1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
ACS Appl Mater Interfaces. Author manuscript; available in PMC 2019 October 03.

-, HHS Public Access
«

Published in final edited form as:
ACS Appl Mater Interfaces. 2018 October 03; 10(39): 33464-33473. doi:10.1021/acsami.8b11974.

P-glycoprotein-Targeted Photothermal Therapy of Drug-
Resistant Cancer Cells using Antibody-Conjugated Carbon
Nanotubes

Xubin Suol2, Brittany N. Eldridgel, Han Zhang3, Chenggiong Maol, Yuanzeng Min%, Yao
Sun®, Ravi Singh®*, and Xin Ming1.6.*

1Department of Cancer Biology, Wake Forest University School of Medicine, Winston Salem,
North Carolina, United States;

2School of Pharmacy, Guangdong Pharmaceutical University, Guangzhou, Guangdong, China;

3School of Traditional Chinese Medicine, Guangdong Pharmaceutical University, Guangzhou,
China;

4Department of Chemistry, University of Science and Technology of China, Hefei, Anhui, China;

SDepartment of Radiology, Wake Forest University School of Medicine, Winston Salem, North
Carolina, United States;

8Department of Biomedical Engineering, Wake Forest University School of Medicine, Winston
Salem, North Carolina, United States.

Abstract

P-glycoprotein (Pgp)-medicated multidrug resistance (MDR) remains a formidable challenge to
cancer therapy. As conventional approaches using small-molecule inhibitors failed in clinical
development because of the lack of cancer specificity, we develop Pgp-targeted carbon nanotubes
to achieve highly cancer-specific therapy through combining antibody-based cancer targeting and
locoregional tumor ablation with photothermal therapy. Through a dense coating with
phospholipid-poly(ethylene glycol), we have engineered multiwalled carbon nanotubes
(MWCNTSs) which show minimum nonspecific cell interactions and maximum intercellular
diffusion. After chemically modified with an anti-Pgp antibody, these MWCNTSs showed highly
Pgp-specific cellular uptake. Treatment of the targeted MWCNTS caused dramatic cytotoxicity in
MDR cancer cells upon photoirradiation, whereas they did not cause any toxicity in the dark or
phototoxicity toward normal cells that do not express Pgp. Because of excellent intratumor
diffusion and Pgp-specific cellular uptake, the targeted MWCNTS produced strong phototoxicity
in tumor spheroids of MDR cancer cells, a 3-D tumor model for studying tumor penetration and
therapy. In conclusion, we have developed a highly Pgp-specific MWCNTSs that may provide an
effective therapy for MDR cancers where other approaches have failed.
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Introduction

The development of drug resistance causes failure for the treatment of patients with
metastatic cancers. Increased expression of P-glycoprotein (Pgp), an ATP-binding cassette
transporter, is considered as a leading cause of cancer drug resistance.l Chemotherapy
agents, including doxorubicin and taxol, achieve their anticancer actions only after they
enter cancer cells. Pgp is expressed on the surface membrane of cancer cells, and mediates
efflux of many of these agents, which are its substrates. Thereafter, drug resistance arises in
these cancer cells because of the overexpression of Pgp. Although its role in cancer drug
resistance was discovered over three decades ago, Pgp is still an undruggable target, and no
clinical solution exists to overcome this resistance. Three generations of small-molecule
inhibitors have been developed to overcome Pgp-medicated drug resistance, yet none of
them have been approved by the US Food and Drug Administration.> The main reason for
this failure is the lack of cancer specificity of these inhibitors, which caused side effects in
normal tissues.?

Increased cancer specificity can be achieved using photothermal therapy (PTT) through
locoregional tumor ablation. This emerging treatment modality employs laser emitted near-
infrared (NIR) radiation to heat malignant tissue to temperatures in excess of 50°C, which
causes protein denaturation, aggregation and oxidation, and ultimately cell death.3 Because
of its precise energy delivery to target cells and the sensitivity of cancer cells to temperature
elevation, PTT has been widely investigated as a noninvasive treatment approach for
recurrent or drug-resistant cancers.* Although laser-based therapy results in few side effects,
5-8 the inability to achieve sufficiently high temperatures evenly throughout the target lesion
limits its clinical application.® To address this issue, nanomaterials including carbon
nanotubes (CNTs)10 and gold nanoparticles (NPs)11-14 have been intensively investigated
for their capacity to generate heat in response to NIR exposure.1®> CNTs, which were first
described by ljima et al., 16 are a heterogeneous class of nanomaterials that consist of sheets
of sp? carbon rolled into single-walled or multiwalled tubes. In addition to PTT, potential
biomedical applications of CNTs include drug and gene delivery,17-18 and radionuclide
delivery for noninvasive imaging.19-21 CNT-mediated PTT allows far greater heat deposition
and localization within a target tumor than laser irradiation alone,®22-26 and is effective for
treating bulk tumor and stem cell-like cancer cell population that is believed to be
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responsible for the development of therapeutic resistance and disease recurrence.2’-28 |n
general, PTT using multiwalled CNTs (MWCNTS) has proven to be more effective than
single-walled CNTs (SWCNTSs) for heat generation and localization.10 PTT using gold NPs
also has been widely investigated,11-14 but gold NPs can become deformed following
heating, which reduces the efficacy of subsequent heating cycles.2? In contrast, CNTs do not
deform after NIR exposure, allowing multiple heat cycles without loss of efficacy.23

