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1. Introduction 

The basis of the modern statistical analysis was laid in the 1920s by Sir Roland Fisher, 

suggesting the need of the implementation of statistical analysis not only as a final step, but 

as a continuous process in the scientific research. This pioneering idea have formed the 

approach of the current regulatory and governing framework of the pharmaceutical products 

of the 20th century (1). Continuing and understanding the impact of Fischer`s work, Joseph 

M. Juran introduced the term ñQuality by Designò (QbD) as highlighting the need of built-

in-quality into goods and services by closely detecting five critical steps: costumers and their 

needs must be determined, followed by product features, development reaching to the final 

step ï transferring it into practice and manufacturing (2). Even before Juranôs findings, W.E. 

Deming has proposed a similar quality assurance system, based on theoretical knowledge, 

planning, testing and quality control (1). His work mainly focused on the constant 

improvement of quality with the help of statistical process-control and the use of Plan-Do-

Study-Act (PDSA) cycles (3).  

The quality and process-oriented perspective of the pharmaceutical industry helped 

in the early adoption of the aforementioned approaches and methods. Nevertheless, the 

concept of QbD has only been taken over in the beginning of the 21st century, by the biggest 

regulatory authorities ï the U.S. Food and Drug Administration (FDA) and the European 

Medicines Agency (EMA) (4). As the main statistical subpart of QbD, the Design of 

Experiments (DoE) only entered the chemical industry three decades after Fisherôs 

agricultural implementation in the 1920s, and were influenced by the research of Box and 

Wilson (5).  

The technological development in the computing field since the 1950s, highly 

contributed to the processing power increase in the field of information technology, allowing 

multi-thread processing of calculations, developing mathematical and statistical modelling 

techniques. This processing powerôs influence on the analytical technology is also 

mentionable, thus allowing the observation of the critical parameters influencing the 

manufacturing process, and the use of Process Analytica Technology (PAT), alongside with 

the QbD. Nonetheless, DoE alone is not sufficient for the proper application of QbD, also 

multivariate data analysis (MVDA) must be considered and validated in the understanding 
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the designed and non-designed factors in the manufacturing process (6). The costs of the drug 

development have increased 1.5-fold, compared to the past century. Being a long-term 

process with a high rate of failure as an outcome of the development and design pipeline, out 

of 10 possible drug candidates only one reaches the clinical trials (7). Therefore, the need for 

computer aided techniques (computer-aided drug discovery), along with high throughput 

screening (HTS) and minimizing the unsuccessful experiments is high in this industry. 

However, the tools of drug development are far more sophisticated: molecular dynamics, 

protein interactions and routes of metabolism can be calculated, in silico assays for human 

organs are widely available and used. Molecular imaging methods offer cell-to-cell 

resolution of the biodistribution of radio- or fluorescently labelled drug candidates, in vitro 

and in vivo (8).  

The development of fine-tuned nanocarriers and nano drug delivery systems (nDDS) 

have only been investigated since the late 90s, showing a strongly increasing tendency in the 

field of successful licensing, therapeutic efficacy and safety. The toxicology as well as the 

detailed examination of such novel, nano-sized materials, however, still requires extensive 

screening not only in computer simulations and in silico testing, but in vivo experiments too, 

as the most complex, multivariate system is still the living body (9).  

Nevertheless, to determine possible structures, to predict interactions and labelling 

possibilities along with the detection of the effect on a molecular-level resolution, both 

instrumentation and superior computing power is crucial, which became widely available in 

the past decade. Several newly developed, imaging modality is already in preclinical use (10-

12). These devices offer the detection of vast variety of details regarding the neuronal 

activation, circulation or brain imaging, with a nano-range resolution. Using the modalities 

aforementioned, determining the possible candidates through HTS, defining the critical 

parameters regarding quality with MVDA while applying PAT in every phase of the 

manufacturing, could lead us to real, consciously crafted, personalized diagnostics and 

therapy, keeping the main focus on the individual well-being and shortest recovery time 

possible.  
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2.1. Biomedical imaging and contrast materials 

Several approaches of medical imaging are present, ranging from the simplest X-Ray 

screening, to more complicated techniques that utilize the emitted radio frequency that are 

produced by local magnetic momentum changes. Generally, images are obtained by 

alterations of electromagnetic waves or energies that passed through the human body during 

the imaging process. This procedure is facilitated by advanced computing and the captured 

images are handed to the clinicians. By default, medical imaging is used for diagnosis of 

pathological conditions, yet sometimes the contrast ratio, image quality or method used is 

not sufficient to provide the required data. Commonly, these shortcomings can be 

compensated by administering radioactive (gallium) or non-radioactive (gadolinium) 

materials administered into body fluids or cavities (13).  

Comprehensively, the imaging method defines the required materials for the imaging. 

For instance, during SPECT scanning, radioactive materials are required for binding the 

specific regions of pathological deformities which gives a precise image of the tissue. This 

image combined with an anatomical modality (like CT) will provide the desired information 

(14, 15). However, during ultrasound imaging a well-detailed, well-targeted image is less 

achievable, since the imaging process only relies on the acoustic impedance changes of the 

tissues, giving a diffuse, anatomic overview of the body. Furthermore, the combination of 

ultrasound imaging with other methods is only available in the preclinical practice (16).  

2.2.1. Radiopharmaceuticals 

The main types of radiation emitting materials are therapeutic and diagnostic 

radiopharmaceuticals. While therapeutic materials are mainly focused on the destruction of 

malignant cells, the diagnostic radiopharmaceuticals are directly targeting specific organs, 

tissues or other areas of the body. Nevertheless, these materials only provide a diffuse image 

of the desired area, the combination of metabolic (functional) and anatomic (structural) 

imaging is strongly needed when they are applied (17).  

2.2.2. Contrast agents 

Contrast agents are certain materials helping with enhancing the contrast ratio or 

visibility of tissues, cavities or internal structures during different types of biomedical 
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scanning techniques (18). The main types of the radiocontrast materials are: iodinated or 

barium based materials, which are used for CT or X-Ray scanning; magnetic materials used 

for MR imaging and materials capable of altering the acoustic impedance of cavities utilized 

in echocardiographic imaging. To be noted, the contrast agents mentioned above are different 

from radiopharmaceuticals, which emit ɓ- or ɔ radiation and are used in the nuclear medicine 

(19-21). Table 1 summarizes the main types of contrast materials used in the clinical practice.  

Table 1. The summary of existing contrast materials modalities, based on their use and 

molecular quality (13).  

2.2. Imaging modalities 

To successfully develop a CA platform, which is capable providing detailed signal 

enhancements during the medical examinations across multiple imaging modalities, would 

fill the void between the ranges of sensitivity, temporal and spatial resolution scales, and 

would allow the application as such in different clinical situations (22). The production of 

such materials would strongly rely on the computer predictions based on existing research 

results as input parameters; as part of the PAT, the testing of the physical properties of 

materials defining the critical parameters (of production and stability) for the development 

as well as the use of the existing instrumental background. The whole development process 

of materials of such would follow the outlines of the above mentioned QbD, designing 

materials on the existing needs, ensuring the optimal quality, safety and efficacy for the 

method used. The main properties of imaging modalities are summarized in Table 2. 

Radiocontrast agents

Iodinated contrast 
media

Cystografin®
Conray®
Oxilan®

Visipaque®
Isovue®

Contrast agents for MR imaging

Gadolinium based:
Eovist®

MultiHance®
Gadovist®
Dotarem®

Iron oxide-based contrast 
agents: 

Ferumoxytol®
Endorem®
Resovist®

Feridex IV®

Echocardiography 
contast media

Optison®
Definity®
Lumason®
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Table 2. The summary of existing imaging modalities, with their main properties (23).  

2.3. Optical imaging 

Optical methods, offering a wide variety of observations from simple, whole-body 

observations to advanced tumour, metabolic pathway or fluorescent imaging or spectroscopy 

and microscopy methods, make them the simplest, quickest and easiest way of biomedical 

imaging and research. With the high spatial resolution and real-time imaging capability 

optical imaging (OI) methods are mainly used for ex vivo applications and image guidance 

as quick scout probes during surgeries or interventions (24, 25). These methods mainly use 

excitation followed by the detection of emission at a well-defined wavelength, despite the 

fact that a small portion of the irradiated intensity is lost due to thermal energy conversion 

and reflection. However, considering the drawbacks of OI, only a certain group of 

fluorophores is potentially suitable for the whole-body imaging: the optimal signal-to-noise 

ratio (SNR) at higher wavelengths is in the optimal range for fluorescent imaging.  

Modality Signal 

source 

Contrast Spatial 

resolution 

Sensitivity 

(moles of 

labelled 

substance) 

Information Instrument 

purchase 

price (USD) 

Clinical 

relevance 

MRI Radio 

wave 

Paramagnetic 

(Gd3+), 

superparamagnetic 

(Fe3O4), 

endogenous 

(BOLD-fMRI) 

10-100 ɛm 10-9 - 10-6 Anatomical, 

physiological, 

molecular 

>$300,000  Yes, wide-

spread use 

CT X-Ray I2, BaSO4, Au 50-100 ɛm ~10-6 Anatomical, 

physiological 

$100,000 - 

$300,000 

Yes, wide-

spread use 

Nuclear 

methods (PET, 

SPECT) 

ɔ-ray, 

ɓ-ray 

Radioisotopes (18F, 

11C, 13N, 15O, 64Cu, 

124I) 

1-2 mm 10-15 Physiological, 

molecular 

> $300,000 Yes, wide-

spread use 

Optical imaging 

(fluorescence, 

bioluminescene, 

microscopy) 

Light Quantum dots (QD), 

fluorophores (VIS, 

NIR or IR) 

> 0,3 ɛm 10-12 Physiological, 

molecular 

$100,000 ï 

$300,000 

In 

development 
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Since the highly perfused tissues as well as macromolecules, e.g. collagen, muscles, skin 

and hair also scatter and absorb small amounts of light, resulting in autofluorescence (26-28). 

Nevertheless, the use of NIR light (NIR: 700-900 nm), as well as NIR emitting fluorophores 

for excitation and emission would greatly increase the penetration depth of OI, with a slight 

weakening by absorption by deoxy- and oxyhaemoglobin, melanin and collagen, with a 

negligible light scattering effect (29, 30).  

Connecting fluorophores with chemical or physical reaction to nanoparticles, 

extracellular vesicules, bacteria or proteins would not only reduce the toxicity and early 

metabolism but would also increase the specificity and uptake to target molecules, structures 

or tumors as well. As Table 2. suggests, the highest sensitivity yet is available with the 

radioisotope techniques, the second most sensitive methods thereafter are the OI techniques, 

without any ionizing radiation in the imaging process involved. Considering all the 

drawbacks and positive properties, OI techniques offer a rational alternative as 

complementary methods for imaging (23, 28, 31-34).  

Zeolitic nanoparticles with absorbing properties have been studied, being capable of 

fluorescent optical imaging, anticancer drug binding and delivery, ion and fluorescent dye 

absorption. During the manufacturing of such nanoparticles, besides the basic laboratory 

methods like centrifugal concentrating, rinsing and dialyzing, complicated steps can also be 

the synthesis process, making them cumbersome to reproduce or even scale-up the synthesis 

process to industrial level (35-38).  

The use of commonly available, well-known materials and synthesis steps would greatly 

increase the every-day feasibility of the manufacturing of fluorescent nanomaterials.  

Following this main principle, for the fluorescent labelling, Eosin Y, Rhodamine B and 

MB were chosen as possible candidates, whereas for the NIR labelling, based on the 

experience with the fluorescent dyes, we chose IR820 as a possible candidate. 

2.3.1. Fluorescent and infrared dyes 

For fluorescent imaging in living organisms, choosing proper instrumentation, methodology 

and fluorescent materials is essential for a satisfactory outcome. The traditional fluorescent 

dyes, owning strong absorption and emission peaks below 600 nm are suffering from photon 

reduction and autofluorescence by the living body. To overcome these, for in vivo imaging 
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the strong fluorescent intensity and long-wavelength emission are the primary choice. 

Nevertheless, nanomaterials are not only carrier systems with tunable size, shape and surface, 

but could also solve the previously mentioned issues, and allow the imaging in the optical 

window between 600-1000 nm and could also carry significantly increased amounts of 

ñsurface-boundò fluorescent materials, compared to traditionally administered, bulk 

fluorescent dyes, reducing possible side effects, fluorescent bleaching and targeted in vivo 

imaging. Another mentionable advantage of fluorescently labelled NPs is the possibility of 

multimodal imaging. The tunable size, shape, surface properties and fluorescent materials 

allow the combination of multimodal imaging modalities, like nuclear methods and single 

photon emission computed tomography (SPECT) or positron emission computed 

tomography (PET), OI and MRI imaging (39).  

Eosin Y 

Eosin Y, a xantene dye, a tetrabromo-derivate of a commonly used analytical dye, 

fluorescein. Besides the applications in fine arts, is often used in histological preparations as 

a counterdye of hematoxilin, for the Hematoxilin-Eosin staining (40, 41). The wide-spread 

use and the low price makes Eosine Y a reasonable candidate for fluorescent labelling.  

Figure 1. The structure, absorption and emission spectra of Eosin Y(42)  

Having an excitation peak at 525 nm and an emission peak at 546 nm, 532 nm light source 

paired with a 575/25 nm bandpass filter would be suitable for the fluorescent imaging, 

however, the collagen in the skin and hair of the subjects would strongly scatter the emitted 

fluorescent signal, compromising the optimal SNR.  
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Rhodamie B 

Rhodamine B, a water-soluble inexpensive dye is often used as tracer or fluorescent dye in 

fluorescence microscopy, flow cytometry, ELISA and fluorescence correlation spectroscopy.  

Figure 2. The structure, absorption and emission spectra of Rhodamine B (43) 

The lactam-tautomeric structure of Rhodamine B is pH dependent; the fluorescent, open form 

of the spironolactone is present in acidic solutions, with a vivid, pink color (44). The 

excitation and emission peaks at 546 nm and 568 nm respectively place the dye`s fluorescent 

properties closer to the desired 600 nm region. The dye is tuneable at 610 nas a laser 

fluorescent probe too (45). However, regulatory bodies have labelled Rhodamie B as a 

potential carcinogenic compound, limiting its use in the every-day life (46).  
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Methylene Blue 

Methylene blue, with its excitation wavelength at 665 nm with a broad band at 610 nm and 

emission at 680 nm, resulting in a Stokes-shift of 21 nm, could be a potential candidate for 

fluorescent imaging (47). 

Figure 3. The structure, absorption and emission spectra of Methlyene Blue (48) 

Its emission wavelength is in the diagnostic window (650ï900 nm), where the extinction 

coefficients of oxyhemoglobin, deoxyhemoglobin, and water are the lowest (28). 

Furthermore, methylene blue is on the World Health Organization List of Essential 

Medicines, the safest and most effective medicines needed in a health system and has been 

used widely in clinical and basic research (49, 50).  
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IR820 

As a modified version of the widely used indocyanine green (ICG), due to the IR820 has an 

absorption bands at 690 and 785 nm with the emission peak between 822 and 823 nm, having 

a slightly lower fluorescent intensity, compared to ICG (51).  

Figure 4. The structure, absorption and emission spectra of ICG (52) (top) and IR820 (53) 

(bottom) 

Compared to ICG, IR-820 kept low cytotoxicity, while shows photo- and biostability in living 

organisms (51). Its applications cover image guided photothermal therapy for the treatment 

of cancer, the use as a contrasting agent for the detection and quantification of infected tissues 

in animals (54). 

The theragnostic potential of PBNPs was proven in several studies, showing the capability 

of this nanosystem to adsorb metallic cations, gases, radionuclides, while owning an optimal 

thermal conversion capability, being considered as a potentially effective photoacoustic CA 
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too (36, 55-64). Functionalizing the terminal carboxylic group of the biocompatible citric 

acid layer on the nanoparticle surface could also widen the above mentioned theragnostic 

capabilities, allowing not only the long-term stabilization of the PBNPs, but also the 

connection of stealth-polymers, for prolonged circulation and duration of action.  

2.4. Magnetic resonance imaging  

MRI, as a powerful imaging method for functional and morphological investigation, 

is a widely used whole-body diagnostic device used in the daily clinical practice. During the 

imaging, in most cases the intrinsic contrast of the different tissues is insufficient for the 

desired spatial resolution, thus requiring the application of a variety of extrinsic (injected) 

CAs. As their mode of action, these materials change local tissue relaxation, resulting in the 

shortening of transverse (T2/T2*; negative contrast) or the longitudinal (T1; positive 

contrast) relaxation times of water, resulting in hypo (negative contrast; local darkening)- or 

hyperintense (positive contrast; local brightening) changes on the captured images (65, 66).  

Figure 5. The comparison of MRI image contrasts. T1 weighted (left) and T2 weighted 

(right) MRI axial image of the human brain (67). 

Iron containing MRI active materials and nanoparticles as CAs have been studied 

extensively, for their known T2/T2* shortening properties in the past decades (68-70). In 

their case, T2/T2* shortening can be interpreted as high r2 (transverse) relaxation time, 
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producing negative contrast on MRI images, however, this can only be hardly differentiated 

from other blood or calcium-rich areas of interest. Nevertheless, in the clinical practice, the 

detection of darkening on the screen is less convenient and harder to differentiate, than the 

detection of bright spots, which would appear in the case of T1 CAs. Understanding the 

drawbacks, the limited research and clinical application of iron containing CAs is 

understandable, enhancing the development of positive T1 CAs for MRI imaging (71-73).  

As the main candidate, Gadolinium (III) and its complexes and derivates offered a 

reasonable option as ideal T1 CAs in the early 2000s, causing hyperintense changes on MRI 

scans while providing optimal spatial and temporal resolution (74-76).  

Figure 6. Linear and macrocyclic Gadolinium-based contrast agents (77).  

Due to possible harmful side-effects of the linear-agent-bound Gd containing CA, in 

the declaration of European Medicines Agency (EMA; EMA/625317/2017) dated 19 

December 2017, all drugs have been removed from the market in the second quarter of 2018. 

