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Abstract

This narrative review underscores the powerful role of Electron Paramagnetic Resonance (EPR), also known as Electron
Spin Resonance (ESR), in characterizing drug delivery systems (DDSs). Using drugs or probes tagged with spin labels,
EPR provides detailed insights into structural and dynamic properties, as well as the molecular microenvironment (includ-
ing micro-viscosity, micro-polarity, and micro-pH) and enables real-time monitoring of drug release and degradation
processes both in vitro and in vivo. In nanomedicine research, EPR can also serve as a quantitative tool to track the fate
of DDSs doped with iron oxide particles that are used in theranostics. Beyond DDS characterization, EPR has contributed
substantially to elucidating radical mechanisms within material matrices, notably in bone cements and dental resins used
for restorative applications. Moreover, incorporating paramagnetic compounds into DDSs or biomaterials has broadened
the scope of EPR applications, enabling precise measurements of oxygen and nitric oxide levels in complex biological
environments. The incorporation of oxygen sensors into biocompatible matrices has also enabled the development of
implantable resonators for measuring oxygen at substantial tissue depths. Incorporating oxygen sensors into cell therapy
implantable devices or grafted tissues can serve as an indicator of both oxygenation and vascularization.
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Introduction: EPR in biomedical research

Electron Paramagnetic Resonance (EPR), also known
as Electron Spin Resonance (ESR), is a magnetic reso-
nance technique that selectively detects species containing
unpaired electrons by measuring the absorption of micro-
wave radiation in the presence of an external magnetic field.
EPR has a wide range of applications across various disci-
plines, including chemistry and photochemistry (e.g., study-
ing radical reactions and characterizing metal complexes),
biochemistry (e.g., investigating paramagnetic catalytic
centers in enzymes), and biology and toxicology (e.g.,
identifying reactive radical species). Notably, EPR has also
found significant applications in the pharmaceutical sci-
ences [1-4]. This review focuses on drug delivery systems
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(DDSs), aiming to illustrate the utility of EPR in their char-
acterization, as well as to demonstrate how the use of suit-
able DDSs or biomaterials have expanded the applications
of EPR spectroscopy and imaging in biology and medicine.

Principle of EPR - Parameters relevant to drug
delivery and biomaterials

It is likely that many readers of this review come from a
pharmaceutical background and may have limited famil-
iarity with quantum mechanics. Unfortunately, most EPR
textbooks begin with the so-called spin Hamiltonian and an
introduction to complex, lengthy equations, which can pose
a significant barrier to understanding (despite their appeal
to physicists and physical chemists). Therefore, for readers
without a strong background in physics, such as biologists
and pharmacists (myself included), this section aims to sim-
plify the concepts by presenting the basic principles of EPR
and highlighting key parameters, thereby providing a foun-
dation for interpreting EPR data [5].

The principle of EPR is similar to the more familiar
nuclear magnetic resonance (NMR). Both methods are
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based on the interaction of electromagnetic radiation with
magnetic moments caused by electrons (EPR) or nuclei
(NMR). When placed in an external magnetic field, the
magnetic moment of an unpaired electron will align parallel
or antiparallel in the direction of the magnetic field, which
corresponds to a lower (Ms = —%) or an upper (Ms = +'3)
energy state. The principle of continuous-wave (CW)-EPR
involves continuously irradiating a sample with microwaves
at a fixed frequency while gradually sweeping the external
magnetic field. Unpaired electron spins in the sample absorb
microwave energy at specific magnetic field strengths where
their energy levels match the microwave frequency (Fig. 1).
At the resonance, the energy difference (AE) between these
two states, that is proportional to the strength of the applied
magnetic field (B,), satisfies the following equation:

AFE=hwv=g.up.By

where h is Planck’s constant, v is the frequency of the
electromagnetic radiation, g is a constant termed g factor
(g=2.0023 for an unpaired electron), and py is the Bohr
magneton. The g-factor is a dimensionless parameter that
characterizes the magnetic moment of an unpaired electron
in a paramagnetic substance. It measures the splitting of an
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electron’s energy levels under the influence of an external
magnetic field and it provides information on the electronic
environment of the unpaired electron allowing the identifi-
cation of a particular radical species. It is derived from the
position of the EPR line in the EPR spectrum. For those
familiar with NMR spectroscopy, it is rather comparable to
the NMR chemical shift. The unpaired electron may interact
with neighboring nuclei (with nuclear spin / different from
0) to produce splittings in the EPR spectrum, that are called
hyperfine splittings (hfs). The type and number of the nuclei
interacting with the electron determine the number of lines
and their relative intensities, according to the rule:

Numberoflines =2.n.1 + 1

where 7 is the number of coupling nuclei and / is the nuclear
spin. Electron-nuclear hyperfine coupling can be compared
to the nuclear-nuclear spin-spin coupling in NMR. For
example, magnetic interaction between the free electron
and the nuclear spin of nitrogen (/=1, for the stable iso-
tope '“N) in nitroxides results in a hyperfine splitting into
three lines (Fig. 2A-B). For the methyl radical CH,°, there
is a coupling with 3 hydrogens (I = %) leading to 4 lines in
the EPR spectrum (the coupling with C can be neglected as
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Fig. 2 Typical EPR spectra of nitroxide radicals. (A) chemical struc-
ture of TEMPO, a six-membered ring nitroxide. The unpaired elec-
tron is delocalized on the oxygen and the nitrogen atoms. (B) EPR
spectrum of a freely tumbling nitroxide in low viscosity medium. The
hyperfine splitting ay is visualized on the spectrum. (C) EPR spectrum
of nitroxide in a more viscous solvent. Note the line broadening and
the presence of asymmetry in the EPR spectrum with a high-field line
with decreased amplitude. The g value and the peak-to-peak linewidth
(AB,,) are represented on the spectrum. (D) powder spectrum of a
nitroxide in a solid state. (adapted from ref [6])

the most abundant isotope is '>C with /=0). The hyperfine
splitting constant is labelled by the symbol a followed by a
subscript indicating the splitting nucleus (ay in the example
of a nitroxide, Fig. 2). Other parameters easily derived from
the EPR spectra are the peak-to-peak linewidth (AB,)) and
the signal amplitude of the peaks (I). As EPR spectra are
recorded usually in the form of the first derivative, the sig-
nal intensity I can be calculated by the double integration
of the EPR spectra. The different parameters are illustrated
in the EPR spectrum of a nitroxide (or aminoxyl radical), a
commonly used paramagnetic compound in EPR spectros-
copy (Fig. 2). As illustrated in the coming paragraphs, the
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shape of an EPR spectrum and its parameters are strongly
dependent on the microenvironment of the unpaired elec-
tron present in the paramagnetic sensor introduced in the
studied medium (for example, a DDS).

A first example is the dependence on the polarity of the
medium. Let’s consider the case of a nitroxide where the
signal is split into three lines due to interactions between the
unpaired electron and the nitrogen atom it’s attached to. The
polarity of the medium affects how tightly the unpaired elec-
tron interacts with the nitrogen atom. In polar solvents (like
water), the electrons are more localized around the nitroxide
group. This increases the interaction between the electron
and the nitrogen nucleus, making the hyperfine splitting
constant ay larger. Conversely, in less polar environments,
the electron cloud is a bit more spread out or delocalized.
This reduces the interaction with the nitrogen nucleus, so
the hyperfine splitting constant gets smaller.

So far, we have considered liquid spectra of rapidly tum-
bling free radicals which give isotropic hyperfine splittings
and average g-factors. In DDSs, important changes in micro-
viscosity may occur during the release processes that are
important to characterize. If we are considering the case of
a rapidly tumbling nitroxide in solution, the EPR spectrum
will be characterized by three lines with almost equivalent
intensities and narrow linewidths (Fig. 1B). If the micro-
viscosity increases, the tumbling rate will decrease leading
to a line broadening and the presence of asymmetry in the
EPR spectrum with a high-field line with decreased ampli-
tude (Fig. 2C) [3, 5, 6]. This asymmetry of the spectrum will
continue to increase with the increasing rigidification of the
system (as for solid-state spectra recorded at cryogenic tem-
peratures) (Fig. 2D) [6]. The use of simplified equations or
spectral fitting gives access to an estimation of the rotational
correlation time t,.

One particularly relevant parameter for the study of
DDSs is the micro-acidity. For this purpose, it is necessary
to use paramagnetic sensors whose EPR spectrum is par-
ticularly sensitive to pH variations. This can be achieved
using nitroxides that contain an additional amino group in
their structures, such as imidazoline nitroxides (Fig. 3A) [2,
3, 7, 8]. The protonation of the amino group will lead to
a decrease in spin density at the nitrogen of the nitroxide
group resulting in a decrease in the hyperfine splitting ay.
Another class of paramagnetic compound that can be used
for the purpose is found among stable triarylmethyl (trityl)
radicals, for example using phosphonated triarylmethyl
radicals (Fig. 3B) [9-11]. The hyperfine splitting can be
calibrated as a function of pH for a given nitroxide or tri-
tyl radical with the highest variation of hfs in the region of
the pKa (Fig. 3C) [2, 3, 7, 8]. Interestingly, there is a wide
variety of paramagnetic probes with different pKa values,
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Fig. 3 Paramagnetic probes suitable for pH measurements. (A) pH-
sensitive nitroxides. Left : 4-amino-2,2,5,5-tetramethyl-3-imidazoli-
dine-1-oxyl. Right : 2,2.3.4,5,5-hexamethyl-imidazoline-1-oxyl. (B)
pH-sensitive trityl, Tris(8-phosphono-2,2,6,6-tetramethylbenzol[1,2-
d;4,5d’]bis [1, 3]dithiol-4-yl)methyl. (C) calibration of the hyperfine
splitting (hfs) measured as the distance between the two high-field
components of the quartet of the compound presented in B in the pH
range around 7. (adapted from ref [10])

enabling coverage of the full pH range and suitability for
applications at any pH [3].

The examples described so far present spectroscopic
applications of EPR which report a global information on
the paramagnetic compounds over the entire volume. It does
not provide information regarding the spatial distribution of
spins within the object. To get additional spatial informa-
tion, there is a need to perform EPR imaging (EPRI) [12].
EPRI utilizes magnetic field gradients in a manner similar to
(nuclear) magnetic resonance imaging (MRI). EPRI can be
used in purely spatial domain to obtain one, two- or three-
dimensional images of free radical distribution [12]. To get
information on the heterogeneity of spectra in different parts
of the images, a fourth dimension is required which is called
spectral-spatial imaging. This provides unique information

of the EPR spectral shape in each voxel of the image and
gives access to a unique information on the heterogenous
distribution of polarity, pH or viscosity within a DDS or a
biomaterial [3].

One final important consideration is the type of instru-
mentation to be used depending on the type of application
[13]. The greatest difference between NMR and EPR arises
because the gyromagnetic ratio of an unpaired electron is
much larger than that of a proton, so the resonance fre-
quency/magnetic field ratio for the electron is 28 GHz/T
while it is 42.5 MHz/T for the proton. Consequently, stan-
dard EPR spectrometers or imagers operate at much higher
frequencies and lower fields than conventional NMR spec-
trometers. Most standard commercial spectrometers operate
at 9 GHz (also called X-Band) for a magnetic field sweeping
around 0.34 T. At this frequency, non-resonant absorption
of the electromagnetic radiation by the liquid water of the
biological samples presents a serious problem, thus limit-
ing the sample size to a thickness of less than 1 mm. Stud-
ies on larger aqueous samples or in vivo in animals can be
studied only by reducing the operating frequency to 1 GHz
or less. At 1 GHz, the depth of sensitivity is about 1 cm,
which is ideal for studies in rodents [14]. The use of lower
frequencies (300 MHz) would extend the sensitive depth
to sampling volumes comparable to NMR studies [15]. Of
course, reducing the operating frequency also significantly
reduces detection sensitivity, which poses additional chal-
lenges when applying EPR in vivo.

Applications of EPR in drug delivery systems

EPR spectroscopy and imaging have been used in many
studies to characterize DDSs and understand fundamental
mechanisms involved in drug release [3, 4]. The purpose
here is more an illustration of capabilities rather than an
exhaustive list of advanced applications. This paper also
provides an opportunity to acknowledge Karsten Mader’s
pioneering contribution to this field of research. EPR spec-
troscopy and imaging have been used to characterize a wide
range of systems, including hydrogels [16—19], micro-
spheres [20-22], implants [8, 23-30], multilayer tablets
[31, 32], coated tablets/pellets [32, 33], liposomes [34—42],
nanoemulsions (31-32) [43—44], solid lipid nanoparticles
and nanostructured lipid carriers [45—49], dendritic core-
multishell nanocarriers [50-52], micelles [19, 35, 53-57],
supramolecular nanostructures [58], and electrospun fiber
sponges [59].

Key processes in controlled release include water pen-
etration into the matrix, drug solubilization, drug diffusion,
matrix degradation and/or carrier erosion [2]. As previously
described, EPR spectra are highly sensitive to the motion of
paramagnetic probes such as nitroxides. This feature could
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be exploited using spin-labeled compounds incorporated
in DDSs. When immobilized in a solid matrix, the EPR
spectrum has feature that looks to a powder spectrum (Fig.
1D). When solubilized, the nitroxide will display an EPR
spectrum characteristic of more rapidly tumbling species.
This unique capability to discriminate between species with
different mobility can be exploited to characterize different
mechanisms of release [2, 3]. In matrix erosion systems,
drug release and matrix erosion occur simultaneously. In
such devices doped with a nitroxide reporter, a typical solid
state EPR spectrum will be recorded. During the release
process, the shape of the EPR spectrum will not change over
time, only the signal intensity will be reduced over time [29,
30]. Conversely, in diffusion-controlled release systems,
water penetration will occur rapidly leading to the solubi-
lization of the drug prior to its release. In such systems, a
powder spectrum is observed in the starting material. As
solubilization occurs, a mobile component will appear in the
EPR spectrum. Actually, both mobile and immobile parts
will be superimposed in the EPR spectra with the mobile
part increasing over time [8]. Of note, this dynamic change
can be monitored using simple nitroxides integrated into the
DDS or using spin-labeled drugs. It allows for monitoring
the kinetics and mechanisms of drug release in vitro and in
vivo in a non-invasive and real-time manner. Studies have
specifically used EPR to analyze the release of spin-labeled
naproxen [16, 17, 60, 61], spin-labeled fatty acids [17],
spin-labeled insulin [18], spin-labeled albumin [20, 22],
spin-labeled paullone [62], and spin-labeled dexamethasone
[48, 50, 51, 63].