Despite the significant potential for cancer cell-specific killing, NP-mediated PTT has thus
far failed to deliver on the hope for improvements during ongoing clinical trials.3% A
significant obstacle for achieving this goal is the fact that most NPs fail to diffuse throughout
tumors and are trapped by the extracellular matrix, leading to heterogeneity in their
intratumoral distribution, even after local delivery.3! However, the intercellular diffusion rate
of nanotubes is anomalously high in comparison to globular particles with similar weight,
and is comparable to molecules with molecular weights 10,000-fold lower.32 This is because
CNTs possess a high aspect ratio which allows them to align along their narrow axis and
pass through small pores that may restrict the passage of globular macromolecules of similar
mass.

One advantage of using NPs for cancer therapy is the capacity to engineer them to
selectively bind to receptors expressed on target cells. There are several reports indicating
that increased uptake of CNTs by cancer cells can be achieved through conjugation of
targeting moieties to the surface of CNTSs. This strategy is versatile and CNTs have been
targeted to cell receptors including the folate receptor,26:33 HER2,34-35 glucose transporters,
21 3 carbohydrate antigen overexpressed in neuroblastomas, 36 integrins,3” and CD133.27 In
each case, these ligands bind to the targeted membrane proteins that are overexpressed in
tumors. Because Pgp is a membrane transporter that is overexpressed in many tumors, and
Pgp-expressing cancer cells are resistant to conventional chemotherapy, Pgp-targeted PTT
may provide a means to overcome cancer resistance and treat these difficult cancers in a
more specific way than small-molecule inhibitors.

In this study, we aimed to provide a highly cancer-specific approach to Pgp-overexpressing
cancers by combining antibody-based cancer targeting and locoregional tumor ablation with
PTT. Thus, MWCNTSs were conjugated to a Pgp-specific antibody (Pab). After
physicochemical characterization of the targeted NPs, we examined their cellular uptake and
phototoxicity in Pgp-expressing cancer cells. We further investigated the mechanism of
phototoxicity caused by the targeted MWCNTS, and evaluated their anticancer actions in 3-
D tumor spheroids of drug-resistant cancer cells.

Experimental Section

Chemicals and Reagents

Short oxidized MWCNTS with 0.5-2 um in length and in three diameters (<8 nm; 8-15 nm;
20-30 nm) were purchased from Nanostructured and Amorphous Materials. Distearoyl-sm-
glycero-3- phosphoethanolamine conjugated to polyethylene glycolsggg terminated with a
methoxy group (DSPE-PEG), maleimide (DSPE-PEG-Mal), and fluorescein isothiocyanate
(DSPE-PEG-FITC) were purchased from Nanocs, Inc. N-Succinimidyl S-acetylthioacetate
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(SATA) and hydroxylamine hydrochloride were purchase from Thermo Scientific.
Ethylenediaminetetraacetic acid disodium salt dehydrate, sodium hydroxide solution,
penicillin and streptomycin were obtained from Sigma-Aldrich. An anti-Pgp monoclonal
antibody (15D3) was produced in house using a method described previously.38 Water used
in all experiments was purified using a Milli-Q water purification system (Millipore, S.A.S,
B.P).

Preparation of Pab-MWCNTs

To reduce size and increase aqueous dispersibility, the initial stock of MWCNTSs was further
acid oxidized using sulfuric acid and nitric acid (3:1 mixture) treatment followed by
extensive washing and purification as previously described.?1:39 Subsequently, Pab-
MWCNTSs were prepared according to Scheme 1. Briefly, DSPE-PEG (50 mg), DSPE-PEG-
Mal (40 mg), and DSPE-PEG-FITC (10 mg) were dissolved in 5 mL of water, and then
added into a glass vial containing 20 mg of MWCNTS treated as described above. The
resulting mixture was dispersed by bath sonication six times for 10 min, with exchanging
water between cycles to prevent overheating as previously described.3940 The coated
MWCNTSs were washed four times in 20 mL of water using size exclusion columns (100K
MWCO, Millipore) to remove any excess phospholipids. The concentration of MWCNTS in
the final solution was estimated to be 4 mg/mL based upon UV/vis absorbance in
comparison to a standard curve of the starting material.

