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Nanostructures have potential for use in biomedical applications such as sensing, imaging, therapeutics, and drug delivery. 

Among nanomaterials, gold nanostructures are of considerable interest for biomedical research, owing to their bio-

inertness, controllable surface chemistry, X-ray opacity, and optical properties. Gold nanocages are particularly attractive 

for imaging and therapeutic applications, because they strongly absorb light in the near infra-red region which has high 

light transmission in tissue. However, the X-ray attenuation of nanocages is relatively low due to their hollow structure. In 

this study, for the first time, we sought to combine the attractive optical properties of nanoshells with the high payloads of 

solid nanoparticles and investigated their biomedical applications. Here, we report the engineering of Wulff in a cage 

nanoparticles via converting gold Wulff-shaped seeds into gold-silver core−shell structures and then performing a galvanic 

replacement reaction. The structure of these nanoparticles was determined using transition electron microscopy. This 

morphological transformation of gold nanoparticles shaped as truncated octahedrons into a complex Wulff in a cage 

nanoparticles during the reaction resulted in extensive changes in their optical properties that made these unique 

structures a potential contrast agent for photoacoustic imaging. We found that the Wulff in a cage nanoparticles had no 

adverse effects on the viabilities of J774A.1, Renca, and HepG2 cells at any of the concentrations tested. In vitro and in 

vivo experiments showed robust signals in both photoacoustic imaging and computed tomography. To the best of our 

knowledge, this is the first report of Wulff in a cage nanoparticles serving as a platform for multiple imaging modalities. 

This unique multifunctional nanostructure, which integrates the competencies of both core and shell structures, allows 

their use as contrast agents for photoacoustic imaging, computed tomography and as a potential agent for photothermal 

therapy.  

  

 

Introduction 
Gold nanoparticles (AuNP) are of considerable interest for 

biomedical applications, owing to their combination of low-

toxicity, well-defined surface chemistry, ease of 

functionalization, straightforward synthesis methods, and 

tunable optical properties. 
1- 4 

They are excellent contrast 

agents for several medical imaging modalities. One of the most 

commonly used medical imaging techniques is computed 

tomography (CT), a whole-body imaging method. Considerable 

attention has been directed toward the development of 

nanoparticles as CT contrast agents over the past decade. 
5, 6 

Many advantages have been discovered for nanoparticles as 

CT contrast agents in comparison to small molecules, such as 

the potential for cell tracking, long circulation times, and 

targeted imaging applications. 
7
 Solid AuNP have been 

extensively considered as contrast agents for CT due to their 

strong X-ray attenuation, and their high payload delivery due 

to their high density. 
7, 8  

Plasmonic nanostructures made of noble metals such as gold 

are also attractive for imaging applications such as 

photoacoustic imaging (PA) because they can have strong 

scattering and absorption in the near infra-red region (NIR), 

where biological tissues absorb the light the least. PA is based 

on the thermoelastic expansion of a contrast agent or a tissue 

that occurs when exposed to pulsed laser excitation. The 

thermoelastic expansion leads to the generation of ultrasonic 

waves that can be detected by transducers and converted into 

images. 
9- 12

  The advantages of CT in vascular imaging are its 

high spatial and temporal resolution and ability to provide 

whole body three-dimensional images. However, it has poor 

soft-tissue contrast. On the other hand, PA can produce 
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images in real-time in localized regions. Thus, these imaging 

modalities provide complementary information. 
13

 Although 

spherical AuNP produce strong X-ray contrast and have been 

studied as potential CT contrast agents, they do not provide 

strong contrast for PA imaging due to the fact that they do not 

absorb in the NIR region. 
14

 Therefore, engineering AuNP 

characteristics such as shape, size, and composition could help 

to establish a multimodal structure that is an effective 

platform for both CT and PA imaging techniques. 
13, 15- 19

 Shape 

engineering of AuNP to create agents for biomedical 

applications has attracted many researchers in recent years. 

For example, silica-gold shells for photothermal therapy (PTT) 

and magnetic resonance imaging were reported by Cho et al. 
20

 

and gold nanostars have been developed for fluorescence 

imaging and PTT. 
21

 Gold nanorods have been used for 

multispectral optoacoustic tomography.
22

 Among these 

complex morphologies, gold nanocages, which are 

characterized by porous walls, hollow interiors and tunable 

thicknesses, have received particular attention for biomedical 

applications such as drug delivery, imaging and photothermal 

ablation. 
23, 24

 However they have not been studied for their CT 

contrast enhancement. Here, we developed a novel 

morphology of AuNP entrapped in gold-silver alloy nanocages 

to integrate the competencies of both solid cores and shells 

and thereby provide a promising new diagnostic platform by 

combining dual CT and PA imaging.  

