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A B S T R A C T

In this study, we demonstrate the potential of the bornite crystal structure (Cu5FeS4) of copper iron sulfide as a 
second near infrared (NIR-II) photoacoustic (PA) contrast agent. Bornite exhibits comparable dose-dependent 
biocompatibility to copper sulfide nanoparticles in a cell viability study with HepG2 cells, while exhibiting a 
10-fold increase in PA amplitude. In comparison to other benchmark contrast agents at similar mass concen-
trations, bornite demonstrated a 10× increase in PA amplitude compared to indocyanine green (ICG) and a 5×
increase compared to gold nanorods (AuNRs). PA signal was detectable with a light pathlength greater than 5 cm 
in porcine tissue phantoms at bornite concentrations where in vitro cell viability was maintained. In vivo imaging 
of mice vasculature resulted in a 2× increase in PA amplitude compared to AuNRs. In summary, bornite is a 
promising NIR-II contrast agent for deep tissue PA imaging.

1. Introduction

Exogenous agents for photoacoustic (PA) imaging can improve deep 
tissue image contrast [1–14]. Ideal exogenous agents will have increased 
optical absorption in comparison to endogenous chromophores, with 
absorption peaks tunable to wavelengths optimal for deeper imaging. 
Wavelengths from the second near infrared window (NIR-II) have been 
used to demonstrate deeper PA imaging due to the reduced tissue 
attenuation and higher exposure thresholds [15–17], and multiple 
exogenous agents have been developed within the NIR-II window for 
deep tissue imaging [18–20]. Exogenous agents can be free or nano-
constructs of organic dyes [8,13,21] or synthetic nanostructures [7,10, 
11,22–26]. Small molecule dyes are often commercially available and 
readily metabolized by biological systems. Indocyanine green (ICG) has 
been investigated as a PA contrast agent due to its US Food and Drug 
Administration (FDA)-approval for human use [8,9,13]. However, many 
organic dyes have concentration- and environment-dependent changes 
in optical properties. Additionally, they are typically synthesized to have 
strong optical absorption in the first NIR window, making distinction 
from other in vivo sources of contrast difficult [8,13]. Many organic dyes 

with high absorbance also fluoresce, leading to a loss in transfer of op-
tical energy to vibrational energy [27]. These issues, coupled with a lack 
of photostability, make organic dyes unreliable for quantitative PA 
imaging.

Synthetic nanostructures such as plasmonic NPs have high optical 
extinctions due to localized surface plasmon resonance (LSPR), an 
oscillation of free charge carriers (electrons or holes) in the presence of 
an irradiating electric field [22,28]. AuNRs in particular have high, 
tunable, LSPR (Fig. 1) and are relatively chemically stable [1,3,28,29]. 
The surface properties of AuNRs can be easily modified by a variety of 
bioconjugation methods to target the nanoparticles to molecular cell 
receptors of interest [1–3,10,28,29]. However, to shift the peak LSPR to 
the NIR-II window, high aspect ratios (~6) are required, resulting in 
AuNRs with dimensions of 80–150 nm (length) by 12–25 nm (width) 
[2]. Multiple studies have reported the dependence of nanoparticle 
biocompatibility and clearance on its size [30–33]. It has been demon-
strated that particles with sizes below 5 nm can be cleared renally [32, 
33]. Therefore, these larger sizes can result in the accumulation of 
AuNRs in the reticuloendothelial system and lead to cellular dysfunction 
[34].
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Plasmonic semiconductor nanocrystals (NCs) are attractive photo-
acoustic agents for in vivo imaging due to their photophysical properties 
[4,6,22,23,26,35,36]. Doping (intrinsic or extrinsic) of the particles in-
creases free carrier concentration and shifts the peak LSPR from visible 
to mid-infrared wavelengths, without changing the shape/size of the 
particles; semiconductor NCs exhibit peak LSPR at longer near infrared 
wavelengths while maintaining an ultrasmall size (< 10 nm). Further-
more, they can be synthesized using non-heavy metals. Metal sulfides 
have been used in PA imaging [4,25,26,36], with copper sulfide (CuxS) 
previously demonstrated for PA imaging up to 5 cm [4]. However, CuxS 
has lower optical absorption compared with metallic nanoparticles 
(NPs), requiring higher doses for equivalent deep tissue imaging, 
increasing potential toxicity [5]. Improving PA signal generation within 
this class of materials could lower the dose required for effective im-
aging and further reduce concerns of dose-dependent toxicity.