To prepare Pab-MWCNTSs, the Pgp antibody was first conjugated with SATA (Thermo
Scientific) in phosphate buffered saline (PBS) (pH 7.4) at the ratio of antibody to SATA of
1:5, and then was deacetylated with 50 mM hydroxylamine to generate sulfhydryl groups
after purification. The MWCNTSs-PEG-Mal suspension (4 mg/mL MWCNTSs in 1.0 mL of
PBS, pH 7.4) was reacted with the freshly made thiolated Pgp antibody (1 mg/mL in 0.5 mL
of PBS). The reaction was performed for 3 h at room temperature under magnetic stirring.
The Pab-MWCNTSs were stored in PBS at 4°C until ready for use.

Conjugation of antibodies to MWCNTS and reaction completion were confirmed using a
modified dot blot technique. Briefly, solutions of the thiolated Pgp antibody alone,
MWCNT-PEG-Mal, Pab-MWCNT, and a mixture of the Pgp antibody with MWCNT-PEG
(Pgp antibody concentration was the same in all samples) were diluted 40-fold in PBS and
were centrifuged at 30,000 x g. The Pgp antibody was quantified by placing 10 uL of the
supernatant on a nitrocellulose membrane (Thermo Scientific) and dried overnight. The
membrane was rocked for 1 h at room temperature in Tris-buffered saline containing 5%
powdered milk, 1% triton X-100, and a 1:1000 dilution of horse radish peroxidase
conjugated, polyclonal anti-mouse 1gG (Cell Signaling Technologies). After washing,
immunoreactive products were visualized by chemiluminescence (SuperSignal Femto West,
Thermo-Fisher).

Characterization of Pab-MWCNTs

The morphology of Pab-MWCNTSs was imaged using a FEI Tecnai Spirit transmission
electron microscope equipped with a digital imaging system. In this experiment, a dilute
suspension of MWCNTSs or Pab-MWCNTS was dried on a 200 mesh carbon coated copper
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grid. A second set of samples were similarly prepared and then were negatively stained
using 1% uranyl acetate in water. The MWCNTSs were imaged by transmission electron
microscopy (TEM) at an accelerating potential of 80 keV. The length, diameter, and aspect
ratio (length/diameter) of the MWCNTSs were quantified manually from the TEM images
using Image J (https://imagej.nih.gov/ij/). At least 100 MWCNTSs were analyzed from each
group. Further, the hydrodynamic diameter of MWCNTSs was assessed by dynamic light
scattering using Malvern Zetasizer NS90 in PBS in automatic mode. The C-potential of
MWCNTSs was assessed in Milli-Q water at pH 6.8—7 using Malvern Zetasizer NS90.

Cell Culture

The cell line 3T3-MDR1 is a mouse fibroblast cell line stably transfected with a cDNA
coding for human Pgp and was obtained from Dr. Gottesman’s lab at National Cancer
Institute (NCI). This cell line was maintained in the Dulbecco’s modified Eagle’s medium
(DMEM) (Corning, NY, USA) supplemented with 10% fetal bovine serum (FBS, Sigma-
Aldrich), 400 1U/mL penicillin, 100 pg/mL streptomycin (Corning, NY, USA), and 60
ng/mL colchicine (Sigma-Aldrich). The 3T3 control cells were obtained from ATCC
(Manassas, VA, USA), and were maintained in the DMEM cell culture medium
supplemented with 10% FBS, 400 1U/mL penicillin, and 100 pg/mL streptomycin. NCI/
ADR-RES is an adriamycin-resistant ovarian cancer (OvCa) cell line with the high
expression level of Pgp,38 and was also obtained from NCI. It was maintained under the
same conditions as the 3T3-MDR1 cell line.

Cellular Uptake of Pab-MWCNTs

To examine the Pgp-specific uptake of Pab-MWCNTSs, 3T3 and 3T3-MDR1 cells were
seeded in 24-well plates at a density of 1x10° cells/well. The cells were allowed to adhere
overnight, and then were treated with FITC-labelled Pab-MWCNTs or MWCNTSs (10 pg/mL
of MWCNTS). After incubation for 1, 4, and 24 h, the cells were washed with PBS twice
and digested with trypsin. The FITC fluorescence of cells was then detected by flow
cytometry using a FACS Canto Il cytometer (BD, Franklin Lakes, NJ, USA). Cellular uptake
of FITC-labelled Pab-MWCNTSs was also examined by confocal microscopy. The 3T3 and
3T3-MDRL1 cells were seeded in a glass bottom chamber and were cultured overnight. The
cells were exposed to FITC labelled Pab-MWCNTSs (10 pg/mL of MWCNTS) for 4 h. The
cells were then washed with PBS twice, and imaged by Olympus F\V1200 confocal
microscopy (Olympus, Tokyo, Japan).

