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s ABSTRACT: In this study, we report the synthesis and character-
6 ization of nitroxide-functionalized silica nanoparticles incorporating a
7 TEMPO-based spin label. These nanoparticles were prepared through
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introduced via a TEMPO-modified silane, synthesized by coupling 4-
10 amino-TEMPO with 3-(triethoxysilyl)propylsuccinic anhydride. By
11 adjusting experimental parameters, we successfully modulated the = | -
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radical surface density, obtaining values ranging from 0.36 to 2.83
radicals/nm?, as determined by UV spectroscopy. Relaxometric
measurements showed that both longitudinal (r;) and transverse
(r,) relaxivities were strongly influenced by radical density, reaching
maximum values of 5.42 and 11.94 s™'mM™', respectively,
corresponding to enhancements of up to 489% (r;) and 712% (r,)
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18 compared to free 4-amino-TEMPO (at 20 MHz). Interestingly, high surface loading led to a decrease in relaxivity, highlighting the
19 role of spin—spin interactions in modulating the relaxation process. Phantom electron paramagnetic resonance imaging (EPRI)
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22 l INTRODUCTION

23 Magnetic resonance imaging (MRI) is one of the most widely
24 used imaging methods, which is routinely employed in clinical
25 settings to detect a range of pathologies, including cancers,
26 strokes, and inflammatory conditions. Despite its advantages,
27 the low sensitivity inherent in MRI often requires the use of
28 contrast agents to improve image quality and diagnosis. These
29 agents work by modifying the water proton relaxation times,
30 thereby improving the visibility of certain tissues and
31 facilitating a more accurate diagnosis. Gadolinium-based
32 contrast agents (GBCAs) are among the most commonly
33 used due to their high 'H relaxivity and wide availability.
34 However, concerns about their potential toxicity have emerged
35 in recent years.1

36  Studies have highlighted that repeated administration of
37 GBCAs may be linked to nephrogenic systemic fibrosis and
38 gadolinium accumulation in the brain.”” While macrocyclic
39 gadolinium complexes have been developed to reduce these
40 risks, safety concerns persist, and the development of
41 gadolinium-free contrast agents has become a priority.
4 Among the most studied alternatives are iron oxide nano-
43 particles (NPs), which exhibit superparamagnetic properties
44 suitable for MRI and avoid the toxicity risks associated with
45 free gadolinium ions.™ Several formulations, such as Endorem
46 (Feridex in the U.S.) and Sinerem, were previously approved
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demonstrated improved contrast and resolution for formulations with low radical densities, highlighting the importance of surface
engineering to optimize the nanoparticle performance for EPRI applications.

for clinical use as liver and lymph node contrast agents,
respectively. However, these agents were eventually withdrawn
from the market due to limited clinical demand and challenges
related to image interpretation and pharmacokinetics.
Nitroxides are another class of compounds of interest
consisting of relatively stable organic radicals (under mild
conditions). They have been extensively investigated for a
variety of applications, ranging from antioxidants®” to spin
labeling for electron paramagnetic resonance (EPR).® Due to
their unpaired electron, nitroxides can potentially be used as
contrast agents for MRI. However, compared with GBCAs,
their relaxivity is significantly lower, typically ranging from 0.1
to 0.5 mM"s™! at 37 °C under high magnetic fields. These
low relaxivity values are attributed partly to the presence of a
single unpaired electron (compared to 7 for gadolinium) and
partly to the fact that relaxation mechanisms of free nitroxide
radicals mainly involve outer sphere interactions.”'® In
addition, it should be mentioned that nitroxide radicals can

Received: April 1, 2025
Revised:  July 1, 2025
Accepted: July 2, 2025

https://doi.org/10.1021/acs.langmuir.5c01616
Langmuir XXXX, XXX, XXX=XXX


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pierre+Ernotte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amandine+Maes"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sarah+Garifo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Isalyne+Drewek"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yves-Michel+Frapart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+N.+Muller"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitri+Stanicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dimitri+Stanicki"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sophie+Laurent"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.langmuir.5c01616&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.langmuir.5c01616?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://pubs.acs.org/Langmuir?ref=pdf
https://pubs.acs.org/Langmuir?ref=pdf

