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Abstract

Nanoparticles play an important role in biomedicine. We have developed a method for size-

controlled synthesis of photomagnetic Prussian blue nanocubes (PBNCs) using superparamagnetic 

iron oxide nanoparticles (SPIONs) as precursors. The developed PBNCs have magnetic and 

optical properties desired in many biomedical diagnostic and therapeutic applications. Specifically, 

the size-tunable photomagnetic PBNCs exhibit high magnetic saturation, strong optical absorption 

with a peak at approximately 700 nm, and superior photostability. Our studies demonstrate that 

PBNCs can be used as MRI and photoacoustic imaging contrast agents in vivo. We also showed 

the utility of PBNCs for labeling and magnetic manipulation of cells. Dual magnetic and optical 

properties, together with excellent biocompatibility, render PBNCs an attractive contrast agent for 

both diagnostic and therapeutic applications. The use SPIONs as precursors for PBNCs provides 

flexibility and allows researchers to design theranostic agents according to required particle size, 

optical, and magnetic properties.
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A method for the synthesis of photomagnetic Prussian blue nanoparticles is presented. Unlike 

other synthesis schemes, Prussian blue nanocubes are herein synthesized using iron oxide 

nanoparticles, which allows for tunable size control and enhanced magnetism. Various biomedical 

applications are explored including MRI, photoacoustic imaging, and magnetic manipulation for 

cell screening and delivery.
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Background

Nanomaterials have become increasingly used to augment diagnostic and therapeutic 

capabilities in numerous biomedical and clinically-relevant applications[1–5]. Extensive 

research has been performed to explore biocompatible nanostructures having optical and 

magnetic properties suitable for current diagnostic and therapeutic modalities. To date, 

designing multifunctional theranostic agents of appropriate size, shape, and surface 

characteristics remains a constant challenge. While no single agent is ideal for all 

applications and stages of patient care, access to safe, versatile nanomaterials could give 

clinicians the flexibility needed to design more comprehensive theranostic schemes.

Among many solid nanoparticles, Prussian blue is of interest due in part to its excellent 

biocompatibility. Prussian blue is approved by the U.S. Food and Drug Administration 

(FDA), under the brand name Radiogardase®, for treatment of patients with contamination 

of cesium and/or thallium. However, this clinical indication has nothing to do with Prussian 

blue’s most defining characteristic.
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Prussian blue’s vibrant blue appearance stems from a very strong optical absorption of red 

light. Because photon absorption occurs in the tissue optical window (650 – 1300 nm)[6], 

several preclinical investigations have been performed to assess the feasibility of Prussian 

blue nanoparticles (PBNPs) as a contrast agent in photoacoustic imaging[7–12] and to 

enhance heating in photothermal therapy[13–15]. In addition to its visible appearance, 

Prussian blue is more than 45% iron by mass, endowing it with magnetic properties that 

have been studied in MRI[13,15,16]. The intrinsic optical and magnetic properties of 

Prussian blue have also progressed to explorations in multimodal theranostics[8,9,13,15]. 

However, PBNPs have not been developed and studied to their full potential. Particularly, 

conventional synthesis methods are prone to variability, resulting in PBNPs of different sizes 

and properties.

Many PBNP synthesis methods reported in the literature utilize aqueous solutions of iron 

salts or iron complexes[13–19]. Recent research has led to new synthesis methods which use 

superparamagnetic iron oxide nanoparticles (SPIONs) composed of Fe3O4 to create 

spherical core-shell Fe3O4@PBNPs. Reports show these spherical core-shell structures have 

a diameter of ~15 – 20 nm. In addition to photothermal therapy and magnetic resonance 

imaging, Fe3O4@PBNPs were found to have a unique property – magnetic guidance, due to 

superparamagnetic nature of the Fe3O4 core[13,17]. However, synthesis of PBNPs using 

SPIONs can be greatly expanded. Specifically, we demonstrate that commercially available 

SPIONs with different diameters can be used to control the size of the resulting PBNPs 

which is extremely useful for several reasons.

Nanoparticle size is crucial for efficient delivery of therapeutics to target organs. For 

instance, size is an important factor to predict localization of intravenously-injected 

nanoparticles. Nanoparticles smaller than 5 nm in size rapidly undergo renal clearance upon 

intravenous administration[20]. Nanoparticles between 50 – 100 nm are retained in the liver 

due to spacing of vascular fenestrations and endothelial gaps[21]. Nanoparticles between 

200 – 500 nm are retained in the spleen according to the size of the interendothelial cell 

slits[21]. Large particles in the 2 – 5 μm range have been shown to accumulate in the 

lungs[21]. Tumors can exhibit a range of fenestrations from 380 – 780 nm[22], which leads 

to their enhanced permeability and retention (EPR). Nanoparticles in the range of 30 – 100 

nm in diameter have exhibited good penetration in a highly permeable tumor, however, in a 

poorly permeable human pancreatic adenocarcinoma, only nanoparticles smaller than 50 nm 

in diameter showed accumulation[21].

