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ABSTRACT: Photothermal therapy (PTT) is a promising treatment option for %
diseases, including cancer, arthritis, and periodontitis. Typical photothermal agents l""/eser ){
(PTAs) absorb light in the near-infrared (NIR)-I region of 650—900 nm with a % 9,

predominant focus around 800 nm, as these wavelengths are minimally absorbed by S "'. j Heat
water and blood in the tissue. Recently, interest has grown in developing nanomaterials o 0

that offer more efficient photothermal conversion and that can be excited by light close =PLGA o0 : N

to or within the NIR-II window of 1000—1700 nm, which offers less absorption by ® =;d[55'ggl'g] or

melanin. Herein, we report on the development of S,5-diphenyl isocorrole (5-DPIC) nis-DPIC] IC@PLGA

complexes containing either Zn(II) or Pd(II) (Zn[S-DPIC] and Pd[5-DPIC],

respectively) that absorb strongly across the 850—1000 nm window. We also show that poly(lactic-co-glycolic acid) (PLGA)
nanoparticles loaded with these designer isocorroles exhibit low toxicity toward triple-negative breast cancer (TNBC) cells in the
dark but enable efficient heat production and photothermal cell ablation upon excitation with 980 nm light. These materials
represent an exciting new platform for 980 nm activated PTT and demonstrate the potential for designer isocorroles to serve as

effective PTAs.

B INTRODUCTION regime.”~” NIR-II light also has better tissue tolerance, so
PTAs that absorb in this spectral region may provide effective
PTT with a greater safety window.'”"" Hence, more PTAs are
being designed to have strong NIR-II absorption and efficient
photothermal conversion. In this work, 980 nm light is used as
the excitation wavelength for PTT. The advantage of 980 nm
light is that it is less readily absorbed by melanin than 800 nm
light (the most common wavelength used for PTT).
Accordingly, while 800 nm light penetrates light-colored skin
more deeply, 980 nm light penetrates more deeply into
medium- and dark-colored skin, representing a potential
benefit to large populations of patients.'” A patient’s skin
pigmentation is an important consideration when selecting an
excitation wavelength and corresponding PTA for PTT.
Herein, we introduce designer 5,5-diphenyl isocorrole ([5-
DPIC]) complexes containing either Zn(II) or Pd(II) centers
as potential agents for efficient PTT under 980 nm light
excitation. The isocorrole is a m-conjugated tetrapyrrole
macrocycle consisting of 19 atoms with meso-carbons that
bridge pyrrole moieties at the S-, 10-, and 15-positions."’
Unlike more traditional tetrapyrroles (i.e., porphyrins, corroles,

Photothermal therapy (PTT) is an emerging treatment option
for a variety of diseases, including cancer and arthritis, that
involves localized irradiation of a photothermal agent
(PTA).'™ Upon irradiation, light energy is harnessed by the
PTA and converted into thermal energy to yield localized
hyperthermia. The induction of thermal stress can cause cells
to undergo apoptosis at lower temperatures (ca. 42 °C) and
necrosis at higher temperatures (ca. 49 °C), although the
mechanism of cell death depends on numerous factors,
including the length of time the temperature was maintained.”
The ability to induce cell death with PTT has been successfully
demonstrated in many cancer subtypes using varying wave-
lengths of light.”~> One of the most important benefits of PTT
is its minimally invasive nature, as only the targeted tumor area
is irradiated, and systemic side effects are negligible."

When designing a PTA, the absorption wavelength is critical.
While visible light (~400—700 nm) is readily absorbed by
tissue components such as blood and water, longer wave-
lengths of light can penetrate tissue more deeply, thus allowing
for the treatment of tumors in more difficult-to-reach
locations.” While most research has focused on making PTAs
that absorb light in the near-infrared (NIR)-I region of 650— Received:  July 26, 2022
900 nm (ie., the conventional phototherapeutic window), Accepted: September 22, 2022
recently, researchers have begun to explore the NIR-II region Published: October 6, 2022
of 1000—1700 nm.” Prior work has shown that nanoparticle
contrast agents with NIR-II absorption can provide better
imaging quality because there is less photon scattering in this
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Scheme 1. Synthesis of S-DPIC Derivatives and Encapsulation in PLGA-Based Nanoparticles”
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“(a) Methodology employed for the chemical synthesis of 5S-DPIC, Pd[S-DPIC], and Zn[S-DPIC]. (b) Solid state structures (from left to right)
of [5-DPIC], Pd[5-DPIC], and Zn[5-DPIC] coordinated to one molecule of methanol, as viewed from the top (upper row) and from the side
(lower row). All hydrogen atoms (except the pyrrolic protons of S-DPIC) and disordered solvent molecules have been omitted for clarity. (c)
Methodology employed to synthesize PLGA NPs loaded with either Pd[S-DPIC] or Zn[5-DPIC]. Portions of the schemes shown in this figure
were generated using Servier Medical Art templates (https://smart.servier.com), which is licensed under a Creative Commons Attribution 3.0

