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Purpose:  To develop optoacoustic, spectrally distinct, actively targeted gold nanoparticle-based near-infrared probes (trastuzumab
[TRA], TRA-Aurelia-1, and TRA-Aurelia-2) that can be individually identifiable at multispectral optoacoustic tomography (MSOT)
of human epidermal growth factor receptor 2 (HER2)—positive breast tumors.

Materials and Methods: ~ Gold nanoparticle-based near-infrared probes (Aurelia-1 and 2) that are optoacoustically active and spectrally
distinct for simultaneous MSOT imaging were synthesized and conjugated to TRA to produce TRA-Aurelia-1 and 2. Freshly resected
human HER2-positive (7 = 6) and HER2-negative (7 = 6) triple-negative breast cancer tumors were treated with TRA-Aurelia-1 and
TRA-Aurelia-2 for 2 hours and imaged with MSOT. HER2-expressing DY36T2Q cells and HER2-negative MDA-MB-231 cells were
implanted orthotopically into mice (7 = 5). MSOT imaging was performed 6 hours following the injection, and the Friedman test was
used for analysis.

Results: TRA-Aurelia-1 (absorption peak, 780 nm) and TRA-Aurelia-2 (absorption peak, 720 nm) were spectrally distinct. HER2-
positive human breast tumors exhibited a significant increase in optoacoustic signal following TRA-Aurelia-1 (28.8-fold) or 2 (29.5-
fold) (P =.002) treatment relative to HER2-negative tumors. Treatment with TRA-Aurelia-1 and 2 increased optoacoustic signals in

DY36T2Q tumors relative to those in MDA-MB-231 controls (14.8-fold, P < .001; 20.8-fold, P < .001, respectively).

Conclusion:
geted in vivo optoacoustic agent.

Supplemental material is available for this article.
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ecent reports have shown that nearly 20% of patients
Rwho underwent breast conservation surgery required
additional breast surgery due to the identification of resid-
ual cancer in margins, as described in the final pathology
report. This demonstrates an originally false-negative intra-
operative margin assessment (1-5). Accurate predictions of
margin status are critical for guiding cancer surgery. How-
ever, currently available intraoperative margin assessment
techniques are not sufficiently sensitive and cannot assess
the receptor status of the tumor. Hence, in the clinical set-
ting, novel approaches and technologies to improve intra-
operative imaging—guided breast cancer surgery are need-
ed. The major shortcoming of current breast-conserving
therapy is the difficulty of distinguishing negative surgical
margins of the tumor mass, which often leads to excision of
a larger amount of normal breast tissue than necessary (6).
Surgery is followed by radiation therapy to eradicate any

The study demonstrates that TRA-Aurelia 1 and 2 nanoparticles operate as a spectrally distinct HER2 breast tumor—tar-

residual disease; however, radiation can also cause damage
to the remaining healthy cells (7,8).

Multispectral optoacoustic tomography (MSOT) is a
recently developed clinical optoacoustic technique that has
the potential to overcome these limitations, as it is a reliable,
nonionizing imaging method (9-14). MSOT combines
deep-seated high-resolution imaging with multiwavelength
illumination to simultaneously resolve and distinguish
several extrinsically administered active, targeted contrast
agents and endogenous absorbers (15-18). Delivery of
tumor-specific contrast agents allows MSOT to depict and
image multiple different cell populations or tumor markers
concurrently (19-22). However, MSOT has not been fully
explored to quantitatively characterize intratumor heteroge-
neity in vivo, partially due to a lack of tumor-specific probes.

A recently developed optoacoustic US system could
successfully identify benign and malignant breast
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Abbreviations

GNR = gold nanorod, HER2 = human epidermal growth factor
receptor 2, ICP-MS = inductively coupled plasma mass spec-
trometry, MSOT = multispectral optoacoustic tomography, NIR
= near-infrared, TNBC = triple-negative breast cancer, TRA =
trastuzumab, WFBCCC = Wake Forest Baptist Comprehensive

Cancer Center

Summary

The synthesized trastuzumab (TRA)-Aurelia-1 and TRA-Aurelia-2
was able to operate as a spectrally distinct, actively targeted exog-
enous near-infrared contrast agent that could simultaneously depict
HER2-positive breast tumors with multispectral optoacoustic
tomography.

Key Points

= Two nanoparticle reporters (Aurelia-1 and Aurelia-2) were de-
veloped with distinct optoacoustic spectra and separately distin-
guished using multispectral optoacoustic tomography.

= Orthotopically implanted human epidermal growth factor recep-
tor 2 (HER2)—positive breast tumors in mice and freshly resected
human HER2-positive breast tumors showed uptake of both
trastuzumab-Aurelia-1 and 2, which could be detected simultane-
ously with multispectral optoacoustic tomography.

= Active targeting of Aurelia-1 and 2 gold nanorods with trastu-
zumab, the standard of care for treating HER2 breast cancer, com-
bined with the clinical utility of multispectral optoacoustic tomog-
raphy imaging paves the way for potential clinical translation with
both potential diagnostic and therapeutic implications.

