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4 ABSTRACT: Nitroxides are an important class of radical trapping antioxidants whose promising biological activities are connected
5 to their ability to scavenge peroxyl (ROO•) radicals. We have measured the rate constants of the reaction with ROO• (kinh) for a
6 series of 2,2,6,6-tetramethylpiperidinooxy (TEMPO) derivatives as 5.1 × 106, 1.1 × 106, 5.4 × 105, 3.7 × 105, 1.1 × 105, 1.9 × 105,
7 and 5.6 × 104 M−1 s−1 for −H, −OH, −NH2, −COOH, −NHCOCH3, −CONH(CH2)3CH3, and O substituents in the 4
8 position, with a good Marcus relationship between log (kinh) and E° for the R2NO

•/R2NO
+ couple. Newly synthesized Pluronic-

9 silica nanoparticles (PluS) having nitroxide moieties covalently bound to the silica surface (PluS−NO) through a TEMPO−
10 CONH−R link and coumarin dyes embedded in the silica core, has kinh = 1.5 × 105 M−1 s−1. Each PluS-bound nitroxide displays an
11 inhibition duration nearly double that of a structurally related free nitroxide in solution. As each PluS−NO particle bears an average
12 of 30 nitroxide units, this yields an overall ≈60-fold larger inhibition of the PluS−NO nanoantioxidant compared to the molecular
13 analogue. The implications of these results for the development of novel nanoantioxidants based on nitroxide derivatives are
14 discussed, such as the choice of the best linkage group and the importance of the regeneration cycle in determining the duration of
15 inhibition.

16 KEYWORDS: nanoparticles, antioxidant, nitroxides, proton-coupled electron transfer, peroxyl radicals, lipid peroxidation

1. INTRODUCTION

17 Nanomaterials with antioxidant properties (nanoantioxidants)
18 represent an emerging strategy to counteract oxidative spoilage
19 of organic materials and to modulate redox reactions in

f1 20 biological systems (see for instance lipid peroxidation in Figure
f1 21 1A).1 They can provide large local concentration,2 stabiliza-

22 tion, and controlled release of labile antioxidants,3 and the
23 possibility to target specific cells or organs.4 The antioxidant
24 activity can be displayed by intrinsically redox-active nanoma-
25 terials (i.e., metal oxides, melanins, lignins)1 or can be obtained
26 by anchoring small-molecule antioxidants to the surface of
27 inert scaffolds.1 Surface functionalization is typically performed
28 by exploiting natural and synthetic antioxidants including
29 glutathione,5 carotenoids,6 gallic acid,7 curcumin,8 α-tocopher-
30 ol analogues,9,10 and butylated hydroxytoluene (BHT).11

31 Although phenols represent the most common surface-active
32 antioxidant agents, their efficacy is drastically diminished by
33 their instability under air.12,13 In water, phenols typically

34degrade by the deprotonation of ArOH groups, followed by
35the reaction with O2 generating superoxide (O2

•−/HOO•) and
36phenoxyl radicals.12 In the context of our ongoing research in
37the field of nanoantioxidants, we envisaged that these
38shortcomings could be overcome using hindered nitroxides
39as surface-bound antioxidants.
40These compounds (see Figure 1B) are a class of persistent
41radicals characterized by high stability in water under air.14

42The most popular nitroxides are those belonging to the 2,2,6,6-
43tetramethylpiperidinooxy (TEMPO) family. Nitroxides are
44excellent traps for alkyl (R•) and alkylperoxyl radicals (ROO•)
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45 that are the main radicals involved in the peroxidation of
46 organic compounds (see Figure 1A).15−21 Nitroxides have
47 promising pharmacological activity such as the inhibition of
48 ferroptosis,22 reduction of inflammation caused by Mycobacte-
49 rium tuberculosis,23 and protection from retinopathy24 and from
50 ischemia−reperfusion.25 Given these premises, it was surpris-
51 ing to find that nitroxides have received only little attention in
52 the field of nanoantioxidants, despite the fact that there are
53 many examples of surface-anchored nitroxides for different
54 applications (i.e., oxidation catalysis,26 organic batteries,27

55 etc.). The examples that appeared so far in literature are
56 micellar assemblies of nitroxide-poly(ethylene glycol) (PEG)
57 surfactants,4,28 self-assembled amphiphilic block copolymers
58 having nitroxide pendants,29 and Au-PEG-nitroxide core/shell
59 nanoparticles.30 Recently biosilica extracted from microalgae

60has been functionalized with a TEMPO-derived radical and
61used as a substrate for model bone cell growth.31

62The rational development of nitroxide-based nanoantiox-
63idants requires the knowledge of the ability of the parent
64nitroxides to slow down the peroxidation of oxidizable
65substratesreacting with ROO• radicals, in fact, does not
66always guarantee antioxidant activity32and how this
67reactivity is modified by the linkage to the nanomaterial.
68Unfortunately, little is known about this reaction in water,
69apart from the archetype nitroxide TEMPO.19 With this work,
70we aim at filling this knowledge gap for variously substituted
71nitroxides and for a novel nanoantioxidant, based on a silica
72core protected by PEG chains (Pluronic-silica nanoparticles,
73PluS) having nitroxide units covalently bound to the silica
74 f2surface (PluS−NO) (Figure 2).33,34 PluS nanoparticles possess

Figure 1. (A) Role of alkyperoxyl radicals in lipid peroxidation (LH = lipid). (B) Structure and redox states of nitroxides.

Figure 2. Investigated nitroxides and schematic structure of luminescent PluS−NO nanoparticles synthesized herein with the TEMPO derivative 8
and DEAC dyes embedded in the core (PEO = poly(ethylene oxide), PPO = polypropylene oxide).
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75 a small and monodisperse silica core (diameter 10 nm) and a
76 hydrodynamic diameter of about 25 nm due to the intrinsic
77 PEG shell, which results from the templating action of Pluronic
78 F127 micelles during the one-pot synthesis.33 Silane derivatives
79 can be co-reacted with the main silica precursor (tetraethox-
80 ysilane, TEOS) to yield luminescent nanolabels35 with
81 phototherapeutic,36 sensing,37 cell penetration,37 and drug
82 delivery38 abilities. A silane-functionalized nitroxide can be
83 precisely localized on the surface of the silica core, allowing
84 tuning of its activity.39−41 The results obtained with PluS−NO
85 can be compared to those obtained with TEMPO (1) and
86 nitroxides 2−7, whose chain-breaking antioxidant activity in
87 water solution was measured herein for the first time,42

88 allowing for a prompt and quantitative characterization of free
89 and bound nitroxides.

2. EXPERIMENTAL SECTION
90 2.1. Materials and Methods. Analytical-grade solvents and
91 commercially available reagents were used as received unless
92 otherwise stated. Tetrahydrofuran (THF) was purified by distillation,
93 4,4′-azobis(4-cyanovaleric acid) (ABCV) was recrystallized from
94 methanol, and Millipore grade water was used. Chromatographic
95 purifications were performed using 70−230 mesh silica. 1H and 13C
96 nuclear magnetic resonance (NMR) spectra were recorded on a
97 Varian Mercury (400 MHz for 1H) spectrometer. Chemical shifts (δ)
98 are reported in ppm relative to residual solvent signals in 1H and 13C
99 NMR (1H NMR: 7.26 ppm in CDCl3;

13C NMR: 77.0 ppm in
100 CDCl3,).