Unported License.

phthalocyanines, etc.) that are aromatic in nature, isocorroles
are nonaromatic owing to the presence of an sp*-hybridized
meso-carbon bearing geminal alkyl or aryl substituents at either
the 5- or 10-position. Accordingly, isocorroles are members of
the growing family of nonaromatic tetrapyrrole frameworks
that include phlorins and biladienes, and that support redox,
photophysical, light harvesting, and catalytic properties that are
unique from much more well-studied aromatic tetrapyrrole
architectures."* '

Prior work has centered on the development of isocorroles
bearing geminal dimethyl substituents at either the 5- or 10-
positions.">'” Stable dimethyl isocorroles complexed to
divalent metal ions, including Co(1I), Cu(II), Zn(II), and
Pd(II),”* have been characterized, and both spectroscopic and
computational” work have resolved the ability of such systems
to absorb NIR light.21’22 Moreover, introduction of various
different substituents onto the isocorrole backbone can expand
the absorption band further into the NIR-II window.'>""

Building on this precedent, we have prepared a set of
metalloisocorroles bearing geminal diphenyl substituents at the
macrocycles’ sp>-hybridized S-position. In addition to prepar-
ing the first freebase S,S-diphenyl isocorrole derivative (5-
DPIC), the Zn(II) and Pd(II) complexes were also prepared
and characterized. Both Zn[5-DPIC] and Pd[5-DPIC] feature

36654

intense absorbances spanning the NIR-I and NIR-II windows
and can efficiently produce heat upon 980 nm light excitation.
We show that these metalloisocorroles can be encapsulated in
poly(lactic-co-glycolic acid) (PLGA) nanoparticles and eval-
uate their potential as PTAs in vitro using triple-negative breast
cancer (TNBC) as a model disease, which is an aggressive
breast cancer subtype that afflicts approximately 15—20% of
breast cancer patients.”¥>> TNBC does not express the
progesterone receptor, estrogen receptor, and human epi-
dermal growth factor-2 (HER-2) receptor, which makes it
unsusceptible to hormone therapy and other forms of targeted
chemotherapy such as trastuzumab.* Since TNBC can only be
treated with nonselective forms of chemotherapy, radiation,
and surgical methods, patients face debilitating secondary side
effects such as hair loss, nausea, and lymphedema.**™**
Accordingly, PTT may be a particularly useful treatment for
TNBC because it can provide localized, effective therapy
independent of tumor biology. Indeed, PTT mediated by both
NIR-I*”** and NIR-II’' nanomaterials has shown promise
against TNBC.

Our studies as disclosed herein show that Zn(II) and Pd(II)
isocorroles encapsulated in PLGA nanoparticles are nontoxic
to TNBC cells in the dark and serve as effective PTAs upon
980 nm light excitation. These findings warrant the continued
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development of isocorroles with NIR-I and NIR-II absorption
for effective PTT of different diseases.

B METHODS

X-ray Structural Analysis of Isocorrole Derivatives.
Isocorroles were prepared according to methods detailed in the
Supporting Information (SI) and illustrated in Scheme la. The
synthesized isocorroles include S$,5-diphenyl-10,15-bis-
(pentafluorophenyl)isocorrole (5§-DPIC), as well as the Pd(II)
and Zn(II) complexes of this isocorrole macrocycle (Pd[S-
DPIC] and Zn[5-DPIC], respectively). The structure of each
(Scheme 1b) was determined by single-crystal X-ray
diffraction. Crystals were mounted using viscous oil onto a
plastic mesh and cooled to the data collection temperatures.
Data were collected on a Bruker-AXS APEX II DUO CCD
diffractometer with graphite monochromated Mo Ko radiation
(4 =0.71073 A) for PA[5-DPIC] and Zn[5-DPIC], and with
Cu Ka radiation (1 = 1.54178 A) focused with Goebel mirrors
for the freebase isocorrole (5-DPIC). Unit cell parameters
were obtained from 36—48 data frames (0.5° @) from different
sections of the Ewald sphere.”” The systematic absences in the
diffraction data were consistent uniquely for P21/ for S-DPIC
and Pd[5-DPIC], and with Pc and P2/c for Zn[5-DPIC]. The
occupancy of 2 and the absence of either a molecular inversion
center or a 2-fold rotation axis in Zn[5-DPIC] is consistent
with the noncentrosymmetric space group option Pc, which
yielded chemically reasonable and computationally stable
results of refinement. Refinement of the absolute structure
parameter yielded nil within experimental error, indicating the
true hand of the data has been established. The data were
treated with multiscan absorption corrections.”” The structures
were solved using intrinsic phasing methods”” and refined with
full-matrix, least-squares procedures on P