65
66
67
68
69
70
7
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87

—

Langmuir

pubs.acs.org/Langmuir

be readily reduced by biological reducing agents, such as
vitamin C or glutathione (GSH),""'” in diamagnetic hydroxyl-
amine, which does not affect water relaxation. Consequently,
the contrast generated by nitroxides is transient and can only
be observed for a limited period in biological media. Some
recent reports have highlighted that nanotechnology-based
strategies may appear promising to overcome the limitations of
nitroxides. In this context, several types of formulations'*~"°
have been investigated, including dendrimers, gold nanorods,
micelles, or proteins. Each of these systems has been shown to
either significantly enhance nitroxide 'H relaxivity'”~'? and/or
improve radical chemical stability. For example, in 2017, H.
Nguyen et al.”’ demonstrated that the association of nitroxides
with brush-arm star polymers leads to a substantial increase in
both transverse relaxivity (reaching 7.40 mM's™') and
nitroxide stability. More recently,21 nitroxide-anchored chito-
san NPs have been successfully used to visualize tumors in
mice using T-weighted MRI.

Among the diverse types of nanosystems, silica NPs (SNPs)
are considered one of the most promising classes, garnering
increasing interest due to their favorable safety profile,””*
including biodegradability and low cytotoxicity, which makes
these systems particularly suitable for biomedical applications.

88 Another key advantage of SNPs is their ease of functionaliza-
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tion, as their surface can be readily tailored through silane
chemistry to optimize interactions with biological environ-
ments and enhance biocompatibility (e.g., polyethylene glycol
(PEG) grafting is a common strategy to improve colloidal
stability and reduce recognition by the mononuclear phagocyte
system). Moreover, a wide variety of compounds can be
encapsulated within their cores during synthesis. As a result,
SNPs have been extensively explored in imaging applications,
especially for improving the contrast performance of existing
MRI agents.m_27

Given the physicochemical properties of SNPs (notably,
their ability to restrict molecular motion and maintain
structured hydration layers), the immobilization of nitroxide
radicals on such solid supports is expected to modulate key
relaxation parameters. In particular, covalent attachment to the
NP surface should increase the rotational correlation time of
the radicals, while the high surface hydrophilicity of SNPs may
foster prolonged interactions with the surrounding water
molecules. Both effects are favorable to the above-mentioned
outer sphere relaxation mechanisms and support the
hypothesis that conjugating nitroxides to SNPs could enhance
their relaxometric efficiency.

For these reasons, novel nitroxide-modified SNPs were
developed to investigate both proton relaxivity and radical
stability, particularly under reducing conditions. The strategy
involved anchoring a silane derivative of TEMPO onto the
surface of SNPs synthesized via a reverse microemulsion
process. By tuning the synthesis parameters, we successfully
modulated the surface density of nitroxide groups, which in
turn significantly influenced the relaxometric behavior of the
resulting NPs. Nitroxide-functionalized NPs have also been
identified as promising probes for EPR imaging (EPRI).”® In
this context, their effectiveness was demonstrated through
phantom imaging, revealing encouraging results. Importantly,
variations in radical surface density were shown to impact
image resolution, indicating that fine-tuning this parameter
could further enhance the NP performance in EPRI
applications.

B MATERIALS AND METHODS

Materials. Triton X-100, ammonium hydroxide (30—33%), hexan-
1-ol, tetraethylorthosilicate (TEOS, 99.9%), and sodium ascorbate
were purchased from Sigma-Aldrich (Belgium); cyclohexane (99.9%),
acetone (98%), diethyl ether (99%), dichloromethane (99%), ethanol
(99%), and amino-TEMPO were purchased from VWR (Belgium);
(3-triethoxysilyl)propyl succinic anhydride (TEPSA) was purchased
from Gelest Inc. (Morrisville, USA); silanated PEG MW = 1 kDa (Si-
PEGy,) was purchased from Biopharma PEG (Watertown, USA). All
of the materials mentioned above were used directly, without any
further treatment. Stirred cells and membranes for ultrafiltration
(MWCO = 100 kDa) were purchased from Merck Millipore (USA).
Membranes Spectra/Por (MWCO = 12—14 kDa) for dialysis were
acquired from VWR (Belgium).