In the pronouncement, possible neurotoxic effects due to accumulation in the central nervous 

system (mainly in the brain) were reported, as leading to a possible conclusion to the 

macrocyclic CAs, having adverse effects as well. The lifeline of Gd-connected molecules 

after the EMA declaration is clear; recent authorizations as well as ongoing trials could be 

cancelled.  
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For this reason, iron-based nanomaterials for positive MRI contrast have been 

extensively investigated (78). Their magnetic core-shell structure allows biocompatible 

layers for modifications, customizing surface charge, thus stability, whereas their tuneable 

size allows to customize the MR contrast property. As part of the QbD, their final properties, 

namely the highly variable size, superparamagnetic MR-active property, biocompatibility 

and physical stability make iron-based nanomaterials one of the frequently studied substance 

for medical use (66).  

2.5. Prussian blue nanoparticles  

Among the nano-sized iron-based CA, PBNPs are a reasonable candidate as T1 MRI 

CAs. They have been known and studied for a variety of electrochemical, biomedical and 

contrast application, and have been used for nearly 300 years (79, 80). 

The FDA has authorized and released a PBNP-based medication (Radiogardase®), 

in 2003, for human use, to treat heavy metal poisoning, using PBNP`s unique metal 

complexing property (81). To fabricate them, direct or indirect synthesis methods can be 

applied, obtaining PBNPs of different shapes, sizes, and other parameters, depending on the 

method used (82-84). Biocompatible layer can be also added, using polymers, organic acids, 

enhancing the stability and half-life of circulation in living organisms (56, 85). Citric acid, 

the most widely used biocompatible shell material not only affects the particle size and shape 

depending on its concentration, but also plays a substantial role regulating the pH in the 

PBNP synthesis (86). Nevertheless, non-functionalized PBNPs show less significant T1 and 

T2 signal changes in vitro; their measured longitudinal and transversal relaxation times did 

not suggest their in vivo use. However, not only the functional groups and particle size 

influence the contrast capability, the marginal water near the CAôs molecules also have 

significant effect in the contrast-enhancement (87). Therefore, functionalizing PBNPs, to 

achieve multimodal contrast would highly increase their impact for preclinical applications, 

thus in the routine procedures MRI is oftentimes coupled with other modalities providing 

greater functional contrast.  
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2. Objectives 

Our studies were focused on creating a multimodal platform with fluorescent labelling of 

PBNPs with commonly used dye-candidates, with the following aims: 

I. To create a nanoparticle platform, with quality requirements as follows:  

o a stable nanosystem, which does not aggregate over 8 weeks of examination 

period; 

o the emission of a fluorescent signal that could be detected in living organisms 

to make the particle suitable for in vivo imaging;  

o a clearance mechanism to reduce possible side effects but also to slow down 

accumulation in the monocyte-macrophage system. 

II. To create a fluorescently labeled Prussian blue nanoparticle (PBNP) based 

nanosystem for preclinical fluorescent imaging; 

III. To also take advantage of the biocompatible coating of the particle, thus connecting 

the potential fluorescent dyes and stabilizers to PBNPs 

IV. To investigate the fluorescent imaging capabilities of the successfully labelled PBNP 

in a model system over 3 hours, in clinically relevant, translational study.  

Furthermore, based on the obtained knowledge on the fluorescent labelling of PBNPs, we 

aimed to enhance the multimodal relevance of the PBNP platform, by aiming:  

V. To develop and characterize a Prussian Blue based biocompatible and chemically 

stable T1 magnetic resonance imaging (MRI) contrast agent with near infrared (NIR) 

optical contrast for preclinical application. 

o As part of the in vivo studies, investigating the physical properties of 

beforementioned nanoparticulate system by DLS, Zeta-potential 

measurements, AFM and TEM as well as the MRI contrast enhancement 

capabilities  

VI. To investigate the T1-weighted contrast of the prepared PBNPs in vivo, furthermore,  

VII. To measure the NIR fluorescence of the samples with optical imaging modality after 

intravenous administration into NMRI-Foxn1 nu/nu mice.   
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3. Materials & Methods 

3.1. Methods of nanoparticle synthesis 

3.1.1. Production of uncoated Prussian Blue nanoparticles 

Native PBNPs were synthesized according to as described by Shokouhimehr [37], with 

modifications. As first step, the reactant solutions were prepared with Solution A containing 

20 mL of 1.0 mM Fe(III) chloride anhydrous (FeCl3; Merck KGaA, Darmstadt, Germany) 

with 6 drops of 1 N HCl (Merck KGaA), while Solution B containing 20 mL of 1.0 mM 

potassium ferrocyanide anhydrous (K4[Fe(CN)6]; Merck KGaA, Darmstadt, Germany) with 

6 drops of 1 N HCl (Merck KGaA). Secondly, these solutions were mixed slowly under 

vigorous stirring for 10 min at 60 °C (88).  

3.1.2. Citrate coated Prussian Blue production 

Citrate-coated PBNPs were produced with the process as described by Shokouhimehr [37]. 

A two-step PBNP preparation was made. Reactant solutions were made first, Solution A 

containing 20 mL of 1.0 mM Fe(Fe (III) chloride anhydrous (FeCl3; Merck KGaA, 

Darmstadt, Germany) with 0.5 mmol of citric acid (Merck KGaA), while Solution B 

contained 20 mL of 1.0 mM anhydrous potassium ferrocyanide (K4[Fe(CN)6]; Merck KGaA, 

Darmstadt, Germany) with 0.5 mmol citric acid (Merck KGaA) solution. Next, these 

solutions were mixed using fast stirring for 10 min at 60 °C (89).  

3.1.3. Fluorescent labelling of the particles with Eosine Y, Rhodamine B and Methylene Blue  

Eosin Y and Rhodamine B were adsorbed to the particles. For fluorescent labelling, the 

concentrated methylene blue (MB; Sigma-Aldrich) stock solution was diluted twofold and 

filtered through a 0.22 µm pore size membrane filter (MILLEX GP 0.22 µm; Merck Millipore 

Ltd.). Further, 200 µL of this filtered solution was added to 2 mL of the PBNP solution. This 

would result in absorbed MB on the mesoporous surface of the biocompatible PBNPs. After 

that, two main approaches were made: 

a. The synthesized PBNPs were labelled after centrifugation of ñbareò PBNPs at 4 ÁC, 

using 21,130 rcf (Eppendorf 5424R centrifuge). Thereafter, the PEGylation process was 

performed and the solution was dialyzed against phosphate buffer saline solution (pH = 6.8; 

Ph.Eur. 8.). 
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b. The PBNP-MB mixture was centrifuged at 21,130 rcf (Eppendorf 5424R centrifuge) 

at 4 °C. Then, the PBNP-MBs were PEGylated, dialyzed, and stored at 2ï8 °C until further 

use (89).  

3.1.4. PEGylation of Prussian Blue nanoparticles 

For the PEGylation, PEG 3000 (for molecular biology; Sigma Aldrich Germany) was 

available in monodisperse solution, while PEG 6000 (for synthesis; USP) and PEG 8000 (for 

synthesis; USP) (Sigma Aldrich, Hungary) were commercially sold in solid form. At first, 

these power-based agents were dissolved in 50% ethanolïwater mixture the final PEG 

content was set to 10 w/w%. PBNP-MB solutions (2 mg/mL) were prepared by adding 

distilled water (Milli-Q) to the stock MB-labelled PBNP solution. After 15 min incubation 

time at room temperature, different PEG solutions (PEG 3000, PEG 6000, and PEG 8000) 

were added to the PBNP-MB solutions and dialyzed for 24 h (14 kDa filter) (Sigma-Aldrich, 

Hungary) in phosphate buffer saline solution (pH = 6.8; Ph.Eur. 8.). Different v/v% 

concentration compositions (PEG 3000: 1.47-1.96-2.44-3.85-9.09, PEG 6000: 1.47-1.96-

2.44-3.85, and PEG 8000: 1.47-1.96-2.44) were prepared and characterized in the following 

with DLS and Zetasizer instruments (89).  

3.1.5. Preparation of fluorescent Prussian Blue nanoparticle complexes with labelled IR820 

dye 

Following the coated and uncoated particle syntheses, the two different types of PBNPs were 

mixed under vigorous stirring for 10 min at 60 °C. With 10 minutes passed, 5 g Chelex 

(chelating ion exchange resin, Merck KGaA, Darmstadt, Germany)/100 mL solution was 

applied to eliminate the superfluous metal or alkali metal ions from the system [38]. This 

suspension was stirred and incubated for one hour, whereby the styrene divinylbenzene 

copolymer beads were separated from the PBNP solution. In the next step, PBNPs were 

isolated from the complex suspension using ultracentrifugation (Eppendorf 5424R 

centrifuge, 21130 rcf) at 4 °C for 30 min. 

A batch of uncoated PBNPs and fluorescent PBNP complexes were also produced, using the 

same method with a slight modification. Subsequently the production of reaction solutions 

of uncoated and complex PBNPs, an additional step of differential velocity centrifugation in 
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the synthesis was included. The reaction of uncoated PBNP solutions were sedimented 

(Eppendorf 5424R centrifuge) 2 times at 1000 rcf and 2 times at 2000 rcf for 10 minutes 

consecutively. The PBNP complexes were centrifuged (Eppendorf 5424R centrifuge) 2 times 

at 2000 rcf for 10 minutes; one batch was filtered through a 0.22 µm pore size membrane 

filter (MILLEX GP 0.22 µm; Merck KGaA, Darmstadt, Germany) and centrifuged at 2000 

rcf for 10 minutes. As a final step, we isolated the particles by ultracentrifugation (Eppendorf 

5424R centrifuge, 21130 rcf) at 4 °C for 30 minutes. To achieve fluorescence in the PBNPs, 

0.1 mg/mL IR820 NIR dye was filtered through a 0.22 µm pore size membrane filter 

(MILLEX GP 0.22 µm; Merck KGaA, Darmstadt, Germany). 10 µL of this filtered dye 

solution was adsorbed to the particles in 300 µL PBNP solution for a one-hour incubation 

(88). 

3.2. Methods of particle characterization in vitro 

3.2.1. Dynamic light scattering (DLS) and zeta-potential measurement 

The surface charge and hydrodynamic diameter of the particles were determined using a 

Malvern Nano ZS (Malvern Instruments Ltd., Worcestershire, UK) and Litesizer 500 (Anton 

Paar, Hamburg, Germany.). DLS measurement was performed at 25 °C in automatic mode 

(for backscatter detector fixed at 175°; for side scatter 90° detector angle; for front scatter 

15° detector angle) using a 633 nm He-Ne laser. Samples were measured in Omega cuvettes 

(Anton Paar, Hamburg, Germany). Measurement of zeta-potential was performed under 

similar conditions. The measurement data were evaluated using software provided by the 

manufacturer, and statistical data and graphs were created and evaluated with Origin 9.0 

(OriginLab), Microsoft Excel 2013 and the built-in software. DLS measurements were 

performed weekly for a period of 4 weeks to determine colloidal stability. Samples were 

stored at 4 °C (88, 89). 

3.2.2. Transmission Electron Microscopy (TEM) 

Morphological investigations of the NPs were carried out on a JEOL TEM 1011 TEM (JEOL, 

Peabody, MA, USA) operated at 80 kV. The camera used for image acquisition was a Morada 

TEM 11 MPixel from Olympus (Olympus, Tokyo, Japan) using iTEM5.1 software for 

metadata analysis. Diluted sample was dropped and dried on a carbon-coated copper grid. 
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Size distribution was determined manually by measuring the diameter of 1059 particles on 

the images, using a software custom designed for this purpose (tem_circlefind by András 

Wacha, MTA TTK, Hungary). Morphological investigations of the NPs were carried out on 

a MORGAGNI 268(D) (FEI, Eindhoven, Netherlands) transmission electron microscope. 

The diluted sample was dropped and dried on a carbon-coated copper grid. The length (along 

multiple axles) and the area of the particles were determined manually by measuring the 

diameter (n = 195) and circumference (n = 207) of the nanoparticles, using ImageJ software 

(88, 89).  

3.2.3. Scanning Electron Microscopy (SEM) 

The nanoparticle suspension was diluted with distilled water (1:2) and applied to a metallic 

sample plate, which was covered with a double-sided carbon tape. The sample was dried 

under vacuum, metallized with gold and investigated with a field emission EM, JEOL JSM 

6380LA SEM (Jeol Ltd., Japan), at 15 kV and a working distance of 15 mm. The morphology 

of the nanoparticles was observed (88, 89). 

3.2.4. Atomic Force Microscopy (AFM) 

For imaging PBNP complexes, two-fold diluted samples were applied onto poly-L-lysine 

(PLL)-coated surfaces. PLL-coated substrate surface was prepared by pipetting 100 ɛL of 

PLL (0.1% w/v) onto freshly cleaved mica, followed by incubation for 20 min, repeated 

rinsing with purified water, and drying with a stream of high-purity nitrogen gas. After a 

10 min incubation time, mica surface was dried in N2 stream. AFM images were collected in 

noncontact mode with a Cypher S instrument (Asylum Research, Santa Barbara, CA, USA) 

at 1 Hz line-scanning rate in air, using a silicon cantilever (OMCL AC-160TS, Olympus, 

Tokyo, Japan) oscillated at its resonance frequency (300ï320 kHz). Temperature during the 

measurements was 25 ± 1 °C. AFM amplitude-contrast images are shown in this paper. The 

filter used on the images enhances the details of the height amplitude contrast images (violet, 

orange, yellow, mud). AFM images were analyzed by using the built-in algorithms of the 

AFM driver software (Igor Pro, Wave Metrics Inc., Lake Oswego, OR, USA). Particle 

statistics was done by analyzing a 2 ɛm Ĭ 2 ɛm height-contrast image with (n = 178) particles. 

Maximum height values were taken as the height of particles, and rectangularity was 
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calculated as the ratio of the particle area to the area of a nonrotated inscribing rectangle. The 

closer a particle is to a rectangle, the closer this value is to unity (88, 89). 

3.2.5. Fourier Transformation Infrared Spectroscopy (FT-IR)  

The infrared spectra were recorded with a Bruker Vertex80v (Bruker Optics, Billerica, MA) 

FTIR spectrometer equipped with a high sensitivity MCT (mercury-cadmium-telluride) 

detector. Each spectrum was collected averaging 128 scans at 2 cmī1 resolution. The infrared 

beam was focused on a high-pressure diamond anvil cell (Diacell, Leichester, UK) using a 

Bruker A525 type beam condenser.  

Two main measurement methods were used:  

- 50 ɛL of the undiluted suspensions of the samples were dried onto the detector, using 

compressed air. The measurements were executed under N2 atmosphere, to eliminate external 

humidity and water condensation at the detector (Figure 9/I).  

Then, the samples were lyophilized, then the completely dry samples were measured in the 

diamond anvil cell (Figure 9/II):  

- Freeze-dried samples were resolved in D2O (20 ɛL) and then dried to the detector, using 

compressed air. The measurements were executed under N2 atmosphere, to eliminate external 

humidity and water condensation at the detector (89). 

3.2.6. X-Ray diffraction (XRD) 

1000 ɛL of the undiluted suspensions of the samples were dried to a zero-diffraction plate 

(Silicon crystal cut with special orientation in order to eliminate background noise), using 

infrared light. X-ray diffractograms were recorded by Philips PW 1810/1870 diffractometer 

applying monochromatized CuKŬ radiation (40 kV, 35 mA), scan speed of 1 s/step and a 

step size of 0.04Á, between the range of 2ɗ = 10Á - 50°. The evaluation of the diffractograms 

was carried out using Origin 9.0 (OriginLab) (89). 

3.2.7. In vitro MRI measurements 

MRI measurements were performed in vitro with a nanoScan® PET/MR system (Mediso, 

Hungary), having a 1 T permanent magnetic field, 450 mT/m gradient system using a volume 
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transmit/receive coil with a diameter of 60 mm. MRI T1 relaxation rates and r1 relaxivity 

were calculated from inversion prepared snapshot gradient echo (T1 map, IR GRE SNAP 

2D) images acquired with 60 x 90 mm FOV (field of view), plane resolution of 1 mm, slice 

thickness of 5 mm, 6 averages, TR/TE 4005/1.7, TI 10, 60, 100, 150, 200, 250, 300, 350, 

400, 500, 700, 900, 1200, 2500, 4000 ms. MRI-signal enhancement of PBNPs was measured 

for three different Fe(Fe (III) concentrations (13.75 mM, 41.25 mM, and 82.5 mM) in 1.5 

mL Eppendorf tubes. After scanning, the concentration dependent signal changes were 

calculated and compared to the signal of saline (88, 89). 

3.3. Methods for in vivo particle characterization  

3.3.1. Animals 

In vivo imaging tests of the PBNP nano systems were carried out in NMRI FOXN nu/nu 

male mice (Janvier, France). Animals had ad libitum access to food and water and were 

housed under temperature-, humidity-, and light-controlled conditions. All procedures were 

conducted in accordance with the ARRIVE guidelines and the guidelines set by the European 

Communities Council Directive (86/609 EEC) and approved by the Animal Care and Use 

Committee of Semmelweis University (protocol number: PE/EA/1468-8/2019). Mice were 

10ï12 weeks old with an average body weight of 27 Ñ 7 g. During imaging, animals were 

kept under anesthesia using a mixture of 2.5% isoflurane gas and medical oxygen. Their body 

temperature was maintained at 37 °C throughout imaging. For the most humane termination 

of the animals, intravenous Euthasol (pentobarbital/phenytoin) injection was used (88, 89).  

3.3.2. In vivo MRI measurements 

In vivo measurements were performed similarly as in vitro MRI measurements, with the 

same instrument and settings, described in chapter 4.2.7.. Experiments were performed in an 

adult male mouse under isoflurane anesthesia (5% for induction and 1.5ï2% to maintain the 

appropriate level of anesthesia; Baxter, Arrane). Precisely, 300 µL of IR820-labelled PBNP 

solution containing 3 mg of Fe(Fe (III) in a 30 mg/mL concentration PBNP solution was 

administered intravenously into the tail. The T1-weighted MRI biodistribution images were 

collected at two different time points (pre- and post-injection) The MRI scans were 

performed with gradient echo (T1 GRE 3D) images acquired with 100 mm x 40 mm FOV, 
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matrix size 200 x 80, slice thickness of 0.5 mm, 4 averages, TR/TE 75/4, dwell time 25 ms. 

Images were further analyzed with Fusion (Mediso Ltd., Hungary) and VivoQuant (inviCRO 

LLC, US) dedicated image analysis software, for fluorescent images as well (88, 89).  