A methanol solvent molecule was located coordinated to the
Zn(II) center in Zn[S-DPIC], with a second methanol
molecule found within H-bonding distance to the coordinated
solvent. The penultimate difference maps for PA[S-DPIC] and
Zn[5-DPIC] showed diffused electron densities that could not
be modeled as identifiable solvent molecules. These were
treated with Squeeze® and ignored in the empirical formula.
All non-H atoms were refined with anisotropic displacement
parameters. H atoms were constrained in idealized positions
with isotropic parameters based on their attached atoms.
Atomic scatterin§ factors are contained in the SHELXTL
program library.>* The three structures have been deposited at
the Cambridge Structural Database under deposition numbers
CCDC 2206813 (5-DPIC), 2206814 (Pd[5-DPIC]), and
2206815 (Zn[5-DPIC]).

Isocorrole Encapsulation in PLGA Nanoparticles and
Physicochemical Characterization. Pd[5-DPIC] and
Zn[5-DPIC] were encapsulated in PLGA nanoparticles
(NPs), as shown in Scheme Ic. Metalated isocorroles were
dissolved in acetone at 5 mg/mL and stored as solutions at
—20 °C until use. To prepare isocorrole-loaded NPs (IC-NPs),
50:50 PLGA (39.5 kDa, 0.67 dL/g) was dissolved at 1 mg/mL
in acetone while stirring, then 5.64 X 10° uM Pd[5-DPIC] or
5.91 x 10° uM Zn[5-DPIC] in acetone was added (157.3 uL
per 1 mL PLGA-acetone or 150 uL per 1 mL of PLGA-
acetone, respectively). Next, 2.0 mL of the isocorrole-PLGA
solution was added to 6.0 mL of water in a 20 mL glass
scintillation vial and stirred overnight at 800 rpm uncapped to
allow for evaporation of acetone from the aqueous mixture.
Afterward, NPs were collected and twice filtered through a 10

kDa centrifugal tube at 4200 rpm for 15 min. A third wash step
was also completed over the course of 20 min. The filtrate was
discarded, and 3.0 mL of fresh water was added after each
centrifugation step. If necessary, nonencapsulated material was
removed by centrifugation in 1.5 mL centrifuge tubes for S min
at 750 rpm, with the supernatant removed and discarded.

Following synthesis, the hydrodynamic diameter and -
potential of the IC-loaded PLGA NPs were determined using
an Anton Paar LiteSizerS00 dynamic light scattering (DLS)
instrument. Additionally, the samples were visualized using
transmission electron microscopy (TEM) to reveal their
morphology. TEM was performed using a Zeiss Libra 120
transmission electron microscope, as has previously been
described.*

UV-Vis Spectrophotometry of Free and Encapsu-
lated Isocorroles. Ultraviolet—visible (UV—vis) absorption
spectra of free S-DPIC, Pd[5-DPIC], and Zn[S-DPIC] were
collected at room temperature on a StellarNet CCD array
UV—vis spectrometer using quartz cuvettes (6Q) with a 1.0 cm
path length from Starna Cells, Inc. Spectra were collected in
acetone containing each of the isocorrole derivatives at
concentrations of 5.0, 10.0, 15.0, 20.0, and 25.0 uM.

Isocorrole-loaded NPs (IC-NPs) were diluted 1:50 with
water before being analyzed by UV—vis spectroscopy using a
Cary 60 spectrophotometer. A baseline of water was recorded,
and the absorption spectrum was measured between 400—
1100 nm to reveal the concentration of the encapsulated
isocorroles. Once the concentration was determined, a stock
solution of the IC-NPs was prepared in water with an optical
density (OD) of 10 at 980 nm (the wavelength of the laser
used in photothermal experiments). This stock solution was
diluted for further experiments as necessary to yield samples
with ODggonm = 5.0, 2.5, or 1.0.

Characterization of IC-PLGA NP Heating under 980
nm Light Excitation. For heating characterization studies,
450 puL of water was mixed with S0 uL of stock IC-NPs at
ODygonm = 10, S, 2.5, or 1 to yield samples with final ODgg,,
of 1.0, 0.5, 0.25, or 0.1. These solutions were placed in a
polycarbonate cuvette (path length = 1.0 cm) with a magnetic
stir bar and heated on a stir plate set at 320 rpm and 40 °C for
at least 2 h prior to irradiation to bring the solution
temperature close to body temperature. The IC-NP samples
were then exposed to 980 nm light using a LiteForce FXi
(LiteCure) continuous wave laser at 0.5 W/cm? for 10 min.
Thermal images were captured using a FLIR-6EX series
camera every 30 s during irradiation. The experiment was
repeated three times using separate batches of IC-NPs to
characterize the materials’ heating ability.