In drug delivery systems, polarity is a crucial parameter
because it dictates the interactions between the drug, the
carrier material, and the surrounding medium. For example,
in polymeric nanoparticles or implants, drug-polymer polar-
ity compatibility controls how strongly the drug is bound
within the matrix, affecting diffusion rates and degradation-
triggered release. By matching or mismatching polarity
between drug and carrier, it is possible to fine-tune whether
release is rapid, sustained, or triggered by specific physi-
ological conditions. Information regarding the localization
of the probe or spin-labeled drug can be estimated by means
of the hyperfine splitting constant. Important information
regarding localization (and re-localization) of the drugs
during DDSs formation or degradation have been obtained
using EPR spectroscopy [35, 44, 48, 49, 51, 54, 56-58,
64, 65]. Besides solvent interactions, EPR also allows for
studying interactions between drugs, carriers, and biological
components (like cell membranes or proteins). For instance,
EPR has been used to characterize interactions between
spin-labeled drugs and bovine serum (BSA) or human
serum albumin (HSA) [16, 17, 61, 63], dendrimers and
model membranes [53], liposomes and stratum corneum
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[38], or the impact of drugs on the fluidity of lipid mem-
branes [34, 36, 37, 39, 40, 47, 64]. EPR studies have also
provided insight into how a model drug partitions within
solid lipid nanoparticles and nanostructured lipid carriers
[45-48].

Another important contribution of EPR to the study of
DDSs is its ability to provide information on the acidic
conditions inside the delivery systems during the release
process. Polymeric systems made from polyanhydrides or
polyesters may contain acidic monomers or release these
monomers during their hydrolysis. This may lead to acid-
ification that may affect the stability of drugs included in
the DDSs. A large series of studies benefit of using EPR
for tracking the dynamic changes in pH over time during
the release process [8, 18, 19, 28, 50, 60, 61, 63, 66]. For
example, it has been used to study internal pH in biodegrad-
able microspheres (8) [21], multilayer tablets [31, 66], or
BSA hydrogels [60, 61].

Low-frequency EPR spectrometers have enabled the
non-invasive use of EPR in vivo in small animals to moni-
tor the internal changes occurring in DDSs [8, 26, 27, 29,
30, 42, 66]. This allows for monitoring drug release and
polymer degradation [8, 26, 27], implant formation [26, 27],
thus offering a possibility for direct in vitro/in vivo correla-
tion [26, 27, 29, 30]. In addition to spectroscopic informa-
tion, EPR imaging allows obtaining the spatial distribution
of paramagnetic species or microenvironmental conditions
within delivery systems [3, 30, 32, 42, 66]. For example, it
has been used to monitor internal pH gradients in multilayer
tablets [32, 66] or to study the transport of liposomes in the
skin [42, 62]. Spin labels with different isotopes (e.g., '*N
vs. “N) can be used in conjunction with EPRI to attribute
mobility to specific layers within an implant [30].

Role of EPR in theranostics

Another field of application where EPR may contribute to
nanomedicine research lies in its use as a quantification tool
to monitor the fate of DDSs doped with iron oxide parti-
cles. This falls within the field of theranostics, where DDSs
can not only deliver a therapeutic agent but also serve as a
means of preselecting patients based on non-invasive imag-
ing data assessing the accumulation of the DDS at the target
site [67]. While not limited to oncology, this area has been
particularly active in recent years, with efforts focused on
optimizing drug delivery to solid tumors. Superparamag-
netic iron oxide (SPIO) particles are MRI contrast agents
that predominantly induce T,/T,* relaxation effects. In addi-
tion, SPIO-loaded systems have been proposed for magnetic
hyperthermia following exposure to time-varying magnetic
fields [68] or as vectors for magnetic targeting [69]. While
MRI can visualize the sites of SPIO accumulation, direct



Drug Delivery and Translational Research (2026) 16:2350-2366

2355

quantification of the actual amount delivered remains chal-
lenging due to the complex relationships between contrast
effects, tissue relaxation properties, and iron oxide con-
tent. In preclinical studies, EPR is especially valuable for
quantifying iron oxide concentrations in tissues. Iron oxide
particles exhibit an EPR spectrum that directly reflects the
number of particles in a sample, and this spectrum differs
from those of other iron species [70, 71]. EPR has been used
as a sensitive quantification method to assess the delivery
of SPIOs functionalized with peptides that modulate bio-
distribution [70, 72], SPIO-labeled cells [71, 73, 74], PLGA
nanoparticles [69, 75, 76], and magnetoliposomes [77].

Contribution of EPR to biomedical materials science

Shifting from DDSs to biomaterials, EPR has also made
significant contributions to understanding radical mecha-
nisms occurring within material matrices and their associ-
ated properties. One example is the application of EPR to
monitor molecular processes in polymethylmethacrylate
(PMMA) bone cements [78, 79]. The concentration of free
radicals generated during the polymerization of bone cement
is sufficiently high to enable EPR monitoring of both the
polymerization and curing processes. Since the presence of
free radicals reflects the amount of unpolymerized chains
in the polymer, this parameter can be linked to mechanical
properties such as strength and density. For instance, free
radical generation has been correlated with the polymer
powder-to-liquid monomer ratio and initiator concentration,
both of which directly affect polymerization kinetics [80].
Initial temperature before mixing the bone cement compo-
nents has also been shown to influence free radical decay,
consistent with changes in porosity [81]. Comparisons of
mechanical properties and free radical concentrations after
polymerization in vitro and ex vivo (following implantation
in the canine femoral intramedullary cavity) revealed that
in vivo curing (free radical disappearance) takes consider-
ably longer (over 4 weeks) than in vitro curing (less than 2
weeks) [82]. Direct, noninvasive observation of free radi-
cals produced during PMMA bone cement formation has
been achieved in vivo using low-frequency EPR spectrom-
eters [83]. These measurements, conducted over several
days on the same animals, demonstrated that radical decay
rates were significantly lower in vivo compared to in vitro
conditions [83].

EPR has also been applied to study dental resin-based
composites [84-90], which are primarily composed of
inorganic fillers dispersed in an organic matrix of various
dimethacrylate monomers combined with a photo-initiating
system. During tooth restoration, the resin is placed into
the cavity and photopolymerized in situ using a light-cur-
ing device emitting blue light. This photopolymerization

process produces free radicals that initiate a chain reaction
linking the dimethacrylate monomers into a three-dimen-
sional polymer network. Two types of free radicals become
trapped in this network: an allylic radical and a so-called
propagating radical, each with distinct EPR patterns [84].
EPR has provided unique insights into the influence of stor-
age conditions and irradiation modes on mechanical proper-
ties in relation to the polymerization process [85, 86]. Due
to the limited curing depth, large or deep cavities must be
restored in successive layers [87]. EPR imaging and spec-
tral-spatial EPR imaging have been used to estimate allylic
and propagating radical concentrations as a function of cur-
ing depth, revealing a strong dependence on illumination
procedures [87, 88].

The key parameters that are extracted from the analysis
of EPR spectra to characterize DDSs and biomaterials are
summarized in Fig. 4.

Drug delivery systems and biomaterials to expand
EPR applications in oxygen and nitric oxide sensing

So far, we have discussed how EPR can provide valuable
insights for research on delivery systems. We will now
examine how DDSs and biomaterials have, in turn, con-
tributed to expanding the biomedical applications of EPR,
particularly in the measurement of oxygen and nitric oxide
in tissues.

EPR oximetry is a powerful, minimally invasive tech-
nique for measuring tissue oxygen levels, offering greater
accuracy and sensitivity than most other methods. Most
EPR oximetry approaches exploit the relaxation-enhancing
properties of molecular oxygen, which shortens the EPR
relaxation times of other paramagnetic species [91-94]. The
enhancement of relaxation rates increases proportionally
with oxygen concentration across a broad range of oxygen
tensions. Measurements based on the T, and T, relaxation
times of EPR spin probes introduced into a biological sys-
tem provide a direct indication of tissue oxygenation sta-
tus. The most common approach involves measuring the
broadening of the EPR linewidth (ABpp), which is inversely
related to T,. In practice, a given paramagnetic material is
first calibrated to determine the effect of oxygen on its line-
width. When introduced into tissues, the linewidth of the
probe can then be directly interpreted in terms of local oxy-
genation [91-94]. EPR oximetry has been applied across a
wide variety of tissues under both physiological and patho-
logical conditions (reviewed in [95]). However, some para-
magnetic materials may interact undesirably with tissues,
either causing adverse reactions or losing responsiveness to
oxygen. To overcome these limitations, substantial progress
has been made in developing biocompatible EPR oxygen
sensors, most notably through encapsulation strategies and
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Fig. 5 Benefits from the encapsulation of soluble EPR oxygen sensors
in lipophilic solvents. The variation of EPR linewidth as a function of
pO, is fairly modest in aqueous solutions. Solubilization in an organic
solvent increases the sensitivity of the probe as oxygen is much more
soluble in lipophilic environments than in water. In other words, for

the design of implantable microdevices [96]. Two classes
of paramagnetic compounds are used as EPR oxygen sen-
sors: soluble materials and insoluble particulate materials.
For soluble paramagnetic materials, the LW varies linearly
with increasing concentration of oxygen [91]. Two types of
structures are interesting within the class of soluble oxygen
sensors: the nitroxides and the triarylmethyl (or trityl) radi-
cals. The effect of oxygen on the linewidths of these com-
pounds is fairly modest. To increase the sensitivity of the
oxygen measurement, strategies have been used to encapsu-
late soluble oxygen sensors in lipophilic environments. As
oxygen is more soluble in lipophilic environments than in
water (the concentration of oxygen will be higher in a lipid
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a same change in pO,, the variation in oxygen concentration will be
higher in lipid solvent leading a larger variation in EPR linewidth. A
similar increase in sensitivity has been obtained using nano-objects
with a lipophilic core

phase than in a water phase for the same partial pressure
of oxygen p0,), an increase in sensitivity can be achieved
using these systems (Fig. 5). This was first achieved using
proteinaceous microspheres filled with nitroxides dissolved
in an organic liquid solvent [97]. This strategy has been
expanded and applied to trityl radicals to produce sensors
highly sensitive to changes in the oxygen environment. As
examples of development, we may cite nano-emulsions
containing fluorinated trityl radicals dissolved in perfluo-
rocarbons [98, 99], trityl-loaded lipid nanocapsules [100,
101], in-situ-oleogel and emulgel containing lipophilic
trityls [102], and nanoscaffold of aluminum hydroxide
(boehmite) functionalized with a deuterated Finland trityl
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radical [103]. Of note, lipid-based carrier systems have also
been proposed as stabilized systems including lipophilic
iron-dithiocarbamate complexes with a high efficiency for
the EPR spin trapping of nitric oxide [104].

For solid particulate paramagnetic materials, the relation-
ship between EPR linewidth and oxygen partial pressure
is more complex. A major advantage of using particulate
materials is that those identified as oxygen sensors exhibit
exceptionally large EPR linewidth broadening per unit of
pO, (several orders of magnitude greater than that of sol-
uble radicals) [92—94]. Particulate oxygen sensors include
carbon-based materials (such as carbon blacks, chars, and
charcoals) as well as lithium phthalocyanine and its deriva-
tives. Coating or encapsulating particulate oxygen sensors
offers multiple benefits (Fig. 6). By preventing direct con-
tact between the sensor and tissue cells, it enhances bio-
compatibility, reducing the risk of toxicity or inflammatory
reactions [96, 105]. Encapsulation can also improve the
long-term stability of the sensor’s responsiveness to oxy-
gen and prevent particle dispersion or migration within tis-
sues. Furthermore, embedding particulate sensors in larger
systems such as implantable resonators can provide a struc-
tured and protected environment, enabling repeatable, long-
term measurements even at deep tissue sites (Fig. 5). Both
nano-/micro-encapsulation and macroscopic device formats
have been reported for particulate oxygen sensors.