3.3.3. In vitro Fluorescence-labeled Organism Bioimaging Instrument (FOBI) measurements 

The fluorescent labelled PBNPs were imaged using a two-dimensional epifluorescent optical 

imaging instrument (FOBI, Neoscience Co. Ltd., Suwon-si, Korea). For in vitro scans, 0.5 

mL of samples were tested with the following imaging parameters: excitation at 680 nm 

corresponding to the excitation maximum of the dye (excitation: 690 nm; emission: 820 nm), 

exposure time: 1000 msec and gain: 1. The emission spectrum of the dye was in the pass 

band of the used emission filter.  

3.3.4. In vivo Fluorescence-labeled Organism Bioimaging Instrument (FOBI) measurements 

In vivo experiments were performed in an adult male mouse under isoflurane anesthesia (5% 

for induction and 1.5ï2% to maintain the appropriate level of anesthesia; Baxter, Arrane). 

Precisely, 300 µL of IR820-labelled PBNP solution was administered intravenously into the 

tail vein. The biodistribution images were collected at two different time points (pre- and 

post the injection) with excitation of 680 nm corresponding to the excitation maximum of the 

dye (excitation: 690 nm; emission: 820 nm). The emission spectrum of the dye was in the 

pass band of the used emission filter. Image acquisition parameters were the following: 

exposure time: 1000 msec and gain: 1 (88, 89). 

3.4 Output parameters of nanoparticle characterization methods 

Many articles investigated the differences between the possible methods used for 

characterization of nano-sized objects, nanosuspensions and nanoparticles. Even though in 

the fields of materials science and chemical engineering, there is a strong need for different 

types of measurements of the same materials, however the interpretation and the proper 

understanding of each method is needed to achieve the desired goals. The most frequently 

used methods to describe a nano system are the DLS, the AFM and the TEM. These methods 

differ from each other regarding the mathematical basics, sensitivity and robustness. 

Therefore, a direct comparison is unattainable, hence in most studies, not only one size-range, 

but a size distribution in form of either a histogram or figure is found (90-92).   
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4. Results  

4.1. PEGylated, fluorescent Prussian blue nanoparticles 

Multiple approaches were made to determine the optimal PEG coating concentration. For 

that, different volume-percent compositions were formed and characterized. During the 

preformulation, DLS measurements were performed and combined with the macroscopic 

analysis of the samples (aggregation, visual evaluation, homogeneity, and homogenizability). 

We found that the optimal PEG concentration for the different types of PEG solutions is 

slightly different if the particle size and the PDI are the form factors for choice. For further 

inspections, PBNP-MB samples containing 5 mg (10 ɛL) PEG 3000 (PNBP-

MB@PEG3000_10ɛL), 10 mg (100 ɛL) PEG 6000 (PNBP-MB@PEG6000_100ɛL), and 

12.5 mg (100 ɛL) PEG 8000 (PNBP-MB@PEG8000_100ɛL) were chosen after DLS 

measurements and macroscopic inspections. The other samples showed either aggregation 

during the measurements or sedimented despite the optimal hydrodynamic diameter and low 

PDI value. The synthesized methylene-blue-labelled PEGylated PBNP-s (PBNP-MB@PEG) 

were stored at 2ï8 °C. 

Thus, not all samples were amenable to fluorescent imaging in vivo, furthermore, they lacked 

stability during the early inspections. The aggregation of the nanosystem along with 

fluorescent dye wash-off was noted.  

Fluorescein labelling of PBNPs was not successful. Experimenting with other dyes we found 

that Rhodamine B, Eosine Y and Methylene blue sorption to PBPNs was feasible. However, 

Rhodamine B labelled PBNPs lacked stability: immediately after labelling, aggregation was 

visible. The long-term stability of Eosine Y and MB labelled PBNPs and their in vivo 

imaging signalling performance was thus further investigated. 

4.1.1. In vitro results  

Atomic Force Microscopy 

AFM images are shown in Figure 7. Rectangularity of the particles (together with their halo) 

was found to be 0.7701 ± 0.1041 (mean ± SD), indicating that PBNPs indeed represent 

rectangular topography. The height of the particles showed monomodal distribution with a 

mean ± SD of 17.790 ± 8.922 nm (Figure 7). 
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Figure 7. (a) Height-contrast AFM image of PBNPs on the mica surface (scale bar = 4 µm 

× 4 µm). (b) Modified PBNPs on the mica surface; height-contrast AFM image (scale bar = 

200 nm). (c) A modified PBNP nanoparticle (scale bar = 50 nm). (d) The cross-section graph 

of (c) PBNP nanoparticle (abscissa = 0ï200 nm; ordinate = 0ï25 nm).  

Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

Single particles were hard to distinguish from one another, however, their size did not exceed 

the 100 nm threshold (Figure 8a). The nonhydrated shape and size of the NPs were also 

analyzed with TEM (Figure 8b,c). The nanosystem was slightly aggregated (Figure 8c), 

however, single particles could be observed. The shape of the nanoparticles on TEM and 

AFM images was similar. PBNPs appeared as flat rectangular, dense objects in this case as 

well. The average length of the particles was 28.080 ± 6.690 nm (mean ± SD; n = 304) (Figure 

8d), along with an average surface area of 582.20 ± 269.750 nm2 (mean ± SD; n = 176 

particles) (Figure 8e). 
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Figure 8. (a) The SEM micrograph of modified PBNPs (magnification: 30,000x, scale bar = 

0.5 µm); the PBNPs are barely visible between the pores of the double-sided carbon tape 

(section of (a); magnification: 30,000×). (bïc) The TEM micrograph of modified PBNPs 

(magnification = 250,000x; scale bar = 100 nm). (d) The mean length of PBNPs, determined 

by TEM images. (e) The average area of the modified PBNPs according to TEM images.  

Fourier Transformation Infrared Spectroscopy (FT-IR) 

Two main measurement methods were used: First, 50 ɛL of the undiluted suspensions of the 

samples were dried to the detector, using compressed air. The measurements were executed 

under N2 atmosphere, to eliminate external humidity and water condensation at the detector 

(Figure 9/I).  

Then, the samples were lyophilized, then the completely dry samples were measured in the 

diamond anvil cell (Figure 9/II). Second, the freeze-dried samples were resolved in D2O (20 

ɛL) and then dried to the detector, using compressed air. The measurements were executed 

under N2 atmosphere, to eliminate external humidity and water condensation at the detector 

(89). 
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Figure 9. I - FTIR measurement of PBNP solutions(a) FT-IR spectra of unmodified 

PBNP (mid-IR region = 4,000-750 cm-1). (b) FT-IR spectra of Methylene blue (mid-IR 

region = 4,000-750 cm-1). (c) FT-IR spectra of PEG 6000 (mid-IR region = 4,000-750 cm-

1). (d) FT-IR spectra of pegylated, fluorescent PBNPs (mid-IR region = 4,000-750 cm-1). 
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 Figure 9. II ï FTIR measurement of freeze dried PBNP solutions (a) the FT-IR spectra 

of unmodified PBNPs. (b) FT-IR spectra of Methylene blue. (c) FTIR spectra of PEG 6000. 

(d) FT-IR spectra of pegylated, fluorescent PBNPs.  

X-Ray diffraction (XRD) 

The two samples ((a)Prussian blue reference solution, which was used later for pegylation 

and methylene blue labelling and (b) pegylated, fluorescent labelled PBNPs) were measured. 

The spectra (Fig. 10 (a)) show diffraction peaks at 2ɗ = 17.480, 24.420, 35.370 and 39.680 

which can be allocated to the Prussian blue phase crystal planes respectively.  

 

Figure 10. (a) The XRD-diagram of the unmodified PBNPs (2ɗ = 10-50°). (b) The XRD 

diagram of the modified PBNPs. XRD: X-ray diffraction; PBNPs: Prussian Blue 

nanoparticles. 

Measuring In Vitro Fluorescence 

After the two main approaches of fluorescent labelling, PBNP-MB@PEGs were tested in 

vitro, to study whether the emitted signal is adequate for in vivo imaging. For that purpose, 

20-fold diluted samples were produced and measured, along with the stock PBNP-MB@PEG 

solutions. The samples prepared according to method a showed lower intensity on the emitted 

light, on the other hand, method b provided a significantly better signal in emission, which 

made the sample a better choice for in vivo use (Figure 11a,b). 
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Figure 11. (a) PBNP-MB@PEG6000_100µL (stock solution, 5× and 20× dilution left to 

right). (b) Fluorescent signal of PBNP-MB@PEG6000_100µL dilutions in FOBI.  

Stability Measurements of PBNP-MB@PEG Nanoparticles 

The mean zeta potential of the measured samples (PBNP, PBNP-MB@PEG3000, PBNP-

MB@PEG6000, and PBNP-MB@PEG8000) was not bigger than ī20 mV, moreover, all the 

samples had a net negative potential of ī25 mV or greater. The mean hydrodynamic diameter 

of the particles was measured as a part of a 4-week stability test. However, non-modified 

PBNPs size showed a slight change in the diameter, i.e., after the third week, all PEGylated 

particles started to aggregate. PBNP-MB@PEG6000 nanoparticles were the most stable, 

along with the lowest PDI and diameter. As the size (hydrodynamic diameter) of the other 

two particles (PBNP-MB@PEG3000 and PBNP-MB@PEG8000) doubled after 3 weeks, the 

PBNP-MB@PEG6000 particles kept a solid size of 24.82 ± 5.83 nm (number-based particle 

size distribution). According to these results, PBNP-MB@PEG6000 particles remained 

stable for the longest time, thus made them the best candidate for further inspections. 

However, aggregation was detected in the majority of the samples after 4 weeks of 

investigation.   

  

DOI:10.14753/SE.2023.2835



34 
 

 Figure 12. The size-distribution of PBNP-MB@PEG6000 nanoparticles, measured with 

DLS, after 1 week (top) and 3 weeks (bottom).  
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4.1.2. In Vivo and Ex Vivo Measurements  

Other approaches for fluorescent labelling and imaging; preformulation  

In vivo, SNR of Eosine Y labelled nanoparticles proved to be insufficient for evaluable result; 

however, Figure 13 shows the ex vivo distribution of the particles. Hyperintense changes, 

mainly due to the PBNP treatment are visible in the liver and gastro-intestinal tract; the 

autofluorescence of the skin is also seen at this dye`s main emission wavelength, further 

impeding the use of Eosine Y.  

Figure 13. Ex vivo results of Eosine Y labelled PBNPs. (FOBI image, excitation 460-520 

nm; cut off filter was permeable to the emission spectrum of the dye; exposure time: 1,000 

msec; gain: 1.  

Non-pegylated PBNPs had a good imageable contrast but eliminating them too fast did not 

prove to be advantageous for in vivo applications (Figure 14.).  
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Figure 14. Methylene blue labelled non-pegylated PBNPs, in vivo. (FOBI image; excitation 

630-680 nm; cut off filter was permeable to the emission spectrum of the dye; exposure time: 

1,000 msec; gain: 1). 

Figure 15. Methylene blue labelled PBNPs, ex vivo (FOBI image; excitation 630-680 nm; 

exposure time: 1,000 msec; gain: 1). Nanoparticles are present in the liver, stomach, gastro-

intestinal tract and skin. 
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A series of fluorescent distribution measurements was executed 1, 2 and 3 hours after 

intravenous administration of MB labelled PBNPs respectively (Figure 15.).  

The fluorescent labelling and imaging: Methylene blue labelled Prussian blue nanoparticles 

Due to the strong visible fluorescent signal of PBNP-MB@PEG6000s, 200 ɛL of the 

suspension of nanoparticles was injected into the lateral tail vein of C57BL/6 male mice 

(Figure 16 (A, B)). The semiquantitative distribution of the labelled PBNPs was determined 

based on their normalized mean fluorescent intensity. On the ex vivo images (Figure 16 (B), 

taken 3 h after the first injection, PBNP-MB@PEG6000 accumulation can be observed in 

the gastrointestinal tract, kidneys, spleen, liver, and heart. The distribution of the particles on 

Figure 15. shows similar patterns as Figure 16 (B): Nanoparticles are present in the liver, 

stomach, gastro-intestinal tract and skin. 

Figure 16. (A) (a,b) C57BL/6 mice before intravenous treatment from anterior and posterior 

planes. (c,d) C57BL/6 mice pre-PBNP treatment (anterior and posterior planes). (a) anterior, 

preinjection; (b) posterior, preinjection; (c) anterior, postinjection; and (d) posterior, 

postinjection. Color scale equals mean fluorescent intensity (MFI) in arbitrary units (A.U.) 

Figure 16 (B) ex vivo images, 3 h post injection 
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4.2. Prussian blue-based dual fluorescent and magnetic contrast agent 

4.2.1. In vitro results  

DLS and zeta potential 

The mean hydrodynamic diameter (intensity-based harmonic average) of complex PBNPs 

was 82.91 ± 1.21 nm (average ± SD), as determined by DLS (Figure 18.). This had only 

changed slightly with time. There was no significant colloidal alteration during the 4-week 

duration of the study, as the calculated 0.244 ± 0.014 polydispersity index (PDI) shows the 

PBNPs did not flocculate or aggregate during this time. The mean zeta potential of PBNPs 

at the measured pH range did not exceed 15 mV (n=3). At pH 7.4 the zeta potential was ī33.3 

± 3.8 mV (n=3) (88). 

Figure 17. The size-distribution of PBNP-complex nanoparticles, measured with DLS, after 

1 week and 3 weeks. The curves with different colors represent the 3 measurement series, 

conducted for each sample.  
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Atomic Force Microscopy 

The measured width of the particles was influenced by tip convolution. Figure 19a shows 

PBNPs on AFM images as objects with a flat rectangular surface protruding from a rounded 

halo. Rectangularity of the particles (together with their halo) was found to be 0.774 ± 0.111 

(mean ± SD), indicating that PBNPs indeed represent rectangular topography. The height of 

the particles was 36.457 Ñ 9.496 nm (mean Ñ SD) (Figure 18) (88). 

Figure 18.  Atomic force microscopy (AFM) amplitude-contrast images with different 

magnification of PBNPs on mica surface.. The size of the images are 4.125 µm x 4.125 µm 

(Figure 18a.), 2.5 µm x 2.5 µm (Figure 18b. and c.) and 250 nm x 250 nm (Figure 18d.) 

respectively (88). Figure 18 b. and c. are different areas of the measured sample. 
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Transmission Electron Microscopy 

The non-hydrated shape and size of the PBNPs were investigated with TEM. PBNPs 

appeared flat rectangular, dense objects in this case as well. The mean diameter of the 

nanoparticles was 30.14 Ñ 10.656 nm (average Ñ SD) (Figure 19), along with an average 

surface area of 579.257 ± 398.983 nm2 (mean ± SD; n = 1059 particles).  

Figure 19. TEM images of PBNPs on different parts of the carbon-coated copper grid. 

PBNPs appeared flat rectangular, dense objects. The smaller objects on the image are 

individual PBNP particles which are not conjugated into the final PBNP complex (88). 

4.2.2. In vivo results  

Magnetic resonance imaging 

To demonstrate the positive MR contrast enhancing property of our PBNP sample, T1-

weighted images of a phantom (containing three different Fe(Fe (III) concentrations (13.75 

mM, 41.25 mM, and 82.5 mM) containing PBNP solutions) were scanned to visually evaluate 

the signal enhancement on T1-weighted image. Based on the inversion prepared gradient 

echo scan and the multislice multiecho scan T1 relaxations rate were calculated. Afterward 

from these values, longitudinal relaxivity (1 = 0.0008 Ñ 0.0002 mMī1 msī1) was calculated. 
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Nanoparticles without any conjugated specific in vivo targeting agent are initially dispersed 

in the circulation system and started to accumulate mainly in the reticuloendothelial system 

(RES; e.g. liver, spleen)(93, 94). To investigate the PBNP uptake efficiency, especially in 

RES, the PBNP distribution was determined on T1-weighted MR images (Figure 20). 

Enhanced signal intensities were registered in the lungs, liver, kidneys, and abdominal vein 

(Figure 20.) (88, 95).   

Figure 20. Axial T1-weighted MR images of a mouse (A) before and (B) 30 minutes after 

intravenous administration of Prussian blue. Red arrows indicate that regions where signal 

intensity changes happened. Enhanced signal intensities were registered in the lungs, liver, 

kidneys, and abdominal vessel, which supports the results of a previous publication (88, 95).  
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Optical imaging 

Figure 21A illustrates the autofluorescence signal from the animal at pre-injection condition 

at 690 nm, while Figure 21B shows the fluorescent signal after the PBNP administration. 

Enhanced dye concentration was registered in the head and thoracic region based on the high 

dye content of the circulation system, furthermore the images illustrated the liver of the 

animal. According to the studies of Zhang et. al. and Huang et. al., IR820 connected to 

different types of carrier systems shows great photo- and pH stability, as well as in aqueous 

media (88, 96, 97).  

Figure 21. Non-excitated and fluorescent images of a mouse (A) before and (B) after 

intravenous administration of Prussian Blue (images from left to right: prone white, prone 

fluorescent, supine white, supine fluorescent images) at 690 nm. The images are highlighted 

on the same dynamic color look-up table, which illustrates the signal intensity with different 

tone from cold to hot colors (88).  
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5. Discussion  

5.1. PEGylated, fluorescent Prussian blue nanoparticles 

5.1.1. In vitro measurements 

Preformulation 

The main concept of preformulation gained relevance along with the widespread use of the 

Qbd concept, in the late 60s, namely to generate information regarding the product, in order 

to achieve a stable, bioavailable dosage form, for possible mass production (98). 

Preforulation studies include but are not limited to only physico chemical and analytical 

investigations of a previously known material, but also the investigation of the need of 

possible excipients, biopharmaceutical and therapeutic availability studies (99).  

The main goal in our study was to produce a stable nanosystem in a well-defined size-range 

and optimal fluorescent pigment concentration, which would also help to reduce the possible 

absorption of the fluorescently labelled PBNPs, leading to an increased fluorescent signal 

and reduced toxic effects, during the imaging steps. In order to achieve this, we used our 

previous knowledge, for the temperature dependence of the PBNP formulation, and 

investigated the surface charge and size-distribution of each sample, in every formulation 

(56, 89).  

