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ABSTRACT: Photodynamic therapy (PDT) has the potential to A e ot Tumor growth
improve cancer treatment by providing dual selectivity through the ke

use of both photoactive agent and light, with the goal of minimal / PRy CYPFs —p Cytotaxic 15
harmful effects from either the agent or light alone. However,  cyanine cation(cy) -
current PDT is limitecll by insuﬂicier.lt ph.otosen.sitizers (PSs) .tl?at szi ;‘a};@ > V}?"t; CyFPhB —) Phototoxic
can suffer from low tissue penetration, insufficient phototoxicity =~ # "Lt >8 tPhB_ ]

(toxicity with light irradiation), or undesirable cytotoxicity (toxicity \ 1. / CYTPFB—) Nontoxic { )
without light irradiation). Recently, we reported a platform for LA intratumoral Nes

decoupling optical and electronic properties with counterions that “"“‘bﬁ&? ecton

modulate frontier molecular orbital levels of a photoactive ion. TPFE

Here, we demonstrate the utility of this platform in vivo by pairing

near-infrared (NIR) photoactive heptamethine cyanine cation (Cy"), which has enhanced optical properties for deep tissue
penetration, with counterions that make it cytotoxic, phototoxic, or nontoxic in a mouse model of breast cancer. We find that pairing
Cy" with weakly coordinating anion FPhB™ results in a selectively phototoxic PS (CyFPhB) that stops tumor growth in vivo with
minimal side effects. This work provides proof of concept that our counterion pairing platform can be used to generate improved
cancer PSs that are selectively phototoxic to tumors and nontoxic to normal healthy tissues.
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B INTRODUCTION

The lack of targeted therapy options remains a major problem
for the effective treatment of many cancer types, and
nonspecific chemotherapy leads to harsh side effects due to
unintended toxicity in normal tissues.' A promising solution is
photodynamic therapy (PDT), which uses light-activated
photosensitizers (PSs) to treat tumors by the generation of
reactive oxygen species (ROS) upon photoexcitation.””* PSs
that absorb and emit in the near-infrared (NIR) range (650—
1200 nm) display superior tissue penetration and reduced

(toxicity without light irradiation), Opreventing their use in
the treatment of many cancers.”””' Therefore, despite
advances in tumor targeting, there is a need for NIR-PSs
with selective phototoxicity (toxicity with light irradiation) and
minimal cytotoxicity in normal tissues.

In addition to their improved NIR optical properties,
cyanines have inherent tumor-targeting capabilities, in large
part due to their uptake by organic anion transporter
polypeptides (OATPs; human, Oatps; rodent).””>* OATPs
are cellular transporters that mediate the uptake of numerous

photodamage by avoiding visible light wavelengths (400—650
nm) absorbed by biological tissue components.””

Cyanines are commonly used NIR scaffolds due to their ease
of synthesis, structural tunability, and biocompatibility.'’~"
For example, indocyanine green is an NIR heptamethine
cyanine used in diagnostic clinical cancer studies for sentinel
lymph node mapping to detect metastasis.'* However, it
suffers from poor chemical stability, nonspecific binding, and
off-target toxicity, resulting in limited medical usage.ls’16
Indeed, this is a common problem in cancer therapy: even
with tumor-targeting approaches such as nanoparticle for-
mulation or antibody conjugation, chemotherapeutics can still
accumulate in healthy tissues, notably the liver.””~"” PDTs
with PSs such as Photofrin (porfimer sodium) and Foscan
(mTHPC, temoporfin) have displayed offsite cytotoxicity
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amphipathic endogenous and exogenous molecules; they are
expressed throughout the body in a wide range of tissues and
play a critical role in drug uptake and biodistribution.”
OATPAI1/B1 and OATP2BI transporters, which mediate the
uptake of cancer chemotherapeutics, are upregulated in a
number of cancer cells and are regulated by hypoxia-inducible
factor la (HIF-1a), a transcription factor commonly expressed
in the hypoxic tumor environment.”>*® PDT in vitro studies

Received: September 9, 2022
Accepted: November 9, 2022
Published: November 21, 2022

https://doi.org/10.1021/acsami.2c16252
ACS Appl. Mater. Interfaces 2022, 14, 53511-53522


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Deanna+Broadwater"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hyllana+C.+D.+Medeiros"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Bates"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amir+Roshanzadeh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shao+Thing+Teoh"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+P.+Ogrodzinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+P.+Ogrodzinski"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Babak+Borhan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Richard+R.+Lunt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sophia+Y.+Lunt"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.2c16252&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16252?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16252?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16252?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16252?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.2c16252?fig=abs1&ref=pdf
https://pubs.acs.org/toc/aamick/14/48?ref=pdf
https://pubs.acs.org/toc/aamick/14/48?ref=pdf
https://pubs.acs.org/toc/aamick/14/48?ref=pdf
https://pubs.acs.org/toc/aamick/14/48?ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.2c16252?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Applied Materials & Interfaces

www.acsami.org

Research Article

Cyanine cation (Cy*)

%f?wf«‘

C
.