Based on these examples, smaller particles can be useful when rapid clearance and enhanced 

permeation are required. In other applications, such as magnetic delivery of nanoparticle-

labeled cells, larger constructs that exhibit a stronger response to external fields may be 

desired. From an imaging perspective, PBNP size and shape may impact magnetic and 

optical properties to manipulate contrast, as seen in other nanoconstructs.

Clearly the ability to tune the size of PBNPs is critical to enable a variety of applications and 

to allow researchers to customize PBNPs to meet specific diagnostic and therapeutic needs. 

With other nanomaterials, such as gold nanorods, use has rapidly advanced by developing 

new methods to reliably synthesize size-controlled nanoparticles for various 
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applications[23–26]. For PBNPs, similar opportunities, ranging from particle synthesis to 

new applications, exist [21,22] if reliable manipulation of PBNP morphology is possible. 

Therefore, there is a need for development of PBNP synthesis methods to control their size, 

especially if SPIONs are used as building blocks because of their commercial availability 

and uniform synthesis according to good manufacturing practices.

We present a facile pseudo-seed-mediated growth method for the synthesis of photomagnetic 

Prussian blue nanoparticles using Fe3O4 nanoparticles as the iron source. Various sizes of 

Prussian blue nanocubes (PBNCs) were produced using SPION precursors with different 

diameters. The Fe3O4 SPIONs supply iron to ferrocyanide molecules, which assemble into 

PBNCs. Thus, the resulting PBNC size is directly related to the size of the Fe3O4 

nanoparticle. In addition to developing a method for PBNC size-control using SPION 

precursors, our synthesis method produced cubic particles rather than spherical PBNPs. The 

cubic shape may cause an improvement in imaging and therapeutic efficiency compared 

with spherical nanoparticles[27–29]. Lastly, we demonstrated various potential applications 

of our PBNCs as multimodal, multifunctional agents. Although other reports have 

demonstrated use of PBNPs in other biomedical applications, given our unique synthesis 

method utility of our PBNCs was unknown. The magnetic and optical properties of our 

PBNCs proved useful for applications including MRI, photoacoustic imaging, and magnetic 

manipulation of PBNC-labeled cells, including image-guided magnetic trapping.

Methods

Synthesis of PBNCs.

Prussian blue nanocubes were synthesized using SPIONs as localized Fe sources in a pseudo 

seed-mediated growth mechanism. Size control of the PBNCs was determined by the size of 

the SPIONs used in the synthesis. The source and synthesis of SPION precursors is 

described in the Supplementary Data. Stock solutions of the reactant (potassium 

hexacyanoferrate (II) trihydrate (K4Fe(CN)6·3H2O) (5 w/w %)) and catalyst (HCl in DIUF 

(1.85 v/v %)) for PBNC synthesis were prepared in advance. Under vigorous stirring, 

dextran-coated SPIONs (60 mg) were added to DIUF water (150 ml). The solution was 

briefly stirred to ensure full dispersion of SPIONs. Then, the reactant stock solution (7.5 ml) 

was added. The reaction was stirred for 1 minute, and the catalyst solution (2.5 ml) was 

added. The reaction was stirred for at least 1 hour. The solution became a deep blue color as 

the PBNCs formed. When necessary, further stabilization was performed as described in the 

Supplementary Data. Following synthesis, the UV-Vis absorbance spectrum of PBNCs was 

measured using a Synergy HT Microplate Reader (BioTek).

Transmission electron microscopy.

Transmission electron microscopy (TEM) (Hitachi HT7700 TEM) was used to characterize 

the PBNCs, 5 nm diameter SPIONS, and 10 nm diameter SPIONs. Small SPIONs (3 nm) 

were imaged using a FEI Tecnai G2 F20 X-Twin TEM. Sample preparation is described in 

the Supplementary Data. Size distribution of all particles was analyzed using ImageJ 

software (Figure S1). The size standard deviation of each population was divided by its 

respective mean to obtain the particle size coefficient of variation (Figure S2).
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Elemental analysis.

Elemental analysis via energy-dispersive X-ray spectroscopy was performed using a Hitachi 

HD-2700 STEM/SEM. Carbon-formvar grids were prepared as described for TEM in 

Supplementary Data. Because of the grid composition, carbon was not included as part of 

the elemental analysis.

