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ABSTRACT: Tetrathiatriarylmethyl (TAM, trityl) radicals have 3
attracted considerable attention as spin probes for biological electron ' s:@:SK

X
paramagnetic resonance (EPR) spectroscopy and imaging owing to their ><S 3 S>< Dendritic PEGylation S
sharp EPR singlet signals and high biostability. However, their in vivo s S

applications were limited by the short blood circulation lifetimes and 07 oH

strong binding with albumins. Our previous results showed that - Increases hydrophilicity
PEGylation is a feasible method to overcome the issues facing in vivo - Enhances stability

applications of TAM radicals. In the present study, we synthesized a - Extends blood circulation lifetime
series of new PEGylated TAM radicals (TTP1, TPP2, TNP1, TNP2, d- - Suppresses binding with albumins

TNPI, and d-TNP3) containing various lengths and numbers of mPEG

chains. Our results found that the pattern of PEGylation exerts an important effect on physicochemical properties of the resulting
TAM radicals. Dendritic PEGylated TAM radicals, TNP1 and TNP2, have higher water solubility and lower susceptibility for
self-aggregation than their linear analogues TPP1 and TPP2. Furthermore, dendritic PEGylated TAM radicals exhibit extremely
high stability toward various biological oxidoreductants as well as in rat whole blood, liver homogenate, and following in vivo
intravenous administration in mice. Importantly, the deuterated derivatives, especially d-TNP3, exhibit excellent properties
including the sharp and O,-sensitive EPR singlet signal, good biocompatibility, and prolonged kinetics with half-life time of >10
h in mice. These PEGylated TAM radicals should be suitable for a wide range of applications in in vivo EPR spectroscopy and
imaging.

1. INTRODUCTION Besides high stability and water solubility, TAM radicals also
have long relaxation times (>10 us at 25 °C under anaerobic
conditions) and narrow electron paramagnetic resonance
(EPR) singlet signals which provide high sensitivity and
resolution for EPR imaging. Owing to these unique properties,
these radicals have been widely utilized in continuous-wave and
pulsed EPR spectroscopy and imaging™® as well as magnetic
resonance imaging and other related fields."""" The great
demand for TAM radicals has stimulated numerous efforts
toward optimization of synthetic strategies, thus resulting in the

Stable organic radicals are of prime interest owing to their
diverse applications in the fields of chemistry, material, and
biomedical sciences. Triphenylmethyl radical is the first organic
free radical which was synthesized by Gomberg in 1900.'
However, its use, especially in biomedical applications, was
limited due to low stability and/or low water-solubility. To
address these issues, tetrathiatriarylmethyl (TAM, trityl)
radicals which belong to a family of fully substituted
triphenylmethyl radicals were developed.”® Full substitution ) ! 155
of each phenyl ring in TAM radicals by alkylthio and practical and large-scale synthesis of CT-03.""" The novel
carboxylate groups not only eliminates hyperfine splittings synthetic method based on nucleophilic quenching of the TAM
from protons but also increases their stability and water cation V\gslflso reported for the challenging asymmetric TAM
solubility, thus expanding their applications in biological radicals. ™" Fluorinated TAMs with a high affinity to fluorous
magnetic resonance spectroscopy. The most well-studied media were developed in order to evaluate tumor oxygenation
members of TAM radicals are CT-03 and its more hydrophilic
analogue OX063, both of which contain three carboxyl groups Received: October 26, 2016

in their molecular structures (Chart 1). Published: December 22, 2016
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Chart 1. Molecular Structures of TAM Radicals
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using biocompatible perfluorocarbon emulsions.'”'® Further-

more, peptide-conjugated'”'® and esterified TAM radicals'”*’
have enabled intracellular targeting. On the other hand, TAM
radicals have been structurally modified to expand their
applications for measurement of physiolo?cal garameters
such as superoxide anion radical (0,*7),”" pH,”** thiol
levels™ as well as total redox status.”® Most recently, these
radicals and their derivatives also have shown great promise as
spin labels for distance measurements in proteins and nucleic
acids bzf pulsed EPR spectroscopy at physiological temper-
ature””*® and as efficient 2polarizing agents of high-field
dynamic nuclear polarization.””

Despite the fact that TAM radicals have excellent properties
allowing for their wide applications in various fields of research,
short blood circulation lifetime and strong binding with
albumins still limit their in vivo applications.”*" Potential
toxicity of CT-03 resulting from relatively high hydrophobicity
and strong binding with ?roteins is another limitation for its
biological applications.””" Thus, OX063, the hydrophilic

analogue of CT-03, is commonly used in the magnetic
resonance-related field.” However, the synthesis of OX063
with high yield is still a challenge and this synthesis has only
been reported in the patent literature until now.”** In
addition OX063 has a very short in vivo half-life with rapid renal
clearance from the body.” Comparatively, the synthesis of CT-
03 is easier and its large-scale synthesis has been achieved as
reported previously.”"!

In order to overcome the drawbacks of CT-03, much effort
has been made to encapsulate it into oily core nanocapsules®®
or Pluronic F-127 hydrogel.”” The resulting nanoformulations
of TAM radicals exhibited improved biocompatibility and high
stability with long in vivo half-life times, thus showing great
potential for in vivo utilization in EPR spectroscopy and
imaging. In the meantime, we have been searching for new
covalent derivatization strategies in the past years to overcome
the disadvantages of CT-03 without compromising its excellent
EPR properties. As such, we reported the synthesis of a
dendritic esterified form of CT-03 which was able to be further
conjugated with methoxypolyethylene glycol (mPEG) chains at
the terminal carboxylic groups.”® The resulting PEGylated
TAM radical exhibits negligible albumin binding, high oxygen
(0,) sensitivity, and potentially long blood circulation time.*
PEGylation has been an effective strategy to promote targeting
delivery of biologically active small molecules and proteins and
enhance their biocompatibility and stability.”*~*" Similar results
have also been reported for PEGylated organic radical contrast
agents that have long in vivo half-life and good biocompatibility,
thus showing great potentials for magnetic resonance
imaging.‘u’43 However, it is not clear how the length and
number of mPEG chains affect the physicochemical properties
of CT-03 derivatives. Moreover, it was challenging to achieve
full PEGylation of nine carboxylic groups in the dendritic TAM
radical using the previous synthetic approach. Therefore, in the
present study, we utilized a completely convergent method to
synthesize PEGylated CT-03 derivatives TTP1, TTP2, TNPI,
and TNP2 (Chart 1), which contain different mPEG chain
lengths (MW 350—2000) and numbers (3/9 chains). This new