Copper iron sulfides have large infrared LSPRs at ultrasmall sizes due 
to p-type doping [6,35,37,38]. Lee et al. described the emergence of 
pronounced NIR-II LSPR in colloidal chalcopyrite (CuFeS2) and bornite 
(Cu5FeS4) compositions of copper iron sulfide when the NPs undergo 
oxidation-induced Fe leaching upon exposure to air. Analogous to bi-
nary copper sulfide nanocrystals, the decreased Fe content leaves metal 
vacancies in the nanocrystal lattice; charge-compensating holes reso-
nate, generating the high optical absorbance seen in the NIR-II [35]. A 
recent transient absorption study by Kuszynski et al. demonstrates that 
in bornite, both the hole effective mass and hole density increase as Fe 
content decreases, thereby increasing carrier-mediated thermal con-
ductivity [39]. This material characteristic likely contributes to contrast 
in photoacoustic imaging and heating efficiency in photothermal ther-
apy. In this work, we evaluated bornite (Cu5FeS4) as a potential NIR-II 
PA imaging contrast agent. These particles have ultrasmall sizes 
(2.7–6.1 nm) with sharp LSPR in the NIR-II window, controlled by 
particle oxidation (iron leaching) [6]. Due to the small size, tunability, 
and potential biocompatibility of a material comprised of bioessential 
elements, we tested bornite as a photoacoustic contrast agent in phan-
toms and in vivo. Bornite demonstrated minimal toxicity in HepG2 liver 
cells. PA signal was detected at greater tissue depths from bornite NCs 
compared to conventional PA contrast agents. Finally, we demonstrated 
improved contrast from deeply embedded structures in mice at con-
centrations below toxicity levels.

2. Materials and methods

2.1. Contrast agents for photoacoustic imaging

Bornite NCs were synthesized following the protocol developed by 
Kays et. al. [6]. Briefly, a mixture of copper (II) acetylacetonate (Cu 
(acac)2, ≥99.9 %, Sigma-Aldrich) and iron (III) acetylacetonate (97 %, 
Sigma-Aldrich) at Cu/Fe molecular ratios of 5:1 with 0.5 mmol 
(130 mg) of Cu and 0.1 (35 mg) mmol of Fe was stirred in 6.65 mL oleic 
acid (OA, technical grade, 90 %, Sigma-Aldrich). The mixture was 
flushed with argon while heating to 150 ◦C to dissolve all metal salts, 
with subsequent heating to 180 ◦C. Simultaneously, a 0.2 M solution of 
sulfur (99.99 %, Sigma-Aldrich) in oleylamine (technical grade, 70 %, 
Sigma-Aldrich) was flushed with argon and heated to 90 ◦C. Once the 
temperature of the Cu/Fe mixture reached 180◦C, 1.5 mL of 1-dodecane-
thiol (≥98 %, Sigma-Aldrich) was injected, resulting in a color change. 
Immediately afterward, 10 mL of the sulfur in oleylamine solution was 
injected into the mixture; after 90 seconds the reaction was stopped by 
removing the heat. Copper sulfide particles (Cu2-xS) were synthesized 
with a modified method from literature [40]. Specifically, 0.4 mmol 
(105 mg) Cu(acac)2 were dissolved in 7 mL OA similarly, and then 
heated to 240 ◦C. 1 mL 0.2 M sulfur in oleylamine solution was bolus 
injected into the mixture, before 3 mL of oleylamine was subsequently 
injected for 60 seconds annealing until stopped by removing heat. After 
synthesis, nanoparticles were stored protected from light in an 
argon-filled glovebox. Before use, nanoparticles were precipitated using 
1:3 mixture of hexane:ethanol and then centrifuged at 14,000 rcf for 
5 minutes to remove excess ligands and precursors. For in vivo use, the 
bornite and Cu2-xS particles were encapsulated in micelles consisting of 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(poly-
ethylene glycol)-2000 (DSPE-PEG2k; Avanti Polar Lipids) as previously 
described [41].

