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Abstract 

A major challenge in photothermal treatment is generating sufficient heat to eradicate diseased 
tissue while sparing normal tissue. Au nanomaterials have shown promise as a means to achieve 
highly localized photothermal treatment. Toward that end, the synthetic peptide anginex was 
conjugated to Au nanocages. Anginex binds to galectin-1, which is highly expressed in dividing 
endothelial cells found primarily in the tumor vasculature. The skin surface temperature during a 10 
min laser exposure of subcutaneous murine breast tumors did not exceed 43°C and no normal 
tissue damage was observed, yet a significant anti-tumor effect was observed when laser was applied 
24 h post-injection of targeted nanocages. Untargeted particles showed little effect in 
immunocompetent, tumor-bearing mice under these conditions. Photoacoustic, photothermal, and 
ICP-MS mapping of harvested tissue showed distribution of particles near the vasculature 
throughout the tumor. This uptake pattern within the tumor combined with a minimal overall 
temperature rise were nonetheless sufficient to induce marked photothermal efficacy and evidence 
of tumor control. Importantly, this evidence suggests that bulk tumor temperature during treatment 
does not correlate with treatment outcome, which implies that targeted nanomedicine can be highly 
effective when closely bound/distributed in and around the tumor endothelium and extensive 
amounts of direct tumor cell binding may not be a prerequisite of effective photothermal 
approaches. 
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Introduction 
Gold nanomaterials are under intense 

investigation as a potential photothermal transducer 
for treatment of tumors and infections, with some 
systems having entered clinical trials (1-7). The highly 
uniform synthesis of these materials has been 
elucidated in recent decades (8), and the surface can 
be easily modified (9) to provide biocompatibility (10) 
and targeting of specific cells (11). Their large 
absorption cross-section makes them particularly 

enticing for photothermal treatment because a large 
effect can be achieved using a relatively low 
concentration of materials, and the materials 
themselves are typically found to be inert in biological 
systems (12, 13). Previous in vitro work in our lab and 
others has demonstrated that adding a targeting- 
moiety to promote binding to tumor cells appreciably 
enhances photothermal efficacy (14-16). For instance, 
we used the polydopamine-coated Au nanocages 
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(AuNC@PDA) targeted to galectin-1 to achieve 
significant photothermal killing of cells without 
raising the bulk temperature in the well above 40 °C 
(17). Targeting was achieved using anginex (Ax), an 
antiangiogenic, synthetic 33-mer that has been shown 
to bind galectin-1 in tumors, particularly in the 
angiogenically active endothelium (18-21). Indeed, Ax 
has been shown to enable vascular targeting of 
liposomes (22). Other groups have targeted 
photothermally active materials to epidermal growth 
factor receptor (23), Her2 (24), CD-30 (25), carbonic 
anhydrase IX (26), and even biofilm-forming bacteria 
(27). These studies demonstrated marked increases in 
photothermal efficacy relative to their non-targeted 
analogues. Nanomaterial targeting has also 
demonstrated improvements in efficacy for drug 
delivery (28) and radiotherapy (29, 30).  

Similar enhancements have been observed in 
vivo with a variety of particles (31), though in vivo 
systems add many additional layers of complexity 
including injection efficiency, animal and tumor 
model, size, and location. Au nanocages (AuNCs) 
have a high photothermal conversion efficiency, even 
amongst gold particle morphologies (14), and have 
been utilized for many photothermal studies in 
cancer. However, it is worth noting that in these 
studies the temperature of the tumor was either not 
measured, or reported to be well outside the 
traditional hyperthermic range (<43 °C) e.g. 54 °C (at 
the skin) (32), 60 °C (33), or 70 °C (34). Typically these 
studies employed a relatively high dose of 
nanoparticles and/or high laser power densities to 
achieve the reported effects, and it is unclear 
specifically where the particles were deposited in the 
tissue. The bulk heating effects on the tumor in these 
situations are ultimately similar to a cauterization or 
ablative event. Studies that use targeted particles, 

rather than simply relying on the enhanced 
permeability and retention effect, have shown 
improved therapeutic outcomes following 
photothermal treatment (16, 26, 35, 36).  