Nanoencapsulation has been employed to prepare char-
coal suspensions with long-term stability, as demonstrated
for fusinite charcoal particles coated with arabic gum,
poloxamer, and polyvinylpyrrolidone polymers [106]. In
char particulates that gradually lost oxygen responsiveness

in tissues, appropriate surface coatings were shown to pre-
serve the oxygen sensitivity of the paramagnetic material in
vivo [107]. Another important class of EPR oxygen sensors
is found among carbon blacks, produced by the incomplete
combustion or thermal decomposition of aromatic oils or
other hydrocarbons [108]. Biocompatible inks containing
carbon black particles have been formulated using polymers
such as carboxymethyl cellulose (CMC), hydroxypropyl
methyl cellulose (HPMC), or polyvinylpyrrolidone (PVP)
[109]. These inks were subsequently used in the first clinical
EPR studies to measure tissue oxygenation [110, 111].
Larger-sized implants have also been developed, ensur-
ing both sensor biocompatibility and the option for retrieval
at the conclusion of a study. The first biocompatible oxy-
gen sensor implants were described for fusinite charcoal
particles embedded in a polydimethylsiloxane (PDMS) or
silicone matrix [112]. Thin films incorporating paramag-
netic materials were prepared with various biopolymers,
such as cellulose acetate, cellulose triacetate, cellulose
nitrate, silicone, and polyurethane, to enhance their long-
term responsiveness in tissues [113]. Lithium phthalocya-
nine (LiPc) crystals were embedded in thin biocompatible
films [114] and in polytetrafluoroethylene (Teflon AF2400)
micro-implants [115], providing a stable, inert microenvi-
ronment for the oxygen sensor. The same oxygen-perme-
able polymer has also been used to encapsulate lithium
naphthalocyanine (LiNc), ensuring both long-term stabil-
ity and biocompatibility [116]. Structurally flexible PDMS
was cast-molded to fabricate chips (known as OxyChips)
containing lithium octa-n-butoxynaphthalocyanine (LiNc-
BuO) [117-120]. Encapsulation in PDMS did not alter the
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oxygen sensitivity of the crystals, and the chips remained
stable after sterilization. In vivo oximetry demonstrated that
OxyChips could provide reliable, repeated measurements
of tissue oxygenation without inducing inflammatory or
adverse reactions at the implantation site, confirming their
safety and biocompatibility [117—120]. More recent designs
incorporate oxygen-sensing probes embedded with gold
nanoparticles, enabling X-ray visualization for spatial and
anatomical localization of the implant, thereby improving
interpretation of oxygen data [121]. These OxyChips have
been successfully applied in clinical EPR oximetry studies
[122, 123]. In these trials, OxyChips were implanted into
patient tumors, and repeated oxygenation measurements
were obtained at baseline and following a hyperoxygen-
ation challenge. The results demonstrated the feasibility of
individualized tumor oxygenation assessment to guide and
optimize clinical interventions, particularly in the context of
radiotherapy [122].

The incorporation of oxygen sensors into biocompatible
matrices has also enabled the development of implantable
resonators, a concept first introduced by Hal Swartz [124].
These systems function as insertable devices for measuring
oxygen at substantial tissue depths. In the catheter-resonator
approach, for example, a micro-coil is positioned at the end
of a very thin wire, with the paramagnetic sensor placed at
the center of the loop and held in place by a thin layer of bio-
compatible polymer [105]. The first implantable resonators
were constructed using lithium phthalocyanine embedded in
Teflon AF2400 polymer [114], and studies in rabbits dem-
onstrated their ability to detect oxygenation changes deep
within tissues [114]. Using the same sensor-polymer com-
bination, larger devices were developed featuring two sets
of loops: a large loop at one end for inductive coupling to
an L-band EPR spectrometer, and one or more small loops
at the other end containing oxygen-sensitive paramagnetic
material, which could be implanted at the target sites [125].
These implantable resonators allowed repeated pO, mea-
surements with excellent temporal resolution over days or
weeks in organs such as the brain, heart, and muscles [125,
126], as well as in brain tumors [127, 128]. Similarly, reso-
nators built with lithium octa-n-butoxynaphthalocyanine
(LiNc-BuO) crystals embedded in PDMS were used to mea-
sure oxygen in myocardial tissue and the lung pleura [129,
130]. More recently, a refined version of the implantable
resonator incorporated LiNc-BuO crystals in PDMS, with
an additional biocompatible polytetrafluoroethylene coating
applied over the PDMS-coated transmission lines and cir-
cular disk to preserve the shape of the coupling loop [131].
Preclinical studies in rabbits confirmed that this device
could be safely implanted in brain and leg tissue, providing
repeated, noninvasive EPR oxygen measurements for up to
nine months in vivo [131].
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An important application at the intersection of EPR
oximetry and biomaterials lies in research on transplanta-
tion and cell therapy. Tissue grafts and cell therapy devices
used in tissue engineering and regenerative medicine
require an adequate oxygen supply within a biocompat-
ible environment. To this end, incorporating oxygen sen-
sors into implantable devices or grafted tissues can serve
as an indicator of both oxygenation and vascularization.
Early developments included the use of skeletal myoblasts
[132, 133] and mesenchymal stem cells [134] doped with
paramagnetic oxygen sensors, which were engrafted into
ischemic or infarcted regions of mouse hearts. Similarly,
pO, measurements have been performed to monitor oxygen
evolution in ovarian grafts after in vivo implantation [135—
137]. Because hypoxia is a major cause of impaired wound
healing, nanomedicine and cell therapy approaches are
being explored to improve tissue perfusion and oxygenation
[138]. EPR oximetry has been used to dynamically monitor
oxygenation in wounds and flaps [139-142]. For example,
adipose-derived stromal cells seeded onto a human acellular
collagen matrix (a biological dressing) have shown prom-
ise for treating nonhealing wounds by enhancing dermal
angiogenesis and remodeling [142]. Bioartificial pancreas
and B-cell replacement therapies are emerging strategies for
treating type I diabetes. However, insufficient oxygenation
can limit the long-term survival of encapsulated islet grafts.
Innovative designs have been developed to ensure graft bio-
compatibility. In xenograft applications, immune isolation
of transplanted cells is essential, while still permitting access
to nutrients and oxygen. Strategies include modifying the
encapsulation biomaterial and co-encapsulating angiogene-
sis-promoting cells. In this context, EPR spectroscopy and
imaging provide a unique means of monitoring oxygenation
within implanted grafts over time [143—-149].

Current challenges and future perspectives:
potential clinical integration and interdisciplinary
synergies

Innovative approaches are emerging to address unmet clini-
cal needs in oncology, neurodegenerative disorders, and
currently incurable chronic diseases. In this context, the
next generation of DDSs and devices for cellular therapies
is particularly promising, as their smart configurations can
be finely tuned to adapt to microenvironmental constraints
and release drugs or therapeutic factors on demand, thereby
optimizing therapeutic responses. The in vitro and in vivo
validation of these highly adaptive systems can greatly
benefit from advanced, non-destructive methods capable
of simultaneously and dynamically characterizing the evo-
lution of crucial factors within DDSs or biomaterials. In
this regard, EPR spectroscopy and imaging offer a wealth
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of information that can be leveraged by researchers in
advanced pharmaceutical technology.

As EPR continues to evolve toward clinical applica-
tions [122, 123, 150-153], several key challenges must be
addressed. We have already emphasized the importance of
ensuring the biocompatibility of implanted devices. While
preclinical studies can rely on state-of-the-art materials and
formulations, the requirements for application in healthy
volunteers or patients may represent a significant hurdle.
Importantly, regulations on biocompatibility extend not
only to the DDS or biomaterial used as a carrier, but also
to the EPR probes employed to label the system. Regula-
tory approval by health authorities and institutional review
boards is expected to be particularly demanding, and further
studies are needed to establish the safety of probes such as
nitroxides, trityls, and phthalocyanine derivatives. Bridg-
ing the translational gap will also require attention to the
scalability of production and compliance with Good Manu-
facturing Practices. Another crucial consideration is the
development of EPR spectrometers and imaging systems
suitable for patient use, along with resonators specifically
adapted for clinical investigations [130-156]. Since EPR
analysis in deep tissues requires operating at lower fre-
quencies, which inevitably reduces sensitivity, improving
detection sensitivity remains a cornerstone for expanding
the scope of clinical EPR applications. In recent decades,
significant progress has been made in optimizing detection
sensitivity through rapid-scan and multi-harmonic acquisi-
tion methods compatible with low-frequency EPR systems
[157-165], including clinical spectrometers [166]. Ulti-
mately, the successful clinical translation of EPR-based
approaches will rely on a multidisciplinary effort, bringing
together expertise from diverse scientific and technological
fields.

Conclusions

EPR has proven to be a versatile and powerful technique
for advancing research in both drug delivery systems and
biomaterials. By exploiting spin-labeling strategies or the
intrinsic paramagnetic properties of specific probes, EPR
makes it possible to interrogate structural organization,
molecular mobility, and local microenvironments within
complex systems. These capabilities allow for real-time
assessment of drug release, stability, and degradation pro-
cesses, as well as quantitative tracking of nanocarriers in
theranostic applications. In parallel, EPR has shed light on
radical-driven phenomena in biomedical materials, such
as those underlying bone cements and dental resins, while
the integration of paramagnetic sensors into biocompatible
matrices has expanded its utility to monitoring oxygen and

nitric oxide in living tissues. Altogether, these contributions
highlight EPR not only as a tool for mechanistic under-
standing but also as a foundation for developing innovative
diagnostic and therapeutic platforms in nanomedicine and
regenerative medicine.

Acknowledgements This paper is dedicated to Professor Véronique
Préat. It has been a true pleasure to have her as a colleague. Our research
paths have intersected many times over the course of our careers, lead-
ing to the co-supervision of PhD theses and the publication of 23 joint
papers. | have greatly valued her open-mindedness and constructive
insights, which have enabled us to conduct very nice studies at the
crossroads of drug delivery and magnetic resonance research. Some
of these collaborative works can be found within this review. Thank
you, Véronique, for your guidance, your advice, and your friendship.

Funding During the last three years, Bernard Gallez has received
grants from the Belgian National Fund for Scientific Research (FNRS)
for running costs (projects linked to EPR characterization of skin
melanomas (J.0086.24), EPR to measure mitochondrial ROS produc-
tion in tumors and monitor their role in response to radiation therapy)
(J.0084.22) and for the purchase of large equipment (purchase of EPR
imaging system and hyperpolarizer for monitoring metabolism, oxy-
gen and free radicals in tissues)(U.G025.25). He also received support
from the Communauté frangaise de Belgique (Research Concerted Ac-
tion grant for studying the role of metabolism in response to radiation
therapy)(ARC 21/26-118).

Data availability Not applicable.

Declarations
Ethics approval and consent to participate Not applicable.

Competing interests The authors has no relevant financial or non-
financial interests to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Mider K. Pharmaceutical applications of in vivo EPR. Phys Med
Biol. 1998;43:1931-5. https://doi.org/10.1088/0031-9155/43/7/0
14

2. Mader K, Gallez B. Pharmaceutical applications of in vivo EPR.
In: Berliner LJ, editor. Vivo EPR (ESR). Theory and applications.
New York: Kluwer Academic; 2003. pp. 515-45.

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1088/0031-9155/43/7/014
https://doi.org/10.1088/0031-9155/43/7/014