Keywords

Molecular Imaging, Nanoparticles, Photoacoustic Imaging, Breast
Cancer

disease using an endogenous single-excitation wavelength
at near-infrared (NIR) spectra (13,23,24). However, such
systems have drawbacks when using intrinsic probes: (2)
melanin exhibits a discernible spectrum in the NIR region,
but the process of spectral unmixing these distinct spectra
isolated from the defined endogenous absorbers may lead to
false-positive results (25,26), and () passive targeting or the
detection of endogenous spectra in the heterogeneous tu-
mor may provide false information in identifying the nega-
tive tumor margins (27,28).

Advances in nanotechnology have led to the development of
multispectral NIR fluorophores for use in noninvasive biomedi-
cal imaging research (29). The multspectral ability of nano-
probes provides several unique images at greater tissue depths,
allowing the simultaneous detection and monitoring of multiple
disease status markers (eg, patterns of oxygenation, vasculariza-
tion, and metastasis) throughout an entire tumor. Currently, the
handheld MSOT system, Acuity (iThera Medical), has shown
promising applications in delineating benign and malignant
breast lesions that can potentially improve clinical detection of
breast cancers (13,14).

The nanoparticle-based NIR probes (650-900 nm) re-
cently gained widespread attention due to their favorable
features as compared with other small organic chromo-
phores. The NIR probes synthesized from gold nanorods
(GNRs) have substantial advantages over other probe types:

multispectral capability, enhanced plasmon resonance, higher
resolution, and increased sensitivity. GNRs synthesized at the
visible and NIR spectral window emit light that can penetrate
up to 5 cm into tissues with minimal absorption and scatter-
ing (30). Due to the combination of several unique features
such as thermal properties, optical properties, and tunable
size, shape, and surface chemistry, gold has been used in clini-
cal trials for advanced-stage solid organ cancers, coronary
atherosclerosis, and rheumatoid arthritis (31-33).

In the current study, two viable spectrally distinct GNR-
based NIR probes, Aurelia-1 and Aurelia-2, were synthesized.
These probes were bioconjugated with trastuzumab (TRA), a
human epidermal growth factor receptor 2 (HER2)—positive
specific monoclonal antibody currently approved to treat breast
cancers. This was done to make the probes HER2-specific for si-
multaneous visualization of multiple exogenous contrast agents.
These active-targeted spectrally distinct exogenous NIR probes
will enable optoacoustic concurrent imaging in HER2-positive
cell populations that would not otherwise produce optoacoustic
signals, thus potentially extending the use of MSOT for in vivo
monitoring of distinct spectra for simultaneous imaging to iden-
tify HER2-positive tumors and improve image-guided surgery.

Materials and Methods

The Wake Forest Baptist Comprehensive Cancer Cen-
ter (WFBCCC) institutional review board (protocol no.
IRB00047646) approved human breast tumor sample collection
following informed consent. The de-identified clinical informa-
tion used in this study is in accordance with the WFBCCC eth-
ics approvals. All animal experiments were performed in com-
pliance with an approved Institutional Animal Care and Use
Committee protocol of WFBCCC (protocol no. A17-014).

Generation of Spectrally Distinct TRA-Aurelia-1 and TRA-
Aurelia-2 GNRs for Optoacoustic Imaging

Synthesis of Aurelia-1 and 2 was conducted via the seed-me-
diated method (19,34,35). Aurelia-2 synthesis was conducted
as described previously, with minor modifications (34). The
synthesized Aurelia-1 and 2 were conjugated with silica and
chitosan on their surfaces (19) to prevent thermal expansion
and to maintain photostability. Particle sizes were determined
by transmission electron microscopy (FEI Company) (36) (re-
fer to Appendix S4 for details).

'The silica- and chitosan-coated Aurelia-1 and Aurelia-2 GNRs
were conjugated with TRA to develop TRA-Aurelia-1 and TRA-
Aurelia-2 GNRs (19) (refer to Appendix S1 for details). The TRA-
Aurelia-1 and 2 were characterized by dynamic light scattering
(36) and attenuated total reflection Fourier transform infrared
spectroscopy measurements (Spectrum 100 Series ATR-FI-IR;
PerkinElmer) (35) (refer to Appendix S2 for details and Figure
S1 for results). The synthesis and characterization of both TRA-
Aurelia-1 and TRA-Aurelia-2 were repeated three times.

Toxicity Assay

The evaluation of potential toxicity of silica-GNR-only par-
ticles as well as silica-GNR-chitosan particles conjugated with
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Aurelia-1 and Aurelia-2 based—GNRs was performed by neu-
tral red assay (37,38) (refer to Appendix S3 for details).

