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Department , Background: Doxorubicin-loaded hollow gold nanospheres (Dox@HAUNS) are a
of Interventional Radiology, T . .
The University of Texas MD promising technology for simultaneous trans-arterial tumor-targeted chemotherapy
Anderson Cancer Center, delivery and thermal ablation. We evaluated the efficacy of intra-arterial delivery of
Houston, TX 77030, USA Dox@HAUNS followed by photothermal ablation (PTA) in a rabbit model of liver cancer.
Full list of author information . . . . .
is available at the end of the Adult New Zealand white rabbits (N=25) were inoculated with VX2 tumors into the
article left lobe of the liver. The animals were then randomized to sham surgery (N=5), PTA

only (N=3), Dox@HAUNS only (N=15), HAUNS 4 PTA (N=5), and Dox@HAUNS + PTA
(N=7). Nanoparticles were delivered as an emulsion with Lipiodol (Guerbet, France)
via a trans-arterial approach. Following nanoparticle delivery, PTA was performed
using an 808-nm fibered laser at 1.5 W for 3 min. Thermography during PTA demon-
strated a sustained elevation in tumoral temperature in both HAUNS + laser and Dox@
HAUNS + laser treatment groups relative to animals that underwent laser treatment
without prior nanoparticle delivery.

Results: There was a significant decrease in tumor volumes in all three treatment arms
relative to control arms (P=0.004). Concentrations of intratumoral doxorubicin were
significantly greater in animals treated with laser compared to those that were not
treated with laser (P<0.01).

Conclusions: Doxorubicin-loaded HAUNS is a promising therapeutic agent for dual
ablation/chemoembolization treatment of liver cancer.

Keywords: Gold nanoparticles, Drug delivery, Thermal ablation, Hepatocellular
carcinoma, Transarterial delivery

Background

Transarterial chemoembolization (TACE) and thermal ablation are cornerstones in the
management of hepatocellular carcinoma (HCC). Both are incorporated into the most
commonly used treatment guidelines and are considered the standard of care for early-
stage and intermediate-stage HCC. Ablation of small (less than 3 cm) tumors is accepted as
an alternative to surgical resection, and TACE has demonstrated improvements in overall
survival for intermediate-stage HCC. In 2002, both Llovet et al. (2002) and Lo et al. (2002)
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published randomized trials demonstrating survival advantages with TACE over emboli-
zation alone and conservative management, respectively. This level 1 evidence led to the
incorporation of TACE as standard of care for patients with intermediate-stage HCC by
the Barcelona Clinic Liver Cancer (BCLC) system. However, as experience with these
procedures has grown over the past three decades, it has become clear that the complete
eradication of tumor is not always possible with these individual approaches. For ablation,
incomplete lesion coverage or the presence of marginal micrometastases can lead to resid-
ual or recurrent tumor (Paulet et al. 2008). For TACE, microenvironmental barriers to drug
delivery diminish treatment efficacy (Sheth et al. 2013).

Thermal ablation and TACE affect cell death by orthogonal methods, but these
approaches can be complementary. Embolization can increase overall ablation zone size,
and ablation can kill tumor cells far from blood vessels that are insensitive to TACE. Indeed,
several clinical trials have shown improvements in outcomes when TACE and ablation are
performed simultaneously (Peng et al. 2012, 2013). While such results are promising, ulti-
mately any combinatorial approach is still constrained by the inherent limitations of each
individual treatment modality. The ability to achieve high and sustained concentrations of
doxorubicin (Dox) within the target lesion while avoiding off-target and systemic toxicity
is an important unmet clinical need with TACE. Likewise, in the clinical setting, the goal
of thermal ablation is to eradicate the tumor as well as a margin of tissue around the lesion
to ensure complete coverage. This is accomplished by a variety of modalities designed to
achieve temperatures greater than 60 °C (Kis et al. 2017). At these temperature ranges, abla-
tion has been shown in randomized trials to achieve outcomes similar to surgical resection
(Fang et al. 2014). However, as all conventional ablation methods generate heat in a man-
ner unprejudiced by the type of tissue in which the ablation needle is inserted, potentially
serious complications can occur when critical structures are included in the ablation zone.
Thus, a tumor-specific ablation modality would represent a significant advancement over
the current status quo.

We have previously shown that hollow gold nanoshells (HAuNS) containing Dox (Dox@
HAuNS) are effective at achieving ablative temperatures when irradiated with near-infrared
(NIR) light. In our previous work, we have shown that unlike Dox@HAuNS, Dox-coated
solid gold nanoparticles do not respond to NIR laser irradiation to release Dox (You et al.
2010). This suggests that plasmon absorption of the NIR light and subsequent elevation
of temperature around DOX@AuNP mediates release of Dox. Changes in HAuNS mor-
phology were observed after NIR laser irradiation, suggesting that this might be partially
responsible for NIR laser-mediated Dox release. However, other possible mechanisms, such
as decreased ionic interaction between Dox and HAuNS, may also play a role. In this man-
ner, HAuNS-based therapy has the potential to eradicate tumoral cells via three simultane-
ous and tumor-specific insults: ablation, embolization, and chemotherapy. The purpose of
this study was to evaluate the effects of HAuNS-mediated localized Dox delivery and pho-
tothermal ablation (PTA) on tumor growth when delivered intra-arterially in a rabbit model
of liver tumor.
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Results