Phototoxicity of Pab-MWCNTSs

To examine the Pgp-specific killing of Pab-MWCNTSs, 3T3 and 3T3-MDR1 cells (1x10°
cells/well) were seeded in 24-well plates. The cells were allowed to adhere overnight, and
then were treated with Pab-MWCNTs or MWCNTS at different concentrations for 1 h. After
washing, the cells were irradiated with a K-laser (K-LASER, Franklin, TN, USA) at a
wavelength of 970 nm and an irradiance of 6 W/cm? for 45 s. After culturing overnight, the
viability of the cells was determined using the Alamar Blue assay as described previously.
4142 The phototoxicity of the targeted and control NPs was also examined with live/dead
cell staining. After NP treatment and laser irradiation, the cells were co-stained with Calcein
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AM (2 uM) and propidium iodide (PI, 5 pg/mL) at room temperature for 30 min, rinsed with
PBS, and then imaged using a Cytation 5 Imaging Reader (BioTek, Winooski, VT, USA).

Flow Cytometric Analysis of Phototoxicity

NCI/ADR-RES cells were treated with Pab-MWCNTS, and then irradiated with the K-laser
as described above. At 10 min, 4 h, and 24 h post irradiation, the cells were trypsinized,
washed twice, and stained with APC labeled Annexin V and Pl (BD) according to the
manufacturer’s instruction. The fluorescence of the stained cells was detected with a BD
FACS Canto Il flow cytometer.

Phototoxicity of Pab-MWCNTs in Tumor Spheroids

For spheroid generation, NCI/ADR-RES cells were seeded in ultra-low attachment 96-well
round-bottomed plates (Thermo Fisher Scientific) at a density of 8000 cells in 200 pL media
per well and cultured for 4 days. The spheroids were divided into 3 groups with 20 spheroids
in each group. The first group of spheroids was exposed to Pab-MWCNTSs at final
concentration of 25 pg/mL for 1 h. The second group was treated with nontargeted
MWCNTSs at the same concentrations, and the last group was not treated with NPs. The
spheroids were then washed with fresh media three times. Half spheroids in each group were
then irradiated with the K-laser (970 nm; 6 W/cm?; 45 s). After 1 day, some tumor spheroids
were stained with Calcein AM and PI for live/dead cell staining, whereas others were
stained with the Alamar Blue reagent to quantify the viability. The remaining spheroids were
imaged daily using the Cytation 5 Imaging Reader to estimate their growth over a week.

Statistical Analysis

Quantitative data are expressed as mean + SD. They were compared using Student’s #test
for two sample comparison or one-way ANOVA followed by Tukey’s post-hoc analysis for
multiple comparisons. Pvalues < 0.05 were considered statistically significant.

Results
Characterization of Pab-MWCNTs

We initially determined the photothermal heating efficiency following laser irradiation (970
nm; 3 W; 30 s) of aqueous dispersions of acid oxidized SWCNTs and MWCNTSs with
increasing diameters (<8 nm; 8-15 nm; 20-30 nm). As shown in Figure S1, SWCNTSs were
significantly less efficient at photothermal heating than MWCNTS, and heat generation per
unit mass increased as a function of both nanotube concentration and diameter. However,
MWCNT toxicity is also reported to increase with diameter.43 Therefore, although the 20—
30 nm diameter MWCNTS generated the most heat per unit mass of the materials tested, we
selected 8-15 nm diameter MWCNTS for further testing.

To achieve cancer-specific targeting, it is necessary not only to introduce a targeting moiety,
but also to minimize nonspecific interactions that could reduce selectivity. Notably, we
recently found that acid oxidation and coating MWCNTS using a 2 w/v% solution of DSPE-
PEG, which is twice what is typically used to disperse CNTs,40 reduces nonspecific cell
uptake at least 6-fold compared to uncoated MWCNTSs without any loss of heat transduction
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capability, and dramatically increases their diffusion through extracellular space.3° When
prepared in this manner, MWCNTSs diffuse over centimeter length distances. In contrast,
uncoated MWCNTs and MWCNTSs coated in lower concentrations of surfactants remained
within a few millimeters of the infusion site.3° Furthermore, we showed that similarly
functionalized MWCNTSs were not thrombogenic following intravenous administration in
mice,** and we and others demonstrated that DSPE-PEG coated MWCNTSs accumulate in
tumors in mice,10.21.37

Building on these studies, we coated 8-15 nm diameter MWCNTS with a 2 w/v% solution
of a mixture of DSPE-PEG, DSPE-PEG-Mal, and DSPE-PEG-FITC at a 5:4:1 mass ratio,
and then conjugated to Pgp antibodies (Pab) to generate Pab-MWCNTSs according to the
procedures shown in Scheme 1. Non-targeted MWCNTS (hereafter referred to only as
MWCNTS) were coated with a 9:1 mass ratio mixture of DSPE-PEG and DSPE-PEG-FITC.
Size distribution and binding of Pab to MWCNTSs initially was assessed by TEM (Figure
1A-F). As shown in Figure 1A, D, the median length and width of the MWCNTS used in
this study was less than 200 nm and less than 11 nm, respectively, and these characteristics
were not significantly altered following conjugation to Pab. At higher magnification (Figure
1B, E), distinct differences can be observed between the morphology of MWCNTSs and Pab-
MWCNTSs. Compared with MWCNTS, there were spherical masses about 16 nm in diameter
found in close proximity to the surface of the MWCNTS. On the basis of a previous report#°
and our estimation of the TEM images, it is likely that there are 10-12 antibodies bound to a
carbon nanotube. The high density of Pab coating on MWCNTS is even more apparent in
negatively-stained (uranyl acetate) TEM images (Figure 1C, F).