Determination of HER2 Positivity in Breast Cancer Cells by
Western Blotting

Approximately 50 pg each of protein from DY36T2Q,
AU-565, SKBR3 (positive for HER2 receptor), and MDA-
MB-231 (negative for HER2 receptor) cells were isolated,
and the samples were dissolved in loading buffer (ATCC).
Proteins were separated using a NuPage 4%-12% Bis-Tris gel
(Invitrogen) and then transferred onto nitrocellulose mem-
branes using iBlot (Life Technologies). The nitrocellulose
membranes were probed with primary and secondary anti-
bodies and were analyzed using LI-COR Odyssey (LI-COR
Biosciences) (9) (refer to Appendix S5 for details).

In Vitro Simultaneous MSOT Imaging of TRA-Aurelia-1 and
TRA-Aurelia-2 in Breast Cells and Human Breast Tissue

A total of 2.0 x 10° breast tumor cells (DY36T2Q, AU-565,
and MDA-MB-231) were grown in six-well plates containing
Dulbecco’s modified Eagle’s medium with 10% fetal bovine
serum and 1% L-glutamine (37°C and 5% CO,). The breast
cancer cells were incubated for 2 hours with TRA-Aurelia-1
alone, TRA-Aurelia-2 alone, or in a combination containing
an Aurelia-1 (150 pg/100 pL) and Aurelia-2 concentration
(150 pg/100 pL), respectively. The cells were washed (three
times) with the pH-specific phosphate-buffered saline con-
taining 10% fetal bovine serum. The cells were scraped and
pelleted by centrifugation (1500 rpm for 10 minutes). The
uptake of TRA-Aurelia-1 and TRA-Aurelia-2 from the Aure-
lia-1 and Aurelia-2 GNRs was measured with MSOT. Tissue-
mimicking phantoms were also prepared for MSOT analysis.
The pelleted cells were added to the fixed cylindrical tissue,
mimicking phantoms of 2-cm diameter. Phantoms were
prepared using a 1.3% w/w agar gel (Sigma-Aldrich) made
from distilled water containing an intralipid 20% emulsion
(Sigma-Aldrich) for light diffusion (6% v/v), resulting in a gel
presenting a reduced scattering coefficient. DY36T2Q, AU-
565, and MDA-MB-231 breast tumor cells were treated with
either TRA-Aurelia-1, TRA-Aurelia-2, or in a combination
containing spectrally distinct Aurelia-1 or Aurelia-2 GNRs
and were added to the cylindrical opening in the tissue phan-
toms. All phantoms containing the samples were evaluated
using MSOT with multiple wavelengths (680, 710, 730, 740,
760, 760, 770, 780, 800, 850, and 900 nm), as previously
described, using the absorbance of Aurelia-1 and Aurelia-2
(Figure S3) (19,39). The concentration of TRA-Aurelia-1 and
TRA-Aurelia-2 in human breast tissues was determined by
inductively coupled plasma mass spectrometry (ICP-MS) (re-
fer to Appendix S6 for details).

In Vivo Simultaneous MSOT Imaging of TRA-Aurelia-1 and
TRA-Aurelia-2 in Orthotopic Breast Tumors

Four-week-old female athymic mice were orthotopically im-
planted with 2.0 x 10° DY36T2Q and MDA-MB-231 breast
cancer cells in 50 pL of media without fetal bovine serum
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based on previously demonstrated protocols (18,40). The
study was performed with strict adherence to the WFBCCC
University Institutional Animal Care and Use Committee—
approved protocol. A diet of 2920x alfalfa-free feed (Har-
lan Laboratories) was used to reduce the background noise.
DY36T2Q and MDA-MB-231 breast cancer cells were
suspended in a sterile tube containing Dulbecco’s modified
Eagle’s medium (serum free). Using a 30-gauge needle, 2.0
x 10° DY36T2Q and MDA-MB-231 cells/10 puL. were in-
jected into the mammary fat pad. The mammary fat pad was
disinfected with Betadine (Avrio Health) prior to and after
the injection. Ten microliters of phosphate-buffered saline
without cells were sham injected into two mice. The mice
were returned to their cages with food and water ad libitum.
Thirty days after orthotopic implantation, mice (five mice per
group) containing DY36T2Q and MDA-MB-231 cells were
intravenously injected with TRA-Aurelia-1 (150 pg/100 pL)
and TRA-Aurelia-2 (150 pg/100 pL) GNRs. Six hours fol-
lowing the injection, mice were imaged with the MSOT In-
Vision 512 TF (iThera Medical). MSOT imaging was per-
formed as previously described (15).

MSOT Imaging

Both the treated and untreated mice, as well as HER2-positive
human breast tumor and HER2-negative triple-negative breast
cancer (TNBC) tumors, were evaluated at multiple wavelengths
(680, 710, 730, 740, 760, 770, 780, 800, 850, and 900 nm),
with 25 signal averages per wavelength and an acquisition time of
10 psec per frame (22,39,41). The temperature of water within
the instrument was maintained at 33°C. Imaging was initiated
after the mice or human tissue was allowed to equilibrate within
the instrument for 5 minutes. The raw data of the multispectral-
analyzed samples were reconstructed with ViewMSOT software,
version 3.8 (Ithera Medical). Using ViewMSOT software, wave-
lengths corresponding to the Aurelia-1 and Aurelia-2 base were
reconstructed at a resolution of 75 um. The multispectral pro-
cessing was conducted using linear regression with ViewMSOT
version 3.8. The region of interest mean intensity was plotted
over the tumor, liver, and kidney (all using 3.5 mm? ellipse), and
the settings were kept constant for all image sections obtained
throughout the experiment. The signal intensity obtained from
TRA-Aurelia-1 and TRA-Aurelia-2 GNRs containing Aurelia-1
and Aurelia-2 base at the mouse tumor, liver, and kidney, as well
as human tumor and duct epithelial tissues, were represented in

MSOT arbitrary units.

