variances
(ie, no color change or precipitate) were observed. This
indicates that the nanoparticles, without any dye loading, are
stable in an aqueous media for up to a minimum of 10 days.
Upon C3 encapsulation (loading with the dye), an increase in
PDI (increase by 0.037 for 70-PCL-G3 and 0.184 for 90-CL-
G3) and a change in particle size (<10 nm) were observed.
Similar changes in particle size and dispersity upon loading
have been observed.”””" After the encapsulation of C3, the
PDI remained without a significant change for S days, but a
0.03 increase in PDI was observed between the fifth and
seventh days of testing. The particle sizes remained within a
normal distribution between 53.2 and 63.8 nm for 7 days
(Figure S25). In addition, we monitored the percentage of the
encapsulated dye remaining in the nanoparticles in 12—24 h
intervals using UV—vis—NIR absorbance spectroscopy. LDBC
nanoparticles were able to hold approximately 80% of the
encapsulated dye after 5 days. Almost a 50% drop of
absorbance intensity was observed between the Sth and 10th
days, which shows that the majority of the loaded dye is
released after S days. The combined results from the DLS and
absorbance spectroscopy indicate that the C3-encapsulated
nanoparticles are stable up to S days after the preparation.
Without specific preservation techniques such as PEGylation
or lyophilization, the observed storage lifetimes are impressive
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(scale bar = 25 pm).

and quite comparable to similar liposome-like nanoparticles
that have undergone cargo loading.”*~*’

In Vitro Cytotoxicity. The cytotoxicity of empty and C3-
loaded nanoparticles was tested in HEK and S2 cell lines. HEK
cells were selected as a representation of human cell
interactions, and S2 fruit fly cells were selected to represent
nonhuman animal cell interactions (Figures 7 and S26). After
treatment with 90-PCL-G3 and 70-PCL-G3 formulations
without C3, the cell viability was above 90 and 85% at the
highest concentration (500 nM) for HEK cells and S2 cells,
respectively (Figures 7 and $26; Table S3), which suggest a
general nontoxicity for both copolymers. Noticeably, however,
there is a lower cell survival rate of S2 cells at lower
concentrations of LDBCs. This can be explained by the
properties of the cell. S2 cells have been described as
macrophage-like cells; thus, they exhibit higher and more
efficient uptake properties relative to HEK cells.*"** As a
result, higher toxicity is observed for the S2 cells due to a more
efficient uptake of free polymer.

There was no significant increase in cell death with C3-
loaded nanoparticles at the same conditions, with the
exception of 90-PCL-G3 loaded with C3 introduced to the
cell environment in the highest concentration studied at 500
nM, where a modest reduction of cell viability of 17% is
observed (Figure 7 and Table S3). This could be a
consequence of some instability in vivo for this particular
formulation or LDBC (i.e., higher hydrophobicity content than
70-PCL-G3) that results in a release of C3 or precipitation of
the polymer aggregates, which perturbs cellular processes.83
Together, these results indicate that the encapsulation of the
selected imaging/photothermal agent does not induce
significant cytotoxicity at varied concentrations (Figure 7a,b).

As a potential cell imaging and phototherapeutic agent,
cellular internalization was evaluated by measuring fluores-
cence signals generated by C3-loaded nanoparticles within S2
and HEK cells via confocal microscopy (Figures 7 and $26).
Additionally, LysoTracker (green) was used to visualize
lysosomes and to assess the intercellular trafficking of cells
after treatment with dye-loaded nanoparticles (Figure
7¢,d).***> When overlapping the emission of LysoTracker
and the encapsulated NIR agent (Figure 7c,d,c’,d’), both
fluorescence signals are observed from the same regions of the
cells with overlap coeflicients of 0.74 and 0.85 for 90-PCL-G3
and 70-PCL-G3 loaded with C3, respectively. Fluorescent
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signals associated with C3 could be observed in HEK
cytoplasmic bodies, which partly overlaps with lysosomal
signals. This suggests a model where polymers interact
electrostatically with cellular membranes, followed by an
entrance into endosomes through routine internalization of
membranes. Once in the endomembrane system, the nano-
particles become trafficked, in part, to lysosomes. Similar
observations are made when analogous studies were conducted
with S2 cells with overlap coefhicients of 0.61 and 0.74 for 90-
PCL-G3 and 70-PCL-G3 loaded with C3, respectively (Figure
$26). The uptaken nanoparticles seen by the assay provide
supporting evidence confirming the low toxicity of the LDBC
materials with the loaded imaging/photothermal agent. Such
observations act as indirect evidence that dye-loaded nano-
particles are accumulated in lysosomes affording visualization
of the cellular compartment. As the polymers are designed
from biodegradable components, degradation of the nano-
carrier is expected to occur inside the lysosomes after imaging
with low toxicity. Further work is needed to study the
biological degradation of these materials and planned as a
follow-up study to this work.