Scheme 1. Synthesis of PEGylated Monomers
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Scheme 2. Synthesis of PEGylated TAM Radicals
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convergent method allows for full PEGylation of all of
carboxylic acids. The resulting PEGylated TAM radicals were
characterized by UV—vis, 'H NMR, matrix-assisted laser
desorption ionization-time-of-flight (MALDI-TOF), and EPR.
The self-aggregation concentration, hydrophobicity, O, sensi-
tivity, and binding with bovine serum albumin of these radicals
were compared for these new radicals. Their stability toward
various oxidoreductants as well as in rat liver homogenate and
whole blood were also studied. In addition, the deuterated
derivatives d-TNP1 and d-TNP3 were also synthesized, and the
in vivo biocompatibility and kinetics of d-TNP3 were evaluated
in mice.

2. RESULTS AND DISCUSSION

2.1. Synthesis. 2.1.1. Synthesis of PEGylated Monomers.
The PEGylated monomers 4a and 4b were synthesized through
a three-step procedure shown in Scheme 1. The Fmoc-
protected dendron 2 was obtained by reaction of the trifurcated
Newkome-type compound 1 with Fmoc-Cl in the presence of
Na,CO; as reported previously.** After deprotection by formic
acid, the dendron 2 was then coupled with methoxypoly-
ethylene glycols (mPEGs) 350 and 750 (average molecular
weight) to result in the dendrons 3a and 3b, respectively.
Finally, the PEGylated monomers Sa and 5b were obtained by
deprotection with piperidine, followed by reaction with
bromoacetyl bromide in the presence of K,CO; On the
other hand, the monomers Sc and 5d were easily obtained by
direct conjugation of mPEG 350 and 750 with bromoacetyl
bromide in the presence of K,COs;.

2.1.2. Synthesis of PEGylated TAM Radicals. The
PEGylated TAM radicals were obtained using two different
methods (Scheme 2). In method A, CT-03 reacted with excess
of the PEGylated monomers Sa—5d to afford the PEGylated
TAM radicals TNP1, TNP2, TTP1, and TTP2. In method B,
the nonradical precursor of CT-03 (CT03-OH)* reacted with
excess of the PEGylated monomers Sa—S5d to yield compound
6, which was further transformed into the corresponding
PEGylated TAM radicals upon treatment by TFA.*

Comparison of these two synthetic methods shows that the
method A is much more facile with higher yields (81—86%)
due to one less step than the method B (74—78%). However,
since the paramagnetism of TAM radicals can significantly
broaden NMR signals of protons close to the radical center,
PEGylated TAM radicals can be not completely characterized
by NMR. Therefore, the corresponding nonradical analogues 6
are very useful to provide the structural information on
PEGylated TAM radicals.
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2.2. 'H NMR Studies. '"H NMR spectra of TNP1 and its
nonradical form TNP1-OH were recorded in both CDCl; and
D,O at room temperature (Figure 1 and the Supporting
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Figure 1. "H NMR spectra of (A) TNP1-OH in CDCl,, (B) TNPI in
CDCl,, and (C) TNPI in D,O.

Information for the complete spectra). As shown in Figure 1A,
the spectrum of TNP1-OH in CDCl; shows three proton
resonances between 1.69 and 1.87 ppm with an integration
peak intensities ratio of 1:1:2. These upfield peaks can be
assigned to four methyl groups on six five-membered side rings
which exhibit four separate and equal-intensity peaks for other
TAM derivatives.” One less peak at the region of 1.69—1.87
ppm was observed for TNP1-OH which was most likely due to
linkage of the large PEGylated dendrons that results in slow
rotational motions. Similar results were also observed when 'H
NMR spectrum of a non-PEGylated analogue of TNP1-OH
was recorded in viscous d6-DMSO instead of in CDCl;. On the
other hand, the signals (3.63—3.73 ppm) due to protons in the
mPEG group (CH,CH,0) can be utilized to estimate the
length of the mPEG chain. It was determined that there were
approximately 7 repeating units of CH,CH,O in each mPEG
chain and the estimated molecular weight (~340 Da) of the
mPEG chain is consistent with its average value (350 Da).
Since the paramagnetic nature of TAM radicals can broaden
NMR signals in close proximity to the central spin, comparison
of '"H NMR spectra of TNP1 and TNP1-OH can provide
valuable information about their conformations in solution. As
shown in Figure 1B, the peaks (H,) at the region of 1.69—1.87
ppm in 'H NMR spectrum of TNP1 in CDCl; almost
completely vanished due to the strong broadening induced by
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the central spin. Moreover, the signals at 2.65 (H,) and 4.25
(Hy) ppm were moderately broadened such that these triplets
were unresolved possibly due to the spatial proximity to the
TAM core induced by back folding of the corresponding ester
part. Similar line broadening was also observed for partial
protons (3.63—3.73 ppm) on ethylene glycol repeat units.
Interestingly, multiplet signal from Hy at 3.55 ppm was still well
resolved without significant broadening although the Hy
protons are in closer proximity to the central spin than both
H, and H; protons, further confirming that the part containing
H, and H; protons was backward folded to the central spin. As
expected, the terminal methyl groups of mPEG chain in the 'H
NMR spectrum of TNP1 have as sharp a singlet signal as that
in TNP1-OH due to their spatially distant separation from the
central TAM core. On the basis of the above observations, it
can be visualized that dendritic mPEG chains in TNPI are
partially back-folded to the TAM core in CDCIl; and provide
protection to the latter.

