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Abstract

Although new cancer therapeutics are discovered at a rapid pace, lack of effective means of delivery and cancer chemore-
sistance thwart many of the promising therapeutics. We demonstrate a method that confronts both of these issues with the
light-activated delivery of a Bcl-2 functional converting peptide, NuBCP-9, using hollow gold nanoshells. This approach
has shown not only to increase the efficacy of the peptide 30-fold in vitro but also has shown to reduce paclitaxel resistant

H460 lung xenograft tumor growth by 56.4%.
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Introduction

Despite many advances, cancer is still a leading cause of
death worldwide. Traditional chemotherapy is based largely
on small molecule anti-cancer drugs which, although effec-
tive, have severe drawbacks including lack of specificity,
high toxicity and often result in drug resistance, precluding
continued use [1, 2]. The recently developed biologics have
improved specificity, in some cases targeting tumors that
develop resistance to small molecule therapies [3]. Resistant
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cancer cells often remain after initial chemotherapy treat-
ment causing tumor recurrence. These resistant cancer
cells can be specifically targeted through delivery of a pro-
apoptotic peptide, fused with a poly arginine cell penetrat-
ing peptide [4]. Although delivery of pro-apoptotic peptides
have shown great promise as new therapeutics, major deliv-
ery obstacles still thwart their progress in the therapeutic
pipeline.

Intracellular delivery of apoptotic peptides through fusion
to cell penetrating peptides like poly arginine, often results
in endosomal entrapment [5]. This prevents the drug from
reaching the cytosol as well as the subcellular target, in this
case, the mitochondria [5]. The low efficiency of endoso-
mal escape makes these therapeutic peptides efficient only
at micromolar ranges in vitro [4]. Although the ICs, value
in vitro cannot be directly correlated to activity of a thera-
peutic in vivo, therapeutics with an ICs, value > 10 pM are
generally considered weak with a lower potential for in vivo
application [6]. In order to increase the potency of therapeu-
tics with high potential, a safe yet efficient delivery vehicle
is required.

Here we demonstrate a hollow gold nanoparticle (HGN)-
based intracellular delivery platform that overcomes many of
these challenges. Orthogonal assembly of a Bcl-2 targeting
peptide is achieved via thio-gold bonds; treatment of the
HGN construct with pulsed near infra-red (NIR) light results
in the release of the Bcl-2 targeted peptide. The Bcl-2 family
of proteins regulate cell death via both pro-apoptotic and
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anti-apoptotic pathways and are now established as prom-
ising therapeutic targets in lymphoma and triple negative
breast cancer (TNBC) [7, 8]. Expression of Bcl-2 in hor-
mone receptor-negative and TNBC cancers is an independ-
ent poor prognostic factor and associated with poor outcome
in patients treated with anthracycline based adjuvant chemo-
therapy [9, 10]. Upregulation of Bcl-2 is a mechanism of
therapeutic resistance in HER2-positive and TNBC which
contributes to poor overall survival [11, 12].

Current strategies targeting Bcl-2 include peptides
derived from the BH3 domain and small molecule inhibi-
tors such as ABT-199 and ABT-737. However, resistance to
ABT-199 is linked to upregulation of other anti-apoptotic
proteins such as Bcl-xL [13, 14]. An alternative approach
to target Bcl-2 in TNBC is the use of NuBCP-9 (NuBCP)
which is a nine amino acid peptide derived from Nur77 [15,
16]. Bcl-2 binding of NuBCP converts it into a pro-apoptotic
protein. NuBCPs’ action is potentiated by increased Bcl-2
expression and is capable of inhibiting the pro-survival
function of Bcl-x1 which is linked to ABT-199 resistance
mechanisms [17, 18]. However, the delivery of NuBCP is
problematic due to its biodegradation and short circulation
half-life. Prior efforts to improve on NuBCP delivery still
required micromolar concentrations [19-21].