SQUID magnetometry.

The magnetic properties of PBNCs and SPIONS were studied using a superconducting 

quantum interference device (SQUID) magnetometer (MPMS-5S, Quantum Design). 

Sample preparation is described in the Supplementary Data.

MRI relaxometry.

MRI contrast properties were measured using a 3T MRI scanner (MAGNETOM Skyra 3T 

MRI, Siemens) and a low-field 0.5T NMR spectrometer (Maran Ultra 23, Resonance, 

Oxford, UK). Sample preparation and data analysis are described in the Supplementary 

Data.

Photostability.

To test photostability, PBNCs were irradiated using a 5-ns pulsed laser, following a 

previously described procedure[30]. A 1 mm diameter glass tube served as the sample 

holder and was filled with either PBNCs, PEGylated gold nanorods (PEG-AuNR), or silica-

coated gold nanorods (SiO2-AuNR), with absorption peaks between 680 and 700 nm. 20-nm 

PBNCs were used to match the absorption peaks of the AuNR. All samples had an optical 

density OD = 1 cm−1. The samples were exposed to 900 laser pulses at various fluences 

ranging from 5 to 28 mJ·cm−2 (irradiation and acquisition details are described in the 

Supplementary Data). For each fluence, and for each different sample, the tube was 

irradiated with 900 laser pulses and the PA signal was recorded (Figure S6). The absorption 

spectrum stability was further studied by irradiating a 96-well plate containing samples of 

PBNCs or PEG-AuNR with 900 laser pulses of fluences from 3 to 20 mJ·cm−2. After the 

irradiation experiment, UV-Vis measurements were taken to analyze any spectrum variations 

due to laser exposure. Results were normalized based on absorbance before irradiation.

MRI imaging.

A 7T preclinical MRI system (Bruker PharmaScan) was used for tissue-mimicking phantom 

imaging experiments. PBNCs of three sizes were imaged in a tissue-mimicking gelatin 

phantom, described in the Supplementary Data. A T2 RARE sequence with TR = 2500 ms 

and TE = 35 ms was used to enhance T2-weighted contrast.

Ultrasound and photoacoustic imaging.

A Vevo LAZR (VisualSonics, Canada) imaging system, incorporating ultrasound and 

photoacoustic (US/PA) modalities was used for phantom, in vitro, and in vivo US/PA 

imaging experiments. US/PA images were acquired using 20 and 40 MHz (LZ250 and 

LZ550) center frequency, 256-element transducers. Laser irradiation (tunable 680–970 nm 
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wavelength, 7 ns pulse, 20 pulses per second) was delivered by an optical fiber integrated 

into the imaging transducer.

In vivo animal studies.

All animal procedures were approved by the Institutional Animal Care and Use Committee 

(IACUC) at the Georgia Institute of Technology. A female nude mouse (Nu/Nu, Charles 

River) was anesthetized and injected subcutaneously in the abdomen with two boli 

consisting of PBS in 50 v/v % Matrigel matrix (Corning), and 20-nm dextran-coated 

PBNCs, OD = 40 cm−1, in 50 v/v % Matrigel. MRI and US/PA images were acquired 

subsequently. A 7T preclinical MRI system (Bruker PharmaScan) was used to acquire in 

vivo images. The anesthetized mouse was placed in a cylindrical holder to be inserted in the 

imaging coil. A built-in Flash imaging sequence modified with TR = 500 ms, and TE = 3.3 

ms was utilized to increase T2*-weighting and identify the PBNCs.

US/PA images were acquired as described above, using a Vevo LAZR with a 20 MHz 

LZ250 transducer. The mouse was placed on a heating pad and imaged under anesthesia. 

Multiwavelength imaging was performed with wavelengths from 700 nm to 970 nm in steps 

of 2 nm. Following imaging experiments the mice were euthanized by CO2 asphyxiation. 

The photoacoustic spectra at the injection sites is shown in Figure S7a (see Supplementary 

Data). The normalized spectra (Figure S7b) distinguished different photoabsorbers (i.e., 

PBNC vs hemoglobin).

Cell phantom imaging.

Macrophages, Human epithelial breast cancer cells (MDA-MB-231), and Human adipose-

derived mesenchymal stem cells (MSC) were cultured as described in the Supplementary 

Data. Cells were incubated with PBNCs for 24 hours and washed prior to phantom 

preparation. PBNC-labeled cells were imaged in a tissue-mimicking gelatin phantom, 

described in the Supplementary Data. US/PA images of the gelatin phantom were acquired 

for wavelengths between 680 and 970 nm at an imaging frame rate of 5 Hz.

