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Abstract: Prussian blue is an ancient artificial pigment. Its biocompatibility and the possibility of
synthesizing it in nanometric size stimulated the interest of the scientific community. Many uses
of Prussian blue nanoparticles have been reported in the field of nanomedicine. More recently,
interest into the potential application of Prussian blue nanoparticles as antibacterial agents has
spread. Literature regarding Prussian blue and its analogs as antibacterial materials is still limited,
but the number of papers has grown quickly over the last 2–3 years.
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1. Introduction

Prussian blue (PB) is considered the first synthetic coordination compound, as well
as the first purely synthetic pigment. The first mention of PB in literature dates back to
1710, in a publication of the Royal Prussian Society of Sciences entitled “The miscellanea
Berolinensia ad incrementum Scientiarum” [1]. The manuscript, however, is vague on the
discovery of the pigment. The most credited version of the story says that PB was discov-
ered by a German (Prussian) color-maker named Diesbach, who was actually trying to
prepare a red pigment: Florentin lake [2]. Due to a contamination of the potash (potassium
carbonate) he used, the obtained pigment came out blue and was named Berlin blue or,
more commonly, Prussian blue, after the home country of Diesbach. Due to its low cost
and ease of preparation, PB quickly overcame other blue pigments like ultramarine.

When the composition of PB became more clear, it was identified as a complex iron
cyanide, with cyanide ligands bridging Fe(II) and Fe(III) ions. The classical preparation of
PB involves a simple mixing of aqueous Fe(III) and [Fe(CN)6]4−. An alternative preparation,
made by mixing Fe(II) salts with [Fe(CN)6]3−, was, for a long time, identified as Turnbull’s
blue and believed to be a different product. Instrumental structural analysis, however,
proved that Prussian blue and Turnbull’s blue are exactly the same product [3]; see, for
example, the X-ray structure of PB and similar products reported in 1936 by Keggin and
Miles [4].

The first model for the electron transition responsible for the blue color was proposed
in 1962 by Robin, using the ligand field theory [5]: although the starting materials have
very different spectra, the intense blue absorption in PB is due to an intervalence band, i.e.,
a charge transfer transition between [Fe(CN)6]4− and Fe(III) ions.

Besides being known for such a long time, uncertainties on the structure and prop-
erties of PB remained for several decades, and only recently have all of the doubts been
solved [6]. The mixing of Fe(III) salts and potassium hexacyanoferrate, K4[Fe(CN)6], can
indeed lead to the formation of products with different formulas. PB is conventionally
labeled as “soluble”, with the formula KFeIII[FeII(CN)6]·xH2O (x = 1–5), and “insoluble”,
FeIII

4[FeII(CN)6]3·xH2O (x = 14–16). The two formulas, however, define the same product,
the different solubility being related only to the different crystal size. Detailed diffraction
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studies showed that, in all its crystalline forms, PB has a face-centered cubic lattice with al-
ternate Fe(II) and Fe(III) ions bridged by cyanide anions. In the soluble form (Figure 1a), [7]
K+ is present in the center of half of the cubic cells. In the “insoluble” PB, on the other
hand, [Fe(CN)6]4− anions are substoichiometric, leaving one quarter of the Fe(III) coordi-
natively unsaturated. In this form of PB, the free positions on Fe(III) are occupied by water
molecules (Figure 1a).
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Figure 1. (a) Rendering of the lattice of ‘soluble’ PB, KFeIII[FeII(CN)6], with half of the centers of the
cubic cells occupied by K+. Colors: FeII yellow, FeIII brown, C gray, N blue, K violet; (b) Rendering
of the lattice of ‘insoluble’ PB, FeIII

4[FeII(CN)6]3, with the coordinative sphere of FeIII completed by
water molecules (O red, H white). Reprinted with permission from ref. [7]. Copyright 2008 American
Chemical Society.