For transmission electron microscopy (TEM) imaging of bornite and 
Cu2-xS particles, particles were drop cast on carbon-coated copper TEM 
grids and imaged on a JOEL 2100. Particle cation concentrations were 
determined with microwave plasma atomic emission spectroscopy (MP- 
AES, Agilent, MA) on nitric acid dissolved samples. TEM images of 
AuNRs were provided by the manufacturer. Solutions of varying mass 
concentrations were prepared to compare the PA signal generation of 
bornite with other conventional agents: ICG, AuNRs and Cu2-xS. Di-
lutions of bornite (6 dilutions of 0.11–0.64 mg/mL) were prepared in 
octadecene (Sigma-Aldrich O806–25 ML). Solutions of ICG (TCI Chem-
icals I0535) were prepared in DI water yielding mass concentrations of 
0.25–1 mg/mL (3.2 × 102 to 1.3 × 103 µM), where a stable absorption 
peak at 780 nm was observed (measured absorbance spectra for ICG at 
specified concentrations is provided as supplemental Figure S4). The 
AuNRs (Nanopartz CP12–10–1064) used in this study were PEGylated 
with a methyl group allowing for dilution in DI water (0.05–0.55 mg/ 
mL).

2.2. Toxicity

HepG2 cells (ATCC) were used for cell viability assays. Cells were 
plated in 96-well plates with a cell density of 40,000 cells/well and 
allowed to adhere overnight. Particles of varying concentrations were 
added to the cells for a 24-hour incubation with n = 4 for replicates. A 
CellTiter-Glo cell viability assay (Promega, WI) was used to measure cell 
viability. After nanoparticle incubation, cells were washed with a 
phosphate-buffer (PBS) (pH 7.4) and treated with the cell viability assay 
mixture following the assay protocol. After a 10 min incubation, the 
bioluminescence was measured in a plate reader (Paradigm, Molecular 
Devices, CA) using a 250 ms exposure time.

2.3. Concentration dependence of PA signals

Optical characterization of ICG, bornite and Cu2-xS were performed 

Fig. 1. Comparison of the particle size and molar optical extinction coefficient 
of PAI contrast agents. The reported values include gold nanorods (yellow bar) 
[1–3], copper sulfide (gray bar) [4,5] and bornite (blue bar) [6]. Transmission 
electron microscopy images of bornite (measured), Cu2-xS (measured) and 
AuNRs (provided by manufacturer).
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using a spectrometer (Jasco V-770 UV-Vis-NIR); the absorption spectra 
of AuNRs was provided by the manufacturer. The mass concentrations of 
all contrast agents at the optical peak were verified using a plate reader 
(SpectraMax i3x) prior to imaging (for particles with peak absorption at 
1064 nm, a reference wavelength of 900 nm was used). For the imaging 
studies, the optical density of ICG at 780 nm was matched to that of 
AuNRs, Cu2-xS and bornite at 1064 nm. PA imaging of the contrast 
agents was performed using a prototype 3D PA tomography system, the 
TriTom (PhotoSound Technologies, Inc., Houston, TX, USA) [42], inte-
grated with a nanosecond Q-switch pulsed laser (Opotek Benchtop 
Phocus HE, Carlsbad, CA, USA). The laser generates 5–7 ns optical 
pulses at a 10 Hz repetition rate with a tunable range of 690–950 nm 
and 1200–2400 nm with a minimum step size of 1 nm. A 1064 nm beam 
can be accessed through a residual port on the laser head. In the TriTom 
system, four optical fiber terminals are mounted to the outer side of the 
water bath at 90◦ and 45◦ to the vertical plane of the transducer array to 
illuminate the object of interest (Fig. 2a). A sample holder was attached 
to a stepper motor for mechanical rotation of the imaged target. The 
position of the holder can be adjusted in the elevation direction within 
the 3D imaging volume of 40 ×40 x 40 mm3. Image reconstruction was 

restricted to a 30 ×30 x 30 mm3 volume with a resolution of 150 µm (x 
& y axes). The generated acoustic waves were detected using a 6 MHz 
arc transducer array with 96 channels for PA signal acquisition. Each 
volumetric image was acquired in 36 seconds. The water bath was filled 
with deionized and degassed water for acoustic coupling [43].