Magnetic Delivery and US/PA imaging.

Magnetic trapping experiments were set up by running a 0.062” inner diameter x 0.095” 

outer diameter, clear silicone tube (HelixMark®) through a 10×10×10 cm clear plastic box. 

Two ring neodymium magnets (NR0082–45NM, CMS Magnetics, Garland, TX) were fixed 

at opposite ends of the box to apply a magnetic field along the tube and initially magnetize 

the particles. The tube passed through the center of each ring magnet. Several small 

neodymium brick magnets (N42, K&J Magnetics, Inc., Pipersville, PA) were fixed below 

the center of the tube to produce a gradient for trapping. Cells labeled with 20-nm PBNCs, 

concentrated at 5,000 cells·ml−1, were circulated through the tube at a flow rate of 0.5 

ml·min−1. US/PA images were collected along the length of the tube using λ = 700 nm by 

connecting a 20 MHz (LZ250) transducer to a 3D translation motor.

Dumani et al. Page 6

Nanomedicine. Author manuscript; available in PMC 2021 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Results

Size control

To demonstrate the size control of the synthesized PBNCs, we used 3, 5, and 10 nm 

diameter Fe3O4 nanoparticles as iron sources to produce PBNCs measuring 20, 40, and 170 

nm edge length, respectively. Indeed, TEM images show that PBNC size varied depending 

on the SPION precursor size (Figure 1). PBNCs were well dispersed in all cases (Figure 1a–

c). Small PBNCs with approximately 20 nm edge length resulted from 3 nm diameter 

SPION precursors. Medium (40 nm edge length) PBNCs resulted from 5 nm diameter 

SPION precursors, and large (170 nm edge length) PBNCs resulted from 10 nm SPIONs. 

Thus, the size of resulting PBNCs was dependent on the diameter of SPION precursors 

(Figure 1g). All sample sizes approximated a single-population normal distribution 

(Supplementary Data, Figure S1).

Measurements suggest that polydispersity of the precursor had an effect in the size 

distribution of resulting PBNCs. Due to challenges of size-separating extremely small 

SPIONs synthesized in house, a wider range of particle diameters was present in the 3-nm 

SPION sample compared with the 5-nm and 10-nm SPIONs. The 3-nm SPIONs were more 

polydisperse based on the coefficient of variation and hence led to more polydisperse 20 nm 

PBNCs (Supplementary Data, Figure S2). This further demonstrates the ability for size 

control of PBNCs.

Elemental analysis of PBNCs using energy-dispersive X-ray spectroscopy showed a 

homogeneous distribution of iron, potassium, nitrogen, and oxygen, the reaction reagents, 

confirming that the reaction did not consist of a surface coating but rather a synthesis of a 

homogenous nanocube. The SPIONs are thus homogenously distributed inside the cubes that 

were formed (Supplementary Data, Figure S3). Prussian blue has a molecular formula of 

C18Fe7N18 and produces a relatively large face centered crystal structure (Fm3m space 

group)[31]. The iron atoms within the crystals are in an octahedral configuration, which 

helps strengthen the compound and enables large single crystalline formation. Therefore, the 

natural configuration for this crystalline structure is cubic.

The magnetic and optical properties of PBNCs were characterized, and nanoparticles were 

tested for feasibility in various applications.

Magnetic and optical properties

PBNCs had an optical absorption peak at approximately 700 nm, which is within the near-

infrared (NIR) optical window where tissue allows deepest light penetration. The optical 

absorption spectrum of the 20-nm, 40-nm, and 170-nm PBNCs were comparable (Figure 

2a). Slight NIR shift of peak extinction coefficient was observed – this is likely due to 

increased optical scattering from larger PBNCs.

The magnetism of small 20-nm PBNCs and their 3-nm SPION precursors was analyzed 

using a superconducting quantum interference device (SQUID) as shown in Figure 2b. 

PBNCs exhibited superparamagnetism with a magnetic saturation of 104.0 emu/g 

(nanoparticle mass) or 228.6 emu/g (iron mass). SPIONs exhibited a magnetic saturation of 
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20.5 emu/g (nanoparticle mass) or 28.3 emu/g (iron mass). This corresponds to a 5-fold and 

8-fold increase in magnetization, when comparing based on nanoparticle mass and iron 

mass, respectively. These values also exceed the magnetic saturation of 66 emu/g reported 

for 20 nm SPIONs[32]. Interestingly, previous studies showing modification of magnetite 

nanoparticles usually imply a reduction of their magnetization, compared with pure 

SPIONs[13,33–36]. Furthermore, previous studies generated spherical nanoconstructs rather 

than cubical. The shape has been shown to have an effect on the magnetic properties of 

cubic vs. spherical nanoparticles, and a cubic shape could potentially increase the efficiency 

for magnetic manipulation and hyperthermia[27–29].

