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Perfluorocarbon (PFC) are biocompatible compounds, chemically and
biologically inert, and lacks toxicity as oxygen carriers. PFCs nanoemulsions
and nanoparticles (NPs) are highly used in diagnostic imaging and enable novel
imaging technology in clinical imaging modalities to notice and image
pathological and physiological alterations. Therapeutics with PFCs such as
the innovative approach to preventing thrombus formation, PFC nanodroplets
utilized in ultrasonic medication delivery in arthritis, or PFC-based NPs such as
Perfluortributylamine (PFTBA), Pentafluorophenyl (PFP), Perfluorohexan (PFH),
Perfluorooctyl bromide (PFOB), and others, recently become renowned for
oxygenating tumors and enhancing the effects of anticancer treatments as
oxygen carriers for tumor hypoxia. In this review, we will discuss the recent
advancements that have been made in PFC’s applications in theranostic
(therapeutics and diagnostics) as well as assess the benefits and drawbacks
of these applications.
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Highlights

• Perfluorocarbon (PFC) are biocompatible compounds, chemically and biologically inert,
and lacks toxicity as oxygen carriers.

• PFC’s applications is in theranostics (therapeutics and diagnostics).
• Numerous diagnostic and therapeutic applications exist for PFCs, including
oxygenation, cancer treatment, cell therapy, and imaging.

• PFCs NPs are employed in ultrasound and MRI to label cells, target distinct epitopes in
the tumor, monitor treatment effectiveness, quantify tumor characteristics, and detect
changes in the tumor’s surrounding environment.

• PFC-based NPs become renowned for oxygenating tumors and enhancing the effects of
anticancer treatments as oxygen carriers for tumor hypoxia.

• Clinical translation of imaging technologies using PFC should be carefully examined,
and long-term toxicity problems should be investigated.
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1 Introduction

Perfluorocarbons (PFCs) are odorless, non-corrosive,
colorless liquids with low surface tension and a considerable
density difference with air. Their density is almost double that
of water, and they are highly stable and miscible with biological
fluids. In terms of chemical composition, they are hydrocarbons in
which fluorine replaces most or all of the hydrogen atoms, and,
occasionally, other halogen atoms are present in their structure
(Xiang et al., 2019; Charbe et al., 2022). These substitutions change
the physical properties of these compounds. The element with the
highest electronegativity is the fluorine (Ahrens and Zhong, 2013;
Li et al., 2022). As a result, the carbon-fluorine bond in these
compounds is powerful and polar, but it does not result in water
solubility because the molecule is ultimately non-polar. All PFC
molecules can dissolve vast quantities of gas. Table 1 compares the
oxygen dissolution rates of two of the most commonly used PFCs,
perfluorooctyl bromide (PFB) and perfluorodecalin (PFD).
Besides oxygen, these compounds can dissolve up to four times
as much CO2 as oxygen. A liter of water contains 55 mol, whereas
a liter of PFD only contains 4.2 mol. Therefore, the molecular ratio
of O2 dissolved in 1O2: Is 200 water in water, but PFD equals 5O2:
1PFD. This demonstrates that the PDF molecule is 1,000 times
more soluble than water (Charbe et al., 2022; Mohanto et al.,
2023).

PFCs are biocompatible compounds because they are both
chemically and biologically inert (Jagers et al., 2020). In addition
to lacking toxicity, carcinogenicity, mutagenicity, and teratogenicity.
PFCs eliminate from the body by the reticuloendothelial system, the
lungs, and, to a lesser extent, the skin (Lambert et al., 2019). Their
tissue half-lives range from 4 to 65 days for perfluorooctyl bromide
and perfluorotripropylamine, respectively.

The biocompatibility of PFCs has been studied in both in vitro
and in vivo models, and the results have been mixed (Lauby et al.,
2022; Mohanto et al., 2023). Wrobeln et al. (2017) In vivo evaluation
demonstrated the least but dose-dependent side-effects such as the
peak of plasma concentration of cellular enzymes.

In widespread, PFCs are well-tolerated when utilized as a blood
alternate (Abutarboush et al., 2016), although some studies have
reported toxicity or adverse immune reactions in-vitro models
(Menz et al., 2018). In the duration of oxygen delivery, PFC-
based emulsions are effective in improving oxygenation in
animals with lung injury or hypoxia (Liu et al., 2022; Luo et al.,
2023). Nevertheless, the long-term safety and efficacy of PFC-based
oxygen carriers have not been comprehensively confirmed (Alayash,
2014; Charbe et al., 2022).

Prevailing, PFCs show assurance as a potential implement for
medical applications, but further research is needed to fully
understand their biocompatibility and to specify the most
suitable uses for these materials.
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PFCs can be used in emulsions, nanoemulsions, and gases.
Numerous diagnostic and therapeutic applications exist for PFCs,
including oxygenation, cancer treatment, cell therapy, and imaging.
In this article, we will evaluate the recent advancements that have
been made in PFC’s applications in diagnosis and treatment, as well
as will discuss the benefits and drawbacks of these applications.

2 Application of PFCs in imaging

For diagnostic imaging, numerous NPs and microparticles are
used. PFC NPs are a novel imaging technology used in clinical
imaging modalities. Multiple PFC NPs detect and image
pathological and physiological alterations. The long-term
systematic half-life of PFC NPs, which permits long-term binding
to ligands, makes PFCs suitable for imaging. These NPs are
employed in ultrasound and MRI techniques (Ahrens and

Zhong, 2013). These molecular imaging probes are primarily
used in MRI to label cells, target specific epitopes in the tumor,
monitor treatment efficacy, quantify tumor features, and detect
changes in the tumor’s surrounding environment (Figures 1A)
(Barnett et al., 2011; Cosco et al., 2015; Vidallon et al., 2022).

It is crucial to comprehend the NMR phenomenon to
understand how PFC NPs are used as a contrast agent in the MR
technique. When exposed to a strong magnetic field, the nuclei of
elements such as 1H, 13C, and 19F change from random to parallel or
antiparallel in nuclear magnetic resonance. The energy level
increases as the nucleus absorb the radio frequency waves’
energy, then core returns to a lower energy level following
excitement. This distinction is referred to as magnetic resonance
intensification (T1). This process of excitation and relaxation
depends on the external magnetic field. When nuclei interact, the
signal strength decreases, a phenomenon known as the T2 constant.
MR imaging can determine the T1 and T2 relaxation times,

FIGURE 1
(A)Schematic illustration of a multifunctional liquid perfluorocarbon nanoemulsions (100–200 nm) which can be modified with another cargo
targeting ligands such as aptamers and polysaccharides, intravenous injection, and then directs cellular uptake by circulating or provincial phagocytic,
immune cells such as monocytes and macrophages; MRI detects the collection of these cells. (B) Post-mortem and in vivo murine cardiac 19F MRI
following intramyocardial CPC injections. Reprinted with permission from Ref (Constantinides et al., 2018). Copyright (2018) by the Public Library of
Science (PLOS).