13C NMR spectra were acquired in the 1H broadband
101 decoupled mode. Coupling constants are given in Hertz. Electrospray
102 ionization mass spectrometry (ESI-MS) analyses were performed by
103 direct injection of acetonitrile solutions of the compounds using a
104 Waters ZQ 4000 mass spectrometer. Elemental analyses were
105 performed on a Thermo Quest Flash 1112 series EA instrument.
106 The eailed list of oxact mass was determined with a Waters Xevo G2-
107 XS QTof with an ESI-APCI source.
108 2.2. Synthetic Procedures. 2.2.1.. N-Butyl-2,2,6,6-tetramethyl-
109 piperidinooxy-4-carboxamide (6). A solution of 100 mg (0.5 mmol)
110 of 4-carboxy-TEMPO (4), 67.5 mg (0.5 mmol) of N-hydroxybenzo-
111 triazole, and 96 mg (0.5 mmol) of 1-(3-(dimethylamino)propyl)-3-
112 ethylcarbodiimide hydrochloride (EDC·HCl) in 15 mL of CH2Cl2
113 was stirred at room temperature for 4 h. A solution of 1-butanamine
114 (150 μL, 1.5 mmol) in 1 mL of CH2Cl2 was added, and the mixture
115 was stirred at room temperature for 2 days. The solvent was removed
116 in vacuo and the residue was purified by silica flash column
117 chromatography (eluant, dichloromethane/methanol, 97:3), affording
118 106 mg (0.42 mmol) of 6 (yield = 86%). To render the paramagnetic
119 compound more suitable for NMR analysis it could be quantitatively
120 converted into the corresponding hydroxylamine derivative by adding
121 a stoichiometric amount of phenylhydrazine in the NMR sample

122containing the nitroxide.43 1H NMR (CDCl3, 400 MHz): δ 5.54 (bs,
123NH), 3.19−3.26 (m, 2H), 2.37−2.50 (m, 1H), 2.37−2.50 (m, 4H),
1241.41−1.51 (m, 2H), 1.28−1.38 (m, 2H), 1.20 (s, 6H), 1.14 (s, 6H),
1250.93 (t, J = 7.3 Hz, 3H). 13C NMR (CDCl3, 400 MHz): δ 174.6
126(CO), 59.0 (C), 42.1 (CH2), 39.1 (CH2), 36.5 (CH), 31.9 (CH3),
12731.6 (CH2), 20.0 (CH2), 19.5 (CH3), 13.7 (CH3). Electrospray
128ionization mass spectrometry (ESI-MS) m/z: 255 (M)+; 278 (M +
129Na)+; 294 (M + K)+. Exact mass (ESI-MS): 278.19656 (M + Na)+,
130expected: 278.19647 (C14H27N2O2Na).
1312.2.2. Silane Nitroxide (8). 8 was synthesized using the procedure
132already reported in the literature (see the Supporting Information).31

1332.2.3. PluS−NO. We synthesized core−shell silica-PEG NPs by
134adapting previously reported procedures.44 Pluronic F127 (100 mg)
135and NaCl (68 mg) were carefully solubilized at 30 °C under magnetic
136stirring in 1.6 mL of 1 M acetic acid in a 20 mL glass scintillation vial.
137Upon complete solubilization (ca. 1 h), the desired amount of
138silanized dye (DEAC-silane, 6.5 mmol, 0.8% vs mol TEOS, prepared
139following an already published procedure)33 was added to the micellar
140suspension. TEOS (180 μL, 0.81 mmol) was then added to the
141resulting aqueous homogeneous solution and left to react overnight.
142After 24 h the antioxidant (TEMPO silane derivative 8, 8 mmol, 1%
143vs mol TEOS) was added to the dispersion, followed by addition of
144trimethylsilyl chloride (TMSCl, 10 μL, 0.08 mmol) after 6 h. The
145mixture was kept under stirring for 20 h at 30 °C before dialysis
146workup. The dialysis purification steps were carried out vs water on a
147precise amount of NP solution (800 μL), finally diluted to a total
148volume of 5 mL with water. The dimensions, measured by
149transmission electron microscopy (TEM) and dynamic light
150scattering (DLS), respectively, are 10 nm diameter of the core and
15129 nm hydrodynamic diameter (intensity mean DH obtained by DLS)
152and did not change over 2 years storage at room temperature in the
153dark. Absorption and emission properties (see the Supporting
154Information) were similar to those previously reported for analogous
155nanoparticles without nitroxide.33

1562.3. Electron Paramagnetic Resonance (EPR) Spectroscopy
157Studies. The EPR spectra were collected at 25 °C with a MiniScope
158MS 5000 (Magnettech) in glass capillary tubes. The concentration of
159nitroxide bound to the nanoparticles was determined by comparing
160the double integral of its EPR spectrum to that of reference nitroxide
1612. Spectral simulation was performed using EasySpin software with
162the graphical interface SimLabel.45,46

1632.4. Autoxidation Studies. Oxygen consumption during
164autoxidation experiments was measured with an optical oxygen
165meter (Firesting O2, Pyro Science GmbH).47 Typical samples
166consisted of ABCV 27 mM, NaOH 54 mM, THF (10 or 25% v/v),
167pH 7.4 0.1 M phosphate buffer, 30 °C. Using the α-tocopherol
168hydrosoluble analogue Trolox as a reference antioxidant (having n =
1692), the rate of radical initiation was calculated as Ri = 1.6 × 10−9 M s−1

170for [ABCV] = 27 mM by the relation Ri = 2[Trolox]/τ, where τ is the
171duration of the inhibition period. This equation also provided the
172 t1stoichiometry of the antioxidant n (see Table 1).48 Numerical analysis

Table 1. Antioxidant Activity of the Investigated Nitroxides Studied by the Inhibited Autoxidation Methoda

kinh (M
−1 s−1) n E° (V)

1 (5.1 ± 1.5) × 106 (4.6 × 106;b 2.8 × 107c) 3.8 ± 0.4 0.722d

2 (1.1 ± 0.5) × 106 (3.3 × 106)c 4.7 ± 0.7 0.810d

3 (5.4 ± 1.5) × 105 (1.0 × 106)c 4.5 ± 0.6 0.826d

4 (3.7 ± 1.0) × 105 1.9 ± 0.3 0.82e

5 (1.1 ± 0.4) × 105 1.8 ± 0.1 0.88e

6 (1.9 ± 0.5) × 105 1.9 ± 0.3
7 (5.6 ± 1.2) × 104 (2.8 × 105)c 1.5 ± 0.2 0.913c

PluS−NO (1.5 ± 0.4) × 105 3.7 ± 0.5e

111 ± 15f

Trolox (2.6 ± 0.7) × 105 2g

aRate constant of the reaction with peroxyl radicals (kinh) with literature values in parenthesis, stoichiometric coefficient (n) and redox potential for
the oxoammonium/nitroxide couple (H2O vs normal hydrogen electrode (NHE)). bFrom ref 19. cReaction with tBuOO• obtained by pulse
radiolysis, from ref 15. dFrom ref 15. eFrom ref 53. fOverall n of the PluS−NO nanoantioxidant. gReference value, from ref 32.
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173 of O2 consumption traces was performed following a previously
174 reported procedure18,19 using Copasi software,49 freely available on
175 the Internet, using the kp and kt values (30 °C) of the THF
176 autoxidation reported in the literature.19,50,51 The complete
177 procedure, examples of the experimental and simulated O2 traces
178 (Figure S9), and a detailed list of obtained rate constants (Table S2)
179 are reported in the Supporting Information.