PA imaging was performed at the peak wavelength of each contrast 
agent, with the energy at the fiber bundle input measured with an 
external power meter (Ophir Technologies, West North Logan, UT, 
USA). The laser energy was 52 mJ and 40 mJ at 780 and 1064 nm, 
respectively. The solutions were placed in polyethylene tubes (0.89 ±
0.05 mm inner diameter, 101.6 mm length) attached along the 
circumference of a circular disc. This circular disc was mounted onto the 
rotating platform and immersed in the water bath maintained at a 
constant temperature of 25 ◦C. Light was delivered through a fused 
optical fiber with four outputs, each of dimensions 1 ×30 mm2, 
distributed at locations along the wall of the imaging system (Fig. 2a) 
[42]. The rotation and subsequent volumetric data acquisition creates a 
uniform light distribution at a constant radius. The 3D image for each 
agent was collected five times (five complete revolutions) and pro-
cessed. A modified back projection algorithm was used to reconstruct PA 

Fig. 2. PA imaging methods of bornite: (a-b) 3-D PA tomography of bornite using the TriTom. (a) A photograph of the PA tomographic imaging system - 1) illumination 
ports, 2) ultrasound detection array, 3) animal or sample holder, 4) water tank. The solutions are placed along the circumference (with radius, rp) of the phantom 
holder. (b) A representative PA image of the tube phantom carrying varying concentrations of bornite with the most (0.64 mg/mL) and least (0.11 mg/mL) 
concentrated solutions indicated with a blue and green arrow, respectively. (c-e) 2-D PA imaging of bornite in porcine tissue phantoms. (c) Schematic representation of 
the phantom mold with individual tissue slices of varying depths - 2, 3, 4, 5 cm and a tube placed underneath. Optical illumination and acoustic detection are placed 
antiparallel to each other. The inset is a schematic of the orientation of the acquired images with arrows indicating the tube carrying the contrast agent, the optical 
illumination, and the acoustic detection. (d) A B-mode image of the 2 cm tissue slice (white dashes) with the cross-section of the tube (indicated with arrow). (e) 2-D 
PA images of the 2 cm tissue slice with the cross-section of the tube carrying AuNR and bornite. A ROI (white dashed box) describing an area of pixels corresponding 
to the noise is indicated.
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images with a volume of 30 ×30 x 30 mm3 [44]. The parameters 
required to reconstruct the 3D PA data included azimuthal and eleva-
tional angle of each transducer element to calculate solid angle, 3D array 
of photoacoustic data, speed of sound (SoS) and radial distance of 
transducer elements from the axis of rotation. The water heater used to 
maintain the temperature of the water bath produced significant noise in 
the acquired PA data. This required the heater to be turned off during 
data acquisition, resulting in a slight temperature drift. Image recon-
struction precision was optimized by first reconstructing a 2D slice (z =
150) of the 3D image, orthogonal to the Tritom illumination port 
(labeled in Fig. 2a-b), at multiple SoS values (0.001 mm/µs step size). 
The SoS value which produced an undistorted image (the diameter of 
the reconstructed tube matched that of the physical tube) was used to 
reconstruct all images (1.426 mm/µs). Once reconstructed, the image 
signals were corrected for the wavelength-dependent absorption of 
water and laser fluence using Beer’s law. The pixels of each tube con-
taining the contrast agents were averaged within a 2D slice orthogonal 
to the Tritom illumination port (Fig. 2a-b) corresponding to the center of 
the excitation terminal (z = 150).

2.4. Assessment of maximum depth of ex vivo photoacoustic signal 
generation

Ex vivo porcine phantoms were prepared to assess the impact of tis-
sue depth on photoacoustic signal generation from bornite and AuNRs. 
Porcine tissue was sliced into different thicknesses (2, 3, 4, 5 cm) and 
embedded into a gelatin mold (Fig. 2c). The gelatin mold was prepared 
at 10 % mass per volume with no other optical or acoustic attenuators. 
The sliced porcine tissue had two distinct layers – fat (0.3, 0.5, 1.2 & 
1.9 cm) and muscle (1.7, 2.5, 2.8 & 3.1 cm). A clear polyvinyl chloride 
tube, with inner diameter of 2 mm and outer diameter of 3 mm, con-
taining test solutions of 0.55 mg/mL (9 × 10− 3 µM) AuNRs and 
0.65 mg/mL (3.2 µM) bornite, corresponding to a peak OD of ~ 3 at 
1064 nm, was positioned underneath the slices and sequentially imaged. 
Optical illumination and acoustic detection planes were perpendicular 
(Fig. 2c). A 0.5 cm diameter beam was used to irradiate the surface of 
porcine tissue with a uniform ~20 mJ/cm2 fluence at 1064 nm.