Typically, particles are targeted to a specific 
molecule on the surface of the cancer cells, which still 
requires the particle to extravasate through the 
endothelium or gaps in the vessel wall prior to 
binding. Tumor vasculature, however, contains 
significant molecular distinctions from normal 
vasculature, including overexpression of galectin-1. In 
this report, AuNC@PDA-Ax was synthesized and 
characterized, and the construct was used for in vivo 
photothermal treatment of the 4T1 murine triple 
negative breast cancer model (37, 38). Particle 
localization and effect on endothelial cells were 
characterized. Additionally, serum stability, vascular 
pharmacokinetics, and tissue biodistribution were 
measured. A single dose of targeted particles and 
laser irradiation was applied and tumor growth was 
monitored as illustrated schematically in Figure 1. 
This treatment nearly doubled the time required for 
the tumor to reach a four-fold increase in volume. 
Most critically, optoacoustic tomography, mass 
analysis, and photoacoustic and photothermal 
microscopy were used to map the accumulation of the 
particle throughout the tumor tissue. These results 
present a new understanding of the required 
distribution and amounts of targeted nanocages 
sufficient for a marked therapeutic effect. The high 
locoregional heating from photothermal therapy can 
be precisely directed to the tumor which has clinically 
relevant implications since salvage therapy using 
such approaches has been clearly demonstrated to be 
of great value for patients with limited other options 
(39). 

 

 
Figure 1. Schematic representation of PT treatment of tumors 
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Results and Discussion 
AuNCs were synthesized, coated with polydo-

pamine (AuNC@PDA), and conjugated with anginex 
(AuNC@PDA-Ax) in accordance with our prior work 
(Figure S1). These nanocages had an edge length of 
45.6 ± 6.1 nm, and an LSPR at 760 nm which shifted to 
794 nm following Ax conjugation, which is included 
in Figure 2A. These values are consistent with our 
prior in vitro studies (17), and the shift in the LSPR 
position is largely the result of the change in refractive 
index due to the increasing quantity of the 
polydopamine heteropolymer. This LSPR position 
allows strong overlap with the laser used in 
therapeutic studies (808 nm), and falls in the tissue 
transparent window, which allows light penetration 
of up to 1 cm through soft tissue.(40) The zeta 
potential (Figure 2B) changed from highly negative 
(-40.0 ± 2.2 mV) to positive (+10.1 ± 1.1 mV), which is 
to be expected, since at physiological pH, Ax has a 
charge of +4 (41, 42). Conjugation of the cationic 
peptide caused the zeta potential to change 
significantly, which is a straightforward method to 
confirm the conjugation. Our prior results showed a 
nonsignificant increase in the hydrodynamic diameter 
from 126 ± 15 nm to 135 ± 18 nm following 
conjugation, and indicated that on average 6x104 Ax 
molecules were conjugated to each AuNC@PDA. 

 

 
Figure 2. Characterization of materials. (A) Extinction spectra of 
AuNC@PDA before (black) and after (red) conjugation with anginex. The inset 
shows a TEM image of typical particles with 100 nm scale bar. (B) Zeta potential of 
the construct before and after conjugation with anginex. 

 
The tube formation assay, an in vitro 

angiogenesis assay (43), was performed using the 
2H11 mouse endothelial cell line (Figure 3A). The 
untreated (vehicle) and AuNC@PDA groups showed 
no significant difference in the ability to form higher 
structures. In contrast, both the Ax and the 
AuNC@PDA-Ax groups showed little tube formation 
after 2 h, indicating that the biological function of Ax 
is retained following conjugation to AuNC@PDA. 
These results conform to earlier migration assays 
performed using this platform and generally indicate 
the AuNC@PDA-Ax has biological effects that are the 

result of the conjugated Ax rather than the particle 
itself. Additionally, photothermal microscopy (Figure 
3B) was performed which showed that the Ax 
conjugated particles remain bound to the exterior of 
endothelial cells, rather than being internalized, as has 
been observed with Ax targeted liposomes (44), 
despite overnight incubation, which suggests that the 
proximity to the cells is sufficient to induce a potent 
photothermal effect. 