2360 Drug Delivery and Translational Research (2026) 16:2350-2366
3. Kempe S, Metz H, Méder K. Application of electron paramag- 19. Mangiapia G, Frielinghaus H, D’Errico G, Ortona O, Sartorio
netic resonance (EPR) spectroscopy and imaging in drug deliv- R, Paduano L. Physico-chemical and structural properties of
ery research - chances and challenges. Eur J Pharm Biopharm. hydrogels formed by chitosan, in the presence and absence of
2010;74:55-66. https://doi.org/10.1016/j.ejpb.2009.08.007 poly(vinylpyrrolidone) and sodium decylsulfate. Phys Chem
4. Besi¢ E, Raji¢ Z, Saki¢ D. Advancements in electron paramag- Chem Phys. 2007;9:6150-8. https://doi.org/10.1039/b710143k
netic resonance (EPR) spectroscopy: A comprehensive tool for 20. Bittner B, Witt C, Méder K, Kissel T. Degradation and protein
pharmaceutical research. Acta Pharm. 2025;74:551-94. https://d release properties of microspheres prepared from biodegradable
oi.org/10.2478/acph-2024-0037 poly(lactide-co-glycolide) and ABA triblock copolymers: influ-
5. Symons M. Chemical and biochemical aspects of electron spin ence of buffer media on polymer erosion and bovine serum albu-
resonance spectroscopy. Wokingham: Van Nostrand Reinhold min release. J Control Release. 1999;60:297-309. https://doi.org/
Company; 1978. 10.1016/s0168-3659(99)00085-1
6. Torricella F, Pierro A, Mileo E, Belle V, Bonucci A. Nitroxide 21. Brunner A, Mider K, Gopferich A. pH and osmotic pressure
spin labels and EPR spectroscopy: A powerful association for inside biodegradable microspheres during erosion. Pharm Res.
protein dynamics studies. Biochim Biophys Acta Proteins Pro- 1999;16:847-53. https://doi.org/10.1023/a:1018822002353
teom. 2021;1869:140653. https://doi.org/10.1016/j.bbapap.2021. 22. Maider K, Bittner B, Li Y, Wohlauf W, Kissel T. Monitoring
140653 microviscosity and microacidity of the albumin microenviron-
7. Gallez B, Méder K, Swartz HM. Noninvasive measurement of ment inside degrading microparticles from poly(lactide-co-
the pH inside the gut by using pH-sensitive nitroxides. An in vivo glycolide) (PLG) or ABA-triblock polymers containing
EPR study. Magn Reson Med. 1996;36:694—7. https://doi.org/10. hydrophobic poly(lactide-co-glycolide) A blocks and hydrophilic
1002/mrm.1910360507 poly(ethyleneoxide) B blocks. Pharm Res. 1998;15:787-93. https
8.  Mider K, Gallez B, Liu KJ, Swartz HM. Non-invasive in vivo ://doi.org/10.1023/a:1011939607573
characterization of release processes in biodegradable polymers 23. Esfahani G, Héusler O, Mader K. Controlled release starch-
by low-frequency electron paramagnetic resonance spectroscopy. lipid implant for the therapy of severe malaria. Int J Pharm.
Biomaterials. 1996;17:457—61. https://doi.org/10.1016/0142-961 2022;622:121879. https://doi.org/10.1016/j.ijpharm.2022.12187
2(96)89664-5 9
9. Driesschaert B, Marchand V, Levéque P, Gallez B, Marchand- 24. Do MP, Neut C, Metz H, Delcourt E, Siepmann J, Mader K,
Brynaert J. A phosphonated triarylmethyl radical as a probe for Siepmann F. Mechanistic analysis of PLGA/HPMC-based in-situ
measurement of pH by EPR. Chem Comm. 2012;48:4049-51. ht forming implants for periodontitis treatment. Eur J Pharm Bio-
tps://doi.org/10.1039/C2CC00025C pharm. 2015;94:273-83. https://doi.org/10.1016/j.ejpb.2015.05.0
10. Marchand V, Levéque P, Driesschaert B, Marchand-Brynaert J, 18
Gallez B. In vivo EPR extracellular pH-metry in tumors using a 25. Do MP, Neut C, Metz H, Delcourt E, Méder K, Siepmann J,
triphosphonated trityl radical. Magn Reson Med. 2017;77:2438— Siepmann F. In-situ forming composite implants for periodontitis
43. https://doi.org/10.1002/mrm.26316 treatment: how the formulation determines system performance.
11. Gluth TD, Poncelet M, Gencheva M, Hoblitzell EH, Khramtsov Int J Pharm. 2015;486:38-51. https://doi.org/10.1016/j.ijjpharm.2
VYV, Eubank TD, Driesschaert B. Biocompatible monophospho- 015.03.026
nated trityl spin Probe, HOPE71, for in vivo measurement of 26. Kempe S, Metz H, Pereira PG, Méder K. Non-invasive in vivo
pO2, pH, and [P1i] by electron paramagnetic resonance spectros- evaluation of in situ forming PLGA implants by benchtop mag-
copy. Anal Chem. 2023;95:946-54. https://doi.org/10.1021/acs.a netic resonance imaging (BT-MRI) and EPR spectroscopy. Eur J
nalchem.2c03476 Pharm Biopharm. 2010;74:102-8. https://doi.org/10.1016/j.ejpb.
12. Kuppusamy P, Chzhan M, Zweier JL. Principles of imaging. The- 2009.06.008
ory and instrumentation. Berliner LJ. editor. In Vivo EPR (ESR). 27. Kempe S, Metz H, Méder K. Do in situ forming PLG/NMP
Theory and applications. New York: Kluwer Academic; 2003. pp. implants behave similar in vitro and in vivo? A non-invasive and
99-152. quantitative EPR investigation on the mechanisms of the implant
13. Gallez B, Swartz HM. In vivo EPR: when, how and why? NMR formation process. J Control Release. 2008;130:220-5. https://do
Biomed. 2004;17:223-5. https://doi.org/10.1002/nbm.913 i.org/10.1016/j.jconrel.2008.06.006
14. Berliner LJ, Koscielniak J. In: Imaging EPR and in, Vivo EPR, 28. Witt C, Méder K, Kissel T. The degradation, swelling and ero-
Eaton GR, Eaton SS, Ohno K, editors. Low-frequency EPR spec- sion properties of biodegradable implants prepared by extrusion
trometers: L band. Boca Raton: CRC; 1991. pp. 65-77. or compression moulding of poly(lactide-co-glycolide) and ABA
15. Subramanian S, Mitchell JB, Krishna MC. Principles of in vivo triblock copolymers. Biomaterials. 2000;21:931-8. https://doi.or
EPR. In: Berliner LJ, editor. In vivo EPR (ESR): theory and appli- 2/10.1016/s0142-9612(99)00262-8
cations: biological magnetic resonance. Volume 18. New York: 29. Mider K, Crémmilleux Y, Domb AJ, Dunn JF, Swartz HM. In
Kluwer Academic/Plenum; 2003. pp. 23—40. vitro/in vivo comparison of drug release and polymer erosion
16. Sanaeifar N, Méder K, Hinderberger D. Macro- and nanoscale from biodegradable P(FAD-SA) polyanhydrides—a noninvasive
effect of ethanol on bovine serum albumin gelation and Naproxen approach by the combined use of electron paramagnetic reso-
release. Int J Mol Sci. 2022;23:7352. https://doi.org/10.3390/ijms nance spectroscopy and nuclear magnetic resonance imaging.
23137352 Pharm Res. 1997;14:820-6. https://doi.org/10.1023/a:10121231
17. Sanaeifar N, Mader K, Hinderberger D. Nanoscopic characteriza- 27330
tion of stearic acid release from bovine serum albumin hydrogels. 30. Maider K, Bacic G, Domb A, Elmalak O, Langer R, Swartz HM.
Macromol Biosci. 2020;20:¢2000126. https://doi.org/10.1002/ma Noninvasive in vivo monitoring of drug release and polymer
bi.202000126 erosion from biodegradable polymers by EPR spectroscopy and
18. Kempe S, Metz H, Bastrop M, Hvilsom A, Contri RV, Méader K. NMR imaging. J Pharm Sci. 1997;86:126-34. https://doi.org/10.
Characterization of thermosensitive chitosan-based hydrogels by 1021/js9505105
rheology and electron paramagnetic resonance spectroscopy. Eur 31. Eisendcher F, Schadlich A, Mader K. Monitoring of internal pH

J Pharm Biopharm. 2008;68:26-33. https://doi.org/10.1016/j.ejp
b.2007.05.020

@ Springer

gradients within multi-layer tablets by optical methods and EPR
imaging. Int J Pharm. 2011;417:204-15. https://doi.org/10.1016/j
.ijpharm.2010.10.010


https://doi.org/10.1039/b710143k
https://doi.org/10.1016/s0168-3659(99)00085-1
https://doi.org/10.1016/s0168-3659(99)00085-1
https://doi.org/10.1023/a:1018822002353
https://doi.org/10.1023/a:1011939607573
https://doi.org/10.1023/a:1011939607573
https://doi.org/10.1016/j.ijpharm.2022.121879
https://doi.org/10.1016/j.ijpharm.2022.121879
https://doi.org/10.1016/j.ejpb.2015.05.018
https://doi.org/10.1016/j.ejpb.2015.05.018
https://doi.org/10.1016/j.ijpharm.2015.03.026
https://doi.org/10.1016/j.ijpharm.2015.03.026
https://doi.org/10.1016/j.ejpb.2009.06.008
https://doi.org/10.1016/j.ejpb.2009.06.008
https://doi.org/10.1016/j.jconrel.2008.06.006
https://doi.org/10.1016/j.jconrel.2008.06.006
https://doi.org/10.1016/s0142-9612(99)00262-8
https://doi.org/10.1016/s0142-9612(99)00262-8
https://doi.org/10.1023/a:1012123127330
https://doi.org/10.1023/a:1012123127330
https://doi.org/10.1021/js9505105
https://doi.org/10.1021/js9505105
https://doi.org/10.1016/j.ijpharm.2010.10.010
https://doi.org/10.1016/j.ijpharm.2010.10.010
https://doi.org/10.1016/j.ejpb.2009.08.007
https://doi.org/10.2478/acph-2024-0037
https://doi.org/10.2478/acph-2024-0037
https://doi.org/10.1016/j.bbapap.2021.140653
https://doi.org/10.1016/j.bbapap.2021.140653
https://doi.org/10.1002/mrm.1910360507
https://doi.org/10.1002/mrm.1910360507
https://doi.org/10.1016/0142-9612(96)89664-5
https://doi.org/10.1016/0142-9612(96)89664-5
https://doi.org/10.1039/C2CC00025C
https://doi.org/10.1039/C2CC00025C
https://doi.org/10.1002/mrm.26316
https://doi.org/10.1021/acs.analchem.2c03476
https://doi.org/10.1021/acs.analchem.2c03476
https://doi.org/10.1002/nbm.913
https://doi.org/10.3390/ijms23137352
https://doi.org/10.3390/ijms23137352
https://doi.org/10.1002/mabi.202000126
https://doi.org/10.1002/mabi.202000126
https://doi.org/10.1016/j.ejpb.2007.05.020
https://doi.org/10.1016/j.ejpb.2007.05.020

Drug Delivery and Translational Research (2026) 16:2350-2366

2361

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Striibing S, Metz H, Méder K. Mechanistic analysis of drug
release from tablets with membrane controlled drug delivery. Eur
J Pharm Biopharm. 2007;66:113-9. https://doi.org/10.1016/j.ejp
b.2006.09.007

Ensslin S, Moll KP, Metz H, Otz M, Mider K. Modulating pH-
independent release from coated pellets: effect of coating compo-
sition on solubilization processes and drug release. Eur J Pharm
Biopharm. 2009;72:111-8. https://doi.org/10.1016/j.ejpb.2008.1
1.005

Dos Santos GA, Ferreira-Nunes R, Dalmolin LF, Dos Santos Ré
AC, Anjos JLV, Mendanha SA, Aires CP, Lopez RFV, Cunha-
Filho M, Gelfuso GM, Gratieri T. Besifloxacin liposomes with
positively charged additives for an improved topical ocular deliv-
ery. Sci Rep. 2020;10:19285. https://doi.org/10.1038/s41598-02
0-76381-y

Aloi E, Bartucci R. Cryogenically frozen pegylated liposomes
and micelles: water penetration and Polarity profiles. Biophys
Chem. 2020;266:106463. https://doi.org/10.1016/j.bpc.2020.106
463

Oliveira JD, Ribeiro LNM, Rodrigues da Silva GH, Casadei BR,
Couto VM, Martinez EF, de Paula E. Sustained release from
Ionic-Gradient liposomes significantly decreases Editocaine
cytotoxicity. Pharm Res. 2018;35:229. https://doi.org/10.1007/s
11095-018-2512-4

Kontogiannopoulos KN, Dasargyri A, Ottaviani MF, Cangiotti
M, Fessas D, Papageorgiou VP, Assimopoulou AN. Advanced
drug delivery nanosystems for shikonin: A calorimetric and elec-
tron paramagnetic resonance study. Langmuir. 2018;34:9424-34.
https://doi.org/10.1021/acs.langmuir.8b00751

Mendanha SA, Dos Anjos JLV, Maione-Silva L, Silva HCB,
Lima EM, Alonso A. An EPR spin probe study of the interactions
between PC liposomes and stratum corneum membranes. An
EPR spin probe study of the interactions between PC liposomes
and stratum corneum membranes. Int J Pharm. 2018;545:93-100.
https://doi.org/10.1016/j.ijpharm.2018.04.057

da Silva CMG, Franz-Montan M, Limia CEG, Ribeiro LNM,
Braga MA, Guilherme VA, da Silva CB, Casadei BR, Cereda
CMS, de Paula E. Encapsulation of ropivacaine in a combined
(donor-acceptor, ionic-gradient) liposomal system promotes
extended anesthesia time. PLoS ONE. 2017;12(10):e0185828. ht
tps://doi.org/10.1371/journal.pone.0185828

Koklic T. Perifosine induced release of contents of trans cell-
barrier transport efficient liposomes. Chem Phys Lipids.
2014;183:50-9. https://doi.org/10.1016/j.chemphyslip.2014.05.0
06

Budai L, Hajdu M, Budai M, Groéf P, Béni S, Noszal B, Klebovich
I, Antal I. Gels and liposomes in optimized ocular drug delivery:
studies on Ciprofloxacin formulations. Int J Pharm. 2007;343:34—
40. https://doi.org/10.1016/.ijpharm.2007.04.013

Sentjurc M, Vrhovnik K, Kristl J. Liposomes as a topical delivery
system: the role of size on transport studied by the EPR imaging
method. J Control Release. 1999;59:87-97. https://doi.org/10.10
16/30168-3659(98)00181-3

Pokovi¢ JB, Demisli S, Savi¢c SM, Markovi¢ BD, Ceki¢ ND,
Randjelovic DV, Mitrovi¢ JR, Lunter DJ, Papadimitriou V, Xena-
kis A, Savi¢ SD. The impact of the oil phase selection on physi-
cochemical Properties, Long-Term Stability, in vitro performance
and injectability of Curcumin-Loaded pegylated nanoemulsions.
Pharmaceutics. 2022;14:1666. https://doi.org/10.3390/pharmace
utics 14081666

Lewinska A, Jaromin A, Jezierska J. Role of architecture of
N-oxide surfactants in the design of nanoemulsions for Candida
skin infection. Colloids Surf B Biointerfaces. 2020;187:110639.
https://doi.org/10.1016/j.colsurfb.2019.110639

de Barbosa M, Ribeiro R, Casadei LNM, da Silva BR, Queir6z
CMG, Duran VA, de Araujo N, Severino DR, de Paula P. Solid

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

lipid nanoparticles for Dibucaine sustained release. Pharmaceu-
tics. 2018;10:231. https://doi.org/10.3390/pharmaceutics100402
31

Barbosa RM, Casadei BR, Duarte EL, Severino P, Barbosa
LRS, Duran N, de Paula E. Electron paramagnetic resonance
and Small-Angle X-ray scattering characterization of solid lipid
nanoparticles and nanostructured lipid carriers for Dibucaine
encapsulation. Langmuir. 2018;34:13296-304. https://doi.org/10.
1021/acs.langmuir.8b02559

Andrade LM, Silva LAD, Krawczyk-Santos AP, Amorim ICSM,
Rocha PBRD, Lima EM, Anjos JLV, Alonso A, Marreto RN,
Taveira SF. Improved tacrolimus skin permeation by co-encapsu-
lation with Clobetasol in lipid nanoparticles: study of drug effects
in lipid matrix by electron paramagnetic resonance. Eur J Pharm
Biopharm. 2017;119:142-9. https://doi.org/10.1016/j.ejpb.2017.
06.014

Saeidpour S, Lohan SB, Solik A, Paul V, Bodmeier R, Zoubari
G, Unbehauen M, Haag R, Bittl R, Meinke MC, Teutloff C. Drug
distribution in nanostructured lipid particles. Eur J Pharm Bio-
pharm. 2017;110:19-23. https://doi.org/10.1016/j.ejpb.2016.10.0
08