3. RESULTS AND DISCUSSION
180 3.1. Synthesis of PluS−NO Nanoparticles and EPR
181 Characterization. Core−shell silica-PEG nanoparticles were
182 prepared by hydrolysis/condensation of tetraethoxysilane
183 (TEOS) under acidic conditions in a micellar solution of
184 Pluronic F127, a triblock polyethylene oxide, i.e., the
185 poly(ethylene glycol))−polypropylene oxide copolymer as
186 already reported (see Figure 2).33 The desired amount of
187 the silanized dye (7-(diethylamino)-N-(3-(triethoxysilyl)-
188 propyl)coumarin-3-carboxamide that we indicate here as
189 DEAC and antioxidant 8 were added to the micellar
190 suspension before and after the condensation step, respec-
191 tively. After the dialysis workup, we obtained nanoparticles
192 having the expected hydrodynamic diameter DH of ca. 29 nm,
193 with a concentration of 2 × 10−5 M. The electron
194 paramagnetic resonance (EPR) spectrum of PluS−NO

f3 195 reported in Figure 3 was the typical spectrum of nitroxides

196 in the slow-motion regime, characterized by broadened lines
197 and uneven heights indicative of an increased correlation time
198 τc (i.e., the time required to rotate one radian, ∼57°) of the
199 radical.52

200 Numerical fitting of the experimental spectra assuming
201 isotropic motion provided an estimate of 4 × 10−9 s for τc,
202 which is a much larger value with respect to τc in solution
203 (≈10−11 s) (see the Supporting Information for the
204 comparison with the EPR spectrum of 6).52 The restricted
205 mobility demonstrates that the radical is anchored to a rigid
206 matrix, surrounded by a soft, longer shell (see Figure 3), and is
207 similar to the results obtained in the case of nitroxides linked
208 to the surface of gold nanoparticles.52

209 The area of the EPR spectrum provided the concentration of
210 the nitroxide in the sample as (6.0 ± 0.2) × 10−4 M, which
211 divided by the nanoparticle concentration afforded an average
212 coverage of 30 nitroxides per nanoparticle. PluS−NO are both

213colloidally and chemically very stable in water, as proven by the
214constant DH and EPR signal of the nitroxide over at least 1 year
215at 5 °C.
2163.2. Inhibited Autoxidation Studies. The antioxidant
217activity of nitroxides 1−7 and PluS−NO were investigated by
218studying their effect on tetrahydrofuran (THF) autoxidation
219initiated by the azo-initiator 4,4′-azobis(4-cyanovaleric acid)
220(ABCV) at 30 °C in phosphate buffer at pH 7.4. The rate of
221THF autoxidation was determined by measuring the O2
222consumption in a close reaction vessel, as shown in Figure 3.
223THF autoxidation follows the typical mechanism of
224biologically relevant organic compounds, consisting of the
225 s1initiation, propagation, and termination steps (Scheme 1),
226which involve carbon (R•) and oxygen-centered peroxyl
227(ROO•) radicals.50

228In the absence of antioxidants, O2 consumption is fast and
229 f4linear (see the dashed gray line in Figure 4), while upon the
230addition of an antioxidant, the O2 consumption is reduced.
231The slope of the inhibition period is inversely proportional to
232the rate constant of the reaction with radicals, while the
233duration of the inhibition depends on the number of radical
234trapped by each antioxidant (stoichiometric coefficient, n).48

235The mechanism of the antioxidant effect of the nitroxides is
236different from that of phenolic antioxidants. Indeed, the latter
237ones typically have n = 2 deriving from the consecutive
238 s2reaction with two peroxyl radicals, as exemplified in Scheme 2
239for Trolox,32 which is used in our study as the reference
240antioxidant. Instead, stoichiometries of nitroxides have been
241found between 1 to values as big as 6 because of their
242possibility to participate in the cyclic regeneration mechanism
243shown by reactions 1−4.19 First, ROO• radicals react with
244nitroxides by a proton-coupled electron transfer (reaction 1),
245forming an oxoammonium cation and a hydroperoxide. Then,
246the oxoammonium cation reacts with the available reductants
247present in the system (such as THF)19 forming hydroxylamine
248(reaction 2), which regenerates the nitroxide by the reaction
249with another ROO• radical (reaction 3). The duration of the
250inhibition depends on the competition between the reaction
251with ROO• and the one with R• (reaction 4), a termination
252step yielding an inactive alkoxyamine.19,53

253Therefore, n = 1 when reaction 4 is much faster than
254reaction 1, while n > 1 indicates an increasing weight in
255reaction 1 and of the regeneration cycle. The values of kinh
256were determined by numerical analysis of the O2 consumption
257plots using the rate constants for reactions 2−4 reported in the
258literature as constraints, and are reported in Table 1.19 The

Figure 3. Experimental and simulated EPR spectrum of PluS−NO (2
× 10−5 M in water).
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259 highest activity is exhibited by unsubstituted TEMPO (1),
260 while heteroatoms in position 4 reduce kinh by decreasing the
261 electron donation of the R2NO

• moiety via inductive effects.
262 The kinh values for 1, 2, and 3 are in reasonable agreement with
263 the rate constants of the reaction with tBuOO• radicals
264 measured by Goldstein and Samuni by pulse radiolysis at pH
265 7,15 and with the kinh of 1 reported by Pratt and co-workers,
266 measured by studying THF autoxidation (see Table 1).19 This
267 proves the appropriateness of the oximetry technique
268 employed, which hence shows reasonable accuracy in the

269results, with the important advantage of being easily extensible
270to materials not suitable for conventional spectroscopic assays
271(such as nanoantioxidants, see below).
272To investigate the mechanism underlying reaction 1 in
273deeper detail, Marcus theory of outer-sphere electron transfer
274(ET) processes was employed.54 The rate constant kinh for the
275reaction between a nitroxide and the peroxyl radical of THF
276can be written as in eq 1, where Z is the preexponential factor,
277λ is the reorganization energy of both the substrate and
278solvent, and ΔG°′ is the corrected free energy change of the
279reaction.

= −
+λ

λ
Δ °′( )( )

k Z
RT

log log
1

2.3

G

inh
4

2

280(1)

281ΔG°′ is defined as ΔG°′ = ΔG° + A, where ΔG° is the
282standard free energy change for the ET reaction, ΔG° =
283−23.06 [E°(ROO•/−) − E°(NO+/•)], and the term A
284represents the correction for the electrostatic free energy
285change (A ≈ −0.5 kcal/mol).55

286Upon setting Z to the typical value for an adiabatic ET (Z =
2871011 M−1 s−1),55 the fit of eq 1 to experimental log (kinh) vs
288 f5E°(NO+/•) data points, reported in Figure 5, affords
289E°(ROO•/−) = 0.62 V (vs NHE) and λ = 19 kcal/mol.
290These results are in reasonable agreement with the reported
291data of the redox potential of alkylperoxyl radicals (0.71 V vs
292NHE for tBuOO•)56 and with the reorganization energy for
293ET from ferrocenes to CH3OO

• (λ = 33 kcal/mol),57

294suggesting that the mechanism is a stepwise electron

Scheme 1. Mechanism of THF Autoxidation

Figure 4. Oxygen consumption measured during the autoxidation of
THF (3.1 M) initiated by ABCV (27 mM) in phosphate buffer (pH
7.4) at 30 °C inhibited by Trolox and the title nitroxides (all 1.4 μM).