Both AuNC@PDA and AuNC@PDA-Ax were 
found to have high stability in a serum mimetic 
solution (4 % BSA in PBS) (45) after 24 h without 
agitation (Figure 4A). The ability for nanoparticles to 
remain stable in serum is a critical consideration in 
development of nanomedicines, as many particles are 
prone to agglomerate and can change morphology 
and/or properties in the complex biological milieu of 
the bloodstream (46). Indeed the particle suspension 
was found to be more stable than the suspension in 
PBS or cell culture media (10% serum), which we have 
previously reported, and the turbulent nature of flow 
throughout the bloodstream is expected to further 
prevent passive agglomeration, as they can be readily 
dispersed by inverting their container. Groups of 
Balb/c mice were subcutaneously inoculated with 4T1 
tumor cells in the rear limb that were allowed to grow 
to ~8-10 mm in diameter. At that time, particles were 
injected via tail vein and the photoacoustic signal in 
the ear vasculature was monitored for the following 
two hours (Figure 4B). The difference in signal 
intensity for the two systems is presumed to be due to 
variations in the sampling angle between the acoustic 
transducer, the ear vasculature, and the laser fiber. 
The pharmacokinetic profile was found to be bimodal 
for both constructs. Immediately following injection 
the PA signal increased by 8 orders of magnitudes, 
but dropped sharply over ~15 min, which yields a 
half-life (t1/2α) of rough 3 min, which reflects the time 
necessary for the bolus injection to disperse through 
the system volume. The depletion of signal slowed 
significantly over the remainder of the 2 h monitoring 
period. Due to signal heterogeneity and possible 
redistribution events after first pass kinetics, the 
determination of the t1/2β (elimination half-life) is 
somewhat complex, but it was estimated it to be on 
the order of 3 h for both non-conjugated and 
Ax-conjugated AuNC@PDA. At 24 hours after i.v. 
injection, mice were sacrificed and tissue harvested 
for ICP-MS (Figure 4C). The primary accumulation of 
the particles was in the spleen and liver as is common 
for nanomaterial distributions. Little accumulation 
was seen in the kidney as would be expected based on 
the size of the particle (47). The tumor saw an increase 
in particle accumulation from 22 ± 8 to 65 ± 10 pg Au 
g-1 tissue following conjugation with Ax. Ax also 
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caused an apparent increase in accumulation in the 
lung, though no loss of body weight or abnormal 
behavior was observed prior to euthanasia. The 
increase in apparent lung uptake suggests that in 
subsequent developmental and translational 
investigations there will need to be careful attention 
paid to biodistribution and retention over time, which 
is beyond the scope our current work. The changes in 
accumulation are attributed to Ax, but the possibility 
that any peptide would similarly affect the transient 
distribution properties cannot be ruled out. 

Photoacoustic microscopy was used to monitor 
the immediate accumulation of nanoparticles in the 
tumor (Figure 5A-D). For this study, a GFP 
expressing 4T1 was implanted in the mouse ear, 
which allowed for precise identification of the tumor 
location (Figure S2). The mouse was prepared for 
imaging and intravenous injection of AuNC@PDA-Ax 
was performed. No appreciable change in PA signal 
was observed in the normal tissue, while a 25-60% 
increase in PA signal was observed in the major vessel 
as well as two distinct tumor regions. Multispectral 
optical tomography (MSOT) was performed on rear 
limb tumors 24 h following i.v. administration of 
AuNC@PDA-Ax (0.1 pmol) (Figure 5E). This imaging 
modality, which relies on the photoacoustic signal of 
the AuNCs, demonstrated that the particles 
accumulated heterogeneously throughout the tumor, 
in particular accumulating in the periphery, which is 
commonly referred to as the viable rim of rapidly 
growing tumor tissue (48, 49). Appreciable signal also 
remained in the tail, which was the original site of 
injection, which suggests the possibility that some of 
the variability in nanomedicine experimental results 
could be due to the immediate arrest of particle 
dispersal in the tail vasculature, similar to radiotracer 
study experiences (50).  