Statistical Analysis

In vitro, the Kruskal-Wallis test was used to compare the signal
intensity for each treatment and assess significant differences
between TRA-Aurelia-1 and TRA-Aurelia-2 GNRs in both
HER2-positive and TNBC tumors using SAS software, version
9.3 (SAS Institute). In vivo, the MSOT values for treatment
with TRA-Aurelia-1, TRA-Aurelia-2, or in combination were
compared with a Friedman test using SAS version 9.3. Simi-
larly, we correlated the active targeting efficacy of both TRA-
Aurelia-1 and TRA-Aurelia-2 in both HER2-positive and
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Characterization of spectrally distinct Aurelia-1 and Aurelia-2 gold nanorods (GNRs). (A) Dynamic light scattering—based distribution of Aurelia-1 {larger
peak [LP], 101.4 + 1.53 [SD]; polydispersity index [PDI], 0.82 + 0.004) (smaller peak [SP], 3.06 + 0.02; PDI, 0.82 + 0.004). (B) Dynamic light scattering—based distribu-
tion of Aurelia-2 (LP, 68.76 £ 1.04; PDI, 0.82 + 0.004) (SP, 1.06 + 0.03; PDI, 0.82 + 0.004). (€) Multispectral optoacoustic tomography (MSOT)-based detection of
Aurelia-1 (blue) and Aurelia-2 (red) GNRs inside a tissue-mimicking phantom. (D, E) MSOT identification of the near-infrared speciral shape of Aurelia-1 (absorption
peak at 780 nm) and Aurelia-2 (absorption peak at 720 nm). (F) MSOT detection of predefined blue (Aurelia-1) and red (Aurelia-2) color from the mixture of 1 mg of

Figure 1:

both GNRs after spectral unmixing. (G, H) Transmission electron microscopy image findings determined GNR size and total Aurelia-1 and Aurelia-2 size. Aurelia-1 and

Aurelia-2 GNR sizes were as follows: Aurelia-1

+2.09, width: 10.23 nm + 0.43. a.u. = arbitrary units.

TNBC tumors using a Pearson correlation curve. P values less
than .05 were sorted according to the correlation coefficient. A
P value less than .05 was considered as statistically significant.

Results

Generation of Spectrally Distinct Aurelia-1 and 2 GNRs for
MSOT Imaging

Using the seed-mediated approach, we synthesized two
spectrally distinct gold nanoparticles. Aurelia-1 and Aure-
lia-2 were coated with mesoporous silica followed by a pH-
sensitive chitosan gatekeeper to maintain optical absorption
properties and tumor specificity of the probes in the acidic
tumor microenvironment. The structural characterization of
silica- and chitosan-conjugated Aurelia-1 (Fig 1A) and Aure-
lia-2 (Fig 1B) GNRs was determined by dynamic light scat-
tering. The size of each GNR, as determined by transmission
electron microscopy, was as follows: Aurelia-1 length: 44.9
nm * 2.01 (SD), width: 35.75 nm + 1.20; Aurelia-2 length:
21.21 nm + 2.12, width: 9.13 nm + 0.25 (Fig 1G, 1H). The
total particle sizes, including silica and chitosan, of Aurelia-1
and Aurelia-2 were as follows: Aurelia-1 length: 50.5 nm +
3.06, width: 38.92 nm + 0.87; Aurelia-2 length: 23.52 nm +
2.09, width: 10.23 nm + 0.43 (Fig 1G, 1H). These nanopar-
ticles were inserted into tissue-mimicking phantoms and im-
aged using MSOT to individually identify the distinct spectra
of Aurelia-1 (Fig 1C, 1D) and Aurelia-2 (Fig 1C, 1E) gold
nanoparticles in the NIR region (700-900 nm) that can be
casily resolved from the endogenous contrast agents. Simi-
larly, MSOT imaging of a mixture of Aurelia-1 and Aurelia-2
(Fig 1F) GNRs showed that each was individually detected

length: 44.9 nm = 2.01, width: 35.75 nm +

ticle sizes, including silica and chitosan, of Aurelia-1 and Aurelia-2 were as follows: Aurelia-1

1.20; Aurelia-2 length: 21.21 nm + 2.12, width: 9.13 nm = 0.25. The fofal par-
length: 50.5 nm = 3.06, width: 38.92 nm + 0.87; Aurelia-2 length: 23.52 nm

using the defined NIR spectra with linear regression spectral
unmixing.