In this study, Wulff in a cage nanoparticles (WICN) were 

synthesized, and characterized using transition electron 

microscopy (TEM), UV-vis spectroscopy, inductively coupled 

plasma-optical emission spectroscopy (ICP-OES), and energy 

dispersive X-ray spectroscopy (EDS). The Wulff in a cage 

structure expressed by these nanoparticles was confirmed 

using TEM. They are of considerable interest for imaging 

techniques such as CT and PA due to their high X-ray 

attenuation, biocompatibility, and plasmonic behaviour. The 

effect of the WICN on the viability of several cell lines was 

investigated via the LIVE/DEAD assay. CT and PA phantom 

imaging was carried out at different concentrations of WICN. 

The potential use of WICN for PTT was also considered via in 

vitro experiments. Finally, in vivo imaging with CT and PA was 

carried and their biodistribution determined using ICP-OES.  

Results 

The synthesis of WICN began with the formation of 16 nm 

AuNP seeds (Figure 1A), using a modified Turkevich method. 
25

 

These seeds were used as nucleation sites upon which to grow 

further gold to form 68 nm diameter AuNP. 
26

 These 68 nm 

AuNP (Figure 1B) were then heated to 90 °C and poured into 

aqueous ascorbic acid (AA) of the same temperature. Aqueous 

AgNO3 was then injected into the solution of Au seeds and AA. 

This causes Ag
+
 ions to be reduced by AA to Ag

0
, which leads to 

their deposition onto the Au particles, producing Au@Ag core-

shell structures (Figure 1C). The solution was cooled in ice and, 

after purification through centrifugation, the collected core-

shell structures were used for the next step of shape 

engineering, i.e. to create nanocage structures. The Au@Ag 

core-shell structures and aqueous HAuCl4 were heated to 90 °C 

separately, before the HAuCl4 was added to the core-shell 

structure solution dropwise, which initiated the galvanic 

replacement reaction (GRR) on the Ag shell. The Ag shell plays 

the role of a sacrificial template in the galvanic replacement 

process, where the oxidation of three Ag
+
 ions from the shell 

occurs for the reduction of each Au
3+

 ion in the solution. So, as 

Au
3+

 ions are reduced, they form a nanoshell, which alloys with 

the underlying Ag (Figure 1D). The addition of aqueous HAuCl4 

leads to a spontaneous oxidation-reduction reaction where 

HAuCl4 is reduced and silver is oxidized. The 1:3 replacement 

ratio of Ag
+
 to Au

3+
 causes porosities to form in the shells, 

leading to the development of an AuAg structure that we 

termed a cage, which envelops the pre-existing Au cores 

(Figure 1E). 
27, 28

 The WICN were then coated with mPEG (2 kDa) 

containing thiol groups to provide stability in biological fluids. 
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Figure 1F-I shows TEM performed upon samples taken at 

different stages of the WICN synthesis. Figure 1F shows 16 ± 1 

nm Au seeds that were used to form AuNP whose average 

diameter was 68 ± 3 nm (Figure 1G). The Au@Ag core-shell 

structures (85 ± 4 nm) are shown in Figure 1H, while a 

micrograph of WICN, which are 84 ± 2 nm in diameter, is 

displayed in Figure 1I. The hydrodynamic sizes, as measured by 

dynamic light scattering (DLS), of the Au seeds was 15 ± 3 nm, 

the AuNP was 69 ± 4 nm, Au@Ag core-shell structures 85 ± 2 

nm, and WICN 84 ± 1 nm, similar to the measurements from 

TEM. The galvanic replacement reaction can be controlled and 

stopped at the stage that provides the desired plasmon peak in 

the NIR region, as well as stable structures. The reaction, 

however, must be halted at the level of GRR that yields a 

porous shell that covers the entire Au core. If the reaction is 

allowed to continue further, the cage can fragment into 

pieces, which is undesirable since this product is 

heterogeneous and cores can become completely separated 

from shells (Figure S1). ICP-OES analysis of WICN revealed their 

metallic component to be 76 ± 2 % Au and 24 ± 4 % Ag by 

mass, which was supported via EDS measurements (Figure S2). 

