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Herein, a simple counter-ion variation strategy is proposed and demonstrated for design of an array of near
infrared IR780-based nanoGUMBOS (nanomaterials from a Group of Uniform Materials Based on Organic
Salts) to produce enhanced anticancer activity. These nanomaterials were synthesized by direct
nanoengineering of IR780-based GUMBOS using a reprecipitation method, without addition of any other
materials. Thus, these novel nanomaterials can serve as carrier-free nanodrugs, providing several distinct
advantages over conventional chemotherapeutics. Examination of the size and stability of these
nanoGUMBOS indicates formation of approximately 100 nm nanoparticles that are stable under
biological conditions. Interestingly, in vitro chemotherapeutic applications of these nanoGUMBOS
indicate two to four-fold enhanced toxicity towards breast cancer cells as compared to the parent dye,
while still maintaining minimal toxicity towards normal cells. The mechanism of cancer toxicity for these
nanoGUMBOS was also examined by a study of their sub-cellular localization as well as using
a mitochondrial toxicity assay. Analyses of data from these studies revealed that all nanoGUMBOS
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to induce cell death. Using these studies, we demonstrate tunable properties of IR780-based

DOI 10.1039/c8ra05484¢ nanoGUMBOS through simple variation of counter-ions, thus providing a promising strategy for future
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Introduction

Cancer remains a leading cause of death worldwide." Much
effort has been devoted toward development of novel thera-
peutics for highly effective cancer therapy.* Chemotherapy,
one of the most common and efficient cancer treatments, has
progressed considerably over the past few decades. However,
many issues such as drug resistance and systemic toxicity arise
with use of conventional chemotherapeutics.>® Many mecha-
nisms can be identified for drug resistance including enhanced
DNA repair, decreased drug activation, and increased drug
degradation.” The latter systemic toxicity can be attributed to
lack of selective toxicity of most chemotherapeutic drugs due to
non-targeted distribution through the body. This problem
ultimately leads to destruction of much of the body's healthy
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design of better nanomedicines to be used for cancer therapy.

tissue along with treatment of the tumor.>* Therefore, it is
essential to develop more efficient and selective chemothera-
peutics for cancer treatments.

Mitochondria are special subcellular organelles that serve as
the main powerhouse of cell. They play a significant role in
regulation of cellular metabolism, calcium homeostasis, and
programmed cell death.® Importantly, cancer cells have a more
hyperpolarized mitochondrial membrane potential (A¥,,) in
comparison with normal cells, which makes the uptake of
cationic drugs into the cancer cells more favorable.® As a result,
targeting of mitochondria has emerged as an attractive strategy
for efficient and selective cancer chemotherapy.'®'* Recently,
a lipophilic near-infrared (NIR) heptamethine dye, IR780, has
been shown to have promising anticancer characteristics that
acts on mitochondria. Free IR780 has been shown to be inter-
nalized through organic anion transporter polypeptides
(OATPs), and thus cause mitochondrial dysfunction, ultimately
inducing cell apoptosis.'>** Despite the anticancer characteris-
tics of this cationic dye, very little research has focused on the
application of IR780 as a possible chemotherapeutic agent.
Since IR780 has intense fluorescence under NIR excitation, it
has primarily been used as a theranostic agent for cell imaging,
photodynamic therapy (PDT), and photothermal therapy
(PTT).**** However, low bioavailability and non-selective
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toxicity at high concentrations have limited its further biolog-
ical applications.™ To address these issues, various nanoscale
delivery systems have been developed to encapsulate IR780 in
order to minimize systemic toxicity through passive targeting
mechanisms such as enhanced permeability and retention
effect (EPR). These delivery systems involve use of micelles,
polymeric nanoparticles, or quantum dots.*** However, there
are several challenges when using nanoscale drug carriers,
including complexity of nanoparticle fabrication, limited drug-
loading, and difficulties in controlled drug release at the tumor
site.'*1¢'21 In this regard, a new concept of carrier-free nano-
drugs has been reported, which involves fabrication of nano-
materials  using the anticancer drug itself as
a chemotherapeutic material and without introduction of drug
carrier materials.>>® For example, hydrophobic drug molecules
can undergo self-assembly to form nanodrugs via change from
organic solvent to a non-solvent system, such as aqueous solu-
tion.*»** Several nanodrugs have already been approved for
clinical trial due to the ultra-high drug loading and reduced
material-related toxicity of this approach.>* In order to promote
the wide application of nanodrugs for clinical cancer therapy, it
is highly desirable to design nanodrugs with easy synthesis,
good physiological stability, and highly selective toxicity
towards cancer cells relative to normal cells.