As we mentioned before, PB was traditionally divided into “soluble” and “insoluble”
preparations. The two preparations, however, are both of insoluble products, strictly
speaking. The difference between the two is simply in the size of particles: depending
on synthetic parameters, in fact, PB can precipitate in bulk or nanometric crystals. In
the second case, a stable colloid (that was inappropriately considered a solution) can be
obtained. Although PB colloids are reported in literature since the beginning of the 20th
century [8], papers reporting synthesis with controlled size and shape of the particles
were published only in the last two decades [9], giving rise to a growing interest for PB
nanomaterials in several fields. In 2003, the FDA approved the use of PB for treatment of
radiation contamination due to cesium or thallium [10]. In particular Radiogardase®, a
product made of insoluble PB capsules, was approved for the removal of harmful levels of
cesium-137 and thallium.

Its ease of synthesis in nanometric form [10,11] and its certified biocompatibility [12–15]
made PB an ideal candidate for the preparation of nanomaterials of medical and biomedical
interest. This gave rise to great interest from the academic community and to a high number of
publications dedicated to PB. In the last three years, around 20 reviews per year were published
on the topic “Prussian blue”. Recently, the biomedical applications of PB have been reviewed
in depth [16]. PB in nanomedicine is used for imaging [17], drug delivery [18], photothermal
therapy [19] and, as mentioned before, the classical application as an antidote for Cs and
Tl poisoning.

In 2017, a review was also dedicated to Prussian blue analogs (PBA) [20], i.e., all those
compounds with formula AxMy[M’(CN)6]z, where A is an alkaline metal cation, and M
and M’ are metal cations in oxidation state +2 or +3. The possibility of changing, partially
or entirely, one Fe ion or both offers interesting possibilities for the biomedical use of these
coordination polymers. The introduction of GdIII [21] and MnII [22] ions improves the
performance of PB as a T1 contrast agent in magnetic resonance imaging (MRI). Through
further doping with a lanthanide ion, multimodal imaging with combined MRI and fluo-
rescence is possible [23]. The same effect can be achieved by coating PBA nanoparticles
with a fluorophore-containing polymer [24]. Regarding therapy, PBA’s absorption band
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can be completely shifted with respect to pure PB, lacking a good positioning of the band
in the biotransparent window. A limited doping of a non-Fe metal (e.g., MnII), however,
can induce a red-shift in the band of PB, improving its photothermal activity [22].

Among the many fields of application of Prussian blue and its analogs, we must also
cite the electrochemical properties, which can be exploited in the field of biosensing. This
aspect has been reviewed in detail by Karyakin in 2017 [25] and by Matos-Peralta and
Antuch in 2019 [26].

It might seem that all the aspects of PBNP preparation and its potential applications
are already extensively discussed in literature, but recently several papers started to
appear exploring a new possibility in the use of PBNPs and their analogs: many of these
nanomaterials show an antibacterial effect, both intrinsic to the material or switchable,
exploiting the photothermal effect. Though the number of papers on this topic is still
limited, we noticed a quick increase in their number over the last year, and we think that this
short review could be a useful starting point for upcoming studies. We will summarize the
papers that already reported the antibacterial effects of PB and PBA and give an overview
of different approaches to the preparation and application of those nanomaterials.

2. Synthesis and Coating

PBNP synthesis has been thoroughly described elsewhere and is not the main focus of
this review. We will however go through the main synthetic pathways for this nanomaterial.

As we reported in the introduction, PB has been known since the early 18th century
and was traditionally divided into “soluble” and “insoluble” forms. The former referred to
a more dispersible, nanosized particulate, rather than to an actually soluble product.