To examine the cyclic heating properties of the IC-loaded
NPs, samples were irradiated with the 980 nm LiteForce FXi
laser at 0.1 W/cm? for S min and allowed to cool for 10 min
before repeating the irradiation and cooling cycle two
additional times. Thermal images were captured using the
FLIR-6EX series camera every 30 s during irradiation and
every 60 s without irradiation.

In Vitro Evaluation of PTT Mediated by IC-NPs. MDA-
MB-231 cells were thawed from a cryovial and cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) and 1% penicillin-
streptomycin in tissue culture flasks (T-75) until reaching
80—90% confluency, at which point they were seeded at a
density of 1 X 10° cells/well in a 96-well plate. After allowing
the cells to adhere overnight, 90 yL of fresh media was added
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Figure 1. Characterization of IC-PLGA NPs. (a) Absorption profiles of 5-DPIC (solid black), Pd[5-DPIC] (solid blue), and Zn[5-DPIC] (solid
green), along with absorption spectra of Pd[5-DPIC]-PLGA (dashed blue) and Zn[S-DPIC]-PLGA (dashed green) normalized to NIR 4,,,,. (b)
Hydrodynamic diameter of Pd[S-DPIC]-PLGA (blue) and Zn[S-DPIC]-PLGA (green) (n = 3; error bars represent standard deviation). (c) ¢-
potential of Pd[S-DPIC]-PLGA (blue) and Zn[S-DPIC]-PLGA (green) (n = 3; error bars represent standard deviation). (d, e) Transmission
electron microscopy images of Pd[5-DPIC]-PLGA (d) and Zn[5-DPIC]-PLGA (e).

to each well along with 10 yL of NPs at a stock concentration
of ODygpum = 10, S, 2.5, or 1 such that the final ODgg,,, in the
wells was 1.0, 0.5, 0.25, or 0.1. After incubating at 37 °C for 6 h
with the IC-loaded NPs, samples were irradiated for 8 min/
well at 0.5 W/cm® or were left unirradiated for a negative
control. After 24 h, the media in each well was replaced with a
mixture of 10 uL Alamar Blue and 90 4L DMEM to allow for
measurement of cellular metabolic activity. After incubating at
37 °C for 3 h, the Alamar Blue fluorescence was read at 560
nm excitation/590 nm emission with a Synergy HIM plate
reader.

Statistical Analysis. Each experiment was performed in
triplicate. Results are presented as mean + standard deviation.
Statistical analysis was performed using one-way ANOVA with
post hoc Tukey to determine the significance at the 95%
confidence level.

B RESULTS AND DISCUSSION

Synthesis and Characterization of 5,5-Diphenyl
Isocorrole Derivatives. The synthesis of the §,5-diphenyl-
10,15-bis(pentafluorophenyl)isocorrole (5-DPIC) presented
in Scheme la began with the preparation of 2-pentafluor-
obenzoyl pyrrole via condensation of pyrrole with penta-
fluorobenzoyl chloride (see the Supporting Information for full
preparatory procedures). Reduction of this ketone with
NaBH,, followed by addition of 5,5-diphenyldipyrromethane
provided the freebase S5-DPIC in 31% yield following

purification by chromatography on silica (see the Supporting
Information). The precursors pentafluorobenzoyl pyrrole and
5,5-diphenylpyrrole were synthesized via adaptation of
previously described methods.””*® This two-step synthesis
provides a more streamlined and expedient route to the S-
DPIC tetrapyrrole over previous three-step routes to 5-
dimethyl-substituted isocorroles.*”*’

Metalation of the freebase isocorrole was accomplished via
treatment with KOAc in MeCN to deprotonate the pyrrole
protons, followed by addition of 3 equiv of either Pd(OAc), or
Zn(OAc), to deliver the corresponding Pd(II) (Pd[5-DPIC])
or Zn(Il) (Zn[S$-DPIC]) isocorrole complexes. The molecular
structures of 5-DPIC, Pd[5-DPIC], and Zn[5-DPIC] were
each confirmed by single-crystal X-ray diffraction studies. The
molecular structures of these three isocorrole derivatives are
reproduced in Scheme 1b and clearly demonstrate the planar
geometry of the 5,5-diphenyl isocorrole scaffold, both with and
without divalent metal centers coordinated within the
tetrapyrrole cavity.