In recent years, a group of uniform materials based on
organic salts (GUMBOS) has been developed in our laboratory
for several biomedical applications.>***” Although similar to
ionic liquids in terms of counter-ions used, GUMBOS are solid-
phase analogs with a defined melting point range of 25 °C to
250 °C. Such organic salts are found to have broadly tunable
properties such as toxicity, hydrophobicity, melting point, and
optical behaviors.>**?*?%2* Thus, GUMBOS can be designed for
specific tasks through simple counter-ion variations. Nano-
particles derived from these GUMBOS (nanoGUMBOS) gener-
ally display enhanced, unique, and tunable properties at the
nanoscale level as compared to GUMBOS. Specifically, conver-
sion of hydrophobic GUMBOS into nanoGUMBOS for thera-
peutic applications can enhance bioavailability of therapeutic
agents due to the small size and large surface area of nano-
GUMBOS. It has also been acknowledged that nanoparticles aid
in achieving passive tumor targeting due to the EPR effect of the
nanoscale size, which can make nanoGUMBOS more favorable
as potential chemotherapeutic drugs in comparison with
GUMBOS.* Furthermore, the ease of synthesis of such nano-
GUMBOS allows for development of a novel carrier-free nano-
drug without addition of other matrices.

In this present study, we aim to enhance the selective cyto-
toxicity of IR780 for future chemotherapeutic applications
through conversion to GUMBOS and nanoGUMBOS. By use of
certain advantages of the nanodrug, as well as the GUMBOS
concept, we have fabricated a series of IR780-based GUMBOS
(IR780][Asc], [IR780][OTf], [IR780][BETI]) through anion-
exchange of [IR780][I] with various bulky organic counter-
anions. These selected anions have varying compositions,
size, and hydrophobic properties. Additionally, no cytotoxicity
towards cancer or normal cells has been observed for these
anions under studied conditions.> Characterization of these
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GUMBOS by use of parameters such as hydrophobicity, melting
point, absorption, and fluorescence properties was performed.
Quasi-spherical nanoGUMBOS were then obtained by directly
nanoengineering these GUMBOS using an ultrasonication-
assisted reprecipitation method, which has been previously
described.*****?*3! These nanomaterials were then tested in
vitro using both cancer cells and normal cells to study drug
efficacy. Examination of results from these studies indicate that
these novel NIR nanomaterials provide unique properties for
future in vivo chemotherapeutic applications.

Results and discussions
Synthesis and characterization of IR780-based GUMBOS

All GUMBOS presented in this work were synthesized by use of
a simple metathesis reaction, where the anion of IR-780 was
exchanged with a variety of bulky organic counter-anions
(structures provided in Fig. S1t). One scheme of a representa-
tive metathesis reaction between [IR780][I] and lithium bis(-
perfluoroethylsulfonyl) ([Li][BETI]) is shown in Fig. 1. Detailed
synthetic procedures are provided in ESL{ All GUMBOS ob-
tained were then subjected to electrospray ionization mass
spectrometry (ESI-MS) for confirmation of synthesis. The results
from ESI-MS provided in the ESI (Fig. S2, Table S1f) were
consistent with theoretical calculations.