C]

0 1254 0 125
3 < CyPFg T
© 100+ + CyPFg+NIR | 1001
& 751 8 754
S S
= 504 = 501
@Q [0}
g 25 S 254
e P <0.0001 & P <0.0001
O- T T C T
0 5 10 15 0 5

Concentration (uM)

Concentration (uM)

CyFPhB % 1254 p <0.0001
CyFPhB +NIR| ©O 1004
° L
8 757
>
= 504
g e CyTPFB
5 251 - CyTPFB+NIR
o
. 0 T T 1
10 15 0 5 10 15

Concentration (uM)

Figure 1. Fluorescent organic salts can be used as photosensitizing agents to treat breast cancer cells. Mouse mammary cancer cells (6DT1) were
incubated with the indicated concentrations of organic salt pairings with or without near-infrared (NIR, 850 nm) irradiation to determine half-
maximal inhibitory concentrations (ICs,). (A) Photoactive heptamethine cyanine cation (Cy*) is tuned with counterions to modulate toxicity.
Percent of viable cells was determined for (B) CyPF, (CyPF), (C) CyFPhB (CyC,,H,(BF,), and (D) CyTPFB (CyC,,BF,,). Data are displayed
as means + S.EM,, n = 3. Statistical significance (p-values) of ICq, shifts (dark ICs, vs NIR ICs,) are displayed in graphs.

with cyanine dyes frequently assess cancer uptake specificity
with inhibition assays of OATPA1/Bl1 and OATP2Bl1
transporters.””** In addition to OATPs, recent studies suggest
that serum albumin may be an overlooked mediator of
cyanine’s tumor-targeting capabilities. Albumin is the predom-
inant protein in the blood and is responsible for maintaining
osmotic pressure and chaperomng endogenous molecules
through the vasculature system.” Albumin is reported to
have increased tumor accumulation due to upregulated
albumin catabolism that fuels cancer growth.*® Recent studies
report that mesochlorinated cyanines can covalently bind to
albumin and that cyanine albumin adducts accumulate within
the tumor interstitium.’"*> Albumin is a commonly used
targeting moiety for chemotherapeutics and nanomaterials;
thus, albumin conjugation may contribute to the tumor-
targeting ability of cyanine dyes.””** To assess the mechanisms
of tumor targeting, biodistribution, and potential translatability
of our findings to additional cancers and preclinical models, we
also characterize uptake mediated by mouse Oatps and
albumin in vitro.

We recently reported a platform to modulate the toxicity of
NIR photoactive heptamethine cyanine cation (Cy*) by
counterion pairing with weakly coordinating anions in
nanoparticle formulations.” The dipole-modulating counter-
ions modify the frontier molecular orbital energy without
changing the band gap. This allows for independent
modification of electronic properties from optical properties,
resulting in the ability to adjust the toxicity of organic salts
without affecting their optical properties such as absorption,
emission, and Stokes shift. The composition of photoactive
salts is locked in cellular environments by the formation of
nanoparticles (average dlameter of ~4 nm) that prevent
cation—anion dissociation.” Indeed, pairing Cy* with small,
hard anions produces organic salts that are cytotoxic, while
pairing with bulky, weakly coordinating halogenated anions
produces organic salts that are either phototoxic and
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noncytotoxic, or nonphototoxic and noncytotoxic, in human
lung carcmoma cells and metastatic human melanoma cell
lines.”> This novel engineering platform through counterion
pairing could be used to design PS agents specifically for PDT
with low cytotoxicity and high phototoxicity. While we
introduced the utility of PS agents in vitro using human cancer
cell lines,” we have not previously demonstrated their ability
to stop tumor growth in vivo using mouse models of cancer.
Here, we tested the hypothesis that our toxicity-tuning
platform via counterions can be used to design a PS with low
cytotoxicity and high phototoxicity for in vivo PDT. We used a
clinically relevant orthotopic mouse model of metastatic breast
cancer: 6DT1 cells derived from an MMTV-Myc-driven tumor
1n]ected into the fourth mammary fat pad of syngeneic FVB
mice.*® This model allowed for the testing of counterion-tuned
PSs in a physiologically relevant tumor microenvironment in
immunocompetent mice, as both the tumor microenvironment
and a functional immune system are critical for metastasis and
PDT pharmacodynamics studies.’”~** Furthermore, metastatic
breast cancer has poor patient prognoses with limited targeted
therapies available only for sgeaﬁc subtypes, making it an
attractive candidate for PDT.” Using an orthotopic mouse
model of breast cancer, we tested PDT in vivo using Cy" paired
with three different representative toxicity-tuning anions:
hexafluorophosphate (PF4”), tetrakis (4-fluorophenyl) borate
(FPhB™: C,,H;(BF,”), and tetrakis (pentafluorophenyl) borate
(TPFB™: C,,BF,,") (Figure 1A). The mean aggregate sizes of
CyPF,, CyFPhB, and CyTPEB range from S to 9 nm (Figure
S1). We found that our previous in vitro results in human lung
carcinoma and melanoma cell lines were reproducible both in
vitro and in vivo in a metastatic breast cancer model, with
comparable trends for cytotoxic (CyPF4), phototoxic
(CyFPhB), and less toxic (CyTPFB) anion pairings. We
further assessed all three organic salts based on in vivo
pharmacokinetics, antitumor efficacy with light irradiation, and
offsite toxicity. These organic salts all displayed tumor-specific
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Figure 2. Organic anion transporter polypeptides (Oatps) mediate the cellular uptake of CyPFg but only partially account for CyTPFB and
CyFPhB uptakes. 6DT1 cells were preincubated with 1 mM dimethyloxalylglycine (DMOG), a HIF-1a stabilizer, or 250 4uM bromosulfophthalein
(BSP), a competitive Oatps inhibitor. Following preincubation with Oatps modulating drugs, cells were incubated with the indicated organic salt
for 25 h. Relative fluorescence units were measured for (A) 1 uM CyPFq, (B) S uM CyFPhB, and (C) 15 uM CyTPFB. Data are displayed as
means + S.D., n = 3. Statistically significant differences (p-value <0.05) are marked with asterisks. Curves were fit using a sigmoidal dose—response
function using Origin Pro8. Sigmoidal curve fitting values are shown in Table S3.

accumulation in vivo, and CyFPhB was the most potent PS
agent with enhanced phototoxicity that eliminates tumor
growth upon NIR excitation with minimal side effects in mice.
These in vivo results validate our counterion tuning strategy,
which has the potential to expand the clinical applications of
cancer PDT agents.