Atomic Force Microscopy (AFM) 

Atomic force microscopy is considered a powerful reference tool for the scanning and 

characterization of nano-sized samples, by observing a NP population directly, creating a 

direct, non-calculated connection between the particle size and dimension, based on the SI 

units system (100-102). During a measurement only the height of the particles could be 

determined due to the tip convolution which leads to artificially modified lateral dimensions 

on the images (103). On Figure 7. PBNPs appeared as objects with a flat rectangular surface 

protruding from a rounded halo (Figure 7a). The rectangular surface represents the real 

geometry of the particles (Figure 7c) while their halo is the consequence of tip convolution, 

i.e., the effect of imaging a rectangular prism by a tetrahedral AFM tip. 
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Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy (TEM) 

The electron microscopy, regardless of the type scanning or transmission, is a powerful tool 

for the characterization of great varieties of materials. Having exceedingly high spatial 

resolution and versatility is often a great advantage during the development of novel 

substances (104-106). Nevertheless, Transmission Electron Microscopy (TEM) is providing 

information from inside of the pico-sized scanned probes, while Scanning Electron 

Microscopy (SEM) can provide valuable information about its nano-sized topographical 

features (107, 108). Due to the sample preparation process, SEM images show an aggregated 

nanosystem where the particles appear as rectangular objects. Single particles were hard to 

distinguish from one another, however, their size did not exceed the 100 nm threshold (Figure 

8a). The nonhydrated shape and size of the NPs were also analyzed with TEM (Figure 8b,c). 

The nanosystem was slightly aggregated (Figure 8c), however, single particles could be 

observed. The results of SEM and TEM measurements support the results of the AFM 

measurements, which suggests the PBNPs as rather rectangular solid objects, within the sub-

50 nm size-range.  

Fourier Transformation Infrared Spectroscopy (FT-IR) 

As a solid dispersion measuring method, Fourier Transform Infrared spectroscopy (FT-IR), 

is a commonly used technique in pharmaceutical research to determine the molecular 

composition and interactions in solid, liquid or gas-phase samples (109). This method reveals 

the lengths of the bonds, the molecular mass changes and the band-order of molecules. 

Hypsochomic shifts (shifts to lower wavenumbers) suggest that the mass of the 

corresponding molecule has been increased; the frequency of vibration is inversely 

proportional to mass of vibrating molecule. In the sample, the absorption bands near 3,415 

and 1,610 cm-1 refer to the OïH stretching mode and HïOïH bending mode, respectively, 

indicating the presence of interstitial water in the samples (Figure 9 (a-d)) (110-112).  

The FTIR absorption spectra (Figure 9/I) give a comparison between unmodified PBNPs 

(Figure 9/I (a)) and the PEG 6000 and Methylene blue modified PBNPs (Figure 9/I (d)). In 

addition, the spectra of PEG 6000 (c) and MB (b) are shown, ranging from 400 cm-1 to 4,000 

cm-1. On the spectra of the pure and modified PBNPs, the peaks at 2,090 cm-1 and 494 cm-1 
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correspond to the stretching vibration of CſN and Fe-CN-Fe, which are the typical signals 

of PB. Typically, peaks over 3,200 cm-1 are ascribed to O-H group, indicating the presence 

of interstitial water in the PB. (Figure 9/I (a-d)). Figure 9/I (d) shows that the bands shift to 

lower wavenumbers. Furthermore, the peaks of PEG 6000 (c) and MB (d) could be identified, 

indeed, after the hypsochromic shift. Figure 9/I (c) shows the absorption spectrum of PEG 

6000. A broad band at 3,300 cm-1 is present, which can be related to an O-H stretching mode 

while the band at 1,650 cm-1 is a H-O-H bending vibration. A characteristic peak can be 

determined at 1,100 cm-1, which shows the C-O bonds. Figure 9 (b) represents the absorption 

spectra of Methylene blue. Characteristic peaks can be observed at 3,265, 2,114, 1,633 and 

585 cm-1. On Figure 9/II (a), characteristic peak of PBNPs are present at 2,090 cm-1, which 

corresponds the stretching vibration of CſN. The rehydrated sample binds also D2O, namely 

a peak is present above 2,7000 cm-1, which is related O-H (or O-D) stretching mode while 

the wider band (compared to the completely dry sample) at 1,650 cm-1 is a H-O-H (or D-O-

D) bending vibration. Aromatic groups and methly groups are visible on Figure 9/II (b). 

Aromatic groups and methyl groups are visible at 2807 and 2710 cm-1 represent the stretching 

vibration of -CH- and -CH3, aromatic vibrations are present from 1601-1372 cm-1, while the 

vibrations of the C=C skeleton of the dye are present at 1171 cm-1 (Figure 9 (b)). The spectra 

of PEG 6000 (Figure 9/II (c)) shows wide bands at ~3500 cm-1; these are related to the -OH, 

and the -C-O stretching is clearly visible ~1200 cm-1. On the other hand, Figure 9 (d) has a 

visible vibration band around 1170 cm-1, which could represent the C=C skeleton of the 

aromatic ring. Also, signs of CſN bands are present at 2090 cm-1, and the board band of -OH 

around 3500 cm-1 and -C-O stretching around 1200 cm-1. The vibration and stretching bands 

can be related to both citric acid and PEG, as well was PB itself. 

X-Ray diffraction (XRD) 

X-ray powder diffraction is not only capable to determine the phase, structure and ñbuilding 

stonesò of a nanostructure; using Braggôs and Scherrer`s equation, the material`s size and 

shape can be also determined (Equation 1. and Equation 2.). Nevertheless, the limitations of 

XRD data should be also acknowledged, this characterization method could offer key 

information about for the identification, quantification and characterization of nanomaterials, 

in the designing and development phase (113).  
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𝑛𝜆 = 2𝑑 𝑠𝑖𝑛𝛩 

Equation 1. Braggôs equation, where n is the diffraction order, d is the distance of the crystal 

planes, ɚ is the wavelength of X-Ray radiation, ɗ is the glancing angle.  

𝜏 =
 𝐾𝜆

𝛽𝑐𝑜𝑠𝛩
 

Equation 2. Scherrerôs equation, where Ű is the size of the crystallites, K is the Scherrerôs 

constant, ɚ is the wavelength of X-Ray radiation, ɓ is the peakôs full width at half maximum 

value (FWHM) and ɗ is the glancing angle.  

X-ray diffraction is based on the elastic scattering of x-rays from structures that have a 

longrange order. It discovers the geometry or shape of a molecule.  

The two samples ((a)Prussian blue reference solution, which was used later for pegylation 

and methylene blue labelling and (b) pegylated, fluorescent labelled PBNPs) were measured. 

The spectra (Fig. 10 (a)) show diffraction peaks at 2ɗ = 17.480, 24.420, 35.370 and 39.680 

which can be allocated to the Prussian blue phase crystal planes respectively. These peaks 

can be related to face-centered cubic structure of PB with space group Fm3m. Figure 10 (b) 

shows the existing peaks characteristic for PBNPs, furthermore, peaks related to PEG 6000 

(2ɗ = 18.510, 19.030, 23.130, 23.340 and 26.090) appeared, along with the characteristic 

peaks of Methylene blue (2ɗ = 27.480, 31.790, 36.160 and 45.570) (114-117). This shows 

unmodified PBNP crystals in the sample, as well as the proved the presence MB crystals.  

Measuring In Vitro Fluorescence 

Before administering fluorescently labelled nanoparticles to laboratory animals, it is essential 

to measure their in vitro fluorescence because it gives insight into their stability, brightness, 

and photostability. Additionally, it can help establish the ideal nanoparticle injection 

concentration and confirm the labeling's specificity. Based on Figure 11. Different dilutions 

of fluorescently labelled PBNPs were measured, to simulate the possible twenty-fold dilution 

within the body of the examined animals. As a proof-of-concept, this dilution produces 

potimal fluorescent signal for the fluorescnet imaging, suggesting an optimal result in vivo. 
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Stability Measurements of PBNP-MB@PEG Nanoparticles 

The applied citric acid as surface-capping agent controlled the size and the biocompatibility 

of the synthetized particles and seemed an appropriate agent to avoid aggregation (92). The 

reported PEGylated MB-labelled PBNPs remained stable for about 3 weeks, while the 

previously reported, citrate-coated PBNPs did not aggregate in a biologically relevant 

manner after 4 weeks (38, 118). This lets us conclude that the increased complexity on the 

nanoparticle surface leads to a shorter stability and usability. Based on the studies of Namazi 

et al. and Naeini et al., over time, citric acid and PEG are forming a self-aggregating system 

in our samples (36, 58). These dendrimers would offer a protective layer for PBNPs while 

encapsulating them along with the fluorescent dye MB. Our results suggest that further 

improvement would be necessary to synthesize a more stable PBPN platform for multimodal 

use as, e.g., MR-CA, radiotracer or therapeutic functions. 

5.1.2. In Vivo and Ex Vivo Measurements  

In medical imaging, the safety and discomfort of patients are important; therefore, a 

significantly faster and safer method used for lengthy and repeated procedures could make a 

huge impact on both diagnostics and monitoring. Optical methods are peculiarly useful for 

visualizing soft tissues, which can be easily differentiated from each other based on their 

light-absorbing and -scattering capabilities. The dual modalities allow better chances for 

inspection, based on different kinds of imaging modalities, e.g., MRI and OI. Finally, if an 

acute intervention is required, the need of repeated CA administration could be preventable, 

if the half-life (and clearance) of the nanoteragnostic agent is adequate (22, 23, 119). 

The total workings of the immune system play a significant role in the distribution, 

metabolism, and elimination of nanoparticles. As Diao et at. and Hong et al. used C57BL/6 

mice of IR imaging, we also decided to test our nanosystem in C57BL/6 mice that have an 

intact immune system as opposed to immunocompromised nude mice (120, 121). This might 

have made our imaging signals more scattered, but increased the validity of the model 

towards, eventually, clinical translational studies. 

The elimination and excretion of nanoparticles is, however, poorly investigated. Due to its 

mainly oral administration, only a few studies have been published data regarding I.V. PB 
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administration. As far as we know, ultrasmall PBNPs tend to be excreted via glomerular 

pathways, while after oral administration, PBPNs are excreted via fecal and urine routes (56, 

61, 122). The few available reports dealing with biodistribution and elimination of PBNPs 

after intravenous injection are not conclusive. It would seem, though, that in those studies, 

kidney excretion was not relevant despite smaller PBNP deposits in the mesangium and the 

peritubular vessels of (56, 58). Our findings with the new coating and dye-adsorbed-modified 

PBNPs suggest that both kidney and biliary elimination routes play a major role in the 

excretion of this nanoparticle system. Shortly after iv. administration, the particles could be 

found in the urinary tract, showing an enhanced fluorescent signal 3 h after the admission. 

This, along with our previous observations obtained with irreversibly 201Tl-isotope-labelled 

PBNPs passing through the kidney to the urinary excretion route, suggests a portion- of 

kidney excretion via fenestrae of the kidney endothelium and podocytes, especially in our 

measured hydrodynamic size range below 40 nm (56). 

In order to account for eventual dissociation of the MB dye from PBNP surfaces, we compare 

the known elimination routes and dynamics of MB dye solution to our MB-labelled PBNPs. 

Peter et al. reported that while MB alone accumulates in the brain and bile, mainly urinary 

excretion is significant 1 h after IV administration. The maximal concentration during urinary 

excretion was reached 2ï4 h after administration (123). In this context, our results suggest 

that MB stayed bound to PBNPs as both renal clearances are prolonged while the PEG shell 

alone did not significantly increase the renal excretion speed. The fluorescent intensity in the 

heart, liver, and spleen suggest a prolonged circulation time. Significant uptake can be 

observed in the lungs (501% ± 85%; 2 h post injection 156% ± 60%) and spleen (163% ± 

18%), while a slight increase in fluorescent intensity in the intestines (107% ± 5%), along 

with the urinary excretion (272% ± 32%; 3 h post injection 177% ± 20%) (percent values 

based on normalized fluorescent intensities preinjection ± SD). These results suggest that the 

MB and PBNPs were connected, and their clearance followed the both characteristic 

pathways for MB and PBNP; furthermore, the PEG shell alone did not promote the renal 

excretion significantly. The fluorescent intensity in the heart, liver, and spleen suggest a 

prolonged circulation time (Figure 16.). In contrast to this, non-pegylated samples were also 
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investigated (Figure 14 and 15.). The ex vivo images, in contrast to Figure 16 show 

hyperintense signals mainly in the GIT and kidneys, along with a moderate fluorescent signal 

in the skin. In this context, a part of PBNPs were labelled, not all the excretion routes are 

displayed in comparison to Figure 16. Furthermore, this also lets us conclude the crutial role 

of PEG for the fluorescent labelling. As a control, Eosine Y was also investigated and found 

not to be capable of producing sufficent fluorescent signal neither in the animals, nor on the 

ex vivo images (Figure 13). 

The ex vivo images confirm that the application of PEG led to an increased biological half-

life and slowed excretion rate, both biliary and urinary, compared to previous studies (124-

126). Even if other studies emphasize the connection between filtration and negative surface 

charge and larger particle size, PEGs are known as rather neutrally charged stabilizers. 

According to Liu et al. and Souris et al., complete clearance of PEG-modified nanoparticles 

last for 2 months, and thus, show a tendency of hepatic and renal accumulation causing local 

inflammation and necrotizing tissue (127, 128). 

Chen et al. investigated the acute and subchronic toxicological properties of Prussian blue 

nanoparticles after exposure of mice. PBNPs accumulated mainly in the spleen and liver. 

They found that, however, PBNPs induced acute damage in the liver (based on the liver 

functions), the long-term effects of PBNP-treatment cannot be called negative. All monitored 

parameters returned to normal levels, 60 days after the first IV PBNP administration (129). 

Our results also confirm the claims of Chen et al.; in the ex vivo images (Figure 16), PBNPs 

were present in the spleen and the liver; biliary functions resulted in PBNP presence in the 

gastrointestinal tract.  

5.2. Prussian blue-based dual fluorescent and magnetic contrast agent 

The final PBNP complex nano structure was prepared by the combination of Shokouhimehrôs 

method (57) and our previously published one-step citrate coated PBNP procedure (56). The 

synthesis of PBNPs with and without coating resulted in two different types of PBNP 

solutions, which were mixed. During the incubation and mixing period, the particles were 

able to connect to each other via carboxyl groups of citric acid and a form a bigger and iron-
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richer formula. The porous surface of the nanoparticles assured the conjugation points for the 

fluorescent IR820 dye (Figure 22) (88).  

Figure 22. Schematic illustration of the presumed connection of Prussian blue nanoparticles 

(PBNPs) with and without coating and the particle conjugation by IR820. The blue halo 

around the PBNPs represent the non-biocompatible PBNP-species (PB-HCl) acting as a 

coating surface. The colors represent the following ions or atoms, respectively: blue: Fe(III)); 

orange: Fe(II); black: C; gray: N (88).  

5.2.1. In vitro results  

DLS and zeta potential 

The mean hydrodynamic diameter (intensity-based harmonic average) of complex PBNPs 

was 82.91 ± 1.21 nm (average ± SD), as determined by DLS (Figure 18.). This had only 

changed slightly with time. There was no significant colloidal alteration during the 4-week 

duration of the study, as the calculated 0.244 ± 0.014 polydispersity index (PDI) shows the 

PBNPs did not flocculate or aggregate during this time. The mean zeta potential of PBNPs 

at the measured pH range did not exceed 15 mV (n=3). At pH 7.4 the zeta potential was ī33.3 

± 3.8 mV (n=3) (88). 
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Atomic Force Microscopy and  

The measured width of the particles was influenced by tip convolution. Figure 19a shows 

PBNPs on AFM images as objects with a flat rectangular surface protruding from a rounded 

halo. The rectangular surface represents the real geometry of the particles while their halo is 

the consequence of tip convolution, i.e., the effect of imaging a rectangular prism by a 

tetrahedral AFM tip. Rectangularity of the particles (together with their halo) was found to 

be 0.774 ± 0.111 (mean ± SD), indicating that PBNPs indeed represent rectangular 

topography. The height of the particles was 36.457 Ñ 9.496 nm (mean Ñ SD) (Figure 18) (88). 

Transmission Electron Microscopy 

The non-hydrated shape and size of the PBNPs were investigated with TEM. PBNPs 

appeared flat rectangular, dense objects in this case as well. The mean diameter of the 

nanoparticles was 30.14 Ñ 10.656 nm (average Ñ SD) (Figure 19), along with an average 

surface area of 579.257 ± 398.983 nm2 (mean ± SD; n = 1059 particles). The measured height 

by TEM was in good correlation with the results of AFM measurements describing the shape 

of non-hydrated particles. By both cases, the flat rectangular objects represent the real 

geometry of the particles (88). 

5.2.2. In vivo results  

Magnetic resonance imaging 

To demonstrate the positive MR contrast enhancing property of our PBNP sample, T1-

weighted images of a phantom (containing three different Fe(Fe (III) concentrations (13.75 

mM, 41.25 mM, and 82.5 mM) containing PBNP solutions) were scanned to visually evaluate 

the signal enhancement on T1-weighted image. Based on the inversion prepared gradient 

echo scan and the multislice multiecho scan T1 relaxations rate were calculated. Afterward 

from these values, longitudinal relaxivity (1 = 0.0008 Ñ 0.0002 mMī1 msī1) was calculated. 

The more significant T1 shortening effect for PBNPs could be explained by a carbon-bound 

and low-spin of Fe2+ in the PB structure, in contrast to the high spin nitrogen-bound Fe3+ 

(57). Our result demonstrates that PBNPs have substantial T1 MRI contrast compared to 

other T1 CAs (130, 131). Nanoparticles without any conjugated specific in vivo targeting 

agent are initially dispersed in the circulation system and started to accumulate mainly in the 
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reticuloendothelial system (RES; e.g. liver, spleen)(93, 94). To investigate the PBNP uptake 

efficiency, especially in RES, the PBNP distribution was determined on T1-weighted MR 

images (Figure 20). In the case of in vivo MRI scans, we were able to register contrast 

changes between the pre- and post-injection scans immediately after the PBNP 

administration. Enhanced signal intensities were registered in the lungs, liver, kidneys, and 

abdominal vein (Figure 20.), which supports the results of previous publication (88, 95).   