As expected, the synthesized IR780-GUMBOS displayed variable
physicochemical properties with counter-anion variation,
including properties such as melting point, hydrophobicity, and
optical behaviors (Table S21). Among these properties, hydropho-
bicity, which affects the nanoparticle formation process and
subsequent stabilization, of IR780-based GUMBOS was estimated
by use of octanol/water partition coefficients (log P) (Table S27).2>
Comparison of anion variation indicates that [IR780]|[BETI]
GUMBOS is the most hydrophobic, followed by [IR780][I], [IR780]
[OTf], and [IR780][Asc]. Such differences in hydrophobicity is quite
dependent upon the counter-anion, which corroborates previous
literature findings.>* In addition, optical behaviors of GUMBOS,
including both absorption and fluorescence spectra measured in
acetonitrile, were evaluated and depicted in Fig. 2(a) and (b),
respectively. All GUMBOS displayed similar absorption and emis-
sion spectra as the parent compound. The absorption maximum
was observed at 780 nm with a shoulder at 710 nm. The emission
maximum was measured to be 800 nm. Observed differences in
absorbance and fluorescence intensities of GUMBOS are likely
a result of effects from anion variations. These IR780 based
GUMBOS also exhibited good NIR radiation absorption and strong
fluorescence emission similar to the parent dye. Such properties
allow direct visualization of the distribution of GUMBOS in cells or
tissues through near infrared fluorescence (NIRF) imaging.*>*

Synthesis and characterization of IR780-based nanoGUMBOS

Due to the hydrophobic properties of IR780-based GUMBOS,
nanoGUMBOS were prepared by use of an additive free repre-
cipitation method in conjunction with ultra-sonication.®
Briefly, a small aliquot of GUMBOS dissolved in dimethyl sulf-
oxide (DMSO) was rapidly injected into a large amount of

RSC Adv., 2018, 8, 31700-31709 | 31701


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05484c

Open Access Article. Published on 12 september 2018. Downloaded on 01.03.2026 20:05:22.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

View Article Online

Paper

R
F-C-C-S—N-S—-C-C-F
+ Lo w0
FFO OFF
Li*
[IR780][1] [Lil[BETI]
DCM/Water
stir for 48 h at r.t.
TR 9it
F_9-9-§_N-'§-9-?—F 4 Lil(aqueous phase)
F FO OFF
[IR780][BETI]
Fig. 1 Synthesis of [IR780][BETI] GUMBOS by use of anion exchange.
() = (b)
0.8 TR780]M g 600000 E———
oo — R A
= - —— [IR780
84 [RrecleET 8 "\ — tR7eoreemy
2 @
a © 200000+
£ 0.2 2
0.0 — = . T :
500 600 700 800 900 = 800 850 900 950
Wavelength(nm) Wavelength(nm)

Fig. 2

aqueous cell medium (Dul-becco Modified Eagel Medium
(DMEM); containing 10% fetal bovine serum) under ultra-
sonication. In this scenario, a high super saturation was
reached, thus initiating self-assembly of hydrophobic GUMBOS
to form nanoparticles. The resulting nanoparticle size was
controlled by simple variation in initial concentration of
hydrophobic GUMBOS, which has also been used in fabrication
of other size-controlled hydrophobic nanodrugs.?*** As a result,
the size of different nanoGUMBOS was optimized to approxi-
mately 100 nm in this manner, which is considered excellent for
tumor targeting and accumulations owing to EPR effect.>>*®
Quasi-spherical or slightly ovate shapes were measured for
resulting nanoparticles by use of transmission electron
microscopy (TEM). A histogram of the TEM sizes are summa-
rized in Fig. 3(a-d), showing a narrow distribution of the actual
size of sample in a dried state. In addition, the hydrodynamic
size of the nanoparticles was evaluated in phosphate buffered
saline (PBS) using dynamic light scattering (DLS). As shown in
Fig. S3,T all measured nanomaterials displayed a hydrodynamic
size that is larger than 200 nm due to aggregation in an aqueous
solution system. Moreover, DLS analysis revealed that the most