The use of gold nanoparticles as a delivery vehicle
for peptide delivery, such as NuBCP, has the potential to
increase the potency of NuBCP through increased endoso-
mal escape upon NIR irradiation. The light triggered release
of NuBCP also enables specific release in a target area so the
resistant cancer cells can be targeted systematically while
leaving other tissues untouched.

Materials and methods
Hollow gold nanoshell synthesis and dialysis

HGNs were synthesized through a previously described
galvanic replacement of silver seed particles [22]. Briefly,
the synthesis can be broken into three steps. The first step
initializes the silver seed of the particle in a 500 mL solu-
tion of 0.2 mM AgNO; (Sigma) and 0.5 mM sodium citrate
(Sigma) heated to 60 °C. 0.5 mL of 1.0 M NaBH, (EMD)
was added quickly to reduce the silver solution to create the
initial silver seed. The solution remained at temperature for
2 h and then left to cool to room temperature. The second
step of the synthesis grows the silver particle to the final
45 nm size by the addition of 0.75 mL of 2 M NH,OH-HC1
(Sigma) and 1.75 mL of 0.1 M AgNO;. The solution stirred
overnight to allow for full growth of the silver particles to be
used for template for later galvanic replacement. The third
and final step in the synthesis is the galvanic replacement
of the sacrificial silver template by the addition of 3.2 mL
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of 25 mM HAuCl, (Sigma) to the heated solution at 60 °C
to obtain hollow gold nanoshells ~45 nm in diameter with
an absorption peak maximum at 750 nm. The HGNs were
dialyzed overnight in sodium citrate buffer (500 mM) with
0.03% diethyl dicarbonate (DEPC) (Biochemica) in dialysis
cassettes (MWCO 20 kDa).

HGNs surface modifications
DNA adsorption

Thiol-PEG-DNA-amine C¢-S-S-PEG -5 ACCCTGAAG
TTCATCTGCACCACCG-3'-NH, (100 pM, Biosearch
Technologies) was deprotected through a 20 min incubation
with 12.5 mM Tris(2-carboxyethyl)phosphine hydrochloride
(TCEP, Sigma). A chloroform extraction was performed to
remove the C¢ cap on the 5’ end of the oligo. 6 pM of TCEP
treated DNA was added to 64 pM HGN. After a brief sonica-
tion, 10 mM sodium citrate was added to adjust the pH of the
solution to 3.1 in order to allow for low pH DNA adsorption
onto the surface of the HGN. After 20 min of incubation
at a low pH, the pH was raised to 7.4 with 1| M HEPES
(Sigma) and the solution was slowly salted to 1 M Na™ over
a period of 20 min using 3.0 M sodium chloride (NaCl),
0.3 M sodium citrate (Na;Cit) pH 7.0 (SSC 20x) with 0.01%
Tween-20 and 1 mM MgCl,. After another 20-min incuba-
tion excess DNA was through two wash steps performed by
centrifuging at 10,000 x g for 10 min with resuspension and
sonication in washing buffer (1 mM MgCl,, 0.01% Tween-
20, 300 mM NaCl and 30 mM Na;Cit pH 7). After the last
wash, the particles were suspended in hybridization buffer
(10 mM MgCl,, 600 mM Na*).

Hybridization of complementary DNA

Complementary DNA (2 pM) is added to the HGN-DNA
in ratio of 1:9 (5'-biotin to 5'-FAM labeled) to allow for
a varied surface modification of the HGN. 0.2 pM biotin
and 1.8 pM DNA_,,,-FAM are added to hybridization
buffer, mixed and then added to 64 pM HGN-DNA to a
final concentration of 1 pM complement DNA with 32 pM
HGN-DNA and sonicated. The solution is then heated at
70 °C for 2 min and held at 45 °C for 30 min before washed
two times with conjugation buffer (10 mM HEPES, 1 mM
MgCl, and 0.01% Tween-20).