At present, many synthetic routes have been explored for the preparation of PBNPs.
Synthesis can be carried out in water or in solvent, the first being more attractive due to
the lower cost, green conditions and ease of application in biology and medicine. Aque-
ous synthesis, on the other hand, usually offers less control on the size and shape of the
nanoparticles. Several approaches are used for the preparation of PB and PBAs, such as
microemulsions [27] and sonochemical, hydrothermal and microwave-assisted synthe-
ses [28], but the most-used approach is coprecipitation synthesis, based on the mixing of
two Fe salts in different oxidation states (i.e., FeII and FeIII), in the presence or absence of a
stabilizing agent. A good overview of this synthetic method can be found in the papers
from Grandjean, Samain et al. [16,29], who also examined “indirect” synthesis, involving
firstly, the coprecipitation of FeII salts, leading to the formation of so-called Prussian white
and a subsequent oxidation to Prussian blue. The authors also cite two different options in
the choice of iron salts: FeIII and [FeII(CN)6]4− or FeII and [FeIII(CN)6]3−: as we mentioned
before, the two routes were historically considered different syntheses (Prussian blue vs.
Turnbull’s blue), but this distinction is nowadays meaningless, as they lead to the same
product. An alternative method of synthesis is the use of a single precursor (i.e., an FeII or
FeIII) source, followed by a slow and controlled reduction-/oxidation-generating iron in
the other oxidation state [30,31].

The first reports of a rationalized synthesis of nanometric PB date around the year 2000.
Vaucher and coworkers [9] published a synthesis based on AOT reverse microemulsion in
isooctane. The photochemical synthesis exploited a slow photoreduction of [FeIII(C2O4)3]2−

into Fe2+ in the presence of [FeIII(CN)6]3− ions, leading to cubic nanoparticles with an
average size of 12–16 nm.

The size tuning of PBNPs was achieved in 2003 by Uemura et al. [11], through a syn-
thesis based on the mixing of Fe2+ and [FeIII(CN)6]3− in water, yielding spherical particles
between 12 and 25 nm in size. Size tuning was achieved with different concentrations of Fe
ions. A PVP coating grants stability to the colloids and allows the isolation of the product
in solid form. The amphiphilic properties of the polymer also allow the redispersion of
the PBNPs in different solvents. PVP-assisted synthesis also allows also the production of
ultrasmall PBNPs, with a size of 3.4 nm [32], and grants very good control over the cubic
shape of the particles. As Gu and colleagues pointed out in a recent review [33], many
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other polymers can be used as stabilizing agents in the synthesis of PBNPs, leading to
tunable surface properties of the nanomaterials.

3. Antibacterial Activity of Prussian Blue
3.1. Photothermal Antibacterial Effect of Prussian Blue Nanoparticles

The potential antibacterial and antibiofilm activity of Prussian blue has been evaluated
only in recent years. The composition of this coordination polymer does not suggest the
presence of an intrinsic activity, since iron salts are not known to have any (in contrast, for
example, to well-known antibacterial metals like silver and copper, which also maintain
their activity in nanometric form). The absence of an intrinsic antibacterial effect was
confirmed by a report from Somani et al. in 2013 [34]. In this study, the authors simply
tested the activity of Prussian blue on four different bacterial strains (Salmonella typhi,
Staphylococcus aureus, Pseudomonas aeruginosa and Shigella). Few details were reported on
the type of PB used: presumably insoluble and not nanostructured, according to the formula
reported in the paper and the insolubility in water reported by the producer. Antibacterial
activity tests, performed with the agar diffusion and dilution methods, gave negative results
on all the strains. After this first rough report, the potential of PB as an antibacterial material
was completely neglected until 2016. Larionova and colleagues do not mention antibacterial
activity in their paper, “Prussian Blue nanoparticles for biomedical applications”: PB is
proposed as a medium for drug delivery, therapy, multifunctional nanoprobes, imaging
and the well-known application as an antidote for Cs and Tl poisoning. In therapeutic
application, a lot of attention is given to the photothermal effect. This effect was proven
against bacteria for metal nanoparticles, e.g., gold [35,36] and silver [37].