Methods. Synthesis of TEPSA—TEMPO. TEPSA (200 uL, 0.711
mmol) was dissolved in dichloromethane (5 mL), and then amino-
TEMPO (122.6 mg, 0.697 mmol) was added. The solution was left
under stirring for 4 h, and the reaction was followed by electrospray
ionization—mass spectrometry (ESI-MS) until disappearance of the
amino-TEMPO signal. The solvent was removed under a vacuum to
obtain an orange solid. The crude product was used in the next step
without further purification. ESI(+)—MS [MH]* m/z 478. '"H NMR
(500 MHz, D,0): § (ppm) 4.14 (m, 1H, a), 3.64 (q, ] = 6.9 Hz, 6H,
b), 2.59 (m, 2H, c), 2.33—2.17 (m, 1H, d), 2.02 (d, J = 12.9 Hz, 4H,
e), 1.92 (s, 2H, f), 1.61 (m, 4H, g + h), 1.22 (m, 1SH, i + j), 0.80—
0.60 (m, 2H, k) (refer to Figure S2 for peak assignment).

Preparation of TEMPO-Modified SNPs. A water-in-oil (w/o)
reversed-phase microemulsion was prepared by mixing cyclohexane (9
mL), hexanol (2 mL), Triton X-100 (2 mL), and deionized water (1
mL) in an amber flask. The mixture was stirred at room temperature
for 30 min, after which TEOS (100 uL, 0.45 mmol) was added. After
an additional 30 min, NH,OH (30%, 60 uL) was introduced, and the
solution was stirred continuously for 24 h at room temperature. Next,
TEOS (50 uL, 0.22 mmol) was added, followed 30 min later by the
addition of the organosilane derivative. For the SNP 1.1—1.3 batches,
only TEPSA—TEMPO was added (32 mg, 0.068 mmol; 25 mg, 0.053
mmol; or 18.5 mg, 0.039 mmol for SNP 1.1, SNP 1.2, and SNP 1.3,
respectively). For the SNP 2.1 and 2.2 batches, a co-grafting strategy
was employed, using a fixed amount of Si-mPEG (20 mg, 0.0S
mmol) and varying amounts of TEPSA—TEMPO (18.5 mg, 0.039
mmol and 12 mg, 0.025 mmol for SNP 2.1 and SNP 2.2,
respectively). After an overnight reaction, the particles were
precipitated by adding a 1:1 acetone/diethyl ether mixture (20
mL), isolated via centrifugation (10 min at 6000 rpm), and washed
twice with ethanol (5 mL). The particles were then redispersed in 2
mL of deionized water, followed by dialysis against deionized water
(MWCO = 12—14 kDa) for 3 days at 35 °C. Finally, the solution was
concentrated to 1 mL using ultrafiltration.

Characterization Techniques. Dynamic light scattering (DLS)
measurements of NP suspensions were performed using a Zetasizer
Nano ZS particle size analyzer (He—Ne laser, 633 nm; Malvern
Instruments, Worcestershire, UK) on diluted suspensions (1 mg/
mL). The mean hydrodynamic diameter size and the polydispersity
index (PDI) of particle suspension were measured in aqueous media
at 25 °C. Transmission electron microscopy (TEM) images were
recorded to determine particle morphological details using a Fei
Tecnai 10 microscope (Oregon, USA) working at an operating
voltage of 80 kV. Each TEM specimen was prepared using silica
suspension (0.1 mg/mL) that was dropped onto 300 mesh carbon-
coated Formvar grids from Ted Pella Inc. After slow evaporation of
the water in air at room temperature, particles were observed.
Statistical analysis was extracted from multiple image examinations of
each sample using iTEM software (Miinster, Germany). By measuring
diameter size over 250 counted NPs for each sample, the mean
diameter (DT®M), the PDI (PDI™™) and a standard deviation from
the corresponding particle suspension were calculated.”