In order to reveal if there is similar dendritic encapsulation in
TNP1 in aqueous solution, its 'H NMR spectrum was also
recorded in D,O and compared with that in CDCl;. As shown
in Figure 1C, all of the NMR signals in D,O were much
broadened relative to the corresponding signals in CDCl;, most
likely due to self-aggregation of TNP1 at high concentration
(~2.38 mM) in D,0 (see below). However, careful
examination revealed that the signals of H, and H; become
much broader in D,O than those in CDCI;, possibly because
H, and H; were closer to the paramagnetic TAM core in D,0O
than in CDCl,. In addition, in contrast to the spectrum in
CDCl,, the signal of the protons Hy in D,0O was very broad and
completely buried into the signals of mPEG units or into the
baseline. Therefore, the protons Hy, H, and H; are much closer
to the TAM core in D,O than in CDCl,, indicative of a
stronger protection to the TAM core provided by the dendritic
PEGylation in D,0. The strong protection is also further
verified by their high stability toward various reactive species
(see below).

2.3. UV-vis Spectroscopic Studies. 2.3.7. UV-vis
Absorption. Data on UV—vis absorption are shown in Table
1. In phosphate buffer (PB), the non-PEGylated TAM radical

Table 1. UV—vis Absorption and Octanol-Water Partition
Coefficients (logP) of TAM Radicals in Phosphate Buffer
(PB, 20 mM, pH 7.4) and DMSO/PB (v/v = 1:1)

radical solvent Am/nm (e/mM™" cm™!)” logP*

ET-03  PB” 400 (14.4), 484 (15.3), 662 —0.11 + 0.03

TNPI  PB* 418 (21.6), 496 (20.1), 692  —127 + 0.02
DMSO-PB? 418 (25.6), 496 (24.3), 692

TNP2  PB* 418 (20.4), 496 (19.4), 692 —1.49 + 0.02
DMSO-PBY 418 (25.5), 496 (24.7), 692

TTP1  DMSO-PBY 418 (25.2), 496 (24.2), 692  —0.19 + 0.01

TTP2  DMSO-PBY 418 (25.7), 496 (24.6), 692  —1.34 + 0.04

“Phosphate buffer. e, molar extinction coefficient (see more details in
Figure S5). “Octanol—water partition coefficient (see more details in
Table S4). “DMSO/PB (v/v = 1:1).

ET-03 (Chart 1) displayed two intense and characteristic UV—
vis absorption bands around 400 and 484 nm and a broad and
weak band around 662 nm due to the n — 7* transition. These
absorption bands were blue-shifted relative to the previously
reported esterified TAM radicals (408, 491, and 682 nm)
possibly because of the stronger inductive effect from the ester
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groups in ET-03."” The dendritic PEGylated TAM radicals
TNP1 and TNP2 exhibited almost identical UV—vis spectra
(Figure SS) with A, values at ~418, 496, and 692 nm in PB
which were red-shifted as compared to the corresponding peaks
in ET-03 and other esterified TAM radicals.”’ Addition of
DMSO (50%) into the solutions of TNP1 and TNP2 did not
induce red-shift in their maximal UV—vis absorptions (Table 1)
but increased their molar extinction coefficients (¢) from ~20
to 25 mM™" cm™ at both 400 and 496 nm. In order to prevent
potential self-aggregation (see section 2.3.2 Self-Aggregation
Behavior below), UV—vis spectra of linear PEGylated TAM
radicals TTP1 and TTP2 were only recorded in DMSO/PB (v/
v = 1:1). Both of them exhibited very similar & and A,,,, values
with TNP1 and TNP2 in DMSO/PB, indicating that the
number and length of PEG chains have no significant effect on
the UV—vis spectra of PEGylated TAM radicals.

2.3.2. Octanol—Water Partition Coefficient (logP). Knowl-
edge about hydrophilicity/hydrophobicity of TAM radicals is
helpful to predict their potential for in vivo application. As
shown in Table 1, although ET-03 contains three charged
carboxylate groups in its molecule, it still exhibits moderate
distribution in the octanol layer with a logP value of —0.11.
Dendritic PEGylations significantly increase the hydrophilicity
of TNP1 (logP = —1.27) and TNP2 (logP = —1.49). TTP2
with relatively longer and linear mPEG chains (MW = 1000)
has significantly higher hydrophilicity (logP = —1.34) than
TTP1 with shorter and linear mPEG chains (MW = 750, logP
= —0.19). Therefore, increasing the mPEG length and number
can effectively improve the hydrophilicity of PEGylated TAM
radicals.

2.4. EPR Studies. 2.4.1. Hyperfine Splitting Constants.
Under anaerobic conditions, ET-03 exhibits an ambiguous EPR
multiplet signal (Figure 2) due to interaction of the unpaired

Figure 2. Experimental (solid line) and simulated (dotted line) EPR
spectra of ET-03 (100 M), TNP1 (100 M), and TNP2 (100 uM) in
phosphate buffer (PB, 20 mM, pH 7.4), TTP1 (100 uM), and TTP2
(100 uM) in DMSO/PB (v/v = 1:1) under anaerobic conditions. EPR
instrument settings were as follows: modulation frequency, 30 kHz;
microwave frequency, 9.87 GHz; microwave power, 0.1 mW;
modulation amplitude, 0.02 G.

electron with six protons of three ester groups through
extensive 7 conjugation and hyperconjugation along the central
carbon, aryl groups, and ester groups. Slightly different
hyperfine splitting constants (ay) of 65 and 70 mG (Table
2) for the two protons from each methylene group of ET-03
were observed which could originate from the hindered
rotation of the para substitutents and the intrinsic chirality of
the TAM core as described previously.** The measured ay
values for ET-03 were very similar to the previously reported
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Table 2. EPR Properties of TAM Radicals in Phosphate Buffer (20 mM, pH 7.4) under Anaerobic and Aerobic Conditions

line width/mG?