TRA-conjugated Aurelia-1- and 2—enhanced MSOT
Imaging of HER2-expressing Breast Cancer Cells

Western blot analysis was used to determine the HER2 level
in the various breast cancer cell lines. The HER2 receptor level
protein expression was calculated for DY36T2Q (93206 opti-
cal units, P = .002), SKBR3 (61439 optical units, = .019),
AU-565 (57100 optical units, P = .019), and MDA-MB-231
(5174 optical units) breast cancer cells. All three HER2-pos-
itive breast cancer cells (DY36T2Q, SKBR3, and AU-565)
expressed higher levels of HER2 protein, and MDA-MB-231
cells were negative for HER2 receptors (Fig 2A, 2B; for full
blot, refer to Figure S2). To initially evaluate the ability of the
MSOT systems to correctly identify the TRA-Aurelia-1 and
TRA-Aurelia-2 simultaneously at multispectral imaging, we
first treated 2 x 10° DY36T2Q, SKBR3, and MDA-MB-231
cells with either TRA-Aurelia-1, TRA-Aurelia-2, or in com-
bination for 2 hours under the pH of 7.4. All four cell lines
were washed (phosphate-buffered saline pH, 7.4), scraped, and
inserted into tissue-mimicking phantoms and imaged with
MSOT. Following MSOT imaging, ViewMSOT software was
used to analyze the best spectral fit corresponding to the TRA-
Aurelia-1 (blue color) and TRA-Aurelia-2 (red color). Similarly,
image processing for the combination treatment was able to si-
multaneously identify both TRA-Aurelia-1 and TRA-Aurelia-2
in HER2-positive DY36T12Q cells (TRA-Aurelia-1, P = .001;
TRA-Aurelia-2, P = .001; combined TRA-Aurelia-1, P < .001;
combined TRA-Aurelia-2, P = .003), SKBR3 (TRA-Aurelia-1,
P =.006; TRA-Aurelia-2, P = .002; combined TRA-Aurelia-1,
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Figure 2: (A, B) Western blot analysis of human epidermal growth factor receptor 2 (HER2; also known as ERBB2)-positive expression profile in HER2-positive

DY36T2Q (93206 au, P=.002), SKBR3 (61439 au, P=.019), AU-565 (57100 au, P=.019), and HER2-negative MDA-MB-231 (5174 au) breast cancer cells. (C)
DY36T2Q, SKBR3, and MDA-MB-231 cells after freatment with trastuzumab (TRAJ-Aurelia-1 and TRA-Aurelia-2 were imaged with multispectral optoacoustic tomog-
raphy [MSOT). Image postprocessing represents TRA-Aurelia-1 in blue and TRA-Aurelia-2 in red color. (D) Simultaneous MSOT-based detection of TRA-Aurelia-1 and
TRA-Aurelia-2 in HER2-positive breast cancer cell lines DY36T2Q (TRA-Aurelia-1, P=.001; TRA-Aurelia-2, P=.001; combined TRA-Aurelia-1, P<.001; combined TRA-
Aurelia-2, P=.003) and SKBR3 (TRA-Aurelia-1, P=.006; TRA-Aurelia-2, P=.002; combined TRA-Aurelia-1, P< .001; combined TRA-Aurelia-2, P<.001), in comparison
with HER2-negative MDA-MB-231 cells. (E) Transmission electron micrograph demonstrates DY36T2Q cellular uptake of TRA-Aurelia-1 (outlined in blue), TRA-Aurelia-2
(outlined in red), and the combination of both (outlined in purple). TRA-Aurelia-1 and TRA-Aurelia-2 are distributed in the cytoplasm, vesicles, and nucleus. Individual TRA-
Aurelia-1 and TRA-Aurelia-2 are shown in the inset. Transmission electron microscopy images of HER2-negative MDA-MB-231 cells did not show any uptake. ™ = P <

001, ™=P<.01,and *=P<.05, a.u. = arbifrary unis.

P < .001; combined TRA-Aurelia-2, P < .001) in comparison
with the HER2-negative MDA-MB-231cells (Fig 2C, 2D).
The above results set a platform for simultaneous identification
of the spectrally distinct TRA-Aurelia-1 and TRA-Aurelia-2 in
the orthotopically implanted HER2-positive breast tumors. In
vitro secondary confirmation of the simultaneous detection
of TRA-Aurelia-1 and TRA-Aurelia-2 on the HER2-positive
breast cancer cells were also evaluated by transmission electron
microscopy imaging, which showed that TRA-Aurelia-1 and
TRA-Aurelia-2 not deformed after being internalized inside
the HER2-positive DY36T2Q cells via endocytosis (Fig 2E).