NTA functionalization of HGN-DNA

N-[Na,Na-Bis(carboxymethyl)-L-lysine]-12-
mercaptododecanamide (NTA) (Sigma) was added to
the amine at the 3’ end of the dsDNA strand through a
20 min room temperature incubation with 1 mg mL™!
NHS-PEG,—maleimide linker (Quanta Biodesign). After
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20 min the maleimide terminated HGN-DNA particles were
washed three times at 4 °C and then suspended in conjuga-
tion buffer with 50 pM NTA, sonicated and left at room
temperature for 3 h and then washed three times in PBS with
0.01% Tween-20 (PBST).

Streptavidin and biotin-TAT functionalization
of HGN-NTA

An equal volume of 1 mg mL™! streptavidin (Prozyme) in
PBST was added to 62 pM HGN-NTA and quickly soni-
cated and vortexed. After 1 h of incubation at room tem-
perature the streptavidin coated HGN were centrifuged
twice at 10,000 X g for 10 min at 4 °C and each time was
suspended in PBST. A final concentration of 20 pM biotin-
TAT (Anaspec) was added in two steps of equal volume
with a 30 min incubation at room temperature after each
addition. The particles were then washed another two times
with PBST to remove any excess biotin—TAT and stored at
4 °C until further use.

NuBCP loading onto HGN and quantification
of loading

NuBCP was loaded onto the HGN at 1, 3 and 10 pM initial
concentration for 32 pM HGN and 500 pM CuCl, and incu-
bated for 20 min on ice before being washed three times in
PBST. Total loading per particle was determined through
KCN etch. 32 pM particles were incubated in KCN solu-
tion [0.1 M KCN, 1 mM K;Fe(CN),] to dissolve the gold
particles and completely release the molecules coating the
particle surface. In laser experiments, quantification of pep-
tide released by laser was determined after centrifugation
of the lasered sample and removal of the supernatant. The
pellet was treated with KCN etch to determine the amount
retained on the particle. Quantification of peptide in the
supernatant and etched off the pellet was determined using
standard linear calibration curves between concentration of
Cy5 labeled NuBCP and the corresponding fluorescence
intensity detected from the Tecan M200 plate reader. The
fluorescence intensity in solution released with KCN etch
or laser irradiation was converted to peptide concentration
using the calibration curve.

Two-photon microscopy

Cells were plates 24 h prior at 40,000 cells per well in
an 8 well glass slide (Millipore cat no. PEZGS0816) in
200 pL of DMEM + 10% FBS. 500 pM CuCl, was added
to 25 pL of ~32 pM HGNs (in PBST) prior to addition
of NuBCP-CyS5. Particles were sonicated and incubated
with 1, 3 and 5 pM NuBCP-Cy5 for 30 min on ice then
spun down at 5000 rcf for 10 min and washed 1 X with

PBST. HGN-NuBCP-Cy5 particles were then suspended
in 200 pL of DMEM + 10% FBS and sonicated prior to
addition to 8 well glass slide for 2 h at 37 °C in 5% CO,.
Cells were washed 2 x with PBS and then one drop of
PBS was added to each well prior to cover glass addi-
tion. Samples were focused on using a 25 X water immer-
sion objective lense and irradiated using a mode locked
Ti:sapphire tunable femtosecond pulsed laser (100 fs pulse
duration, 80 mHz repetition rate, Mai Tai HP, Newport-
Spectra Physics). The excitation source was set to irradi-
ate at 800 nm, 5% NIR laser power and in 0.69 nm slices
throughout the cell volume. Images capturing FAM and
CyS5 fluorescence were collected before and after laser
irradiation.

Cellular internalization and imaging

Cells were plated and treated with HGN, HGN + NuBCP
(containing no DNA or TAT),HGN-DNA-NuBCP,
HGN-DNA-TAT, HGN-DNA-TAT-NuBCP, or no parti-
cles as described above and observed on an Olympus BX51
upright compound microscope with a dark field condenser.