For practical reasons, the nitroxide concentration was quantified by
UV spectroscopy using a Lambda3S UV/vis spectrophotometer
(PerkinElmer, USA) with a blank containing nitroxide-free SNPs. The
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Figure 1. (a) Reaction scheme to obtain the silanized TEMPO derivative (TEPSA—TEMPO); (b) schematic representation of SNP synthesis
using the reversed microemulsion method and their surface functionalization with TEPSA—TEMPO (SNP 1.1—1.3) or with a mixture of Si-PEG

and TEPSA—TEMPO (SNP 2.1-2.2).

196 nitroxide concentration was deduced from the maximum absorption
197 band at 242 nm. 'H NMR spectra were acquired on a S00 MHz
198 Bruker Avance II instrument (Bruker, Germany). For the particle
199 suspensions, spectra were recorded at 25 °C in H,0/D,0 (9/1) using
200 a water 'H NMR peak suppression sequence. Chemical shifts (5) are
201 reported in ppm, coupling constants | are given in Hz, and the
202 following abbreviations were used for the resonance multiplicity: s for
203 singlet, d for doublet, q for quadruplet, and m for multiplet. Prior to
204 analyses, the radicals were reduced by the addition of 10 uL of
205 phenylhydrazine. Mass spectra were acquired in positive mode by
206 using a ZQ spectrometer (Waters, Manchester, UK) equipped with an
207 ESI source (ESI*)—MS). Relaxometric properties of the aqueous
208 suspension were determined at 37 °C (£0.1 °C). Both R, and R, were
209 measured at 20 MHz (0.47 T) and 60 MHz (1.51 T) on Bruker
210 Minispec mq-20 and mq-60 (Karlsruhe, Germany), respectively.

211 The relative error in relaxation time measurements was below
212 4%.>° Relaxivities r; and r, (in mM™ s™!) were calculated using the
213 following relation

R — R,dia
214 [nitroxide] (1)

215 where R; = e R¥2 js the diamagnetic relaxation contribution of water

216 (0.283 s! at 37 °C), and [nitroxide] the nitroxide concentration
217 (obtained by UV spectroscopy).

218 The radical stability under reducing conditions was evaluated by 'H
219 relaxometry. A volume (360 uL) of the SNP suspensions in PBS at
220 pH 7.4 was prepared. An ascorbate solution in PBS (15 xL; 250 mM)
221 was added to the SNP suspension, reaching a final ascorbate
222 concentration of 10 mM. The evolution of the T, relaxation time
223 was followed over time at 37 °C and 20 or 60 MHz.

24  The mean number of nitroxides per NP (d™™™P©) was estimated
225 based on the following experimental data: the NP radius, determined
226 by TEM microscopy (D™M) and the mass of silica (m) obtained after
227 drying 1 mL of colloidal suspension. By considering the volume of a
228 spherical particle, the mass associated with a single particle

29 M = Vap? (2)
230 and the bulk material density (p = 2.4 g cm™ at 20 °C), the mass of a

231 single NP (myp) in suspension was calculated. The number of NPs in
232 the sample (nyp) was determined using the following relation

o = 1
NP g (3) 233
By incorporating Avogadro number and the nitroxide concen- 234
tration, the number of nitroxide per particle was then calculated 235
- [nitroxide] N,
m "np (4) 236
and was normalized by the surface area 237
Mrad
47 (8) 238

L-band EPR spectra and EPR phantom images were recorded by 239
using an L-band Bruker CW ELEXSYS ES40L spectrometer. The 240
following parameters were used: microwave frequency: 1.105 X 10° 241
Hz; amplitude modulation: 2.000 G; and frequency modulation: 50 242
kHz. The other parameters were optimized, depending on the sample. 243
The samples were placed in glass capillaries of various diameters to 244
estimate the image resolution. Images were reconstructed using a 245
procedure with total variation regularization.”’ X-ray microtomo- 246
graphs: Micro-CT imaging was performed using an 1178 X-ray 247
computed scanner (SkyScan, Kontich, Belgium) to visualize the inner- 248
glass capillaries. 249