31702 | RSC Adv., 2018, 8, 31700-31709

(a) Absorbance spectra and (b) fluorescence emission spectra of IR780 and IR780-based GUMBOS in acetonitrile.

hydrophobic GUMBOS, [IR780][BETI], yielded the most uniform
nanoGUMBOS with a polydispersity index of 0.12 (Fig. S37).
Such results also confirm the predominant role of hydropho-
bicity on nanoparticle formation using a reprecipitation
method as discussed previously.”” Measurements of zeta
potential suggest that all nanoGUMBOS displayed a negative
surface charge in PBS (Table S3f). This indicates that the
surfaces of the nanoparticles are predominately anion
controlled.

Considering the application of IR780-based nanoGUMBOS
in biological systems, spectral behavior of these nanoparticles
in serum-DMEM (10% FBS in DMEM, pH = 7.4) was also eval-
uated (Fig. 4). Intriguingly, the relatively less hydrophobic
[IR780][Asc] and [IR780][OTf] nanoGUMBOS exhibited similar
absorption spectra profile to the parent dye based nano-
particles, where peak absorbance occurs at 790 nm with
a shoulder at 720 nm. In contrast, for the most hydrophobic
compound, [IR780][BETI], the nanoparticle suspensions in
serum-DMEM displayed a slightly broader absorption spectra.
This broadening from 820 nm to 900 nm is consistent with
formation of J-type aggregation as a result of staircase head-to-

This journal is © The Royal Society of Chemistry 2018


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8ra05484c

Open Access Article. Published on 12 september 2018. Downloaded on 01.03.2026 20:05:22.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Advances
(a) (c)
80 A 100 = =
- - - o’ . .
d=93+16 nm § . t‘.\ d=94+12nm S % e
601 § &0 § EPch
N N . o o
g \ 2 60 \ :
& . § m § . K
40 § g- § N . .
g \ ' N R ki A
N N N N\&
e ‘0 N N \)
N N 207 N N N B
0- e \ § § A o4 ‘§ § § §L N i
30 45 60 75 90 105 120 135 150 165 180 30 45 60 75 90 105 120 135 150 165 18
Diameter (nm) Diameter (nm)
(b) (d)
80
41" & o
d=98+16nm 1001 d=92 =11 nm g "i
601 . i
g o & Yo
g -7 .
- $ 401 N
20- \ \
N N N
\ 201 A N\
1 § 3 3 N N N N § o N

30 45 60 75 90 105 120 135 150 165 180
Diameter (nm)

90 105 120 135 150 165 180
Diameter (nm)

o-
30 45 60 75

Fig. 3 Characterization of particle sizes for IR780-based nanoparticles using TEM. Histograms constitutes 200 individual nanoparticles with
a distribution curve overlay as well as a representative portion of a TEM micrograph (all scale bars represent 500 nm): (a) [IR780][l], (b) [IR780]

[Ascl, (c) [IR780][OTH], (d) [IR780][BETI].

tail arrangement of transition dipoles.*” All nanoparticles also
displayed similar fluorescence spectrum to each other with
peak emission near 810 nm, which is in the desirable NIR
region. This property allows for NIRF imaging, making nano-
GUMBOS more suitable for in vivo studies of bio-distribution
due to deep tissue penetration and low autofluorescence in
comparison with many previously reported fluorescent nano-
particles for chemotherapeutic applications.*®*** Of all nano-
GUMBOS studied, [IR780][Asc] and [IR780][BETI]| have even
shown more intense emission signal in comparison with the
parent dye. In addition, when compared to free IR780 in
acetonitrile, a 10 nm red-shift was observed for all investigated
IR780-based nanoparticles in terms of both absorption and
emission spectra. This results from either a change in solvent
polarity or from strong hydrophobic interactions between IR780
and other molecules in the serum-DMEM, which is consistent
with previous literature data.*>"