TABLE 1 Comparison of the main physical properties of water and PFCs.

Water Perfluorooctyl bromide (PFOB) Perfluorodecalin (PFD) Perfluorotributylamine (PFTBA)

Formula H2O C8BrF17 C10F18 C12F27N

Molar mass 18 g/mol 499 g/mol 462 g/mol 671 g/mol

Density 0.997 g/cm3 1.89 g/cm3 1.946 g/cm3 1.884 g/cm3

Molar density 55.4 mol/L 3.8 mol/L 4.2 mol/L 2.8 mol/L

Oxygen solubility (25°C) 6.3 mLO2/LH2O 527 mLO2/LPFOB 403 mLO2/LPFD —
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densities, and exposure intensities. MR contrast agents function by
reducing T1 and T2. The most frequently used non-targeted MR
contrast agents are paramagnetic ions (gadolinium chelates) which
lessen the T1 relaxation time. Compounds that are paramagnetic or
super-paramagnetic have a high magnetic sensitivity and cause field
disturbances. This disorder causes dephasing of the signal in the
tissues and signal loss due to the loss of T2. Unlike T1 contrast
materials, super-paramagnetic agents have a net effect on their
environment.

NPs of PFCs are superficially functionalized with ligand,
precisely one hundred thousand chelates of gadolinium per
particle, to obtain T1 when employing paramagnetic contrast
agents. Present paramagnetic ions present relaxivity, which is
obtained by dividing the change in comfort velocity (1/T1 or 1/
T2) by the concentration of the contrast agent, which describes the
performance of the MR contrast agent. At 1.5 T, the Gd+3 ions in
saline have a lower relaxivity than those bonded to the surface of
PFC NPs. Each nanoparticle carries numerous gadolinium ions; the
structural relaxivity is proportional to the particle relaxivity and is
measured at 2,000,000 mM−1s−1. It is, therefore, possible to detect
and quantify biomarkers at nano concentrations (Tran et al., 2007;
Wu et al., 2020).

Various tissues’ T1 and T2 relaxation times vary based on the
surrounding water and proton content. Because of its natural
frequency, gyromagnetic ratio, and high concentration in
biological tissues, proton 1H is one of the most widely employed
nuclei in medical imaging. 19F has a near-proton gyromagnetic ratio
and nearly 100 percent natural abundance, making it an attractive
nucleus for MR imaging (Bouchlaka et al., 2016). In a field of equal
strength and the number of equivalent nuclei, its sensitivity is 83%
compared to proton nuclei. The concentration of 19F ions in
biological tissues is low; therefore, if the tissue is not enriched
with a19F contrast agent, the resulting image will be unsuitable.

As this contrast factor increases, so does the concentration of 19F in
the environment of biological tissue. Under these conditions,
imaging will be possible without background signal interference.
19F has seven outer electrons, whereas hydrogen has only one, so the
chemical shift around fluorine is more significant than that around
hydrogen. 19F nuclei exhibit a wide range of chemical changes
(>350 ppm) and are highly sensitive to relaxation changes,
resulting in a higher resolution than HMRI. Therefore, if several
different types of PFCs are present simultaneously, they can be
detected by MR and imaging due to the chemical difference.

PFCs are neither metabolized nor collapsed by lysosomal
enzymes. Table.3 summarizes the imaging applications of PFCs.
For example, cardiac progenitor stem cells (CPCs) and bone marrow
macrophages labeled with perfluoro-crown-ether (PFCE), then
performed 19F-Magnetic Resonance Imaging (MRI). Limitation of
cell load and determination of label concentration were other goals
of this study (Figures 1B) (Constantinides et al., 2018).

Ultrasound imaging relies on sound signals generated by the
reflection or propagation of sound waves with frequencies above the
audible range of humans (20 kHz<) (McCarthy et al., 2020).
However, the NPs diameter should be 250 nm (Athanassiadis
et al., 2022) (Figure 1). In ultrasound, these compounds are also
utilized as Ligand-directed and Lipid-encapsulated agents. Because
of the high surface area of these NPs, 50 to 500 ligands can be
contained within them. These NPs are encapsulated with aptamers
and polysaccharides (Figure 2) (Tran et al., 2007; Palmieri et al.,
2022). This imaging method’s strengths include portability,
adaptability, and usability.

Ultrasound contrast agents (USCAs) with a gas, liquid, and
solid core generate elevated acoustic impedance contrasts within
tissue interfaces, and they can generate the highest acoustic
vehemence among the other classes. In terms of echogenicity
and resilience, liquid-core USCAs have benefits over gas-core

FIGURE 2
Hybrid-shelled perfluorocarbon microdroplets with elevated density and thin diameter dispersal (~1 µm) operated in ultrasound- and laser-
activated phase-change approach. Reprinted image. Reprinted with permission from Ref (Palmieri et al., 2022). Copyright (2022), Elsevier.
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USCAs and disadvantages over solid-core USCAs. Liquid-core
USCAs supply inadequate contrast enhancement due to their
weak acoustic scattering inside the arteries as their inferior
impedance. Liquid-based materials, such as PFC, including
perfluoro-PFP, PFOB, and PFH, could accumulate in the
target tissue and change phase from liquid to gas by devoting
thermal energy, creating a unique echo in preclinical experiments
(Tarighatnia et al., 2022). In ultrasound imaging by sulfur
hexafluoride gas, if the diameter of the microbubbles is
smaller than the diameter of the bubbles at room temperature
(2.5 μm), it improves the passage of particles through the
pulmonary capillaries. Size distribution and the particle size of
PFCs have a strong influence on intravascular persistence and in
vivo recognition. Using PFCs microbubbles with micrometric
size increased the intravascular half-life, but elevating it will be
difficult. The stabilization mechanism of bubbles got from
perfluorocarbons is related to the mutual reaction of osmotic
pressure and Laplace pressure, which delays the dissolution of
bubbles in the blood (Tarighatnia et al., 2022).