B RESULTS AND DISCUSSION

Counterion Tuning of Organic Salts Controls Toxicity
during Photodynamic Therapy of Mouse Metastatic
Mammary Cancer Cells In Vitro. To confirm that our
previous in vitro findings from A549 human lung cancer and
WM1158 melanoma cell lines can be translated to an in vivo
mouse model of breast cancer, we first performed in vitro PDT
on 6DT1 mouse mammary carcinoma cells following
incubation with various concentrations of CyPF;, CyFPhB,
and CyTPFB with or without 850 nm light irradiation.”
Consistent with our previous results in A549 and WM1158
cells, we found CyPF4 to be cytotoxic, CyFPhB to be
phototoxic, and CyTPFB to be minimally toxic in 6DT1
cells. CyPFy is cytotoxic in 6DT1 cells at low concentrations:
cell death occurs independent of NIR irradiation with similar
half-maximal inhibitory concentration (ICy,) values of 1 yM
(dark IC,) and 0.7 uM (NIR ICs,) without and with light
irradiation, respectively (Figure 1B and Table S1). CyFPhB is
highly phototoxic with low cytotoxicity, with a dark ICs, of 9
#M and an NIR IC, of 3 uM (Figure 1C and Table S1). At
higher concentrations, organic salts are cytotoxic even in the
absence of light excitation due to the persistent generation of
low levels of mitochondrial ROS (Figure S2). With a dark ICy,
that is three times the concentration of the NIR IC, CyFPhB
is a promising candidate for in vivo PDT applications. CyTPFB
displayed minimal cytotoxicity and minor phototoxicity with a
dark IC;, of 45 uM and an NIR ICy, of 22 uM (Figure 1D and
Table S1). While there is a twofold difference in dark and NIR
ICs, of CyTPFB, an NIR ICj, concentration of 22 uM is too
high to achieve in vivo and is therefore not ideal for PDT
applications.*”

Oatps and Albumin Mediate Cellular Uptake of
Fluorescent Organic Salts. Next, we investigated the roles
of Oatps and albumin in mediating the cancer cell uptake of
fluorescent organic salts and verified their relevance in our
model. As discussed above, human OATPs and albumin have
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been shown to mediate the uptake of cyanine dyes. Data from
Gene Expression Omnibus (GEO) show that 6DT1 tumors
and cells in culture express the gene product of mouse
Oatplb2 (Slcolb2), which has 65% amino acid sequence
homology with human OATP1B1 (Table $2).** In addition to
Oatplb2 expression, 6DT1 tumors and cells express higher
levels of proteins that uptake albumin, including secreted
protein acidic and rich in cysteine (Sparc), compared to
surrounding breast tissues (Table §2).*** These expression
data show that our 6DT1 model reflects expression trends
found in human breast cancer and is therefore appropriate and
clinically relevant for investigating Oatp- and albumin-
mediated cellular uptakes of cyanine organic salts.

To assess the role of Oatps on organic salt uptake in our
breast cancer model, 6DT1 cells were preincubated in cell
media with 250 4M bromosulfophthalein (BSP), a competitive
inhibitor of Oatps, or 1 mM dimethyloxalylglycine (DMOG), a
HIF-1a stabilizer to increase the expression of Oatps.””*"***
Following drug preincubation, organic salts were added to cell
media, and intracellular fluorescence was measured at various
time points to determine cellular uptake. Fluorescence over
time was plotted and fitted with a sigmoidal curve to determine
uptake kinetics. Nanoparticle absorption spectra were moni-
tored using ultraviolet—visible (UV—Vis) spectroscopy to
confirm that the addition of chemical agents did not affect
nanoparticle composition or stability (Figure S3). Cellular
uptake of CyPF, increased rapidly upon addition to media,
reached a maximal uptake at 4 h, and plateaued after 6 h
(Figure 2A and Table S3). Consistently, the addition of BSP
stopped CyPF4 uptake for the first 8 h, with an 84 + 12%
decrease in CyPF4 uptake after 24 h. Moreover, DMOG
addition increased the rate of CyPF4 uptake. Compared to
CyPF;, CyFPhB displayed a delayed cellular uptake with a
steady increase over 24 h (Figure 2B and Table S3). Addition
of BSP decreased the cellular uptake of CyFPhB by 80 + 14%
of uptake at 24 h. Furthermore, DMOG treatment increased
the initial rate of uptake and plateaued at 12 h. Cellular uptake
of CyTPFB was significantly retarded compared to that of
CyPF, reaching a maximal uptake at 24 h. Addition of BSP
decreased the cellular uptake of CyTPFB by 71 + 6% (Figure
2C and Table S3). These results indicate that Oatps mediate
the cellular uptake of CyPF4, CyFPhB, and CyTPFB in 6DT1
cells.
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Figure 3. Albumin plays a critical role in organic salt stability and uptake. (A) 6DT1 cells were incubated in serum-free media (DMEM) and
complete media (DMEM + serum) for 24 h with indicated organic salts. UV—Vis spectroscopy was used to characterize S uM (B) CyPF,, (C)
CyFPhB, and (D) CyTPFB in DMEM with increasing amounts of bovine serum albumin. Complete spectra can be found in Figure S3. 6DT1 cells
were incubated with albumin in DMEM with (E) 1 uM CyPF;, (F) 5§ uM CyFPhB, and (G) 15 uM CyTPFB. Data are displayed as means + S.D.,
n = 3. Statistically significant differences (p-value <0.05) between initial albumin concentration and final albumin concentration are marked with

asterisks.