AB,,/mG"
radical ay/mG (n?) An° air
ET-03 65 (3), 70 (3) 211 321
TTP1 70(3), 75 (3) 219 305
TTP2 70 (3), 75 (3) 217 304
TNP1 85 (3), 87 (3) 254 351
TNP2 85(3), 87 (3) 259 352
d-TNP1 120 226
d-TNP3 130 230

“The number of equivalent H nuclei. “The ratio of peak-to- peak line widths (AB,,) under aerobic and anaerobic conditions. “Anaerobic.

ratio” An‘ air ratio? SAC/uM®

1.52 20 130 1.44 500
1.39 20 120 1.33 10

1.40 92 120 1.30 11

1.38 90 110 1.22 250
1.35 95 120 1.26 230
1.88 ND'
1.77 ND/

“The ratio

of intrinsic line widths under aerobic and anaerobic conditions. “SAC, self-aggregation concentration. /ND, not determined. The standard derivations

of ayy, ABy, and line width are <5 mG.

value (70 mG).* Direct esterification of ET-03 with the linear
mPEG chains enhances the interaction of the unpaired electron
with the six protons as evidenced by the slightly higher ay
values (70 and 75 mG) for TTP1 and TTP2. Both TTP1 and
TTP2 have completely unresolved multiplet signals due to the
relatively small ayy values but large line widths (~90 mG).
Conversely, EPR spectra of TNP1 and TNP2 consist of explicit
multiplets with oy values of 85 and 87 mG and line widths of
~90 mG.

2.4.2. Self-Aggregation Behavior. Since the line broadening
induced by intermolecular spin—spin interaction may interfere
with the O,-induced broadening and thus could complicate the
interpretation of results obtained from application of TAM
radicals for measurement of O,, we investigated the effect of
concentration of PEGylated TAM radicals on their EPR signals.
As expected, the signal intensity of TAM radicals increases
linearly with concentrations. However, this relationship deviates
from the linearity above the self-aggregation concentrations
(SACs), because the intermolecular spin—spin interaction
induced by the self-aggregation broadens the signals and thus
decreases their signal intensity (Figure S8). As shown in Table
2, among the five TAM radicals studied, ET-03 has the highest
SAC value (500 M) possibly because the intermolecular static
repulsion from the charged carboxylate groups effectively
prevents their self-aggregation. The conjugation of linear
mPEG chains to TAM radicals through the ester linkage
leads to a rapid reduction of their SACs (10 uM for TPP1 and
11 uM for TTP2). However, dendritic PEGylation is very
beneficial to prevent the self-aggregation of TAM radicals based
on the following facts: (1) SACs of both TNP1 (250 M) and
TNP2 (225 uM) are much higher than those of TTP1 (10 4M)
and TTP2 (11 uM); (2) TNP1 and TTP2 with the similar
accumulative mPEG chain lengths (3 X 3 X 350 = 3150 Da for
TNP1 and 3 X 1000 = 3000 Da for TTP2) have entirely
different SACs with much higher value for the former (Table
2). Similar results were also observed in a previous study where
dendritic encapsulation has been shown to prevent self-
aggregation of dye molecules.”” The almost identical SAC
values for TPP1 vs TTP2 or TNP1 vs TNP2 (Table 2) indicate
that the mPEG chain number instead of their length plays a
significant role on the self-aggregation behavior of PEGylated
TAM radicals.

2.4.3. Sensitivity of EPR Line Width to O,. To evaluate the
O, sensitivity of PEGylated TAM radicals, their EPR spectra
were recorded under both anaerobic (Figure 2) and aerobic
conditions (Figure S7), and their intrinsic EPR line widths of
multiplets and peak-to-peak line widths (AB,,) were obtained.
The ratio of the two different kinds of line widths under two
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different conditions was used as an indicator for O, sensitivity
of TAM radicals. As shown in Table 2, all PEGylated TAM
radicals possess similar O, sensitivities with a ~1.3-fold increase
in their intrinsic line widths from anaerobic to aerobic
conditions. Similar results were also found for the ratios of
ABPP under different conditions, which are in the range of 1.35
to 1.40 and slightly higher than the ratios of the intrinsic line
widths. The fact that ET-03 has the relatively higher ratio of

B, (1.52) than both linear and dendritic PEGylated TAM
radicals is due to the presence of higher a;; values (~85 mG)
for PEGylated TAM radicals than ET-03 (~55 mG), which
results in attenuation of O, sensitivity.”® As such, deuteration of
the protons in the ester linker can sharpen EPR lines of TAM
radicals and thus enhance their O, sensitivity.”> Therefore, a
deuterated analogue of TNP1, d-TNP1, was synthesized using
the same synthetic procedure for TNP1 (Scheme 2) with the
deuterated dendron of 4a (Scheme 1). As expected, the
deuteration greatly narrowed down the EPR signal of d-TNP1
(Figure S9) with a AB,, value of 120 mG as compared to 254
mG for TNP-1 under anaerobic conditions. Accordingly, the
ratio of AB,, values (ie, O, sensitivity) for d-TNP1 under
aerobic and anaerobic conditions was significantly increased
with a value of 1.88. Likewise, the other deuterated derivative d-
TNP3 has similar O, sensitivity with d-TNP1 with the AB,,
ratio of 1.77 (Figure S10).