Optical imaging 

Due to the strong visible fluorescent signal of IR820 conjugated PBNPs the semiquantitative 

distribution of the particles was determined based on their normalized mean fluorescent 

intensity. Figure 21A illustrates the autofluorescence signal from the animal at pre-injection 

condition at 690 nm, while Figure 21B shows the fluorescent signal after the PBNP 

administration. Enhanced dye concentration was registered in the head and thoracic region 

based on the high dye content of the circulation system, furthermore the images illustrated 

the liver of the animal. According to the studies of Zhang et. al. and Huang et. al., IR820 

connected to different types of carrier systems shows great photo- and pH stability, as well 

as in aqueous media (88, 96, 97).  
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6. Conclusion 

In this study the synthesis and modification of biocompatible, stealth, fluorescent and 

MRI contrast capability of PBNPs were demonstrated.  

The PEGylated, MB labelled PBNPs offer a novel synthesis method to produce 

contrast material for the classical fluorescent measurement methodology. The MB-labelled 

PB nano-objects were investigated in vivo after intravenous administration, whereas the 

hepatobiliary and renal uptake and excretion were detected.  

The synthesized NIR-820 conjugated PBNP nanoparticles appear to be an appropriate 

MRI and optical contrast material. By application of surface modification of citrate coated 

PBNPs with coatless nanoparticles, a slightly enlarged, iron rich complex nano system was 

produced. The obtained nanofiber was observed to possess an enhanced in vitro and in vivo 

T1-weighted MR contrast. The further conjugation with NIR-820 dye resulted in an optically 

active complex nano material for in vivo use. The nano system exhibited high colloidal 

stability and monodispersity after each modification step. The relaxivity constant in this 

investigation demonstrated that produced nano material is an appropriate candidate for 

further MRI and OI investigation.  

With both PEGylation and fluorescent labelling PB nanoparticles are able to be 

conferred with advanced technological properties in order to offer a finely tuned platform for 

clinical application after further development. The optimal aim is implementing clinical 

translation as well as the application of MB and NIR wavelength. As fluorescent detection 

and imaging in a suboptimal in vivo system are more convincing if extended towards human 

clinical trials, the use of standard are more clinically relevant black mice might have been a 

preferred choice for validity and detection of our studies. However, the rather transparent 

nude mice are a less clinically translatable yet easily imageable.  

Therefore, applying the concept of ñQbDò during the laboratory synthesis of the 

nanoparticles, for the detection of the critical synthesis parameters, as well as measuring the 

nanosystem in two imaging modalities were an optimal choice for this study, resulting in 

further development and towards the clinical implementation.  
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6.1. Achievements 

I. A stable nanoparticle platform was created, which held its stability for the 4 weeks 

period of examination.  

o The system emitted fluorescent signal, which was detected during in vivo 

imaging 

o The possible clearance routes were observed, clearance was facilitated with 

the addition of PEG 

II. Prussian blue nanoparticles were successfully labelled with methylene blue 

III. The connection of the fluorophore was facilitated by the fluorescent coating 

IV. In vivo fluorescent imaging was executed and fluorescent images were captured 

over the examination time of 3 hours.  

Based on the fluorescent labelling experience,  

V. A stable Prussian blue-based T1 MRI contrast-capable nanoparticle was developed 

and it was successfully labelled with fluorescent dye,  

o Characterization was executed in vitro with DLS, AFM, TEM, and Zeta-

potential measurements 

VI. In vivo T1 MRI contrast was obtained, 

VII. And NIR fluorescent contrast was measured in vivo.  
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7. Summary 

In the presented work, we studied the possibilities of using biocompatible Berlin blue 

nanoparticles (PBNP) as a multimodal contrast agent with different physical-chemical 

investigation methods. We added various fluorescent dyes to nanoparticle suspensions and 

examined their stability. Although particles labeled with Eosin Y and methylene blue dye 

were suitable for in vivo imaging, the application of the former was not possible due to 

experienced aggregation problems. The characteristics of the particles were examined by 

DLS, zeta-potential measurement, SEM, TEM, AFM, XRD, and FTIR measurements. Both 

physical and structural measurements confirmed successful labeling and optimal stability for 

in vivo use. The particles' presence in the animals' organs was confirmed by in vivo 

measurements. In the second part of the experiments, we produced non-biocompatible 

PBNPs, which we combined with biocompatible PBNP and infrared dye solutions. We used 

IR820 dye for fluorescent labeling based on previous the precious experiments. The physico-

chemical investigations were carried out as described before. We determined the average 

particle size and size-distribution of the nanosystem. In vivo measurements showed 

hyperintense changes on T1-weighted MRI images in several organs, resulting from the 

PBNP complexô presce.  

In the case of fluorescent labeling, MB proved to be a suitable fluorescent dye for the 

labelling of PBNPs. To achieve optimal stability, we needed to add PEG 6000 sterically 

stabilizing agent. In addition, infrared labeling with IR820 was also successfully feasible. 

Contrast enhancement on MRI images was only possible with the combination of two PBNP 

species. Based on the results of the study, we determined the critical parameters of PBNP 

production. Based on these, PBNPs can be implemented and well-suited for optical and MRI 

multimodal imaging.  

The synthesized particles have excellent stability in aqueous solutions, and their 

physical shape and size can be determined as part of quality control. Further optimization of 

the system, such as increasing T1 contrast, drug molecule incorporation, and using PBNPs 

as a drug carrier system, could further increase the chances of such a system entering the 

market.  
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8. Összefoglalás (Summary in Hungarian) 

A bemutatott munkában a biokompatibilis Berlini kék nanorészecskék (PBNP) multimodális 

kontrasztanyagk®nt val· alkalmaz§s§nak lehetŖs®geit tanulm§nyoztuk k¿lºnbºzŖ fizikai-

kémiai vizsgáló módszerekkel. A nanorészecskék szuszpenzi·ihoz k¿lºnbºzŖ fluoreszcens 

festékeket adtunk, ezek stabilitását vizsgáltuk. Ugyan az Eozin Y és a metilénkék festékkel 

jelölt részecskék alkalmasnak bizonyultak az in vivo képalkotásra, a k®sŖbbi k²s®rletek sor§n 

az elŖbbi mint§k alkalmaz§s§t a tapasztalt aggreg§ci·s probl®m§k nem tett®k lehetŖv®. A 

r®szecsk®k jellemzŖit DLS, Z®ta-potenciál mérés, SEM, TEM, AFM, XRD és FTIR mérések 

segítségével vizsgálták. A fizikai és a szerkezeti mérések is sikeres jelölést, valamint az in 

vivo felhasználás szempontjából optimális stabilitást igazoltak. Az in vivo mérésekkel 

megerŖs²tett®k a r®szecsk®k jelenl®t®t az §llatok szerveiben. A kísérletek második felében 

nem biokompatibilis PBNP-ket állítottunk elŖ, melyeket biokompatibilis oldatokkal illetve 

infravörös festékoldattal kombináltunk. A fluoreszcens jelzés során korábbi tapasztalataink 

alapján IR820 festéket használtunk. A fizikai-k®miai vizsg§latok az elŖbbieknek megfelelŖen 

történtek. Meghatároztuk a nanorendszer átlagos részecskeméretét, méreteloszlását. Az in 

vivo mérések a T1 súlyozott MRI-felvételeken intenzitás-növekedést mutattak több szervben 

is, melyet az ott található PBNP komplex eredményezett.  

A fluoreszcens jelölés esetében az MB megelelŖ fluoreszcens festéknek bizonyult a PBNP 

jelzésére. Az optimális stabilitás eléréséhez PEG 6000 sztérikus stabilizáló hozzáadására volt 

szükség. Emellett az IR820-al tºrt®nŖ infravºrºs jelºl®s is sikeresen kivitelezhetŖ. A T1 

súlyozott képeken az MRI kontrasztnövelés csak két PBNP-speciesz kombinálásával volt 

lehetséges. A dolgozat eredményei alapján megállapítottuk a PBNP gyártásának kritikus 

paramétereit. Ezek alapján a PBNP-k megvalósíthatók jól alkalmazhatók az optikai és MRI 

multimodális képalkotás számára. A szintetizált részecskék vizes oldatokban kiváló 

stabilitással rendelkeznek, a fizikai alak ®s m®ret, a minŖs®gellenŖrz®s r®szek®nt 

meghatározható. 

A rendszer további optimalizálása úgy mint a T1 kontraszt további növelése valamint 

gyógyszermolekula inkorporációja és a PBNPk gyógyszerhordozó rendszerként való 

felhasználása tovább növelheti egy ilyen rendszer piacara kerülésének esélyeit  
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László Forgách 1,*, Nikolett Hegedűs 1, Ildikó Horváth 1, Bálint Kiss 1, Noémi Kovács 1,
Zoltán Varga 1,2, Géza Jakab 3, Tibor Kovács 4, Parasuraman Padmanabhan 5 ,
Krisztián Szigeti 1,*,† and Domokos Máthé 1,6,7,*,†

1 Department of Biophysics and Radiation Biology, Semmelweis University, 1085 Budapest, Hungary;
hegedus.nikolett@med.semmelweis-univ.hu (N.H.); horvath.ildiko@med.semmelweis-univ.hu (I.H.);
kiss.balint@med.semmelweis-univ.hu (B.K.); kovacsnoi@hotmail.com (N.K.); varga.zoltan@ttk.mta.hu (Z.V.)

2 Institute of Materials and Environmental Chemistry, Research Centre for Natural Sciences,
1117 Budapest, Hungary

3 Department of Pharmaceutics, Semmelweis University, 1085 Budapest, Hungary;
jakab.geza@pharma.semmelweis-univ.hu

4 Institute of Radiochemistry and Radioecology, University of Pannonia, 8200 Veszprém, Hungary;
kt@almos.vein.hu

5 Lee Kong Chian School of Medicine, Nanyang Technological University, Singapore 636921, Singapore;
ppadmanabhan@ntu.edu.sg

6 In Vivo Imaging Advanced Core Facility, Hungarian Centre of Excellence for Molecular Medicine,
6723 Szeged, Hungary

7 CROmed Translational Research Centers, 1047 Budapest, Hungary
* Correspondence: forgach.laszlo@med.semmelweis-univ.hu (L.F.);

szigeti.krisztian@med.semmelweis-univ.hu (K.S.); mathe.domokos@med.semmelweis-univ.hu (D.M.);
Tel.: +36-1-459-1500 (ext. 60164) (L.F.); +36-1-459-1500 (ext. 60210) (D.M.)

† These authors contributed equally to this work.

Received: 16 July 2020; Accepted: 27 August 2020; Published: 31 August 2020
����������
�������

Abstract: (1) Background. The main goal of this work was to develop a fluorescent dye-labelling
technique for our previously described nanosized platform, citrate-coated Prussian blue (PB)
nanoparticles (PBNPs). In addition, characteristics and stability of the PB nanoparticles labelled
with fluorescent dyes were determined. (2) Methods. We adsorbed the fluorescent dyes Eosin Y and
Rhodamine B and methylene blue (MB) to PB-nanoparticle systems. The physicochemical properties
of these fluorescent dye-labeled PBNPs (iron(II);iron(III);octadecacyanide) were determined using
atomic force microscopy, dynamic light scattering, zeta potential measurements, scanning- and
transmission electron microscopy, X-ray diffraction, and Fourier-transformation infrared spectroscopy.
A methylene-blue (MB) labelled, polyethylene-glycol stabilized PBNP platform was selected for
further assessment of in vivo distribution and fluorescent imaging after intravenous administration in
mice. (3) Results. The MB-labelled particles emitted a strong fluorescent signal at 662 nm. We found
that the fluorescent light emission and steric stabilization made this PBNP-MB particle platform
applicable for in vivo optical imaging. (4) Conclusion. We successfully produced a fluorescent and
stable, Prussian blue-based nanosystem. The particles can be used as a platform for imaging contrast
enhancement. In vivo stability and biodistribution studies revealed new aspects of the use of PBNPs.

Keywords: Prussian blue nanoparticles; fluorescent imaging; optical imaging; biocompatible
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1. Introduction

Optical methods are simple and easy ways of imaging in biomedical research. They offer
opportunities from simple observation of subjects to advanced methods for the imaging of tumors and
different metabolic pathways using different kinds of spectroscopy and microscopy [1]. The major
drawback of this method lies in the properties of light: tissue absorption and scatter strongly depend
on the wavelength of light as well as the tissues themselves. Strong autofluorescence of the highly
perfused tissues, e.g., muscles, skin, and hair scatter limit the tissue penetration and contrast of
optical methods. Fluorophores, emitting light at higher wavelengths can potentially result in a better
signal-to-noise ratio and a better image [2–4]. On the other hand, fluorophores alone are not able
to mark specific tissues; their premature metabolism after intravenous administration often leads to
decreased uptake in the target tissue or tumor. Yet, their toxicity to the healthy tissues is another
issue. To overcome these drawbacks, chemical or physicochemical solutions would connect these NIR
fluorophores to other structures, e.g., nanoparticles or proteins, which could solve the toxicity and
sensitivity issues, allowing the microdosing of these agents [4,5].

Mesoporous nanoparticles have been reported, capable of fluorescent optical imaging [6–9].
The mesoporous structure itself could lend the particle absorbing properties of ions, anticancer drug,
or even fluorescent dyes to the corresponding particles [6–10]. However, the synthesis of such particles
can range from a very wide range of chemical synthesis techniques from the polycondensation process
to thermal oxidation to thermal condensation; the basics of nanoparticle separation via centrifugation,
rinsing the samples using ethanol to remove “unwanted,” unreacted contaminants along with dialyzing
the samples could be easily translated and implemented into any synthesis process [6,9].

Methylene blue, with its excitation wavelength at 633 nm and emission at 662 nm could be a
potential candidate for fluorescent imaging. Its emission wavelength is in the diagnostic window
(650–900 nm), where the extinction coefficients of oxyhemoglobin, deoxyhemoglobin, and water are
the lowest [4]. Furthermore, methylene blue is on the World Health Organization List of Essential
Medicines, the safest and most effective medicines needed in a health system and has been used
widely in clinical and basic research [10,11]. Its properties and widespread global use make it a
promising candidate for the fluorescent labelling of a multimodal imaging system, a Prussian blue
nanoparticle-based nanoteragnostic agent (Prussian blue (PB) nanoparticles (PBNPs)).

Previous studies prove that PBNPs could possibly act as zeolitic and porous structures, absorbing
metallic cations and gases in their pores, although the exact binding mechanisms were not fully described
and published [12–14]. It was also previously reported that PBNPs could have a great potential as
multimodal contrast agents as well as potential drugs for photodynamic therapy [7,13,15,16]. Equipped
with a suitable biocompatible citrate layer would help to stabilize the particles and render them capable
to form surface dendrimers when polyethylene glycols are added to the PBNP solution [7,12]. Just like
with PEGylation, these surface dendrimers would prevent the aggregation of the nanosystem and
provide long-term stability in physiological conditions [17,18].

Our main goal was to create a fluorescently labeled Prussian blue nanoparticle (PBNP) (iron(II);
iron(III);octadecacyanide)-based nanosystem for preclinical fluorescent imaging. The crucial quality of
the platform should be as follows: first, it should be a stable nanosystem, which does not aggregate
over long periods of time; second, the emission of a fluorescent signal that could be detected in living
organisms to make the particle suitable for in vivo imaging; and third, a clearance mechanism to
reduce possible side effects but also to slow down accumulation in the monocyte-macrophage system,
the liver and spleen. We wished to also take advantage of the biocompatible coating of the particle,
thus connecting the potential fluorescent dyes and stabilizers to PBNPs. To this end, we selected and
tested the fluorescent dyes eosin Y, rhodamine B, and methylene blue for further sorption to the PB
nanoparticles, both with and without further (or preceding) PEGylation. We selected a 3-h imaging
time point evaluation in order to model a clinically also relevant situation as in the case of currently
running image-guided surgery clinical studies of fluorescent contrast materials.
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2. Materials and Methods

2.1. Synthesis of PBNPs

Citrate-coated PBNPs were synthesized by following the method published by Shokouhimehr
and colleagues with some modifications. [14]. Briefly, PBNPs were prepared by slowly adding 20 mL of
1.0 mM Fe(III) chloride anhydrous (FeCl3; Sigma-Aldrich, Budapest, Hungary) solution with 0.5 mmol
of citric acid (Sigma-Aldrich) to a solution containing an equimolar amount of potassium ferrocyanide
anhydrous (K4[Fe(CN)6]; Sigma-Aldrich, Budapest, Hungary) under vigorous stirring for 15 min at
40 ◦C. The products were isolated with centrifugation at 21,130 rcf (Eppendorf 5424R centrifuge) at
4 ◦C.

2.2. Fluorescent Labelling

Eosin Y and rhodamine B were adsorbed to the particles as reported in Supplementary Information
(Table S1). For fluorescent labelling, the concentrated methylene blue (MB; Sigma-Aldrich) stock
solution was diluted twofold and filtered through a 0.22 µm membrane filter (MILLEX GP 0.22 µm;
Merck Millipore Ltd., Budapest, Hungary). Further, 200 µL of this filtered solution was added to
2 mL of the PBNP solution. This would result in absorbed MB on the mesoporous surface of the
biocompatible PBNPs. After that, two main approaches were made:

a. The synthesized PBNPs were labelled after centrifugation of “bare” PBNPs at 4 ◦C, using
21,130 rcf. Thereafter, the PEGylation process was performed and the solution was dialyzed
against phosphate buffer saline solution (pH = 6.8; Ph.Eur. 8.).

b. The PBNP-MB mixture was centrifuged at 21,130 rcf (Eppendorf 5424R centrifuge) at 4 ◦C. Then,
the PBNP-MBs were PEGylated, dialyzed, and stored at 2–8 ◦C until further use.

2.3. PEGylation of PBNPs

For the PEGylation, PEG 3000 (for molecular biology; Sigma Aldrich, Darmstadt, Germany) was
available in monodisperse solution, while PEG 6000 (for synthesis) and PEG 8000 (for synthesisUSP)
(Sigma Aldrich, Budapest, Hungary) were commercially sold in solid form. At first, these power-based
agents were dissolved in 50% ethanol–water mixture the final PEG content was set to 10 w/w%.

PBNP-MB solutions (2 mg/mL) were prepared by adding distilled water (Milli-Q) to the stock
MB-labelled PBNP solution. After 15 min incubation time at room temperature, different PEG solutions
(PEG 3000, PEG 6000, and PEG 8000) were added to the PBNP-MB solutions and dialyzed for 24 h
(14 kDa filter) (Sigma-Aldrich, Budapest, Hungary) in phosphate buffer saline solution (pH = 6.8;
Ph.Eur. 8.). Different v/v% concentration compositions (PEG 3000: 1.47-1.96-2.44-3.85-9.09, PEG 6000:
1.47-1.96-2.44-3.85, and PEG 8000: 1.47-1.96-2.44) were prepared and characterized in the following
with DLS and Zetasizer instruments. Other details are available in the Supplemental Information.