Noting the differences in cellular uptake kinetic trends for
CyPF;, CyFPhB, and CyTPFB and previously reported {-
potentials, which could cause differences in protein affinity,*
we examined additional endocytotic mechanisms of cellular
uptake. No difference in organic salt uptake was observed upon
incubation with various endocytotic inhibitors including
dynasore, methyl-f-cyclodextrin, and amiloride (Figure S4).
Interestingly, notable differences in uptake were observed in
serum-free culture medium: CyFPhB uptake decreased
dramatically when cells were incubated in culture medium
without serum, while CyPF4 and CyTPFB showed similar
levels of uptake (Figure 3A). To determine if this increase in
cellular uptake was mediated by changes to organic salt
structure in the presence of serum, UV—Vis spectroscopy was
performed on organic salts in DMEM, DMEM + serum, and
DMEM with increasing concentrations of bovine serum
albumin, the most abundant protein in serum.”® The results
showed that albumin and serum destabilized CyPF, nano-
particles to form monomers, as can be seen by spectral
narrowing of the peaks (Figure 3B). In contrast, albumin
increased CyFPhB nanoparticle solubility based on the
increase in overall absorption (Figure 3C); however, albumin
did not impact nanoparticle stability (Figure SS). CyTPFB
maintained a stable nanoparticle solubility in all solutions with
only a minimal increase in the solubility with increasing
albumin (Figure 3D). These trends were also observed in
complete cell media, indicating that albumin interaction has a
significant impact on biological systems.

To further determine the effect of albumin on the cellular
uptake of organic salts, 6DT1 cells were incubated in serial
dilutions of purified bovine serum albumin in culture medium
with each organic salt. Albumin stabilized the CyPF, cyanine
monomer in an aqueous solution; however, increasing levels of
BSA inhibit in vitro uptake (Figure 3E). In contrast, albumin
was required for CyFPhB uptake; the intracellular fluorescence
signals were increased with increasing albumin concentrations
in a dose-dependent manner (Figure 3F). CyTPFB cellular
uptake was independent of albumin concentrations, as uptake
declined with the addition of albumin (Figure 3G). Cell
viability was not affected by DMOG, BSP, or BSA in the
presence or absence of organic salts (Figure S6), suggesting
that reduced fluorescence following BSP treatment was not
due to cell death. We further verified that albumin had no
significant effects in decreasing the fluorescent quantum yields
of organic salts (Figure S7). These results imply that Oatps
mediate the cellular uptake of CyPF, CyFPhB, and CyTPFB.
Moreover, albumin further mediates the uptake of CyFPhB.

Organic Salts Display Differential In Vivo Biodistri-
bution. To verify trends observed in vitro and demonstrate
potential clinical applications, we further performed in vivo
experiments. FVB mice received an orthotopic injection of
10,000 syngeneic 6DT1 mammary cancer cells into the right
fourth mammary fat pad. At 9 days post injection, a palpable
tumor was formed, and mice received an intravenous injection
of CyPFs, CyFPhB, or CyTPFB through the tail vein.
Biodistribution of organic salts was tracked using a fluorescent
stereomicroscope, which allowed the monitoring of tumor
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Figure 4. In vivo biodistribution data show that organic salts preferentially accumulate and are retained within 6DT1 mammary tumors. Following
6DT1 mammary tumor formation, mice received a tail vein injection of 1 gmol/kg CyPF, 3 umol/kg CyFPhB, or S umol/kg CyTPFB. (A) NIR
fluorescence from the tumor-bearing fourth right mammary fat pad (tumor), liver (liver), and left fourth mammary fat pad (left mam. fat pad) was
measured to determine the biodistribution of organic salts. The picture is a mouse dosed with 1 ymol/kg CyPFq at 48 h. Fluorescence intensity was
normalized to a vehicle control. Normalized fluorescence of (B) CyPF, (C) CyFPhB, and (D) CyTPFB was measured in the tumor-bearing fourth
right mammary fat pad (tumor), liver (liver), and left fourth mammary fat pad (mam fat pad). Data are displayed as means + S.D., n = 3.
Statistically significant differences (p-value <0.05) between tissue fluorescent intensity are marked with asterisks.

localization and PS clearance from normal tissues. To assess in
vivo biodistribution, fluorescence intensity was measured for 5
days from the tumor (located on the right mammary fat pad),
the nontumor-bearing left mammary fat pad, and the liver
(Figure 4A).

CyPF; was rapidly uptaken by all measured tissues within
the first 12 h, with initial localization in the liver for 1.5—6 h,
predominately. The maximal tumor uptake was at 24 h, with a
modest tumor retention over 48 h before gradually diminishing
after 72 h. The observed tumor clearance was slower than from
normal tissues, with a difference in fluorescence at 48 h of 25 +
5%; however, tumor fluorescence cleared rapidly with poor
overall retention (Figure 4B). Tumor uptake of CyFPhB was
found to be slower compared to that of CyPF4 which reached a
maximal uptake at 48 h (Figure 4C). The liver uptake of
CyFPhB was negligible with similar levels of fluorescence
signal to background tissue (i.e., nontumor-bearing right left
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mammary fat pad). Moreover, CyFPhB showed an exceptional
tumor-specific uptake, reaching a 45 =+ 10% increase in
fluorescence signal from surrounding tissues over 48—72 h and
stably retained for more than 120 h, demonstrating promising
therapeutic potential for PDT. Furthermore, tumor and liver
showed significantly reduced uptake of CyTPFB compared to
both CyPF¢ and CyFPhB (Figure 4D). Collectively, these in
vivo biodistribution results indicate that organic salts
preferentially accumulate and are retained within 6DT1
tumors.