2.5. Stability in Rat Liver Homogenate and Blood. The
stability of PEGylated TAM radicals toward various biological
oxidoreductants was initially investigated. As shown in Table
S2, all PEGylated TAM radicals show high stability toward
these reactive species, especially for oxidants. For example,
while the paramagnetism of CT-03 was quenched to different
degrees by hydroxyl, peroxyl, and superoxide radicals,
PEGylated TAM radicals have only less than 5% signal
attenuation after 30 min incubation with these oxidants
(Table S3). PEGylated encapsulation, especially with dendritic
features, therefore provides marked protection to the TAM
radicals, consistent with previous results from other dendritic
TAM radicals.®

Previous studies showed that TAM radicals such as CT-03
can be rapidly metabolized in rat liver.*””* To test the
metabolic stability of newly synthesized TAM radicals, CT-03,
ET-03 (Chart 1), or d-TNP1 were incubated with fresh rat liver
homogenate and the percentage of their EPR signal double-
integration intensities remaining after 6 h of incubation in rat
liver homogenate were compared. As shown in Figure 3,
metabolism of CT-03 and ET-03 in rat liver homogenate was
measured with 85% and 87%, respectively, of the signal
intensities remaining after the incubation for 6 h. Conversely,
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Figure 3. Stability of PEGylated TAM radical in rat liver homogenate
and blood as a fraction of CT-03, ET-03, and d-TNP1 remaining after
incubation for 6 h. The percentage was obtained by comparing the
double integral of the EPR signal in each system with that of each
radical (20 uM). Each experiment was carried out at least three times.
See details in the Experimental Section.

the double-integration signal intensity of d-TNPI remained
almost unchanged during this period. Meanwhile, the EPR
signal of d-TNP1 in rat liver homogenate became slightly
sharper than that in phosphate buffer due to the O,
consumption by active mitochondria in the homogenate as
well as slow diffusion of air into the EPR capillary (Figure S11).
These data showed that d-TNP1 has much higher resistance to
liver metabolism than CT-03 and ET-03.%

To further explore in vivo application potential of dendritic
PEGylated TAM radicals, the stability of d-TNP1 in whole
blood from rat was also investigated. As shown in Figure 3, d-
TNP1 showed high stability with less than 1% signal
attenuation after 6 h incubation in the blood. Slightly lower
stabilities were observed for CT-03 and ET-03. Importantly, the
EPR signal of d-TNP1 did not show any significant change in
the blood (Figure S12), whereas EPR signals of both CT-03
and ET-03 in the blood were severely broadened with less than
30% of signal intensities than those in phosphate buffer, most
likely due to strong binding with plasma proteins.”" To further
confirm this assumption, the binding of those PEGylated TAM
radicals with BSA was investigated. As expected, TNP1, TNP2,
TTPI1, and TTP2 did not bind to BSA (0—S00 uM, Figure
S13). Taken together, the dendritic PEGylation improves the
biostability of TAM radicals in rat blood and enhances their in
vivo application potential as EPR oximetric probes.

2.6. Evaluation of in Vivo Biocompatibility and
Kinetics of d-TNP3. In order to test the biocompatibility
and in vivo kinetics of PEGylated TAM radicals, d-TNP3 with
long PEG chains (2000 MW) was chosen for further study in
mice. We performed measurements with intravenous admin-
istration and simultaneous L-band in vivo EPR measurements of
the signal in the upper leg of mice. EPR measurements showed
that fast uptake occurred in the leg reaching close to maximum
within 2 min after the end of the infusion followed by a gradual
further increase and then slow decay (Figure 4). Prolonged
retention of the probe was achieved with stable EPR signal with
less than 10% decay over 2 h, and the half-life of the observed
signal was estimated to be >10 h. On the basis of the O,-
dependent line width broadening measured, the [O,] was
measured as 65 M, equivalent to a partial pressure of 43 Torr,
in the upper leg muscles and this value remained stable for the
period of measurement. Thus, compared to the original TAM
probes, CT-03 or OX063,” d-TNP3 has greatly prolonged
kinetics with good biocompatibility. In 4 mice studied, similar
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Figure 4. Time course of EPR signal intensity of d-TNP3 in the in vivo
mouse. L-band EPR measurements were performed in the right upper
leg of the mouse with surface coil resonator in mice infused with ~0.2
mmol/kg of d-TNP3 by intravenous infusion. The EPR signal was
stable with little change over 2 h. There was no acute toxicity and the
mice survived the infusion and measurements.

results were obtained with no acute adverse effects or toxicity
noted. The mice survived for 3 days post probe infusion
without problem and then were sacrificed with no abnormal-
ities seen on gross pathology examination of the major organs.

3. CONCLUSIONS

We have developed a new class of PEGylated TAM radicals
(TTP1, TTP2, TNP1, TNP2, d-TNP1, and d-TNP3)
containing various lengths and numbers of mPEG chains.
The number of mPEG chains but not their length has an
important influence on the physicochemical properties of
PEGylated TAM radicals. TNP1 and TNP2 with dendritic
PEGylation exhibit better water solubility, less susceptible self-
aggregation, higher stability in various systems than TTP1 and
TTP2 with linear PEGylation while both types of PEGylated
TAM radicals share similar and negligible BSA binding
properties. The deuterated derivatives d-TNP1 and d-TNP3
have sharp and O,-sensitive EPR singlet signals. Importantly, d-
TNP3 exhibits excellent in vivo properties in mice including fast
uptake, good biocompatibility, and prolonged kinetics with half-
life time of >10 h. Therefore, our present study provides a
novel strategy for the development of new TAM radicals with
improved properties which should enable a wide range of
biomedical in vivo EPR spectroscopy and imaging applications.

4. EXPERIMENTAL SECTION

General Information. All reactions were carried out under argon
atmosphere. Anhydrous grade solvents were used for reactions and
analytical grade solvents for purifications. All commercially available
reagents were used as received without further purification. Chemical
shifts (5) are reported in parts per million (ppm) relative to the
residual nondeuterated solvent peak in the corresponding spectra
(chloroform & = 7.27, D,0O & = 2.48). The following abbreviations
were used: s = singlet, d = doublet, t = triplet, m = multiplet. Coupling
constants (J) were reported in Hz. UV—vis spectra were recorded in
PB (phosphate buffer) or DMSO/PB (v/v = 1:1). High-resolution
mass spectra (HRMS) were obtained on an MALDI-TOF
spectrometer.