Similarly, superparamagnetism of nanomaterials is dependent on their size, shape, and 

crystal structure[37,38]. While magnetization increases with particle size, there is a size 

limit below which particles remain superparamagnetic (i.e. superparamagnetic limit). For 

Fe3O4, it has been reported that particles exhibit superparamagnetism when below 20 

nm[38–40]. The results presented in this study show that the superparamagnetic limit of 

PBNCs is at least as high as that of Fe3O4. This feature can be valuable whenever larger 

magnetization and/or particle sizes are needed, while preserving superparamagnetic 

properties. Having higher magnetic susceptibility than the clinically used SPION 

counterparts, together with their high NIR absorption, makes the developed PBNCs 

attractive multimodal, multifunctional agents.

To test feasibility of our PBNCs as MRI contrast agents, relaxometry studies were 

performed using a 3 T clinical MRI scanner (MAGNETOM Skyra 3T MRI, Siemens), and a 

0.5 T NMR spectrometer (Maran Ultra 23, Resonance). To calculate the molecular weights, 

Fe3O4 and C18Fe7N18 were assumed for SPIONs and PBNCs, respectively. The measured 

transverse relaxivity values are found in Table 1. Detailed procedures are found in the 

Supplementary Data.

The longitudinal (r1) and transverse (r2) relaxivities of 20-nm PBNCs at 3T were 0.375 mM
−1s−1 and 13.66 mM−1s−1, respectively. The obtained values exceed those previously 

reported using conventional PBNC synthesis methods under 1.5 T and 7 T field 

strengths[41]. In addition to the different field strength, this could be attributed to water 

exchange-related differences affecting the relaxivity and fluctuations in the local magnetic 

field, known as inner sphere and outer sphere effects[42–44]. Additionally, the PBNC likely 

contains SPIONs embedded within the cubic lattice, causing an underestimation of the 

PBNC mass. However, the analysis of these differences is outside the scope of the current 

study.

Additional relaxometry studies were performed using the 0.5 T NMR, to compare the 

SPION precursors and the resulting PBNCs. Transverse relaxivity was 1.11 mM−1s−1 for 3-

nm SPIONs. After synthesis, 20-nm PBNCs had a 10.05 mM−1s−1 transverse relaxivity, 

showing a 9-fold increase over their precursor. However, the size-matched 20-nm SPIONs 

had a transverse relaxivity of 920 mM−1s−1. Thus, for the same particle size, SPIONs still 

provide a better relaxivity than their PBNC counterparts. The large 170-nm PBNCs had a 

transverse relaxivity of 402.4 mM−1s−1, a 40-fold increase over the smaller 20-nm PBNCs, 

showing the scalable magnetic properties with increasing PBNC size. The r2/r1 ratio, an 
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indicator of an effective T2 contrast agent, ranged from 1.02 to 16.43 for 20-nm to 170-nm 

PBNCs at 0.5 T.

While commercial MRI agents offer better molar relaxivity than PBNCs[45–48], this could 

be overcome by using higher doses due to the low toxicity of Prussian blue[41]. Indeed, the 

recommended daily oral dose for Radiogardase® in adults is 9 grams up to 20 grams, 

corresponding to 10.5 up to 23.3 mmol, with no overdose described. Although a 

recommended dosage has not been established for IV use of Prussian blue, it could 

potentially be higher than those of commercial agents, such as gadolinium-based Gadavist® 

(100 μmol/kg, r1 = 5.0 mM−1s−1, r2 = 7.1 mM−1s−1) and SPION-based Sinerem®/

Combidex® (45 μmol Fe/kg, r1 = 6.58 mM−1s−1, r2 = 127.8 mM−1s−1).

Photoacoustic stability

While there are various reports on photoacoustic (PA) applications of PBNCs, their 

photothermal stability under pulsed laser irradiation, which has important implications for 

long-term therapeutic and imaging purposes, has not been fully characterized. We tested the 

stability of our PBNCs using various pulsed laser energies below and above American 

National Standards Institute (ANSI) safety limits[49]. Unlike the more commonly used gold 

nanorods (degraded at 8.5 mJ·cm−2) and silica-coated gold nanorods (degraded at 13 mJ·cm
−2), no degradation in the PA signal was observed up to 28 mJ·cm−2 (Figure 3a). Within this 

range, photoacoustic signal from PBNCs scaled linearly with fluence, demonstrating 

enhanced robustness as opposed to gold nanorods, which showed substantial 

photodegradation with all fluences greater than 5 mJ·cm−2 (Figure 3a,c). Furthermore, the 

absorbance spectrum of PBNCs also remained stable after irradiation with 900 laser pulses 

up to 20 mJ·cm−2 (Figure 3b).