Spectrum simulations were performed using EasySpin (ver. 6.0.6) 250
in MATLAB R2022a. Initially, the broad signal was simulated using 251
the garlic function, which does not account for correlation time, and a 252
large line width was applied to isolate this component. After the 253
simulated broad signal was subtracted from the experimental 254
spectrum, the remaining sharp signal was simulated using the chili 255
function, which incorporates correlation time. This simulation 256
corresponds to the so-called “sharp signal”. The sharp signal was 257
then subtracted from the raw spectrum, and the residual broad signal 258
was resimulated using the chili function to determine the parameters 259
corresponding to the “large signal”. 260

B RESULTS AND DISCUSSION 261

Synthesis and Characterization of Nitroxide-Modi- 262
fied SNPs. Nitroxide-modified SNPs were obtained using a 263
reverse w/o microemulsion process,”” using TEOS as the silica 264
precursor (Figure 1). The process begins by preparing a 265f
reverse w/o microemulsion with a cyclohexane/hexanol/ 266
Triton X-100/water mixture in a 9:2:2:1 volume ratio. TEOS 267
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Figure 2. TEM images and corresponding size distributions obtained for the studied systems and their DLS intensity weighted size distribution
(scale bar: 200 nm). The mean diameters D™ were estimated from several TEM images recorded for each triplicate.

Table 1. Physicochemical Properties of the Different Nitroxide-Modified SNPs; Relaxometric Measurements Were Performed

at 37 °C
relaxivities at 37 °C (mM™' s7%)
20 MHz 60 MHz

sample name surface composition n 1, r 1 dTEMPO (3 i/nm?) D™M (nm)
amino-TEMPO _ 0.17 0.21
SNP 1.1 TEPSA—TEMPO 0.92 1.47 0.63 1.35 2.83 28.1 + 4.2
SNP 1.2 0.92 1.84 0.61 1.82 1.46 22 + 4.2
SNP 1.3 1.15 2.87 0.75 2.86 0.94 26.8 + 4.6
SNP 2.1 TEPSA—-TEMPO/PEG 2.35 5.69 1.51 5.53 0.56 289 + 4.8
SNP 2.2 5.42 11.94 3.90 10.86 0.36 327 £ 53

268 was then added, followed by ammonia, to catalyze precursor
269 hydrolysis and initiate polymerization. After a reactivation step,
270 the particles were coated either with a TEMPO-modified silane
271 (synthesized by reacting amino-TEMPO with TEPSA; SNP
272 1.1 to 1.3) or with a mixture of TEMPO-silane and PEG-silane
273 (SNP 2.1 and SNP 2.2). For a fixed quantity of inorganic
274 material, various amounts of coating agents were employed in
275 order to induce variations in the overall radical surface
276 densities.

277 By proceeding this way, spherical and monodisperse
278 particles with average diameters ranging from ~20 to ~30
279 nm, as determined by TEM microscopy, were obtained (Figure
280 2). Colloidal stability in water was assessed via DLS, showing a
281 narrow monomodal size distribution for all samples with an

average hydrodynamic diameter (dy) between 27 and 78 nm 252
(Figure 2). 283

After purification through dialysis and ultrafiltration, surface 284
modification was confirmed by using Fourier transform 2ss
infrared (FTIR) and '"H NMR. FTIR spectra (see Supporting 2s6
Information, Figure S1) revealed characteristic bands of the 257
SiO, matrix observed around 1100, 960, and 790 cm™, 288
corresponding to Si—O—Si asymmetric stretching vibrations, 289
Si—OH stretching, and Si—O-—Si symmetric stretching, 290
respectively. The grafting of the TEMPO derivative was 291
confirmed by the appearance of C=0 stretching (1716 cm™"), 292
N-O stretching (1550 cm™), C—H bending (1455 cm™), 293
and C—H stretching around 2900 cm™. After treatment with 294
phenylhydrazine to reduce paramagnetic radicals, 'H NMR 295
analysis (Figure S2) was performed and confirmed the surface 296
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Figure 3. Plot of the relaxivities of particles versus their radical densities (20 and 60 MHz and 37 °C).

modification. Comparison of bare SNPs with TEPSA—
TEMPO-treated particles showed the appearance of character-
istic signals attributable to the methyl protons of the
heterocycle (1.2, 1.95, and 4.1 ppm) and the propyl chain
(0.6, 1.4, and 1.8 ppm). Concerning SNP 2 samples (ie.,
PEGylated samples), additional signals at 3.6 and 3.3 ppm
attributed to the protons of the methoxylated PEG chains
confirmed the success of co-grafting.