CyFPhB Is a Selectively Phototoxic Antitumor Agent
When Combined with NIR Irradiation. To explore the
potential effects of fluorescent organic salts as potent PSs for
PDT, we further performed in vivo studies in FVB mice
orthotopically injected with 6DT1 mammary cancer cells.
Tumor-bearing mice were dosed with 1—-5 umol/kg of the
indicated organic salt or vehicle control (Veh) and further
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Pictured is an FVB mouse 44 h post IV injection of S ymol/kg CyFPhB. Tumor volume was measured in tumor-bearing mice treated with vehicle
(Veh) or (C) S umol/kg CyPF,, (D) 3 pmol/kg CyFPhB, or (E) S umol/kg CyTPFB with (+NIR) or without NIR irradiation. Data are displayed
as means + S.D., n = 4. Error bars represent S.D. Statistically significant differences (p-value <0.05) in CyFPhB + NIR tumor volumes from control
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irradiated with 150 J/cm?* of 850 nm light (Veh + NIR, CyX +
NIR) at 48 and 96 h following organic salt administration
(Figure SA,B). Tumor volume was monitored with caliper
measurements, and mice were euthanized on day 28 due to
tumor burden in control groups. Mouse health was monitored
throughout the experiment by weight and visual inspection
every other day as well as blood chemistry assays at endpoint.

Mice in the 5 pmol/kg CyPF4 + NIR treatment group were
all sacrificed within 24 h post injection (Figure SC). Mice in
the 3 umol/kg CyPF + NIR treatment group exhibited severe
tail swelling, limiting treatment to only one course of the PDT
protocol, and there were no observable changes to tumor
growth or appearance following light irradiation (Figure S8).
Mice treated with 1 ymol/kg CyPF, with or without NIR light
irradiation did not display any discernible effect on tumor
growth compared to control groups (Figure S9). A similar lack
of effect was observed in vivo with Cyl at low dosage (Figure
S10), another highly cytotoxic combination previously
reported in vitro.”> A higher dosage (5 umol/kg CyPF,) of
either cytotoxic compound led to mouse death.

CyFPhB + NIR treatment (3 gmol/kg) showed a potent
antitumor effect in mice, with a 93% reduction in tumor
volume compared to control groups at experimental endpoint
(Figure SD). Following the first light treatment on day 11, a
bruise developed around the tumor, which then formed a black
eschar. This is indicative of vascular-specific PDT, a
combination of direct photodamage to the cancer cells and

ablation of the tumor vascular, which starves the tumor of
nutrients.”’ Mice in the CyFPhB + NIR group, in which tumor
growth was stopped, were all visually healthy at experimental
endpoint. In contrast, mice in the remaining three control
groups, which were treated with CyFPhB (without NIR
irradiation), Veh (without NIR irradiation), and Veh + NIR,
all displayed severe labored breathing and decreased activity by
day 28 from unrestricted tumor growth.

Treatment with 5 umol/kg CyTPFB with or without NIR
light did not exhibit any antitumor effect in mice, and no
differences in tumor volume were observed between any of the
groups (Figure SE). Additionally, all mice were visually healthy
at experimental endpoint, suggesting that CyTPFB is nontoxic
in vivo at approved maximum doses.

At experimental endpoint, mice were sacrificed, and tumors
were collected, weighed, and analyzed histologically for further
assessment of treatment response. The CyFPhB + NIR group
displayed a 69% decrease in tumor weight compared to control
groups, confirming volume calculations from caliper measure-
ments (Figure 6A). A concern with many cancer treatments is
that the treatment may drive selection to induce increased
tumor malignancy, leading to recurrence and drug resist-
ance.”””” To assess this, healthy margins of tumors were
stained for Ki67, a proliferation biomarker commonly used to
prognose tumor aggressiveness.” > There was no increase in
Ki67* nuclei in the CyFPhB + NIR group compared to that in
the control groups, and all tumors were Ki67"-low by percent-
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Figure 6. CyFPhB irradiated with NIR light induces an antitumor effect via tumor necrosis and impedes cancer progression in a breast cancer
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Ki67 staining, (C) terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL), and (D) lung histology, n = 3. Representative images
of each group are shown in panel (C). Error bars represent SD. Statistically significant differences (p-value <0.05) in CyFPhB + NIR values from

control groups are marked with asterisks (*).

positive nuclei (Figure 6B). Additionally, terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) assays
were used to determine apoptotic and necrotic regions within
the CyFPhB + NIR treated tumors.”” TUNEL-stained cells
were identified by brown staining within tumor cross sections.
Samples taken at the experimental endpoint of 28 days no
longer had any relevant necrotic regions (Figure S11).
However, samples taken 72 h after PDT treatment displayed
extensive TUNEL-staining, indicating tumor necrosis and
apoptosis (Figures 6C and S12). This is likely due to a
combination of PDT-induced photodamage directly to tumor
and indirectly to the vasculature, which leads to tumor
starvation and necrosis.”” We have previously demonstrated
that fluorescent organic salts preferentially accumulate in the
mitochondria of cancer cells and generate mitochondrial
superoxide.”” Vasculature-PDT has been reported in clinically
approved PS talaporfin sodium and is characterized by bruising
at the irradiation site.”’