Mitochondrial depolarization assay of cancer
therapeutic resistant H460 cells treated with HGN
and HGN-NuBCP

Cells were plated and treated with HGN or HGN-NuBCP as
described above. Prior to irradiation, cells were treated with
media containing 10 ug mL~"! solution of JC-1 dye (Ther-
mokFisher) and incubated for 10 min. The cells were washed
three times with PBS and treated with the laser conditions
outlined above.

Femtosecond pulse laser irradiation of HGN
in MDA-MB-231 cells through microcapillary device

MDA-MB-231 cells were dissociated from flask using cell
dissociation buffer (CDB, Gibco), and washed two times
with PBS. 100,000 cells were suspended in media and
incubated for 2 h with HGN and HGN-NuBCP. The cells
were washed two times with PBS and divided into 5000
per tube in 100 pL and focused through a capillary tube
positioned perpendicular to the NIR beam path at a rate of
100 pL min~!. Samples without irradiation were passed
through the capillary tube with NIR beam path blocked to
prevent irradiation of the sample. The samples were col-
lected and plated on a 96 well plate and assayed for viability
96 h later using the PrestoBlue viability stain according to
the manufacturer’s protocol on a Tecan M200 plate reader.
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Zebrafish xenograft and two-photon laser exposure

Zebrafish (Danio rerio) housing was conducted at the
Sinnhuber Aquatic Research Laboratory at Oregon State
University in accordance with Institutional Animal Care
and Use Committee protocols. Under standard laboratory
conditions, adult 5D tropical zebrafish were maintained at
28+ 1 °Con a 14 h light/10 h dark photoperiod in reverse
osmosis water with added salt solution (0.6%, Instant
Ocean, UnitedPet Group, Inc., Blacksburg, VA, USA).
Eggs collected were staged according to Kimmel et al.
[23]. To prevent pigmentation, zebrafish embryos were
maintained in E3 media with phenylthiourea (0.003%,
Sigma, USA) starting at 24 h post fertilization.

Before transplantation, cancer cells were labeled with a
CM-Dil cell tracker dye (ThermoFisher Science) accord-
ing to the manufacturer’s protocol and exposed to vehicle
(media), HGN 32 pM or HGN-NuBCP 32 pM loaded
with 10 uM treatment. Cells were allowed to incubate
with treatment at room temperature for 1 h on a rota-
tor. Cells were then washed with PBS and suspended in
DMEM to a concentration of 2x 107 cells mL~!. Xen-
ograft transplantation occurred as in Pearce et al. [4].
Briefly, suspended cells were loaded into a glass needle
pulled from a borosilicate glass pipette by a micropipette
puller (Sutter Instrument, Novato, CA). Around 200 can-
cer cells were transplanted into the yolk of 2-day post
fertilization zebrafish by a micro-pressure injector. Xeno-
grafts recovered overnight at 34 °C without light after
transplantation.

For two-photon laser irradiation, zebrafish were
immobilized by being anesthetized by emersion in
0.2 mg mL~! Tricaine E3 media and imbedded in 0.8%
(w/v) low melting point agarose on a glass bottom 96-well
plate. Zebrafish were irradiated using a mode locked
Ti:sapphire laser widely tunable femtosecond pulsed laser
(140 fs pulse duration, 80 mHz repetition rate, Chameleon
Vision Laser, Coherent) using a Zeiss LSM 780 confocal
microscope at X20 objective. Zebrafish yolks were irradi-
ated at 800 nm, 6% NIR laser power and in 0.75 nm slices
throughout the yolk volume.