Given the high molar absorptivity and emissive quantum
yield, C3 is expected to be a good photothermal therapy dye.”’
The preliminary phototherapeutic efficacy of C3-loaded
nanoparticles was evaluated in vitro. To assess the photo-
thermal capacity, a series of C3-loaded nanoparticles with
different concentrations were irradiated (633 nm), and the
temperature change was monitored (Figure S27). The
photothermal measurements were conducted as the temper-
ature change of a bulk solvent using a temperature probe in a
dilute solution of the material. Results indicate a less than 5§ °C
increase in temperature relative to a control sample (empty
PCL-G3 nanoparticles). Figure 8 summarizes the metabolic
activities of the HEK cells treated with C3-loaded nano-
particles with and without NIR exposure. HEK cells treated
with C3-loaded nanoparticles of 90-PCL-G3 and 70-PCL-G3
(500 nM) and irradiated with NIR light for 8 min showed
appreciable cell death. Results of the in vitro photothermal
assay indicate that for both 90-PCL-G3- and 70-PCL-G3 C3-
loaded nanoparticles, an increase in cell death is achieved after
laser exposure when compared to cells treated with laser
irradiation alone. Figure 8a,b shows an increased number of
dead cells marked by red fluorescence after laser exposure,
while Figure 8c demonstrates a statistically significant differ-
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ence in the number of dead cells before and after irradiation.
The results yield promising evidence of utilizing C3-loaded
nanoparticles, where PCL—PAMAM LDBCs act as carriers for
photothermal and imaging applications. While the observed
photothermal activity displays promise, additional studies are
needed to afford a highly efficient photothermal dye and
polymer construct.*>*”

B CONCLUSIONS

Amphiphilic PCL-PAMAM LDBCs are attractive for the
development of potential therapeutic delivery systems to be
utilized in nanomedicine. A feasible and robust synthetic
strategy was employed to construct a series of LDBCs by
changing the chain length of the hydrophobic segment. In
addition to the conventional structural characterization with
NMR and GPC, thermal analysis provided qualitative evidence
for the reliability of the synthetic strategy. According to the
variations in hydrophilic-to-hydrophobic weight ratios, we
observed various morphologies for their nanoparticles in water.
Evidence of polymersomes (bilayer vesicles mimics of
biological vesicles) was observed for LDBCs above 70%
hydrophobic (PCL) wt %, and these materials have the
potential to be used as biocompatible carriers in nanomedicine.
The CAC studies Erovide further evidence for the stability of
the nanoparticles.”” The CAC values for 70-PCL-G3 and 90-
PCL-G3 are similar to those reported in the literature and
correlate well to the capacity of the copolymers as efficient
biomaterials.”” ™" Preliminary studies showed that the LDBC
nanoparticles can uptake a hydrophobic therapeutic agent up
to 21.7 DL% without destabilizing the nanoparticle.
Furthermore, high loading (63% DL) efficiencies toward
RhB indicate that these nanoparticles can be employed to
deliver either hydrophilic or hydrophilic therapeutic agents.
Aiming to apply the material toward theranostics, we were
able to increase the solubility of a hydrophobic photothermal/
imaging agent, C3, by loading it into LDBC as nanoparticles.
These dye-loaded nanoparticles were successfully uptaken by
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HEK and S2 cells without inducing significant cell death. Even
though the nanoparticles show positive surface charges,
demonstrating minimal cell toxicity provides evidence for the
biocompatibility of the nanocarriers. We were able to induce
cell death by exposing the C3 dye (loaded into cells via
encapsulation in nanoparticles) to an NIR laser. Photothermal
studies of cell death after treatment with C3-loaded nano-
particles and upon laser exposure support a significant cell
death relative to control samples that were not exposed. This is
a positive and firm indication of the potential of these materials
as nanocarrier in nanomedicine. Ongoing research is aimed
toward the assembly of interesting LDBCs, utilization of
different photothermal and imaging agents to achieve
enhanced imaging and photothermal efliciencies, and under-
standing of nanoparticle stability via structural and surface
modifications.
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