Figure 2A, shows the optical features of the gold 

nanostructures at different stages of the synthesis. The 

extinction spectrum of 68 nm AuNP (pink line) exhibits a sharp 

plasmon resonance at 537 nm, which is expected for AuNP of 

this size. 
29, 30

 A second peak appears at 412 nm for the Au@Ag 

core-shell structures, which is in agreement with data 

previously published for similar structures. 
27, 31

 For the WICN, 

the absorbance at 412 nm is diminished, and the emergence of 

a second peak in the NIR at 756 nm is apparent. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The effect of adding varying amounts of the HAuCl4 solution to  

the Au@Ag core-shell structures (i.e., increasing the extent of 

the GRR) on the UV/vis absorption spectra of WICN is shown in 

Figure S3. The intensity of the 746 nm peak increases as the 

GRR proceeds, which can be explained by the generation of 

pinholes in these structures. 
32

 Since light in the NIR region 

(e.g., 650-1000 nm) can penetrate soft tissues relatively well, 

the optical properties of WICN are well-suited for applications 

such as contrast agents for PA or PTT agents. 
13, 33

  

Given the possibility of toxicity arising from silver ion release, 

we examined the release of silver ions from WICN (Figure S4). 

The silver was released from WICN over 7 days is low (less 

than 0.1%), which is seven-fold lower than that found for pure 

silver nanoparticles. This result agrees with prior work that 

showed that alloying silver with gold suppressed silver ion 

release.
34 

The effect of WICN on the viability of the J774A.1 

(macrophage), HepG2 (hepatocyte), and Renca (renal) cell 

lines was investigated via the LIVE/DEAD assay. We selected 

these cell lines since they are derived from the liver and 

kidney, organs that have high exposure to nanoparticles post-

injection. The cells were treated with WICN for 24 h at 

concentrations of 0, 0.1, 0.25, and 0.5 mg WICN (i.e., total 

metal weight/ml). It was found that WICN did not significantly 

affect the viability of these cell types (Figure 2C). These results 

indicate that the WICN are biocompatible under the conditions 

tested. 

 Next, CT and PA phantom imaging were done to demonstrate 

the feasibility of WICN as a contrast agent for these modalities. 

Several concentrations of WICN were scanned using a clinical 

CT scanner at 80, 100, 120, and 140 kV. WICN samples 

produced strong CT attenuation, which was linearly correlated 

(R
2
 = 0.99) with the WICN concentration (Figure 3A, B). The 

results showed a slight decrease in CT attenuation from 80 kV 

to 140 kV, which is in line with previous studies of Au-Ag 
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alloyed NP. 
34 

We found that WICN attenuates X-rays 

comparably with iopamidol (an FDA-approved iodine-based 

contrast agent) as presented in Figure S5. 
34, 35

 

Moreover, we compared the CT contrast production of WICN 

with solid spherical AuNP that are similar in size (79 ± 10 nm, 

Figure S6). As expected, for a given metal concentration, we 

found the CT attenuation to be the same for both formulations 

(Figure S7). 

The PA properties were examined using an experimental 

system. Different WICN concentrations (0, 0.3, 0.6, 0.9, and 1.2 

mg ml
-1

) were imaged at a laser wavelength of 750 nm (Figure 

3C, D). Significant PA signal was observed, which increased 

with increasing concentration of WICN, as has been reported 

for other gold nanostructures. 
35, 36

  

To assess in vivo CT imaging performance, mice were injected 

with WICN via the tail vein at a dose of 250 mg kg
-1

. Pre-

injection and 5 min, 30 min, 1 h, and 2 h post-injection CT 

scans were done. An increase in CT attenuation in the heart 

was observed after 5 min which shows the circulation of these 

novel structures in the blood (Figure 4A, B).
34

 The signal in the 

blood decreased over time and increases in signal in the liver 

and spleen were observed. 
15, 34 

The biodistribution of WICN at 2 h post-injection is shown in 

Figure 4C. It is clear that most of the gold and silver was found 

in the spleen and liver, which is in agreement with previously 

reported research on similar agents. 
37, 38

 The amounts of gold 

that were accumulated in organs were higher than silver; 

however more silver was observed in urine. This suggests the 

WICN structure may release some silver, which could be 

excreted via the urine. No adverse effects of WICN 

administration were observed in these mice, although more 

extensive in vivo studies are needed to determine the in vivo 

biocompatibility of WICN.  