In addition to benefits of magnetism and biocompatibility, the isotropic, non-plasmonic 

nature of PBNCs means they are less prone to degradation than anisotropic plasmonic 

particles, such as nanorods. For imaging in the NIR, PBNCs would outperform many 

commonly used contrast agents including nanoparticles and dyes. PBNCs remain stable 

during repeated laser irradiation, enabling longer term imaging and therapeutic applications. 

This, together with their high molar absorption in the NIR[50], demonstrates PBNCs’ 

suitability as photoacoustic agents.

Combined MRI and photoacoustic imaging

To assess the feasibility of PBNCs as multimodal contrast agents, the nanoparticles were 

imaged in a tissue-mimicking gelatin phantom prior to animal experiments. In the phantom, 

PBNCs of all sizes generated high contrast in T2-weighted MR images (Figure 4a). US 

waves are not sensitive to small, nanometer size PBNCs thus the US images do not exhibit 

contrast. However, PA imaging obtained with 740-nm laser irradiation confirmed stability 

and photoacoustic contrast of PBNCs (Figure 4b,c). Additionally, the photoacoustic spectra 

matched the expected NIR absorption for all particle sizes based on UV-Vis measurements 

(Figure 4d).
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Animal imaging experiments validated the in vivo utility of PBNCs. First, a bolus of 20-nm 

PBNCs in Matrigel was injected subcutaneously on one side of a mouse abdomen. A control 

bolus containing PBS in Matrigel was injected on the opposite side.

MRI of the injected area confirmed contrast enhancement by PBNCs. A modified Flash 
sequence was performed to enhance T2* contrast and identify the PBNCs. The injection site 

with PBNCs appeared dark due to the influence of PBNCs on T2* relaxation (Figure 5a). 

Conversely, the control injection did not show any contrast enhancement. In the case of 

regions of interest having low concentrations of PBNCs or tissues with dark background 

signals, a multi-echo sequence using incrementally increasing TE times could better indicate 

presence of PBNCs by assessing rates of decay and differences in T2 relaxation times.

Following MRI, US/PA imaging was performed on the same mouse. The injected area 

showed high contrast on the PBNC-loaded bolus and low signal on the control bolus (Figure 

5b). The signal of PBNC injection at 700 nm was approximately 5-fold higher than the 

control injection. Additionally, the absorption spectra from multiwavelength PA imaging 

confirmed presence of PBNC, while the control bolus only displayed low endogenous 

signals from hemoglobin (Supplementary Data, Figure S7). Non-negligible skin PA signals 

were also present, indicating that multiwavelength spectroscopic analysis may be needed to 

distinguish small concentrations of PBNCs from background contrast.

In a clinical setting, these imaging modalities could be exploited synergistically to provide 

full-body agent location using MRI, together with local analysis with high spatial and 

temporal resolution using US/PA imaging.

Image-guided magnetic trapping

A new potential application of PBNCs is image-guided magnetic trapping of cells. We 

performed in vitro experiments to verify successful cell labeling and feasibility of 

photoacoustic imaging. PBNCs were used to label cancer cells and were imaged in a tissue-

mimicking gelatin phantom. Inclusions of 20-nm PBNCs in deionized ultra-filtered water 

(DIUF) or cell culture media were also included to evaluate differences in PA signal upon 

cellular uptake.

PBNCs in DIUF did not produce any ultrasound (US) contrast because of their small particle 

size. The same sample generated a strong PA signal; however, because the particles 

remained homogeneously distributed in water, the signal was largely confined to the edges 

of the inclusion (Figure 6ai).

Cell culture media caused local agglomerations of PBNCs, making the particles more visible 

in ultrasound images compared to the samples in DIUF, because larger particle aggregates 

produced detectable ultrasound scattering. These localized agglomerations also introduced 

inhomogeneities that allowed PA signal to be more visible throughout the inclusion rather 

than limited to the edges (Figure 6aii).

Cancer cells labeled with 20-nm PBNCs were detectable with both ultrasound and PA 

imaging (Figure 6aiii). PA signal appeared throughout the inclusion because cell uptake 

further increased local particle agglomeration. Mesenchymal stem cells were also 
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successfully labeled by PBNCs, generating comparable images (Figure 6aiv). The 

photoacoustic spectra of the labeled cells (Figure 6b) matched the expected result based on 

the UV-vis spectra and PA spectra of PBNCs in DI water.