Scheme 2. Antioxidation Mechanism of Trolox
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295 transfer−proton transfer (ET−PT) where ET is the rate-
296 limiting step.
297 Overall, these experiments show that except for carboxy-
298 TEMPO 7, all piperidine-derived nitroxides represent a good
299 antioxidant tag for further functionalization strategies as they
300 have kinh values larger or comparable to that of the reference
301 antioxidant Trolox. Nevertheless, as the best ROO• trapping is
302 shown by 1, it may be suggested that the structure of nitroxide
303 antioxidants can be optimized for instance by substituting the
304 functional group in the 4 position by alkyl substituents.
305 Proper functionalization of nitroxides allows their covalent
306 binding to nanostructures to yield multifunctional nano-
307 antioxidants. The study and the comparison of free and
308 bound active species can evidence the possible variations in
309 their reactivity when included in nanostructures.
310 In this framework, we have investigated the antioxidant
311 activity of PluS nanoparticles bearing the silanized TEMPO
312 derivative 8 covalently bound on the surface of the silica core.

f6 313 The data obtained are shown in Figure 6 together with
314 compound 6 that is structurally the most similar to the non-
315 silanized free antioxidant counterpart. PluS−NO inhibited
316 THF autoxidation (see trace c), whereas unfunctionalized ones
317 had no effect (trace a). The measured rate constant of the

318reaction with ROO• radicals was (1.5 ± 0.4) × 105 M−1 s−1

319while the number of radical trapped was 3.7 ± 0.5 per nitroxide
320unit. From the perspective of molecular nitroxide, these results
321show thateven upon binding to the silica surface of PluS
322nanoparticlesits antioxidant activity is largely preserved, with
323a kinh value similar to that of model nitroxide 6 and only
324slightly lower than that of Trolox. In addition, a 2-fold higher
325stoichiometric coefficient n is observed when bound to the
326silica surface, possibly suggesting a smaller tendency of alkyl
327radicals to add to the bound nitroxide (i.e., by reaction 2),
328representing a specific advantage of PluS−NO over the
329molecular counterpart. From the perspective of the nano-
330antioxidant considered as a whole, PluS−NO displays ≈60-fold
331increased inhibition of THF autooxidation compared to
332molecular nitroxide 6, owing to the local accumulation of
333active species (about 30 nitroxides per particle) and to the
334enhanced number of trapped radicals by each nitroxide. In
335addition, we inserted ≈36 DEAC dyes per NP covalently
336linked into the core, adding the functionality of fluorescence
337labeling to the antioxidant activity. DEAC photophysics does
338not suffer from the presence and reactivity of nearby nitroxides,
339featuring similar absorption and emission (λmax = 415 and 472
340nm, respectively, Figure S2) properties as those of previously
341reported DEAC-doped PluS NPs without nitroxides.33 Finally,
342PluS NPs have previously been reported to be suitable for
343active or passive targeting of various bio-targets, including
344specific transport proteins, cancer biomarkers,58 and sentinel
345lymphnodes,59 revealing the potential of nanoantioxidants
346based on PluS−NO as specific multifunctional agents.

4. CONCLUSIONS

347Rational design of nitroxide-based nanoantioxidants to be used
348in complex water-based environments requiresamong other
349thingsa method to quantitatively compare their ability to
350slow down the peroxidation of oxidizable substrates with the
351parent molecular nitroxides. To this goal, we have investigated
352the antioxidant activity in water of nitroxides 2−7 for the first
353time and compared them with the well-known TEMPO and
354the reference antioxidant Trolox. The results reveal that all
355nitroxides are good antioxidants with inhibition constants
356values similar to or larger than that of Trolox, except for 7,
357while the best ROO• trapping ability is shown by 1. The
358method is successfully applied to nanoantioxidants PluS−NO,
359obtained by locating silanized nitroxides on the silica surface of
360PluS NPs. These NPs preserve nitroxide reactivity, showing
361nearly identical kinh values with respect to the unbound
362nitroxide 6; in addition, the number of radicals trapped by
363every single silica-bound nitroxides is doubled, while the whole
364PluS−NO nanoantioxidant shows a trapping ability toward the
365radicals that is ≈60-fold higher compared to the parent
366nitroxide 6.
367This study is important to understand how to optimize the
368structure of nitroxide antioxidants to allow their chemical
369binding in a nanostructure without affecting their properties.
370As the antioxidant activity of TEMPO derivatives is decreased
371by any functional group in the 4 position, these results call for
372the synthesis of novel nitroxides having an optimized structure,
373for instance, with the substituent separated by an alkyl chain.
374Moreover, the importance of the regeneration cycle in
375determining the duration of the inhibition suggests that
376nitroxides should be used in the presence of sacrificial
377reductants to fully exhibit their activity.

Figure 5. Marcus relationship between log kinh and E°(NO+/•), the
line represents the fitting to eq 1.

Figure 6. Oxygen consumption during the autoxidation of THF (1.6
M) initiated by ABCV (50 mM) at 30 °C in the presence of: (a) bare
nanoparticles (0.25 μM); (b) nitroxide 6 (5 μM); and (c) PluS−NO
(0.50 μM corresponding to [nitroxide] = 15 μM).
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378 PluS−NO also enjoys the versatility of the PluS−NP
379 architecture, in particular tunable fluorescence (including
380 cascade FRET for high brightness and Stokes-shift for NIR
381 emission) and bio-targeting capability. These results show that
382 with proper knowledge of the antioxidant activity and a
383 rational design, silica-bound TEMPO radicals can be suitable
384 building blocks for the development of new multifunctional
385 nanoantioxidants, which could find application as redox
386 modulators even in biological systems.

387 ■ ASSOCIATED CONTENT

388 *sı Supporting Information
389 The Supporting Information is available free of charge at
390 https://pubs.acs.org/doi/10.1021/acsami.1c06674.

391 Details of the synthesis of 6 and 8, TEM images,
392 absorption and emission spectra of PluS−NO, numerical
393 fitting of EPR spectra using Simlabel software, and
394 numerical fitting of O2 consumption plots (PDF)

395 ■ AUTHOR INFORMATION

396 Corresponding Author
397 Riccardo Amorati − Department of Chemistry “Giacomo
398 Ciamician”, University of Bologna, 40126 Bologna, Italy;
399 orcid.org/0000-0002-6417-9957;
400 Email: riccardo.amorati@unibo.it

401 Authors
402 Damiano Genovese − Department of Chemistry “Giacomo
403 Ciamician”, University of Bologna, 40126 Bologna, Italy
404 Andrea Baschieri − Istituto per la Sintesi Organica e la
405 Fotoreattivita ̀ (ISOF), Consiglio Nazionale delle Ricerche
406 (CNR), 40129 Bologna, Italy; orcid.org/0000-0002-
407 2108-8190
408 Danilo Vona − Department of Chemistry, University of Bari, I-
409 70126 Bari, Italy
410 Ruxandra Elena Baboi − Department of Chemistry “Giacomo
411 Ciamician”, University of Bologna, 40126 Bologna, Italy
412 Fabio Mollica − Department of Chemistry “Giacomo
413 Ciamician”, University of Bologna, 40126 Bologna, Italy
414 Luca Prodi − Department of Chemistry “Giacomo Ciamician”,
415 University of Bologna, 40126 Bologna, Italy; orcid.org/
416 0000-0002-1630-8291
417 Nelsi Zaccheroni − Department of Chemistry “Giacomo
418 Ciamician”, University of Bologna, 40126 Bologna, Italy

419 Complete contact information is available at:
420 https://pubs.acs.org/10.1021/acsami.1c06674

421 Author Contributions
422 This manuscript was written through contributions from all
423 authors. All authors have given approval to the final version of
424 the manuscript.