TRA-Aurelia-1 and 2—enhanced MSOT Signals from HER2-
expressing Mouse Tumors

Athymic mice were orthotopically implanted with 2 x 10°
breast cancer cells (DY36T2Q or MDA-MB-231) by mam-
mary fat pad injection. Thirty days following implantation, the
mice were separately or simultaneously tail-vein injected with
equal amounts of TRA-Aurelia-1 and TRA-Aurelia-2. After 6
hours, significant accumulation of TRA-Aurelia-1 (blue, 14.8-
fold increase, P < .001) and TRA-Aurelia-2 (red, 20.8-fold in-
crease, P < .001) was observed via MSOT in mice implanted
with HER2-positive DY36T2Q (Fig 3A, 3B) xenografts com-
pared with HER2-negative MDA-MB-231 groups (Fig 3C,
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3D). Mice injected with MDA-MB-231 orthotopic xenografts
did not have any detectable signal at 6 hours. The smaller size
of TRA-Aurelia-2 allowed for higher tumor penetration when
compared with TRA-Aurelia-1. Thus, TRA-Aurelia-2 had
higher accumulation in DY36T2Q tumors when both parti-
cles were injected simultaneously. Similar levels of breast tumor
penetration were observed during individual injections. Sec-
ondary confirmation of both the GNRs in mice breast tumors
and organs was determined by ICP-MS.

MSOT Imaging of TRA-Aurelia-1 and 2 in HER2-expressing
Excised Human Breast Tumors

The fresh surgically resected human HER2-positive breast tu-
mors (7 = 6) and HER2-negative TNBC tumors (7 = 6) from
patients with breast cancer were treated with either TRA-
Aurelia-1 (100 pg/100 pL), TRA-Aurelia-2 (100 pg/100 pL),
or in combination (2 hours). MSOT imaging simultaneously
identified the spectra of both TRA-Aurelia-1 (780 nm) and
TRA-Aurelia-2 (720 nm) in HER2-positive breast tissue (Ta-
ble). The HER2-positive breast tissue had significant uptake
of both TRA-Aurelia-1 (mean, 19.25 + 0.667; maximum,
1.2; minimum, 13.3) and TRA-Aurelia-2 (mean, 16.16 +
4.793; maximum, 20.6; minimum, 10.7) compared with
the HER2-negative TNBC tumors (Fig 4A, 4B) (P = .002).
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Simultaneous detection of the trastuzumab (TRA)-Aurelia-1 and Aurelia-2 gold nanorod (GNR) on images

of athymic mice (n = 5; survival rate of 100%) bearing an orthotopically implanted mammary fat pad tumor (DY36T2Q

or MDA-MB-231) at the predefermined time point of 6 hours after the infravenous injecfion of TRA-Aurelia-1 GNR, TRA-
Aurelia-2 GNR, or in combination. (A, B) DY36T2Q breast tumor-bearing mice had high TRA-Aurelia-1 (blue color bar;
14.8-fold increase, P<.0001) and TRA-Aurelia-2 (red color bar; 20.8-fold increase, P<.0001) GNR uptake in the tumor
in comparison with MDA-MB-231 tumor—bearing mice. (€, D) Bar graphs of multispectral optoacoustic tomography
(MSQOT) signal uptake in each cell line demonstrate that MDA-MB-231 breast tumor—bearing mice had negligible amounts
of both TRA-Aurelia-1 and TRA-Aurelia-2 GNRs. ™" = P<.001, a.u. = arbitrary units, HER2+ = human epidermal growth

factor receptor 2-positive cells, HER2- = human epidermal growth factor receptor 2—negative cells.

The TNBC tumors had the lowest absorption of both TRA-
Aurelia-1 (mean, 0.667 + 0.339; maximum, 1.2; minimum,
0.3) and TRA-Aurelia-2 (mean, 0.548 + 0.4; maximum, 1.3;
minimum, 0.22) GNRs. We found a significant correlation
between the active targeting efficacy of TRA-Aurelia-1 and
TRA-Aurelia-2 (r = 0.8, P = .002) in the HER2-positive
breast tumors (Fig 4C, 4D). Secondary confirmation of both
GNRs in human breast tumor tissue was determined by ICP-
MS analysis (Fig 5).

ICP-MS Analysis of TRA-Aurelia-1 and 2 in Mouse and
Human Tumors

Athymic mouse models bearing DY36T2Q xenograft breast
tumors were injected with both TRA-Aurelia-1 (150 pg/100
uL) and TRA-Aurelia-2 (150 pg/100 pL) via the tail vein. After
6 hours after injection, we euthanized the mice and collected
the tumor, liver, kidney, and spleen. The organs underwent
ICP-MS analysis for the determination of gold concentra-
tion. Similarly, surgically resected human tumor samples were
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Ex Vivo Breast Tumor Tissue Information for Surgically Resected Samples Treated with TRA-
Aurelia-1 and TRA-Aurelia-2
Signal Intensity in Human Breast Tumor 2 Hours
after Treatment ex Vivo at MSOT (au)