Nanoparticle characterization

PEG-HAuNS and Dox@HAuNS nanoparticles were found to be equally efficient in
absorbing NIR photons, with a peak absorbance around 800 nm (Fig. 1a). The Dox@
HAuNS nanoparticle had an additional secondary peak from 450 to 550 nm, reflecting
the absorbance of the associated Dox. The absorption spectra showed that the plasmon
resonance peak for PEG-HAuNS was tuned to the NIR region (780-810 nm). The sizes
of both nanoparticles in a hydrated state were 80-90 nm as determined by dynamic light
scattering (Fig. 1b). Transmission electron microscopy (TEM) revealed the morphol-
ogy of the HAuNS (Additional file 1: Figure S1), and indicated that they had a diam-
eter of ~45 nm and a shell thickness of 4—6 nm. The inner diameter of HAuNS was
about 35 nm. TEM also revealed change in the morphology of Dox@HAuNS before and
after NIR laser irradiation (Additional file 2: Figure S2). The concentration of Dox and
HAuNS used in both in vitro and in vivo experiments was 0.5 mg Dox/mL. The concen-
tration of Dox was determined by subtracting free Dox from total Dox added to HAuNS
solution. Free Dox was measured by UV-Vis absorbance of Dox in supernatant after
remove ultracentrifugation to Dox@HAuNS. The concentration of HAuNS was 40 OD
(equivalent to 1 mg HAuNS/mL. About 30% of Dox was released from Dox@HAuNS
after NIR irradiation at 4 W/cm? output power for 5 min. However, almost no Dox was
released when laser was turned off over a 1-h period. After a second 5-min irradiation
cycle, about 60% of Dox was released. These results suggest that Dox release from Dox@
HAuNS was triggered by NIR laser.

Laser-mediated photothermal effects in vivo in N1-S1 HCC in rat liver

Rats bearing N1-S1 tumors in the liver were used to determine the optimal laser
power generated in the absence and presence of PEG-HAuNS after their intra-arte-
rial injection. The mean tumor temperature in the presence of PEG-HAuNS deliv-
ered intra-arterially increased 12.8 £0.8 °C, 21.2£2.0 °C, and 38.5+£17.2 °C at laser
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Fig. 1 Characterization of HAUNS nanoparticles. a Absorption spectra of PEG-HAUNS and Dox@HAUNS. b
Dynamic light scattering histograms of PEG-HAUNS and Dox@HAUNS
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Fig. 2 Temperature elevation during laser treatment. a Representative infrared temperature images. b
Temperature elevation as a function of treatment time. Data are presented as mean = SD

powers of 1.0 W, 1.5 W, and 2.0 W, respectively. In comparison, the mean tumor
temperature without HAuNS injection increased 5.34+0.9 °C, 9.1+2.2 °C, and
16.9+ 1.5 °C at laser powers of 1.0 W, 1.5 W, and 2.0 W, respectively (n=3). At a
power of 1.5 W, temperature elevation was<10 °C in the absence of PEG-HAuNS
but increased to be>20 °C in the presence of PEG-HAuNS. On the basis of these
results, we chose 1.5 W as the laser output power in all our subsequent studies in
rabbit with VX2 tumors.

Intra-arterial delivery and PTA

All rabbits survived trans-arterial delivery of the nanoparticle constructs as well as
photothermal ablation procedures. Technical success for endovascular delivery of
the nanoparticle—oil emulsion into the proper hepatic artery was 94% (15/17). Tech-
nical success for PTA via mini-laparotomy was 100%. However, two animals in the
Dox@HAuNS + laser and one animal in the Dox@HAuNS group were euthanized
prior to post-operative day 7 (POD7) due to poor oral intake; this was attributed to
off-target embolization of the gastroduodenal artery during the endovascular deliv-
ery of the nanoparticle—oil emulsion. The remaining 19 animals (control arm [n=5],
Dox@HAuNS + laser arm [#n=5], Dox@HAuNS only [#n=4], PEG-HAuNS + laser
[n=5]) comprised the study cohort; an additional 3 rabbits comprised a laser-only
arm without nanoparticles for determining temperature generation without prior
nanoparticle delivery.

Infrared thermography during PTA demonstrated a sustained elevation in
tumoral temperature during laser illumination in both HAuNS + laser and Dox@
HAuNS + laser treatment groups relative to animals that underwent laser treat-
ment without prior nanoparticle delivery (Fig. 2). Of note, there was increased
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Fig. 3 CT volumetric measurements. a Representative angiogram and CT images of rabbits before and after
laser treatment from a control rabbit (top panel) and a rabbit received intra-arterial injection of Dox@HAUNS
(bottom panel). Tumors are circumscribed by blue ellipses. b Percent change in tumor volume as measured
by CT at POD14 compared to pre-procedure CT. Data are expressed as mean =+ interquartile range. ¢ Time
course of percent change from baseline for tumors across the treatment groups. Grey zones represent 95%
confidence intervals

heat generation in the Dox@HAuNS group compared to the PEG-HAuNS group,
although the underlying cause of the difference in heat generation remains to be
identified.