The quantity of anchored nitroxides was determined by UV
spectroscopy at 242 nm. As expected, our approach allowed for
variation in radical density, with values ranging from 0.36 to
2.83 radicals/nm?* (Table 1).

Evaluation of the Relaxometric Properties. TEMPO
density variations significantly impacted the relaxometric
performance of the NPs, with values at 20 MHz ranging
from 0.92 to 5.42 s~ -mM™" for r, and from 1.47 to 11.94 s~
mM™! for r,. This corresponds to increases of approximately
489% and 712% for r; and r,, respectively, compared to free
amino-TEMPO (20 mM) for the least effective sample (SNP
1.1). These findings indicate that despite their lower magnetic
moment compared to that of Gd**, nitroxides such as TEMPO
can still exhibit substantial relaxivity under optimal dynamic
conditions. This behavior is closely linked to their molecular
motion.>* In aqueous solution, free radicals tumble rapidly
(7g on the order of tens of picoseconds), a regime that poorly
matches the Larmor frequency of protons and limits the
efficiency of dipolar relaxation.’*™* Upon tethering to larger
structures such as SNPs, the rotational motion of nitroxides is
strongly hindered, increasing 7y to several nanoseconds. This
slowing down brings the modulation of the dipolar interaction
into a regime that is more favorable for outer sphere relaxation.
Notably, this rotational restriction is often accompanied by an
increase in the electron spin relaxation time (rg), which
typically reaches values around 500 ns in fast-tumbling systems
(at room temperature and moderate magnetic fields, >350
mT),**7*? and extends to a few microseconds when motion is
restricted, such as in viscous media or when tethered to large
structures®> > (for comparison, the electronic spin relaxation
time for gadolinium is on the order of 107° seconds™”).
Together, these changes facilitate more efficient proton
relaxation through dipolar coupling.

In addition, one may suggest that anchoring nitroxides to
hydrophilic surfaces such as silica may prolong the residence
time of water molecules near the paramagnetic sites, effectively

increasing the translational correlation time. This sustained
interaction further enhances dipolar relaxation pathways and
contributes to the observed increase in the r, and r, values.

At first glance, one might expect a higher radical density to
correlate with higher proton relaxivity, given the greater
number of unpaired electrons. Interestingly, it can be noticed
that increasing radical density on the particle surface has a
negative impact on both observed relaxivity values (Figure 3).
Similar observations were made at a higher magnetic field.

We hypothesize that the decrease in relaxivity observed at
high nitroxide densities arises from stronﬁ spin—spin
interactions between neighboring radicals.””*' At high
TEMPO densities, the reduced average distance between
nitroxides likely leads to enhanced dipolar and exchange
interactions between radical electron spins. These interactions
shorten the electron relaxation times, thereby diminishing the
efficiency of the dipolar coupling between the unpaired
electron and nearby water protons and thus reducing relaxivity.
Thus, optimal nitroxide relaxivity is achieved when radicals are
sufficiently isolated to minimize spin—spin interactions while
still benefiting from the local chemical environment and
restricted rotational mobility provided by NP immobilization.
In this context, PEGylation plays a crucial role, as the PEG
chains help maintain spatial separation between individual
TEMPO moieties, effectively limiting detrimental inter-radical
interactions. This spatial isolation contributes to keeping
longer electron relaxation times, thereby enhancing relaxivity.
This behavior is well documented in EPR studies, where strong
interspin interactions are known to reduce radical relaxivity
performance.