Synthesis of Compound 2. Compound 1 (2 g, 3.96 mmol) was
dissolved into a mixture of SO mL of DCM and 20 mL of 20% (w/v)
aqueous Na,COj solution. 9-Fluorenylmethyl chloroformate (3.07 g,
11.87 mmol) dissolved into a small amount of DCM was added
dropwise to the above reaction mixture under stirring. The resulting
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reaction mixture was stirred for 16 h, solvent evaporated, and the
crude product purified by silica column (4:1 hexane/EtOAc) to yield a
colorless oil (2.62 g, 91%).

General Procedure for the Synthesis of 3. Compound 2 (6 g,
8.22 mmol) was dissolved into 15 mL of formic acid and stirred
overnight after which the formic acid was removed under reduced
pressure to yield a colorless oil Fmoc-TA (4.68 g, quant.).

Fmoc-TA (1 equiv), BOP (6 equiv), HOBt (6 equiv), and DIPEA
(6 equiv) were dissolved in 40 mL of dry DCM, and the mixture was
stirred for 30 min at room temperature. Then, mPEG (average
molecular weight, 350 or 750) was added. The mixture was left
refluxing for 2 days. The reaction was washed with 5% citric acid
solution (w/v, 40 mL) and then saturated NaCl solution (40 mL),
dried over anhydrous Na,SO,, and concentrated under vacuum. The
crude product was purified by column chromatography on reverse
phase C-18 using water followed by 0—60% methanol in water as
eluants to afford compound 3.

Compound 3a. Yield: 61% (2.04 g), colorless oil. '"H NMR (400
MHz, CDCly) § 7.76 (d, ] = 7.6 Hz, 2H), 7.64 (d, ] = 7.6 Hz, 2H),
740 (t, ] = 7.2 Hz, 2H), 7.32 (t, ] = 7.2 Hz, 2H), 5.43 (m, 1H), 4.29
(s, 2H), 4.22 (m, 6H), 4.20 (s, 1H), 3.68—3.63 (m, 111H), 3.56—3.54
(m, 6H), 3.38 (s, 9H), 2.58 (m, 6H).

Compound 3b. Yield: 45% (4.4 g), colorless oil. "H NMR (400
MHz, CDCly) § 7.76 (d, ] = 7.6 Hz, 2H), 7.64 (d, ] = 7.4 Hz, 2H),
740 (t, ] = 7.2 Hz, 2H), 7.32 (t, ] = 7.4 Hz, 2H), 5.43 (s, 1H), 4.29 (s,
2H), 422 (t, ] = 4.8 Hz, 6H), 4.18 (s, 1H), 3.66—3.63 (m, 214H),
3.56—3.54 (m, 6H), 3.38 (s, 9H), 2.59 (t, ] = 6.2 Hz, 6H).

General Procedure for the Synthesis of 4. Compound 3 (1
equiv) dissolved into S mL of 20% piperidine in DCM was added. The
mixture was stirred for 4 h, and solvent was evaporated and purified by
silica column chromatography (gradient from 99:1 to 94:6 DCM/
MeOH) to afford 4.

Compound 4a. Yield: 75% (1.04 g), light yellow oil 'H NMR
(400 MHz, CDCl,) 6 4.28—4.17 (m, 6H), 3.81 (s, 2H), 3.71—3.66 (m,
90H), 3.38 (s, 9H), 3.31 (m, 6H), 2.59 (t, ] = 6.4 Hz, 6H).

Compound 4b. Yield: 69% (1.25 g), colorless oil. '"H NMR (400
MHz, CDCL,) § 4.27—4.25 (m, 6H), 3.74—3.64 (m, 197H), 3.56—3.54
(m, 6H), 3.38 (s, 9H), 2.63 (t, ] = 6.7 Hz, 6H).

General Procedure for the Synthesis of 5. To a solution of 4 (1
equiv) in dry DCM (8 mL) was added solid K,CO; (2 equiv). The
resulting suspension was cooled to 0 °C, and bromoacetyl bromide (2
equiv) was added dropwise with stirring over the period of 0.5 h. The
reaction mixture was allowed to warm to room temperature and stirred
for 4 h. The reaction mixture was concentrated under vacuum. The
resulting residue was purified by column chromatography on silica gel
using eluting with DCM/MeOH = 99:1 to 93:7 as eluents to afford
compound S.

Compound 5a. Yield: 74% (812 mg), colorless oil. '"H NMR (400
MHz, CDCl;) 6 6.81 (s, 1H), 4.26—4.23 (m, 6H), 3.81 (s, 2H), 3.72—
3.63 (m, 90H), 3.58—3.54 (m, 6H), 3.38 (s, 9H), 2.59 (t, ] = 6.2 Hz,
6H).

Compound 5b. Yield: 75% (744 mg), colorless oil. 'H NMR (400
MHz, CDCLy) 6 6.79 (s, 1H), 4.26—4.23 (m, 6H), 3.81 (s, 2H), 3.71—
3.62 (m, 188H), 3.56—3.54 (m, 6H), 3.38 (s, 9H), 2.59 (t, ] = 6.4 Hz,
6H).

Compound 5c. Yield: 70% (1.7 g), colorless oil. '"H NMR (400
MHz, CDCl;) § 4.33 (m, 2H), 3.89 (s, 2H), 3.65 (s, S7H), 3.55 (s,
2H), 3.38 (s, 3H).

Compound 5d. Yield: 76% (1.5 g), colorless oil. '"H NMR (400
MHz, CDCl,) 6 4.33 (m, 2H), 3.89 (s, 2H), 3.65 (s, 100H), 3.55 (s,
2H), 3.38 (s, 3H).

Synthesis of PEGylated TAM Radicals. Two different methods
were used to synthesize these radicals (Scheme 2).