By reducing the Ostwald coefficient, the stability of intravascular
bubbles increases. The half-life of experimentally measured bubbles
was always several orders of magnitude larger than the predicted
values. In a study conducted in 2012 by Csongor Szijjarto et al. the
size, size distribution, and stability characteristics of
dimyristoylphosphatidylcholine (DMPC)-coated microbubbles on
three PFH gas compounds (F-hexane), perfluoro diglyme
(F-diglyme), and perfluoro triglyme (F-triglyme) were
investigated. F-hexane, F-diglyme, and F-triglyme stabilized
bubbles were half-lives 149 ± 8, 134 ± 3 and 76 ± 7 min,
respectively. But the bubbles that do not contain PFCs gas have a
half-life of only 34 ± 3 min, and these bubbles have a larger diameter
and polydispersity. So, the size of microbubbles influences their half-
life (Szíjjártó et al., 2012). The extravascular recognition potential of
contrast agent microbubbles that are based on PFC and are
commercially available is 10 times less compared to PFC
emulsions that have a diameter of 100–200 nm.

Another imaging technique is photoacoustic imaging (PAI) or
optoacoustic imaging. This technique is capable of imaging optical
contrast with a penetration depth of several centimeters and an
ultrasound resolution. The PAI method is based on thermoelastic
effects. Exogenous or endogenous chromophores absorb light
pulses; because light energy is transferred to heat, the rapid
development of volume occurs, and eventually, sound waves are
generated. PAI is used in various fields such as measuring oxygen
saturation, angiogenesis, metastasis, breast imaging, and imaging
specific tumor cell types using NPs. One of the widely used contrast
agents in this technique is Phase-Shift (PS) PFC droplets or PFC
emulsion, which is used in an encapsulated form. A study by
Mangala Srinivas et al. used poly (D, L-lactic-co-glycolic acid)
NPs loaded with perfluoro-15-crown-5-ether (PFCE) and ICG.
This study aimed to investigate the photoacoustic effects of ICG.
Due to the high sensitivity and penetration depth of the PAImethod,
this method was combined with FMRI. In this study, the optical
absorption stability of PLGA-PFCE-ICG and ICG dye was studied
by (Swider et al., 2018). Chen et al. (2020) designed a mitochondria-
targeting liquid perfluorocarbon (PFC)-based oxygen delivery
system for the synergistic photodynamic therapy (PDT)/
photothermal therapy (PTT) of cancer via image guiding. Their

novel approach accomplishes exceptional antitumor efficacy
through an unprecedented structure with tumor mitochondria
targeting, oxygen delivery, and synergistic PDT/PTT with dual-
imaging direction.

2.1 PFCs to overcome hypoxia in PDT and RT
techniques

Phototherapy, which includes two categories of photothermal
therapy (PTT) and PDT, is a non-invasive procedure approved by
the FDA. PDT comprises three main components: Photosensitizer,
oxygen, and light (Goh et al., 2010). Efficient singlet oxygen is
produced when a photosensitizer reacts with oxygen molecules
under a specific wavelength of laser light. These singlet oxygens
damage tumor cells and arteries by inducing cells to apoptosis,
necrosis, and activation of immune responses. But with the salient
advantages, you must also know some disadvantages (Xavierselvan
et al., 2022).

When PS absorbs photons in the light, it changes from the base
state to the transient state. This unstable state chooses one of two
paths. It returns from the singlet state to the ground state by
emitting fluorescence or energy loss. The second path changes
from the singlet state to the long-lived triplet state through an
intersection within the system (Hu et al., 2019). This triplet mode
transfers energy to oxygen molecules through two mechanisms.
Radical species are constructed by repositioning hydrogen or
electrons when PS responds with organic molecules. Finally,
radical species can react with oxygen to produce reactive
oxygen species (ROS). In the second mechanism, the PSs in the
excited state transfer energy directly to the oxygen molecules and
lead to the production of activated singlet oxygen. These ROS
oxidize subcellular organelles and destroy blood vessels (Wang
et al., 2020). It eventually leads to light-induced cell death. In the
PDT technique, the lifespan of singlet oxygen in PFCs is more
extended than the cellular environment and water, which leads to
the long-term effects of this technique. Radiotherapy (RT) uses
ionizing radiation (X-ray, or γray) to generate free radicals, which
damage DNA directly and indirectly to other cellular elements to
induce DNA impairment and induce cancer cell death. Under
hypoxia, these injuries heal immediately. This method is used in
clinics to treat cancer. A little part of the energy of this radiation is
fascinated by tumor cells. Most of this energy harms normal
tissues; this method is non-specific. But oxygen molecules
during radiotherapy forms radical peroxide that is more
destructive and problematic, thus making it impossible for cell
repair and DNA damage to stabilize. Cell damage by ionizing
radiation depends to a large extent on the oxygen level of the cells.
The environment around the tumor is hypoxic compared to
healthy cells, so it is necessary to optimize it to increase the
efficiency of this method. Liquid PFCs are widely used to
optimize this treatment (Song et al., 2017). Table 2 lists several
NPs combined with PFC to overcome the hypoxic conditions used
in combination with photodynamic therapy and radiotherapy.

Photodynamic therapy, which is one of the new methods in
the treatment of cancer, whose anticancer effect is related to
reactive oxygen species and singlet oxygen produced by oxygen in
the photodynamic reaction. However, PDT turns off the vascular
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and consumes oxygen, In this condition, oxygen is less and
hypoxia is intensified. After attaining superior anti-tumor
therapy tracing the development of an effective approach to
dominate a hypoxic tumor surrounding is highly desirable.

Compared to other solvents, perfluorocarbons increase the
half-life of singlet 1O2 by 105 folds, so they are a very suitable
carrier for oxygenation and overcoming hypoxic conditions
(Fang et al., 2021).

TABLE 3 Applications of19F MR in molecular imaging.

Type of PFC Imaging purposes Models Ref

Perfluoropolyether cell tracking Dendritic cells Ahrens et al. (2005)

PFOB and PFCE cell tracking stem/progenitor cells Partlow et al. (2007)

PFCE cell tracking stem cells Ruiz-Cabello et al. (2008)

PFPE cell tracking antigen-specific T cells Kadayakkara et al. (2010)

PFPE stroke-damaged brain imaging human neural stem cells (hNSCs) Boehm-Sturm et al. (2014), Tennstaedt et al.
(2015)

PFPE and PFOB cellular imaging glioma cells Kislukhin et al. (2016)

PFCE cell tracking and therapy dendritic cells Kislukhin et al. (2016)

PFCE cardiac quantitative imaging progenitor stem cells and
macrophages

Constantinides et al. (2018)

PFTBA and PFD anatomic distribution mice Mason et al. (1989)

PFTBA organ biodistribution rats McGoron et al. (1994)

PFCE molecular imaging of fibrin- targeted ex vivo human samples Morawski et al. (2004)

PFOB tissue factor-targeted drug delivery vascular smooth muscle cells Zhou et al. (2009b)

PFOB inflammation quantitative imaging rats Ahrens et al. (2011)

PFOB ανβ3 integrin targeted rabbits

PFOC intravascular oxygen tension evaluation mice Hu et al. (2013)

PFCE, PLGA organ biodistribution ex vivo human samples Hoogendijk et al. (2020)

PFCE inflammation quantification of intact tissue samples Ex vivo mice sample Díaz-López et al. (2010)

Perfluorohexane cytotoxicity, hemolytic activity, biodistribution, biosafety, and
antitumor activity

mice Baghbani et al. (2017)

TABLE 2 Oxygen-carrying nanoparticles for tumor reoxygenation to enhance the antitumor.