2.4. DLS and Zeta Measurements

The absorbance of the samples was measured at 633 nm with a Model 8453 UV–VIS
spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). The surface charge and hydrodynamic
diameter of the particles were determined using a Zetasizer Nano ZS (Malvern Instruments Ltd.,
Worcestershire, UK). DLS measurement was performed at 37 ◦C in backscattering mode (detector
fixed at 173◦) using a 633 nm He-Ne laser. Samples were measured in a reusable quartz cuvette (type
PCS1115 6G; Malvern Instruments Ltd., Worcestershire, UK). Measurement of zeta potential was
performed under similar conditions. DTS1070 disposable cuvettes were used (Malvern Instruments
Ltd., Worcestershire, UK). The measurement data were evaluated using software provided by the
manufacturer, and statistical data and graphs were created and evaluated with Origin 9.0 (OriginLab)
and Microsoft Excel 2013 software. DLS measurements were performed weekly for a period of 6 weeks
to determine colloidal stability. Samples were stored at 2–8 ◦C.
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2.5. Atomic Force Microscopy (AFM)

After a 10 min incubation time, mica surface was dried in N2 stream. AFM images were collected
in noncontact mode with a Cypher S instrument (Asylum Research, Santa Barbara, CA, USA) at 1 Hz
line-scanning rate in air, using a silicon cantilever (OMCL AC-160TS, Olympus, Tokyo, Japan) oscillated
at its resonance frequency (300–320 MHz). Temperature during the measurements was 25 ± 1 ◦C.
AFM amplitude-contrast images are shown in this paper. The filter used on the images enhances the
details of the height contrast images (violet, orange, yellow). AFM images were analyzed by using the
built-in algorithms of the AFM driver software (Igor Pro, Wave Metrics Inc., Lake Oswego, OR, USA).
Particle statistics was done by analyzing a 4 µm × 4 µm height-contrast image with (n = 95) particles.
Maximum height values were taken as the height of particles, and rectangularity was calculated as
the ratio of the particle area to the area of a nonrotated inscribing rectangle. The closer a particle is to
a rectangle, the closer this value is to unity. Detailed data is available in Supplemental Information
Figure S5.

2.6. Scanning Electron Microscopy (SEM)

The nanoparticle suspension was diluted with distilled water (1:2) and applied to a metallic sample
plate, which was covered with a double-sided carbon tape. The sample was dried under vacuum,
metallized with gold and investigated with a field emission EM, JEOL JSM 6380LA SEM (Jeol Ltd.,
Tokyo, Japan), at 15 kV and a working distance of 15 mm. The morphology of the nanoparticles
was observed.

2.7. Transmission Electron Microscopy (TEM)

Morphological investigations of the NPs were carried out on a JEOL JEM 1200EX (Jeol Ltd.,
Tokyo, Japan) transmission electron microscope. The diluted sample was dropped and dried on
a carbon-coated copper grid. The length (along multiple axles) and the area of the particles were
determined by manually measuring the diameter (n = 304) and circumference (n = 176) of the
nanoparticles, using ImageJ software.

2.8. Animals

In vivo fluorescent imaging tests of MB-PBNP nanosystems were carried out in C57BL/6 male
mice (Janvier, France). Animals had ad libitum access to food and water and were housed under
temperature-, humidity-, and light-controlled conditions. All procedures were conducted in accordance
with the ARRIVE guidelines and the guidelines set by the European Communities Council Directive
(86/609 EEC) and approved by the Animal Care and Use Committee of Semmelweis University
(protocol number: XIV-I-001/29-7/2012). Mice were 10–12 weeks old with an average body weight of
28 ± 5 g. During imaging, animals were kept under anesthesia using a mixture of 2.5% isoflurane gas
and medical oxygen. Their body temperature was maintained at 37 ◦C throughout imaging. For the
most humane termination of the animals, intravenous Euthasol (pentobarbital/phenytoin) injection
was used.

2.9. In Vivo Fluorescent Imaging

The fluorescent labelled PBNPs were imaged using a two-dimensional epifluorescent optical
imaging instrument. (FOBITM, Fluorescent Organism Bioimaging Instrument; Neoscience Co., Ltd.,
Suwon-si, Korea). Mice were anesthetized with isoflurane (5% for induction and 1.5–2% to maintain
the appropriate level of anesthesia; Baxter, AErrane). Precisely, 200 µL of MB-labelled PBNP solution
containing 224 µg of Fe(III) in a 2 mg/mL concentration PBNP solution was administered intravenously
into the tail vein. The images were collected (after shaving to remove hair) at 4 different time points
(pre- and postinjection, 3 h postinjection, and ex vivo post the 3 h in vivo time) with excitation
of 630–680 nm corresponding to the excitation maximum of the dye (ex: 664 nm; em: 687 nm).
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The emission spectrum of the dye was in the pass band of the used emission filter. Image acquisition
parameters were the following: exposure time: 1000 msec and gain: 1. The images were evaluated
with VivoQuant software (Invicro, 27 Drydock Avenue, Boston, MA, USA).

3. Results

3.1. Preformulation of PEGylated PBNPs

Multiple approaches were made to determine the optimal PEG coating concentration. For that,
different volume-percent compositions were formed and characterized. During the preformulation,
DLS measurements were performed and combined with the macroscopic analysis of the samples
(aggregation, visual evaluation, homogeneity, and homogenizability) (Table S2).

We found that the optimal PEG concentration for the different types of PEG solutions is slightly
different if the particle size and the PDI are the form factors for choice. For further inspections,
PBNP-MB samples containing 5 mg (10 µL) PEG 3000 (PNBP-MB@PEG3000_10µL), 10 mg (100 µL)
PEG 6000 (PNBP-MB@PEG6000_100µL), and 12.5 mg (100 µL) PEG 8000 (PNBP-MB@PEG8000_100µL)
were chosen after DLS measurements and macroscopic inspections. The other samples showed either
aggregation during the measurements or sedimented despite the optimal hydrodynamic diameter and
low PDI value. The synthesized methylene-blue-labelled PEGylated PBNP-s (PBNP-MB@PEG) were
stored at 2–8 ◦C.

3.2. In Vitro Measurements

3.2.1. DLS and Zeta Potential of Fluorescently Labelled PBNPs

MB labelled, PEGylated PBNPs were measured first to determine the optimal size. These
measurements were part of a preformulation study, which included mainly macroscopic inspections
along with DLS and zeta potential measurements (Supplemental Information, Table S2).

3.2.2. Atomic Force Microscopy (AFM)

AFM images are shown in Figure 1. PBNPs appeared as objects with a flat rectangular surface
protruding from a rounded halo (Figure 1a). The rectangular surface represents the real geometry
of the particles (Figure 1c) while their halo is the consequence of tip convolution, i.e., the effect of
imaging a rectangular prism by a tetrahedral AFM tip. Rectangularity of the particles (together with
their halo) was found to be 0.7701 ± 0.1041 (mean ± SD), indicating that PBNPs indeed represent
rectangular topography. The height of the particles showed monomodal distribution with a mean ± SD
of 17.790 ± 8.922 nm (Figure 1).

3.2.3. Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy

Due to the sample preparation process, SEM images show an aggregated nanosystem where the
particles appear as rectangular objects. Single particles were hard to distinguish from one another,
however, their size did not exceed the 100 nm threshold (Figure 2a).

The nonhydrated shape and size of the NPs were also analyzed with TEM (Figure 2b,c).
The nanosystem was slightly aggregated (Figure 2c), however, single particles could be observed.
The shape of the nanoparticles on TEM and AFM images was similar. PBNPs appeared as flat
rectangular, dense objects in this case as well. The average length of the particles was 28.080 ± 6.690
(mean± SD; n = 304) (Figure 2d), along with an average surface area of 582.20± 269.750 nm2 (mean± SD;
n = 176 particles) (Figure 2e).
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Figure 1. (a) Height-contrast AFM image of PBNPs on the mica surface (scale bar = 4 µm × 4 µm).
(b) Modified PBNPs on the mica surface; height-contrast AFM image (scale bar = 200 nm). (c) A modified
PBNP nanoparticle (scale bar = 50 nm). (d) The cross-section graph of (c) PBNP nanoparticle
(abscissa = 0–200 nm; ordinate = 0–25 nm). AFM: atomic force microscopy; PBNPs: Prussian
blue nanoparticles.
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however, their size did not exceed the 100 nm threshold (Figure 2a). 

The nonhydrated shape and size of the NPs were also analyzed with TEM (Figure 2b,c). The 
nanosystem was slightly aggregated (Figure 2c), however, single particles could be observed. The 
shape of the nanoparticles on TEM and AFM images was similar. PBNPs appeared as flat rectangular, 
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Figure 2. (a) The SEM micrograph of modified PBNPs (magnification: 30,000x, scale bar = 0.5 µm); the 
PBNPs are barely visible between the pores of the double-sided carbon tape (section of (a); 
Figure 2. (a) The SEM micrograph of modified PBNPs (magnification: 30,000x, scale bar = 0.5 µm);
the PBNPs are barely visible between the pores of the double-sided carbon tape (section of (a);
magnification: 30,000×). (b–c) The TEM micrograph of modified PBNPs (magnification = 250,000x;
scale bar = 100 nm). (d) The mean length of PBNPs, determined by TEM images. (e) The average
area of the modified PBNPs according to TEM images. SEM: scanning electron microscopy; PBNPs:
Prussian blue nanoparticles; TEM transmission electron microscopy.
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3.2.4. Measuring In Vitro Fluorescence

After the two main approaches of fluorescent labelling, PBNP-MB@PEGs were tested in vitro,
to study whether the emitted signal is adequate for in vivo imaging. For that purpose, 20-fold diluted
samples were produced and measured, along with the stock PBNP-MB@PEG solutions.

The samples prepared according to method a showed lower intensity on the emitted light, on the
other hand, method b provided a significantly better signal in emission, which made the sample a
better choice for in vivo use (Figure 3a,b).
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Figure 3. (a) PBNP-MB@PEG6000_100µL (stock solution × and 20× dilution left to right). (b) Fluorescent
signal of PBNP-MB@PEG6000_100µL dilutions in FOBI. PBNP-MB@PEG6000_100µL: Methylene
blue-labelled (100 µL Methylene blue) PEG 6000 stabilized Prussian blue nanoparticles; FOBI:
Fluorescent Organism Bioimaging Instrument.

3.2.5. Stability Measurements of PBNP-MB@PEG Nanoparticles

The mean zeta potential of the measured samples (PBNP, PBNP-MB@PEG3000, PBNP-MB@
PEG6000, and PBNP-MB@PEG8000) was not bigger than −20 mV, moreover, all the samples had a net
negative charge of −25 mV or greater.

The mean hydrodynamic diameter of the particles was measured as a part of a 4-week stability test.
However, non-modified PBNPs size showed a slight change in the diameter, i.e., after the third week,
all PEGylated particles started to aggregate. PBNP-MB@PEG6000 nanoparticles were the most stable,
along with the lowest PDI and diameter. As the size (hydrodynamic diameter) of the other two particles
(PBNP-MB@PEG3000 and PBNP-MB@PEG8000) doubled after 3 weeks, the PBNP-MB@PEG6000
particles kept a solid size of 24.82 ± 5.83 nm (number-based particle size distribution). According to
these results, PBNP-MB@PEG6000 particles remained stable for the longest time, thus made them the
best candidate for further inspections (Supplemental Information; Table S3 and Figure S6)

3.3. In Vivo and Ex Vivo Measurements

Due to the strong visible fluorescent signal of PBNP-MB@PEG6000s, 200 µL of the suspension
of nanoparticles was injected into the lateral tail vein of C57BL/6 male mice Figure 4A,B.
The semiquantitative distribution of the labelled PBNPs was determined based on their normalized
mean fluorescent intensity (Figure S6). On the ex vivo images Figure 4B, taken 3 h after the first
injection, PBNP-MB@PEG6000 accumulation can be observed in the gastrointestinal tract, kidneys,
spleen, liver, and heart.
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Figure 4. (A) (a,b) C57BL/6 mice before intravenous treatment from anterior and posterior planes.
(c,d) C57BL/6 mice pre-PBNP treatment (anterior and posterior planes). (a) anterior, preinjection;
(b) posterior, preinjection; (c) anterior, postinjection; and (d) posterior, postinjection. Color scale equals
mean fluorescent intensity (MFI) in arbitrary units (A.U.) Figure 4 (B) ex vivo images, 3 h postinjection.

4. Discussion

It has long been known that Prussian blue (PB) is capable of chelating toxic metals, e.g., cesium (Cs)
and thallium (Tl), thus facilitating their clearance from the body. This property is the main reason PB is
featured on the World Health Organization (WHO) Model List of Essential Medicines, as the specific
category “Antidotes and other substances used in poisoning” PB has been approved for medical use in
the United States (US) and in Europe for the abovementioned indication since 2003 [10,19]. Previous
studies also described Prussian blue nanoparticles (PBNPs) as potential photothermal therapeutic
agents [16], a promising candidate for different types of imaging [20], e.g., magnetic resonance-imaging
(MRI) (as a T1 and T2 contrast agent) [12,21], optical imaging, and computed tomography [22].
The most widely used imaging modalities for follow-up studies are MRI and optical imaging (OI).
MRI, based on the different relaxivities modulated by contrast agents (CA), is able to emphasize the
structural (anatomical) differences between different types of tissues. MRI methods are noninvasive
and can be easily translated from preclinical research to clinical applications, allowing the acquisition
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of spatial as well as temporal information. However, MRI suffers from less than optimum sensitivity of
detection of injected CAs [23].

Of the mentioned modalities, OI is, however, the least complicated and most versatile method in
current preclinical imaging applications. OI is free from harmful effects of ionizing radiation—in fact,
it replaces it with nonionizing radiation, which includes visible, ultraviolet, and infrared light [24].

Several approaches were made to synthesize multimodal nanoparticles, which were capable of
optical imaging along with other imaging techniques or had notable therapeutic relevance. Dumont et al.
described PBNP analogue Mn (II) containing fluorescent-labelled nanoparticles with pediatric brain
tumor (PBT) specific antigens. These nanoparticles generated MRI contrast (in both T1 and T2) and
showed specific uptake in PBTs due to their surface modifications. These modifications granted them
biocompatibility and provided fluorescent signal in vivo [25].

Tu et al. has also described multimodal magnetic-resonance and optical-imaging contrast agent,
which were sensitive to NADH. In the presence of NADH, the MRI signal enhanced, whereas the green
fluorescence disappeared [26]. The contrast agent itself had a notable MR signal enhancement in vivo,
the only drawback of its clinical application was the lack of specificity on a cellular level. Furthermore,
the absorption peak of the molecule was found in the region of autofluorescence, which made it a less
promising candidate for further use.

To overcome the weakness in OI, Shcherbo et al., in his work, has discussed a protein known as
mKate/Katushka (monomer/polymer), which could be excited at 588 nm and emits at 635 nm. At the
far-red emission wavelengths, neither the absorbance of hemoglobin and melanin at 620 nm nor the
absorbance of water at 1100 nm is significant, thereby providing greater penetration depth for detection
in vivo [27]. Due to the lack of selectivity in fluorescent signal, this technique could not succeed in
preclinical drug research, notwithstanding its novelty in whole-body imaging and gene manipulation.

Despite other important results, Prussian blue nanoparticles were not yet been described as both
fluorescent and PEGylated nanoscale platform for in vivo imaging. In our work, the fluorescence
was provided with an adsorbed dye, namely, methylene blue (MB), which is a highly water-soluble
fluorescent dye. MB is widely used in different fields of medicine: as the medication and treatment of
methemoglobinemia and cyanide poisoning; as a part of combination of drugs in infection control,
which covers the urinary tract; and as a strain or dye in different types of endoscopy [28–31].

In addition, the excitation of methylene blue is in the NIR region (above 630 nm). MB is also
the most inexpensive of the commercially available NIR fluorescent dyes and has been widely used
for bioanalysis [32]. Prussian blue nanoparticles were previously described as biosensors, based on
their redox properties. Their peroxidase-like activity was in focus of the studies of Zhang et al. and
Vázquez-González et al. Their studies suggest that the interaction of cells with PBPNs could enhance
the effects of oxidative damage to cells, especially to the cells of the liver, which was observed in the
work of Chen et al. [33–35]. To overcome the oxidative effects of PBNP administration, either reductive
substance should be administered with the PBNPs or reductase-like activity should be attached to
the surface of the PBNPs. Such reductive substances would prevent the effects of the PBNPs. MB is
a strong antioxidant, which would prevent cellular oxidation damage as Zhang et al. describes, by
preventing mitochondrial oxygen free radical formation and enhancing oxygen consumption [36].
Previous studies described MB as an encapsulated dye in different kinds of particles for fluorescent
imaging [37,38]. In addition, Szigeti et al. and Chen et al. suggested that mesoporous PBNPs could
act as “chemical sponges,” absorbing metal ions and drugs, depending on the pH conditions and
properties of the PBNPs [13,39] Our results suggest similar mechanisms for labelling. The two applied
methods were mainly different: method a suggested a connection based on surface charges and
secondary bonds, where PEG had an additional function as sealant, preventing MB leakage. In contrast,
method b showed less fluorescence, which suggest less adsorbed dye and therefore, poor labelling
efficacy. The surface of PBNPs was “sealed” before MB could connect to the particles, which resulted
in increased dye-washout during dialysis.
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Surface charge measurements have been concluded—they suggest a small decrease in the zeta
potential after MB labelling (mean value before labelling <−30 mV; mean value after the labelling
<−25 mV). In addition, additional surface charge measurements were concluded, on older samples.
Their zeta potential did not exceed −20 mV. Therefore, it is possible that the decreased surface charge is
the result of the ionic interactions between the dye and the citrate surface. Nevertheless, it must not be
forgotten, that the pH of the used buffer (Phosphate buffer saline pH 6.8) could also result a decreased
zeta potential in the MB-labelled PBNP sample. Previous studies described citric acid-, PVP-, and
PEG-coated PBNPs. These capping agents are biocompatible and act mainly as steric stabilizers, which
enhance the colloidal stability of the particles and affect the size and shape of the nanoparticles [40–42].