Haag SF, Chen M, Peters D, Keck CM, Taskoparan B, Fahr A,
Teutloff C, Bittl R, Lademann J, Schéfer-Korting M, Meinke MC.
Nanostructured lipid carriers as nitroxide depot system measured
by electron paramagnetic resonance spectroscopy. Int J Pharm.
2011;421:364-9. https://doi.org/10.1016/j.ijpharm.2011.10.009
Jager J, Obst K, Lohan SB, Viktorov J, Staufenbiel S, Renz H,
Unbehauen M, Haag R, Hedtrich S, Teutloff C, Meinke MC,
Danker K, Dommisch H. Characterization of hyperbranched
core-multishell nanocarriers as an innovative drug delivery sys-
tem for the application at the oral mucosa. J Periodontal Res.
2018;53:57-65. https://doi.org/10.1111/jre.12487

Saeidpour S, Lohan SB, Anske M, Unbehauen M, Fleige E, Haag
R, Meinke MC, Bittl R, Teutloff C. Localization of dexametha-
sone within dendritic core-multishell (CMS) nanoparticles and
skin penetration properties studied by multi-frequency electron
paramagnetic resonance (EPR) spectroscopy. Eur J Pharm Bio-
pharm. 2017;116:94-101. https://doi.org/10.1016/j.ejpb.2016.10
.001

Haag SF, Fleige E, Chen M, Fahr A, Teutloff C, Bittl R, Lademann
J, Schifer-Korting M, Haag R, Meinke MC. Skin penetration
enhancement of core-multishell nanotransporters and invasomes
measured by electron paramagnetic resonance spectroscopy. Int
J Pharm. 2011;416:223-8. https://doi.org/10.1016/j.ijpharm.2011
.06.044

Carloni R, Ottaviani MF, Ficker M, Christensen JB. Interactions
of functionalized PAMAM dendrimers with model cell mem-
branes studied via Spin-Labeling technique. J Phys Chem B.
2022;126:9686—94. https://doi.org/10.1021/acs.jpcb.2c05123
Pan Y, Zholobko O, Li H, Jin J, Hu J, Chen B, Voronov A, Yang
Z. Spatial distribution and solvent Polarity-Triggered release of
a polypeptide incorporated into invertible micellar assemblies.
ACS Appl Mater Interfaces. 2020;12:12075-82. https://doi.org/
10.1021/acsami.9b22435

Liu Y, Xu C, Fan X, Loh XJ, Wu YL, Li Z. Preparation of mixed
micelles carrying folates and stable radicals through PLA ste-
reocomplexation for drug delivery. Mater Sci Eng C Mater Biol
Appl. 2020;108:110464. https://doi.org/10.1016/j.msec.2019.110
464

Abramov E, Ottaviani MF, Shames Al, Fattori A, Garti N. Struc-
tural characterization of reconstituted Bioactive-Loaded nanodo-
mains after embedding in films using electron paramagnetic
resonance and Self-Diffusion nuclear magnetic resonance tech-
niques. Langmuir. 2019;35:7879-86. https://doi.org/10.1021/acs
Jangmuir.9b00578

@ Springer


https://doi.org/10.3390/pharmaceutics10040231
https://doi.org/10.3390/pharmaceutics10040231
https://doi.org/10.1021/acs.langmuir.8b02559
https://doi.org/10.1021/acs.langmuir.8b02559
https://doi.org/10.1016/j.ejpb.2017.06.014
https://doi.org/10.1016/j.ejpb.2017.06.014
https://doi.org/10.1016/j.ejpb.2016.10.008
https://doi.org/10.1016/j.ejpb.2016.10.008
https://doi.org/10.1016/j.ijpharm.2011.10.009
https://doi.org/10.1111/jre.12487
https://doi.org/10.1016/j.ejpb.2016.10.001
https://doi.org/10.1016/j.ejpb.2016.10.001
https://doi.org/10.1016/j.ijpharm.2011.06.044
https://doi.org/10.1016/j.ijpharm.2011.06.044
https://doi.org/10.1021/acs.jpcb.2c05123
https://doi.org/10.1021/acsami.9b22435
https://doi.org/10.1021/acsami.9b22435
https://doi.org/10.1016/j.msec.2019.110464
https://doi.org/10.1016/j.msec.2019.110464
https://doi.org/10.1021/acs.langmuir.9b00578
https://doi.org/10.1021/acs.langmuir.9b00578
https://doi.org/10.1016/j.ejpb.2006.09.007
https://doi.org/10.1016/j.ejpb.2006.09.007
https://doi.org/10.1016/j.ejpb.2008.11.005
https://doi.org/10.1016/j.ejpb.2008.11.005
https://doi.org/10.1038/s41598-020-76381-y
https://doi.org/10.1038/s41598-020-76381-y
https://doi.org/10.1016/j.bpc.2020.106463
https://doi.org/10.1016/j.bpc.2020.106463
https://doi.org/10.1007/s11095-018-2512-4
https://doi.org/10.1007/s11095-018-2512-4
https://doi.org/10.1021/acs.langmuir.8b00751
https://doi.org/10.1021/acs.langmuir.8b00751
https://doi.org/10.1016/j.ijpharm.2018.04.057
https://doi.org/10.1016/j.ijpharm.2018.04.057
https://doi.org/10.1371/journal.pone.0185828
https://doi.org/10.1371/journal.pone.0185828
https://doi.org/10.1016/j.chemphyslip.2014.05.006
https://doi.org/10.1016/j.chemphyslip.2014.05.006
https://doi.org/10.1016/j.ijpharm.2007.04.013
https://doi.org/10.1016/s0168-3659(98)00181-3
https://doi.org/10.1016/s0168-3659(98)00181-3
https://doi.org/10.3390/pharmaceutics14081666
https://doi.org/10.3390/pharmaceutics14081666
https://doi.org/10.1016/j.colsurfb.2019.110639
https://doi.org/10.1016/j.colsurfb.2019.110639

2362

Drug Delivery and Translational Research (2026) 16:2350-2366

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Beghein N, Rouxhet L, Dinguizli M, Brewster ME, Arién A,
Préat V, Habib JL, Gallez B. Characterization of self-assembling
copolymers in aqueous solutions using electron paramagnetic
resonance and fluorescence spectroscopy. J Control Release.
2007;117:196-203. https://doi.org/10.1016/j.jconrel.2006.10.028
Kaser SJ, Christoff-Tempesta T, Uliassi LD, Cho Y, Ortony JH.
Domain-Specific phase transitions in a supramolecular nano-
structure. J Am Chem Soc. 2022;144:17841-7. https://doi.org/1
0.1021/jacs.2c05908

Zech J, Mader M, Giindel D, Metz H, Odparlik A, Agarwal S,
Méder K, Greiner A. Noninvasive characterization (EPR, uCT,
NMR) of 3D PLA electrospun fiber sponges for controlled drug
delivery. Int J Pharm X. 2020;2:100055. https://doi.org/10.1016/j
.ijpx.2020.100055

Katzhendler I, Mader K, Friedman M. Structure and hydration
properties of hydroxypropyl Methylcellulose matrices containing
Naproxen and Naproxen sodium. Int J Pharm. 2000;200:161-79.
https://doi.org/10.1016/s0378-5173(00)00360-4

Katzhendler I, Méder K, Friedman M. Correlation between drug
release kinetics from proteineous matrix and matrix structure:
EPR and NMR study. J Pharm Sci. 2000;89:365-81. doi: 10.1002/
(SICI)1520-6017(200003)89:3<365::AID-JPS8>3.0.CO;2-D.
Veskovi¢ A, Nakarada D, Vasiljevi¢ O, Dobrov A, Spengler G,
Enyedy EA, Arion VB, Popovi¢ Bijeli¢ A. The release of a highly
cytotoxic Paullone bearing a TEMPO free radical from the HSA
hydrogel: an EPR spectroscopic characterization. Pharmaceutics.
2022;14(6):1174. https://doi.org/10.3390/pharmaceutics 1406117
4

Dong P, Sahle FF, Lohan SB, Saeidpour S, Albrecht S, Teutloff C,
Bodmeier R, Unbehauen M, Wolff C, Haag R, Lademann J, Pat-
zelt A, Schifer-Korting M, Meinke MC. pH-sensitive Eudragit®
L 100 nanoparticles promote cutaneous penetration and drug
release on the skin. J Control Release. 2019;295:214-22. https://
doi.org/10.1016/j.jconrel.2018.12.045. Epub 2018 Dec 28.
Yonar D, Horasan N, Paktas DD, Abramovi¢ Z, Strancar J,
Stinnetgioglu MM, Sentjurc M. Interaction of antidepressant
drug, clomipramine, with model and biological stratum corneum
membrane as studied by electron paramagnetic resonance. J
Pharm Sci. 2013;102:3762-72. https://doi.org/10.1002/jps.2368
7. Epub 2013 Aug 7.

Riibe A, Méder K. Electron spin resonance study on the dynamics
of polymeric nanocapsules. J Biomed Nanotechnol. 2005;1:208—
13. https://doi.org/10.1166/jbn.2005.024

Sotgiu A, Mider K, Placidi G, Colacicchi S, Ursini CL, Alecci M.
pH-sensitive imaging by low-frequency EPR: a model study for
biological applications. Phys Med Biol. 1998;43:1921-30. https:/
/doi.org/10.1088/0031-9155/43/7/013

Schleich N, Danhier F, Préat V. Iron oxide-loaded nanotheranos-
tics: major Obstacles to in vivo studies and clinical translation. J
Control Release. 2015;198:5-54. https://doi.org/10.1016/j.jconre
1.2014.11.024

Diaz-Riascos ZV, Llaguno-Munive M, Lafuente-Goémez N,
Luengo Y, Holmes S, Volatron J, Ibarrola O, Mancilla S, Sarno
F, Aguirre JJ, Razafindrakoto S, Southern P, Teran FJ, Keogh A,
Salas G, Prina-Mello A, Lacal JC, Del Pozo A, Pankhurst QA,
Hidalgo M, Gazeau F, Somoza A, Schwartz S Jr. Abasolo L. Pre-
clinical development of magnetic nanoparticles for hyperther-
mia treatment of pancreatic cancer. ACS Appl Mater Interfaces.
2025;17:2924-39. https://doi.org/10.1021/acsami.4c16129
Schleich N, Po C, Jacobs D, Ucakar B, Gallez B, Danhier F,
Préat V. Comparison of active, passive and magnetic targeting to
tumors of multifunctional paclitaxel/SPIO-loaded nanoparticles
for tumor imaging and therapy. J Control Release. 2014;194:82—
91. https://doi.org/10.1016/j.jconrel.2014.07.059

Radermacher KA, Beghein N, Boutry S, Laurent S, Vander
Elst L, Muller RN, Jordan BF, Gallez B. In vivo detection of

@ Springer

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

3.

inflammation using pegylated iron oxide particles targeted at
E-selectin: a multimodal approach using MR imaging and EPR
spectroscopy. Invest Radiol. 2009;44:398-404. https://doi.org/10
.1097/r1i.0b013¢3181a49639

Danbhier P, De Preter G, Boutry S, Mahieu I, Leveque P, Magat J,
Haufroid V, Sonveaux P, Bouzin C, Feron O, Muller RN, Jordan
BF, Gallez B. Electron paramagnetic resonance as a sensitive tool
to assess the iron oxide content in cells for MRI cell labeling stud-
ies. Contrast Media Mol Imaging. 2012;7:302—7. https://doi.org/1
0.1002/cmmi.497

Radermacher KA, Boutry S, Laurent S, Elst LV, Mahieu I, Bouzin
C, Magat J, Gregoire V, Feron O, Muller RN, Jordan BF, Gallez
B. Iron oxide particles covered with hexapeptides targeted at
phosphatidylserine as MR biomarkers of tumor cell death. Con-
trast Media Mol Imaging. 2010;5:258-67. https://doi.org/10.100
2/cmmi.382

Danbhier P, De Preter G, Magat J, Godechal Q, Porporato PE, Jor-
dan BF, Feron O, Sonveaux P, Gallez B. Multimodal cell tracking
of a spontaneous metastasis model: comparison between MRI,
electron paramagnetic resonance and bioluminescence. Contrast
Media Mol Imaging. 2014;9:143-53. https://doi.org/10.1002/cm
mi.1553

Danhier P, Magat J, Levéque P, De Preter G, Porporato PE,
Bouzin C, Jordan BF, Demeur G, Haufroid V, Feron O, Sonveaux
P, Gallez B. In vivo visualization and ex vivo quantification of
murine breast cancer cells in the mouse brain using MRI cell
tracking and electron paramagnetic resonance. NMR Biomed.
2015;28(3):367-75. https://doi.org/10.1002/nbm.3259

Schleich N, Sibret P, Danhier P, Ucakar B, Laurent S, Muller RN,
Jérdme C, Gallez B, Préat V, Danhier F. Dual anticancer drug/
superparamagnetic iron oxide-loaded PLGA-based nanoparticles
for cancer therapy and magnetic resonance imaging. Int J Pharm.
2013;447:94-101. https://doi.org/10.1016/j.ijpharm.2013.02.042
Ganipineni LP, Ucakar B, Joudiou N, Bianco J, Danhier P, Zhao
M, Bastiancich C, Gallez B, Danhier F, Préat V. Magnetic tar-
geting of paclitaxel-loaded poly(lactic- co-glycolic acid)-based
nanoparticles for the treatment of glioblastoma. Int J Nanomed.
2018;13:4509-21. https://doi.org/10.2147/1JN.S165184

Garcia Ribeiro RS, Belderbos S, Danhier P, Gallo J, Manshian
BB, Gallez B, Bafiobre M, de Cuyper M, Soenen SJ, Gsell W,
Himmelreich U. Targeting tumor cells and neovascularization
using RGD-functionalized magnetoliposomes. Int J Nanomed.
2019;14:5911-24. https://doi.org/10.2147/1JN.S214041

Park JB, Turner RC, Atkins PE. EPR study of free radicals in
PMMA bone cement: a feasibility study. Biomater Med Devices
Artif Organs. 1980;8:23-33. https://doi.org/10.3109/1073119800
9118970