Following treatment with AuNC@PDA-Ax 
tumors were harvested, sectioned, and analyzed 
using several modalities. Laser ablation ICP-MS 
(LA-ICP-MS) was performed on these sections to map 
the distribution of Au throughout the tissue (Figure 
6A, B) at higher resolution and with fewer artefacts 
than MSOT described above. Regions of high 
intensity were similarly found along the periphery, 
and pockets of high intensity were found throughout 
the tumor, some of which resemble vascular lumen 
structure. The glass slide itself showed minimal 
background signal and there were areas of the tumor 
that did not show high accumulation of the particles. 
In contrast, LA-ICP-MS of nontargeted AuNC@PDA 
(Figure S3) showed a heterogeneous distribution 
throughout the tumor. This heterogeneity, however, 
was notably different in that particles seemed to pool 
through the interstitium rather than localize in 

distinct regions. It should be noted that figures S3 and 
6B are signal-normalized internally and cannot be 
quantitatively compared to each other. Serial sections 
were also imaged using photoacoustic microscopy 
(Figure 6C,D, S4) which showed a similar distribution 
along the periphery and heterogeneously throughout 
the tumor. Similar islands of CD31 positive cells were 
observed on the serial sections, which strongly 
suggests colocalization of the AuNC@PDA-Ax and 
endothelial cells as would be expected since particles 
arrive in the tumor vasculature, bind galectin-1, and 
extravasate to some degree. Silver can also be used to 
enhance the optical contrast of Au nanoparticles,(51) 
and double staining with silver enhancement and 
anti-CD31 (Figure S5) showed similar trends with 
non-targeted AuNC@PDA distributed throughout the 
tissue at low levels while AuNC@PDA-Ax showed 
more tendency to cluster near the CD31 positive 
regions. The PA system provides much greater 
resolution than the LA-ICP-MS system on a shorter 
timeframe. This same section was stained for nuclear 
content and imaged simultaneously using 
fluorescence and photothermal microscopy (Figure 
6E). An appreciable colocalization was observed 
between the nuclear stain, autofluorescing regions of 
tissue, and AuNC PT signal. Specifically, the regions 
that lacked DAPI stain and tissue autofluorescence 
tended to be flanked with high photothermal signal, 
suggesting particle accumulation in the vasculature or 
perfused channels within the rapidly growing 4T1 
tumor. 

 

 
Figure 3. In vitro distribution and biological effect. (A) Representative images 
of tube formation using 2H11 cells after 2 h incubation with vehicle, AuNC@PDA, 
anginex, or AuNC@PDA-Ax. Scale bar is 100 μm. (B) Photothermal microscopy of 
2H11 cells stained with PKH26 (orange) and AuNC@PDA-Ax (blue) and the two 
images merged. Scale bar is 10 μm. 
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Figure 4. Stability, pharmacokinetics, and biodistribution of 
nanoconstructs. (A) Serum stability of the AuNC@PDA and AuNC@PDA-Ax 
construct over time. (B) Photoacoustic monitoring of ear vasculature immediately 
following tail vein injection of AuNC@PDA (circles) and AuNC@PDA-Ax (open 
diamonds). Points represent integrated PA signal over 1 min of monitoring. (C) 
ICP-MS of various organs 24 hours following tail vein injection of AuNC@PDA or 
AuNC@PDA-Ax. The numbers above the columns represent fold change. (* is 
p<0.05) 

 
After an i.v. injection of 0.1 pmol 

AuNC@PDA-Ax, the mice were treated with laser 
irradiation at 808 nm (1.2 W cm-2) for 10 min using a 
spot size that completely covered the tumor area. 
Heating of the tissue was recorded every two minutes 
(Figure 7A), and there was a significant increase in 
temperature for the AuNC@PDA-Ax versus the laser 
alone. Using the non-targeted AuNC@PDA, a similar, 
though reduced increase in temperature was 
observed, which was attributed to the difference in 
total accumulation between targeted and 
non-targeted particles at 24 h. Specifically, the average 
temperature at the surface was 4-6 °C higher in the 
nanoparticle treated animals regardless of targeting. 
The temperature during treatment (Figure 7B) was 
monitored to ensure this temperature did not exceed 
43 °C, though increasing laser intensity could easily 