Design Combined
treatment

Effectiveness Ref

Physical dissolution of oxygen Lipid-stabilized PFC
nanoemulsion and carbogen

RT Carbogen alone decreased hypoxia levels substantially and conferred
a smaller but not statistically significant survival advantage over and
above radiation alone

Xiang et al.
(2019)

LIP(IR780 and PFH) PDT tumor growth inhibition in Oxy-PDT mice treated with a low
photosensitizer dosage and 20-s laser irradiation, whereas traditional
PDT showed negligible tumour inhibition

Cheng et al.
(2015)

polyethylene glycol (PEG) stabilized perfluorocarbon RT Improve tumor oxygenation and concentrate radiation energy in
tumor regions to enhance the X-ray-induced DNA damages

Song et al.
(2017)

(PFC) nano-droplets decorated with TaOx nanoparticles

(TaOx@PFC-PEG)

The PFC nanoliposomes (FI@Lip) and biocompatible NO
donor S-nitrosated human serum albumin (HSA-SNO)

PDT This combination strategy of FI@Lip and HSA-SNO obviously
relieved intracellular hypoxia and decreased GSH to increase more
toxic 1O2 generation for PDT enhancement

Alizadeh et al.
(2019)

PFOB nanocapsules coated with PEGylated gold nanoshell PDT PGsP NCs could not only provide excellent contrast enhancement
for dual modal ultrasound and CT imaging in vitro and in vivo, but
also serve as effi cient photoabsorbers for photothermal ablation of
tumors on xenografted nude mouse model

Ke et al.
(2014)
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2.2 PFC in cell tracking

Cell therapy approach used in treating various diseases,
including cardiovascular disease, ischemia, type 1 diabetes, and
cancer. Different stem cells and immunity are used for this
purpose, but its tracing is essential to evaluate the function and
position of the transplanted cell. Optic, ultrasound, MRI, CT, PET,
and SPECT imaging modalities detect transplanted cells (Stanton
et al., 2016). Different contrast agents are required depending on the
technique.

PFCs are used in MRI and Ultra Sound imaging modalities. In
the previous section, the importance of PFCs in imaging was
discussed. Tracking is performed using the techniques discussed
in the precautious section. But in this section, the different tissues
to which the cell is attached and the role of PFCs as oxygen
carriers are given in Table 3. These cells detect tumor antigens
and have the ability to migrate to tissue and eventually penetrate
tumor tissue. In an in vitro study, Gonzales et al. Labeled
splenocyte and Ovalbumin T-cells with PFC and then
examined them by FMRS/MRI. In an in vivo study, Gonzales
and colleagues labeled splenocyte and ovalbumin T-cells in the
liver, spleen, and lung with PFC and then examined them by
FMRS/MRI. Finally, they concluded indivisible cells labeled with
19F are promising for FMRS/MRI-modality tracking. Therefore,
labeling cells with PFC compounds such as perfluoropolyether
(PFPE) is a promising way to monitor the treatment of cancer
cells. FDA-approved PFC compounds used to label and track
cells by FMRI are Cell Sense and V-Sense (Wu et al., 2020).

3 Therapeutic applications of PFCs in
the treatment and diagnosis of diseases

3.1 Thrombosis

Thrombus formation is critical in numerous cardiovascular
disorders such as ischemic stroke, myocardial infarction, deep
venous thrombosis, and pulmonary embolism, which are meaningful
causes of morbidity and mortality worldwide (Stein et al., 2005;
Taghizadeh et al., 2020). Also, Thrombus formation is the prime
concern for using blood-contacting medical devices (Mauri et al.,
2007; Mauri et al., 2014; Grover and Mackman, 2019; Virani et al.,
2020). Percutaneous coronary intervention (PCI) and fibrinolysis with
various anticoagulants and antiplatelet agents are the standard
therapeutic procedures to prevent further clot progression field
(Chattopadhyay et al., 2011; Olaf and Cooney, 2017). The restorative
examples have limitations, including an almost short time window
consistent with fierce regimens, thrombus formation still proceeding,
and severe bleeding from using the systemically active anticoagulants
(Osório, 2010; Robert, 2010; Siegel et al., 2022). Therefore, developing
safer anticoagulants and a non-invasive treatment method is an
ongoing pharmaceutical chase for managing thrombotic events in
CVD Table 4 (Tran et al., 2007; Chen et al., 2021a; Wu et al.,
2021). In this interest, PFC NPs, microbubbles composed of PFC
combination with standard External low-frequency ultrasound
(USD), define a medium technology with adjustable molecular
imaging and provincial drug delivery in thrombosis events (Ravis
et al., 1991; Flaim, 1994; Leese et al., 2000; Jacoby et al., 2014;