An open architecture ultrasound data acquisition system (Vantage 
256, Verasonics, Inc., Kirkland, WA, USA) was used to acquire the 
acoustic signals. The Vantage was coupled with a linear array 6 MHz 
(Bandwidth: 4–7 MHz) transducer (Philips L7–4, Amsterdam, 
Netherlands) and a front-end preamplifier (Photosound Legion Ampli-
fier) that improved impedance matching and amplified low frequency 
signal detection by 40 dB. The q-switch of the laser was externally 
triggered by a function generator (AFG2021, Tektronix, OR, USA). All 
acquisition steps were controlled through a MATLAB 2018a (Math-
works, CA, USA) graphical user interface, while image reconstruction 
was performed using a standard delay-and-sum algorithm (key acqui-
sition parameters are provided in the supplementary Table S2). The 
energy output of the laser was measured at the output port using a power 
meter (Ophir Technologies, West North Logan, UT, USA). Five PA im-
ages were averaged and used for further analysis.

Fig. 2(d) shows a B-mode image of the 2 cm slice of porcine tissue 
with the cross-section of the tube visualized. The reconstructed co- 
registered PA images are presented in Fig. 2e. Given the antiparallel 
optical illumination and acoustic detection, the acoustic path length 
remains the same across all porcine slices while the optical path length 
changes. A 3.5 mm × 3.5 mm area of pixels (15 × 15 pixels) encom-
passing the tube was selected from the B-mode image. The pixels within 
this area in the PA images were averaged to represent the total PA signal 
generated by the imaged contrast agent (Iobj). To calculate the average 
background noise (INoise) of the PA image, a region of pixels at the corner 
of the image was used (Fig. 2e). Contrast to noise ratio (CNR) was 
calculated using the following equation, 

CNR =
Iobj − INoise

σNoise 

where σNoise is the standard deviation of the noise.

2.5. In-vivo assessment of bornite

The animal imaging protocol used in this study was approved by the 
Tulane University Institutional Animal Care and Use Committee 
(IACUC). Pregnant CD 1 mice at gestational day 16 were anesthetized 
with 1.5 % isoflurane mixed with 100 % oxygen at a flow rate of 1 L/ 
min. The fur from the lower abdomen region, torso, and hind limb of the 
animal were removed by shaving followed by application of a depilatory 
cream. The limbs and tail of the animal were restrained to the animal 
holder with surgical tape. The animal was then placed in the imaging 
chamber and the torso of the animal was submerged in the deionized 
and degassed water bath, heated to maintain a body temperature of 37 
◦C. To ensure a constant flow of anesthesia to the mouse, the head of the 
mouse was placed inside a nose cone attached to the animal holder.

3D PA tomography images of the animals were acquired at 808 nm as 
an anatomical reference, followed by imaging at 1064 nm to match the 
wavelength of peak absorptions for both bornite and AuNRs. The bornite 
particles used for the in vivo injection were ~7 OD or 0.61 mg/mL 
(3.05 µM at 1064 nm) in a PBS solution, at a dose of 100 µL/30 g animal 
weight. This translates to a circulating concentration of ~0.026 mg/mL 
(0.13 µM) after dilution in the total blood volume of the animal. A 
separate solution of PEGylated AuNRs was also prepared in a PBS so-
lution with peak OD matched (4.7 × 10− 3 µM) to bornite. A catheter was 
surgically inserted into the jugular vein of the animal to deliver bolus 
injections of the prepared contrast agents and flushed with 100 μL of 
PBS. 3D images were collected pre-injection, post-injection and at ~1- 
minute intervals for the first 10 minutes, followed by 5-minute intervals, 
for a total duration of 60 minutes. Single timepoint 3D images were used 
for further analysis. Three unique anatomical regions – mammary ar-
teries (2–5 mm from skin), ovarian arteries (9–12 mm from skin), and 
the placenta (3–10 mm from skin), were manually segmented. All 3D 
rendering and segmentation were performed using Amira (Thermo 
Fisher Scientific, MA, USA). The 3D PA images were normalized by the 
pre-injection image, and then the anatomy of interest was segmented. 
The pixels within each segmented ROI were averaged for further anal-
ysis. The sample sizes needed for statistical power were calculated using 
a MATLAB power analysis function (samplesizepwr) [45], and a sample 
size of 3 was determined to be sufficient to generate a power of 0.95. A 
one-way analysis of variance (ANOVA) was performed in MATLAB, 
followed by a post hoc t-test to differentiate the mean of the different 
groups.