Following the same approach (i.e., exploiting a photothermal effect to kill bacteria)
Boukherroub et al. tested PVP-coated PBNPs against antibiotic-resistant Gram-positive
and Gram-negative bacteria. The authors tested the photothermal effect of PBNPs at two
different wavelengths in the near infrared (NIR): 810 nm and 980 nm. The maximum
absorption wavelength is, as usual for PB, around 700 nm, but the use of higher irradia-
tion wavelengths allows operation in the biotransparent window, a crucial requisite if the
material is used in vivo. The temperature increase is proportional to the concentration of
nanoparticles and is higher when the irradiation wavelength is 810 nm (with respect to
980 nm). This is perfectly compatible with the data we acquired on a similar material (i.e.,
citrate-coated PBNPs): the photothermal effect is proportional to absorbance at the irradia-
tion wavelength, as we verified with four different lasers (730, 800, 940 and 1064 nm) [38].
Moreover, we also verified that the magnitude of the photothermal effect is proportional
to the employed laser power. In a 20–100 mW interval (laser beamwaist was 2.6 mm), DT
increases linearly with laser power (see Figure 2).
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Figure 2. Photothermal effect on a PBNP monolayer (reproduced with permission from ref. [39],
copyright Taylor and Francis 2017): (A) Photothermal effect vs. laser power at different wave-
lengths: black circles–730 nm, red circles–800 nm, green triangles–940 nm, yellow triangles–1064 nm;
(B) ∆T values found for the four wavelengths used for irradiation at 100 mW power, superimposed
to the UV–Vis absorption spectrum.
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Boukherroub tested the photothermal antibacterial effect of PVP-coated PBNPs with
10 min of laser irradiation at a 1 W/cm2 irradiance. Good results were reported against both
Gram-positive and Gram-negative bacteria: extended spectrum β-lactamase (ESBL) E. coli
and methicillin-resistant Staphylococcus aureus (MRSA). Viable bacterial cells were reduced
by 5–6 orders of magnitude with PBNP concentrations lower than 100 µg/mL. The authors
also suggest that, at a proper concentration (<50 µgmL−1) and wavelength (980 nm), the
antibacterial effect can be selectively exerted over cytotoxicity on mammalian cells.

Lower effects are recorded when PBNPs are anchored on self-assembled monolayers,
as we reported in 2017 [38]: in this case nanoparticle concentration is lower (0.38 mg/cm2,
expressed as Fe concentration), and we employed a low irradiance, 0.25 W/cm2, in order to
respect the recommended limits for tissue irradiation. We reported that, in these conditions,
microbicidal effect is higher against Gram-negative bacteria (E. coli) than against Gram-
positive strains (S. aureus). This coheres with what we found for similar nanoparticle-
functionalized surfaces: Gram-positive bacteria always show higher resistance [39].

PBNP were also employed by Borzenkov and us in the formation of PVA hydro-
gels [40] and sprayed films [41]. PVA was chosen for its biocompatibility and ease of
preparation as a film, making it an ideal material for medical devices and food packag-
ing. PB-loaded PVA films were tested for their photothermal effect, confirming that a
high hyperthermia is also achieved in this material, and their activity was tested against
P. aeruginosa, a biofilm-forming Gram- bacteria. The photothermal effect was measured
with irradiation at 700 nm and 800 nm, the former leading to a higher temperature increase,
the latter being more suitable for in vivo use. The temperature increase, as previously
demonstrated for colloids and monolayers, is proportional to the laser irradiance.

PB-loaded PVA films and sprayed films were tested against planktonic bacteria and
biofilms, showing a good activity in both cases. The antibacterial effect was evaluated
with confocal microscopy, obtaining a quantitative evaluation (expressed as the ratio of
dead/alive cells) and qualitative imaging, as shown in Figure 3 for the antibiofilm activity.
The sprayed films of PVA also show a good activity against Gram+ bacteria (S. aureus).
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Figure 3. Antibiofilm effect of a sprayed PB-containing film, reproduced from ref. [42]: (a) confocal
image of P. aeruginosa bacteria on sprayed film without NIR irradiation; (b) confocal image of
bacteria on sprayed film after 15 min of NIR irradiation; (c) the dependence of ratio Adead/Alive