General Procedure of Method A. Cesium carbonate (3 equiv)
was added to a solution of CT-03 (1 equiv) in 2 mL of anhydrous
DMEF. The resulting reaction mixture was stirred for 30 min at room
temperature and then 5 (6 equiv) and KI (0.2 equiv) were added. The
reaction mixture was continuously stirred under argon for 2 days. The
solvent was evaporated under vacuum, and the crude product was
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purified by chromatography on silica gel with DCM/MeOH (99:1 to
9:1) as eluents to afford the final product.

TNP1. Yield, 85% (57 mg); purity, 97%; brown oil. '"H NMR (400
MHz, CDCL): 4.23 (m, 18H), 3.73—3.63 (m, 279H), 3.56—3.53 (m,
18H), 3.38 (s, 27H), 2.59 (t, ] = 6.2 Hz, 18H). 'H NMR (400 MHz,
D,0): § 422—4.17 (m, 7H), 3.67—3.59 (m, 146H), 3.28 (s, 27H),
2.58 (m, 10H). HRMS (MALDI-TOF): a broad peak from 4000 to
5400 (average n~7).

d-TNP1. Yield: 85% (71 mg), brown oil. '"H NMR (400 MHz,
D,0) 3.59 (m, 166), 327 (s, 27H). HRMS (MALDL-TOE): a broad
peak from 4000 to 5400 (average n ~ 7).

TNP2. Yield, 80% (80 mg); purity, 97%; brown oil. '"H NMR (400
MHz, D,0) 6 4.17 (br, 11H), 3.59 (s, 454H), 3.27 (s, 27H), 2.58 (br,
11H). HRMS (MALDI-TOF): a broad peak from 4600 to 7600
(average n ~ 16).

TTP1. Yield, 86% (53 mg); purity, 97%; brown oil. 'H NMR (400
MHz, D,0) 6 3.59 (s, 109H), 3.27 (s, 9H). HRMS (MALDI-TOF): a
broad peak from 2200 to 3700 (average n ~ 16).

TTP2. Yield, 84% (69 mg); purity, 96%; brown oil. 'H NMR (400
MHz, D,0) § 3.59 (m, 136H), 3.27 (s, 9H). HRMS (MALDI-TOF):
a broad peak from 3600 to 4600 (average n ~ 22).

General Procedure of Method B. Cesium carbonate (3 equiv)
was added to a solution of CT03-OH (1 equiv) in 2 mL of anhydrous
DMEF. The resulting reaction mixture was stirred for 30 min at room
temperature, and then § (6 equiv) and KI (0.2 equiv) were added. The
reaction mixture was continuously stirred under argon for 2 days. The
solvent was evaporated under vacuum, and the crude product was
purified by chromatography on silica gel with DCM/MeOH (99:1 to
9:1) as eluents to afford 6.

Compound 6a. Yield: 83% (136 mg), light red oil. '"H NMR (400
MHz, CDCL;) 6§ 6.79 (s, 1H), 4.23(m, 18H), 3.73—3.63 (m, 279H),
3.56—3.53 (m, 18H), 3.38 (s, 27H), 2.59 (t, ] = 6.2 Hz, 18H), 1.78 (d,
J = 12.1 Hz, 18H), 1.69 (s, 18H). 'H NMR (400 MHz, D,0) § 4.22—
4.17 (m, 18H), 3.67—3.59 (m, 292H), 3.53 (m, 18H), 3.28 (s, 27H),
2.58 (m, 18H), 1.63 (m, 36H).

Compound 6b. Yield: 80% (60.8 mg), light red oil. "H NMR (400
MHz, CDCl,) 6 6.80 (s, 1H), 4.39—4.36 (m, 18H), 3.65 (m, 617H),
3.55 (m, 18H), 3.38 (s, 27H), 1.77 (d, J = 115 Hz, 18H), 1.68 (s,
18H).

Compound 6c. Yield: 85% (89.7 mg), light red oil. '"H NMR (400
MHz, CDCL,) 6 425—4.23 (m, 6H), 3.65 (m, 224H), 3.56—3.54 (m,
6H), 3.38 (s, 9H), 2.58 (t, ] = 6.1 Hz, 6H), 1.77 (d, ] = 11.3 Hz, 18H),
1.68 (s, 18H).

Compound 6d. Yield: 85% (74 mg), light red oil. '"H NMR (400
MHz, CDCL) & 6.73 (s, 1H), 4.32—4.29 (m, 6H), 3.58 (m, 298H),
3.49-3.47 (m, 6H), 331 (s, 9H), 1.72, 1.69 (d, J = 11.5 Hz, 18H),
1.61 (s, 18H).

A suspension of 6 in freshly distilled TFA (2 mL) and DCM (2 mL)
was stirred at room temp under argon for S h. The solution was
evaporated under vacuum and dried to afford the final compound
(92%). See the above section for the characterization data of
PEGylated TAM radicals.

Synthesis of d-TNP3. TAM radical d-TNP3 was synthesized usin%
the previously reported method.* In brief, to a solution of dTdG®
(50 mg, 23 pmol), HOBt (162 mg, 1.38 mmol), and EDCI (230 mg,
1.38 mmol) in D,0 (20 mL) and mPEG2000 (3.6 g, 2.07 mmol) was
added DIPEA (209 uL, 1.38 mmol) under N, atmosphere. The
reaction mixture was stirred at room temperature for 7 days, and then
20 mL of 5% citric acid solution was added. The resulting solution was
dialyzed against water (7 X 1 L) with a molecular weight cutoff of
3000D and further purified by column chromatography on Sephadex
G-50 using water as an eluent to give the PEGylated TAM radical d-
TNP3 as a brown solid (219 mg, 55%). '"H NMR (400 MHz, CDCl;)
5 4.23—4.21 (m, 18H), 3.73—3.53 (m, 1773H), 3.56—3.54 (m, 18H),
3.38 (s, 27H), 2.58 (t, ] = 6.2 Hz, 18H). HRMS (MALDI-TOF): a
broad peak from 10000 to 20 000. The paramagnetic purity of d-
TNP3 was determined by EPR using CT-03 as standard to be 86%.
According to NMR analysis (see the '"H NMR spectrum of d-TNP3 in
the Supporting Information), the impurity in the sample of d-TNP3
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was only free mPEG 2000, which has good biocompatibility and will
not significantly interfere with the biological applications of d-TNP3.