Contrast-enhanced CT images at POD7 and POD14 confirmed targeted delivery
of the nanoparticle emulsion by illustrating the retained lipiodol and nanoparticles
staining around the tumor (Fig. 3a).

The top panel in Fig. 3a shows representative images from a control animal, with
each time point showing interval growth in the tumor. The middle panel is an animal
treated with Dox@HAuNS, and the bottom panel is an animal treated with Dox@
HAuNS + laser; both treatment animal CT images demonstrate geographic areas of
necrosis with retained lipiodol staining within the tumor vasculature without evi-
dence of residual or recurrent tumor growth.

Tumor volumetric analysis showed no significant difference in tumor volumes
at the baseline CT scan on PODI across the treatment groups (median 0.19 cm?,
range 0.06-0.58 cm? p=0.4). However, at both POD7 (P=0.004) and at POD14
(P=0.004), there was a significant difference in tumor volumes between the con-
trol arm and all three treatment arms (Fig. 3b, c). There was no significant differ-
ence at either POD7 (P=0.10) or POD14 (P=0.25) in tumor volumes among
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Fig. 4 Quantification of Dox concentration in tissues after Dox@HAUNS injection by HPLC. a Plasma Dox
concentration at 1-h post-treatment. b Concentration of Dox in the tumor and the liver adjacent to the
tumor collected at 14 days post-treatment. Data are presented as mean = standard deviation

the three treatment arms (Dox@HAuNS alone, PEG-HAuNS + laser, and Dox@
HAuNS + laser).

Analysis of Dox concentrations

The mean concentration of Dox in plasma 1 h after injection of Dox@HAuNS without
and with laser treatment was 2.7 and 6.4 ng/mL, respectively (Fig. 4a). The concentration
of Dox increased moderately with laser treatment, however, there was large variation in
the Dox plasma concentration with laser treatment. Dox was undetectable 1 day after
Dox@HAuNS administration with the exception of rabbits in the Dox@HAuNS + laser
group, in which Dox in the plasma was detected in 2 of the 5 samples analyzed (1.62;
7.85 ng/mL). These data are consistent with our finding in vitro that laser treatment trig-
gered release of Dox (You et al. 2010). All plasma samples collected at POD7 and POD14
had undetectable Dox. Concentrations of Dox within tissue samples from the tumor site
at POD14 were significantly greater in animals treated with laser compared to those that
were not treated with laser (mean Dox concentration 72.0 £ 14.3 ng/g with laser versus
34.9+ 6.6 ng/g tissue without laser; p <0.01, Student’s t test) (Fig. 4b). On the other hand,
laser irradiation upon the tumor did not result in a significant difference in Dox concen-
tration in liver tissues adjacent to the tumor (22.1 4 10.3 with laser versus 28.4 £+9.0 ng/g
tissue without laser) (Fig. 4b). Likewise, there was no difference in Dox concentration
between tumoral tissue that was not treated with laser and the surrounding liver paren-
chyma (34.9 £ 6.6 versus 28.449.0 ng/g).

Histopathologic analysis

Animals were euthanized at POD14, and tumors were harvested for histopathologic
analysis. VX2 tumor from rabbit liver consists of a moderately well-demarcated, single-
to-multilobular mass comprising a single, pleomorphic population of polygonal cells in
islands, nests, and larger groups subdivided by delicate fibrovascular stroma and central
regions of necrosis. A variably intense infiltrate of lymphocytes, plasma cells, and mac-
rophages and zone of fibrosis surrounds the tumors (Additional file 3: Figure S3).
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Fig. 5 Treatment response by histological examinations. a Tumor size measured from micrographic images
of H&E-stained liver/tumor tissues acquired at low magnification. Data are presented as mean £ SD. *, p < 0.05;
** p<0.01 (Student's t test). b—e Representative low magnification (12.5X) photomicrographs of H&E-stained
tumor tissues indicating response after treatments with Dox@HAUNS + laser. b Untreated tumor from a
control rabbit. A well-demarcated tumor (t) is surrounded by a layer of inflammation and fibrosis (arrow),

has marked central necrosis (n), and compresses adjacent liver (). ¢, d Demonstrating partial destruction of
tumors from a treated rabbit. Note the areas of necrotic tumor and liver parenchyma with residual tumor
(arrows). e Demonstrating complete destruction of a tumor along with ischemic necrosis of adjacent liver (n)
from another treated rabbit. Only nodules of inflammation and scar tissue (s) remain. Bars=2 mm