as a function of NIR-exposure duration; (d) the dependence of dead bacteria fraction (%) as a
function of NIR irradiation duration. Data are best fit to a sigmoidal function (red line). The symbols
*, **, *** indicate that the two samples t-Test provides p < 0.001, p = 0.009 and p = 0.43, respectively.
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All of these papers are oriented towards in vivo applications and to the functional-
ization of biomedical devices. Yu and colleagues proposed another field of applications
for PBNPs, which could have great potential: photothermal sterilization of water [42]. In
this case, Prussian blue nanocages were used instead of solid nanoparticles. The optical
properties of nanocages were not different, with the usual absorption band centered around
700 nm, but hollow nanoparticles showed a higher photothermal conversion efficiency
when compared to solid PBNPs. The photothermal effect was verified with NIR laser
irradiation at 808 nm (2 W/cm2 irradiance) and with mild solar light irradiation. The
temperature increase, as expected, is concentration- and irradiation-time-dependent and
can be exploited for the thermal inactivation of bacteria. E. coli colonies were successfully
inactivated with 5 min of irradiation and a concentration of PB nanocages of 100 µg/mL,
and promising results were also reported for a sample of contaminated water containing
multiple strains of bacteria. Irradiation for 10 min at a 100 µg/mL concentration of PB
nanocages led to a killing rate near 100% on a contaminated tap water sample.

The same authors also published a paper on PB-encapsulated Fe3O4 nanoparticles,
designed for the same purpose, i.e., the decontamination of water [43]. In this paper, the
photothermal inactivation of bacteria was tested against Gram+ (S. aureus) and Gram-
(E. coli) bacteria, in addition to contaminated water samples. The photothermal efficiency
of this core-shell material is intermediate between the two components: iron oxide and
Prussian blue, but is still sufficient to reach temperatures above 50 ◦C with solar light
irradiation. The presence of a magnetic material (i.e., Fe3O4) makes the material reusable:
the authors demonstrated that the nanoparticles can be effectively separated from water
just by applying an external magnetic field. The photothermal disinfection capability of
the material remains unchanged after several cycles.

PBNPs also offer the possibility of combining the effect of the inorganic material with
a functional organic coating. Hua and colleagues studied the effect of acetylcysteine-coated
PBNPs in vitro and in vivo against bacteria responsible for focal infections [44]. Acetylcys-
teine is used as a capping agent during synthesis (in substitution of usual capping agents as
citrate or PVP), exploiting the strong bond formed between sulfur and iron atoms. Acetyl-
cysteine is a mucolytic agent and an antibacterial with low toxicity. The authors expected a
synergic effect with the photothermal activity of PBNPs, in order to kill planktonic bacterial
cells and reduce the formation of biofilms and abscesses, which are usually associated with
the formation of mucus. An acetylcysteine coating increases the biocompatibility of PBNPs,
as tested with human dermal fibroblasts (HDF), using PVP-coated PBNPs as comparison.
On the other hand, an increase in the intrinsic antibacterial effect was reported, again
comparing AC-PBNP and PVP-PBNP. The photothermal antibacterial effect is high in both
PVP and acetylcysteine-coated PB, the latter being less cytotoxic, as mentioned before. The
antibacterial effect was tested against S. aureus and E. coli, with good results against both
strains: survival rates of 3% were measured with 10 min of irradiation.

The most interesting result in this paper is represented by the in vivo tests: subcuta-
neous S. aureus infections in mice were treated with PB, acetylcysteine-coated PB and NIR
irradiation (980 nm, 2 W/cm2), with untreated mice as a control group. Focal infections
were caused by subcutaneous injection of S. aureus in Balc/c mice. The injection of AC-PB
in the site reduced the formation of scabs, and this effect was ascribed by the authors
to the antibacterial effect of nanoparticles. The combined effect of AC-PB injection and
NIR irradiation led to significant wound repair, as evaluated by visual examination of
the infection site and confirmed by histological examination: while a large number of
inflammatory cells was detected in untreated infected mice, this was significantly reduced
in the group treated with AC-PB and NIR irradiation.

The potential of PBNPs in the preparation of wound-healing materials was also re-
ported in a recent paper from Wu et al. [45]. PBNPs were included in a chitosan hydrogel,
in order to combine the photothermal properties of Prussian blue with the well-known
biocompatibility and hydrogel-forming properties of chitosan (along with the weak intrin-
sic antibacterial effect of the polymer). PVP-coated PBNPs were entrapped in a hydrogel
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made of a functionalized chitosan, bearing quaternary amines and double bonds, with
antibacterial and crosslinking functions, respectively.