For imaging, zebrafish xenografts at 1 and 4-day post
injection (dpi) were immobilized as mentioned above
and fluorescent cells were captured on a as z-stacks with
wide-field settings on a Zeiss LSM 780 confocal micro-
scope with a X10 objective. Using Fiji (Imagel) software,
cancer growth was analyzed by producing a maximum
projection image of a median filtered z-stack and calcu-
lating the cell area from an Otsu applied threshold [24].
An increase in cell area from 1 to 4 dpi was consider
cancer growth.
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Results

To assemble the HGN—peptide constructs, single strands of
thiol-DNA—-amine were added to the surface of the HGN
through low pH mediated adsorption followed by addi-
tion of a complementary DNA strand. The complemen-
tary DNA strand allows for tracking of the particles (with
FAM-tagged DNA) and internalization through a DNA-
biotin tag. A ratio of 1:9 (biotin:FAM) allows for optimal
peptide loading onto the HGN (~ 10,000 peptides/particle)
with efficient internalization (Fig. S1a). The biotin strand
allows for internalization into cells only after the addition
of streptavidin and a biotinylated cell penetrating peptide,
TAT (Biotin-YGRKKRRQRRRPQ). The terminal amine
on the thiol-DNA anchoring strand was further functional-
ized with a thiol derivative of nitrilotriacetic acid (NTA)
using a NHS-PEG4-maleimide linker. The NTA on the
surface of the particle allows for the His-tagged NuBCP
onto the particle in the presence of Cu®* (Fig. la). The
average diameter of the final construct increased from 58
to 190 nm from citrate capped HGN to the full construct
containing NuBCP (Fig. 1b). Figure 1c demonstrates the
delivery of HGN-NuBCP via streptavidin TAT mediated
endocytosis. After irradiation with 800 nm light, NuBCP
is released from the HGN and the endosome into the cyto-
sol. Upon release, NuBCP binds to the Bcl-2 loop domain
and converts Bcl-2 into a pro-apoptotic protein, which
further inhibits anti-apoptotic proteins and activates other
pro-apoptotic proteins on the mitochondria. Finally, acti-
vated pro-apoptotic proteins facilitate mitochondrial outer
membrane permeabilization, initiating apoptosis, resulting
in cell death [16].

In order to verify the HGN-NuBCP construct has laser-
controlled release of NuBCP, both cell-free and cell-based
release studies were conducted. Cell-free treatment shows
laser-dependent release of the peptide with up to 22% of
the loaded peptide (Fig. 2a). Total loading of the pep-
tide was determined through Cy5 fluorescence following
a KCN etch of the washed HGN-NuBCP pellet (Fig. S1b)
level of release is typical for peptides and proteins loaded
onto HGNs [4]. Cellular internalization of nanoparticles
containing TAT was observed via dark field microscopy
(orange puncta Fig. 2b). Initial release experiments in
HeLa cells using two-photon microscopy also demon-
strates internalization of the HGN-peptide constructs
visualized as fluorescent puncta within the endosomes as
seen in the lower left panel of Fig. 2c. Only after NIR
irradiation was release of the FAM labeled DNA as well as
the NuBCP-Cy5 observed as the puncta diffused across the
cell demonstrating endosomal release (Fig. 2c). Similar
experiments were carried out with MDA-MB-231 breast
cancer cells that express high levels of Bcl-2 (Fig. 3a, b).
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Fig.1 a Orthogonal surface chemistry of internalization peptide
streptavidin TAT and therapeutic peptide NuBCP-9 on a HGNs. b
Size distribution of nanoparticles during coating steps. HGN particles
have a Z-average diameter of 58 nm; HGN-DNA-, 79 nm; HGN-
DNA-TAT, 141 nm; HGN-DNA-TAT-NuBCP-9, 190 nm. Image
to the right displays TEM image of HGN-DNA-TAT. Scale bar
100 nm. c Illustration of the delivery of HGN-NuBCP-9 into a can-
cer cell. (/) Hollow gold nanoparticles coated in NuBCP-9 (purple
hexagon) are taken into the cell by internalization peptide streptavi-
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din TAT (red semi-circle) mediated endocytosis. (2) Irradiation with
NIR 800 nm light, releases NuBCP-9 from nanoparticle and endo-
some into the cytosol. (3) NuBCP-9 binds to the Bcl-2 loop domain
and converts Bcl-2 (green) into a pro-apoptotic protein which inhibits
anti-apoptotic proteins (orange) and activates other pro-apoptotic pro-
teins (blue) on the mitochondria. (4) Activated pro-apoptotic proteins
facilitate mitochondrial outer membrane permeabilization, initiating
apoptosis, and results in cell death. (Color figure online)
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copy demonstrates cellular internalization of gold nanoparticles
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particle surface. ¢ Release of FAM labeled DNA and CyS5 labeled
NuBCP in HeLa cells using two photon microscope for NIR laser
irradiation. Release of both DNA and peptide is shown from diffusion
of dye labels throughout the cell after laser irradiation
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Fig.3 a MDA-MB-231 cells were treated with 3.2 pM HGN, 3.2 pM
HGN-NuBCP and were then irradiated with an 800 nm 5 kHz laser
at 1 W as cells flowed through a borosilicate microcapillary tube at
100 pL min~!. 500 nM and 3 pM NuBCP indicate the final concen-
tration of NuBCP delivered in cell media via HGNs or in media alone
for NuBCP only. Note the NuBCP only control was not treated with
laser. Cell viability of MDA-MB-231 cells was observed 96 h after