425 Notes
426 The authors declare no competing financial interest.

427 ■ ACKNOWLEDGMENTS

428 D.G., L.P., and N.Z. thank the Universita ̀ di Bologna
429 (ALMAIDEA Grant) and MIUR (PRIN Project
430 2017EKCS35) for economic support. F.M. gratefully acknowl-
431 edges a fellowship from ENI SpA.

432■ REFERENCES
(1) 433Valgimigli, L.; Baschieri, A.; Amorati, R. Antioxidant Activity of

434Nanomaterials. J. Mater. Chem. B 2018, 6, 2036−2051.
(2) 435Li, Z.; Jiang, H.; Xu, C.; Gu, L. A review: Using Nanoparticles to

436Enhance Absorption and Bioavailability of Phenolic Phytochemicals.
437Food Hydrocolloids 2015, 43, 153−164.

(3) 438Baschieri, A.; Amorati, R.; Benelli, T.; Mazzocchetti, L.;
439D’Angelo, E.; Valgimigli, L. Enhanced Antioxidant Activity Under
440Biomimetic Settings of Ascorbic Acid Included in Halloysite
441Nanotubes. Antioxidants 2019, 8, 30−47.

(4) 442Yoshitomi, T.; Hirayama, A.; Nagasaki, Y. The ROS Scavenging
443and Renal Protective Effects of pH-Responsive Nitroxide Radical-
444Containing Nanoparticles. Biomaterials 2011, 32, 8021−8028.

(5) 445Luo, M.; Boudier, A.; Clarot, I.; Maincent, P.; Schneider, R.;
446Leroy, P. Gold Nanoparticles Grafted by Reduced Glutathione With
447Thiol Function Preservation. Colloid Interface Sci. Commun. 2016, 14,
4488−12.

(6) 449Saravani, R.; Sargazi, S.; Saravani, R.; Rabbani, M.; Rahdar, A.;
450Taboada, P. Newly Crocin-Coated Magnetite Nanoparticles Induce
451Apoptosis and Decrease VEGF Expression in Breast Carcinoma Cells.
452J. Drug Delivery Sci. Technol. 2020, 60, No. 101987.

(7) 453Deligiannakis, Y.; Sotiriou, G. A.; Pratsinis, S. E. Antioxidant and
454Antiradical SiO2 Nanoparticles Covalently Functionalized with Gallic
455Acid. ACS Appl. Mater. Interfaces 2012, 4, 6609−6617.

(8) 456Massaro, M.; Amorati, R.; Cavallaro, G.; Guernelli, S.; Lazzara,
457G.; Milioto, S.; Noto, R.; Poma, P.; Riela, S. Direct Chemical Grafted
458Curcumin on Halloysite Nanotubes as Dual-Responsive Prodrug for
459Pharmacological Applications. Colloids Surf., B 2016, 140, 505−513.

(9) 460Viglianisi, C.; Di Pilla, V.; Menichetti, S.; Rotello, V. M.;
461Candiani, G.; Malloggi, C.; Amorati, R. Linking an α-Tocopherol
462Derivative to Cobalt(0) Nanomagnets: Magnetically Responsive
463Antioxidants with Superior Radical Trapping Activity and Reduced
464Cytotoxicity. Chem. − Eur. J. 2014, 20, 6857−6860.

(10) 465Massaro, M.; Riela, S.; Guernelli, S.; Parisi, F.; Lazzara, G.;
466Baschieri, A.; Valgimigli, L.; Amorati, R. A Synergic Nanoantioxidant
467Based on Covalently Modified Halloysite − Trolox Nanotubes with
468Intra-Lumen Loaded Quercetin. J. Mater. Chem. B 2016, 4, 2229−
4692241.

(11) 470Viglianisi, C.; Scarlini, A.; Tofani, L.; Menichetti, S.; Baschieri,
471A.; Amorati, R. Magnetic Nanoantioxidants with Improved Radical-
472Trapping Stoichiometry as Stabilizers for Inhibition of Peroxide
473Formation in Ethereal Solvents. Sci. Rep. 2019, 9, No. 17219.

(12) 474Mochizuki, M.; Yamazaki, S.; Kano, K.; Ikeda, T. Kinetic
475Analysis and Mechanistic Aspects of Autoxidation of Catechins.
476Biochim. Biophys. Acta 2002, 1569, 35−44.

(13) 477Guernelli, S.; Cariola, A.; Baschieri, A.; Amorati, R.; Lo Meo, P.
478Nanosponges for the Protection and Release of the Natural Phenolic
479Antioxidants Quercetin, Curcumin and Phenethyl Caffeate. Mater.
480Adv. 2020, 1, 2501−2508.

(14) 481Soule, B. P.; Hyodo, F.; Matsumoto, K.; Simone, N. L.; Cook, J.
482A.; Krishna, M. C.; Mitchell, J. B. The Chemistry and Biology of
483Nitroxide Compounds. Free Radical Biol. Med. 2007, 42, 1632−1650.

(15) 484Goldstein, S.; Samuni, A. Kinetics and Mechanism of Peroxyl
485Radical Reactions with Nitroxides. J. Phys. Chem. A 2007, 111, 1066−
4861072.

(16) 487Amorati, R.; Pedulli, G. F.; Pratt, D. A.; Valgimigli, L. TEMPO
488Reacts with Oxygen-Centered Radicals Under Acidic Conditions.
489Chem. Commun. 2010, 46, 5139−5141.

(17) 490Haidasz, E. A.; Meng, D.; Amorati, R.; Baschieri, A.; Ingold, K.
491U.; Valgimigli, L.; Pratt, D. A. Acid Is Key to the Radical-Trapping
492Antioxidant Activity of Nitroxides. J. Am. Chem. Soc. 2016, 138,
4935290−5298.

(18) 494Baschieri, A.; Valgimigli, L.; Gabbanini, S.; Di Labio, G. A.;
495Romero-Montalvo, E.; Amorati, R. Extremely Fast Hydrogen Atom
496Transfer between Nitroxides and HOO• Radicals and Implication for
497Catalytic Coantioxidant Systems. J. Am. Chem. Soc. 2018, 140,
49810354−10362.