The authors claim that the electropositive surface of the gel is capable of attracting
bacterial cells and can damage their membrane. This is confirmed by the intrinsic antibac-
terial effect of the chitosan hydrogel, which is not influenced by the presence of PB. When
irradiation at 808 nm is present, however, the effect changes noticeably. A photothermal
effect is added to the intrinsic effect, the former being dependent on the concentration of
PBNPs present in the hydrogel. This allows an increase in the antibacterial activity “on
demand” through laser irradiation. A killing rate of over 99.9% (compared to a ≈40%
of the hydrogel alone) was reported against E. coli and S. aureus with low irrandiances
(0.3 W/cm2) but, on the other hand, hydrogels showed a low cytotoxicity against fibrob-
lasts. PBNP-loaded hydrogels proved highly efficient also in tests in vivo: infection of
wounds was limited in the presence of the photothermal material, and the wound-healing
process was significantly faster. Infected wounds treated with PB-loaded hydrogels closed
in shorter times than control groups treated with chitosan only and standard gauze. The re-
sults were also supported by histological tests showing no inflammation on the PB-treated
mice four days after the infection, while all of the test groups still showed large numbers of
inflammatory cells.

3.2. Prussian Blue Doped with Traditional Antibiotics

Usually inorganic nanomaterials are seen as an alternative to traditional organic antibiotics.
A combination of the two, however, can activate a synergic effect or improve the performances
of the two isolated materials, opening new possibilities in antibacterial treatment.

In this perspective, an interesting approach has been proposed by Liu and coworkers
in two recent papers. PB nanoparticles [46] and Au@PB [47] core-shell nanostructures were
decorated with vancomycin, a well-known antibiotic present in the WHO list of essential
medicines. The binding of vancomycin on PBNP has a double function: it imparts an
increased antibacterial and wound-healing effect when compared to bare PBNPs, and it can
act as a targeting unit in the sensing of bacteria. The incubation of S. aureus with different
concentrations of vancomycin-doped particles showed that the nanoparticles effectively
bind to the bacteria, as shown by SEM imaging and photothermal measurements on
isolated bacteria after incubation. Vancomycin-doped PBNPs and Au@PBNP core-shell
structures were exploited for the sensing of Gram-positive bacteria (S. aureus) with different
detection techniques: Raman sensing, pressure reading and temperature reading.

3.3. Prussian Blue Analogs with Antibacterial Effect

Prussian blue analogs (PBA) are a valid alternative to PB in many fields of applications.
The complete or partial substitution of FeII, FeIII or both leads to a plethora of interesting
compounds. If we speak of photothermal compounds, however, the substitution of one or
both of the iron ions unavoidably modifies the absorption band of the coordination polymer.
This can be a drawback because it can hinder the possibility of irradiation in the NIR. A
study of Mukherjee and Patra [48], for example, describes a core-shell material made of
silver nanoparticles enclosed in a PBA shell. The PBA contains NiII and FeIII ions. In this
case, the PBA is not photothermally active in the NIR, having a maximum absorption
wavelength at around 400 nm. The core-shell structure, however, aids the stability of
the material and its biocompatibility. NiPB@AgNC showed high stability in a saline
solution at physiological pH: this is an improvement with respect to bare AgNP, which
is typically sensitive to high ionic strengths and to chlorides in particular. Cytotoxicity
tests show an improvement as well: NiPB-enclosed silver nanoparticles have a lower
cytotoxicity in vitro. The antibacterial activity of this material was measured in comparison
to traditional antibiotics (penicillin and streptomycin) by means of growth inhibition and
zone of inhibition studies. NiPB@AgNC also showed a doubled antibacterial effect when
compared to bare silver nanoparticles, confirming the positive effect of the NiPB shell.
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To our knowledge, the first report of a PBA with an actual intrinsic antibacterial effect
is the communication published in 2018 by Kim and Huang [49]. The paper describes a
Ca/FeIII-based analog, prepared in nanometric form with a PVP coating. CaPB is internal-
ized by bacterial cells and depletes intracellular iron through an ion-exchange reaction,
leading to the formation of insoluble PB. This simple mechanism is highly effective and
selective, leading to a three-fold reduction in Fe concentration in a few hours. CaPB was
successfully internalized in S. aureus bacterial cells and exerted a moderate antibacterial
effect. Bacterial growth is inhibited over a 9 h period, with a dose-dependent decrease of
viable cells up to 0.8 logarithmic units.