We further confirmed conjugation of antibodies to MWCNTSs and reaction completion using
a modified dot blot technique. Figure 1G shows the results of immunoblotting to probe for
the presence of the Pab antibody with the anti-mouse secondary antibody in the supernatants
of solutions containing Pab alone, MWCNT alone, freshly prepared Pab-MWCNT, and a
mixture of Pab with MWCNT (Pab concentration was the same in all samples) after they
were centrifuged at 14,000 x g to precipitate MWCNTS. Pab remained in the supernatant
after centrifugation of Pab alone or Pab mixed with MWCNTS, but was not detected in the
Pab-MWCNT or MWCNT alone samples. This indicated that all Pab in the reaction mixture
was conjugated to MWCNTSs, with little nonspecific binding.

We further characterized the colloidal stability of Pab-MWCNT dispersed in PBS, pH 7.4
(Figure 1H). After conjugation with the antibody, the hydrodynamic size of the nanotubes
increased from 142.5 + 0.6 to 217.6 + 4.7 nm. No size increase was observed by TEM, and
it is likely that this increase is because of the antibodies on the end of the PEG chain
extending away from the MWCNT surface leading to increased drag in the solution. We also
noted a significant change in the C-potential in water (pH 6.5), which was -55.1 £ 2.6 mV
for MWCNTs and -18 + 1.4 mV for Pab-MWCNTSs because of the presence of the antibody.
Both Pab-MWCNTSs and unconjugated MWCNTSs remained stably suspended without
evidence of aggregation in PBS for at least a month at room temperature (data not shown).
We measured UV-vis-NIR spectra of MWCNT and Pab-MWCNT. As shown in Figure S2,
both nanotubes possess an extremely broad absorbance spectrum, covering the full spectra of
NIR windows.
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Cellular uptake of Pab-MWCNTs

Cellular uptake of FITC labelled Pab-MWCNTSs was assessed in 3T3 and 3T3-MDRL cells
using flow cytometry. As shown in Figure 2A, the cellular uptake of Pab-MWCNTSs by 3T3-
MDR1 cells was much greater than that by 3T3 cells at all time points. Recent studies have
shown that internalization of CNTSs greatly increases the efficacy of PTT in comparison to
treatment of cells with nanotubes bound to their surface.3446 Although Pgp is thought of as
a cell membrane protein, recent studies have established that it is routinely endocytosed
from the plasma membrane and brought into the cell, thus remaining active in lysosomes.*’
Therefore, we examined the internalization of Pab-MWCNTS by confocal fluorescence
microscopy. The FITC-labelled Pab-MWCNTSs showed substantially more cellular uptake in
3T3-MDR cells than in 3T3 cells (Figure 2B), confirming Pgp-specific uptake of Pab-
MWCNTSs. In addition, the majority of the NPs were observed in the intracellular vesicles of
3T3-MDR cells (Figure 2B), and therefore it is likely that endocytosis was the major cellular
uptake pathway of Pab-MWCNTS. These results indicated that the cellular uptake of Pab-
MWCNTSs was dependent upon the presence of Pgp on the cell surface.

Phototoxicity of Pab-MWCNTSs

The selectivity and dose-dependent phototoxicity of MWCNTSs and Pab-MWCNTS were
examined in 3T3 and 3T3-MDR cells using the Alamar Blue assay. For this experiment, all
cells were exposed to identical NIR laser irradiation (970 nm; 6 W/cm?; 45 s) after the
treatment of Pab-MWCNTS or nontargeted MWCNTS, respectively. As shown in Figure 3A,
Pab-MWCNTS produced dose-dependent photokilling of 3T3-MDR1 cells but did not hurt
the control 3T3 cells after laser irradiation, indicating the Pgp-specific phototoxicity of Pab-
MWCNTs. MWCNTSs alone did not produce phototoxicity to both 3T3 and 3T3-MDR1
cells. Neither Pab-MWCNTS nor nontargeted MWCNTS were cytotoxic to either the cell
line in the absence of laser irradiation (Figure 3A). The results of live/dead cell staining
shown in Figure 3B confirmed Pgp-specific photokilling of Pab-MWCNTSs. About half of
the 3T3-MDRL1 cells were killed immediately by Pab-MWCNTs mediated PTT, whereas this
treatment did not cause cell death in 3T3 cells (Figure 3B).

The Pgp-specific photokilling of Pab-MWCNTSs was also examined in a drug-resistant
cancer cell line NCI/ADR-RES. Similar to 3T3-MDR1 cells, the majority of NCI/ADR-RES
cells were Killed by Pab-MWCNT-mediated PTT, whereas nontargeted MWCNT treatment
followed by laser irradiation did not cause cell death (Figure 4), indicating that Pab-
MWCNTs mediated PTT produces Pgp-specific phototoxicity toward Pgp-expressing drug-
resistant cancer cells.