To determine efficacy against metastatic disease, we further
investigated the ability of CyFPhB + NIR to inhibit lung
metastasis. Lungs were harvested, fixed in formalin, and
sectioned for hematoxylin and eosin (H&E) staining. To
quantify the extent of metastasis, we analyzed the percent
metastatic area, which was identified by high-hematoxylin
(blue) staining in nuclei-dense regions. While the average
percentage of metastatic area was lower in the CyFPhB + NIR
group, the difference was not statistically significant due to a
wide degree of variation within groups (Figure 6D).
Altogether, these results indicate that the combination of
CyFPhB with NIR is an ideal PS for PDT in vivo, displaying a
potent antitumor effect by triggering tumor apoptosis and
necrosis in an orthotopic mouse model of breast cancer.

53517

CyFPhB + NIR Antitumor Treatment Has Minimal
Side Effects on Normal Tissues. To examine acute toxic
side effects, we further monitored mouse weight and skin
irritation at the site of light irradiation throughout the course
of the experiment. Due to the aggressiveness of the 6DT1
breast cancer model, control tumors displayed minor ulcer-
ation prior to experimental endpoint. The CyFPhB + NIR
group developed an eschar overlying the tumor following
treatment but otherwise appeared to be in good overall
condition at experimental endpoint with no significant
decrease in mouse weight observed throughout the treatment
course (Figure 7A). The minor difference in the final weight
observed at the end of the experiment was not statistically
significant and could be accounted for by the lack of a large
tumor in CyFPhB + NIR mice. No mouse lost more than 10%
of body weight throughout the course of the experiment.

Other clinical parameters were also examined to assess for
evidence of end organ dysfunction affecting the kidneys and
liver. Proteinuria was not detected in any group, as measured
by urine reagent test strips. Liver injury was assessed at the end
of the experiment by measuring serum levels of aspartate
aminotransferase (AST) and alanine aminotransferase (ALT),
biochemical markers of liver damage. All CyFPhB + NIR
treatment mice displayed serum values within normal ranges
and were unchanged compared to control treatment mice
serum values (Figures 7B and S13).>"

Additional potential offsite toxicity was assessed from tissue
where residual fluorescence was noted upon ex vivo organ
extraction, notably the spleen, kidneys, duodenum, and liver
(Figure 7C). These tissues were fixed in formalin and
underwent H&E staining. The CyFPhB + NIR group did
not display any morphological alterations or increased
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Figure 7. Minimal systemic toxicity observed with CyFPhB + NIR treatment in mice. (A) Mouse weight was monitored throughout the
experiment. (B) Aspartate aminotransferase (AST) and alanine aminotransferase (ALT) serum levels were measured to assess liver damage at
experimental endpoint in CyFPhB + NIR treatment mice. All measurements were within normal serum levels. (C) Residual fluorescence of normal
biological tissues (spleen, duodenum, kidney, liver) was measured from CyFPhB + NIR treatment mice. (D) Representative histological images
from each treatment group are shown. Scale bars: 100 ym. Data are displayed as means + SD, n = 4.

inflammatory exudation (Figure 7D). Collectively, these data
demonstrate that CyFPhB nanoparticles are a promising
photosensitizing anticancer agent with minimal side effects.

Bl CONCLUSIONS

Our findings demonstrate that our counterion tuning strategy
has clinical potential and could transform PS engineering. We
have demonstrated efficacious PDT in an immunocompetent
mouse model of metastatic breast cancer, paving the way for
translation to human cancer. Additional tumor-targeting may
be achieved by the stable incorporation of these organic salt
nanoparticles with antibody conjugation, which are common

engineering platforms for multiagent tumor delivery. Indeed,
NIR-PSs are promising components for multimodal synergistic
cancer therapy, as they have deep tissue imaging capabil-
ities.”” "> Reducing the nonspecific cytotoxicity and improving
phototoxic yields of NIR organic salts with counterion tuning
is a promising engineering strategy to advance tumor-specific
PDT and cancer treatment.

B EXPERIMENTAL SECTION

Synthesis and Purification of Organic Salts. Precursor salts
(Cyl and NaPF6, NaFPhB, or KTPFB) were dissolved in $:1
methanol/dichloromethane (MeOH/DCM) mixtures and stirred at
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room temperature under an inert nitrogen gas. The counterion
precursor was added in 100% molar excess to drive the exchange of
ions, and the product compounds precipitate out of solution after 5
min. The product was collected using vacuum filtration and rinsed
with MeOH. The crude product was dissolved in minimal DCM and
run through a silica gel plug with a DCM wash to remove unreacted
precursors, side products, and other impurities. The product
compound exiting the silica was identified by its color and elution
time and collected. Excess DCM was removed in a rotary evaporator.
The reaction yield and purity were confirmed by a high mass accuracy
time-of-flight mass spectrometer coupled to an ultrahigh performance
liquid chromatography (UPLC-MS) in positive mode to quantify
cations and in negative mode to quantify anions. Typical reactions led
to product yields of >60% with purities >95%. Reaction schemes and
purification procedures described previously were used.*>*’

Cell Culture Conditions. Mouse mammary carcinoma cells
(6DT1) were cultured in Dulbecco’s modified Eagle’s medium (Cat.
No. 10-017CM, Corning, NY) with 4.5 g/L glucose without sodium
pyruvate with 10% heat-inactivated fetal bovine serum (Cat. No.
F0392, Sigma-Aldrich, St. Louis, MO) supplemented with 2 mM
glutamine and 1% penicillin and streptomycin (Cat. No. 15323671,
Corning, NY). Cells were incubated in 37 °C with 5% CO, without
light exposure. Fluorescent organic salts were dissolved in 5.6 mM in
dimethyl sulfoxide (Cat. No. D4540, Millipore Sigma-Aldrich, St.
Louis, MO), and then further diluted in aqueous solution to form
nanoparticles for various experiments.