At POD14, tumor xenografts were present in liver sections from all animals in the
control group and in animals treated with laser only, but were not consistently present
in liver samples from other treatment groups, including treatments with Dox@HAuNS,
HAuNS + laser (PTA alone), and Dox@HAuNS + laser (combined Chemo-PTA) (Addi-
tional file 4: Table S1). Local release of Dox from intra-arterially delivered Dox@HAuNS
and PTA-mediated laser illumination resulted in significant reduction in mean tumor
diameter compared with untreated tumors (p<0.01) (Fig. 5a). Tissue responses in liver
samples from treated animals include locally extensive ischemic liver necrosis, loss
of hepatic cords with retention and collapse of portal structures, and replacement by
immature fibrous tissue (post-necrotic collapse and scar tissue formation). Macrophages
and multinucleated giant cells surround and infiltrate the margins of necrotic tumor
and/or liver and are present in areas of post-necrotic collapse (Fig. 5c—e). In some sam-
ples, nodules of viable VX2 tumor are present (Fig. 5¢, d), whereas in other samples no
histological presence of residual tumors could be found (Fig. 5e); tumors without resid-
ual disease were found mostly in livers of rabbits treated with Dox@HAuNS +laser.

Nanoparticles were concentrated in areas of tumor. Finely granular, brown-black
foreign material (consistent with aggregates of nanoparticles and visualized by silver
enhancement) is present in material filling the lumen and lining walls of some arterioles
in areas of tissue necrosis and in the cytoplasm of macrophages and giant cells (Fig. 6).
As shown in Additional file 5: Figure S4, our data clearly delineated the presence of gold
nanoparticles in tumors. In tumors not exposed to laser, HAuNS were largely distrib-
uted to perivascular zone. In tumors exposed to laser treatment, HAuNS were present as
clusters in large quantity in the necrotic zone (Additional file 5: Figure S4). Nanoparti-

cles were also concentrated in areas of adjacent liver, causing necrosis and post-necrotic



Sheth et al. Cancer Nano (2020) 11:6 Page 8 of 16

Fig. 6 Tissue distribution of gold nanoparticles in necrotic tumor after treatments with Dox@HAUNS + laser.
Representative photomicrographs of serial sections of necrotic tumor from DOX@HAUNS + laser-treated
liver and stained with hematoxylin and eosin (a, c) or silver enhancer stain with neutral red counterstain for
lysosomes (b, d). a, b Gold nanoparticles (black) were present in the necrotic wall of tumor vessels (v) in the
inflammatory zone surrounding necrotic regions of VX2 tumor (t). Magnification is 50x, with bars =500 pum.
¢, d Gold nanoparticles were accumulated in macrophages and multinucleated giant cells (arrows).
Magnification is 400x with bars =50 um

scarring, presumably owing to embolization caused by Lipiodol/Dox@HAuNS (Addi-
tional file 6: Figure S5 and Additional file 7: Figure S6).

Discussion

We selectively delivered Dox@HAuNS mixed with ethiodized oil to arterioles of hepatic
tumors causing embolization, local release of Dox triggered by laser illumination, and
PTA effect, leading to significant reduction and sometimes complete elimination of
tumors. We also observed zones of hepatic ischemic necrosis in ablated tumor tissues.
Many of the areas of necrosis are centered on an arteriole containing nanoparticles
Dox@HAuNS or PEG-HAuNS. Selective distribution of nanoparticles to tumor arte-
riole should reduce the potential for off-target thermal injury. Thus, this combination
of therapies resulted in effective tumor killing. Moreover, we demonstrated that the
application of photothermal energy results in a significant increase in the intratumoral
concentration of Dox, but not in adjacent peritumoral liver tissue. This was because the
normal liver was not in the direct path of laser beam and thus release of Dox from Dox@
HAuNS was not triggered by the laser (You et al. 2010). Laser-triggered Dox release was
also evidenced by higher plasma Dox concentration observed at 1 h after laser illumina-
tion in rabbits that received intra-arterial injection of Dox@HAuNS compared to rabbits
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receiving Dox@HAuUNS treatment alone. A benefit of this approach is that targeted, local
delivery of Dox may reduce the potential for systemic toxicity including doxorubicin-
mediated cardiotoxicity (Singal and Iliskovic 1998). Taken together, we have demon-
strated that the HAuNS platform is capable of the near-simultaneous, targeted delivery
of three orthogonal methods of anti-cancer therapy: embolization, chemotherapy, and
thermal ablation.

There is a sound biological rationale for the simultaneous treatment of HCC with
both TACE and thermal ablation. Physiologically, pre-ablation embolization reduces
the heat sink effect within the tumor and adjacent parenchyma, thus yielding larger
ablation zones (Covey and Hussain 2017; Tanaka et al. 2014). From a tumor heter-
ogeneity perspective, thermal ablation is effective at eradicating cells remote from
blood vessels that are conditioned for hypoxic environments and are therefore resist-
ant to the effects of embolization and chemotherapy. In a prospective clinical trial of
139 patients, Peng et al. (2012) observed a significant improvement in survival when
TACE was combined with thermal ablation for tumors ranging from 3 to 5 cm; no sig-
nificant difference in outcomes was seen in patients with tumors smaller than 3 cm.
A subsequent clinical trial of 189 treatment-naive patients with tumor up to 7 cm
likewise showed an improvement in overall survival when TACE was combined with
ablation relative to ablation alone (Peng et al. 2013).