achieve significantly greater temperature changes. No 
evidence of tissue trauma was observed following the 
treatment described. Previous studies have targeted 
the VEGF receptor in a glioma using a window model, 
which showed evidence of vascular disruption 
following 6 W/cm2 irradiation,(52) while another 
study used CuS nanoparticles targeting avb3 and 3 
W/cm2 to ablate tumors. These studies utilized 
greater laser fluence and focused on short term 
pathology, rather than the longer term tumor growth 
presented here.(53) However, we noted an initial 
inflammatory response in the overlying skin and 
muscle around the tumor after treatment that 
resolved over the course of the following week. 
Tumor growth was monitored for up to two 
additional weeks. The untreated, AuNC@PDA-Ax, 
and laser-alone groups had quadrupled in tumor 
volume after 6 days, which is consistent with 
historical data from our lab. The nanoparticle plus 
laser group, however, required 11 days to quadruple 
in size, nearly twice as long. Interestingly, the 
AuNC@PDA with laser group also showed a 
quadrupling of the tumor size in 8 days, despite 
temperature changes comparable to the AuNC@PDA- 
Ax group. These results suggest that the targeting 
aspect of our nanoconstruct specifically provided a 
significant therapeutic effect, which can be attributed 
to the close proximity between the particles and the 
membrane of the cells. It cannot be ruled out that the 
increased particle accumulation alone caused the 
photo-therapeutic effect observed. In fact, if judging 
by thermal dose alone as a predictor, the low bulk 
thermal dose achieved suggests there are likely 
additional mechanisms involved. This may include 
the role of Ax and biological effects induced in cells to 
which it binds, though the injected dose is roughly 
one-tenth of what has previously been found to be a 
therapeutic injection.(54) The initial increase in tumor 
volume observed is likely due to a transient 
inflammatory response to the treatment. It is also 
noteworthy that this was the result of a single 
treatment, rather than an extensive regimen of 
multiple sessions that would likely occur in the clinic. 
Future studies will consider the value of multiple 
injection and irradiation cycles as well as the value of 
multiple irradiation cycles following a single injection. 
No obvious toxicity was observed in the mice 
following AuNC@PDA or AuNC@PDA-Ax injection 
of 1 pmol of constructs (10 times greater than all 
studies presented). Weight loss was not observed, fur 
condition remained normal, and activity levels did 
not noticeably change. Hemolysis assay showed no 
significant lysis of the red blood cells relative to the 
PBS control (Figure S6).  
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Figure 5. Photoacoustic monitoring of tumor accumulation. Photoacoustic mapping of an ear tumor (A) 0, (B) 30, and (C) 60 min following i.v. injection of 
AuNC@PDA-Ax, with (D) quantification of the defined regions of (1) healthy tissue, (2) vessels, and (3, 4,) tumor tissue. Time points represent the accumulated P.A. signal of 
the region at the end of the 6 min collection time. (E) Multispectral optical tomography image of a slice of a similar hind limb tumor 24 h following i.v. injection of 
AuNC@PDA-Ax.  

 
Figure 6. Heterogeneous tumor distribution of AuNC@PDA-Ax. (A) Laser ablation ICP-MS mapping of a section of the AuNC@PDA-Ax treated tumor with blue 
representing low signal, red medium, and yellow high with the boxed area shown in (B); (C) wide field photoacoustic microscopy of a serial section of the same tumor where 
red represent photothermal signal and green/yellow represent artifacts (yellow being the overlap of red and green signal) with the boxed area shown in (D). Based on 
transmission images, the tumor is outlined in white for clarity; and (E) photothermal mapping of a representative region of the same section showing DAPI stain (blue), tissue 
autofluorescence (green), and photothermal signal from AuNCs (yellow). Intensity bars below the figure apply only to panel E. 
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Figure 7. In vivo heating and tumor treatment using AuNC@PDA and 
AuNC@PDA-Ax. (A) Heating profile of the skin at over the tumor during laser 
irradiation with and without AuNC@PDA-Ax or AuNC@PDA. (B) Tumor growth 
curves (n = 4-8 mice per group) for mice treated with vehicle, 10 min laser irradiation, 
AuNC@PDA-Ax only, and the combination of either AuNC@PDA or 
AuNC@PDA-Ax and 10 min laser irradiation. (** is p<0.01) 