Roberts et al., 2020; Manners et al., 2022). Myerson et al. (2010);
Myerson et al. (2011) synthesized PPACK (Phe [D]-Pro-Arg-
Chloromethylketone) and fastened these structures to the surface of
PFC-core nanoparticle with the covalent bonds. These structures
showed that the PPACK PFC nanoparticle could be an effective
anticoagulant and prevent thrombosis, although the PPACK has not
had these features alone. An increase in the number of PPACK ligands
resulted in the maintenance of anticoagulants effects at the site of
thrombosis and inhibition of activated thrombin event and
inflammation (Figure 3). Bouvain and colleagues generate a non-
invasive approach for explicit mapping of neutrophil dynamics by
19F-basedMRI probes, using PFCs. In-vivo data showed this technique
let to recognize undercover origins of inflammation in patients and also
to separate cardiovascular disease circumstances on the point of
extreme aggravation due to enriched neutrophil infiltration or
activation (Bouvain et al., 2023). Liposomal bubbles (bubble
liposome, BL) constructed of PFC gas and nano-sized liposomes
covered by RGD sequence peptides on their exterior shell. These
liposomal bubbles can connect to the glycoprotein IIb/IIIa complex.
Mentioned complex duty is activating platelets which can improve the
visualizing and accurate detection of exciting thrombus by conventional
diagnostic ultrasound probes for thrombus imaging and disruption
in vitro and in vivo (Hagisawa et al., 2013). Hagisawa et al. research
indicated the fact that the reduction in speed of the clot with targeted
liposomal bubbles was significantly more elevated than with non-
targeted. Also, it proved that High-intensity USD orientation with
targeted BL can acquire arterial recanalization in 90% of arteries, and
the time to perfusion was quicker than the results for rt-PA therapy.
Blood coagulation in Medical devices is one of the most challenging
problems in designing these devices; the best approach for preventing
coagulation is to use tethered liquid PFC (TLP) coating on the surface of
instruments. The TLP bilayer coating decreases the adhesion of blood
and prevents thrombus formation. Roberts et al. (2020) used TLP-
coated (Tethered Liquid PFC) ECLS circuitry and immobilized-heparin
on the surface; the coating was established for 6 h of circulation in swine
and using no systemic heparin. The result is that TLP enables heparin-
free ECLS for 6 h not to alter the membrane’s critical coagulation and
does not affect gas exchange efficiency versus the clinical
standard—immobilized heparin. Another challenging crisis is
thrombus formation by conventional MRI and 1H MR angiography.
These techniques may have an insignificant impact on blood flow.
Biologically inert PFC nanoemulsions are used as 19F MRI, a unique
technique for molecular imaging (Spuentrup et al., 2005a; Spuentrup
et al., 2005b; Stoll et al., 2012; Guo et al., 2021). Temme et al. (2015)
worked on new generating approaches in nan invasive for diagnosis
with 1H/19F MRI acute deep venous thrombosis and pulmonary
thromboembolic design targeted PFCs with sterol-based post-
insertion technique (SPIT). This structure generates α2-
antiplasmin–labeled PFCs (α2AP-PFCs) and allows the qualification
of accomplished PFCs under favorable circumstances that sustain the
functionality of labile ligands.

3.2 Rheumatoid arthritis

Rheumatoid arthritis (RA) is a chronic systemic
inflammatory condition categorized as an autoimmune disease
affecting approximately 1% of the global population (Giannini
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et al., 2020; Jahangir et al., 2022). RA is categorized as an
autoimmune disease influencing approximately 1% of the
global population. Disease manifestations are ongoing
inflammation of synovial tissues, leading to articular cartilage

and bone breakdown in the afflicted joints, and, in the long term,
consequences are a significant functioning disability and actual
death (Kourilovitch et al., 2014). The leading cause of this disease
has not yet been defined. First, inflammation starts in synovium

TABLE 4 Clinical application of PFCs.

Type of PFCs Application Disease References

Dodecafluoropentane Neuroprotection Stroke Culp et al. (2019)

Perfluorochemical plus O 2 Whole-pancreas transplantation Pancreas transplantation Matsumoto et al. (2000)

Perfluorochemical plus O 2 Pancreas transplantation Pancreas transplantation Toyama et al. (2003)

Perflubutane Computed Tomography (CT) and Ultrasonography (US)
imaging

Hyper vascular hepatocellular carcinoma Numata et al. (2012)

Perfluorobutane microbubbles US colorectal liver metastases Takahashi et al. (2012)

Perflubutane microbubble US focal liver lesions Moriyasu and Itoh (2009)

liquid perfluorocarbon pads 3-T MRI choice of optimal fat suppression method Maehara et al. (2014)

Perflubutane microbubble US prostate cancer Uemura et al. (2013)

Perfluorocarbon fluorine-19 MRI colorectal adenocarcinoma Ahrens et al. (2014)

Perfluorocarbon Following intratracheal (IT) delivery of PFC NP to locally
deliver PFC NP in high concentrations into lung cancers

Lung cancer Wu et al. (2018)

FIGURE 3
Schematic illustration of PFCs nanoparticles with an anti-coagulation cover (PPACK (Phe [D]-Pro-Arg-Chloromethylketone) that is related to the
surface of PFC-core nanoparticle with a covalent bond (Myerson et al., 2010; Myerson et al., 2011). This arrangement acted as an adequate anticoagulant
and prevented thrombosis locally in the damaged vessels as a thrombin leech to inhibit thrombosis and thrombin-activated inflammatory signaling.
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because of population increases of fibroblast-like synoviocytes
(FLS) and macrophage-like synoviocytes (MLS), and hyperplasia
in synovial tissue is showed. In the continuation of these changes,
the synovial cells secreting metalloproteases (MMPs) and TNF-a
trigger the growth of osteoclasts, which cause bone bruises
(McInnes and Schett, 2007). All these events lead to chronic
inflammation in RA by swelling and accumulation of recalling
other inflammatory cells, such as macrophages and lymphocytes,
and fibroblasts are activated (McInnes and O’Dell, 2010). Other
factors that are involved in the inflammatory progress and
irreversible damage to the cartilage in RA are TNF-a and IL-
17; these factors have synergistic effects in boosting the
production of IL-1, IL-6, and IL-8 and granulocyte territory
stimulating factor (G-CSF) MMPs (McInnes and O’Dell, 2010;
Chen et al., 2021b). Many aspects are involved in the onset of RA;
for example, genetically predisposed people can suffer from this
disease under the influence of environmental aspects such as
bacterial or viral infection (Perricone et al., 2019).

Further environmental risk factors for RA include smoking,
alcohol use, birth weight, breastfeeding, socioeconomic status, and
ethnicity (Viatte et al., 2013; Paulissen et al., 2015; Baker et al., 2020;
Ishikawa and Terao, 2020). Numerous imaging methods, for
instance, MRI and computed tomography, diagnose RA patients.
Early detection and prevention of further damage to the cartilage
tissue is the most critical aspect of the treatment of RA; the main
challenge in imaging procedures is the accurate diagnosis and
quantified depth of damage in this disease to provide a practical
guide to determine the exact dose of drug therapy (Wu et al., 2020)
In line with the combination of imaging methods to achieve a good
result researchers combined near-infrared (Sen Gupta, 2017) with
19f MRI used tagged NPs constructed from PLGA-PEG-Folate
(Folate-NP), loaded with PFOB and indocyanine green (ICG)
(Zhou et al., 2012; Vu-Quang et al., 2019). A common choice for
RA patients to control symptoms establishes convergence with
analgesics such as NSAIDs; combined regimens are usually
preferred for achieving the best results and prolonged use
(Svanström et al., 2018). Other choices in the remedy of RA can
be mentioned as glucocorticoids (GCs), especially at the beginning
of the treatment; this category of drugs in combination with co-
therapy with other DMARDs is preferred. GCs show fast and
effective outcomes, and because of the lower cost compared to
other DMARDs, they are widespread. The main concern of GCs
is high side effects in the long term, including an increased risk of
cardiovascular disease, osteoporosis, infections, and altered glucose
metabolism, which are usually not included in the patient’s
medication regimen for a long time (Hardy and Cooper, 2018;
Wu et al., 2021).