3. Results

Dose dependent-biocompatibility of the PEGylated bornite NCs was 
assessed in vitro using the human liver cell line HepG2 and compared to 
Cu2-xS particles (Fig. 3). Bornite showed a dose-dependent toxicity with 
high cell viability (> 90 %) up to a NP mass concentration of 0.06 mg/ 
mL. A gradual decrease in cell viability was observed at increasing dose, 
with < 25 % cell viability at doses ~ 0.5 mg/mL. The bornite cell 
viability results were very similar to that measured for the Cu2-xS par-
ticles, and these results are consistent with results seen in other copper 
sulfide cell viability studies [46–48].

Fig. 4 shows the optical characteristics of the four contrast agents. 
The PA signal generation of the four contrast agents (Bornite, ICG, Cu2- 

xS & AuNRs) were characterized with the Tritom system (Fig. 5a). At 
similar mass concentrations, bornite NCs had a ~10x increase in 
generated PA signal compared to ICG & Cu2-xS and a ~5x increase in 
generated PA signal compared to AuNRs. A linear regression of the 
measured PA signal as a function of the mass concentration was 
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performed using MATLAB’s linear regression toolbox (Fig. S1). A rela-
tively linear response for all agents was observed.

Ex vivo porcine tissues were used to assess the maximum light depth 
at which a detectable PA signal was generated when imaging with 
bornite versus AuNRs. Fig. 5b shows the CNR of the two contrast agents 

as a function of imaging depth. Bornite showed a 2–3× increase in CNR 
at all imaging depths compared to AuNRs (Fig. 5b). A maximum imaging 
depth of 6.5 cm is estimated based on this ex vivo data (Figure S2).

Fig. 6a shows the PA image of the lower abdomen of mouse pre- 
injection (t = 0) acquired at 1064 nm. Fig. 6b and c show the result-
ing PA images of the lower mouse abdomen at maximum intensities of 
photoacoustic signal for bornite and AuNRs post-injection, respectively. 
The initial maximum intensities of bornite and AuNR were observed at 
16- & 42-mins post injection, respectively. Fig. 6d summarizes the re-
sults of the in vivo biodistribution of bornite and AuNRs at various 
anatomical sites of the mice. A statistically significant 2x increase was 
observed in PA signals generated from the segmented arteries and 
placenta of mice injected with bornite versus those injected with AuNRs. 
For anatomical reference, PA images collected at 808 nm, before the 
intravenous injection of the desired contrast agent, are shown in the 
Supplement (Fig. S6).

4. Discussion

In this study, we demonstrate PA signal generation from bornite 
semiconductor plasmonic NCs, which strongly absorb in the NIR-II. 
Various biocompatible PA agents using organic constituents have been 
previously reported for NIR-II imaging [18–20]. Zhou et. al developed 
phosphorus phthalocyanines (P-Pc) with absorption at 1000 nm 
demonstrating imaging up to ~5 cm under a human arm [18]. However, 
the concentrations (~ 51 mg/mL) of P-Pc used to perform these studies 
are ~500x greater than the reported cytotoxicity thresholds [18]. In our 
study, bornite at concentrations at (or below) cytotoxic concentrations 
had a maximum imaging depth of ~6.5 cm under heterogeneous 
porcine tissue at 20 % of the ANSI limit for skin laser exposure 
(20 mJ/cm2) [15].