PBA can also have photothermal properties, as in the case of Zn-doped PB reported
by Wu and colleagues [50]. Doping of PB with a different metal ion can induce a red-shift
of the absorption band, improving the photothermal efficiency of the material under NIR
irradiation. A similar behavior was reported also for Mn-doped PB [21]. Zn-doping in
PB leads to cubic particles of greater size, and most importantly, shifts the maximum
absorption wavelength up to 740 nm, starting from the characteristic 700 nm absorption
of pure PB. This leads to a remarkable increase in absorption at 808 nm, improving the
photothermal conversion efficiency. The local hyperthermia triggered by laser irradiation
also increases Zn ions’ release, leading to a synergistic antibacterial effect: a short irradiation
(15 min) generates an immediate effect due to hyperthermia but also triggers ions’ release,
increasing the long-term intrinsic effect even hours after the irradiation (Figure 4). ZnPB
proved to be effective against E. coli, S. aureus, MRSA (methicillin-resistant Staphylococcus
aureus) and MRSA biofilms.
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Exploiting the balance between antibacterial effect and cytotoxicity, the authors also
obtained good results with in vivo tests on MRSA wound infections. Wounds were exposed
to a power density of 0.3 W/cm2, a value within the scope of the maximum permissible
exposure for skin formulated by the American National Standards Institute (ANSI Z136.1-
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2000) in order to reach a temperature high enough to exert the antibacterial effect without
damaging tissues and triggering inflammatory reactions. The results are remarkable in
terms of antibacterial action and wound-closure speed, with improved performance when
ZnPB is compared to traditional systemic and topical antibiotics (vancomycin, fusidic acid,
retapamulin and mupirocin).

If d-block metals doping is the most obvious choice for the preparation of PBA (usually
an ion of similar radius is chosen), lanthanides-doping also has interesting applications.
Similarly to Zn, lanthanide ions also red-shift the maximum absorption wavelength [51].
Among the examined metal ions (Er3+, Dy3+, Tm3+ and Yb3+), Yb3+ gave the best results.
The maximum absorption wavelength shifts to 816 nm, and the photothermal conversion
efficiency is increased from 46.6% (PB) to 55.0% (YbPB with 9% Fe replaced by Yb). A small
increase was also reported in the photothermal antibacterial effect against E. coli.

3.4. Silver-Containing Prussian Blue

Silver, silver ions and nanosilver have been well known as antibacterial agents since
ancient times. Surprisingly, to our knowledge, only three papers have been dedicated to
silver-containing PB and PBAs. Each of the three reports a different approach: a silver
Prussian blue analog without photothermal properties [52], a silver-doped PB with a
photothermal effect [53] and PB nanoparticles decorated with silver nanoparticles [54].

The silver-PBA reported by Patra and colleagues [49] is prepared with the complete
substitution of FeII ions with Ag+, leading to a coordination polymer with an absorption
band centered at ≈400 nm, useless for potential irradiation in vivo. The material, however,
showed promising intrinsic antibacterial effects against E. coli, B. subtilis, K. pneumoniae
and P. aeruginosa, with performances comparable to traditional antibiotics, such as strepto-
mycin, gentamicin, kanamycin and penicillin. The mechanism of action follows the typical
mechanisms of silver: membrane damage, decreased expression of superoxide dismutase
(SOD) and catalase and increased generation of lipid peroxidation.