Imaging and cell labeling experiments further confirmed PBNCs’ performance as stable 

photoacoustic contrast agents when using our new synthesis method. In addition, PBNC 

absorption was not affected by cell uptake, as indicated by the measured PA spectra.

Due to the superparamagnetism of PBNCs, PBNC-labeled cells can be manipulated using 

external magnetic fields. Conversely, cells labeled with citrated gold nanospheres (AuNP), 

i.e. non-magnetic, do not respond to external magnets (Figure 6c). We demonstrated the 

multifunctional utility of the PBNCs in a mock cell screening apparatus. Cells labeled with 

20-nm PBNCs were circulated through a silicone tube with a magnetic trap. Two ring 

magnets produced a homogeneous field to initially magnetize the labeled cells, as previously 

shown in literature[51]. A bar magnet on the side of the tube applied a gradient to trap cells. 

Ultrasound and photoacoustic images were acquired along the length of the tube and 

overlaid to show where cells collected (Figure 6d insert). The ultrasound and photoacoustic 

signals of the tube were represented by gray scale and red scale, respectively. A spike in the 

PA signal was confined to the magnet location and corresponded to a 5-fold increase in the 

PA signal (Figure 6d).

By using an external magnetic field, PBNCs can be directed to a desired location for 

diagnostic and therapeutic purposes. The potential applications of this feature include 

circulating tumor cell screening, magnetic targeting, and magnetic delivery/manipulation of 

therapeutic agents. Controlled nanoparticle movement can also be used for image guidance, 

such as magnetomotive US/PA imaging. Magnetomotive imaging allows sensitive detection 

of particles by assessing changes in speckle patterns due to particle movement upon 

application of a pulsed magnetic field.

Discussion

In addition to the results shown, PBNCs possess capabilities for numerous additional 

applications. Prussian blue’s high affinity to heavy metals may be exploited beyond heavy 

metal poisoning treatment, its current clinical use. This attribute could allowing tagging of 

PBNCs with compounds such as barium sulfate to enable X-ray imaging contrast[52]. 

Besides magnetic manipulation and magnetomotive imaging techniques, PBNC’s magnetic 

properties could enhance magnetic hyperthermia using alternating magnetic fields, 

potentially improving therapeutic penetration depth[29,53], with the possibility to be 

combined with photothermal therapy to augment heating capability[54].

The ability to consistently vary the size of the PBNCs according to SPION precursors’ 

diameter further adds to imaging and therapeutic possibilities. Studies have shown that 

particle size can impact the effectiveness of Prussian blue in treatment of heavy metal 

poisoning[55,56]. Moreover, it has been shown that the size and shape of single-domain 

particles can affect their magnetic properties, which may influence their behavior in 

magnetic manipulation and heating applications[32,57–60].
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Our reaction scheme takes advantage of the decades of previous work to optimize Fe3O4 

nanoparticles. Currently, there are numerous commercial sources of Fe3O4 nanoparticles that 

provide monodisperse colloidal aqueous solutions with diameters ranging from 5 nm to 

greater than 50 nm. Furthermore, numerous forms of Fe3O4 nanoparticles have been FDA 

approved for various applications, so rigorous protocols for large batch production and 

thorough physicochemical characterization have been optimized for the FDA required 

current Good Manufacturing Practices (cGMP)[61]. This reduces the costs and will allow 

for quicker clinical translation of Prussian blue nanoparticle-based applications.

While SPIONs are ubiquitous in applications involving nanoparticle-magnetic field 

interactions, such as MRI, magnetically-guided drug delivery, and magnetomotive imaging, 

the developed PBNCs offer the enhanced benefit of NIR absorption while maintaining 

strong magnetization properties. The strong optical absorption alone makes PBNCs a great 

option for applications including photoacoustic imaging, optical microscopy, and 

photothermal therapy.

In conclusion, we presented a facile method for size-controlled synthesis of photomagnetic 

PBNCs using SPIONs, obtained commercially or synthesized in-house, as precursors. We 

demonstrated that the size of the PBNCs can be controlled by the size of the SPIONs. 

Because highly monodisperse SPIONs are available commercially, this synthesis gives 

researchers a facile method to produce PBNCs with excellent size control. The 

photomagnetic PBNCs possess the attractive optical properties previously shown with 

conventional syntheses and enhance the magnetic properties of PBNCs. We confirmed the in 

vitro and in vivo utility of PBNCs as imaging agents for MRI and photoacoustic imaging. 