Flow Cytometric Analysis of Phototoxicity of Pab-MWCNTs

The mechanism of cell death induced by Pab-MWCNTSs mediated PTT was examined by
Annexin V (AnV) and PI staining followed by time-lapse examination using flow cytometry
to differentiate among the viable (AnV~/PI~; lower left quadrant), early apoptotic (AnV*/PI
~; lower right quadrant), necrotic (AnV~/P1*; upper left quadrant), and late apoptotic/
secondary necrotic (AnV*/P1*; upper right quadrant) cells. Apoptosis can be differentiated
from necrosis based upon how cells progress to the late apoptotic/secondary necrotic stage.
If the cells first pass through the early apoptosis prior to entering the late apoptotic/
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secondary necrotic state, this will support an apoptotic cell death mechanism. If the cells
proceed through necrosis to secondary necraosis, this will support a necrotic cell death
mechanism. Analysis of the data in Figure 5 indicates a steady increase in late apoptotic/
secondary necrotic cells (6.9%, 12.5%, and 19.6% at 10 min, 4 and 24 h post
photoirradiation, respectively). Because cells first passed through either the early apoptosis
or necrosis, indicating that both apoptosis and necrosis contributed to the cell death caused
by Pab-MWCNT mediated PTT.

Phototoxicity of Pab-MWCNTs in Tumor Spheroids

Cell monolayers are a valuable tool for initial examination of the efficacy of novel cancer
therapies, but the cells grown in a monolayer lack the complex interactions between the cells
organized into a tissue, which can affect the response of cancer cells to photothermal
treatment3948 and other cancer therapies.#9 In addition, cell monolayers lack the ability to
mimic barriers to NP delivery such as diffusion through extracellular space. We and others
have shown that properly functionalized MWCNTSs can penetrate deeply within tumor
spheroids.32:39 Therefore, we evaluated the effects of Pab-MWCNT mediated PTT on
multicellular, NCI/ADR-RES tumor spheroids.

The NCI/ADR-RES spheroids were treated with Pab-MWCNTS or nontargeted MWCNTS,
for 1 h and then were irradiated with an NIR laser. After culturing overnight, some spheroids
from each group were stained with Calcein AM (live stain) and PI (dead stain) and imaged
using a Cytation 5 Imaging Reader. The results are shown in Figure 6A, from which we can
see that Pab-MWCNTS plus laser group showed significant cell death when compared with
control and MWCNT groups (laser or no laser). The untreated group (no laser) showed the
highest cell viabilities. Quantitative viability assessment using the Alamar Blue assay
confirmed the results from the live/dead cell staining assay. Only the treatment of Pab-
MWCNTSs followed by laser irradiation produced dramatic toxicity toward NCI/ADR-RES
tumor spheroids (Figure 6B).

In parallel, the spheroid size was monitored before and after each treatment. As shown in
Figure 6C, there was no obvious difference among the six groups before laser irradiation.
One day after laser irradiation of both the Pab-MWCNT and nontargeted MWCNT groups,
there was a slight physical inflation of the spheroids. On subsequent days, shrinking of the
spheroid was apparent. However, by day 11 post-irradiation, the nontargeted MWCNT plus
laser treated spheroids increased in size, whereas the Pab-MWCNT plus laser group did not.
The spheroids treated without laser irradiation but with Pab-MWCNTs or MWCNTSs
continued to grow throughout the study. The untreated (no MWCNTS) spheroids continued
to grow regardless of laser irradiation, and reached the largest physical sizes at the end of the
study.

Discussion

Pgp-mediated drug resistance is a major cause for the failure of cancer chemotherapy.
Although this mechanism has been known for over three decades and intensive efforts have
been made to overcome this resistance, Pgp is still an undruggable target. The main hurdle
for the conventional approaches, notably small-molecule inhibitors, is toxicity caused by
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inhibiting Pgp in normal tissues, where it plays an important physiological role. The key for
Pgp-targeted therapeutics is to limit the actions to the target cancer cells in the tumor site.
Antibody-based drug targeting can enhance cancer specificity compared to the small-
molecule approach; however, it cannot solve the problem completely as the anti-Pgp
antibody still binds to the target in some normal tissues such as endothelial cells that form
the blood-brain barrier. In this study, we combine antibody targeting with a laser-guided
thermal therapy to achieve higher cancer specificity. Thus, we linked MWCNTSs with the
Pgp antibody, and examined the phototoxicity of Pab-MWCNTSs in Pgp transfected 3T3 cells
and Pgp-expressing drug-resistant cancer cells. The results indicated that Pab-MWCNTs
specifically bound to 3T3-MDRL cells (Figure 2), did not cause cytotoxicity in the absence
of laser irradiation, but killed the targeted cells following brief exposure to NIR (Figures 3
and 4). Notably, Pab-MWCNTSs did not bind to control 3T3 cells, which do not express Pgp,
and following exposure to NIR, Pab-MWCNTSs did not hurt 3T3 cells (Figure 3). Under
similar conditions, neither nontargeted MWCNTS nor laser irradiation alone caused cell
death. These results indicate that the phototoxicity of Pab-MWCNTSs depends on two
actions: (1) Pgp-mediated cellular binding/uptake of Pab-MWCNTS; (2) laser irradiation.
The dual targeting properties of our Pgp-targeted PPT approach will reduce side-effects in
normal tissues.