In vivo vascular imaging PA experiments were performed on 

mice as is shown schematically in Figure 5A. After injecting the 

WICN nanoparticles through the mouse tail vein, the NIR 

pulsed light is absorbed by WICN and PA waves are generated 

via thermoelastic expansion and detected by transducers. 

Images were reconstructed using a Vevo LAZR system. PA 

images of the legs of mice showed strong vascular contrast 

after injection with WICN (15 mg kg
-1

), while no signal was 
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detected prior to WICN injection (Figure 5B, C). Moreover, 

similar results were observed from 2D and 3D PA images of the 

mouse’s tail before and after the injection of WICN (Figure S8). 

The signal-to-background ratio (SBR) of the veins in PA images 

increased 32-fold after injection of WICN as compared to pre-

injection. A link to the real-time movie of the injection of WICN 

is also presented in the Supplementary Information (S9).  

Discussion 

In this study, we have synthesized noble metals nanoparticles 

of unique structure with a high degree of control over 

chemical, morphological, and optical properties. These WICN 

structures consist of gold and silver, which are both plasmonic 

nanomaterials, and have a strong peak in the NIR region, 

making them an ideal candidate for theranostic applications. 
39-

 42
   Although, spherical AuNP have been found to be effective 

CT contrast agents due to their high X-ray attenuation and 

biocompatibility, engineering of their shape to create light 

absorption in the NIR region can allow them to be used for PA 

and PTT. Indeed, preliminary in vitro PTT studies showed that 

WICN solutions increased in temperature by as much as 50 °C 

when exposed to NIR laser beam (Figure S10).  

Other groups have studied empty gold nanocages as contrast 

agents for different combinations of imaging modalities to CT 

and PA.
43- 45

 For example, Zhang et al. reported the two- and 

three-photon luminescence capabilities of gold nanocages, 

which allowed cell tracking using two-photon microscopy and 

photoacoustic microscopy.
43

 Wang et al. reported an iron 

oxide-gold nanocage composite that functioned as a bimodal 

contrast agent for MRI and CT. 
46

 

However, to our knowledge, this is the first report of the 

synthesis of solution-based Wulff-in-a-cage nanostructures 

and their examination as a multifunctional contrast agent that 

couples the benefits of a solid core and a shell to create strong 

contrast for both CT and PA. We calculated the payloads of 

WICN and empty nanocages (see SI for details).  In WICN 

structures with a core inside the cage, CT contrast generation 

on a per nanoparticle basis will be almost 5 times more than 

empty nanocages due to their higher payloads. This would lead 

to more balanced contrast generation between CT and PA. 

Moreover, this could mean that it is not possible to achieve 

the concentrations needed for CT contrast agent injections 

with empty nanocages. The utility of this agent is also 

demonstrated by the complementary information that could 

be gained from the two imaging methods. While CT provided 

whole body images at set time points, PA allowed acquisition 

of images in real time, as evidenced by the movie in the 

supplementary information (S9). We have demonstrated WICN 

as a biocompatible contrast agent that has no effect on the 

viability of different cell lines. This platform has a plasmon 

peak in the NIR region that can be tuned by controlling the 

degree of GRR during the synthesis. This absorbance makes 

them an effective contrast agent for PA and a potential agent 

for PTT. In vivo imaging showed that WICN are an effective 

contrast agent. They accumulated in the liver and spleen as is 

expected for large nanoparticles.
 47-49

 These agents may be 

able to accumulate in tumors and prove useful for their 

detection or treatment.
50,51 

The excretion of silver via urine 

was unexpected and may indicate breakdown of the 

nanoparticles in vivo, although preferential clearance of silver 

has been observed in prior studies of Au-Ag nanoparticles. 
34

  

Further development of this work could include exploration of 

their porous shell for drug encapsulation and delivery. 

Moreover, interactions generated between the core and shell 

may make them of interest to other imaging modalities such as 

surface-enhanced Raman scattering (SERS). These structures 

could also be targeted with antibodies or peptides to allow 

target specific imaging with PA or CT. Their NIR absorption 

could be additionally exploited for photothermal therapy 

applications, as noted above.  

Conclusions 

In summary, gold nanostructures have received particular 

attention in biomedical applications, due to their attractive 

properties such as bio-inertness and plasmonic resonances. 