Following initial photochemical examinations of these nano-
GUMBOS, the colloidal stabilities of nanoparticles in cell culture
medium were investigated since they play a profound role in
cellular uptake as well as cytotoxicity.”” A UV-Vis NIR spectro-
photometer was used to monitor absorbance spectra of all IR780-
based nanoparticles in serum-DMEM over a 48 h period as pre-
sented in Fig. S4.1 It is interesting to note that an increase in peak
absorbance at 790 nm corresponding to randomly oriented

This journal is © The Royal Society of Chemistry 2018

aggregates was observed initially, with a decrease in absorbance
from 820 nm to 850 nm corresponding to J-aggregates. This
indicates dye-deaggregation, where J-aggregation has shifted to
randomly oriented aggregation. Similar results from previous
studies of R6G nanoparticles have also been observed.” In the
subsequent hours, little or no change of spectra were observed
(Fig. 4(c) and S4t). This suggests formation of stable nano-
particles under biological conditions, in which nanoparticles
were prevented from non-specific adsorption on the walls of
quartz cuvettes and stabilized in the presence of proteins in
serum-DMEM. Additionally, examination of size and shape of
nanoGUMBOS after 48 h of storage in cell culture media were
also performed by use of TEM measurements. For example, as
shown in Fig. S5,f the sizes of all nanoGUMBOS were still
approximately 100 nm with spherical shapes after 48 h of storage
in cell culture medium. Neither size, nor morphology of nano-
GUMBOS varied with time, which thus proved stability of these
nanoparticles in cell culture medium. This favorable stability of
IR780-based nanoGUMBOS in cell culture medium suggests their
potential use for future in vivo applications.

In vitro cytotoxicity evaluation of IR780-based nanoGUMBOS

In vitro cytotoxicity of the parent [IR780][I] nanoparticles and
the most uniform [IR780][BETI] nanoGUMBOS were first

RSC Aadv., 2018, 8, 31700-31709 | 31703
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Fig. 4 (a) Absorbance spectra, (b) fluorescence emission spectra of
IR780-based nanoparticles, and (c) stability of IR780-based nanoparticles
in serum-DMEM. Normalized absorbance was determined by dividing the
peak absorbance after certain hours by the initial peak absorbance.

evaluated using three different human cancer cell lines
including breast cancer (MDA-MB-231, MCF-7) and pancreatic
cancer (MIA PaCa-2). These cells were incubated using various
concentrations of IR780-based nanoparticles for 48 h. Subse-
quently, cell viability was examined and quantified using
a colorimetric methyltetrazolium (MTT) viability assay. The ICs,
values of these cancer cells, which represent the concentration
of drug at 50% cell viability, were then calculated and
compared. Fig. 5(a) is a graph of ICs, values of parent [IR780][I]
nanoparticles and [IR780][BETI] nanoGUMBOS for these
different cancer cell lines. The ICs, values of [IR780][BETI]
nanoGUMBOS for the three cancer cell lines were significantly
smaller as compared with the parent dye, suggesting higher
cytotoxicity of nanoGUMBOS. Moreover, these results clearly
reveal that among all the tested cancer cell lines, the aggressive
and invasive MDA-MB-231 breast cancer cell line, was most
susceptible to the parent IR780 nanoparticles as well as [IR780]
[BETI] nanoGUMBOS.

31704 | RSC Adv., 2018, 8, 31700-31709
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The MDA-MB-231 breast cancer cells were used to further
study the differences in therapeutic efficacy of all synthesized
IR780-based nanoGUMBOS. As shown in Fig. 5(b), a significant
reduction in ICs, concentration as compared to the parent dye
was observed for all investigated nanoGUMBOS. The [IR780]
[BETI] nanoGUMBOS were found to be most toxic to cancer cells
with the lowest IC5, value of 4.6 uM. This [IR780][BETI] nano-
GUMBOS had more than a threefold reduction in IC5, concen-
tration as compared to the parent [IR780][I], with an IC5, value
of 17 uM. The other two nanoGUMBOS, [IR780][Asc] and [IR780]
[OTf] also outperformed the parent dye in terms of anticancer
efficacy, showing at least 1.5 fold lower ICs, concentrations. In
comparison with R6G based nanoGUMBOS developed previ-
ously in our laboratory, IR780 based nanoGUBMBOS have
shown enhanced toxicity towards cancer cells.> Analysis of these
results demonstrated the proven role of counter-ion variation
on the toxicity of such nanomaterials.