Cell Viability Studies. 6DT1 cells were seeded at a density of
40,000 cells per well in 6-well tissue culture plates in dye-laced or
vehicle (DMSO) media. After 24 h of incubation, media was aspirated
and replaced with untreated media. Each well was irradiated with an
850 nm light-emitting diode (LED) lamp with an irradiation flux of
425 mW/cm? for 30 min in the incubator, and control cells were left
in a dark incubator without irradiation. Following irradiation
treatment, the media was replenished with fresh dye-laced media
and allowed to incubate for another 24 h. The same procedure was
done at 48 and 72 h, but the cells received no further dye-laced media
after 72 h. The viable cell number was determined at 96 h using 4%
trypan blue and a Nexcelom Cellometer Auto T4 cell counter. All
assays were done with three biological replicates. The half-maximal
inhibitory concentration (ICg,) was determined by plotting percent
inhibition versus concentration and fitting using nonlinear regression
with GraphPad Prism.

Kinetic Inhibition Studies. 6DT1 cells were seeded at a density
of 25,000 cells per well in 24-well tissue culture plates. After 24 h, cells
were preincubated for 15 min with 250 yM bromosulfophthalein
(Cat. No. 21058, Cayman Chemical, Ann Arbor, MI), or 12 h with 1
mM dimethyloxalylglycine (Cat. No. D3695, Sigma-Aldrich, St. Louis,
MO). Following the indicated preincubation with each inhibitor, the
inhibitor-laced media was replaced with organic salts and inhibitor-
laced media. For live cell imaging, the cells were washed three times
with PBS and excited with 740 nm light. Fluorescence was measured
using a Leica DMi8 microscope with a Cy?7 filter cube, a PE4000 LED
light source, a DFC9000GT camera, and LAS X imaging software.
Cellular fluorescence was measured at the indicated time points, and
all conditions were done in triplicate. Fluorescence was quantitated
using Image]J software. Curve fitting was performed with Origin Pro8
software by plotting relative fluorescent units versus time and using a
dose—response sigmoidal equation.

Endocytosis Inhibition Studies. 6DT1 cells were seeded at a
density of 25,000 cells per well in 24-well tissue culture plates. After
reaching an 80—90% confluency, cells were serum-starved for 2 h.
Following serum starvation, cells were preincubated either for 30 min
in 3 mM amiloride (Cat. No. A7410, Sigma-Aldrich, St. Louis, MO),
1 hin 1 mM methyl-B-cyclodextrin (Cat. No. C455S, Sigma-Aldrich,
St. Louis, MO), or for 20 min with 200 uM dynasore (Cat. No.
120192, Abcam). Following preincubation with various endocytotic
inhibitors, inhibitor-laced media was replaced with organic salts and
inhibitor-laced media. After 24 h, cellular fluorescence was measured
as described above.

Ultraviolet—Visible (UV-Vis) Spectroscopy. Organic salts were
diluted to a concentration of S uM in cell media and combined with
the indicated concentrations of inhibitors. For albumin character-
ization, organic salts were diluted to a concentration of 5 yM in cell
media, serum-free media (DMEM), and DMEM with the indicated
concentrations of BSA. All dyes were characterized by a 25 UV—Vis
spectrometer (Perkin-Elmer, Waltham, MA) in the wavelength range
from 500 to 1100 nm in normal incidence transmission mode with a
resolution of 1 nm and a 1.27 cm path length. Cell media with
inhibitors was used as the solvent reference to remove reflections so
that the absorption is calculated as 1-transmission.

Bovine Serum Albumin (BSA) Uptake Studies. Purified bovine
serum albumin (Cat. No. A7030. Sigma-Aldrich, St. Louis, MO) was
resuspended in serum-free media (DMEM) and was serially diluted to
create the indicated concentrations. Concentrations of albumin used
were determined based on the concentrations of fetal bovine serum
used in cell media and in serum levels of mammals.”® Indicated
concentrations of fluorescent organic salts were added to solutions,
and after 14 h, cellular fluorescence was measured as described above.

Photoluminescence. Photoluminescence (PL) spectra were
collected using a Photon Technology International (PTI) spectro-
fluorometer for monomers of 5 yM CyPF4 that was completely
solubilized in DMSO or associated with 2 mg/mL BSA in DMEM
without phenol red.

Orthotopic Cancer Model. All animal protocols were approved
and performed in accordance with guidelines set by the Institute of
Animal Care and Use Committee (IACUC) of Michigan State
University (license number: 201900200). 6DT1 cells were harvested
for tumor implantation at an 80% confluence while in the logarithmic
phase of growth. 6DT1 cells (10,000) in SO uL of sterile saline were
inoculated into the right fourth mammary fat pad of 6—8 week old
syngeneic FVB/NJ female mice (purchased from Jackson Labo-
ratories, Bar Harbor, ME), as described previously."" Tumor growth
was monitored every other day with external caliper measurements to
determine tumor length and width to calculate volume, V= L X w2/
2. Animal well-being was also monitored by recording mouse weight
every other day and watching for potential skin irritation at the tumor
site. The presence of protein in urine was monitored using urine
reagent test strips (URS-1B/G/K/P, Cortez Diagnostics). Mice were
euthanized at a 28 day endpoint, when the majority of control mice
exhibit excessive morbidity due to tumor burden. Following
euthanasia by carbon dioxide asphyxiation and subsequent cervical
dislocation, tissues of interest were collected for further analysis.