Bulk laser experiments used a micro-capillary device to
flow the cells with internalized particles through the path
of the laser beam to maximize the fraction of cells exposed
to irradiation [5]. Cell viability was determined 96 h after
laser irradiation and demonstrated 80% cell viability loss
with HGN-NuBCP particles. When MDA-MD-231 cells
were treated with three times the amount of the uncon-
jugated NuBCP peptide, the cells remained viable. This
indicates the HGN particles are necessary for uptake of the
peptide into the cells in order to cause the desired effect.
A control involving HGN particles without NuBCP was
irradiated with NIR light and a cell viability loss of only
10% was observed likely due to heating caused on the sur-
face of the HGNs. This data demonstrates the requirement
for both HGN and NuBCP for effective loss of cancer cell
viability.

When an initial concentration of 10 uM NuBCP is incu-
bated with 32 pM HGN, 1.8 pM is actually loaded onto
the HGN construct (Fig. S1). After irradiation only 500 nM
NuBCP is released from the particles in cell-free studies.
This value can be used to estimate the maximum amount of
NuBCP released and used for cell studies (50 nM). This data
suggests our HGN-NuBCP delivery increases the potency of
the peptide by 30-fold compared to previous particle deliv-
ery methods [19]. We observe no cell death when MDA-
MB-231 cells are treated with the peptide without HGN
assembly (Fig. 3a). The HGN-NuBCP in MDA-MB-231
cells showed no significant cell viability loss without laser
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laser irradiation. b Bcl-2 is expressed in both MDA-MB-231 and
H460 R-PAC cells. Western blot analysis of MDA-MB-231 and H460
R-PAC indicates levels of Bcl-2 and GAPDH is used as a loading
control. ¢ Laser dependent release of NuBCP-Cy5 in H460 cells with
JC-1 assay shows mitochondrial destabilization as green fluorescence
increases from the JC-1 monomer upon irradiation with two-photon
800 nm laser

irradiation indicating either the NuBCP remains attached on
the HGN in the cellular endosomes or is degraded after 96 h.