Examination of cytotoxicity on normal epithelial breast cells,
i.e. Hs578Bst, was performed in order to assess the selectivity of
nanoGUMBOS. As presented in Fig. 5(c-f), while all nano-
particles exhibited a dose-dependent inhibition towards breast
cancer cell proliferation, only a small impact on the viability of
normal breast Hs578Bst was observed under conditions tested.
For example, treatment of MDA-MB-231 cancer cells with
[IR780][BETI] nanoGUMBOS led to almost complete eradication
of the cells at a concentration of 12.5 pM, while greater than
75% cell viability of normal cells was still maintained. This
suggests good selectivity of [IR780][BETI] nanoGUMBOS
towards cancer cells relative to normal cells. It is also interesting
to note that all IR780-based nanoGUMBOS displayed an
enhanced selective toxicity towards MDA-MB-231 cancer cell in
comparison to the parent IR780 nanoparticles, as indicated by
their wider gap of cytotoxicity between cancer and normal cells.
A similar selective outcome was also observed for MCF-7 breast
cancer cell line and HMEC normal epithelial breast cell line
(Fig. S67). In this case, the selective toxicity may be attributed to
enhanced cellular uptake of nanoGUMBOS in cancer cells
relative to normal cells, as previously reported for the parent
IR780 in other cancer cell lines.”*'®** This conclusion was
further validated by use of microscopy studies in which higher
fluorescence intensity was observed in cancer cells relative to
normal cells after treatment with the same concentration of
nanoGUMBOS (Fig. S71). Examination of these results suggest
that anion exchange with parent compound aided in improve-
ment of anti-tumor effects while still displaying good selectivity
in vitro. Thus, our nanoGUMBOS may be good candidates for
further exploration as potential therapeutic drugs.

Cellular uptake studies

Effective cellular uptake plays an important role in enhancing
nanoparticle retention, EPR effects, and ultimately therapeutic
efficacy.* In order to further understand improved drug efficacy
of nanoGUMBOS as compared to the parent dye, the cellular
uptake of all nanoparticles with different absorptivity were
quantitatively measured and compared using a previously re-
ported method with slight modification.”****¢ An optimized

This journal is © The Royal Society of Chemistry 2018
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(a) The ICsq values of [IR780][l] nanoparticles and [IR780][BETI] nanoGUMBOS for cultured MDA-MB-231, MCF-7, and MIA PaCa-2 cancer

cells. (b) The ICsq values of different IR780-based nanoparticles for MDA-MB-231. (c)-(f) Cell viability for MDA-MB-231 cancer cell and Hs578Bst
normal cell after treatment of IR780-based nanoparticles for 48 h. Data are presented as mean + s.d. (n = 6). For some points, the error bars are
shorter than the symbol, and thus are not visible in the graph. Statistical significance was assessed by use of SPSS via one-way ANOVA test; (**P <

0.05, ***P =< 0.001, ****pP =< 0.0001).

concentration of nanoparticles corresponding to little or no cell
death was incubated with MDA-MB-231 cancer cells for 4 h, and
then cellular uptake of incubated nanoparticles were quantified
based on spectrometric measurements. As shown in Fig. 6, all
nanoGUMBOS exhibited significantly higher cellular uptake
than the original [IR780][I] nanoparticle, which suggests
a greater amount of nanoGUMBOS accumulated inside the
breast cancer cells. These results further corroborate the
observed enhanced cancer killing activity of nanoGUMBOS.
Since uptake of nanoparticles commonly occurs through
receptor-mediated pathways, this process is largely influenced

100

Cellular uptake
(pmol/i2x10° cells/4 h)

[IR780][1]

[IR780][OTf] [IR780][Asc] [IR780][BETI]

Fig. 6 Cellular uptake of nanoparticles after incubation of 25 nmol
NPs with MDA-MB-231 cancer cells. Data are presented as mean + s.d.
(n = 3). Statistical significance was assessed by SPSS via one-way
ANOVA test; (**P =< 0.05, ***P < 0.001, ****P < 0.0001).