 
Importantly, the single irradiation was used to 

demonstrate proof of principle regarding the 
targeting capacity. While this study did not 
demonstrate complete eradication of the tumor, 
during clinical translation adjusting laser parameters 
and providing multiple rounds of laser irradiation can 
likely achieve this outcome. It is worth emphasizing 
that the laser dose was low in comparison with the 
majority of reports in the literature, which typically 
range from 4-20 W/cm2, while studies using similar 
laser doses often use a pulsed laser or concurrent 
delivery of a chemotherapeutic for synergistic 
therapy.(55) Additionally, the use of interstitial lasers 
on small and medium sized lesions suggests this 
photothermal modality could be used even in deeper 
seated recurrent tumors or those with large volumes. 
One advantage of nanomaterials is the ability to serve 
as drug delivery platforms (56) and these materials 
can be engineered for thermal release of their cargo 
(45). They can enable multimodal therapies, and 
simultaneous diagnostic and therapeutic capacity has 
been demonstrated in many platforms. The relatively 
low temperature/time history reached during laser 
exposure would not be expected to have significant 
tumor killing effects if given using conventional 
hyperthermia applicators (57, 58), however there 
exists the possibility that these sublethal effects could 

affect membrane permeability, thereby affecting drug 
delivery,(59) or increase perfusion in the tumor, 
enabling multiple rounds of treatment to gradually 
penetrate deeper.(60) Various mapping methods 
illustrated the heterogeneous distribution of particles 
throughout the tumor, and these particles seem to 
cluster around vasculature, which can be attributed to 
Ax targeting of dividing vascular cells and the 
difficulty by which particles have in diffusing away 
from the blood supply (61-63). Since vascular cells 
serve as the support system for the tumor cells, (64) 
photothermal killing of these cells and subsequent 
inhibition of blood vessel function can lead to more 
effective therapy (65, 66). This study, similar to many 
biodistribution studies, detected a generally low 
overall accumulation of particles per gram of tumor 
tissue, however, potent photothermal effect in the 
tumor vasculature and surrounding perivascular 
tumor cells was sufficient to induce notable tumor 
response. This is an important finding, especially in 
that issues of drug or radiation resistance of tumor 
cells from prior treatment may be avoided and should 
be useful in development of this approach for salvage 
therapy in recurrent solid tumors.  

Conclusion 
This work demonstrates the potent in vivo 

photothermal capability of the AuNC@PDA system, 
and particular value is shown regarding the ability of 
Ax to appreciably increase the accumulation pattern 
and effects within the tumor. There were significant 
therapeutic responses despite a lack of cellular 
internalization or widespread uptake across the 
tumor interstitium. As such, it demonstrates the 
advantage of use of targeting agents aimed at 
neovascularization and/or the supporting tumor 
vasculature and suggests that this may be an effective 
alternative treatment approach in recurrent and/or 
therapy-resistant tumors. Tumor growth studies 
showed that the combination of the targeted 
nanomaterial and a single laser irradiation resulted in 
nearly doubling the time required for the tumor to 
quadruple in volume. These particles were found to 
have a reasonable pharmacokinetic half-life, and 
tumor accumulation was significantly enhanced as a 
result of the targeting agent. Considering the clear 
improvement observed in treatment response, further 
studies to increase particle accumulation and/or 
retention through new targeting moieties and 
perfusion enhancements appear warranted. 
Additionally, loading chemotherapeutics for drug 
delivery purposes and the ability of the AuNCs to be 
used as a radiosensitizer could add more potency to 
the photothermal effects observed here.  
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Experimental Section 
Synthesis of PDA coated AuNCs 
(AuNC@PDA) 

The AuNCs were synthesized by the galvanic 
replacement reaction between Ag nanocubes and 
HAuCl4 as previously described (67) and fully 
detailed in the Supporting Information. AuNC@PDA 
was prepared by self-polymerization of dopamine on 
the surface of AuNCs under basic conditions in the 
presence of O2 as previously described (27). Briefly, 3 
ml of 5 nM AuNC aqueous suspension was diluted to 
200 ml using Tris-buffered saline (20 mM Tris and 100 
mM NaCl, pH = 9) in a 250-ml, 3-neck, round-bottom 
flask. The reaction flask was briefly flushed with O2 
and placed in a bath sonicator held at 4 °C with ice. 
Dopamine hydrochloride (0.2 mmol, 36.0 mg) was 
added to the flask, the vessel was sealed under 1 atm 
O2, and the mixture was sonicated throughout the 
reaction until the extinction peak of AuNC had 
red-shifted ~30 nm (~60 min). The reaction was 
quenched by addition of 100 µL concentrated acetic 
acid. After this reaction, the product was collected by 
centrifugation at 6000 rcf for 10 min, washed with 
H2O twice and recovered by centrifugation at 17,000 
rcf for 10 min at 4 °C. The AuNC@PDA was 
resuspended in H2O at a concentration of 6 nM for 
characterization and future use. Transmission 
electron microscopy (TEM) images were acquired 
using a JEM-1011 (Jeol). Optical absorption spectra 
were recorded using a UV–vis spectrometer (Cary 50, 
Agilent). The elemental analysis was performed using 
an inductively coupled plasma mass spectrometer 
(ICP-MS; iCAP Q, Thermo Scientific, Waltham, MA). 
Zeta potential was measured in 1 mM KCl using a 
ZetaPALS instrument (Brookhaven). 