Nanoparticle bioaccumulation is dependent on the size and shape of 
the nanoparticles [49–51]. The PEGylated bornite particles tested here 
were between 2 and 6 nm, which enabled rapid accumulation in com-
parison to traditional AuNR particles (16 mins for bornite vs. 42 mins 
for AuNRs, as shown in supplemental Figure S3). Bornite biocompati-
bility was comparable to Cu2-xS particles, as assessed via HepG2 cell 
viability. This is a promising first step for the biological application of 
bornite nanoparticles, given that copper sulfide has been favorably 
considered for photoacoustic imaging and photothermal therapy appli-
cations. Studies have noted that the low toxicity of CuxS is closely related 
to solubility limits that minimize the dissociation of excess free Cu ions 
[46]. A similar moderated ion dissociation and particle degradation is 
likely for bornite given the very similar composition to Cu2-xS. AuNRs 
have limited renal clearance due to their size (~100 nm), rod-like shape, 

Fig. 3. In vitro toxicity of contrast agents. A quantitative analysis of the HepG2 
cell viability after 24-hour treatment with bornite (blue solid circles) and Cu2-xS 
(black squares), respectively.

Fig. 4. Optical characterization of exogenous contrast agents: Absorbance 
spectra of the contrast agents – bornite (dark blue), AuNR (yellow), ICG (green) 
and Cu2-xS (black) at normalized mass concentrations. Wavelengths of experi-
mental PA laser illumination indicated by dashed lines.

Fig. 5. Photoacoustic imaging of bornite: (a) PA signal generated by the contrast agents as a function of the mass concentration of the sample. The dashed black line 
represents the noise floor of the imaging system. (b) Contrast to noise ratio of the two contrast agents as a function of porcine tissue depth.
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and chemical inertness, which precludes degradation-mediated clear-
ance [49]. In contrast, PEGylated CuxS particles (~30 nm diameter) 
have improved excretion in comparison to similar size and shape gold 
nanoparticles [52]. When directly compared, smaller (2.8 nm diameter) 
bovine serum albumin-coated copper sulfide nanoparticles were cleared 
more efficiently from rats than larger (18 nm diameter) particles, 
resulting in full recovery from transient and manageable hepatotoxicity, 
further indicating that smaller copper sulfide-based particles would be 
preferable for reduced bioaccumulation and increased biocompatibility 
in vivo [51]. Recently, Shi et. al. observed a thermosensitive degradation 
of nano-sized CuxS particles via thermal oxidation [53]. They noted that 
the nanoscale size of the particles allowed rapid degradation at low in 
vivo temperatures (37 ◦C) within one week. Size and compositional 
similarities to nominally biocompatible and excretable copper sulfide 
encourage further study of biomedical applications of bornite nano-
particles as an alternative to copper sulfide.

In our experiments, bornite generated PA signals up to depths of 
~6.5 cm in porcine tissue phantoms. A consideration in the phantom 
experiments is that tissues demonstrate a frequency-dependent acoustic 
attenuation that will attenuate PA signals with a large acoustic path 
length. Due to challenges of coaxial alignment of the laser and trans-
ducer with our existing instrumentation, we were not able to repro-
ducibly align our system in a parallel configuration, particularly for the 
larger imaging depths. In our study, we used a 6 MHz transducer (with a 
bandwidth of 4–7 MHz) to measure PA signals. The bandwidth of this 
transducer is band limited to lower frequencies that are minimally 
attenuated at larger acoustic pathlengths. Given that conventional 
clinical transducers for transabdominal imaging operate within these 
bandwidths, the utilization of bornite for deep vascular imaging 

demonstrates significant potential.
The absorption cross-section of a colloidal nanostructure is directly 