To verify the cause of viability loss in cells expressing
high levels of Bcl-2 was due to the induction of apoptosis,
we tested the efficacy of the system in H460 lung cancer
cells using the JC-1 mitochondrial stain to test for mito-
chondrial destabilization after irradiation of HGN-NuBCP
particles (Fig. 3c). In cellular studies, aggregated JC-1 dye
disassociates into a green fluorescing monomeric form when
the mitochondrial membrane depolarizes. Mitochondrial
depolarization can be an early indicator of cell death due to
apoptosis. Confocal images show release of the NuBCP from
HGN and the increase in green fluorescence form of the
JC-1 monomers 30 min after irradiation with NIR light and
release of NuBCP from the HGN (Fig. 2b). Only in areas
with laser irradiation was an increase in green fluorescence
observed, confirming the mitochondrial membrane becomes
destabilized after irradiation of cells with HGN-NuBCP.
There is no effect of HGN alone with laser on mitochondrial
health (Fig. S2). These findings show NuBCP can be deliv-
ered into human cancer cells where release of the NuBCP
from the gold particles leads to a compromised mitochondria
membrane.

To determine any potential toxicity of HGN-NuBCP-9
to normal cells we performed zebrafish toxicity and sur-
vival assay (Fig. 4a). Exposure of HGN-NuBCP did
not impact survival or development of abnormalities of
zebrafish embryos. To demonstrate the in vivo efficacy of
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Fig.4 a Effect of HGN-
NuBCP-9 on survival and
development of zebrafish
embryos. Treatment with
vehicle (PBS-Tween 0.01%)
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multiple comparisons post-test,
*###4P <0.0001. Log?2 fold
change of cell area for vehicle
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(red); X10 magnification. (Color
figure online)
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this HGN-NuBCP approach, we exposed paclitaxel resistant
(PacR) H460 cells to either vehicle, HGN, or HGN-NuBCP
and transplanted them into zebrafish embryos (Fig. 4). H460
cells were systematically exposed to low doses of paclitaxel,
resulting in increased Bcl-2 expression and resistance to
paclitaxel (PacR H460 cell line) [4]. The H460 paclitaxel
PacR cells derived from H460 parental cells are 10-fold
less sensitive to paclitaxel than the parental cells at 10 nM
paclitaxel, which is a clinically achievable concentration
(Fig. 4b). The transplanted cells were imaged before and
3 days after two-photon NIR laser irradiation to measure loss
of PacR H460 cells within the zebrafish. Half the zebrafish
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from each group were withheld from irradiation as con-
trols. NIR irradiation had no effect on zebrafish survival as
98.3% and 96.6% of non-irradiated and irradiated zebrafish
survived respectively. Laser irradiation of HGN-NuBCP
treatment group had the greatest effect on the growth of
PacR H460 cells inside zebrafish. Three days after laser
irradiation, average PacR H460 xenograft tumor growth
was reduced by 56.4% compared to the non-laser control
for HGN-NuBCP treated groups (Fig. 4g, h). PacR H460
xenograft growth was not significantly affected by the media
used for delivery (Fig. 4c, d) nor HGN alone (Fig. 4e, f).
Laser induced cell reduction with HGN exposure is similar
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to what was seen in vitro experiments where HGN irradia-
tion may be generating localized heating.

Discussion

Our primary interests were the induction of apoptosis in
resistant cancer cells with NIR light control and to limit
the amount of peptide required in therapeutic applications.
Successful cancer therapies rely significantly on both the
selectivity for cancer cells as well as creating a reasonable
therapeutic window for in vivo studies. The Nur77 derived
peptide, NuBCP targets Bcl-2 and converts it into a pro-
apoptotic protein as well as inhibits the pro-survival function
of Bel-x1 [17, 18]. Therefore, delivery of NuBCP with hol-
low gold nanoshells would not only allow for control over
release with light but the peptide itself would affect the cells
that are resistant to traditional Bcl-2 targeting therapeutics
[17, 18]. Earlier studies using the Nur77 derived peptide,
NuBCP required high micromolar concentration of peptide
in order to cause apoptosis which can translate to poor effi-
cacy in vivo [19-21]. Our hypothesis was that addition of
the NuBCP to hollow gold nanoshells would improve the
delivery efficiency since peptides delivered solely via target-
ing peptides are often caught in endosomes [5].