EPR Spectroscopy and Imaging. To investigate the
effect of inter-radical proximity on EPR spectral characteristics,
L-band EPR spectroscopy (Figure 4) was performed on two
samples with markedly different TEMPO densities, SNP 1.1
and SNP 2.1. The spectrum of the sample with lower radical
density (SNP 2.1) displayed the characteristic nitroxide triplet
(Figure 4), though the intensity of the third peak was
diminished, likely due to reduced nitroxide mobility following
grafting onto the NP surface.”” In contrast, the spectrum of the
higher-density sample (SNP 1.1) showed notable deviations,
including a steeper slope and broader signal base, indicative of
enhanced spin—spin interactions.”’ A distinct increase in signal
width was observed for SNP 1.1 compared to SNP 2.1, with
peak-to-peak distances of 0.252 and 0.220 mT, respectively.
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Figure 4. L-band EPR spectra of (a) SNP-TEMPO (SNP 1.1) and (b) SNP-TEMPO-PEG (SNP 2.1). (c,d) Micro-CT anatomic 2D images of the
glass capillaries used to image SNP 1.1 and SNP 2.1, respectively; (ef) reconstruction EPRI image obtained from SNP 1.1 and SNP 2.1,
respectively; and (gh) superimposition of the micro-CT image and the corresponding EPR image obtained from SNP 1.1 and SNP 2.1,

respectively.

These differences became even more pronounced upon
integration of the spectra, revealing two distinct nitroxide
populations: a broad signal superimposed on the expected
triplet. The broader component likely corresponds to radicals
in densely packed regions, where stronger interspin inter-
actions prevail, whereas the sharper triplet could be attributed
to more isolated radicals (Figure 4b).

The data obtained by fitting the experimental results appear
to support this hypothesis (see Supporting Information, Table
S1), suggesting that the two populations detected by EPR may
correspond to distinct localizations of radicals within the NPs.
This interpretation is plausible if we assume that these SNPs
exhibit a certain degree of porosity. The “broad” spectral
component, characterized by a longer correlation time (25 ns
for SNP 1.1 and 100 ns for SNP 2.1), likely corresponds to

radicals embedded or confined within the pores, where
restricted mobility and close proximity favor dipolar inter-
actions. In contrast, the “sharp” component, with correlation
times on the order of nanoseconds, is attributed to more
mobile radicals located on the particle surface, where increased
spatial separation maintains higher mobility and rotational
freedom.

This hypothesis is further substantiated by structural
characterization data. Although designed to be solid and
nonporous, nitrogen adsorption/desorption isotherms (Figure
Sa) suggest the presence of mesopores between 2 and 4 nm in
diameter.” A comparison of specific surface area (SSA)
between radical-functionalized and nonfunctionalized particles
supports this interpretation, with SSA decreasing significantly
from 195 m?/ g to 124.2 m?/ g following surface modification,
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Figure 5. (a) BET isotherm plots from uncoated (red dots) and TEMPO-modified SNP (blue dots) prepared by the microemulsion process and
(b) schematic representations of the rugosity of the SNP showing that the proximity of the radicals increases inside the pores.

approaching the theoretical SSA for solid particles of this size
(~111 m*/g). These findings reinforce the notion of structural
heterogeneity in radical distribution, governed by the surface
architecture of the NPs, with some radicals being confined
within mesopores, where restricted mobility and close
proximity enhance spin—spin interactions (Figure Sb), while
others are located on the external surface, exhibiting greater
freedom and weaker interactions.

To assess whether the observed spectral differences
impacted EPRI sensitivity, phantom images were acquired
using samples placed in glass tubes of varying diameters: one
3.5 mm tube, four 2.7 mm tubes, and smaller capillaries
ranging from 0.7 to 0.3 mm. Image reconstruction was
performed using an advanced algorithm incorporating total
variation regularization, developed by Abergel et al.>' For the
SNP 1.1 sample, only the larger tubes (3.5 and 2.7 mm) were
visible in the reconstructed images. In contrast, the SNP 2.1
sample enabled the visualization of smaller capillaries, down to
0.7 mm in diameter, demonstrating superior spatial resolution.
Finally, overlaying the EPR phantom images with a CT scan of
the glass tubes confirmed that the shape and position of the
EPR signals accurately matched the original tube geometry
(Figure 4c—h).