With a similar approach, Roy et al. [50] prepared a silver-doped PB. The difference
between the two syntheses are the choice of the stabilizer (citrate in this paper, PVP in
Patra’s paper) and the quantity of silver, which is here limited to 10% with respect to iron
concentration. A partial substitution of Fe with a different metal ion, as we mentioned in
the previous section, usually leads to a red-shift in the maximum absorption wavelength of
PB. This is confirmed in the case of Ag-doped PB, with a maximum absorption wavelength
red-shift of 31 nm. This allows the evaluation of both an intrinsic antibacterial effect and
a photothermal effect with irradiation at 635 nm. The intrinsic effect against S. aureus
and P. aeruginosa is comparable to what is reported for silver nanoparticles at the same
concentration, while PB control samples, as expected, showed a negligible intrinsic effect.
The triggering of the photothermal effect on Ag-doped PB led to a further increase in the
effect, with almost complete elimination of the viable bacterial cells.

The third approach for PB/Ag hybrids is the decoration of PB nanoparticles with
Ag nanoparticles. In the paper from Liu and coworkers [51], PBNP were coated with
polydopamine (PDA). In a second functionalization step, Ag+ is coordinated and reduced
by PDA to form small spherical AgNP. PBNPs are around 90 nm in size, while AgNPs are
less than 10 nm.

The presence of AgNPs does not influence the photothermal properties of PB, which,
as usual, are dose- and power-dependent and can be exploited to exert a photothermal
antibacterial effect. On the other hand, the presence of silver adds an intrinsic antibacterial
effect to the nanomaterial, as demonstrated with an inhibition zone (without irradiation)
test with E. coli, ampicillin-resistant E. coli, S. aureus and MRSA. Only the combination of
the two effects, however, leads to a complete elimination of bacteria (>99% killed cells):
this happens when the Ag/PBNP hybrid material is irradiated with NIR light (808 nm).

A study on the mechanism of action showed higher levels of ROS and higher oxidation
of glutathione due to the release of Ag+. These effects are typical of silver-based materials
and are accelerated by irradiation, thanks to the synergy with PB. All of the photothermal
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materials (PB, PDA-coated PB and the hybrid Ag/PB material) also show an effect on the
production of ATP, and in this case, the effect is maximized when Ag and the photothermal
effect work in synergy.

4. Conclusions

Prussian blue is an ancient pigment, which, in its nanometric form, has recently
become popular in nanomedicine. PB is currently studied in many fields, such as cancer
therapy, imaging, etc. Recently, PB has also generated interest in the field of antibacterial
materials, with an increasing number of papers appearing in the last few years. In this
review, we tried to give an overview of this literature, examining the different approaches
that can be adopted. PB can be used as a photothermal antibacterial material, in analogy
with what happens in photothermal therapy in cancer, exploiting its absorption band in the
visible–NIR portion of the spectrum. An intrinsic antibacterial effect can also be present if
PB is doped with antibacterial ions or doped/coated with functional organic molecules. The
two effects can also operate in synergy in materials that can exert a prolonged intrinsic effect
but can also be enhanced with the external trigger of NIR light irradiation. A systematic
comparison on the efficiency of those nanomaterials is not easy, since the different assays
used to evaluate the antibacterial and antibiofilm effects require different conditions and
concentrations of active material. In general, the range of concentrations used in the studies
cited in this review varies from 5 to 200 µg/mL for suspension. Concentrations are even
lower when we consider films and monolayers working at an interface. Typically, PB and its
derivatives were tested against E. coli and S. aureus as representatives of Gram- and Gram+
bacteria, respectively, showing good performance against both. In some studies, antibiotic-
resistant bacteria were also considered (e.g., ampicillin-resistant E. coli and MRSA), and no
specific resistance against PBNPs was reported.

This versatility, and the fact that PB is a recognized biocompatible material, offers a lot
of possibilities in the application of this kind of nanomaterials, as sketched in Figure 5. We
believe that the recent literature cited in this review will have great diffusion in the next
couple of years, increasing interest in this topic.
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