Our research demonstrates the release of the NuBCP
peptide from our HGN construct with 800 nm light con-
trol (Fig. 3a). In Fig. 2a the power dependence of release
is observed after different laser intensities are applied to
the HGN containing NuBCP with a Cy5 dye. This suggests
that the peptide is not released from the particle until a cer-
tain power of excitation is obtained. Since up to 20% of the
loaded peptide was released from the HGN after laser irra-
diation, this would convert to a maximum of 50 nM NuBCP
delivered in cellular studies. Furthermore, NuBCP laser
dependent release from the HGN in cells is visualized by
the diffusion of the dye attached to the peptide after laser
irradiation (Fig. 2¢). Tracking of the DNA also attached to
the particle is seen through the FAM fluorescence channel
and shows that cells that release NuBCP also show the dis-
persion of DNA-FAM confirming that the NuBCP peptide
is attached to the particle via the NTA-Cu—His interaction
originally hypothesized.

Release of the NuBCP peptide from HGN not only
showed significant cell death in MDA-MB-231 breast can-
cer cells (Fig. 3a) but also that the overall peptide quantity
required with HGN-NuBCP is 30-fold less than those previ-
ously delivery methods of NuBCP [19]. Active mitochondria
can give insight to early apoptosis through the JC-1 assay,
which detects membrane depolarization of the mitochon-
dria. Our data in Fig. 3c suggests that only upon irradiation
with NIR light does the HGN-NuBCP cause disruption of
the mitochondria membrane, via enhancement of the green
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fluorescence overtime. Control studies with NIR light and
HGN without the NuBCP peptide showed no change in the
mitochondria health (Fig. S2). The JC-1 assay studies were
conducted in the H460 (PacR) cell line. Bcl-2 is highly
expressed in non-small cell lung cancer and TNBC (Fig. 3b),
therefore NuBCP-9 targeting of Bcl-2 is not limited to one
cancer type but will be effective in cancer subtypes express-
ing Bcl-2.

Finally, these results were translated to in vivo efficacy
studies with HGN-NuBCP in zebrafish embryos. Embryo-
larval zebrafish are highly sensitive to environmental fac-
tors during development. Zebrafish have been successfully
used as model for assessing potential human toxicity with
high sensitivity, including nanoparticles and therefore are
uniquely qualified for initial testing to assess the safety of
developing new drugs [25, 26]. Moreover, the excellent
transparency of the larval zebrafish allowed elucidation of
the proper laser power as visualization of HGN resonant
light intensity was used to confirm that the proper laser
power was reaching the cancer cells within the zebrafish
[27, 28]. Paclitaxel resistant (PacR) H460 cells were exposed
to HGN-NuBCP and transplanted into zebrafish embryos,
which were treated with NIR light. The NIR light allowed
for release of the Bcl-2 targeting NuBCP and reduced the
tumor growth in these samples by 56.4% compared to the
non-laser control for HGN-NuBCP (Fig. 4g, h). This indi-
cates not only that the HGN-delivery method can be used
for peptide delivery in vivo, but also that the release of the
NuBCP from the HGN is light controlled in this system as
well.

Conclusion

In conclusion, we report the use of HGN for the delivery of
a Bcl-2 functional converting apoptotic peptide, NuBCP, to
therapeutic resistant cells. Laser controlled HGN delivery of
NuBCP not only drives down the therapeutic dose required
of NuBCP to induce apoptosis by 30-fold, it also provides
a means to target tumor-specific regions. Laser release was
shown to be safe and effective for reducing chemotherapy
resistant tumor growth in zebrafish xenografts. Our results
suggest the light control of NuBCP with HGN not only
increased efficacy in vitro but the efficiency in vivo demon-
strates the potential application of HGN-NuBCP as a thera-
peutic to treat cancers that express Bcl-2.
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