Park JB. Acrylic bone cement: in vitro and in vivo property-
structure relationship—a selective review. Ann Biomed Eng.
1983;11:297-312. https://doi.org/10.1007/BF02363289

Turner RC, Atkins PE, Ackley MA, Park JB. Molecular and mac-
roscopic properties of PMMA bone cement: free-radical genera-
tion and temperature change versus mixing ratio. J Biomed Mater
Res. 1981;15:425-32. https://doi.org/10.1002/jbm.820150312
Turner RC, White FB, Park JB. The effect of initial temperature
on free radical decay in PMMA bone cement. J Biomed Mater
Res. 1982;16:639—-46. https://doi.org/10.1002/jbm.820160511
Looney MA, Park JB. Molecular and mechanical property
changes during aging of bone cement in vitro and in vivo. J
Biomed Mater Res. 1986;20:555—63. https://doi.org/10.1002/jbm
.820200503

Gallez B, Beghein N. Noninvasive in vivo EPR monitoring of
the Methyl methacrylate polymerization during the bone cement
formation. Biomaterials. 2002;23:4701-4. https://doi.org/10.101
6/50142-9612(02)00217-x


https://doi.org/10.1097/rli.0b013e3181a49639
https://doi.org/10.1097/rli.0b013e3181a49639
https://doi.org/10.1002/cmmi.497
https://doi.org/10.1002/cmmi.497
https://doi.org/10.1002/cmmi.382
https://doi.org/10.1002/cmmi.382
https://doi.org/10.1002/cmmi.1553
https://doi.org/10.1002/cmmi.1553
https://doi.org/10.1002/nbm.3259
https://doi.org/10.1016/j.ijpharm.2013.02.042
https://doi.org/10.2147/IJN.S165184
https://doi.org/10.2147/IJN.S214041
https://doi.org/10.3109/10731198009118970
https://doi.org/10.3109/10731198009118970
https://doi.org/10.1007/BF02363289
https://doi.org/10.1002/jbm.820150312
https://doi.org/10.1002/jbm.820160511
https://doi.org/10.1002/jbm.820200503
https://doi.org/10.1002/jbm.820200503
https://doi.org/10.1016/s0142-9612(02)00217-x
https://doi.org/10.1016/s0142-9612(02)00217-x
https://doi.org/10.1016/j.jconrel.2006.10.028
https://doi.org/10.1021/jacs.2c05908
https://doi.org/10.1021/jacs.2c05908
https://doi.org/10.1016/j.ijpx.2020.100055
https://doi.org/10.1016/j.ijpx.2020.100055
https://doi.org/10.1016/s0378-5173(00)00360-4
https://doi.org/10.1016/s0378-5173(00)00360-4
https://doi.org/10.3390/pharmaceutics14061174
https://doi.org/10.3390/pharmaceutics14061174
https://doi.org/10.1016/j.jconrel.2018.12.045
https://doi.org/10.1016/j.jconrel.2018.12.045
https://doi.org/10.1002/jps.23687
https://doi.org/10.1002/jps.23687
https://doi.org/10.1166/jbn.2005.024
https://doi.org/10.1088/0031-9155/43/7/013
https://doi.org/10.1088/0031-9155/43/7/013
https://doi.org/10.1016/j.jconrel.2014.11.024
https://doi.org/10.1016/j.jconrel.2014.11.024
https://doi.org/10.1021/acsami.4c16129
https://doi.org/10.1016/j.jconrel.2014.07.059

Drug Delivery and Translational Research (2026) 16:2350-2366

2363

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

Truffier-Boutry D, Demoustier-Champagne S, Devaux J,
Biebuyck JJ, Mestdagh M, Larbanois P, Leloup G. A physico-
chemical explanation of the post-polymerization shrinkage in
dental resins. Dent Mater. 2006;22:405—12. https://doi.org/10.10
16/j.dental.2005.04.030

Leprince J, Lamblin G, Truffier-Boutry D, Demoustier-Cham-
pagne S, Devaux J, Mestdagh M, Leloup G. Kinetic study of free
radicals trapped in dental resins stored in different environments.
Acta Biomater. 2009;5:2518-24. https://doi.org/10.1016/j.actbio.
2009.04.034

Leprince JG, Lamblin G, Devaux J, Dewaele M, Mestdagh M,
Palin WM, Gallez B, Leloup G. Irradiation modes’ impact on rad-
ical entrapment in photoactive resins. J Dent Res. 2010;89:1494—
8. https://doi.org/10.1177/0022034510384624

Leprince JG, Leveque P, Nysten B, Gallez B, Devaux J, Leloup
G. New insight into the depth of cure of dimethacrylate-based
dental composites. Dent Mater. 2012;28:512-20. https://doi.org/1
0.1016/j.dental.2011.12.004

Levéque P, Leprince JG, Bebelman S, Devaux J, Leloup G, Gallez
B. Spectral Spatial electron paramagnetic resonance imaging as
a tool to study photoactive dimethacrylate-based dental resins. J
Magn Reson. 2012;220:45-53. https://doi.org/10.1016/j.jmr.201
2.04.014

Randolph LD, Palin WM, Bebelman S, Devaux J, Gallez B,
Leloup G, Leprince JG. Ultra-fast light-curing resin composite
with increased conversion and reduced monomer elution. Dent
Mater. 2014;30:594—604. https://doi.org/10.1016/j.dental.2014.0
2.023

Randolph LD, Steinhaus J, Moginger B, Gallez B, Stansbury
J, Palin WM, Leloup G, Leprince JG. Photopolymerization of
highly filled dimethacrylate-based composites using type 1 or
type II photoinitiators and varying co-monomer ratios. Dent
Mater. 2016;32:136-48. https://doi.org/10.1016/j.dental.2015.11
.032

Swartz HM, Glockner JF. EPR imaging and in vivo EPR. Ed. By
Eaton GR, Eaton SS, Ohno K (CRC Press, Boca Raton, 1991)
261-290.

Gallez B, Baudelet C, Jordan BF. Assessment of tumor oxygen-
ation by electron paramagnetic resonance: principles and applica-
tions. NMR Biomed. 2004;17:240-62. https://doi.org/10.1002/nb
m.900

Khan N, Williams BB, Hou H, Li H, Swartz HM. Repetitive
tissue pO2 measurements by electron paramagnetic resonance
oximetry: current status and future potential for experimental and
clinical studies. Antioxid Redox Signal. 2007;9:1169-82. https://
doi.org/10.1089/ars.2007.1635

Ahmad R, Kuppusamy P. Theory, instrumentation, and applica-
tions of electron paramagnetic resonance oximetry. Chem Rev.
2010;110:3212-36. https://doi.org/10.1021/cr900396q

Gallez B. Oxygenation status in normal tissues, pathological tis-
sues and malignant tumors: A pO2 database based on electron
paramagnetic resonance (EPR) oximetry measurements. Appl
Magn Reson. 2021;52:1395-450. https://doi.org/10.1007/s0072
3-021-01358-7

Gallez B, Méader K. Accurate and sensitive measurements of pO2
in vivo using low frequency EPR spectroscopy: how to confer
biocompatibility to the oxygen sensors. Free Radic Biol Med.
2000;29:1078-84. https://doi.org/10.1016/s0891-5849(00)0040
5-6

Liu KJ, Grinstaff MW, Jiang J, Suslick KS, Swartz HM, Wang W.
In vivo measurement of oxygen concentration using sonochemi-
cally synthesized microspheres. Biophys J. 1994;67:896-901. htt
ps://doi.org/10.1016/S0006-3495(94)80551-X

Driesschaert B, Charlier N, Gallez B, Marchand-Brynaert J. Syn-
thesis of two persistent fluorinated Tetrathiatriarylmethyl (TAM)
radicals for biomedical EPR applications. Bioorg Med Chem

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Lett. 2008;18:4291-3. https://doi.org/10.1016/j.bmcl.2008.06.10
0

Charlier N, Driesschaert B, Wauthoz N, Beghein N, Préat V,
Amighi K, Marchand-Brynaert J, Gallez B. Nano-emulsions of
fluorinated trityl radicals as sensors for EPR oximetry. J] Magn
Reson. 2009;197:176-80. https://doi.org/10.1016/j.jmr.2008.12.
013

Frank J, Elewa M, Said MM, El Shihawy HA, El-Sadek M,
Miiller D, Meister A, Hause G, Drescher S, Metz H, Imming P,
Mider K. Synthesis, Characterization, and nanoencapsulation of
Tetrathiatriarylmethyl and Tetrachlorotriarylmethyl (Trityl) radi-
cal Derivatives—A study to advance their applicability as in vivo
EPR oxygen sensors. J Org Chem. 2015;80:6754—66. https://doi.
org/10.1021/acs.joc.5b00918

Nel J, Desmet CM, Driesschaert B, Saulnier P, Lemaire L, Gallez
B. Preparation and evaluation of trityl-loaded lipid nanocapsules
as oxygen sensors for electron paramagnetic resonance oximetry.
Int J Pharm 2019:554:87-92. https://doi.org/10.1016/j.ijpharm.2
018.11.007

Lampp L, Rogozhnikova OY, Trukhin DV, Tormyshev VM, Bow-
man MK, Devasahayam N, Krishna MC, Méder K, Imming P. A
radical containing injectable in-situ-oleogel and emulgel for pro-
longed in-vivo oxygen measurements with CW EPR. Free Radic
Biol Med. 2019;130:120-7. https://doi.org/10.1016/j.freeradbio
med.2018.10.442

Martin RM, Diaz S, Poncelet M, Driesschaert B, Barth E, Kotecha
M, Epel B, Eaton GR, Biller JR. Toward a nanoencapsulated EPR
imaging agent for clinical use. Mol Imaging Biol. 2024;26:525—
41. https://doi.org/10.1007/s11307-023-01863-0

Charlier N, Préat V, Gallez B. Evaluation of lipid-based carrier
systems and inclusion complexes of diethyldithiocarbamate-iron
to trap nitric oxide in biological systems. Magn Reson Med.
2006;55:215-8. https://doi.org/10.1002/mrm.20746

Gallez B. Packaging of paramagnetic materials in oximetry and
other applications. In: Berliner LJ, editor. Vivo EPR (ESR). The-
ory and applications. New York: Kluwer Academic; 2003. pp.
259-84.

Gallez B, Debuyst R, Dejehet F, Liu KJ, Walczak T, Goda F,
Demeure R, Taper H, Swartz HM. Small particles of fusinite and
carbohydrate Chars coated with aqueous soluble polymers: Prep-
aration and applications for in vivo EPR oximetry. Magn Reson
Med. 1998;40:152-9. https://doi.org/10.1002/mrm.1910400120
Gallez B, Jordan B, Baudelet C. Microencapsulation of paramag-
netic particles by pyrroxylin to preserve their responsiveness to
oxygen when used as sensors for in vivo EPR oximetry. Magn
Reson Med. 1999;42:193—6. https://doi.org/10.1002/(sici)1522-2
594(199907)42:1%3C193::aid-mrm25%3E3.0.co;2-c

Lan M, Beghein N, Charlier N, Gallez B. Carbon Blacks as EPR
sensors for localized measurements of tissue oxygenation. Magn
Reson Med. 2004;51:1272-8. https://doi.org/10.1002/mrm.2007
7

Charlier N, Beghein N, Gallez B. Development and evaluation of
biocompatible inks for the local measurement of oxygen using in
vivo EPR. NMR Biomed. 2004;17:303—10. https://doi.org/10.10
02/nbm.902

Swartz HM, Williams BB, Hou H, Khan N, Jarvis LA, Chen EY,
Schaner PE, Ali A, Gallez B, Kuppusamy P, Flood AB. Direct and
repeated clinical measurements of pO2 for enhancing cancer ther-
apy and other applications. Adv Exp Med Biol. 2016;923:95-104.
https://doi.org/10.1007/978-3-319-38810-6_13

Jeong JJ, Liu T, Yang X, Torres M, Lin J, Schreiber W, Flood
AB, Kuppusamy P, Swartz HM, Williams BB, Schaner PE, Ali A.
Clinical measurements of oxygen via electron paramagnetic reso-
nance (EPR) during and after breast radiation therapy: preliminary
results of baseline evaluations and response to hyperoxygenation.