Methotrexate (MTX) is the standard DMARD treatment for RA.
The mechanism of MTX is the inhibition of dihydrofolate reductase
(DHFR). More contemporary methods of RA treatment, such as
cytokine antagonists (TNF, IL-1, and IL-6 inhibitors or receptor
antagonists), B-cell-depleting drugs, and T-cell disbursement
modulators, can be mentioned. The most effective approach so far is
particularly TNF inhibitors with MTX, which obtained responses from
60% to 70% of RA patients in the early stages of the disease.
Nevertheless, high costs, the chance of spreading complications, and
the loss or defeat to hold reaction over time are major problems in these
approaches (Hayashi et al., 2020; Maciejewski et al., 2021).

As mentioned, handling the side effects of drugs is an important
issue due to the chronicity of RA disease and compelling the patient
to use therapy for a prolonged. The resolution is encapsulating the
bioactive substances and modifying NPs for targeting the desired
tissue, which leads to a reduction in the dosage and, ultimately, a
reduction in side effects (Hoes et al., 2010) (Ye et al., 2008).

PFC nanodroplets with low boiling temperatures are now widely
employed in ultrasonic medication delivery. Besides PFC
biocompatibility and biodegradability, surface functionalizing
with molecules such as PEG can boost the circulation period.
The medication enclosed in the droplets can be given passively
through increased permeability and retention (EPR) (Astafyeva
et al., 2015). Zhu et al. (2019) synthesized folate and PEG-
modified PFP-based nanodroplets loaded with Dexamethasone.
For in-vivo testing, collagen-induced arthritis (CIA) SD rat model
was developed. The in vitro drug release of “nanobombs” and
contrast-enhanced US imaging were comprehensively studied.
Targeting and cell viability of triggered macrophages were then
tested, as shown in (Figure 4). The US expands the passive target
through the EPR effect and discharges more drugs by eliminating the
nanodroplets and the result indicated extraordinary inhibition of
synovitis and joint collapse by declining the level of pro-
inflammatory cytokines, acting as an effective targeted drug for
RA therapy (Zhang et al., 2018). Anti-angiogenic fumagillin, a
mycotoxin produced by Aspergillus fumagatus, inhibits the
MMP2; Zhou et al. (2009a) demonstrated that v3-targeted PFC
NPs administered systemically accumulated to the inflamed joints
and quashed inflammatory arthritis.

In another work, Zhou and colleagues revealed that in a mouse
model of arthritis, a single dosage of fumagillin-PFC NPs was
injected systemically and synergized with the customary DMARD
MTX to give numerous anti-inflammatory advantages with an
adequate safety profile (Zhou et al., 2010). Zhou et al. (2012)
utilize a lipase-labile (Sn 2) fumagillin prodrug associated with a
lipid surface-to-surface targeted delivery mechanism. Dissolved
fumagillin comparative to the PFC core and lipid-gadolinium
conjugates in vivo to ease drug delivery and early drug release
and overcome the inherent photo-instability of fumagillin.

Tang et al. (2017) nanoscale PLGA drug delivery system
encapsulated oxygen-saturated PFP and IC. Tang’s study examined
the cytotoxic effects of OI-NP–mediated PSDT against FLSs in vitro.
Data showed that the OI-NPs were a steady and efficient carrier for
delivering oxygen and indocyanine green, and the NPs increased
cellular absorption in MH7A cells. In addition, MH7A cells treated
with PSDT indicated an increase in the appearance of intracellular ROS.
Pretreatment with the ROS scavenger N-acetylcysteine reversed the OI-
NP–mediated PSDT–induced cell survival decrease.

3.3 Muscular dystrophies

Muscular dystrophies are disorders that show symptoms of
dystrophic pathologic characteristics on muscles.
Dystrophinopathies affect 1 in 5,000 to 1 in 6,000 live male
births worldwide. Clinically cause, progressive weakness and
defeat of muscle mass, and substantial mutability exist in the
genetic and biochemical points. All these aspects result in a
commonness of muscular dysfunction and respiratory and
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cardiac compromise, and the eyes and central nervous system may
be under effect, too. Cognitive impairment, learning difficulties, and
behavioral problems were also demonstrated later (Dongsheng et al.,
2021). The manifestations of muscular dystrophies can be different
in further people; various factors, such as genetic differences, affect
the time of onset and severity of disorder complications. Current
treatment for muscular dystrophy mainly comprises controlling the
symptoms and reducing the patient’s crises, such as using
corticosteroids. Of course, treatments based on genetic
modification are under research, which hopes to restore the lost
function in these patients. However, picking the proper treatment is
still a challenge in the Muscular dystrophies (Carter et al., 2018;
Pennati et al., 2021).

PFCs NPs are expressed as drug delivery carriers for muscular
dystrophy therapeutic substitutes. As an outcome, this approach can
enable reducing some expected adverse effects, such as toxicity in the
long term. The PFC particles limit drug uptake in normal tissues and
can target the desired area in muscular dystrophies. Research has
investigated insufficient autophagy in mdx mice (Duchenne
muscular dystrophy model) treated using PFC NPs loaded with
rapamycin. Structure induces growth in skeletal muscle strength
over the extent of cardiac contractile rendition (Bibee et al., 2014).