Patient Subtype Grade Stage TRA-Aurelia-1 TRA-Aurelia-2

P1 HER2+ 3 T2NO 19.4 14.7

P2 HER2+ 3 T1cNO 16.6 10.9

P3 HER2+ 3 T2NO 15.6 9.2

P4 HER2+ 3 T1cNO 17.9 10.2

P5 HER2+ 3 T1cN2 13.3 8.4

P6 HER2+ 3 T2NO 18.7 8.11

p7 TNBC 3 T3N3a 0.2 0.1

P8 TNBC 3 T2NO0 0.3 0.2

P9 TNBC 3 T4bN1a 0.5 0.2

P10 TNBC 3 TONO 0.4 0.3

P11 TNBC 3 T2Nla 0.9 0.4

P12 TNBC 3 T1cNO 0.7 0.12
Note.—Data are represented in Figure 4A and 4D. au = arbitrary unit, HER2 = human epidermal growth
factor receptor 2, MSOT = multispectral optoacoustic tomography, TRA = trastuzumab.
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Figure 4: (A) Box plot shows a significantly higher trastuzumab (TRA)-Aurelia-1 uptake (mean, 19.25 +0.667; max, 1.2; min:

13.3] in human epidermal growth factor receptor 2 (HER2)-positive human breast tumors compared with HER2-negative tumors
[P=.002 using Kruskal-Wallis test). (B) Box plot shows a significantly higher TRA-Aurelia-2 uptake (mean, 16.16 + 4.793; max,
20.6; min, 10.7) in HER2-positive tumor fissue in comparison with HER2-negative tumors (P =002 using Kruskal-Wallis test). Error
bars describe 95% Cl for each data point. (€, D) Pearson correlation curve data for TRA-Aurelia-1 and TRA-Aurelio-2 uptake in
HER?2 tumors shows significant correlation (r=0.8, P=.002). =P < .01, a.u. = arbitrary units, MSOT = multispeciral optoacoustic

tomography.

treated with TRA-Aurelia-1 and TRA-Aurelia-2 for 2 hours
and analyzed by ICP-MS to determine the gold concentra-
tion. Initially, the concentrations of the gold standard solution
were translated to gold per gram of mouse tissue. A 100 pg/
mL solution of gold in 10% hydrochloric acid (v/v) was used
as the stock solution to prepare the calibration standard solu-
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tions in 2% (w/v) nitric acid + 0.5% hydrochloric acid (w/v) at
concentrations of 0 (diluent blank), 0.1, 0.5, 1, 5, and 10 ng/
mL. The concentrations in standard solution translated to ap-
proximately 0, 0.25, 1.25, 2.5, 12.5, and 25 pg gold per gram
of mouse tissue, assuming a 20-mg sample size. The calibration
curve was run once at the beginning of the assay, and multiple
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Figure 5: (A) Graph depicts a linear curve with various gold (Au) concentrations, franslating info gold per gram of tissue, that confirms the presence of gold in mouse

and human tissues. The 1000 pg,/ml stock solution of platinum diluted to 0.4 pg/mL with 2% (w,/v) nitric acid + 0.5% hydrochloric acid (w/v) is used as an internal stan-
dard. (B) Inductively coupled plasma mass spectrometry (ICP-MS) instrument parameters used in the gold analysis. (€) Comparison of the actual versus calculated gold
concentrations observed during the ICP-MS analysis. (D) DY36T2Q breast tumors from mice had a gold confent of 15 pg of gold per gram of tissue (P<.001) compared
with 4 ug/g of gold observed in splenic fissue. (E) ICP-MS analysis of human epidermal growth factor receptor 2 (HER2)-positive human breast tumors indicated 22 g of
gold per gram of tissue (P=.039)."" = P<.001, "=P < .05, BEC = blank equivalent concentration, DL = detection limit, Temp = temperature, TRA = trastuzumab.

quality control standard solutions were run after the sample
set to bracket the samples. Gold concentrations in this range
used a diluent blank offset and produced a linear curve. The
1000 pg/mL stock solution of platinum in 5% nitricacid (v/v)
was diluted to 0.4 pg/mL with 2% (w/v) nitricacid + 0.5%
hydrochloric acid (w/v), and the dilute solution was used as the
on-line addition internal standard (Fig 5A). ICP-MS analysis
was performed with specific instrument parameters for gold
analysis (Fig 5B). Both the actual and calculated gold concen-
trations were determined (Fig 5C). DY36T2Q xenograft mice
breast tumors had 15 pg of gold per gram of tissue (P < .0001)
compared with the 4 pg of gold per gram of tissue observed in
splenic tissue. However, gold traces were not observed in the
liver or kidney (Fig 5D). In human samples, HER2-positive
breast tumors had a higher concentration of gold (22 pg/g
of gold per tissue, P = .039) compared with HER2-negative
TNBC tumors (8 pg/g of gold per tissue) (Fig 5E).