This journal is © The Royal Society of Chemistry 2018

by the physicochemical properties of nanoparticles including
hydrophobicity, size, surface charge, and composition.*”*
Therefore, shape and size of all nanoparticles were character-
ized to ensure that all exhibited similar properties. The inter-
nalization of [IR780][I] has previously been demonstrated to
depend upon organic anion transporting polypeptides (OATPs),
more specifically the OATP1B3 subtype.”'**® Therefore, we
hypothesize that the counter-ion exchange probably promotes
interaction with OATPS transporters, leading to higher uptake.
Further studies to elucidate the internalization mechanism are
ongoing in our laboratory.

Intracellular stability studies

Due to the complexity of the intracellular environment, in
which various enzymes and hydrolases coexist, internalized
nanoparticles generally undergo degradation and have
a decreased chance of reaching the target organelle in order to
exert its function.” Thus, following evaluation of cellular
uptake, we then investigated the effect of the intracellular
stability of all nanoGUMBOS on drug efficacy. By use of bio-
TEM, the change of nanoparticles behaviors after internaliza-
tion into cancer cells was tracked. As indicated in Fig. 7(a), only
a few [IR780][I] nanoparticles were observed inside MDA-MB-
231 cancer cells after 30 min incubation. This phenomenon
most likely resulted from dissociation or degradation of the
internalized nanoparticles that has been confirmed previously
through detection of strong fluorescence from the parent dye

RSC Adv., 2018, 8, 31700-31709 | 31705
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Fig. 7 Bio-TEM images of MDA-MB 231 cells incubated with (a) [IR780][l] nanoparticles, (b) [IR780](OTf], (c) [IR780][Asc], and (d) [IR780][BETI] nano-
GUMBOS for 30 min. Insets are the enlarged images corresponding to the red rectangle sections of each image, showing the presence of nanoparticle.

(Fig. S71). In contrast, a large number of IR780 based nano-
GUMBOS were present in the cytoplasm and still maintained
intact morphology as shown in Fig. 7(c and d). In this regard,
rather than undergoing degradation, most nanoGUMBOS pro-
ceeded to aggregate into large particles or clusters after inter-
nalization into cells. Thus, it is reasonable to expect that the
aggregation behavior of nanoGUMBOS helps their retention in
cancer cells long enough to reach the target organelle. This is
also consistent with enhanced accumulation of nanoGUMBOS
as shown in our cellular uptake study.

Mechanism of anticancer effect of IR780-based nanoparticles

Since all IR780 based nanoGUMBOS have shown efficient cellular
uptake, good intracellular stability, and good antitumor activity,
the mechanism of cancer toxicity also needs to be determined for
future applications. It is known that IR780 dye preferentially
accumulates in the mitochondria of cancer cells in order to induce
cell apoptosis.*** In this context, we also examined sub-cellular
localization of our nanoGUMBOS (represented as red fluores-
cence) by co-staining with MitoTracker green dye (represented as
green fluorescence) in breast MDA-MB 231 cancer cells. As pre-
sented in Fig. 8(a), strong fluorescence from IR780-based nano-
GUMBOS was observed indicating the effective internalization of
nanoGUMBOS. The merged images show a large yellow overlay of
red fluorescence from nanoGUMBOS and green fluorescence from
the MitoTracker dye. This suggests that similar to the [IR780][T], all
nanoGUMBOS also primarily accumulate in the mitochondria in
breast cancer cells, indicating that the mitochondria may also be