3.4 Cancer

There are numerous treatment options for solid tumor cancers.
Among these techniques are pharmacological and chemotherapy

approaches (Figure 5). Typically, cancer-specific drugs operate at the
molecular level, specifically targeting a specific mutation.
Nevertheless, it has been observed that cancer cells can evade the
effects of drugs by completing a shortcut (Derakhshankhah et al.,
2017). Therefore, chemotherapeutic methods are required to treat
the disease. Radiotherapy and photodynamic therapy are included
among the chemotherapy methods (Song et al., 2017; Hu et al.,
2019). Although these strategies independently are not significantly
adequate because part of the radiation is fascinated by healthy cells
and the lack of oxygen in the tumor tissue, which is caused by
inequality between oxygen supply and consumption due to the
tumor’s rapid acceleration of the process of tumor growth.
Tumors adapt their metabolism to oxygen-dependent
microenvironments by activating hypoxia-inducing factors (HIF-
1α) (Wang et al., 2020), which produce energy through an anaerobic
process; hypoxic microenvironments regulate tumor growth and
survival (Sun et al., 2020). Low oxygen levels in cells may be one of
the primary causes of the uncontrolled growth of tumor cells in
certain forms of cancer. Tissue oxygen deficiency is only a factor in
the progression and development of cancerous masses; it is not the
driving force. As the tumor’s oxygen level decreases, the tumor’s
hypoxia worsens (Wang et al., 2020). Tumor cells express HIF-1 to
survive in hypoxia. As a result of the genomic instability, altered
tumor cell metabolism increased angiogenesis, and induced local
immunosuppressive microenvironment caused by hypoxia, cancer
cells become resistant to therapies. Two general strategies for
overcoming tumor hypoxia are to deliver oxygen to the tumor
site as a therapeutic agent and to take advantage of the unique

FIGURE 4
US-triggered perfluorocarbon (PFC)-based “nanobombs” for the targeted therapy of RA (Zhu et al., 2019). The targeted nanobombs structure
includes thin-film hydration and a core of PFP-based nanodroplets (Maciejewski et al., 2021) loadedwith glucocorticoid dexamethasone (Dex) and a shell
of folic acid (FA)-grafted polyethylene glycol (PEG)-functionalized phospholipid (PFP-Dex@NDs-PEG-FA). The 1 MHz US is utilized as an initiator to
activate the “explosion” of nanobombs and improve the drug departure as an efficient, targeted mechanism for RA therapy.
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environmental conditions that solid tumors have for targeted
treatment.

Therefore, the oxygen concentration affects the efficacy of
chemotherapy, photodynamic therapy, and radiotherapy. To have a
toxic effect on cancer cells, this oxygen must exist in the singlet state.
With the assistance of photodynamic therapy and radiotherapy, tissue
oxygen can be converted to ROS. Oxygen-producing compounds and
oxygen-carrying molecules can increase the oxygen concentration in
tumor tissue to concentrate the effect of radiation on tumor tissue and
overcome tissue hypoxia conditions, eventually leading to the death of
more tumor cells. The article focuses on oxygen-carrying compounds,
with PFCs being the most important. Zhou et al. (2019a). designed PFC
and etoposide (EP) loaded porous hollow Fe3O4–based theranostic
nano platform qualified of delivering oxygen to solid tumors to improve
their vulnerability against EP. Outcomes showed that oxygen could be
released at an average rate from the porous hollow magnetic Fe3O4

nanoparticles (PHMNPs) over a vast period, decreasing the hypoxia-
induced EP resistance of tumor cells. Kim et al. created a drug delivery
transport by exposure to near-infrared (NIR) light for drug release and
tumor therapy. designed prepared based on a thin film method and
utilizing Melanin, perfluorohexane (PFH), and 5-fluorouracil (5-FU)-
loaded liposomes (melanin@PFH@5-FU-liposomes). The result
indicated that tumor growth was virtually inhibited by the injection
ofmelanin@PFH@5-FU-liposomeswith laser irradiation (Kim and Lee,
2022).

Temperature and pH do not affect the oxygen-carrying capacity
of PFCs. These PFC-based NPs have recently become famous for
oxygenating tumors and enhancing the effects of anticancer
treatments. PFC fluids such as PFTBA, PFP, PFH, PFOB, and
others have been used as oxygen carriers for tumor hypoxia.
These oxygen-carrying compounds are stabilized with lipids,
polymers, and proteins because they are insoluble in water. With
the immiscibility of oxygen in water, PFCs are emulsified with
surfactants to serve as oxygen carriers. The surfactants
Poloxamer F68 and Poloxamer 188 are two of these compounds.

PFC nanoemulsions are utilized in both liquid NPs and gas
bubble forms. Nanoemulsions droplets, when evaporated, produce
microbubbles and increase oxygen delivery to the tumor. In mice
with pancreatic tumors, the partial pressure of tumor O2 rises by up
to 400% when small doses of F-Pentan Phase-Shift nanoemulsions
(P-SNE) are used. However, this increase in oxygen pressure occurs
under conditions that combine with carbogen or radiation; Under
these conditions, the tumor volume decreases significantly (Krafft,
2020).

19FMRI method is very effective for quantitatively evaluating
O2 gas pressure around tumor tissues. Non-invasive methods
produce O2 gas pressure surrounding tumor tissue and recreate
a guiding part in cancer treatment. With the assistance of the
FMRI method, the pO2 level of tumor tissue can be measured
before and after oxygenation, in which case it is possible to control

FIGURE 5
PFC NDs and NPs utilized different approaches that can present cancer therapy, such as diagnostic (yellow), thermal therapy (Red), and vascular
distribution (Blue) by hypoxia effects.
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the tumor response appropriately to oxygenation. Because FMRI-
relate because spin-network R1 relaxation rate is susceptible
to pO2. PFC emulsions can be injected intravenously or into
the tumor and t, then the pO2 of the tumor can be measured.
Studies have indicated that tumor hypoxia is directly related
to its size (Wu et al., 2020). Inspiring work done by Yang and
colleagues designed an osimertinib-loaded perfluoro-15-crown-5-
ether (AZD9291-PFCE) nanoemulsions, through intratracheal
and intravenous delivery, synergizes with 119F MRI-guided
low-intensity focused ultrasound (LIFU) for lung cancer
therapy. Pulmonary delivery of AZD9291-PFCE nanoemulsions
in orthotopic lung carcinoma models performs immediate
diffusion of the nanoemulsions in lung tissues and tumors
without side effects. Likewise, LIFU triggered drug release from
the AZD9291-PFCE nanoemulsions and particularly boosts
tumor vascular and tumor tissue permeability. The result
showed validation of the treatment effect of AZD9291-PFCE
nanoemulsions in resected human lung cancer tissues,
confirming the translational prospect to enrich clinical outputs
of the lung cancer therapy (Yang et al., 2022a).