Radical Stability Evaluation. Nitroxide chemical stability
was evaluated by monitoring T, relaxation at 20 MHz over
time in a 10 mM ascorbate solution. Upon reduction to
diamagnetic hydroxylamines, the radicals lose their para-
magnetic properties, leading to a decrease in 'H relaxivity
(Figure 6). Under these conditions, free amino-TEMPO
([TEMPO] = 20 mM) showed rapid reduction with a half-
life (t,/,) of 17.3 s, indicating low stability. In contrast, when
radicals were grafted onto the surface of PEGylated SNPs
(SNPs), a plateau was reached after approximately 10 min,
resulting in a significantly extended t;/, of 105.5 s. This
enhanced stability is likely due to steric hindrance provided by
the PEG chains, which shield the radicals from reducing
agents.

The specific contribution of PEG to chemical stabilization
could not be fully isolated, as non-PEGylated particles
exhibited poor colloidal stability and precipitated rapidly
upon dilution in the test medium. Nevertheless, co-grafting
TEPSA—TEMPO and PEG markedly improved resistance to
reduction compared to free nitroxides, although the resulting
stability was still lower than typically reported for nano-
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Figure 6. Evolution of the transverse relaxation rate (R,) against time
of amino-TEMPO (red dots) and SNP 2.1 (blue dots) in 10 mM
ascorbate solution (PBS, pH 7.4, T°: 37 °C).

particulate nitroxides, which may be seen as suboptimal. To 4s9
further improve the stability, we explored radical encapsulation 460
within the NP matrix. This strategy significantly increased t,/, 461
values—from 105.5 s for surface-bound radicals to several 462
hours (Figure S3), demonstrating effective protection in 463
reducing environments. However, as anticipated, this approach 464
resulted in significant signal broadening (data not shown),
highlighting a trade-off between radical stability and EPR signal 466
resolution.

B CONCLUSIONS

Due to their paramagnetic properties, nitroxides have the 469
potential to be used as MRI contrast agents, offering an 470
alternative to gadolinium-based compounds. However, com- 471
pared to GBCAs, their relaxivity is significantly lower, which is 472
partly due to the relaxation mechanisms of free nitroxide 473
radicals, grimarﬂy involving outer sphere interactions. Recent 474
studies'®*"** have suggested that incorporating nitroxides 475
within nanosystems can greatly enhance their proton relaxivity 476
and improve radical stability, positioning these metal-free NP 477
systems as promising candidates for generating strong and 478
long-lasting signals in vivo. When these systems are compared, 479
significant variations in their relaxivities are observed with a 480
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strong dependence on structure. While NP chemical
composition is crucial in determining these properties, several
studies highlight the importance of dynamic parameters in
enhancing radical relaxivity.*>*” In this context, silica was
selected as the primary material due to its favorable properties
and versatile chemistry. This versatility enables precise tuning
of the radical microenvironment, such as polarity, water
diffusion, radical proximity, and mobility, all of which impact
the overall relaxation behavior.

Monodisperse SNPs with varying surface radical densities
were synthesized by using the microemulsion method. As
anticipated, TEMPO functionalization enhanced both longi-
tudinal and transverse relaxivities compared to free amino-
TEMPO. Notably, lower nitroxide surface densities led to
significantly higher relaxivity values, an important observation
for the future development of nitroxide-based NP contrast
agents. This effect is likely due to reduced spin—spin
interactions between neighboring radicals, which can otherwise
lead to a relaxivity decrease.

While large NP doses (several tens of milligrams) are
typically required to achieve measurable relaxation time
reductions in MRI applications, SNPs with optimized radical
density may be better suited for EPRI, where lower radical
densities enhance spatial resolution. Beyond sensitivity,
nitroxide stability in reducing environments remains crucial.
Co-grafting TEPSA—TEMPO and PEG significantly improved
radical stability against ascorbate reduction compared to free
nitroxides, likely due to steric protection from PEG chains.
However, this stabilization is still less pronounced than that
commonly reported for other nanoparticulate nitroxides, which
may be considered suboptimal.

Overall, this study demonstrates that tuning nitroxide
density and NP design can markedly improve proton relaxivity
and radical stability—both critical for imaging probe perform-
ance. Further exploration of alternative encapsulation strategies
or coatings may address chemical stability challenges while
minimizing adverse effects on EPR signal quality.
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