(19) 499Griesser, M.; Shah, R.; Van Kessel, A. T.; Zilka, O.; Haidasz, E.
500A.; Pratt, D. A. The Catalytic Reaction of Nitroxides with Peroxyl

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c06674
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/10.1021/acsami.1c06674?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.1c06674/suppl_file/am1c06674_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Riccardo+Amorati"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6417-9957
https://orcid.org/0000-0002-6417-9957
mailto:riccardo.amorati@unibo.it
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Damiano+Genovese"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrea+Baschieri"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2108-8190
https://orcid.org/0000-0002-2108-8190
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Danilo+Vona"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruxandra+Elena+Baboi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fabio+Mollica"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Luca+Prodi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1630-8291
https://orcid.org/0000-0002-1630-8291
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nelsi+Zaccheroni"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://doi.org/10.1039/C8TB00107C
https://doi.org/10.1039/C8TB00107C
https://doi.org/10.1016/j.foodhyd.2014.05.010
https://doi.org/10.1016/j.foodhyd.2014.05.010
https://doi.org/10.3390/antiox8020030
https://doi.org/10.3390/antiox8020030
https://doi.org/10.3390/antiox8020030
https://doi.org/10.1016/j.biomaterials.2011.07.014
https://doi.org/10.1016/j.biomaterials.2011.07.014
https://doi.org/10.1016/j.biomaterials.2011.07.014
https://doi.org/10.1016/j.colcom.2016.07.002
https://doi.org/10.1016/j.colcom.2016.07.002
https://doi.org/10.1016/j.jddst.2020.101987
https://doi.org/10.1016/j.jddst.2020.101987
https://doi.org/10.1021/am301751s?ref=pdf
https://doi.org/10.1021/am301751s?ref=pdf
https://doi.org/10.1021/am301751s?ref=pdf
https://doi.org/10.1016/j.colsurfb.2016.01.025
https://doi.org/10.1016/j.colsurfb.2016.01.025
https://doi.org/10.1016/j.colsurfb.2016.01.025
https://doi.org/10.1002/chem.201402289
https://doi.org/10.1002/chem.201402289
https://doi.org/10.1002/chem.201402289
https://doi.org/10.1002/chem.201402289
https://doi.org/10.1039/C6TB00126B
https://doi.org/10.1039/C6TB00126B
https://doi.org/10.1039/C6TB00126B
https://doi.org/10.1038/s41598-019-53531-5
https://doi.org/10.1038/s41598-019-53531-5
https://doi.org/10.1038/s41598-019-53531-5
https://doi.org/10.1016/S0304-4165(01)00230-6
https://doi.org/10.1016/S0304-4165(01)00230-6
https://doi.org/10.1039/D0MA00566E
https://doi.org/10.1039/D0MA00566E
https://doi.org/10.1016/j.freeradbiomed.2007.02.030
https://doi.org/10.1016/j.freeradbiomed.2007.02.030
https://doi.org/10.1021/jp0655975?ref=pdf
https://doi.org/10.1021/jp0655975?ref=pdf
https://doi.org/10.1039/c0cc00547a
https://doi.org/10.1039/c0cc00547a
https://doi.org/10.1021/jacs.6b00677?ref=pdf
https://doi.org/10.1021/jacs.6b00677?ref=pdf
https://doi.org/10.1021/jacs.8b06336?ref=pdf
https://doi.org/10.1021/jacs.8b06336?ref=pdf
https://doi.org/10.1021/jacs.8b06336?ref=pdf
https://doi.org/10.1021/jacs.8b00998?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c06674?rel=cite-as&ref=PDF&jav=AM


501 Radicals and Its Relevance to Their Cytoprotective Properties. J. Am.
502 Chem. Soc. 2018, 140, 3798−3808.

(20)503 Yamasaki, T.; Ito, Y.; Mito, F.; Kitagawa, K.; Matsuoka, Y.;
504 Yamato, M.; Yamada, K. Structural Concept of Nitroxide As a Lipid
505 Peroxidation Inhibitor. J. Org. Chem. 2011, 76, 4144−4148.

(21)506 Mobbili, G.; Crucianelli, E.; Barbon, A.; Marcaccio, M.; Pisani,
507 M.; Dalzini, A.; Ussano, E.; Bortolus, M.; Stipa, P.; Astolfi, P.
508 Liponitroxides: EPR Study and their Efficacy as Antioxidants in Lipid
509 Membranes. RSC Adv. 2015, 5, 98955−98966.

(22)510 Zilka, O.; Shah, R.; Li, B.; Friedmann Angeli, J. P.; Griesser, M.;
511 Conrad, M.; Pratt, D. A. On the Mechanism of Cytoprotection by
512 Ferrostatin-1 and Liproxstatin-1 and the Role of Lipid Peroxidation in
513 Ferroptotic Cell Death. ACS Cent. Sci. 2017, 3, 232−243.

(23)514 Black, H. D.; Xua, W.; Hortle, E.; Robertson, S. I.; Britton, W.
515 J.; Kaur, A.; New, E. J.; Witting, P. K.; Chami, B.; Oehlers, S. H. The
516 Cyclic Nitroxide Antioxidant 4-Methoxy-TEMPO Decreases Myco-
517 bacterial Burden in Vivo Through Host and Bacterial Targets. Free
518 Radical Biol. Med. 2019, 135, 157−166.

(24)519 Zareba, M.; Widomska, J.; Burke, J. M.; Subczynski, W. K.
520 Nitroxide Free Radicals Protect Macular Carotenoids Against
521 Chemical Destruction (Bleaching) During Lipid Peroxidation. Free
522 Radical Biol. Med. 2016, 101, 446−454.

(25)523 Lahiani, A.; Hidmi, A.; Katzhendler, J.; Yavin, E.; Lazarovici, P.
524 Novel Synthetic PEGylated Conjugate of α-Lipoic Acid and Tempol
525 Reduces Cell Death in a Neuronal PC12 Clonal Line Subjected to
526 Ischemia. ACS Chem. Neurosci. 2016, 7, 1452−1462.

(26)527 Omri, M.; Becuwe, M.; Courty, M.; Pourceau, G.; Wadouachi,
528 A. Nitroxide-Grafted Nanometric Metal Oxides for the Catalytic
529 Oxidation of Sugar. ACS Appl. Nano Mater. 2019, 2, 5200−5205.

(27)530 Lin, H.-C.; Li, C.-C.; Lee, J.-T. Nitroxide Polymer Brushes
531 Grafted onto Silica Nanoparticles as Cathodes for Organic Radical
532 Batteries. J. Power Sources 2011, 196, 8098−8103.

(28)533 Shashni, B.; Nagasaki, Y. Nitroxide Radical-Containing
534 Nanoparticles Attenuate Tumorigenic Potential of Triple Negative
535 Breast Cancer. Biomaterials 2018, 178, 48−62.

(29)536 Le, D.; Dilger, M.; Pertici, V.; Diabaté, S.; Gigmes, D.; Weiss,
537 C.; Delaittre, G. Ultra-Fast Synthesis of Multivalent Radical
538 Nanoparticles by Ring-Opening Metathesis Polymerization-Induced
539 Self-Assembly. Angew. Chem., Int. Ed. 2019, 58, 4725−4731.

(30)540 Li, J.; Zhang, J.; Chen, Y.; Kawazoe, N.; Chen, G. TEMPO-
541 Conjugated Gold Nanoparticles for Reactive Oxygen Species
542 Scavenging and Regulation of Stem Cell Differentiation. ACS Appl.
543 Mater. Interfaces 2017, 9, 35683−35692.

(31)544 Cicco, S. R.; Vona, D.; De Giglio, E.; Cometa, S.; Mattioli-
545 Belmonte, M.; Palumbo, F.; Ragni, R.; Farinola, G. M. Chemically
546 Modified Diatoms Biosilica for Bone Cell Growth with Combined
547 Drug-Delivery and Antioxidant Properties. ChemPlusChem 2015, 80,
548 1062.

(32)549 Ingold, K. U.; Pratt, D. A. Advances in Radical-Trapping
550 Antioxidant Chemistry in the 21st Century: A Kinetics and
551 Mechanisms Perspective. Chem. Rev. 2014, 114, 9022−9046.

(33)552 Genovese, D.; Bonacchi, S.; Juris, R.; Montalti, M.; Prodi, L.;
553 Rampazzo, E.; Zaccheroni, N. Prevention of Self-Quenching in
554 Fluorescent Silica Nanoparticles by Efficient Energy Transfer. Angew.
555 Chem., Int. Ed. 2013, 52, 5965−5968.