Fundamentally, however, the limitations of conventional ablation and embolization
techniques restrict the therapeutic efficacy of combination approaches. The effective-
ness of particle embolics on the micron size scale to induce significant hypoxia (Levy
et al. 2015) or to deliver Dox at cytotoxic concentrations (Minchinton and Tannock
2006) is a major concern with current TACE methods. Likewise, the lack of tumor
specificity for current thermal ablation technologies can result in insufficient tumor
coverage as well as damage to adjacent critical structures.

Photothermal conversion nanoparticles represent a promising technology to address
these hurdles. For example, thermally sensitive liposomal constructs containing Dox
have been shown to increase intratumoral concentrations of the drug when systemic
delivery is combined with thermal ablation in a mouse model (Yan et al. 2017). While
external targeting peptides were used in this liposomal study to increase intratumoral
concentrations, there was no difference in survival between animals treated with the
targeted or non-targeted liposomal formulations. Also, given the limitations of the ani-
mal model used in this study, the more clinically relevant large animal liver tumor mod-
els amendable to intra-arterial delivery, as opposed to intravenous delivery, should be
tested.

Relative to liposomal nanoparticles, gold nanoparticles have the advantage of intrin-
sic and efficient heat generation by photon absorption. They are also highly tunable and
can operate in the NIR, allowing for maximal optical penetration. These photothermal
properties alone have motivated extensive preclinical investigations in the use of gold
nanoparticles as a PTA agent (Hwang et al. 2014). Moreover, a pilot study using gold
nanoparticles for targeted PTA in patients with head and neck cancer has also been
pursued (ClinicalTrials.gov identifier NCT00848042). When formulated into hol-
low nanoshell constructs, gold nanoparticles (HAuNS) can additionally serve as drug
delivery vehicles. Indeed, the drug delivery capabilities of gold nanoparticles forms the
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foundation of a Phase I clinical trial (Libutti et al. 2010). Hollow gold nanospheres have
plasmon absorption tuned in the NIR region and display strong photothermal coupling
property suitable for PTA therapy. HAuNS do not have silica core as gold nanoshells
have and lack of cytotoxic surfactants that are usually associated with gold nanorods
because such surfactants are required for gold nanorod preparation. As a result, PEG-
HAuNS have insignificant toxicity in mice (You et al. 2014). It is possible that other NIR-
absorbing materials, such as indocyanine green, may also mediate photothermal effects
to kill tumor cells. The advantages of Dox@HAuNS are twofold: (1) it displays a greater
photothermal conversion efficiency than indocyanine green; (2) Dox release from Dox@
HAuNS was triggered by laser exposure, therefore there was greater retention of Dox
during laser treatment after Dox@HAuNS administration.

Laser irradiation of HAuUNS not only results in ablative temperature generation, but
also in targeted drug release. In this study, we found a greater than twofold increase
in tumoral Dox concentrations due to thermally mediated release of Dox from the
nanoshells. Moreover, potentially due to the influence of simultaneous embolization
with ethiodized oil, this elevation in Dox concentration was measured 14 days following
delivery, indicating sustained retention of the drug within the tumors. These results are
in agreement with prior studies. For example, Ma et al. (2013) demonstrated increased
Dox release following NIR illumination of gold-studded nanomicelles. Likewise, we have
previously shown that targeted DOX@HAuNS, when combined with NIR illumination,
results in significantly improved tumor control relative to HAuNS followed by NIR illu-
mination in a murine model following systemic delivery in mice with ovarian cancer
xenografts (You et al. 2012) and in rats with orthotopically inoculated liver cancer fol-
lowing intra-arterial administration (Paulet et al. 2008).

Histological examinations revealed that while 3 out of 3 rabbits in the control arm (no
treatment plus laser alone) had extensive VX2 tumors in the liver, only 4 of 12 rabbits
in the 3 treatment arms (Dox@HAuNS, PEG-HAuNS plus laser, or Dox@HAuNS plus
laser) had residual tumor 14 days after treatment. While we could not find differences
among the 3 treatment arms with regard to tumor control, there was a trend towards the
lowest diameter of residual viable tumor in the Dox@HAuUNS plus laser arm compared
to the other 2 treatment arms. Future studies that monitor survival of treated animals
as the end point may allow us to separate the Dox@HAuNS plus laser treatment arm
from the PTA alone group (HAuNS plus laser) and/or the chemotherapy alone (Dox@
HAuNS) group.