Discussion

Currently existing mammographic screening methods have
several major drawbacks, such as exposure to ionizing radia-
tion and/or insufficient sensitivity in younger populations with
radiographically dense breasts or patients with postradiation
fibrosis (8,42). Even when combined with US or MRI, mam-
mography may still have nonspecific or false-positive results
(8,42). Similarly, identification of residual fluorescence from

injected indocyanine green in a tumoral bed after the surgi-
cal removal of a tumor (1) and the reduced specificity to dis-
criminate between benign and malignant sentinel lymph nodes
(43) highlight the need for active targeting to accurately iden-
tify negative tumor margins during breast-conserving surgery.
Thus, development of tumor-specific breast imaging tools rep-
resents an unmet medical need. MSOT imaging of the com-
plex molecular phenotypes in cancers provides tunable modali-
ties capable of detecting multiple parameters while ensuring
maximal sensitivity. Promising advances in nanomedicine have
established the ability of contrast agents to optoacoustically de-
pict or treat breast cancers (1-3,6,7,13,14). However, to our
knowledge, multiple clinically feasible and spectrally distinct
contrast agents that can help detect heterogeneous tumor re-
ceptors simultaneously have not been reported (9-16). Thus,
simultaneous use of multiple contrast agents has been limited
because of an inability to dynamically measure two contrast
agents at one time. Our study demonstrates the ability to detect
and measure two distinct exogenous reporters using MSOT.
In this study, we found that HER2-expressing human breast
cancers actively retained both TRA-Aurelia-1 and 2. However,
HER2-negative TNBC tumors had negligible absorption of
TRA-Aurelia-1 and 2 GNRs (Table, Fig 4A—4D). MSOT find-
ings can provide a three-dimensional analysis of HER2 within
the margins of HER2-positive cancers, representing a model to
identify cancer-positive margins as MSOT depiction of HER2
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margins indicates infiltration of the margins of HER2-expressing
cancers by HER2-positive cancer cells. There is currently no sim-
ilar model of HER2-negative cancers. A clinically similar model
of positive margins based on MSOT depiction of phenotypic
expression of a different uniquely expressed antigen could be de-
veloped. Thus, identification of positive margins with MSOT
findings has great potential in similarly contributing to breast-
conserving therapy with specific negative margins for successful
image-guided surgery.

Aurelia-1 and Aurelia-2 GNRs have distinct optoacoustic
spectra that can be separately and simultaneously identified us-
ing MSOT imaging. This study builds upon previous work on
the identification of vascular patterns of human breast lesions
based on single wavelength optoacoustic imaging (14) and dem-
onstrates the successful, simultaneous detection of two exoge-
nous, targeted reporters using MSOT, potentially allowing for
the identification of multiplexed imaging. Our study also dem-
onstrates that TRA-Aurelia-1 and TRA-Aurelia-2 GNRs were
selective for HER2-expressing DY36T2Q) orthotopic tumors
in vivo and had a significantly increased optoacoustic signal in
small tumors compared with MDA-MB-231 (HER2-negative)
tumors (Fig 3A, 3B). These data were confirmed (Fig 5) using
ICP-MS. TRA-Aurelia-1 and 2 GNR—enhanced MSOT-based
simultaneous imaging uniquely offers a nonionizing method to
detect HER2-positive cell populations with high sensitivity and
relatively high resolution.

We further validated the selective retention and multispectral
identification of TRA-Aurelia-1 and 2 in HER2-expressing hu-
man breast tumor tissues that were freshly resected (Fig 4A—4D).
In the clinic, findings from imaging techniques such as radiog-
raphy, intraoperative US, and optical spectroscopy are not cur-
rently sensitive enough to accurately predict the margins of re-
sected breast tumors to guide surgery. Clinical MSOT systems
can image at depths of about 5 cm (9); thus, future work should
establish how many HER2-expressing cells can be detected at
specific depths in larger animal models (eg, rats and pigs) and
in humans.

‘The major limitation of the current study was that we utilized
the same targeting strategy (TRA) that uses either Aurelia-1 or
Aurelia-2 to determine the potential of MSOT findings to iden-
tify multiple reporters simultaneously. Additionally, the TRA
targets a single domain IV of HER2 receptor. However, addi-
tional conjugation with pertuzumab that can specifically bind to
domain II of the HER2 receptor could have further improved
the diagnostic potential of Aurelia-1 and Aurelia-2 GNRs at
MSOT imaging. To overcome these limitations, further stud-
ies with more rigorous study designs to target multiple domains
of the HER?2 receptors are warranted to improve the diagnostic
potential for clinical applications.

In conclusion, the potent multispectral abilities of TRA-
Aurelia-1 and TRA-Aurelia-2 were observed via optoacoustic
imaging of both orthotopically implanted HER2-positive breast
tumors (in vivo) and surgically resected HER2-positive breast
tumor tissues (ex vivo). Most importantly, our results show that
antibody conjugated GNRs allow for simultaneous, accurate
detection of multiple colocalized GNRs in breast tumor tissue,
creating a framework for the future clinical translation of this
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imaging technique. MSOT imaging of GNREs is a unique, clini-
cally feasible imaging technology that can simultaneously depict
heterogeneous tumor signatures, thus allowing clinicians to rap-
idly implement the most appropriate therapeutic strategies and
improve the efficacy of cancer treatments.
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