In Vivo Imaging. For biodistribution studies, at 11 days post
orthotopic injection, tumor-bearing mice were dosed with 1 pmol/kg
CyPFq, 3 umol/kg CyFPhB, or S umol/kg CyTPFEB via intravenous
tail vein injection. For imaging, mice were anesthetized with 2.5%
isoflurane and brightfield and NIR fluorescent images were taken at
the indicated time points using a Leica M165FC stereoscope with a
740 nm PE4000 LED light source, a DFC9000GT camera, and LAS X
imaging software. Using ImageJ, brightfield images were used to
determine regions of interest (ROIs) for the tumor in the right fourth
mammary fat pad, the liver, and the left fourth mammary fat pad.
ROIs were then overlaid on the NIR fluorescent image for blinded
quantitation of fluorescence intensity and normalized to a vehicle-
injected mouse. The study ended after S days upon tumor ulceration
due to rapid tumor growth.

Photodynamic Therapy. At 9 days post orthotopic injection,
tumor-bearing mice were randomly divided into four treatment
groups: (1) vehicle injection (Veh), (2) organic salt injection (CyX),
(3) vehicle injection with NIR light irradiation (Veh + NIR), and (4)
organic salt injection with NIR light irradiation (CyX + NIR).
Organic salts were injected on day 9 after a palpable tumor was
formed. For organic salt injection treatment groups (2 and 4), mice
were given a 1-5 umol/kg intravenous injection of a fluorescent
organic salt dissolved in 5% DMSO and 0.03% Tween 20 in 100 uL of
sterile saline prior to injection through the lateral tail vein. Vehicle
groups (1 and 3) received a tail vein injection of 5% DMSO and
0.03% Tween 20 in 100 uL of sterile saline. Image]J software was used
to quantitate the relative brightness and localization within tumor
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tissues relative to normal tissues at various time points throughout the
experimental study. At 48 h post IV injection of the organic salt, NIR
light irradiation groups (3 and 4) were anesthetized with 2.5%
isoflurane, placed on a heated pad, and underwent tumor irradiation
with an 850 nm LED. Mice received a 120—150 J/cm?* dose over 15—
20 min, depending on previously decided treatment conditions. This
was repeated 48 h later. A week following the first organic salt IV
injection, the PDT treatment was repeated.

Histology. All histologic preparation and immunohistochemistry
staining were performed by the Investigative HistoPathology
Laboratory at Michigan State University. Tumor, lung, spleen, kidney,
liver, and duodenum were harvested, fixed in formalin, embedded in
paraffin, sectioned, and stained with hematoxylin and eosin (H&E)
for qualitative analysis. Tissues were visualized using an Olympus
VS200 research slide scanner at a 20X magnification.

Ki67 Nuclei Staining Assessment. Ki67 staining was measured
using images taken from healthy cross sections of tumors. Image
processing was performed in Image]. The color images were first
deconvoluted into hematoxylin (H) and diaminobenzidine (DAB)
color channels using Color Deconvolution (“H DAB” deconvolution
matrix). Deconvoluted H and DAB images were saved as new TIFF
images. For each image, smoothing was applied 5 times, then Auto
Local Threshold was performed using Phansalkar’s’s algorithm to
detect stained nuclei. Stained nuclei were counted using Analyze
Particles (minimum size 30, minimum circularity 0.3). To check that
threshold parameters were appropriate, several output images were
manually inspected to confirm that visually identifiable nuclei were
properly counted. The percent Ki67" nuclei were calculated as the
ratio of DAB-stained nuclei counts (representing proliferating cells) to
H-stained nuclei counts (representing all cells) for each tumor.

TUNEL-Area Quantification. Terminal deoxynucleotidyl trans-
ferase-mediated dUTP nick end labeling (TUNEL) assays were
evaluated using Image] to determine the percentage of necrotic to the
total area of each tumor cross section. Images were acquired using a
Leica M165FC stereomicroscope operated at a 1.6X magnification.
Images were duplicated, smoothed to reduce artifacts, and color
thresholding was used to select either the TUNEL" area or the entire
tumor area. Representative thresholding can be found in Figures S8
and S9.

Metastatic Lung Area Assessment. Microscope images of lung
histology slides were analyzed using Image]. Colors were converted
using “Dichromacy > Tritanope” filter and then split into three
channels, and the “blue” channel showing high overall intensity was
subtracted from the “red” channel showing high selective intensity in
high-hematoxylin tumor tissue regions. The resulting images show
that the selective highlighting of tumor tissue region was then
smoothed to reduce thresholding artifacts and finally thresholding was
applied using auto local threshold with Phansalkar’s’s algorithm to
quantitate the area of tumor tissue regions. Image processing
workflows described previously were used.”*

Alanine Aminotransferase (ALT) and Aspartate Amino-
transferase (AST) Assays. Serum levels for alanine aminotransferase
(Cat. No. MAKO052, Sigma-Aldrich, St. Louis, MO) and aspartate
aminotransferase (Cat. No. MAKOSS, Sigma-Aldrich, St. Louis, MO)
were measured using commercially available kits according to the
manufacturer’s protocol. Samples were run in duplicate and averaged
for analysis, before averaging levels for each treatment group.

Statistical Analyses. Statistical analyses were performed using an
unpaired Student’s t-test, and all error bars are representative of
standard deviation, except where otherwise noted. All displayed data
have a minimum of three biological replicates. Curve fittings were
done using Origin Pro8 and GraphPad Prism software. P-values <0.05
are reported as statistically significant (*).
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