We have formed a new platform in which the reaction of Au-

Ag core-shell structures form WICN. This platform is 

particularly attractive because of its strong absorption peak in 

the near-infrared, where biological tissues absorb the light the 

least, and high payload of gold per nanoparticle. These 

biocompatible nanoparticles produce strong contrast in both 

PA and CT imaging techniques and represent an interesting 

platform for further exploration in other biomedical 

applications such as PTT. 

Experimental methods 
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Materials. 99.9999% silver nitrate (AgNO3), 99.9999% 

chloroauric acid (HAuCl4), 99% sodium citrate dihydrate, and 

99% ʟ-ascorbic acid (AA) were obtained from Sigma Aldrich (St. 

Louis, MI). Poly(ethylene-gycol) with a methoxy distal group 

(mPEG) and a thiol group at the other end of the polymer was 

purchased from Creative PEGWorks (Winston Salem, NC, USA). 

Deionized (DI) water with a resistivity of 18.2 MΩ cm
−1

 was 

used for the preparation of all aqueous solutions. Before each 

experiment, all glassware was cleaned with aqua regia (3 parts 

HCl, 1 part HNO3 and 1 part water) and rinsed with DI water 

three times.  

 

WICN synthesis. A modified Turkevich method was used to 

synthesize spherical AuNP 15 nm in diameter. 
25

 A mixture of 

60 ml of DI water and 600 μl of 1% chloroauric acid (HAuCl4) 

was heated to boiling point. 1.8 ml of 1% sodium citrate 

dihydrate was then added to the solution. After heating for 15 

min the solution was allowed to cool to room temperature 

while stirring for 5 h. AuNP 68 nm in diameter were then 

synthesized using a seeded growth method where the 

aforementioned 15 nm AuNP were used as seeds. 
19

 1 ml of 1% 

HAuCl3 was added to 100 ml of DI water at room temperature, 

followed by the addition of 750 μl of 15 nm AuNP prepared as 

described above. The growth of AuNP was initiated by adding 

220 μl of 1% sodium citrate dihydrate and 1 ml of 0.03 M 

hydroquinone. The mixture was then stirred for 3 h at room 

temperature and purified via centrifugation at 1400 rcf for 12 

min (the supernatant was discarded and the pellet was re-

suspended in 50 ml of DI water). 

Core-shell nanoparticles were formed by the reduction of 

silver nitrate onto the 68 nm AuNP. First, 5 ml of the 68 nm Au 

seed solution (as prepared above) was heated to 90 °C. Upon 

reaching this temperature, the seeds were immediately 

poured into 1 ml of 1 mM AA that had also been heated to 90 

°C. Then, 3 ml of aqueous AgNO3 (1 mM), which was also 

heated to 90 °C, was added in a dropwise manner over a 2 min 

interval. The reaction was then allowed to continue for 10 min, 

after which the solution was cooled in an ice bath for 15 min. 

The Au@Ag nanoparticles were collected via centrifugation at 

1400 rcf for 12 min. The supernatant was discarded and the 

pellet was resuspended in 5 ml of DI water. WICN were formed 

using a galvanic replacement reaction. 5 ml of Au@Ag core-

shell structures, prepared as above, and 10 ml of aqueous 

HAuCl4 (300 μM) were preheated to reach 90 °C. WICN were 

obtained by adding 8 ml of aqueous HAuCl4 to the Au@Ag 

core-shell structures in a dropwise manner over a 3 min 

period. 

Then, ligand exchange was performed using 2000 MW 

poly(ethylene-glycol) with a methoxy distal group (mPEG) to 

stably cap the gold nanocages. 1 ml of 0.0012 mM thiol-mPEG 

(2k Da) was added to a solution of WICN as prepared above 

and the resulting mixture was then allowed to stir overnight. 

The resulting nanoparticles were collected by centrifugation 

(at 900 rcf for 10 min) and then sterilized with a 0.45 μm 

syringe filter (EMD Millipore, Billerica MA).  

Solid, spherical AuNP that were used in phantom imaging as a 

control were synthesized using the same approach as the 68 

nm cores above, followed by PEGylation and purification at 

that point.  