Chelating properties of citric acid were previously reported; citrate forms complexes with metallic
cations although, at physiological conditions, these complexes have no effect on the colloidal stability
of the particles [43,44]. Both citric acid and PEG offer PBNPs biocompatibility, moreover, citrate as
a capping agent could function as an anchor for different molecules due to its terminal carboxylic
function. PEG and citric acid were reported to form aggregates, connected with π-bonds, depending
on the concentration and the proportion of citric acid to PEG [17,18].

The reported PEGylated MB-labelled PBNPs remained stable for about 3 weeks, while the
previously reported, citrate-coated PBNPs did not aggregate in a biologically relevant manner after
4 weeks [9,18]. This lets us conclude that the increased complexity on the nanoparticle surface leads to
a shorter stability and usability. Based on the studies of Namazi et al. and Naeini et al., over time,
citric acid and PEG are forming a self-aggregating system in our samples [7,15]. These dendrimers
would offer a protective layer for PBNPs while encapsulating them along with the fluorescent dye MB.
Our results suggest that further improvement would be necessary to synthesize a more stable PBPN
platform for multimodal use as, e.g., MR-CA, radiotracer or therapeutic functions.

FTIR spectroscopy reveals the lengths of the bonds, the molecular mass changes, and the
band-order of molecules. Hypsochromic shifts (shifts to lower wavenumbers) suggest that the mass of
the corresponding molecule has been increased; the frequency of vibration is inversely proportional to
mass of vibrating molecule. In addition, the absorption bands near 3415 and 1610 cm−1 refer to the
O–H stretching mode and H–O–H bending mode, respectively, indicating the presence of interstitial
water in the samples (Figure S8a–d) [45–47].

In medical imaging, the safety and discomfort of patients are important; therefore, a significantly
faster and safer method used for lengthy and repeated procedures could make a huge impact on
both diagnostics and monitoring. Optical methods are peculiarly useful for visualizing soft tissues,
which can be easily differentiated from each other based on their light-absorbing and -scattering
capabilities. The dual modalities allow better chances for inspection, based on different kinds of
imaging modalities, e.g., MRI and OI. Finally, if an acute intervention is required, the need of repeated
CA administration could be preventable, if the half-life (and clearance) of the nanoteragnostic agent
is adequate.

The total workings of the immune system play a significant role in the distribution, metabolism,
and elimination of nanoparticles. As Diao et at. and Hong et al. used C57BL/6 mice of IR imaging,
we also decided to test our nanosystem in C57BL/6 mice that have an intact immune system as opposed
to immunocompromised nude mice [48,49]. This might have made our imaging signals more scattered,
but increased the validity of the model towards, eventually, clinical translational studies.

The elimination and excretion of nanoparticles is, however, poorly investigated. Due to its mainly
oral administration, only a few studies have been published data regarding I.V. PB administration.
As far as we know, ultrasmall PBNPs tend to be excreted via glomerular pathways, while after oral
administration, PBPNs are excreted via fecal and urine routes [13,50,51]. The few available reports
dealing with biodistribution and elimination of PBNPs after intravenous injection are not conclusive.
It would seem, though, that in those studies, kidney excretion was not relevant despite smaller PBNP
deposits in the mesangium and the peritubular vessels of [13,15]. Our findings with the new coating
and dye-adsorbed-modified PBNPs suggest that both kidney and biliary elimination routes play a
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major role in the excretion of this nanoparticle system. Shortly after iv. administration, the particles
could be found in the urinary tract, showing an enhanced fluorescent signal 3 h after the admission.
This, along with our former data obtained with irreversibly 201Tl-isotope-labelled PBNPs passing
through the kidney to the urinary excretion route, suggests a portion- of kidney excretion via fenestrae
of the kidney endothelium and podocytes, especially in our measured hydrodynamic size range below
40 nm [13].

In order to account for eventual dissociation of the MB dye from PBNP surfaces, we compare the
known elimination routes and dynamics of MB dye solution to our MB-labelled PBNPs. Peter et al.
reported that while MB alone accumulates in the brain and bile, mainly urinary excretion is significant
1 h after IV administration. The maximal concentration during urinary excretion was reached 2–4 h
after administration [52]. In this context, our results suggest that MB stayed bound to PBNPs as
both renal clearances are prolonged while the PEG shell alone did not significantly increase the renal
excretion speed. The fluorescent intensity in the heart, liver, and spleen suggest a prolonged circulation
time. Significant uptake can be observed in the lungs (501% ± 85%; 2 h post injection 156% ± 60%)
and spleen (163% ± 18%), while a slight increase in fluorescent intensity in the intestines (107% ± 5%),
along with the urinary excretion (272% ± 32%; 3 h post injection 177% ± 20%) (percent values based on
normalized fluorescent intensities preinjection ± SD). These results suggest that the MB and PBNPs
were connected, and their clearance followed the both characteristic pathways for MB and PBNP;
furthermore, the PEG shell alone did not promote the renal excretion significantly. The fluorescent
intensity in the heart, liver, and spleen suggest a prolonged circulation time (Figure S6).

The ex vivo images confirm that the application of PEG led to an increased biological half-life and
slowed excretion rate, both biliary and urinary, compared to previous studies [53–55]. Even if other
studies emphasize the connection between filtration and negative surface charge and larger particle
size, PEGs are known as rather neutrally charged stabilizers. According to Liu et al. and Souris et al.,
complete clearance of PEG-modified nanoparticles last for 2 months, and thus, show a tendency of
hepatic and renal accumulation causing local inflammation and necrotizing tissue [56,57].

Chen et al. investigated the acute and subchronic toxicological properties of Prussian blue
nanoparticles after exposure of mice. PBNPs accumulated mainly in the spleen and liver. They found
that, however, PBNPs induced acute damage in the liver (based on the liver functions), the long-term
effects of PBNP-treatment cannot be called negative. All monitored parameters returned to normal
levels, 60 days after the first IV PBNP administration [35]. Our results also confirm the claims of
Chen et al.; in the ex vivo images (Figure 4), PBNPs were present in the spleen and the liver; biliary
functions resulted in PBNP presence in the gastrointestinal tract.

The nontoxic properties of PBNPs were also confirmed by the study of Liang et al. Furthermore,
they evince that no significant or fatal injury can be attributed to PBNP treatment, neither on histological
nor on macroscopic matter. The vital organs were unharmed, no injuries were present on cellular levels
2 weeks and 4 weeks after the treatment [58].

Although fluorescent imaging capabilities of PBNPs were demonstrated in this work, further
optimization and development of the platform is essential before any clinical implementation. Based on
our work, the scale-up of PBNP-based CA is yet to be done while long-term studies for usability and
effects in vivo are needed before human studies, too.

Our results suggest the use of PBNPs as a platform for the development of new-generation
multimodal CAs, for OI and MRI imaging as well as therapeutic purposes. The biocompatible shell of
the NPs is easy to modify due to the carboxylic groups, which would allow the cell or tissue targeted
delivery. The targetable magnetic properties of the NPs would allow their theragnostic use, too,
with proper selection of effector payload such as antibodies; thus, allowing a new type of topical
infection-control method against bacterial and viral infections.

Such a NP system would act as CA in vivo as well as as a therapeutic agent for photothermal,
isotope-based, biological or stem cell therapies, opening new aspects in the future of medicine.
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5. Conclusions

In this work, we demonstrated a synthesis and modification methodology to biocompatible stealth
fluorescent PBNPs. We created a novel nanoparticulate contrast material for the classical methodology
of fluorescent measurements, e.g., using FOBI. Our results suggest that the stealth-liposome-like
platform is suitable for fluorescent imaging.

We investigated the PB nanoobjects in vivo after intravenous admission and examined the
elimination routes of these particles. We described the hepatobiliary and renal uptake and excretion to
be both important in our system with in vivo intravenous application.

With both PEGylation and fluorescent labelling PB nanoparticles can be conferred with advanced
technological properties to offer a finely tuned platform for clinical application after further development.
We aim towards clinical translation hence the application of MB and NIR wavelength usage too.
As fluorescent detection and imaging data in a suboptimal in vivo system are more convincing
to extend towards human clinical trials, the use of standard and more clinically valid Black mice
might have been a better choice for validity and detection studies than transparent but less clinically
translatable nude mouse study.

Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/9/1732/s1,
Figure S1. (a) Fluoresceine solution, imaged in the FOBI device. (b) Eosine Y solution, imaged in the FOBI device.
(c) Rhodamine B solution, image in the FOBI device, Table S1. Previous approaches made for labelling PBNPs
with fluorescent dyes, Figure S2. Ex vivo results of Eosine Y labelled PBNPs, Figure S3. Methylene blue labelled
unpegylated PBNPs, in vivo, Figure S4. Methylene blue labelled PBNPs, ex vivo, Table S2. The detailed data of
the preformulation measurements, Figure S5. The detailed data of AFM measurement, Figure S6. The kinetics of
MB labelled pegylated PBNPs pre injection; post injection immediately; 1, 2, and 3 h post injection, Figure S7.
(a) The XRD-diagram of the unmodified PBNPs (2θ = 10-50◦). (b) The XRD diagram of the modified PBNPs. XRD:
X-ray diffraction; PBNPs: Prussian Blue nanoparticles, Figure S8/I (a) FT-IR spectra of unmodified PBNP (mid-IR
region = 4,000–750 cm−1). (b) FT-IR spectra of Methylene blue (mid-IR region = 4,000–750 cm−1). (c) FT-IR spectra
of PEG 6000 (mid-IR region = 4,000–750 cm−1). (d) FT-IR spectra of pegylated, fluorescent PBNPs (mid-IR region =

4,000–750 cm−1), Figure S8/II (a) the FT-IR spectra of unmodified PBNPs. (b) FT-IR spectra of Methylene blue.
(c) FT-IR spectra of PEG 6000. (d) FT-IR spectra of pegylated, fluorescent PBNPs.
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Abstract

The aim of this study was to develop and characterize a Prussian Blue based biocompatible

and chemically stable T1 magnetic resonance imaging (MRI) contrast agent with near infra-

red (NIR) optical contrast for preclinical application. The physical properties of the Prussian

blue nanoparticles (PBNPs) (iron (II); iron (III);octadecacyanide) were characterized with

dynamic light scattering (DLS), zeta potential measurement, atomic force microscopy

(AFM), and transmission electron microscopy (TEM). In vitro contrast enhancement proper-

ties of PBNPs were determined by MRI. In vivo T1-weighted contrast of the prepared

PBNPs was investigated by MRI and optical imaging modality after intravenous administra-

tion into NMRI-Foxn1 nu/nu mice. The biodistribution studies showed the presence of

PBNPs predominantly in the cardiovascular system. Briefly, in this paper we show a novel

approach for the synthesis of PBNPs with enhanced iron content for T1 MRI contrast. This

newly synthetized PBNP platform could lead to a new diagnostic agent, replacing the cur-

rently used Gadolinium based substances.

Introduction

Magnetic resonance imaging (MRI) is widely used in the clinics as the pre-eminent whole

body diagnostic tool to resolve morphology and functionality of the human body. Oftentimes

the intrinsic MR contrasts of different biological tissues are not effective enough for high spa-

tial resolution imaging. In these cases, the application of extrinsic contrast agents (CA) is man-

datory. These materials are responsible for the shortening of transverse T2/T2� (negative
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contrast), or the longitudinal T1 (positive contrast) relaxation times of water molecules, and

their application leads to negative (dark contrast) or positive (enhanced light contrast) areas in

images [1, 2].

Iron-based particles, as MR active CAs [3, 4] have been studied for well in the past [5–7].

Their known T2/T2� shortening properties are translated into very large values for r2 (trans-

verse relaxivity). This produces a negative contrast in MR images. Because of this, their clinical

application is difficult as it is not always possible to differentiate if the signals come from the

CA or a different biological tissue which is rich in blood, calcium, or other metals. It is also not

convenient to medically report and monitor darkened areas in MR image instead of bright

spots. Altogether, these factors contributed to the limited clinical application of iron based

CAs and the intense research for positive T1 MR contrast materials [8–10].

Gadolinium (III)-containing CAs, as positive MR contrast materials seemed ideal T1 CA in

the clinics during the 2000s [11, 12]. They cause hyperintense regions on the MR scans with

excellent temporal and spatial resolution [13]. However, the European Commission has with-

drawn all linear chelator-bound Gd-based contrast agents from the market in June 2018 based

on the declaration of the European Medicines Agency (EMA; EMA/625317/2017) dated 19

December 2017. That declaration described those types of contrast agent might lead to severe

toxic effects due to their accumulation in the brain. Further application of nonlinear, macrocy-

clic Gd contrast agents could be questioned as well due to their recently published adverse

effects. It also can be assumed that the marketing authorizations of most of the presently

applied Gd contrast agents could be cancelled.

In recent years, iron-based nanoparticle based T1 CAs became one of the most intensively

researched domains in radiology [14]. They are built up from a magnetic core–it has size-

dependent MR contrast property–and a biocompatible coat that reduces surface tension and

ensures the colloidal stability of the sample. Their variable ultra-small size (1–500 nm), super-

paramagnetic behavior, biocompatibility, and chemical stability position them among the

most frequently studied nanomaterials for biomedical applications. The final properties of

their formulations depend on the combination of magnetic core and the coating. [2].

The blue nano-sized iron-based Prussian Blue precipitate (Prussian blue nanoparticles,

PBNPs) seems to be an ideal CA base for T1 magnetic imaging. It has been used for nearly 300

years in electrochemical and biochemical experiments [15, 16]. In 2003 Prussian blue nanopar-

ticle has been authorized and released (Radiogardase1) by the Food and Drug Administration

(FDA) for human use. Originally, this compound was used for the treatment of heavy metal

poisoning relying on the complexing property of Prussian blue [17]. Several methods are

known for the synthesis (e.g., direct, or indirect) of Prussian blue nanoparticles with different

shapes, sizes and stability depending on the applied method [18–20]. Due to the associated bio-

compatible shell comprising of organic acids and polymers, nanoparticles can be hidden from

the immune cells and their biological half-life can be increased in the circulation [21, 22].

One of the widely used capping agents is citric acid, which directly affects the particle size.

The higher the citric acid concentration, the smaller the particle size due to an increased reduc-

tion rate of the solution. This finding suggests that pH plays a crucial role during the synthesis

of PBNPs [23].

Native Prussian blue nanoparticles show very weak contrast in T1 and T2-enhanced in

vitro MRI images. Their measured relaxation times did not allow their application for in vivo

studies. But it is known from the literature that both the size and the content of the particles

and the ordered structure of nearby water molecules have significant effects on the MR con-

trast-enhancing properties of nanoparticles [24].

In pre-clinical routine, anatomical MR scans are often coupled with some higher functional

contrast providing imaging modalities. Optical imaging (OI) could be an appropriate modality
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associated with the MR technique for diagnostic and molecular imaging purposes due to their

safety, relatively low cost as well as the high spatial resolution and real-time imaging capability.

The only minor disadvantage of this technique is the limit of penetration depth of the applied

light due to its scattering and absorption. However, this weakness is less of an issue by intrao-

perative guidance when tumors are directly revealed by the surgeon [25]. Furthermore, the

application of near infrared light (NIR; 650–900 nm) for OI excitation could increase the light

penetration into tissue up to 0.5–1.5 mm due to the weakened absorption of tissue chromo-

phores, including oxyhemoglobin, deoxyhemoglobin, and melanin, while the scattering of the

applied excitation light is negligible [26, 27]. Based on these features, OI is on its way to become

a widely adopted method for tumor detection and image-guided surgery in the clinics [28–30].

Furthermore, with theragnostic outlook, PBNPs with their strong optical absorbance in the

above-mentioned NIR window and excellent thermal conversion capability have been consid-

ered [31] as efficient photoacoustic contrast agents and they could act as an ideal imaging

agent [17, 32–35].

For these reasons, our aim was to highly improve the T1 MR signal of Prussian blue parti-

cles with appropriate particle sizing and coating, while we also wished to eliminate the T2 con-

trast from the system. Additionally, the conjugated IR820 NIR fluorescent dye ensures higher

tissue contrast in superficial regions even at lower concentration of dye. We aimed at a synthe-

sis method that leads to a stable PB-CA for dual in vivo imaging.

Materials and methods

Citrate coated PB production

Citrate-coated PBNPs were produced with the process as described by Shokouhimehr [36]. A

two-step PBNP preparation was made. Reactant solutions were made first, Solution A contain-

ing 20 mL of 1.0 mM Fe (III) chloride anhydrous (FeCl3; Merck KGaA, Darmstadt, Germany)

with 0.5 mmol of citric acid (Merck KGaA), while Solution B contained 20 mL of 1.0 mM

anhydrous potassium ferrocyanide (K4[Fe(CN)6]; Merck KGaA, Darmstadt, Germany) with

0.5 mmol citric acid (Merck KGaA) solution. Next, these solutions were mixed using fast stir-

ring for 10 min at 60˚C.

Production of uncoated PBNPs

Native PBNPs were synthesized again according to as described by Shokouhimehr [36], with

modifications. As first step, the reactant solutions were made with Solution A contains 20 mL of

1.0 mM Fe(III) chloride anhydrous (FeCl3; Merck KGaA, Darmstadt, Germany) with 6 drops of

1 N HCl (Merck KGaA), while Solution B contained 20 mL of 1.0 mM potassium ferrocyanide

anhydrous (K4[Fe(CN)6]; Merck KGaA, Darmstadt, Germany) with 6 drops of 1 N HCl (Merck

KGaA). Secondly, these solutions were mixed slowly under vigorous stirring for 10 min at 60˚C.