@ Springer


https://doi.org/10.1016/j.bmcl.2008.06.100
https://doi.org/10.1016/j.bmcl.2008.06.100
https://doi.org/10.1016/j.jmr.2008.12.013
https://doi.org/10.1016/j.jmr.2008.12.013
https://doi.org/10.1021/acs.joc.5b00918
https://doi.org/10.1021/acs.joc.5b00918
https://doi.org/10.1016/j.ijpharm.2018.11.007
https://doi.org/10.1016/j.ijpharm.2018.11.007
https://doi.org/10.1016/j.freeradbiomed.2018.10.442
https://doi.org/10.1016/j.freeradbiomed.2018.10.442
https://doi.org/10.1007/s11307-023-01863-0
https://doi.org/10.1002/mrm.20746
https://doi.org/10.1002/mrm.1910400120
https://doi.org/10.1002/(sici)1522-2594(199907)42:1%3C193::aid-mrm25%3E3.0.co;2-c
https://doi.org/10.1002/(sici)1522-2594(199907)42:1%3C193::aid-mrm25%3E3.0.co;2-c
https://doi.org/10.1002/mrm.20077
https://doi.org/10.1002/mrm.20077
https://doi.org/10.1002/nbm.902
https://doi.org/10.1002/nbm.902
https://doi.org/10.1007/978-3-319-38810-6_13
https://doi.org/10.1007/978-3-319-38810-6_13
https://doi.org/10.1016/j.dental.2005.04.030
https://doi.org/10.1016/j.dental.2005.04.030
https://doi.org/10.1016/j.actbio.2009.04.034
https://doi.org/10.1016/j.actbio.2009.04.034
https://doi.org/10.1177/0022034510384624
https://doi.org/10.1016/j.dental.2011.12.004
https://doi.org/10.1016/j.dental.2011.12.004
https://doi.org/10.1016/j.jmr.2012.04.014
https://doi.org/10.1016/j.jmr.2012.04.014
https://doi.org/10.1016/j.dental.2014.02.023
https://doi.org/10.1016/j.dental.2014.02.023
https://doi.org/10.1016/j.dental.2015.11.032
https://doi.org/10.1016/j.dental.2015.11.032
https://doi.org/10.1002/nbm.900
https://doi.org/10.1002/nbm.900
https://doi.org/10.1089/ars.2007.1635
https://doi.org/10.1089/ars.2007.1635
https://doi.org/10.1021/cr900396q
https://doi.org/10.1007/s00723-021-01358-7
https://doi.org/10.1007/s00723-021-01358-7
https://doi.org/10.1016/s0891-5849(00)00405-6
https://doi.org/10.1016/s0891-5849(00)00405-6
https://doi.org/10.1016/S0006-3495(94)80551-X
https://doi.org/10.1016/S0006-3495(94)80551-X

2364

Drug Delivery and Translational Research (2026) 16:2350-2366

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

J Radiol Radiat Ther. 2019;7:1082. https://doi.org/10.47739/233
3-7095/1082

Gallez B, Debuyst R, Liu KJ, Demeure R, Dejehet F, Swartz HM.
Development of biocompatible implants of fusinite for in vivo
EPR oximetry. MAGMA. 1996;4:71-5. https://doi.org/10.1007/
BF01759782

He J, Beghein N, Ceroke P, Clarkson RB, Swartz HM, Gallez B.
Development of biocompatible oxygen-permeable films holding
paramagnetic carbon particles: evaluation of their performance
and stability in EPR oximetry. Magn Reson Med. 2001;46:610—4.
https://doi.org/10.1002/mrm.1234

Dinguizli M, Jeumont S, Beghein N, He J, Walczak T, Lesn-
iewski PN, Hou H, Grinberg OY, Sucheta A, Swartz HM,
Gallez B. Development and evaluation of biocompatible films
of polytetrafluoroethylene polymers holding lithium phthalocya-
nine crystals for their use in EPR oximetry. Biosens Bioelectron.
2006;21:1015-22. https://doi.org/10.1016/j.bios.2005.03.009
Dinguizli M, Beghein N, Gallez B. Retrievable micro-inserts con-
taining oxygen sensors for monitoring tissue oxygenation using
EPR oximetry. Physiol Meas. 2008;29:1247-54. https://doi.org/1
0.1088/0967-3334/29/11/001

Pandian RP, Meenakshisundaram G, Bratasz A, Eteshola E,
Lee SC, Kuppusamy P. An implantable teflon chip holding
lithium Naphthalocyanine microcrystals for secure, safe, and
repeated measurements of pO2 in tissues. Biomed Microdevices.
2010;12:381-7. https://doi.org/10.1007/s10544-009-9394-5
Meenakshisundaram G, Eteshola E, Pandian RP, Bratasz A, Lee
SC, Kuppusamy P. Fabrication and physical evaluation of a poly-
mer-encapsulated paramagnetic probe for biomedical oximetry.
Biomed Microdevices. 2009;11:773-82. https://doi.org/10.1007/
$10544-009-9292-x

Meenakshisundaram G, Eteshola E, Pandian RP, Bratasz A, Sel-
vendiran K, Lee SC, Krishna MC, Swartz HM, Kuppusamy P.
Oxygen sensitivity and biocompatibility of an implantable para-
magnetic probe for repeated measurements of tissue oxygenation.
Biomed Microdevices. 2009;11:817-26. https://doi.org/10.1007/
$10544-009-9298-4

Blank A, Halevy R, Shklyar M, Shtirberg L, Kuppusamy P. ESR
micro-imaging of LiNc-BuO crystals in PDMS: Spatial and spec-
tral grain distribution. ] Magn Reson. 2010;203:150-5. https://do
i.org/10.1016/j.jmr.2009.12.011

Hou H, Khan N, Gohain S, Kuppusamy ML, Kuppusamy P.
Pre-clinical evaluation of OxyChip for long-term EPR oximetry.
Biomed Microdevices. 2018;20:29. https://doi.org/10.1007/s105
44-018-0272-x

Kmiec MM, Hebert KA, Tse D, Hodge S, Williams BB, Schaner
PE, Kuppusamy P. OxyChip embedded with radio-opaque gold
nanoparticles for anatomic registration and oximetry in tissues.
Magn Reson Med. 2022;87:1621-37. https://doi.org/10.1002/mr
m.29039

Schaner PE, Pettus JR, Flood AB, Williams BB, Jarvis LA, Chen
EY, Pastel DA, Zuurbier RA, diFlorio-Alexander RM, Swartz
HM, Kuppusamy P. OxyChip implantation and subsequent
electron paramagnetic resonance oximetry in human tumors is
safe and feasible: first experience in 24 patients. Front Oncol.
2020;10:572060. https://doi.org/10.3389/fonc.2020.572060
Schaner PE, Williams BB, Chen EY, Pettus JR, Schreiber WA,
Kmiec MM, Jarvis LA, Pastel DA, Zuurbier RA, DiFlorio-Alex-
ander RM, Paydarfar JA, Gosselin BJ, Barth RJ, Rosenkranz KM,
Petryakov SV, Hou H, Tse D, Pletnev A, Flood AB, Wood VA,
Hebert KA, Mosher RE, Demidenko E, Swartz HM, Kuppusamy
P. First-In-Human study in cancer patients Establishing the feasi-
bility of oxygen measurements in tumors using electron paramag-
netic resonance with the OxyChip. Front Oncol. 2021;11:743256.
https://doi.org/10.3389/fonc.2021.743256

@ Springer

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Swartz HM, Walczak T. Developing in vivo EPR oximetry for
clinical use. Adv Exp Med Biol. 1998;454:243-52. https://doi.or
2/10.1007/978-1-4615-4863-8 29

Li H, Hou H, Sucheta A, Williams BB, Lariviere JP, Khan MN,
Lesniewski PN, Gallez B, Swartz HM. Implantable resonators—a
technique for repeated measurement of oxygen at multiple deep
sites with in vivo EPR. Adv Exp Med Biol. 2010;662:265-72. htt
ps://doi.org/10.1007/978-1-4419-1241-1 38

Khan N, Hou H, Eskey CJ, Moodie K, Gohain S, Du G, Hodge
S, Culp WC, Kuppusamy P, Swartz HM. Deep-tissue oxygen
monitoring in the brain of rabbits for stroke research. Stroke.
2015;46:¢62—-6. https://doi.org/10.1161/STROKEAHA.114.0073
24

Hou H, Dong R, Li H, Williams B, Lariviere JP, Hekmatyar SK,
Kauppinen RA, Khan N, Swartz H. Dynamic changes in oxygen-
ation of intracranial tumor and contralateral brain during tumor
growth and carbogen breathing: a multisite EPR oximetry with
implantable resonators. ] Magn Reson. 2012;214:22-8. https://do
1.org/10.1016/j.jmr.2011.09.043

Hou H, Krishnamurthy Nemani V, Du G, Montano R, Song R,
Gimi B, Swartz HM, Eastman A, Khan N. Monitoring oxygen
levels in orthotopic human glioma xenograft following carbogen
inhalation and chemotherapy by implantable resonator-based
oximetry. Int J Cancer. 2015;136:1688-96. https://doi.org/10.10
02/ijc.29132

Rivera BK, Naidu SK, Subramanian K, Joseph M, Hou H, Khan
N, Swartz HM, Kuppusamy P. Real-time, in vivo determination
of dynamic changes in lung and heart tissue oxygenation using
EPR oximetry. Adv Exp Med Biol. 2014;812:81-6. https://doi.or
2/10.1007/978-1-4939-0620-8 11

Caston RM, Schreiber W, Hou H, Williams BB, Chen EY,
Schaner PE, Jarvis LA, Flood AB, Petryakov SV, Kmiec MM,
Kuppusamy P, Swartz HM. Development of the implantable reso-
nator system for clinical EPR oximetry. Cell Biochem Biophys.
2017;75:275-83. https://doi.org/10.1007/s12013-017-0809-2
Chen EY, Tse D, Hou H, Schreiber WA, Schaner PE, Kmiec MM,
Hebert KA, Kuppusamy P, Swartz HM, Williams BB. Evaluation
of a refined implantable resonator for Deep-Tissue EPR oximetry
in the clinic. Appl Magn Reson. 2021;52:1321-42. https://doi.org
/10.1007/s00723-021-01376-5

Wisel S, Chacko SM, Kuppusamy ML, Pandian RP, Khan M,
Kutala VK, Burry RW, Sun B, Kwiatkowski P, Kuppusamy
P. Labeling of skeletal myoblasts with a novel oxygen-sensing
spin probe for noninvasive monitoring of in situ oxygenation
and cell therapy in heart. Am J Physiol Heart Circ Physiol.
2007;292:H1254-61. https://doi.org/10.1152/ajpheart.01058.200
6

Khan M, Kutala VK, Vikram DS, Wisel S, Chacko SM, Kup-
pusamy ML, Mohan IK, Zweier JL, Kwiatkowski P, Kuppusamy
P. Skeletal myoblasts transplanted in the ischemic myocardium
enhance in situ oxygenation and recovery of contractile function.
Am J Physiol Heart Circ Physiol. 2007;293:H2129-39. https://do
i.org/10.1152/ajpheart.00677.2007

Chacko SM, Khan M, Kuppusamy ML, Pandian RP, Varadharaj
S, Selvendiran K, Bratasz A, Rivera BK, Kuppusamy P. Myo-
cardial oxygenation and functional recovery in infarct rat hearts
transplanted with mesenchymal stem cells. Am J Physiol Heart
Circ Physiol. 2009;296:H1263-73. https://doi.org/10.1152/ajphe
art.01311.2008

Van Eyck AS, Jordan BF, Gallez B, Heilier JF, Van Langendonckt
A, Donnez J. Electron paramagnetic resonance as a tool to evalu-
ate human ovarian tissue reoxygenation after xenografting. Fertil
Steril. 2009;92:374-81. https://doi.org/10.1016/j.fertnstert.2008.
05.012

Manavella DD, Cacciottola L, Desmet CM, Jordan BF, Donnez J,
Amorim CA, Dolmans MM. Adipose tissue-derived stem cells in


https://doi.org/10.1007/978-1-4615-4863-8_29
https://doi.org/10.1007/978-1-4615-4863-8_29
https://doi.org/10.1007/978-1-4419-1241-1_38
https://doi.org/10.1007/978-1-4419-1241-1_38
https://doi.org/10.1161/STROKEAHA.114.007324
https://doi.org/10.1161/STROKEAHA.114.007324
https://doi.org/10.1016/j.jmr.2011.09.043
https://doi.org/10.1016/j.jmr.2011.09.043
https://doi.org/10.1002/ijc.29132
https://doi.org/10.1002/ijc.29132
https://doi.org/10.1007/978-1-4939-0620-8_11
https://doi.org/10.1007/978-1-4939-0620-8_11
https://doi.org/10.1007/s12013-017-0809-2
https://doi.org/10.1007/s00723-021-01376-5
https://doi.org/10.1007/s00723-021-01376-5
https://doi.org/10.1152/ajpheart.01058.2006
https://doi.org/10.1152/ajpheart.01058.2006
https://doi.org/10.1152/ajpheart.00677.2007
https://doi.org/10.1152/ajpheart.00677.2007
https://doi.org/10.1152/ajpheart.01311.2008
https://doi.org/10.1152/ajpheart.01311.2008
https://doi.org/10.1016/j.fertnstert.2008.05.012
https://doi.org/10.1016/j.fertnstert.2008.05.012
https://doi.org/10.47739/2333-7095/1082
https://doi.org/10.47739/2333-7095/1082
https://doi.org/10.1007/BF01759782
https://doi.org/10.1007/BF01759782
https://doi.org/10.1002/mrm.1234
https://doi.org/10.1002/mrm.1234
https://doi.org/10.1016/j.bios.2005.03.009
https://doi.org/10.1088/0967-3334/29/11/001
https://doi.org/10.1088/0967-3334/29/11/001
https://doi.org/10.1007/s10544-009-9394-5
https://doi.org/10.1007/s10544-009-9292-x
https://doi.org/10.1007/s10544-009-9292-x
https://doi.org/10.1007/s10544-009-9298-4
https://doi.org/10.1007/s10544-009-9298-4
https://doi.org/10.1016/j.jmr.2009.12.011
https://doi.org/10.1016/j.jmr.2009.12.011
https://doi.org/10.1007/s10544-018-0272-x
https://doi.org/10.1007/s10544-018-0272-x
https://doi.org/10.1002/mrm.29039
https://doi.org/10.1002/mrm.29039
https://doi.org/10.3389/fonc.2020.572060
https://doi.org/10.3389/fonc.2021.743256
https://doi.org/10.3389/fonc.2021.743256

Drug Delivery and Translational Research (2026) 16:2350-2366

2365

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

a fibrin implant enhance neovascularization in a peritoneal graft-
ing site: a potential way to improve ovarian tissue transplantation.
Hum Reprod. 2018;33:270-9. https://doi.org/10.1093/humrep/de
x374

Manavella DD, Cacciottola L, Pommé S, Desmet CM, Jordan
BF, Donnez J, Amorim CA, Dolmans MM. Two-step transplanta-
tion with adipose tissue-derived stem cells increases follicle sur-
vival by enhancing vascularization in xenografted frozen-thawed
human ovarian tissue. Hum Reprod. 2018;33:1107-16. https://do
i.org/10.1093/humrep/dey080