Determination of the Paramagnetic Purity. The paramagnetic
purities of PEGylated TAM radicals were determined by EPR using
CT-03 as standard.”” In a typical experiment, purified TAM radical was
weighed and dissolved in DMSO/water (v/v = 1:1). The EPR
spectrum was obtained, and the corresponding peak area was
determined using double integration (Figure S1). The concentration
of the TAM radical was then determined using a standard curve of
known concentration of CT-03 versus peak area (Figure S2 and Table
S1). Each experiment was done in triplicate. The paramagnetic purity
of each PEGylated TAM radical was determined to be >95% except for
d-TNP3 (86%).

Measurement of Octanol-Water Partition Coefficient
(LogP). Solutions of TAM radicals with various concentrations
(10—50 M) in octanol-saturated PB (20 mM, pH 7.4) were prepared
and their UV—vis spectra were recorded. Then, the absorption
intensities at 496 nm (TTP1, TNP2, TNP1, and TNP2) or at 484 nm
(ET-03) were plotted as a function of concentrations (Figure S14).
Subsequently, solutions (0.5 mL) of TAM radicals in octanol-saturated
PB (20 mM, pH 7.4) were incubated with PB-saturated octanol (0.5
mL) for 3 h at room temperature. Two phases were separated by
centrifugation and their UV—vis absorbance intensities at 496 nm
(TTP1, TNP2, TNPI and TNP2) or at 484 nm (ET-03) in the PB
were measured. The concentrations of these radicals in both phases
were calculated according to the plot in Figure S14 and their octanol—
water partition coeflicients were obtained. All the experiments were
carried out in triplicate. The detailed results are shown in Table S4.

EPR Experiments and Spectral Simulation. In vitro EPR
measurements were carried out on an X-band spectrometer at room
temperature. General instrumental settings were as follows: modu-
lation frequency, 30—100 kHz; microwave power, 0.1—5 mW;
modulation amplitude, 0.01—1 G. Measurements were performed in
50 uL capillary tubes. EPR spectral simulation of TAM radicals was
conducted by the WINSIM program. The parameters used for ET-03,
TTP1, TTP2, TNP1, and TNP2 were shown in Table 2.

Stability Studies toward Biological Oxidoreductants. Sol-
utions of GSH (1 mM), Asc (1 mM), and H,0, (1 mM) in PB (pH
7.4, 20 mM) were used. The Fe(II)~NTA complex was prepared by
dissolving (NH,),Fe(SO,), and NTA with a molar ratio of 1:2 in
water under anaerobic conditions. The Fe(III)—NTA solution (Fe/
NTA 1:2) was prepared by slow addition of the appropriate volume of
acidic Fe(III) stock solution into a vigorously stirred solution of NTA
in water. The resulting solution was slowly neutralized to pH 7.4 using
0.1 M NaOH. Either Fe(I)-NTA or Fe(IlI)-NTA solution was
freshly prepared before use. Hydroxyl radical (HO®) was continuously
generated from the system consisting of Fe(III)—NTA (0.1 mM) and
H,0, (1 mM). Superoxide was generated using the xanthine (X)/
xanthine oxidase (XO) system using XO (20 mU/mL) and X (0.4
mM) in the presence of DTPA (0.1 mM). Alkylperoxyl radical was
generated by thermolysis of 2,2'-azobis-2- methylpropanimidamide,
dihydrochloride (AAPH, 1 mM) at 37 °C. EPR spectra were recorded
30 min after mixing the TAM radical solution (20 yM) with various
oxidoreductants. Effect of various reactive species on TAM radicals
was expressed as percentage of TAM radical remaining after exposure
to reactive species for 30 min which was obtained by the double
integral of the EPR signal. Each experiment was conducted three
times.

Preparation of Liver Homogenate and Blood of Rat. On the
day of the experiments, 1 mL of blood was taken by retro-orbital bleed
of rats, and then 125 uL of heparin solution (1% w/v) was added. The
resulting blood was stocked on ice for the subsequent use. The rat was
then sacrificed and livers were taken. Rat livers were weighed and cut
into small pieces and washed with PB (20 mM, pH 7.4) to remove
blood. The resulting liver pieces were blotted with paper towels and
then transferred to a homogenizer. Thereafter, a 4-fold volume of PB
(20 mM, pH 7.4) was added to the homogenizer, and the liver pieces
were manually ground. The resulting homogenate was centrifuged at
4000 rpm at 4 °C for 15 min and the upper suspension was taken for
the stability analysis. All animal experiments were carried out
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according to the protocols approved by the Tianjin Medical University
Animal Care and Use Committee.

In Vivo L-Band EPR Measurement. Male C57BI6 mice of ~30 g
of weight were anesthetized with isoflurane inhalation and a jugular
venous catheter placed. Tail cuff blood pressure monitoring (Coda
noninvasive blood pressure system, Kent Scientific) measured systolic
blood pressures of ~100/70 with heart rate of ~450 beats per minute
prior to the start of the infusion and with repeat measurements
postinfusion similar values were obtained. With intravenous infusion in
the jugular vein of ~0.2 mmol/kg of d-TNP3 in 0.3 mL of normal
saline over 180 s, no acute toxicity was seen with stable respiratory and
heart rate. EPR measurements were performed with a Magnettech L-
band spectrometer with a center field of 462.99 G, scan width of 3.9 G,
modulation amplitude of 100 mG, microwave power of 25 mW, time
constant of 300 ms, and scan time of 30 s using a surface coil resonator
placed over the right thigh of the mouse.
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