 

Particle characterization. UV−vis spectra were recorded using 

a UV-vis spectrometer (Thermo-Fisher Scientific, USA). The 

nanoparticle spectra were recorded from wavelengths of 300 

to 1100 nm. TEM of WICN was performed using a JEOL 1010 

microscope operating at 80 kV. 5 μl of diluted WICN (2.5 μl 

WICN was mixed with 2.5 μl DI water) were dropped onto 

carbon-coated copper grids (FCF-200-Cu, Electron Microscopy 

Sciences, Hatfield, PA, USA) to prepare all TEM samples. 

Microscopy was done after allowing the grids to dry at room 

temperature for 3 h. WICN concentrations were measured 

using inductively coupled plasma – optical emission 

spectroscopy (ICP-OES). To determine gold concentrations, 

three different volumes of sample (5, 10, 15 µl) were dissolved 

in 1 ml aqua regia (3 parts HCl, 1 part HNO3 and 1 part water). 

For silver concentration determination, samples were 

dissolved in 1 ml nitric acid. The volumes were increased to 10 

ml by adding DI water 30 min after acid addition to the 

samples. The measurements were performed using a Spectro-

Genesis ICP (Spectro Analytical Instruments GmbH, Kleve, 

Germany). A JEOL JEM-1400 transmission electron microscope 

(JEOL, MA. USA, Inc.) was used to acquire energy dispersive X-

ray spectra of WICN at 120 kV. The hydrodynamic diameters of 

WICN were measured using DLS (Nano ZS-90 Zetasizer, 

Malvern Instruments, Worcestershire, UK). 100 µl of the WICN 

structures were diluted to 1 ml with DI water for DLS 

measurements.  

 

Silver ion release. The release of silver ions from WICN was 

examined in DI water (note: the media that silver ion release 

can be assessed in is limited, since chloride ions confound this 

experiment.
34

 100ul of 50 mg WICN/ml stock was diluted in 

4900 ul DI water in 20 ml glass vials. 3 solutions were 

incubated at 37°C and samples were collected at 1, 5, 24, 48, 

72, 96, 120, 144, and 168 hours. After the desired incubation 

time, the tubes were centrifuged at 2500 rcf for 10 min. The 

supernatant was collected and the concentration of silver in 

the supernatant measured using ICP-OES.  

 

In vitro experiments. The biocompatibility of WICN was 

studied using J774A.1, HepG2, Renca (ATCC, Manassas, VA). 

The LIVE−DEAD assay (Life Technologies, Frederick, MD) was 

used to study their viability under different conditions. The 

HepG2 and J774A.1 cell lines were cultured in 35 mm dishes 

with 20 mm glass bottoms by adding 7.5 × 104 cells per dish. 

Cells were cultured for 24 h at 37 °C, 5% CO2 with DMEM (10% 

fetal bovine serum (FBS), 1% streptomycin−penicillin) before 

additional steps were taken. Renca cells were cultured under 

the same conditions except that, as per the supplier's 

instructions, RPMI (10% FBS, 1% streptomycin−penicillin, 0.1 

mM NEAA, 1 mM sodium pyruvate, and 2 mM L-glutamine) 

media was used. After 24 h, the media was removed, and fresh 

media containing WICN at 0, 0.1, 0.25 or 0.5 mg ml
-1

 (total 

metal) was added. The cells were incubated with WICN for 24 
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h. The cells were then washed with DBPS twice before 400 µl 

of LIVE/DEAD cocktail was added to the cells (this cocktail 

consisted of 2 ml of DPBS, 2 μl of stock (used as received) 

ethidium-1 homodimer, 0.5 μl of stock Calcein AM, and 0.5 μl 

of 3.2 mM Hoechst 33342). The cells were incubated for 20 

min with these reagents. Afterward, a Nikon Eclipse Ti−U 

fluorescence microscope was used to image the cells. In each 

case, five images per well were acquired using three filter 

pairs: 350/461 nm for Hoechst 33342, 495/515 nm for Calcein, 

and 528/617 nm for Ethidium Homodimer-1 (EthD-1). The 

images were then analyzed to count the number of live or 

dead cells in each field. Viability experiments on the same 

samples were repeated three times.  