Additionally, we took advantage of magnetic properties to show potential for novel 

diagnostic and therapeutic applications such as circulating tumor cell screening and 

magnetically-guided cell delivery. The results demonstrate the potential of PBNCs in optical 

and magnetic based applications. Overall, our novel synthesis method represents a toolbox 

for researchers to easily tailor PBNCs by tuning and optimizing the desired nanoparticle size 

according to the requirements of each particular application, helping to expand the 

biomedical uses of PBNCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
TEM images of size-controlled PBNCs. (a) 20-nm PBNCs synthesized from 3-nm SPION 

precursors. (b) 40-nm PBNCs synthesized from 5-nm SPION precursors. (c) 170-nm PBNCs 

synthesized from 10-nm SPION precursors. (d-f) Images at increased magnification for 20-

nm, 40-nm, and 170-nm PBNCs, respectively. (g) Scatter plot showing relationship between 

SPION precursors and resulting PBNC size.
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Figure 2. 
Magnetic and optical properties of PBNCs. (a) UV-Vis spectrometry shows 20-nm, 40-nm, 

and 170-nm PBNCs’ NIR absorbance peaks at 685 nm, 720 nm, and 740 nm, respectively. 

(b) Magnetic moment curves show a 5-fold increase in magnetization for 20-nm PBNCs 

compared to Fe3O4 based on nanoparticle mass.
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Figure 3. 
Photothermal stability. (a) Photoacoustic signal from PBNCs, PEGylated gold nanorods 

(PEG-AuNR) and silica-coated gold nanorods (SiO2-AuNR) at different fluences. PBNCs 

remained stable and conserve linearity with fluence when exposed to 900 laser pulses 

beyond 25 mJ·cm−2. AuNR showed degradation beyond 5 mJ·cm−2 (b) The absorbance 

spectrum of PBNCs remained stable after 900 laser pulses up to 20 mJ·cm−2. (c) Gold 

nanorods’ spectra showed degradation for all energies between 4 and 20 mJ·cm−2.
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Figure 4. 
(a) T2-weighted MRI, (b) ultrasound (US), and (c) photoacoustic imaging (PA) at 740 nm, of 

PBNCs in a tissue-mimicking gelatin phantom. Scale bar = 2 mm. (d) The photoacoustic 

spectra match the expected NIR absorption for all particle sizes.
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Figure 5. 
In vivo imaging of axial cross section of a mouse abdomen following subcutaneous injection 

of PBS in Matrigel (Blank, orange contour) and Prussian blue nanocubes in Matrigel 

(PBNC, blue contour). (a) MRI image with a Flash sequence with TR = 500 ms and TE = 

3.3 ms. (b) Ultrasound and photoacoustic image at 700 nm.
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Figure 6. 
Image-guided magnetic trapping of cells labeled with 20-nm PBNCs. Tissue-mimicking 

phantom studies (a) confirmed PBNC-labeled cells produced a PA signal. (a) Ultrasound 

(US, gray scale) and photoacoustic (PA, color map) imaging of 20-nm PBNCs in (i) DIUF, 

(ii) cell culture media, (iii) PBNC-labeled cancer cells, and (iv) PBNC-labeled mesenchymal 

stem cells. (b) Photoacoustic spectrum of cancer cells labeled with 20-nm PBNCs. Scale bar 

= 2 mm. (c) PBNC-labeled cells can be manipulated using an external magnet, as opposed to 

the AuNP-labeled cells (control). (d) Insert: ultrasound (gray scale) and photoacoustic (color 

scale) image of capillary tube with PBNC-labeled cells trapped at the bar magnet, indicated 

by the dashed line. The integrated PA signal along the tube length shows a 5-fold PA signal 

increase at the gradient magnet position.
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Table 1.

Transverse molar relaxivity of SPIONs and PBNCs

Magnetic field Nanoparticle size and type Transverse relaxivity r2 [mM−1s−1]

0.5 T 3-nm SPION 1.11

0.5 T 10-nm SPION 316.0

0.5 T 20-nm SPION 920.8

0.5 T 20-nm PBNC 10.05

0.5 T 40-nm PBNC 34.0

0.5 T 170-nm PBNC 402.4

Nanomedicine. Author manuscript; available in PMC 2021 February 01.


	Abstract
	Graphical Abstract
	Background
	Methods
	Synthesis of PBNCs.
	Transmission electron microscopy.
	Elemental analysis.
	SQUID magnetometry.
	MRI relaxometry.
	Photostability.
	MRI imaging.
	Ultrasound and photoacoustic imaging.
	In vivo animal studies.
	Cell phantom imaging.
	Magnetic Delivery and US/PA imaging.

	Results
	Size control
	Magnetic and optical properties
	Photoacoustic stability
	Combined MRI and photoacoustic imaging
	Image-guided magnetic trapping

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1.