Anginex conjugation 
Anginex was synthesized and purified as 

previously described (20). Ax was conjugated to the 
surface of AuNC@PDA through the N-terminal amine 
and lysines by Michael addition to form 
AuNC@PDA-Ax (68). Briefly, 1 nM AuNC@PDA 
were dispersed in 1 ml of 10 mM borate buffer (pH = 
9) and 100 μg mL-1 of Ax was added to the solution. 
The reaction was allowed to proceed at 4 °C 
overnight. The conjugates were collected and washed 
three times with H2O by centrifugation at 19,000 rcf 
for 5 min at 4 °C. The conjugates were dispersed in 
H2O for future use and stored at 4 °C. Colloidal 
stability was assessed by monitoring the absorbance 
at the LSPR maximum over time, in the absence of 
agitation, following dispersion of 100 pM 
AuNC@PDA or AuNC@PDA-Ax in H2O and in 4 % 
bovine serum albumin in PBS, which mimics serum. 

Tube formation assay 
Extracellular matrix Matrigel (Corning) was 

used to form a basement layer at bottom of 96 well 
plate (30 µl per well) following the manufacturer's 
instruction. Endothelial cells (2H11, 2 x 104 per well) 
were mixed to a final volume with PBS, 20 µg mL-1 
Ax, or 20 pM AuNC@PDA or AuNC@PDA-Ax and 
seeded over the matrigel and incubated for 2 h to 
differentiate into capillary-like structures (tubes). 
Phase contrast images of formed tubes were acquired 
after 2 hours from several areas of each well. 

In vivo studies 
Female Balb/c mice averaging 6–8 weeks of age 

(Jackson Labs, Bar Harbor, ME, USA) were inoculated 
subcutaneously in the rear limb with 1x105 4T1 cells. 
After 8–10 days, tumors grew to a diameter of 8–10 
mm at which time the animal was injected via tail vein 
with 100 μL of 1 nM (0.1 pmol) AuNC@PDA-Ax, 
AuNC@PDA, or PBS. Animals were imaged, treated, 
or euthanized 24 h after injection. For biodistribution 
studies, the liver, kidney, spleen, lungs, and tumor 
were harvested. For treatment, mice were 
anesthetized using isoflurane and irradiated for 10 
minutes using a power density of 1.2 W cm-2 and a 
spot size of 14 mm, which completely covered the 
tumor. Tumors were measured daily using calipers 
and the volume was calculated based on the equation 
V = a*b2/2, where V is the volume and a and b are the 
length and width of the tumor. All studies were 
approved by the UAMS Institutional Animal Care 
and Use Committee. 

Inductively coupled plasma mass 
spectrometery 

Balb/c mice averaging 6–8 weeks of age (Jackson 
Labs, ME) were inoculated subcutaneously in the rear 
limb with 1 x 105 4T1 cells (vide supra). After 10 days 
the animals were injected intravenously via the tail 
with 0.1 pmol AuNC@PDA or AuNC@PDA-Ax (n = 3 
per group). Tumors were harvested 24 h with 18 MΩ 
H2O after injection and digested at 90 °C in 0.5 ml 
HNO3 (99.999 %) and 0.1 ml H2O2 (30 %) overnight. 
After digestion, 0.25 ml HCl (99.999 %) was added; 
the solution was diluted to 15 ml and filtered using a 
70 µm cell strainer (Fisher). ICP-MS was performed 
using iCAP Q (Thermo). Argon was used as a carrier 
gas at a flow rate of 1.05 ml min-1, and the fluid flow of 
0.97 ml min-1. The matrix alone was run between 
samples to reduce sample carryover. Immediately 
prior to analysis, calibration standards between 0.1 
and 250 ppb Au (1 mg mL-1 stock, ULTRA Scientific) 
were prepared by serial dilution. 
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Photothermal Microscopy of Single Cells and 
Tissue Sections 

For photothermal microscopy (PTM) 2H11 cells 
were seeded into an 8-well chamber slide and 
incubated in complete medium overnight with 
AuNC@PDA-Ax, the following day PKH26 was 
added according to the manufacturer’s instructions, 
and the sample was washed twice with PBS and fixed 
with 2 % paraformaldehyde (4 °C, 20 min). Tissue 
sections visualized using PTM microscope were 
prepared as described for ICP-MS and photoacoustic 
mapping (SI) and stained with DAPI according to the 
manufacturer’s instructions. 