We acknowledge several limitations to our study. First, the lack of long-term clearance
and toxicity studies for HAuNS in large animals is an important barrier to translation.
We have previously investigated the biodistribution, organ elimination, and acute and
chronic toxicity of PEG-HAuUNS in normal mice (Peng et al. 2013). We found that PEG-
HAuNS caused no adverse effects after 10 daily intravenous injections over a 2-week
period at a dose of 12.5 mg/kg per injection (accumulated dose: 125 mg/kg). The dose
of PEG-HAuUNS used in the current study after a single intra-arterial injection in rab-
bits was 1 mg equivalent Au per rabbit, or about 0.33 mg Au/kg body weight assuming
each rabbit weighed 3 kg. Such a dose was only 0.26% of the dose used in the previ-
ous toxicity study in mice. However, significant quantity of Au was found retained in the
liver and spleen in mice 90 days after intravenous injection of PEG-HAuNS. Uptake of



Sheth et al. Cancer Nano (2020) 11:6 Page 11 of 16

HAuNS by macrophages and giant cells in rabbit liver, either through direct phagocyto-
sis of injected nanoparticles, indirect uptake through cell debris containing HAuNS, or
both, was observed 14 days after injection of Dox@HAuUNS or PEG-HAuNS. Therefore,
it is likely that HAuNS will be retained in the liver for a prolonged period of time in rab-
bits, as was the case in mice. Given that several pilot and Phase I studies that investigate
the safety and toxicity of gold nanoparticles have been initiated, their use will hopefully
become a clinical reality in the near future.

Second, there was a large variation in temperature elevation possibly resulting from vari-
ation in laser placement and heterogeneity of tumor physiology, which may be the cause of
large variation in plasma Dox concentration measured at 1 h after laser illumination and
variation in intratumoral Dox concentration measured at 14 days after laser illumination.
Such variation may affect treatment outcome for individual rabbits. Future efforts should
be made to improve the uniformity of treatment. Transarterial chemo-embolization is the
standard of care treatment for HCC. In the clinical setting, embolization is always paired
with a chemotherapy agent, as established by all international guidelines. To answer the
question of the effect of embolization alone in this animal model, we would need to have a
control arm in which only lipiodol was delivered. However, as this is never an option clini-
cally, we did not perform this experiment as it is not clinically relevant.

Conclusions

This study advances the clinical translational potential of the HAuNS platform by dem-
onstrating both its selective release of Dox and intratumoral heat generation. Building
upon prior rodent work (You et al. 2012; Li et al. 2016), we found that simultaneous
stresses of embolization, hyperthermia, and chemotherapy could be delivered via clini-
cally available catheters and via a standard trans-arterial approach. These data support
the strong potential clinical utility for Dox@HAuNS as a dual ablation/chemoemboliza-
tion treatment modality for HCC.

Methods

Synthesis and characterization of Dox@HAuNS

PEGylated hollow gold nanoshells (PEG-HAuNS) were obtained from Ocean NanoTech
(San Diego, CA, USA). Briefly, HAuNS were synthesized by the cobalt NP-mediated
reduction of chlorauric acid followed by PEGylation as described previously (You et al.
2010). The resulting HAuNS were coated with MeO-PEG5000-SH to yield PEG-HAuNS.
For Dox loading, 0.5 mL of Dox (OChem Inc., Des Plaines, IL, USA) in water (1 mg/mL)
was added to 0.5 mL of PEG-HAuNS (80 OD). The mixture was incubated at 4 °C over-
night to form Dox@HAuNS. Before injection, 1 mL of Dox@HAuNS solution was thor-
oughly mixed with 0.4 mL of Lipiodol oil by using two syringes connected to a 3-way
Hi-Flo disposable stopcock.

For characterization, the UV-visible spectroscopy was recorded on a Beckman
Coulter DU-800 UV-visible spectrometer (Fullerton, CA). The hydrodynamic sizes of
PEG-HAuNS and Dox@HAuNS were determined using dynamic light scattering on a
Brookhaven 90 plus particle size analyzer (Holtsville, NY). The size of HAuNS in dry
state was examined by a JEM-1400 transmission electron microscope operated at 80 kV
(JEOL Ltd., Tokyo, Japan).
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Animal models

All animal experimentation was approved by the Institutional Animal Care and Use
Committee. Animals were housed in facilities approved by the Association for Assess-
ment and Accreditation of Laboratory Animal Care International and in accordance
with regulations and standards of the US Department of Agriculture, the US Depart-
ment of Health and Human Services, and the National Institutes of Health.

A total of 25 adult New Zealand white rabbits were included in this study. All pro-
cedures were performed under anesthesia with isoflurane (5%) in oxygen (1.5 L/min)
and intramuscular buprenorphine (0.15 mg, Buprenex, Bedford Laboratories, Bedford,
OH). For tumor inoculation procedures, the abdomen was shaved and was subsequently
prepped and draped in standard sterile fashion. VX2 tumors were implanted into the left
hepatic lobe, as previously described (Tian et al. 2013). Tumors were allowed to grow for
2 weeks, a duration that we have found to consistently result in ~1.0-1.5 cm diameter
tumors. The rabbits were then randomized to 4 groups: sham surgery (control group,
n=5), intra-arterial Dox@HAuNS only (Dox@HAuNS group, n=»5), intra-arterial
Dox@HAuNS followed by laser (Dox@HAuUNS + laser, #=7), and intra-arterial HAuNS
followed by laser (HAuNS + laser, n=5). Three rabbits were randomized to receive laser
treatment only as an additional negative control group.