Isocorroles Maintain Their Absorption Spectrum
following Encapsulation in PLGA NPs. The UV-—vis
absorption spectra of unencapsulated Pd[S-DPIC] and
Zn[5-DPIC] were recorded in acetone and are shown in
Figure la. The absorption spectrum for both of these
isocorrole complexes and the freebase 5-DPIC derivative
across the entire visible/NIR regions is also provided in Figure
S1. Much like the freebase S-DPIC (Table 1 and Figures 1 and
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Table 1. Photophysical Properties of Isocorrole-Based Light
Absorbers®

isocorrole-based absorber Aabs (nm) ex 10> (M em™)
S-DPIC” 339 30.6 + 2.8
419 32.5 £ 3.0
687 6.7 £ 03
744 69 + 0.2
Pd[5-DPIC]* 368.5 251 + 3.1
448 353+ 13
835 5.6 +£0.5
932 120 + 1.2
Zn[5-DPIC]* 357 260 + 1.3
463 42.8 £ 3.6
810 sh
906.5 10.1 + 0.1
Pd[5-DPIC]-PLGA” 450 N/A€
848
953
Zn[5-DPIC]-PLGA” 460 N/A?
810
910

“Spectroscopic data of 5-DPIC, Pd[5-DPIC], and Zn[5-DPIC] are
collected in acetone. bSpectroscopic data of Pd[5-DPIC]-PLGA and
Zn[S5-DPIC]-PLGA are collected in water. “Absorption at 953 nm are
normalized to 1.0. “Absorption at 910 nm are normalized to 1.0. °sh =
shoulder.

S1), both the Zn(II) and Pd(II) isocorrole complexes strongly
absorb light between 350 and 500 nm, which corresponds to
the intense Soret-type band typical of porphyrinic chromo-
phores.”" The introduction of Zn(II) and Pd(II) centers into
the S-DPIC scaffold gives rise to an increase in maximum
extinction coefficients in the Soret region (from &, ~ 32,500
M™ cm™ for freebase 5-DPIC to &,,,, ~ 35,300 and 42,800
M em™! for PA[S-DPIC] and Zn[5-DPIC], respectively).
Of greater import for PTT applications, both Pd[S-DPIC]
and Zn[5-DPIC] support relatively intense absorption features
across the NIR-I and into the NIR-II spectral regions. These
significant long energy absorption bands from ~800—1000 nm
are red-shifted by approximately 200 nm relative to the longest
wavelength features observed for the freebase congener (i.e.,
~650—78S nm, see Figure S1). The extinction coefficients of
the NIR absorption features for Pd[5-DPIC] and Zn[S5-
DPIC] (e ~ 12,000 and 10,100 M™" cm™!, respectively) are
both larger than the extinction coefficient of the most red-
shifted features observed for the freebase 5-DPIC (e ~ 6,900
M™'em™ at 744 nm). While the NIR absorption features of
both metalloisocorroles tail off at ~1000 nm, both compounds
are strong absorbers in the NIR with overlap into the NIR-II
region. Based on the above, we found the Pd[5-DPIC] and
Zn[S5-DPIC] frameworks to be well positioned for testing as
potential phototherapeutic agents of interest. Notably, the
ability of PA[S-DPIC] and Zn[5-DPIC] to absorb NIR-II light
is vastly improved relative to that of other Zn(II), Co(II),
Cu(1I), Ni(Il), and Pd(II) isocorrole complexes that do not
bear geminal dizphenyl substituents at the sp-hybridized meso-
carbon.'”'”*"* Indeed, Zn(1II) isocorrole homologues bearing
geminal methyl groups at the sp>-hybridized S-position support
a NIR A, at ~850 nm (as opposed to 905 nm for Zn[5-
DPIC]) and do not absorb at wavelengths longer than ~920
nm.”' Accordingly, the installation of geminal diphenyl
substituents at the S-position of the isocorrole appears

important to enhancing the ability of these platforms to
strongly absorb light at wavelengths longer than ~950 nm.

Despite the attractive light-absorbing properties of Pd[$-
DPIC] and Zn[S-DPIC], both are not directly applicable for
use as phototheranostic agents since like most tetrapyrrole
constructs, isocorroles are hydrophobic and insoluble in
aqueous media. As a means to water-solubilize the metal-
loisocorroles and improve their biocompatibility, we prepared
PLGA nanoparticles encapsulating either Pd[S-DPIC] and
Zn[5-DPIC] using well-established single emulsion proto-
cols,* as illustrated in Scheme 1c. Freshly prepared isocorroles
that were stored at —20 °C away from light were initially
dissolved at 10 mg/mL in acetone and added to PLGA
dissolved in acetone at a concentration of 1 mg/mL. This
mixture was added dropwise to 6 mL of water and allowed to
stir overnight to evaporate out any acetone. The nanoparticles
were then collected in a 50 kDa filter centrifuge tube and
centrifuged three times with the water in the bottom of the
centrifuge tube discarded and 3 mL of water added to the top
portion as a wash step. After centrifugal filtration, nanoparticles
were collected and stored away from visible light as a
precaution to prevent degradation of the isocorroles prior to
further characterization studies. We note that prior work has
demonstrated that freebase S,5-dimethylisocorrole is stable
under illumination for at least 2 weeks."