If we examine perfluorocarbons in terms of safety in
diagnosing and treating diseases, among various perfluorocarbon
compounds, compounds such as perfluorooctanoic acid (PFOA)
and perfluorooctane sulfonic acid (PFOS) increase the risk of
cardiovascular diseases compared to other PFC compounds.
Compounds such as oxygenate and oxofluor were subjected to
many safety tests, and although their results have not been
published in scientific texts, they received a license for clinical
use due to their safety (Spahn, 1999). The contrast agent Gd or
iodate and PFC NPs can be utilized in molecular imaging. In
a comparison between them, which was done to check the injury
and function of kidney patients, the results indicated that NP
PFCs do not have kidney toxicity and 24 h after consumption,
the profile of them have good safety and no toxicity has
been reported in human and animal samples (Chen et al., 2013).
Table 4 include some clinical studies based on PFCs application in
cancer treatment and diagnosis.

4 Limitations and challenges

Microbubbles take center stage in ultrasound imaging and therapy
because of their sharp disparity and therapeutic efficiency. Regardless,
stability limitations yielded by the diffusion of the core gas across the
shell still exist. To overcome this limitation, usemixedmaterials, such as
PEG, for shells or blend core gases, such as nitrogen and PFCs. Still, PFC
NPs as distinction agents will also incur additional costs. Enhanced shell
resilience can improve microbubble functionality and in vivo
therapeutic application strategies. Another limitation is the size used
in drug delivery to target tissues (Chen et al., 2013). The micrometric
ratios of microbubbles restrict their capability to penetrate via
intercellular confluence.

Therefore, most microbubble applications are limited to blood
vessels. Studies tracking the pharmacokinetics in whole blood by
mass spectroscopy and the PFOB core used in gas chromatography
occasionally demonstrated substantial loss of the active compound
during circulation before reaching the neovascular target quickly
(Zhou et al., 2012).

PFCs have demonstrated promise in delivering oxygen and
therapeutic agents to cancer cells, their delivery can also be non-
specific, leading to potential off-target effects. Additional
research is a must to generate methods for targeting PFCs
specifically in diseased cells and tissues. Although PFCs have
shown low toxicity in preclinical studies (Lehmler, 2008; Zhou
et al., 2019b), there is still restricted data on their long-term safety
and possible side effects. Additionally, research is required to
fully comprehend the safety profile of PFCs, specifically in the
context of repeated or prolonged exposure (Tak and Barraclough,
2018; Wikström et al., 2019; Szilagyi et al., 2020). A further issue
is PFC’s cost, which can be expensive to produce and purify, and
this cost may limit their overall use as a therapeutic agent.

Correspondingly, PFCs are foreign substances to the body, and it
is conceivable that they could elicit an immune response, potentially
diminishing their effectiveness over time. More research is ought to
understand the potential for an immune response to PFCs and to
acquire techniques for minimizing it (Zhou et al., 2019b; Moasefi
et al., 2021; Yang et al., 2022b). Several factors for a successful
outcome are needed for using PFCs in different theranostic
applications, including the right dose for use in each application.
Hill study on different clinical trials for investigation failure of PFC
due to dose restriction, duration of demanded therapy, and the
possible impact of extreme hemodilution on neurocognitive decline
dose (Hill, 2019). Lim et al. (2000) investigated an in-vivo model of
acute lung injury, and hypothesized that there was an optimal dose
of PFC for PLV (around 9 mL/kg). Data showed that the rabbit
worsened at high doses of PFC (≥12 mL/kg). Behind earlier
progress, Cst plateaued at and beyond the 9 mL/kg dose.
Expansions in airway pressure at the high-dose content were due
to the accumulation of both elastic and resistive components.

5 Conclusion and future perspectives

Here, we concentrated on the applications of PFCs in
molecular imaging, cell tracking, therapeutic drug delivery, and
monitoring therapy efficacy. Promotions and progress in PFCs
oxygen carrier, treatments or imaging such as PFC encapsulation
in red blood cell membranes, nanodroplet, and nanoemulsions are
promising; for example, PFC nanoemulsions are multifunctional
agents competent for imaging in different approaches such as
MRI, PAI as ultrasound platforms. However, comprehensive
assurance in translational models is demanded before clinical
usage. As in various circumstances, the imaging ability and safety
of PFC are desirable but incompatible; Designating standards in
the formulation of PFC nanoemulsions is an achievable near-term
goal. Clinical translation of imaging technologies using PFC
should be carefully examined, and long-term toxicity problems
should be investigated. Desiring to generate biocompatible and
high capacity artificial oxygen carriers conducts to safe PFCs
formulations and are still evolving new applications and
vowing new formulations. Another aspect of using PFCs is
molecular imaging; PFCs NPs are relatively bio-inert and have
a long-term systematic half-life, which permits indelible binding
to ligands such as polyethylene glycol (PEG), which can increase
circulation duration, makes PFCs suitable for widespread use in
MRI techniques, photoacoustic imaging (PAI) with a penetration
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depth of several centimeters and ultrasound resolution. Early and
depth detection allows for prematurely diagnosing multiple
diseases such as thrombosis, rheumatoid arthritis, and cancer
with high explicitness. Also, PFCs NPs are employed in
ultrasound and MRI to label cells, target distinct epitopes in
the tumor, monitor treatment effectiveness, quantify tumor
characteristics, and detect changes in the tumor’s surrounding
environment. In the outlook of tumor restriction, oxygen-
producing compounds, and oxygen-carrying molecules can
increase the oxygen concentration in tumor tissue to thicken
the effect of radiation on tumor tissues; this approach crushes
tissue hypoxia conditions, eventually leading to the death of more
tumor cells, PFCs can promote these features and temperature
and pH do not affect the oxygen-carrying capacity of PFCs. More
discussed: While PFCs have shown promise in delivering oxygen
and therapeutic agents to cancer cells, there is even space for
advancement in terms of the specificity and efficiency of targeting.
Further research is needed to design new approaches for
orchestrating PFCs to specific cells and tissues and optimize
their capability to deliver therapeutic agents. The safety of
PFCs as a therapeutic agent has yet to be fully established.
Further studies are required to apprehend the long-term
outcomes of PFCs on the body, including potential toxicities
and side effects. PFCs have been shown to enrich the efficacy
of other cancer treatments, such as radiation therapy and
chemotherapy. Further research is needed to specify the
optimal combination of PFCs with these and other therapies
and determine the most effective dosing strategies. While PFCs
have been studied largely in the context of cancer treatment, they
may have potential applications in other areas, such as tissue
engineering, wound healing, and blood alternate. Additional
research is needed to explore these possibilities and to
determine the most effective ways to utilize PFCs in these
contexts. In conclusion, the use of PFCs as a theranostic agent
is a promising area of research with a lot of potential for future

growth. However, more research is needed to thoroughly
understand their safety and efficacy and to pinpoint the most
effective ways to utilize PFCs in treating diseases.
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