Preparation of fluorescent PBNP nanoparticle complexes

Following the coated and uncoated particle syntheses, the two different types of PBNPs were

mixed under vigorous stirring for 10 min at 60˚C. With 10 minutes passed, 5 g Chelex 100

(chelating ion exchange resin, Merck KGaA, Darmstadt, Germany)/100 mL solution was

applied to eliminate the superfluous metal or alkali metal ions from the system [37]. This sus-

pension was stirred and incubated for one hour, whereby the styrene divinylbenzene copoly-

mer beads were separated from the PBNP solution. In the next step, PBNPs were isolated from

the complex suspension using ultracentrifugation (Eppendorf 5424R centrifuge, 21130 rcf) at

4˚C for 30 min.
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We also produced a batch of uncoated PBNPs and fluorescent PBNP complexes, using the

same method with a slight modification. Subsequently the production of reaction solutions of

uncoated and complex PBNPs, we included an additional step of differential velocity centrifu-

gation in the synthesis. The reaction of uncoated PBNP solutions were sedimented (Eppendorf

5424R centrifuge) 2 at times 1000 rcf and 2 times at 2000 rcf for 10 minutes consecutively. The

PBNP complexes were centrifuged (Eppendorf 5424R centrifuge) 2 times at 2000 rcf for 10

minutes; one batch was filtered through a 0.22 μm membrane filter (MILLEX GP 0.22 μm;

Merck KGaA, Darmstadt, Germany) and centrifuged at 2000 rcf for 10 minutes. As a final

step, we isolated the particles by ultracentrifugation (Eppendorf 5424R centrifuge, 21130 rcf)

at 4˚C for 30 minutes. To achieve fluorescence in the PBNPs, 0.1 mg/mL IR820 NIR dye was

filtered through a 0.22 μm membrane filter (MILLEX GP 0.22 μm; Merck KGaA, Darmstadt,

Germany). 10 μL of this filtered dye solution was adsorbed to the particles in 300 μL PBNP

solution for a one-hour incubation.

Dynamic light scattering (DLS) and Zeta measurement

The surface charge and hydrodynamic diameter of the particles were determined using a Litesi-

zer 500 (Anton Paar, Hamburg, Germany). DLS measurement was performed at 25˚C in auto-

matic mode (for backscatter detector fixed at 175˚; for side scatter 90˚ detector angle; for front

scatter 15˚ detector angle) using a 633 nm He-Ne laser. Samples were measured in Omega

cuvettes (Anton Paar, Hamburg, Germany). Measurement of zeta potential was performed

under similar conditions. The measurement data were evaluated using software provided by the

manufacturer, and statistical data and graphs were created and evaluated with Origin 9.0 (Origi-

nLab) and Microsoft Excel 2013 software. DLS measurements were performed weekly for a

period of 4 weeks to determine colloidal stability. Samples were stored at 4˚C.

Transmission Electron Microscopy (TEM)

Morphological investigations of the NPs were carried out on a JEOL TEM 1011 TEM (JEOL,

Peabody, MA, USA) operated at 80 kV. The camera used for image acquisition was a Morada

TEM 11 MPixel from Olympus (Olympus, Tokyo, Japan) using iTEM5.1 software for metadata

analysis. Diluted sample was dropped and dried on a carbon-coated copper grid. Size distribu-

tion was determined by manually measuring the diameter of 1059 particles on the images,

using a software custom designed for this purpose (tem_circlefind by András Wacha, MTA

TTK, Hungary).

Atomic Force Microscopy (AFM)

For imaging PBNP complexes, two-fold diluted samples were applied onto poly-L-lysine

(PLL)-coated surfaces. PLL-coated substrate surface was prepared by pipetting 100 μL of PLL

(0.1% w/v) onto freshly cleaved mica, followed by incubation for 20 min, repeated rinsing with

purified water, and drying with a stream of high-purity nitrogen gas. AFM images were col-

lected in noncontact mode with a Cypher S instrument (Asylum Research, Santa Barbara, CA,

USA) at 1 Hz line-scanning rate in air, using a silicon cantilever (OMCL AC-160TS, Olympus,

Tokyo, Japan) oscillated at its resonance frequency (270–300 MHz). Temperature during the

measurements was 25 ± 1˚C. AFM amplitude-contrast images are shown in this paper. The fil-

ter used on the images enhances the details of the amplitude contrast images (mud). AFM

images were analyzed by using the built-in algorithms of the AFM driver software (Igor Pro,

Wave Metrics Inc., Lake Oswego, OR, USA). Particle statistics was done by analyzing a

2 μm × 2 μm height-contrast image with (n = 178) particles. Maximum height values were

taken as the height of particles, and rectangularity was calculated as the ratio of the particle
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area to the area of a nonrotated inscribing rectangle. The closer a particle is to a rectangle, the

closer this value is to unity.

Animals

In vivo imaging tests of the PBNP nano systems were carried out in NMRI FOXN nu/nu male

mice (Janvier, France). Animals had ad libitum access to food and water and were housed

under temperature-, humidity-, and light-controlled conditions. All procedures were con-

ducted in accordance with the ARRIVE guidelines and the guidelines set by the European

Communities Council Directive (86/609 EEC) and approved by the Animal Care and Use

Committee of Semmelweis University (protocol number: PE/EA/1468-8/2019). Mice were 10–

12 weeks old with an average body weight of 27 ± 7 g. During imaging, animals were kept

under anesthesia using a mixture of 2.5% isoflurane gas and medical oxygen. Their body tem-

perature was maintained at 37˚C throughout imaging. For the most humane termination of

the animals, intravenous Euthasol (pentobarbital/phenytoin) injection was used.

In vitro and in vivo MRI measurements

MRI measurements were performed in vitro with a nanoScan1 PET/MR system (Mediso,

Hungary), having a 1 T permanent magnetic field, 450 mT/m gradient system using a volume

transmit/receive coil with a diameter of 60 mm. MRI T1 relaxation rates and r1 relaxivity were

calculated from inversion prepared snapshot gradient echo (T1 map, IR GRE SNAP 2D)

images acquired with 60 x 90 mm FOV (field of view), plane resolution of 1 mm, slice thick-

ness of 5 mm, 6 averages, TR/TE 4005/1.7, TI 10, 60, 100, 150, 200, 250, 300, 350, 400, 500,

700, 900, 1200, 2500, 4000 ms. MRI-signal enhancement of PBNPs was measured for three dif-

ferent Fe (III) concentrations (13.75 mM, 41.25 mM, and 82.5 mM) in 1.5 mL Eppendorf

tubes. After scanning, the concentration dependent signal changes were calculated and com-

pared to the signal of saline.

Experiments were performed in an adult male mouse under isoflurane anesthesia (5% for

induction and 1.5–2% to maintain the appropriate level of anesthesia; Baxter, Arrane). Pre-

cisely, 300 μL of IR820-labelled PBNP solution containing 3 mg of Fe (III) in a 30 mg/mL con-

centration PBNP solution was administered intravenously into the tail. The T1-weighted MRI

biodistribution images were collected at two different time points (pre- and post-injection)

The MRI scans were performed with gradient echo (T1 GRE 3D) images acquired with 100

mm x 40 mm FOV, matrix size 200 x 80, slice thickness of 0.5 mm, 4 averages, TR/TE 75/4,

dwell time 25 ms. Images were further analyzed with Fusion (Mediso Ltd., Hungary) and

VivoQuant (inviCRO LLC, US) dedicated image analysis software.

In vitro and in vivo Fluorescence-labeled Organism Bioimaging Instrument

(FOBI) measurements

The fluorescent labelled PBNPs were imaged using a two-dimensional epifluorescent optical

imaging instrument. (FOBI, Neoscience Co. Ltd., Suwon-si, Korea). For in vitro scans, 0.5 mL

of samples were tested with the following imaging parameters: excitation at 680 nm corre-

sponding to the excitation maximum of the dye (excitation: 690 nm; emission: 820 nm), expo-

sure time: 1000 msec and gain: 1. The emission spectrum of the dye was in the pass band of the

used emission filter.

Experiments were performed in an adult male mouse under isoflurane anesthesia (5% for

induction and 1.5–2% to maintain the appropriate level of anesthesia; Baxter, Arrane). Pre-

cisely, 300 μL of IR820-labelled PBNP solution was administered intravenously into the tail

vein. The biodistribution images were collected at two different time points (pre- and post-
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injection) with excitation of 680 nm corresponding to the excitation maximum of the dye

(excitation: 690 nm; emission: 820 nm). The emission spectrum of the dye was in the pass

band of the used emission filter. Image acquisition parameters were the following: exposure

time: 1000 msec and gain: 1. The images were evaluated with VivoQuant software (Invicro, 27

Drydock Avenue, Boston, MA, USA).

Results and discussion

The structure of PBNPs

The final PBNP complex nano structure was prepared by the combination of Shokouhimehr’s

method [36] and our previously published one-step citrate coated PBNP procedure [22]. The

synthesis of PBNPs with and without coating resulted in two different types of PBNP solutions,

which were mixed. During the incubation and mixing period, the particles were able to con-

nect to each other via carboxyl groups of citric acid and a form a bigger and iron-richer for-

mula. The porous surface of the nanoparticles assured the conjugation points for the

fluorescent IR820 dye (Fig 1).

Output parameters of nanoparticle characterization methods

Many articles investigated the differences between the possible methods used for characteriza-

tion of nano-sized objects, nanosuspensions and nanoparticles. Even though in the fields of

Fig 1. Schematic illustration of the presumed connection of Prussian blue nanoparticles (PBNPs) with and without coating and the particle conjugation by IR820.

The blue halo around the PBNPs represent the non-biocompatible PBNP-species (PB-HCl) acting as a coating surface. The colors represent the following ions or atoms,

respectively: blue: Fe (III); orange: Fe (II); black: C; gray: N.

https://doi.org/10.1371/journal.pone.0264554.g001
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materials science and chemical engineering, there is a strong need for different types of mea-

surements of the same materials, however the interpretation and the proper understanding of

each method is needed to achieve the desired goals. The most frequently used methods to

describe a nano system are the DLS, the AFM and the TEM. These methods differ from each

other regarding the mathematical basics, the methods of, sensitivity and robustness; a direct

comparison is unattainable, hence in most studies, not only one size-range, but a size distribu-

tion in form of either a histogram or figure is found [38–40].

For a better understanding of our results, the raw measurement data to our article in the

supplemental information section of the manuscript is attached (S1-S4 Figs in S1 File).

DLS and Zeta potential

The applied citric acid as surface-capping agent controlled the size and the biocompatibility of

the synthetized particles and seemed an appropriate agent to avoid agglomeration [41]. The

created nanoparticles were a colloidally stable system. The mean hydrodynamic diameter

(intensity-based harmonic average) of complex PBNPs was 82.91 ± 1.21 (average ± SD), as

determined by DLS. This had only changed slightly with time. There was no significant colloi-

dal alteration during the 4-week duration of the study, as the calculated 0.244 ± 0.014 polydis-

persity index (PDI) shows the PBNPs did not flocculate or aggregate during this time (not

illustrated). The mean zeta potential of PBNPs at the measured pH range did not exceed 15

mV (n = 3). At pH 7.4 the zeta potential was −33.3 ± 3.8 mV (n = 3).

Atomic force microscopy

AFM is a widely used imaging modality to measure and manipulate sub-nanometer samples

[39]. During a measurement only the height of the particles could be determined due to the tip

convolution which leads to artificially modified lateral dimensions on the images [42]. The

measured width of the particles was influenced by tip convolution. Fig 2 shows PBNPs on

AFM images as objects with a flat rectangular surface protruding from a rounded halo. The

rectangular surface represents the real geometry of the particles while their halo is the conse-

quence of tip convolution, i.e., the effect of imaging a rectangular prism by a tetrahedral AFM

tip. Rectangularity of the particles (together with their halo) was found to be 0.774 ± 0.111

(mean ± SD), indicating that PBNPs indeed represent rectangular topography. The height of

the particles was 36.457 ± 9.496 nm (mean ± SD) (Fig 2).

Transmission electron microscopy

The non-hydrated shape and size of the PBNPs were investigated with TEM. PBNPs

appeared flat rectangular, dense objects in this case as well. The mean diameter of the nano-

particles was 30.14 ± 10.656 nm (average ± SD) (Fig 3), along with an average surface area

of 579.257 ± 398.983 nm2 (mean ± SD; n = 1059 particles). The measured height by TEM

was in good correlation with the results of AFM measurements describing the shape of non-

hydrated particles. By both cases, the flat rectangular objects represent the real geometry of

the particles (Fig 3).

Magnetic resonance imaging

To demonstrate the positive MR contrast enhancing property of our PBNP sample,

T1-weighted images of a phantom (containing three different Fe (III) concentrations (13.75

mM, 41.25 mM, and 82.5 mM) containing PBNP solutions) were scanned to visually evaluate

the signal enhancement on T1-weighted image. Based on the inversion prepared gradient echo
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scan and the multislice multiecho scan T1 relaxations rate were calculated. Afterward from

these values, longitudinal relaxivity (1 = 0.0008 ± 0.0002 mM−1 ms−1) was calculated. The

more significant T1 shortening effect for PBNPs could be explained by a carbon-bound and

low-spin of Fe2+ in the PB structure, in contrast to the high spin nitrogen-bound Fe3+ [36].

Our result demonstrates that PBNPs have substantial T1 MRI contrast compared to other T1

CAs [43, 44].

Nanoparticles without any conjugated specific in vivo targeting agent are initially dispersed

in the circulation system and started to accumulate mainly in the reticuloendothelial system

(RES; e.g. liver, spleen) [45, 46]. To investigate the PBNP uptake efficiency, especially in RES,

the PBNP distribution was determined on T1-weighted MR images (Fig 4). In the case of in
vivo MRI scans, we were able to register contrast changes between the pre- and post-injection

scans immediately after the PBNP administration. Enhanced signal intensities were registered

in the lungs, liver, kidneys, and abdominal vein (Fig 4), which supports the results of previous

publication [47].

Fig 2. Atomic force microscopy (AFM) amplitude-contrast images with different magnification of PBNPs on

mica surface. PBNPs on AFM images as objects with a flat rectangular surface protruding from a rounded halo. The

rectangular surface represents the real geometry of the particles while their halo is the consequence of tip convolution.

Rectangularity of the particles (together with their halo) was found to be 0.774 ± 0.111 (mean ± SD), indicating that

PBNPs indeed represent rectangular topography. The height of the particles was 36.457 ± 9.496 nm (mean ± SD). The

size of the images are 4.125 μm x 4.125 μm (Fig 2A), 2.5 μm x 2.5 μm (Fig 2B and 2C) and 250 nm x 250 nm (Fig 2D)

respectively.

https://doi.org/10.1371/journal.pone.0264554.g002
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Optical imaging

Due to the strong visible fluorescent signal of IR820 conjugated PBNPs the semiquantitative

distribution of the particles was determined based on their normalized mean fluorescent

intensity. Fig 5A illustrates the autofluorescence signal from the animal at pre-injection condi-

tion at 690 nm, while Fig 5B shows the fluorescent signal after the PBNP administration.

Enhanced dye concentration was registered in the head and thoracic region based on the high

dye content of the circulation system, furthermore the images illustrated the liver of the ani-

mal. According to the studies of Zhang et. al. and Huang et. al., IR820 connected to different

types of carrier systems shows great photo- and pH stability, as well as in aqueous media [48,

49] (Fig 5).

The toxicity of PBNPs

To evaluate the biocompatibility, PBNPs were widely investigated and involved in cellular

uptake, cell viability and toxicity studies. Shokouhimehr et. al. reported no possible toxicity of

modified PBNPs on HEK-293 cells, furthermore, the cell viability was measured to be ca. 98%

[36]. Additionally, Feng and colleagues were modifying PBNPs to make a new type of antican-

cer drug. Their experiments included the measurement of PBNPs on 4T1 cell line. The

reported cell viability in this case was also above 90%, moreover, the relatively high (0.5 mg/

mL) PBNP concentrations were also unable to induce cytotoxicity [50].

The cellular uptake of PBNPs was also examined several times; mesenchymal C3HT10T1/2

stem cells (MSC) were treated with the nanoparticles and the results were evaluated using

Fig 3. TEM images of PBNPs on carbon-coated copper grid. PBNPs appeared flat rectangular, dense objects. The mean diameter of

the nanoparticles was 30.14 ± 10.656 nm (average ± SD). The smaller objects on the image are individual PBNP particles which are not

conjugated into the final PBNP complex. Scale bar is 500 nm.

https://doi.org/10.1371/journal.pone.0264554.g003
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TEM. After incubation, PBNPs were detected in the cytoplasm of the MSCs, but the cellular

uptake was not yet described. The suggested mechanism of action could be like other types of

noble metal and inorganic nanoparticles, which can be taken up via endocytosis, according to

Kim et. al., Lu et. al. and Pan et. al. [51–54]. The cytotoxicity on the MSCs was studied for 72

hours, yet these experiments also suggested the lack of toxic effect as well as the lack of influ-

ence on the proliferation of MSCs [51].

Based on the broad spectrum of data regarding this matter, we conclude, that our PBNP-

complexes have no potential cytotoxic nor proliferation-influencing effect on the cells of living

organisms. Regarding the in vivo toxicity, our previous measurements suggested that PBNPs

would be excreted by biliary as well as renal routes, mostly during a 72-hour period [22, 55].

Conclusions

In conclusion, the synthesized NIR-820 conjugated PBNP nanoparticles seem an appropriate

MRI and optical contrast material. The surface modification of citrate coated PBNPs with

coatless nanoparticles produced slightly enlarged, iron rich complex nano system with

enhanced in vitro and in vivo T1-weighted MR contrast. The further conjugation with NIR-

820 dye resulted an optically active complex nano material for in vivo use. This nano system

reported here exhibited high colloidal stability and monodispersity after each modification

step. Its relaxivity constants demonstrated that this nano material is an appropriate candidate

for further MRI and OI investigation.

Fig 4. Axial T1-weighted MR images of a mouse (A) before and (B) after intravenous administration of Prussian Blue. Red arrows indicate that regions

where signal intensity changes happened. Enhanced signal intensities were registered in the lungs, liver, kidneys, and abdominal vessel, which supports the

results of a previous publication [47].

https://doi.org/10.1371/journal.pone.0264554.g004

Fig 5. White and fluorescent images of a mouse (A) before and (B) after intravenous administration of Prussian Blue

(images from left to right: prone white, prone fluorescent, supine white, supine fluorescent images) at 690 nm. After

the PBNP administration enhanced dye concentration was registered in the head and thoracic region based on the

high dye content of the circulation system, furthermore the images illustrated the liver of the animal. The images are

highlighted on the same dynamic color look-up table, which illustrates the signal intensity with different tone from

cold to hot colors.

https://doi.org/10.1371/journal.pone.0264554.g005
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coated prussian blue nanoparticles as potential imaging agent. Contrast Media Mol Imaging. 2018.

https://doi.org/10.1155/2018/2023604 PMID: 29853803

23. Fu G., Liu W., Feng S., & Yue X. Prussian blue nanoparticles operate as a new generation of photother-

mal ablation agents for cancer therapy. Chemical communications. 2012. 48(94): 11567–11569.

https://doi.org/10.1039/c2cc36456e PMID: 23090583
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