Desmet CM, Préat V, Gallez B. Nanomedicines and gene therapy
for the delivery of growth factors to improve perfusion and oxy-
genation in wound healing. Adv Drug Deliv Rev. 2018;129:262—
84. https://doi.org/10.1016/j.addr.2018.02.001

Desmet CM, Lafosse A, Vériter S, Porporato PE, Sonveaux P,
Dufrane D, Levéque P, Gallez B. Application of electron para-
magnetic resonance (EPR) oximetry to monitor oxygen in
wounds in diabetic models. PLoS ONE. 2015;10:¢0144914. https
://doi.org/10.1371/journal.pone.0144914

Desmet CM, Vandermeulen G, Bouzin C, Lam MC, Préat V,
Levéque P, Gallez B. EPR monitoring of wound oxygenation as a
biomarker of response to gene therapy encoding hCAP-18/LL37
peptide. Magn Reson Med. 2018;79:3267—-73. https://doi.org/10.
1002/mrm.26956

Polacco MA, Hou H, Kuppusamy P, Chen EY. Measuring flap
oxygen using electron paramagnetic resonance oximetry. Laryn-
goscope. 2019;129:E415-9. https://doi.org/10.1002/lary.28043
Lafosse A, Desmet C, Aouassar N, André W, Hanet MS, Beau-
loye C, Vanwijck R, Poirel HA, Gallez B, Dufrane D. Autologous
adipose stromal cells seeded onto a human collagen matrix for
dermal regeneration in chronic wounds: clinical proof of concept.
Plast Reconstr Surg. 2015;136:279-95. https://doi.org/10.1097/P
RS.0000000000001437

Vériter S, Mergen J, Goebbels RM, Aouassar N, Grégoire C,
Jordan B, Levéque P, Gallez B, Gianello P, Dufrane D. In vivo
selection of biocompatible alginates for islet encapsulation and
subcutaneous transplantation. Tissue Eng Part A. 2010;16:1503—
13. https://doi.org/10.1089/ten. TEA.2009.0286

Vériter S, Aouassar N, Adnet PY, Paridaens MS, Stuckman C,
Jordan B, Karroum O, Gallez B, Gianello P, Dufrane D. The
impact of hyperglycemia and the presence of encapsulated Islets
on oxygenation within a bioartificial pancreas in the presence of
mesenchymal stem cells in a diabetic Wistar rat model. Biomate-
rials. 2011;32:5945-56. https://doi.org/10.1016/j.biomaterials.20
11.02.061

Vériter S, Gianello P, Igarashi Y, Beaurin G, Ghyselinck A,
Aouassar N, Jordan B, Gallez B, Dufrane D. Improvement of
subcutaneous bioartificial pancreas vascularization and function
by coencapsulation of pig Islets and mesenchymal stem cells in
primates. Cell Transpl. 2014;23:1349—-64. https://doi.org/10.3727
/096368913X663550

Wang LH, Ernst AU, An D, Datta AK, Epel B, Kotecha M, Ma M.
A bioinspired scaffold for rapid oxygenation of cell encapsulation
systems. Nat Commun. 2021;12:5846. https://doi.org/10.1038/s4
1467-021-26126-w

Kotecha M, Wang L, Hameed S, Viswakarma N, Ma M, Stabler C,
Hoesli CA, Epel B. In vitro oxygen imaging of acellular and cell-
loaded beta cell replacement devices. Sci Rep. 2023;13:15641. ht
tps://doi.org/10.1038/s41598-023-42099-w

Wang LH, Marfil-Garza BA, Ernst AU, Pawlick RL, Pepper
AR, Okada K, Epel B, Viswakarma N, Kotecha M, Flanders JA,
Datta AK, Gao HJ, You YZ, Ma M, Shapiro AMJ. Inflammation-
induced subcutaneous neovascularization for the long-term sur-
vival of encapsulated Islets without immunosuppression. Nat
Biomed Eng. 2024;8:1266-84. https://doi.org/10.1038/s41551-0
23-01145-8

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

Canavesi I, Viswakarma N, Epel B, Kotecha M. In vivo mouse
abdominal oxygen imaging and assessment of subcutaneously
implanted beta cell replacement devices. Mol Imaging Biol.
2025;27:64-77. https://doi.org/10.1007/s11307-024-01963-5
Mignion L, Desmet CM, Harkemanne E, Tromme I, Joudiou N,
Wehbi M, Baurain JF, Gallez B. Noninvasive detection of the
endogenous free radical melanin in human skin melanomas using
electron paramagnetic resonance (EPR). Free Radic Biol Med.
2022;190:226-33. https://doi.org/10.1016/j.freeradbiomed.2022.
08.020

Wehbi M, Harkemanne E, Mignion L, Joudiou N, Tromme I, Bau-
rain JF, Gallez B. Towards characterization of skin melanoma in
the clinic by electron paramagnetic resonance (EPR) spectroscopy
and imaging of melanin. Mol Imaging Biol. 2024;26(3):382-90.
https://doi.org/10.1007/s11307-023-01836-3

Flood AB, Wood VA, Schreiber W, Williams BB, Gallez B, Swartz
HM. Guidance to transfer ‘Bench-Ready’ medical technology
into usual clinical practice: case Study - Sensors and spectrometer
used in EPR oximetry. Adv Exp Med Biol. 2018;1072:233-9. http
s://doi.org/10.1007/978-3-319-91287-5 37

Draeger E, Roberts K, Decker RD, Bahar N, Wilson LD, Cont-
essa J, Husain Z, Williams BB, Flood AB, Swartz HM, Carlson
DJ. In vivo verification of electron paramagnetic resonance bio-
dosimetry using patients undergoing radiation therapy treatment.
Int J Radiat Oncol Biol Phys. 2024;119:292-301. https://doi.org/
10.1016/j.ijrobp.2023.11.029

Swartz HM, Williams BB, Zaki BI, Hartford AC, Jarvis LA, Chen
EY, Comi RJ, Ernstoff MS, Hou H, Khan N, Swarts SG, Flood
AB, Kuppusamy P. Clinical EPR: unique opportunities and some
challenges. Acad Radiol. 2014;21:197-206. https://doi.org/10.10
16/j.acra.2013.10.011

Petryakov S, Chzhan M, Samouilov A, He G, Kuppusamy P,
Zweier JL. A bridged loop-gap S-band surface resonator for topi-
cal EPR spectroscopy. J Magn Reson. 2001;151(1):124-8. https:/
/doi.org/10.1006/jmre.2001.2349

Schreiber W, Petryakov SV, Kmiec MM, Feldman MA, Meaney
PM, Wood VA, Boyle HK, Flood AB, Williams BB, Swartz HM.
Radiat Prot Dosimetry. 2016;172:87-95. https://doi.org/10.1093/
rpd/ncw153

Stoner JW, Szymanski D, Eaton SS, Quine RW, Rinard GA,
Eaton GR. Direct-detected rapid-scan EPR at 250 MHz. J Magn
Reson. 2004;170:127-35. https://doi.org/10.1016/j.jmr.2004.06.0
08

Tseitlin M, Rinard GA, Quine RW, Eaton SS, Eaton GR. Rapid
frequency scan EPR. J Magn Reson. 2011;211:156-61. https://do
1.0rg/10.1016/j.jmr.2011.05.006

Biller JR, Tseitlin M, Quine RW, Rinard GA, Weismiller HA,
Elajaili H, Rosen GM, Kao JP, Eaton SS, Eaton GR. Imaging of
nitroxides at 250 MHz using rapid-scan electron paramagnetic
resonance. ] Magn Reson. 2014;242:162-8. https://doi.org/10.10
16/.jmr.2014.02.015

Yu Z, Tseytlin M, Eaton SS, Eaton GR. Multiharmonic electron
paramagnetic resonance for extended samples with both narrow
and broad lines. J] Magn Reson. 2015;254:86-92. https://doi.org/
10.1016/j.jmr.2015.03.006

Epel B, Sundramoorthy SV, Krzykawska-Serda M, Maggio MC,
Tseytlin M, Eaton GR, Eaton SS, Rosen GM, Kao JPY, Halp-
ern HJ. Imaging thiol redox status in murine tumors in vivo with
rapid-scan electron paramagnetic resonance. J Magn Reson.
2017;276:31-6. https://doi.org/10.1016/j.jmr.2016.12.015
Samouilov A, Ahmad R, Boslett J, Liu X, Petryakov S, Zweier JL.
Development of a fast-scan EPR imaging system for highly accel-
erated free radical imaging. Magn Reson Med. 2019;82:842-53.
https://doi.org/10.1002/mrm.27759

Tseytlin O, Guggilapu P, Bobko AA, AlAhmad H, Xu X, Epel
B, O’Connell R, Hoblitzell EH, Eubank TD, Khramtsov VYV,

@ Springer


https://doi.org/10.1007/s11307-024-01963-5
https://doi.org/10.1016/j.freeradbiomed.2022.08.020
https://doi.org/10.1016/j.freeradbiomed.2022.08.020
https://doi.org/10.1007/s11307-023-01836-3
https://doi.org/10.1007/s11307-023-01836-3
https://doi.org/10.1007/978-3-319-91287-5_37
https://doi.org/10.1007/978-3-319-91287-5_37
https://doi.org/10.1016/j.ijrobp.2023.11.029
https://doi.org/10.1016/j.ijrobp.2023.11.029
https://doi.org/10.1016/j.acra.2013.10.011
https://doi.org/10.1016/j.acra.2013.10.011
https://doi.org/10.1006/jmre.2001.2349
https://doi.org/10.1006/jmre.2001.2349
https://doi.org/10.1093/rpd/ncw153
https://doi.org/10.1093/rpd/ncw153
https://doi.org/10.1016/j.jmr.2004.06.008
https://doi.org/10.1016/j.jmr.2004.06.008
https://doi.org/10.1016/j.jmr.2011.05.006
https://doi.org/10.1016/j.jmr.2011.05.006
https://doi.org/10.1016/j.jmr.2014.02.015
https://doi.org/10.1016/j.jmr.2014.02.015
https://doi.org/10.1016/j.jmr.2015.03.006
https://doi.org/10.1016/j.jmr.2015.03.006
https://doi.org/10.1016/j.jmr.2016.12.015
https://doi.org/10.1002/mrm.27759
https://doi.org/10.1002/mrm.27759
https://doi.org/10.1093/humrep/dex374
https://doi.org/10.1093/humrep/dex374
https://doi.org/10.1093/humrep/dey080
https://doi.org/10.1093/humrep/dey080
https://doi.org/10.1016/j.addr.2018.02.001
https://doi.org/10.1371/journal.pone.0144914
https://doi.org/10.1371/journal.pone.0144914
https://doi.org/10.1002/mrm.26956
https://doi.org/10.1002/mrm.26956
https://doi.org/10.1002/lary.28043
https://doi.org/10.1097/PRS.0000000000001437
https://doi.org/10.1097/PRS.0000000000001437
https://doi.org/10.1089/ten.TEA.2009.0286
https://doi.org/10.1016/j.biomaterials.2011.02.061
https://doi.org/10.1016/j.biomaterials.2011.02.061
https://doi.org/10.3727/096368913X663550
https://doi.org/10.3727/096368913X663550
https://doi.org/10.1038/s41467-021-26126-w
https://doi.org/10.1038/s41467-021-26126-w
https://doi.org/10.1038/s41598-023-42099-w
https://doi.org/10.1038/s41598-023-42099-w
https://doi.org/10.1038/s41551-023-01145-8
https://doi.org/10.1038/s41551-023-01145-8

2366 Drug Delivery and Translational Research (2026) 16:2350-2366

Driesschaert B, Kazkaz E, Tseytlin M. Modular imaging system: vivo studies. Free Radic Biol Med. 2020;152:271-9. https://doi.o
rapid scan EPR at 800 MHz. J Magn Reson. 2019;305:94-103. h rg/10.1016/j.freeradbiomed.2020.03.018
ttps://doi.org/10.1016/j.jmr.2019.06.003 166. Wehbi M, Mignion L, Joudiou N, Harkemanne E, Gallez B.

164. Epel B, Kao JPY, Eaton SS, Eaton GR, Halpern HJ. Direct mea- Highly sensitive detection of melanin in melanomas using Multi-
surement and imaging of redox status with electron paramagnetic harmonic low frequency EPR. Mol Imaging Biol. 2024;26:484—
resonance. Antioxid Redox Signal. 2024;40(13-15):850-62. http 94. https://doi.org/10.1007/s11307-024-01911-3
s://doi.org/10.1089/ars.2022.0216

165. Gonet M, Baranowski M, Czechowski T, Kucinska M, Plewin- Publisher’s note Springer Nature remains neutral with regard to juris-
ski A, Szczepanik P, Jurga S, Murias M. Multiharmonic electron dictional claims in published maps and institutional affiliations.

paramagnetic resonance imaging as an innovative approach for in

@ Springer


https://doi.org/10.1016/j.freeradbiomed.2020.03.018
https://doi.org/10.1016/j.freeradbiomed.2020.03.018
https://doi.org/10.1007/s11307-024-01911-3
https://doi.org/10.1016/j.jmr.2019.06.003
https://doi.org/10.1016/j.jmr.2019.06.003
https://doi.org/10.1089/ars.2022.0216
https://doi.org/10.1089/ars.2022.0216

	﻿Electron paramagnetic resonance (EPR) meets drug delivery and biomaterials: a magnetic love story
	﻿Abstract
	﻿Introduction: EPR in biomedical research
	﻿Principle of EPR – Parameters relevant to drug delivery and biomaterials
	﻿Applications of EPR in drug delivery systems
	﻿Role of EPR in theranostics
	﻿Contribution of EPR to biomedical materials science
	﻿Drug delivery systems and biomaterials to expand EPR applications in oxygen and nitric oxide sensing
	﻿Current challenges and future perspectives: potential clinical integration and interdisciplinary synergies

	﻿Conclusions
	﻿References