31706 | RSC Adv., 2018, 8, 31700-31709

a major target organelle of IR780-based nanoGUMBOS in order to
induce cell death. Additionally, the Pearson's coefficients
measuring degree of co-localization of nanoGUMBOS and Mito-
Tracker were calculated to be larger than 0.7 (Table S51), quanti-
tatively confirming the great mitochondria localization of
nanoGUMBOS. To elucidate the specific mechanism of cancer
toxicity for these nanoGUMBOS, a mitochondrial toxicity assay in
combination with the galactose cell culture growth medium was
further performed, which allows prediction of potential mito-
chondrial dysfunction as a result of drug exposure.® This assay
consists of two measurements, including cell membrane integrity
(MI) associated with cytotoxicity, and cellular ATP levels. Typically,
a mitochondria toxin inhibits oxidative phosphorylation, resulting
in decreased ATP with no change or disproportional increase in its
measured cytotoxicity as compared to the vehicle control. In
contrast, a reduction in ATP with a proportional increase in cyto-
toxicity suggests primary necrosis is occurring instead of mito-
chondria dysfunction.? As shown in Fig. 8(b), cells treated with
these nanoGUMBOS displayed similar results as the parent dye, in
which ATP levels were reduced with a disproportional increase in
cytotoxicity relative to the vehicle control, indicating all IR780-
based nanoGUMBOS are also mitochondrial toxins. Similar mito-
chondria toxicity profiles of other known mitochondrial toxins
such as antimycin and rhodamine 6G were also observed in other
literature.>*® Therefore, it can be concluded that cancer toxicity of
these nanoGUMBOS, as well as the parent dye arise from inhibi-
tion of oxidative phosphorylation in the mitochondria of MDA-MB-
231 cancer cells. In comparison to other nanoparticles that act
through a similar mitochondria-based anticancer route, most of

This journal is © The Royal Society of Chemistry 2018
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Fig.8 The uptake of IR780-based nanoGUMBOS and the effect on the mitochondria of MDA-MB-231 cancer cells. (a) Co-localization of IR780-
based nanoGUMBOS with Mito-Tracker dye imaged by use of fluorescence microscope. All scale bars on the fluorescence microscopy images
represent 20 pum. (b) Profiles of mitochondria toxicity of IR780-based nanoGUMBOS using a mitochondrial ToxGlo ™ assay. ATP level decreasing
with disproportional changes in membrane integrity associated with cytotoxicity indicates a mitochondrial toxin.
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the reported literature has involved use of various materials to
achieve targeting function.**** In contrast, our IR780 based nano-
GUMBOS target the cancer cell mitochondria due to the cationic
charge of IR780, and displayed selective toxicity towards cancer
cells without use of any other targeting moiety.

Conclusion

In this study, we outline a simple counter-ion variation strategy to
design a series of tunable nanoGUMBOS based on IR780, a known
NIR anticancer dye. These novel IR780-based nanoGUMBOS are
easily synthesized with a size of approximately 100 nm. Moreover,
our nanoGUMBOS possess high stability in true biological systems
as observed in the bio-TEM study. Most importantly, all nano-
GUMBOS displayed enhanced selective cytotoxicity towards breast
cancer cells in the absence of targeting molecules when compared
with the parent dye. Comparison of cytotoxicity results of all
nanoGUMBOS suggests that [IR780][BETI] displays the best drug
efficacy towards MDA-MB-231 breast cancer cells with minimum
toxicity towards normal breast cells, followed by [IR780][Asc], and
then [IR780][OTf]. Mitochondrial assays revealed that the anti-
cancer effects of the nanoGUMBOS results from mitochondria
dysfunction. In conclusion, our findings provide deep insight and
encourage further investigations of IR780-based nanoGUMBOS as
chemotherapeutic agents, as well as use in combination with PDT
or PTT for improved cancer therapy.
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