related to the polarizability of the nanostructure [54]. At resonance 
excitation, an exponential polarizability is created due to a negative 
nanostructure permittivity. In metallic nanostructures, such as gold 
nanospheres, the high density of free charge carriers enables this 
negative permittivity resulting in strong resonant absorption peaks. In 
the case of plasmonic semiconductor materials, such as bornite, the 
permittivity is complex, including electronic effects (from interband or 
intraband excitation), atomic effects (from vibrational or phonon exci-
tation), or conduction hole or electron excitations. The collective 
contribution of these effects can give rise to negative real permittivity 
resulting in strong optical absorption for semiconductor NPs [22,54]. 
Despite copper sulfide and bornite particles being well matched in size, 
concentration, and LSPR-based NIR-II absorption intensity, the bornite 
particles exhibit a 10-fold higher PA signal than the copper sulfide 
particles. Bornite has a similar or slightly higher carrier concentrations 
(n = 10.6 × 1021 cm− 3 [6]), in comparison to copper sulfide, and sub-
stantially higher effective hole mass (1.28 me for bornite [6,39] vs 0.8 me 
for Cu2-xS [55]). Both the increased carrier concentration and effective 
hole mass contribute to increased thermal conductivity, which may lead 
to our observed increase in PA signal generation of bornite versus Cu2-xS. 
The bornite particles exhibited a 5-fold increased PA signal compared to 
OD-matched AuNRs. While literature values for gold indicate similar or 
slightly higher carrier density and somewhat lower effective masses 
compared to bornite, the substantial difference in size between the 
bornite nanoparticles (~5 nm diameter) and AuNRs (~10 by 67 nm) 
leads to a large difference in the surface to volume ratio for the two 
particle types. This can lead to a greater PA pressure amplitude from 

Fig. 6. In vivo characterization of bornite. (a) 3D PA image of a GD 16 lower mouse abdomen collected with the TriTom system prior to injection of contrast agent. 
3D PA images of a GD 16 lower mouse abdomen injected with a ~7 OD solution of bornite (b) and AuNRs (c). The mammary arteries (ma), ovarian arteries (oa) and 
placenta (p) are indicated. (d) A box plot of pre-injection normalized PA signal from specific segmented anatomy – full reconstructed volume, mammary arteries, 
ovarian arteries, and placenta (n = 3 animals per group). A one-way analysis of variance (ANOVA) followed by a post-hoc t-test was performed to differentiate the 
means between bornite and AuNRs (p-values indicated using * - < 0.05 & *** - < 0.001).

V.D. Vincely et al.                                                                                                                                                                                                                              Photoacoustics 40 (2024) 100649 

6 



suspension of ultrasmall NCs with higher concentration under a nano-
second pulsed irradiation (a tabulated summary of physical and chem-
ical properties of the different contrast agents can be found in 
supplemental Table S1).

Additionally, a suspension of ultrasmall bornite particles irradiated 
by a pulsed nanosecond laser generates more PA signal than larger rod- 
shaped AuNRs. Recently, Shahbazi and colleagues modeled the PA 
signal generation from core-shell gold nanospheres [56]. They reported 
that for a suspension of nanospheres, the PA signal drops superlinearly 
as the particle size increases. For a fixed concentration, the number of 
spheres in the suspension is inversely proportional to the sphere volume. 
This results in ultrasmall spheres generating larger PA signals due to the 
higher number density in suspension. In our study, a 0.1 mL solution of 
bornite will have an estimated 2.4 × 1019 particles in suspension while a 
solution of AuNRs of the same volume will only have approximately 1.8 
× 1016 particles, potentially explaining the increased PA signal gener-
ation of bornite.

5. Conclusions

In conclusion, we have characterized bornite, a copper iron sulfide 
NC, as a NIR-II contrast agent for deep tissue photoacoustic imaging. The 
high NIR-II LSPR, ultrasmall size, and potential biocompatibility makes 
bornite an ideal candidate for imaging deeply embedded anatomy in in 
vivo applications. At similar mass concentrations, bornite had a 5×
improvement in PA signal generation when compared to AuNRs and a 
10× improvement when compared to ICG & Cu2-xS. In porcine phan-
toms, a ~3 OD solution of bornite demonstrated a 2× increase in image 
contrast compared to AuNRs at a light depth of 5 cm. An in vivo 
administration of PEGylated-bornite, at concentrations below toxicity, 
resulted in a 2× improvement in pre-injection normalized PA signal 
generation from deeply embedded vasculature (such as the ovarian ar-
teries), when compared to AuNRs. A similar, 2–3× increase in CNR from 
bornite-injected anatomy was also observed. The results of this study 
demonstrate bornite as a biocompatible PA contrast agent for deep tis-
sue imaging (up to depths of 6.5 cm). This opens the prospects of using 
PA imaging for deeper tissue imaging and targeting imaging using 
functionalized PEG for the conjugation of targeting moieties.
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