The absorption profiles recorded for samples of Pd[S-
DPIC]-PLGA and Zn[5-DPIC]-PLGA in water show nearly
identical features with slight bathochromic shifts (peak A, ~
953 and 910 nm, respectively) relative to those observed for
the free metalloisocorroles in acetone (see Figures la and S1,
and Table 1). These results indicate that Pd[S-DPIC] and
Zn[5-DPIC] are stable when loaded within PLGA NPs, and
their prominent NIR absorption features are retained, if not
slightly enhanced, upon encapsulation. Based on the above, we
set out to characterize and evaluate the physicochemical
properties and photothermal activity of both sets of IC-loaded
PLGA NPs upon activation with light from the high-energy
end of the NIR-II spectral region.

Physicochemical Properties of Pd[5-DPIC]-PLGA and
Zn[5-DPIC]-PLGA. PLGA NPs loaded with Pd[5-DPIC] or
Zn[5-DPIC] were characterized by DLS, {-potential measure-
ments, and TEM. The hydrodynamic diameters of the Pd[5-
DPIC]-PLGA and Zn[5-DPIC]-PLGA NPs were determined
to be 73.1 + 2.8 and 93 + 13.2 nm, respectively (see Figure
1b). This size regime is ideal for therapeutic application, as
NPs with a diameter below 200 nm demonstrate maximal
accumulation in tumors, which has long been attributed to the
enhanced permeability and retention (EPR) effect but may
also result from endothelial transcytosis.*”** In addition, both
NP types displayed a negative {-potential (Figure 1c), which is
important since negatively charged NPs generally exhibit
longer circulation time than positive NPs due to reduced
protein absorption.”> The NPs were also visualized by TEM,
which showed they are spherical and relatively monodisperse
in size and morphology (Figure 1d,e).

Isocorrole-Loaded PLGA NPs are Efficient Photo-
thermal Converters under 980 nm Excitation. Having
found that the NIR light absorption and physicochemical
properties of the Pd[S-DPIC]-PLGA and Zn[5-DPIC]-PLGA
NPs were potentially well suited for phototherapeutic
applications, we worked to evaluate the photothermal activity
of these systems using an excitation source toward the high-
energy end of the NIR-II region. Samples of Pd[S-DPIC]-
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Figure 2. Heating characterization of Pd[S-DPIC]-PLGA and Zn[5-DPIC]-PLGA. Heating profile of (a) Pd[S-DPIC]-PLGA and (b) Zn[5-
DPIC]-PLGA at various loadings in water upon irradiation at 980 nm for 10 min at 0.5 W/cm?. Cyclic heating of (c) Pd[5-DPIC]-PLGA and (d)
Zn[5-DPIC]-PLGA in water, where samples were irradiated at 980 nm for § min at 0.1 W/cm? and cooled for 10 min, repeated thrice. All results

are from n = 3 trials, and error bars indicate standard deviation.

PLGA and Zn[5-DPIC]-PLGA were irradiated with 980 nm
light of 0.5 W/cm® intensity over a 10 min period to
characterize NP heating capacity and assess (1) the rate of
temperature increase, (2) the length of time required for NPs
to achieve maximum solution temperature, and (3) the
relationship between NP concentration and maximum temper-
ature realized. As shown in Figure 2a,b, both the Pd[5-DPIC]-
PLGA and Zn[5-DPIC]-PLGA NPs demonstrated an
increased heating response compared to a water control.
Both of the encapsulated isocorrole samples also showed an
increase in temperature change from baseline with increasing
OD over the course of irradiation. Notably, the Pd[5-DPIC]-
PLGA NPs demonstrated a greater increase in temperature
across each of the different concentrations compared to the
Zn[5-DPIC]-PLGA NPs, particularly during the first 2 min of
irradiation. This improved heating response is likely due to the
peak NIR absorption of the Pd[S-DPIC] being closer to the
980 nm laser excitation wavelength than the peak absorption of
the Zn[S-DPIC]. Both types of NP exhibited the greatest rate
of temperature increase over the first 5 min of irradiation, after
which the solution temperature plateaued.