Photoacoustic Real-Time Quantification of 
Nanoparticles in Mouse Blood 

The photoacoustic fluorescence flow cytometry 
(PAFFC) system was used for real time monitoring of 
nanocages concentration in mouse blood after i.v. 
injection and was described elsewhere (69). Briefly, it 
was based on Nikon Eclipse E400 microscope 
platform (Nikon instruments, Inc., Melville, NY, 
USA). Photoacoustic signal was sensed using an 
acoustic transducer (model 6528101, 3.5 MHz, 4.5 mm 
in diameter; Imasonic Inc., Besançon, France) 
mounted over a heated XY positioning stage. PA 
signals were excited using 820 nm diode-pumped 
pulsed laser (maximal energy in the sample of 5 μJ; 
pulse duration, 8 ns; and pulse rate of 10 kHz, LUCE 
820, Bright Solutions, Italy). The laser was focused as a 
5×150 μm line within mouse blood vessel. The 
transducer signal was amplified (preamplifier 5678; 
bandwidth, 200 kHz – 40 MHz; gain 40 dB; 
Panametrics NDT) and digitized (PCI-5124, 12-bit, 200 
MSPS, National Instruments Inc.). All the data 
acquisition and analysis were performed using 
custom LabView based software. Tumor-bearing mice 
were anesthetized using isoflurane and positioned 
within the system to acquire a baseline reading. Then 
tail vein injection of AuNC@PDA or AuNC@PDA-Ax 
(0.1 pmol) was performed and the PA signal in the ear 
vessel was acquired for 2 hours.  

Multispectral Optoacoustic Tomography 
(MSOT) 

The live imaging of mice was performed using 
the small-animal MSOT InVision256-TF (iThera 
Medical, Germany) (70). Irradiation is generated by a 
Class 1 laser with embedded Class 4 laser, capable of 
generating beams with wavelengths from 680-980 nm, 
with a pulse length of 8 ns, a maximum pulse energy 
of 120 mJ, and a repetition rate of 10 Hz. The 
geometrical arrangement of MSOT’s 256-element 
transducer array enables detection of emitted ultra-
sonic waves (5 MHz frequency) at a circumferential 

angle of 270 degrees and image acquisition rate of 10 
Hz. One day prior to imaging the entire circumference 
of the imaging area was depilated with Nair 
(Wal-Mart, Bentonville, AR) for two minutes, and the 
animal was thoroughly rinsed with tap water. The 
anesthetized mouse was placed in the supine position 
on the detachable holder docked at the mounting 
station in a thin, waterproof wrap made of 
transparent plastic. The mouse’s limbs were stretched 
and fastened to prevent motion during monitoring. A 
thin layer of acoustic gel was placed around the 
mouse’s body to facilitate acoustic coupling and 
visible air bubbles were removed. The holder along 
with the animal was submerged in the imaging 
chamber of the MSOT device, a bath filled with 
deionized water pre-heated to 34 °C, and the 
temperature was allowed to equilibrate. Continuous 
delivery of isoflurane through a nose-cone in the 
holder ensured that the mouse remained anesthetized 
throughout the duration of the experiment. 
Continuous MSOT imaging was conducted in a 
transverse section through the mouse, consecutively, 
using wavelengths from 680-900 nm with 10 averages 
per position in 0.3 mm steps. The images acquired 
using MSOT were reconstructed using a linear- 
regression algorithm, then put through multispectral 
processing using the pre-installed ViewMSOT3.8 
software within the device, and a representative slice 
was selected. 
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MS: inductively coupled plasma mass spectrometry; 
LA-ICP-MS: laser ablation inductively coupled mass 
spectrometry; MSOT: multispectral optical tomo-
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