Intra-arterial delivery of nanoparticles

Transarterial intrahepatic delivery of the nanoparticles was performed via a femoral
approach. After achieving adequate anesthesia, the right inguinal region was shaved
and then prepped and draped in standard sterile fashion. A 1-cm vertical incision was
made in the proximal right femur, and after blunt dissection, the right common fem-
oral artery was isolated. Proximal and distal control was obtained with 0-silk vessel
loops. Intra-arterial access was obtained with a 21 g micropuncture needle followed by
a 0.016” microwire. The access was then serially dilated to allow for the placement of a
4Fr sheath (Cook Medical, Bloomington, IN). Through this sheath, a 2.8Fr microcatheter
(EmboCath Plus; BioSphere Medical, Rockland, MA, USA) was advanced over a 0.014”
microwire (Transcend, Boston Scientific, Natick, MA) into the celiac trunk under fluor-
oscopic guidance. Intermittent digital subtraction angiography was performed to assist
in navigating the microcatheter to the proper hepatic artery. The nanoparticle solution
(1 mL total volume, 40 OD, 1 mg Au/mL, 0.5 mg Dox/mL) was emulsified in 0.4 mL
ethiodized oil (Lipiodol, Guerbet, Aulnay-sous-Bois, France). The emulsion was deliv-
ered through the microcatheter at a rate of 0.2 mL per minute under fluoroscopic visu-
alization. After removal of the microcatheter and sheath, the femoral artery was ligated
proximally and distally with the previously placed vessel loops.

Photothermal ablation of hepatic tumors

Immediately following the delivery of the nanoparticles, the skin overlying the abdo-
men was prepped and draped in standard sterile fashion. A midline incision was made,
and the left hepatic lobe was elaborated to the skin. A fiberoptic catheter with a 1 cm
diffusing tip (BioTex) was advanced into the tumor under direct visualization. Photo-
thermal ablation was performed with an 808 nm laser at 1.5 W for 3 min. Continuous
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thermography was performed with an infrared camera (FLIR). The abdomen was then
closed with both deep and subcuticular absorbable sutures.

CT volumetry

Contrast-enhanced CT scans were performed using a helical CT scanner (HiSpeed
Advantage; GE Medical Systems, Milwaukee, W1I). Imaging was performed on operative
day to establish baseline tumor volumes, as well as on post-operative day 7 (POD7) and
POD14. Tumor volumes were measured using a standard three-dimensional image anal-
ysis software package (iNtuition; TeraRecon, Foster City, CA) based on 1.5-mm slices.

Histopathologic evaluation

On POD14, the rabbits were euthanized with an overdose of Beuthanasia-D
(1.0 mL/10 Ib). Tumor and adjacent liver from control (n=3), Dox@HAuNS (n=4),
laser alone (n=2), HAuNS + laser (n =4), and Dox@HAuNS + laser (n =5) groups were
harvested for analysis. Tissues for histopathology were fixed in 10% neutral buffered for-
malin, processed using standard protocols, embedded in paraffin, sectioned at 5 microns
and stained with hematoxylin and eosin or for nanoparticle visualization. Nanoparti-
cles in tissue sections were highlighted using a silver enhancer kit (ab170733, Abcam),
with neutral red (ab146365, Abcam) counterstain to identify lysosomes in phagocytes.
Stained tissue sections were evaluated microscopically by a board-certified veterinary
pathologist using a Leica DM2500 microscope equipped with a Leica DFC495 digital
camera. Residual tumor was quantified by measuring the longest diameter of viable
tumor. Each tumor was sampled in triplicate to minimize the risk of sampling bias.

Quantitative analysis of doxorubicin

Dox levels in each tumor, liver tissue adjacent to tumors, and in plasma were meas-
ured by high performance liquid chromatography (HPLC). Plasma samples were col-
lected at 1-h post-operation, POD1, POD7 and POD14. Tumor and liver tissues were
harvested on POD14. Blood and tissues collected were kept at — 80 °C until the time
of process. For sample preparation, dissected tissues were weighed and homogenized
in water (0.2 g tissue/mL of water). Dox in the homogenate (0.1 mL) was extracted by
using Waters’ Oasis HLB solid-phase extraction cartridge (Milford, MA. USA) with
the following steps: (1) loading of 100 uL. homogenates mixed with 1 mL 0.1 N HCI to
the cartridge; (2) washing the cartridge with 1 mL water to remove impurities; (3) elu-
tion of analytes by 1 mL of acetonitrile, and (4) collection of eluate and evaporation
to dryness followed by reconstitution with 20% acetonitrile in water (100 pL). Plasma
samples (100 pL) were extracted by adding 0.5 mL of ethyl acetate. After vortexing
and centrifugation (15,000¢ for 15 min), the supernatants were evaporated to dryness
and reconstituted with 20% acetonitrile in water (100 pL).

To construct the calibration curve, stock solutions of Dox HCI (1 mg/mL) and
daunorubicin HCl (Cayman Chemical, Ann Arbor, MI. USA) (1 mg/mL) were dis-
solved in water. Working solutions of the analytes were obtained by further diluting
the corresponding stock solution with 20% acetonitrile in water. Calibration standard
solutions were prepared freshly by spiking in Dox to plasma or homogenized liver/
tumor tissues and extracted before each analytical run. At least eight calibration
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concentrations in the range of 1.5-500 ng/mL for plasma and 1.5-500 ng/mL for
liver/tumor (7.5-2500 ng/gram of tissue) were used to generate the calibration curves
for quantifications of unknown samples. All samples and calibration standards con-
tained 100 ng/mL of daunorubicin HCI as the internal standard.