 

Computed tomography phantom imaging. Different 

concentrations of the WICN were prepared in 250 μl vials with 

three replicates. For this case, WICN were prepared in 

different concentrations (from 0.5 mg ml
-1

 to 10 mg ml
-1 

total 

metal) and pipetted into PCR tubes. Tubes were then sealed 

and secured in a plastic rack with Parafilm and then placed in a 

custom made plastic container which was then filled with 

water to a height of 21 cm. CT images of this phantom were 

acquired using a Siemens SOMATOM Force clinical CT scanner 

at 80, 100, 120, and 140 kV. The tube current used was 360 

mA. Images were reconstructed with a slice thickness of 0.5 

mm, a matrix size of 512 x 512, and a field of view of 37 × 37 

cm. The images were analyzed using OsiriX MD (v.8.0.2 64-bit 

software) to determine the attenuation values in Hounsfield 

units (HU) for each concentration. Phantom imaging of 

similarly sized solid AuNP used the same method and 

concentrations. 

 

Photoacoustic phantom imaging. Photoacoustic images were 

acquired using a Vevo Lazr device (VisualSonics, Toronto CA). 

40 µl of WICN were placed into 0.5 mm diameter polyethylene 

tubing, which was covered in 2-3 cm of water. WICN at 0.3, 

0.6, 0.9, and 1.2 mg ml
-1

 (on a total metal basis) were imaged. 

The PA images were acquired using the following parameters: 

ultrasound gain +27 dB, PA gain 22 dB, distance 1.1-1.5 cm 

from the transducer. The LZ550 transducer was used with axial 

resolution of 44 um and a broadband frequency of 32-55 MHz.  

 

Photothermal heating. WICN (10 ug ml
-1

) were exposed to  

808 nm diode laser (OEM Laser Systems) at a power of 2 W cm
-

2
 for 10 min in a quartz cuvette during which changes in the 

temperature were monitored using an optical thermometer 

(Qualitrol corporation, NY USA). After reaching a constant 

temperature, the laser was turned off and the sample was 

allowed to cool to room temperature. To examine the 

repeatability of the heat conversion of the WICN, the 

experiment was repeated three times. The same method was 

applied to DI water as a control. 

 

In vivo computed tomography imaging. All in vivo 

experimental protocols were conducted in accordance with 

PHS policy on humane care and use of laboratory animals 

(Public Law 99-158) and with approval from the Institutional 

Animal Care and Use Committee of the University of 

Pennsylvania. The images were acquired using a MicroCAT II 

(Siemens Healthcare GmbH, Erlangen, Germany) at 80 kV and 

500 µA with a 512 x 512 matrix and 100 µm isotropic voxels. 

C57BL/6J mice (n=3) were anesthetized with isoflurane and 

pre-scanned before injection of WICN via the tail vein at a dose 

of 250 mg of total metal (gold and silver) kg
-1

. The CT images 

were analyzed using OsiriX MD (v.8.0.2 64-bit software) to 

determine the attenuation values in Hounsfield units (HU) for 

different organs.  

 

In vivo photoacoustic imaging. PA experiments were carried 

out on nude mice (n=3) which were anesthetized with 

isoflurane before injection. 15 mg kg
-1

 WICN was injected via 

the vein tail. The images were acquired using 755 nm 

excitation light, with ultrasound gain of +27 dB, PA gain 35 dB, 

and priority 95%. Signal-to-background ratio (SBR) values were 

calculated from these images. Intensities were measured by 

placing ROIs on the blood vessels and measuring the signal 

before and after injection. Values were averaged from six 

images per animal. The signal in the muscle was then also 

determined (this was used as the background) and the SBR 

calculated from these values. The imaging parameters, PA 

gain, ultrasound gain, and time-gain constant were maintained 

at the same level for all mice. 

 

Biodistribution. The biodistribution of WICN was determined 

using ICP-OES. Mice were sacrificed at 2 h after injection of 

WICN at 250 mg kg
-1

 (n=3 per dose) and blood samples were 

then collected. After perfusion with PBS, the liver, lungs, heart, 

spleen, kidneys, and urine were collected. All the organs were 

weighed and then chopped into small pieces. The same organs 

were used for gold and silver measurements. For these 

measurements, small pieces of the organs were dissolved in 

800 μl of concentrated nitric acid and kept at 75 °C for 20 h, 

and then 400 μl of the solution was taken for silver content 

measurement. The  volume of this sample was increased to 10 

ml by adding DI water. For gold measurements, 200 μl of 

concentrated hydrochloric acid was also added to 400 ul of the 

remained digested organ solution and kept for 4 h. Then the 

volume was increased to 10 ml by adding DI water. The 

concentrations of gold and silver in these samples were 

determined using the above mentioned equipment.  
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