PTT causes cancer cell death via multiple mechanisms including apoptosis and necrosis, and
the relative contributions of each mechanism depend on the localization of heat production.
28,50 | our flow cytometric analysis of cell death upon Pab-MWCNT mediated PTT, we
observed both apoptotic and necrotic cell population (Figure 5), indicating both pathways
contribute to the overall cell death of drug-resistant cancer cells. Confocal imaging showed
that the Pab-MWCNTS both bind to the cell surface and are delivered into the cells and
distributed throughout the intracellular compartments (Figure 2). The intense, nanoscale heat
generated by NIR-stimulation of MWCNTS causes critical damage to adjacent membranes
and organelles. Thus, intracellular damage near the perinuclear region may contribute to
apoptotic cell death,>0 whereas damage close to the plasma membrane may cause direct cell
necrosis.28 The observation is consistent with a recent study indicating that apoptosis and
other death pathways contribute to gold nanorods-based PTT of tumor xenografts in mice.>!

The Pab-MWCNTSs produced dramatic cancer cell death in tumor spheroids of Pgp-
expressing, drug-resistant cancer cells (Figure 6). Tumor spheroids in 3D culture have been
considered to be a better model to evaluate cancer therapy because they recapitulate some
key features of the tumor microenvironment, including hypoxia and the presence of ECM.
52-54 These properties provide significant barriers to cancer responses to NP-based PTT. For
example, the nanotubes need to sufficiently penetrate the tumor spheroids to selectively kill
the majority of the cancer cells. Notably, we observed that Pab-MWCNTs combined with
PTT were far more effective than nontargeted MWCNTSs at inducing cell death in Pgp-
expressing tumor spheroids. The high degree of cell death throughout the tumor spheroids
caused by Pgp-targeted MWCNTSs may indicate that: (1) Pab-MWCNTSs have better
penetration than nontargeted NPs in tumor spheroids; (2) binding of Pab-MWCNTS to
tumors cells increases their retention within the spheroid; or (3) increased binding and
uptake of Pab-MWCNTSs further localizes nanoscale heating to vulnerable cell structures
including membranes and organelles. Regardless of the specific underlying reasons, this
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observation is consistent with our previous studies showing that targeted NPs have superior
tumor penetration and therapeutic outcomes when compared to nontargeted NPs used for
treatment of tumor spheroids.#142:55.56 Tumor spheroids often have a hypoxic core which
provides another challenge for oxygen-dependent therapy, such as photodynamic therapy. As
PTT does not depend on oxygen, this may contribute to its effective anticancer actions even
in hypoxic regions in solid tumors.

We performed our studies using a 970 nm diode laser, but MWCNTS are broad absorbers
across the NIR spectrum (Figure S2). Although there is a local maximum for water
absorbance near 970 nm, the overall absorbance is low. Furthermore, absorbance by melanin
and deoxygenated hemoglobin is lower for 970 nm lasers than for an 800 nm laser,
absorbance by oxygenated hemoglobin is similar for both wavelengths, and light scattering
in breast tissue is lower for 970 nm lasers compared to 800 nm lasers.>’ However, in clinical
practice, lasers from 800 to 980 nm perform similarly with regard to heat generation and
light penetration.>® Thus other types of lasers and different wavelengths could also be used
for excitation of Pab-MWCNTSs to achieve similar results to those described in our study.
The temperature achieved by laser based thermotherapy is determined by the rate and
quantity of energy delivery, and the efficiency of conversion of light into heat. In the clinic,
laser powers ranging from 2 to 30 W, and treatment times from a few min to more than 20
min are typically employed.* Thus, the experimental conditions selected are consistent with
current clinical practice. NIR exposure of tumors that contain MWCNTS leads to higher
peak temperature and a more homogenous distribution of ablative temperatures throughout
the tumor lesion and minimizes collateral damage to surrounding normal cells and tissues
because of thermal diffusion.>® In the future, it may be possible to localize NP heating to
individual cells under some conditions,%-63 but the necessary lasers are not currently
available for routine clinical use.