HPLC separation was achieved on a Waters HPLC system equipped with a Model
2475 multi X Fluorescent Detector and an Eclipse XDB-C18, 5 um, 4.6 x 150 mm col-
umn. Mobile phase was delivered at a flow rate of 1 mL/min with 16 min run time.
The mobile phase consisted of water containing 0.1% formic acid (mobile phase A)
and acetonitrile containing 0.1% formic acid (mobile phase B). The following gra-
dient was used: 80% of A (0—-1 min); 80-65% of A (1-2 min); 65% of A (2-8 min);
65-10% of A (8—9 min); 10% of A (9—13 min); 10-80% of A (13-14 min); 80% of A
(14-16 min). The wavelengths of excitation and emission were 480 nm and 560 nm,
respectively, for fluorescent detection. Injection volume was 80 pl for extracts of liver/
tumor homogenates and plasma samples.

Statistical analysis

All statistical analyses were performed with R (The R Foundation), a free software
environment for statistical computing and graphics or Prism 7.03 for Windows
(GraphPad Software, La Jolla, CA). Univariate analysis was performed using the Wil-
coxon rank sum test. The Kruskal-Wallis test was used to compare percent change in
tumor volumes across the treatment groups. One-way ANOVA with Tukey’s multiple
comparisons test was performed to compare tumor diameters in histologic section. A
cutoff value of P<0.05 was used for statistical significance.
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Supplementary information accompanies this paper at https://doi.org/10.1186/s12645-020-00062-8.

Additional file 1: Figure S1. Representative TEM images of PEG-HAuNS.

Additional file 2: Figure S2. TEM images of DOX@HAUNS before (a) and after (b) NIR laser irradiation. Following
irradiation, there is almost complete release of Dox, likely due to the conformational change in the nanoparticles.
Arrow heads, deformed HAUNS after NIR laser irradiation.

Additional file 3: Figure S3. Histology of VX2 tumor in rabbit liver. (A) Photomicrographs of untreated VX2 xeno-
graftin liver stained with hematoxylin and eosin. VX2xenografts have large groups of tumor cells (t) surrounded by
a zone of inflammation and fibroplasia (i) and adjacent compressed hepatic parenchyma (1). Large, central regions
of necrosis (n) are present in tumors. Tumors are comprised of pleomorphic, polygonal cells and variable numbers
of infiltrating lymphocytes. Magnification, 50x; bar =500 pum. (B) At higher magnification, individual cells have
distinct cell borders, a scant to moderate amount of homogeneous, eosinophilic cytoplasm, and a round to ovoid to
indented nucleus with coarsely clumped chromatin, and, sometimes, a centrally located nucleolus. Mitotic figures
are 9to 15 per 400x field, with bizarre forms. Anisocytosis and anisokaryosis are moderate. Bi- and multinucleated
cells are present (not shown here). Magnification, 1000 x; bar=20 um.

Additional file 4: Table S1. Proportion of samples with positive histological finding of presence of tumors.

Additional file 5: Figure S4. Representative microphotographs of H&E and gold stained tumors showing intratu-
moral distribution of HAUNS. (A) A rabbit treated Dox@HAUNS alone. (B) A rabbit treated with Dox@HAUNS + laser.
Top panel: gold NP staining; bottom panel: H&E staining.

Additional file 6: Figure S5. Arterial embolism after intraarterial injection of Dox@HAUNS. Dox@HAUNS delivered
via the hepatic artery form an embolus in a hepatic arteriole, resulting in locally extensive ischemic necrosis (n) of
hepatic parenchyma (A). At higher magnification, aggregates of nanoparticles (np), cellular debris, and a sharp-
edged clear space consistent with lipid (I) fill the lumen of the arteriole in serial sections stained with hematoxylin
and eosin (B) and silver-enhanced immunostaining (C). Magnification, 50x in (A) with bar =500 pum; magnification
400x in (B, C) with bars =50 pm.

Additional file 7: Figure S6. Tissue distribution of gold nanoparticles in hepatic scar. Representative photomi-
crographs of serial sections of DOX/NP + laser-treated liver demonstrate regional ischemic hepatic necrosis and



https://doi.org/10.1186/s12645-020-00062-8

Sheth et al. Cancer Nano (2020) 11:6

post-necrotic parenchymal collapse and fibrosis. Macrophages in areas of fibrosis between lobules of necrotic (n)
and glycogen-filled, viable liver (lower left of A) contain gold nanoparticles (B). (C, D) are from boxed areas of A and
B.Images are from liver stained with hematoxylin and eosin (A, C) or silver enhancer stain with neutral red coun-
terstain for lysosomes of macrophages (B, D). Magnification is 50x in A and B, 1000x in C and D, with bars =500
microns in A and B and 20 microns in C and D.
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