(34)556 Del Secco, B.; Ravotto, L.; Esipova, T. V.; Vinogradov, S. A.;
557 Genovese, D.; Zaccheroni, N.; Rampazzo, E.; Prodi, L. Optimized
558 Synthesis of Luminescent Silica Nanoparticles by a Direct Micelle-
559 Assisted Method. Photochem. Photobiol. Sci. 2019, 18, 2142−2149.

(35)560 Genovese, D.; Rampazzo, E.; Zaccheroni, N.; Montalti, M.;
561 Prodi, L. Collective Properties Extend Resistance to Photobleaching
562 of Highly Doped PluS NPs. Eur. J. Inorg. Chem. 2017, 2017, 5094−
563 5097.

(36)564 Genovese, D.; Petrizza, L.; Prodi, L.; Rampazzo, E.; De Sanctis,
565 F.; Spinelli, A. E.; Boschi, F.; Zaccheroni, N. Tandem Dye-Doped
566 Nanoparticles for NIR Imaging via Cerenkov Resonance Energy
567 Transfer. Front. Chem. 2020, 8, No. 71.

(37)568 Rampazzo, E.; Voltan, R.; Petrizza, L.; Zaccheroni, N.; Prodi,
569 L.; Casciano, F.; Zauli, G.; Secchiero, P. Proper Design of Silica

570Nanoparticles Combines High Brightness, Lack of Cytotoxicity and
571Efficient Cell Endocytosis. Nanoscale 2013, 5, 7897−7905.

(38) 572Rampazzo, E.; Boschi, F.; Bonacchi, S.; Juris, R.; Montalti, M.;
573Zaccheroni, N.; Prodi, L.; Calderan, L.; Rossi, B.; Becchi, S.; Sbarbati,
574A. Multicolor Core/Shell Silica Nanoparticles for In Vivo and Ex Vivo
575imaging. Nanoscale 2012, 4, 824−830.

(39) 576Rampazzo, E.; Bonacchi, S.; Juris, R.; Genovese, D.; Prodi, L.;
577Zaccheroni, N.; Montalti, M. Dual-Mode, Anisotropy-Encoded,
578Ratiometric Fluorescent Nanosensors: Towards Multiplexed Detec-
579tion. Chem. − Eur. J. 2018, 24, 16743−16746.

(40) 580Valenti, G.; Rampazzo, E.; Bonacchi, S.; Petrizza, L.; Marcaccio,
581M.; Montalti, M.; Prodi, L.; Paolucci, F. Variable Doping Induces
582Mechanism Swapping in Electrogenerated Chemiluminescence of
583Ru(bpy)3

2+ Core−Shell Silica Nanoparticles. J. Am. Chem. Soc. 2016,
584138, 15935−15942.

(41) 585Palomba, F.; Genovese, D.; Rampazzo, E.; Zaccheroni, N.;
586Prodi, L.; Morbidelli, L. PluS Nanoparticles Loaded with Sorafenib:
587Synthetic Approach and Their Effects on Endothelial Cells. ACS
588Omega 2019, 4, 13962−13971.

(42) 589For the reaction with other radicals see for instance: Marshall,
590D. L.; Christian, M. L.; Gryn’ova, G.; Coote, M. L.; Barker, P. J.;
591Blanksby, S. J. Oxidation of 4-Substituted TEMPO Derivatives
592Reveals Modifications at the 1- and 4-Positions. Org. Biomol. Chem.
5932011, 9, 4936−4947.

(43) 594Franchi, P.; Fanì, M.; Mezzina, E.; Lucarini, M. Increasing the
595Persistency of Stable Free-Radicals: Synthesis and Characterization of
596a Nitroxide Based [1]Rotaxane. Org. Lett. 2008, 10, 1901−1904.

(44) 597Rampazzo, E.; Bonacchi, S.; Juris, R.; Montalti, M.; Genovese,
598D.; Zaccheroni, N.; Prodi, L.; Rambaldi, D. C.; Zattoni, A.;
599Reschiglian, P. Energy Transfer from Silica Core−Surfactant Shell
600Nanoparticles to Hosted Molecular Fluorophores. J. Phys. Chem. B
6012010, 114, 14605−14613.

(45) 602Etienne, E.; Le Breton, N.; Martinho, M.; Mileo, E.; Belle, V.
603SimLabel: a Graphical User Interface to Simulate Continuous Wave
604EPR Spectra from Site-Directed Spin Labeling Experiments. Magn.
605Reson. Chem. 2017, 55, 714−719.

(46) 606Stoll, S.; Schweiger, A. EasySpin, a Comprehensive Software
607Package for Spectral Simulation and Analysis in EPR. J. Magn. Reson.
6082006, 178, 42−55.

(47) 609Zaccheroni, N.; Amorati, R.; Mezzina, E.; Baschieri, A.;
610Palomba, F.; Prata, C.; Facchini, C.; Guernelli, S. Antioxidant Effect of
611Cardanol in Mixed Nanoformulations with Pluronic. J. Mol. Liq. 2020,
612316, No. 113822.

(48) 613Burton, G. W.; Doba, T.; Gabe, E. J.; Hughes, L.; Lee, F. L.;
614Prasad, L.; Ingold, K. U. Autoxidation of Biological Molecules. 4.
615Maximizing the Antioxidant Activity of Phenols. J. Am. Chem. Soc.
6161985, 107, 7053−7065.

(49) 617Hoops, S.; Sahle, S.; Gauges, R.; Lee, C.; Pahle, J.; Simus, N.;
618Singhal, M.; Xu, L.; Mendes, P.; Kummer, U. COPASI-a COmplex
619PAthway Simulator. Bioinformatics 2006, 22, 3067−3074.

(50) 620Amorati, R.; Baschieri, A.; Morroni, G.; Gambino, R.;
621Valgimigli, L. Peroxyl Radical Reactions in Water Solution: A Gym
622for Proton-Coupled Electron-Transfer Theories. Chem. − Eur. J.
6232016, 22, 7924−7934.

(51) 624Maillard, B.; Ingold, K. U.; Scaiano, J. C. Rate Constants for the
625Reactions of Free Radicals with Oxygen in Solution. J. Am. Chem. Soc.
6261983, 105, 5095−5099.

(52) 627Chechik, V.; Wellsted, H. J.; Korte, A.; Gilbert, B. C.;
628Caldararu, H.; Ionita, P.; Caragheorgheopol, A. Spin-Labelled Au
629Nanoparticles. Faraday Discuss. 2004, 125, 279−291.

(53) 630Nutting, J. E.; Rafiee, M.; Stahl, S. S. Tetramethylpiperidine N-
631Oxyl (TEMPO), Phthalimide N-Oxyl (PINO), and Related N-Oxyl
632Species: Electrochemical Properties and Their Use in Electrocatalytic
633Reactions. Chem. Rev. 2018, 118, 4834−4885.

(54) 634Marcus, R. A. Chemical and Electrochemical Electron-Transfer
635Theory. Annu. Rev. Phys. Chem. 1964, 15, 155−196.