The toxicity profile of CNTSs is dependent upon the physicochemical characteristics of the
specific particles.5* For example, toxicity tests involving very long, pristine CNTSs similar to
raw material used for industrial purposes demonstrate the potential carcinogenicity of CNTs
in some models,5° but not in others.6 In addition to the heterogeneity of CNT
physicochemical characteristics used in various different studies, there are many other
factors that prevent a comprehensive understanding of CNT toxicity. We previously
observed that the toxicity of DSPE-PEG coated MWCNTSs differs between treatments of
cells grown on plastic versus on extracellular matrix, and between cells grown as
monolayers versus 3D spheroids.39 Moreover, /n vitro measures of potential in vivo toxicity
such as thrombogenicity are not necessarily predictive of actual /n vivo responses to various
types of MWCNTSs.87 Thus, in addition to particle-specific properties, cell type, culturing
conditions, and whether studies were performed /n vitro or in vivo can influence the toxicity
profile of CNTs. Furthermore, it is important to differentiate between the confounding
results of toxicity assessments designed to determine the effect of accidental or
environmental exposure to unmodified CNTs from tests involving intentional exposure to
CNTs which have been modified for biomedical applications.®® Nonetheless, our previous
studies show the safety of local or systemic administration of CNTs in rodents20-22:28.67 gng
recent studies by others show the safety of intravenously injected CNTs in nonhuman
primates.59 Taken together, these studies provide strong support that proper functionalization
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of CNT surfaces, which includes the strategy we have used in this work, can render CNTs
safe for future use in humans.

We and others have shown that CNTSs can effectively be delivered to tumors in mice by
intravenous injection.1021.37 Fyrthermore, we recently showed that our Pgp antibody can
effectively target Pgp-expressing tumors 77 vivo.38.70 Therefore, we believe that in the near
future, Pgp targeting will enhance the delivery of MWCNTS to tumor sites, especially drug-
resistant tumors. Although Pab-MWCNTSs may still bind to Pgp in some normal tissues or be
taken up by cells and organs involved in the mononuclear phagocyte system, the tumor-
directed laser irradiation will limit therapy induced toxicity to the dual laser/Pab-MWCNT
targeted tumor sites.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Scheme 1.
Preparation of Pab-MWCNTSs
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Figure 1.
Characterization of MWCNTSs and Pab-MWCNTS. (A,B) Photoelectron micrographs of

unstained and (C) uranyl acetate stained MWCNTSs. (D,E) Photoelectron micrographs of
unstained and (F) uranyl acetate stained Pab-MWCNTSs. White arrows in (E) and globular
masses (approx. 10 nm diameter) in (F) indicate the location of antibody molecules on
MWCNTSs. (G) Immunoblotting to probe for the presence of the Pab antibody with the anti-
mouse secondary antibody in the supernatants of solutions containing Pab alone, MWCNT
alone, freshly prepared Pab-MWCNT, and a mixture of Pab with MWCNT. (H)
Hydrodynamic size distribution of MWCNTSs and Pab-MWCNTS (red line) and MWCNTSs
(green line) in PBS. (1) C-potentials of Pab-MWCNTSs (red line) and MWCNTSs (green line)
in water (pH 6.5).
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Figure2.

Cellular uptake of Pab-MWCNTSs in 3T3 cells and 3T3-MDR1 cells. A. Flow cytometry of
3T3 cells and 3T3-MDR1 cells after treating with FITC-labeled Pab-MWCNTSs at 10 pg/mL
for 1, 4, and 24 h. B. Intracellular distribution of FITC labelled Pab-MWCNTS at 10 pg/mL

in 3T3 and 3T3-MDR cells after 4-h incubation.
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Phototoxicity of Pab-MWCNTSs in 3T3 and 3T3-MDR1 cells. (A) Cells were treated with
Pab-MWCNTs or MWCNTSs at different concentrations for 1 h before irradiation for 45 s.
Alamar Blue assay was performed to measure cell viability. (B) Live/dead cell staining of
3T3 and 3T3-MDR1 after targeted PTT. Cells were treated with the Pab-MWCNTSs at 10
ug/mL for 1 h. Live/dead cell staining was performed after the cells were irradiated for 45 s.
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Figure 4.
Phototoxicity in NCI/ADR-RES cells. NCI/ADR-RES cells were treated with the MWCNTSs

or Pab-MWCNTSs for 1 h. Live/dead cell staining was performed after the cells were
irradiated for 45 s.
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Figureb.
Flow cytometry analysis of death pathways following Pab-MWCNT-mediated PTT. NCI/

ADR-RES cells were treated with Pab-MWCNTSs at 10 pg/mL for 1 h and irradiated with the
K-laser. Analysis was performed at the indicated time points.
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Figure 6.
Phototoxicity of Pab-MWCNTSs on NCI-ADR/RES cells grown as multicellular spheroids.

Tumor spheroids were treated with MWCNTS or Pab-MWCNTSs at 25 pug/mL for 1 h, then
exposed to the NIR laser for 45 s. (A) Live/dead cell staining with Calcein AM and Pl in
NCI-ADR/RES spheroids was performed one day after irradiation. (B) Alamar Blue assay of
NCI-ADR/RES spheroids was performed one day after irradiation to quantify the
phototoxicity. (C) The spheroids were imaged after treatments to monitor their growth over
time.
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