To understand whether IC-PLGA NPs maintain their
heating ability post-irradiation, cyclic heating studies were
performed, wherein the NPs were irradiated with 980 nm light
of 0.1 W/cm? intensity for S min, followed by a 10 min cooling
period with the laser off. Temperature cycling was repeated
three times. As with the extended heating studies (vide supra),
cyclic heating trials showed that IC-PLGA NPs reached higher
temperatures upon irradiation than a water control group
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(Figure 2¢,d). At 0.1 OD, both the Pd[5-DPIC]-PLGA and
Zn[5-DPIC]-PLGA NPs achieved a temperature rise of ~4 °C
from baseline during each irradiation cycle. At higher ODs, the
maximum temperature attained was ~7—8 °C above baseline
for each of the irradiation cycles. The excellent repeatability of
the photothermal heating—cooling cycles demonstrates that
the NPs and the encapsulated ICs can reach therapeutically
relevant temperatures upon cyclic irradiation at 980 nm at the
laser powers highlighted above. Notably, the Pd[S-DPIC]-
PLGA NPs did exhibit a heightened ability to convert light to
thermal energy, suggested by the more complete dissipation of
the heat converted from light during the 10 min cooling cycle
over the Zn(II) congeners (vide infra). This could also be due
to the PA[S-DPIC] complex’s peak NIR absorption (~958
nm) being closer to that of the laser source than that for Zn[5-
DPIC] (~910 nm).

Following the methodology and analysis demonstrated by
Roper and co-workers,” the photothermal conversion
efficiency (PCE) of the IC-loaded NPs was calculated from
the heating and cooling data shown in Figure 2, as described in
the Supporting Information. The PCE of Zn[S-DPIC]-PLGA
was 18.5% under 0.1 W/cm? irradiation at 980 nm, compared
to 58.6% for PA[S-DPIC]-PLGA. These values are comparable
to the ~23% PCE under 980 nm light excitation determined
for gold nanorods, one of the most studied PTAs, and the
~31% PCE found for black phosphorous nanosheeets in the
same study.”’ The PCEs determined for the encapsulated
isocorroles are also comparable to the ~19.2% PCE of
graphitic carbon nanocages and the ~21.1% PCE of multi-
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Figure 3. Metabolic activity of MDA-MB-231 cells exposed to IC-PLGA NPs in the absence or presence of 980 nm light. (a) Experimental design
showing cells were treated with NPs for 6 h prior to irradiation and subsequent analysis of metabolic activity via Alamar Blue assay. (b) Metabolic
activity of MDA-MB-231 cells treated with Pd[5-DPIC]-PLGA NPs with and without irradiation. (c) Metabolic activity of MDA-MB-231 cells
treated with Zn[S-DPIC]-PLGA NPs with and without irradiation. *** indicates p < 0.001 vs untreated control (ODygg,,, = 0, no light) by one-

way ANOVA with post hoc Tukey.

walled carbon nanotubes found in recent work.”® While the
PCE of the IC-loaded NPs is below the record of ~79% found
for spiky gold nanoparticles under 980 nm light excitation,*’
the Zn[S-DPIC]-PLGA and Pd[5-DPIC]-PLGA NPs have
sufficient PCE to induce tumor heating above damage
thresholds and offer the benefit of utilizing materials that
readily degrade in the body, whereas gold will bioaccumulate.

IC-PLGA NPs Exhibit Low Dark Toxicity and Provide
Efficient PTT of TNBC Cells upon 980 nm Irradiation. To
evaluate the cytocompatibility and photothermal efficacy of the
IC-PLGA NPs, MDA-MB-231 TNBC cells were treated with
varying concentrations of the NPs and were either left
unirradiated or exposed to 980 nm light for 8 min at 0.5 W/
cm®. Following treatment, the cellular metabolic activity of the
TNBC cells was assessed by Alamar Blue assay, as depicted in
Figure 3a. Upon irradiation, both Pd[S-DPIC]-PLGA and
Zn[S-DPIC]-PLGA significantly decreased MDA-MB-231
metabolic activity by ~90% across all tested concentrations,
indicating both NP types are efficient PTAs (Figure 3b,c). The
difference in viability between untreated and NP-treated cells
in the presence of light was statistically significant (p < 0.01)
when analyzed by one-way ANOVA with post hoc Tukey. The
lack of statistical difference in viability between NP-treated
cells across different concentrations is likely due to the high
efficacy even at low OD. That is, once enough NPs have been
added to the samples such that they cross a specific
temperature/damage threshold upon irradiation, further
increasing the OD to produce more heat has little additional
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effect on the cells that can be identified within the sensitivity of
the assay. In the absence of irradiation, cells exposed to Pd[5-
DPIC]-PLGA maintained metabolic activity above 90%,
indicating a lack of dark toxicity at concentrations ranging
from ODggppm = 0.1—1.0 (Figure 3b). The negligible dark
toxicity of Pd[S-DPIC]-PLGA coupled with its excellent
potency upon irradiation indicates the encapsulated Pd(II)
isocorrole complex is an ideal mediator of PTT since it offers a
high therapeutic ratio/safety window.”>**