(55) 636Pedulli, G. F.; Lucarini, M.; Marchesi, E.; Paolucci, F.; Roffia,
637S.; Fiorentini, D.; Landi, L. Medium Effects on the Antioxidant
638Activity of Dipyridamole. Free Radical Biol. Med. 1999, 26, 295−302.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c06674
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

H

https://doi.org/10.1021/jacs.8b00998?ref=pdf
https://doi.org/10.1021/jo200361p?ref=pdf
https://doi.org/10.1021/jo200361p?ref=pdf
https://doi.org/10.1039/C5RA18963B
https://doi.org/10.1039/C5RA18963B
https://doi.org/10.1021/acscentsci.7b00028?ref=pdf
https://doi.org/10.1021/acscentsci.7b00028?ref=pdf
https://doi.org/10.1021/acscentsci.7b00028?ref=pdf
https://doi.org/10.1016/j.freeradbiomed.2019.03.010
https://doi.org/10.1016/j.freeradbiomed.2019.03.010
https://doi.org/10.1016/j.freeradbiomed.2019.03.010
https://doi.org/10.1016/j.freeradbiomed.2016.11.012
https://doi.org/10.1016/j.freeradbiomed.2016.11.012
https://doi.org/10.1021/acschemneuro.6b00211?ref=pdf
https://doi.org/10.1021/acschemneuro.6b00211?ref=pdf
https://doi.org/10.1021/acschemneuro.6b00211?ref=pdf
https://doi.org/10.1021/acsanm.9b01069?ref=pdf
https://doi.org/10.1021/acsanm.9b01069?ref=pdf
https://doi.org/10.1016/j.jpowsour.2011.05.037
https://doi.org/10.1016/j.jpowsour.2011.05.037
https://doi.org/10.1016/j.jpowsour.2011.05.037
https://doi.org/10.1016/j.biomaterials.2018.05.042
https://doi.org/10.1016/j.biomaterials.2018.05.042
https://doi.org/10.1016/j.biomaterials.2018.05.042
https://doi.org/10.1002/anie.201813434
https://doi.org/10.1002/anie.201813434
https://doi.org/10.1002/anie.201813434
https://doi.org/10.1021/acsami.7b12486?ref=pdf
https://doi.org/10.1021/acsami.7b12486?ref=pdf
https://doi.org/10.1021/acsami.7b12486?ref=pdf
https://doi.org/10.1002/cplu.201500128
https://doi.org/10.1002/cplu.201500128
https://doi.org/10.1002/cplu.201500128
https://doi.org/10.1021/cr500226n?ref=pdf
https://doi.org/10.1021/cr500226n?ref=pdf
https://doi.org/10.1021/cr500226n?ref=pdf
https://doi.org/10.1002/anie.201301155
https://doi.org/10.1002/anie.201301155
https://doi.org/10.1039/C9PP00047J
https://doi.org/10.1039/C9PP00047J
https://doi.org/10.1039/C9PP00047J
https://doi.org/10.1002/ejic.201700831
https://doi.org/10.1002/ejic.201700831
https://doi.org/10.3389/fchem.2020.00071
https://doi.org/10.3389/fchem.2020.00071
https://doi.org/10.3389/fchem.2020.00071
https://doi.org/10.1039/c3nr02563b
https://doi.org/10.1039/c3nr02563b
https://doi.org/10.1039/c3nr02563b
https://doi.org/10.1039/C1NR11401H
https://doi.org/10.1039/C1NR11401H
https://doi.org/10.1002/chem.201803461
https://doi.org/10.1002/chem.201803461
https://doi.org/10.1002/chem.201803461
https://doi.org/10.1021/jacs.6b08239?ref=pdf
https://doi.org/10.1021/jacs.6b08239?ref=pdf
https://doi.org/10.1021/jacs.6b08239?ref=pdf
https://doi.org/10.1021/acsomega.9b01699?ref=pdf
https://doi.org/10.1021/acsomega.9b01699?ref=pdf
https://doi.org/10.1039/c1ob05037k
https://doi.org/10.1039/c1ob05037k
https://doi.org/10.1021/ol800405b?ref=pdf
https://doi.org/10.1021/ol800405b?ref=pdf
https://doi.org/10.1021/ol800405b?ref=pdf
https://doi.org/10.1021/jp1023444?ref=pdf
https://doi.org/10.1021/jp1023444?ref=pdf
https://doi.org/10.1002/mrc.4578
https://doi.org/10.1002/mrc.4578
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.jmr.2005.08.013
https://doi.org/10.1016/j.molliq.2020.113822
https://doi.org/10.1016/j.molliq.2020.113822
https://doi.org/10.1021/ja00310a049?ref=pdf
https://doi.org/10.1021/ja00310a049?ref=pdf
https://doi.org/10.1093/bioinformatics/btl485
https://doi.org/10.1093/bioinformatics/btl485
https://doi.org/10.1002/chem.201504492
https://doi.org/10.1002/chem.201504492
https://doi.org/10.1021/ja00353a039?ref=pdf
https://doi.org/10.1021/ja00353a039?ref=pdf
https://doi.org/10.1039/b302730a
https://doi.org/10.1039/b302730a
https://doi.org/10.1021/acs.chemrev.7b00763?ref=pdf
https://doi.org/10.1021/acs.chemrev.7b00763?ref=pdf
https://doi.org/10.1021/acs.chemrev.7b00763?ref=pdf
https://doi.org/10.1021/acs.chemrev.7b00763?ref=pdf
https://doi.org/10.1146/annurev.pc.15.100164.001103
https://doi.org/10.1146/annurev.pc.15.100164.001103
https://doi.org/10.1016/S0891-5849(98)00191-9
https://doi.org/10.1016/S0891-5849(98)00191-9
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c06674?rel=cite-as&ref=PDF&jav=AM


(56)639 Warren, J. J.; Tronic, T. A.; Mayer, J. M. Thermochemistry of
640 Proton-Coupled Electron Transfer Reagents and its Implications.
641 Chem. Rev. 2010, 110, 6961−7001.

(57)642 Jovanovic, S. V.; Jankovic, I.; Josimovic, L. Electron-Transfer
643 Reactions of Alkyl Peroxy Radicals. J. Am. Chem. Soc. 1992, 114,
644 9018−9021.

(58)645 Soster, M.; Juris, R.; Bonacchi, S.; Genovese, D.; Montalti, M.;
646 Rampazzo, E.; Zaccheroni, N.; Garagnani, P.; Bussolino, F.; Prodi, L.;
647 Marchio ̀, S. Targeted Dual-Color Silica Nanoparticles Provide
648 Univocal Identification of Micrometastases in Preclinical Models of
649 Colorectal Cancer. Int. J. Nanomed. 2012, 7, 4797−4807.

(59)650 Helle, M.; Rampazzo, E.; Monchanin, M.; Marchal, F.;
651 Guillemin, F.; Bonacchi, S.; Salis, F.; Prodi, L.; Bezdetnaya, L. Surface
652 Chemistry Architecture of Silica Nanoparticles Determine the
653 Efficiency of in Vivo Fluorescence Lymph Node Mapping. ACS
654 Nano 2013, 7, 8645−8657.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.1c06674
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

I

https://doi.org/10.1021/cr100085k?ref=pdf
https://doi.org/10.1021/cr100085k?ref=pdf
https://doi.org/10.1021/ja00049a037?ref=pdf
https://doi.org/10.1021/ja00049a037?ref=pdf
https://doi.org/10.2147/IJN.S33825
https://doi.org/10.2147/IJN.S33825
https://doi.org/10.2147/IJN.S33825
https://doi.org/10.1021/nn402792a?ref=pdf
https://doi.org/10.1021/nn402792a?ref=pdf
https://doi.org/10.1021/nn402792a?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.1c06674?rel=cite-as&ref=PDF&jav=AM