We found that Zn[5-DPIC]-PLGA was nontoxic to cells in
the dark at concentrations up to ODggy,,,, = 0.25, but cellular
metabolic activity decreased substantially when cells were
exposed to Zn[5-DPIC]-PLGA at ODyg,,, = 0.5 or 1.0
(Figure 3c). Specifically, cell metabolic activity was 66%
following exposure to Zn[S-DPIC]-PLGA at ODggy,y, = 0.5
and 43% when treated at ODygg,,, = 1. This decreased
metabolic activity in the absence of light agrees with prior work
that has shown zinc-based NPs can have cytotoxic effects.”*>
One possible reason for the observed dark toxicity of the Zn[S-
DPIC]-PLGA at concentrations ODggg,,, = 0.5 or 1.0 could be
leaching of the Zn[S-DPIC] tetrapyrrole complex or free
Zn(II) ions out of the PLGA NPs since this isocorrole is more
prone to demetallation than the Pd[S-DPIC] congener. Since
Zn(11) ions can be naturally cytotoxic,”” this direct exposure at
higher concentrations may explain the dark toxicity observed
upon treatment with Zn[S-DPIC]-PLGA at higher concen-
trations. Nevertheless, the data show that Zn[5-DPIC]-PLGA
NPs can be utilized safely for PTT at concentrations below

https://doi.org/10.1021/acsomega.2c04723
ACS Omega 2022, 7, 36653—36662


https://pubs.acs.org/doi/10.1021/acsomega.2c04723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04723?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04723?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Version of Record at: https://doi.org/10.1021/acsomega.2c04723

ACS Omega

http://pubs.acs.org/journal/acsodf

ODygpnm = 0.25, where there is low dark toxicity coupled with
highly efficient photo-triggered cell death using 980 nm light.
However, given that Zn[S-DPIC]-PLGA has a lower
therapeutic ratio/safety window than Pd[S-DPIC]-PLGA,
the latter is more suitable for future development toward in
vivo application.

B CONCLUSIONS AND FUTURE DIRECTIONS

This study demonstrates the successful synthesis of the
designer isocorroles Pd[5-DPIC] and Zn[5-DPIC] and
shows they can be encapsulated in NPs and exploited as
novel PTAs with low inherent toxicity in the dark and efficient
cell killing upon 980 nm irradiation. These findings support the
continued investigation of designer isocorroles as promising
agents for PT'T. Compared to traditional PTAs, IC-PLGA NPs
offer the advantage that they will not bioaccumulate like gold
and are less susceptible to photobleaching than dye-based
systems. Hence, the encapsulated isocorrole architectures are
promising materials worthy of further study.

To expand upon this study, future work should examine the
mechanism of cell death induced by IC-PLGA NPs upon
irradiation, for example, by performing live/dead viability/
cytotoxicity assays, evaluating cellular proliferation by EdU
assay, or quantifying cellular apoptosis/necrosis by flow
cytometry. These in-depth studies should be combined with
in vivo work to explore the efficacy and safety of IC-PLGA NPs
against TNBC in murine tumor models, as well as experiments
to examine the potency of treatment against other forms of
cancer since different cell types may have distinct responses to
the NPs and thermal stress caused by PTT. For in vivo studies
and clinical translation, the NPs would likely need to be
modified to have a poly(ethylene glycol) or alternative
“stealth” coating to maximize circulation time and tumor
accumulation.

Expanding on the above points, future work should
investigate both in vitro and in vivo the specific treatment
parameters (e.g, IC-NP concentration, laser fluence, irradiation
time) that yield apoptosis versus necrosis since the mechanism
of cell death induced by PTT can impact the overall success of
treatment.>® For example, PTT-triggered immunogenic cell
death provides a robust anti-tumor response that can synergize
with immunotherapy approaches to enhance tumor eradication
and prevent recurrence.”® Forthcoming efforts from our labs
will also explore strategies to further red-shift the absorption
spectrum of the metalloisocorroles more fully into the NIR-II
window. This will be important since wavelengths beyond
1000 nm penetrate tissue more effectively than the 980 nm
light used in this work.

Overall, this work has pioneered the use of designer ICs as
potent and safe mediators of PTT upon 980 nm excitation.
With continued development to enhance their photophysical
and biointerfacing properties, such materials may greatly
advance the application of PTT near or within the NIR-II
window.
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