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The decrease of tissue oxygen content due to pathological conditions leads to severe cell death and tissue da-
mage. Restoration of tissue oxygen content is the primary treatment goal. To accurately and efficiently assess
efficacy of a treatment, minimally invasive, and long-term detection of oxygen concentration in the same tissue
location represents a clinically attractive strategy. Among the different oxygen concentration measurement
approaches, electron paramagnetic resonance (EPR) has the potential to accomplish this. Yet there lacks in-
jectable EPR probes that can maintain a consistent concentration at the same tissue location during treatment
period to acquire a stable EPR signal, and can finally be eliminated from body without retrieval. Herein, we
developed injectable and bioeliminable hydrogel-based polymeric EPR probes that exhibited fast gelation rate,
slow weight loss rate, and high oxygen sensitivity. The probe was based on N-Isopropylacrylamide (NIPAAm), 2-
hydroxyethyl methacrylate (HEMA), dimethyl-y-butyrolactone acrylate (DBA), and tetrathiatriarylmethyl (TAM)
radical. The injectable probes can be implanted into tissues using a minimally invasive injection approach. The
high gelation rate (~10s) allowed the probes to quickly solidify upon injection to have a high retention in
tissues. The polymeric probes overcame the toxicity issue of current small molecule EPR probes. The probes can
be gradually hydrolyzed. Upon complete hydrolysis, the probes became water soluble at 37 °C, thus having the
potential to be removed from the body by urinary system. The probes showed slow weight loss rate so as to
maintain EPR signal intensity for extended periods while retaining in a certain tissue location. The probes
remained their high oxygen sensitivity after in vitro hydrolysis and in vivo implantation for 4 weeks. These
hydrogel-based EPR probes have attractive properties for in vivo oxygen detection.

1. Introduction invasive or cannot quickly and reproducibly measure oxygen for ex-

tended periods.

Oxygen plays an important role in cell metabolism. The decrease of
tissue oxygen content due to pathological conditions such as coronary
heart disease and stroke, leads to severe cell death and tissue damage
[1,2]. Restoration of tissue oxygen content is the primary treatment
goal. It may be achieved by vascularization [3,4] or sustained release of
oxygen to the tissues [5-7]. To accurately and efficiently assess efficacy
of a treatment especially for vascularization therapy that generally
takes > 4 weeks, [4,5] long-term (=4 weeks) detection of oxygen
concentration in the same tissue location by a minimally invasive or
non-invasive spectroscopic approach represents a compelling strategy.
However, most existing approaches for oxygen monitoring, such as
polarographic electrodes [8], fluorescence-based techniques [9] and
pulse oximetry, [10] show unsatisfied performance since they are either

Electron paramagnetic resonance (EPR), coupled with oxygen sen-
sitive probes, is capable of providing non-invasive, accurate, and rapid
measurement of tissue oxygen content [11]. Both water insoluble and
soluble oxygen sensitive probes can be used for oxygen detection.
Current water insoluble probes are able to measure oxygen concentra-
tion for a relatively long time period. Yet they are not degradable or
bioeliminable, raising toxicity concerns [12-14]. In contrast, water
soluble probes can be readily eliminated from the body [15-18]. Tet-
rathiatriarylmethyl (TAM) radicals represent a type of soluble probe
widely used for tissue oxygen monitoring [11,19-22]. TAM radical
have sharp singlet EPR signals, [1,23] and high oxygen sensitivity [24].
However, their relatively low stability when exposed to oxidor-
eductants in the ischemic tissues, limits their applications. TAM radical
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quickly lose EPR signals when the radicals are scavenged by oxidor-
eductants [25,26]. Modification of TAM radical with dendrimers to
provide them with shield effect has been shown to improve their sta-
bility [26,27]. Conjugation of TAM radical with methoxypoly(ethylene
glycol) (mPEG) can also enhance the stability [28]. Short retention time
in tissue (typically <4h) is another limitation for TAM radical that
does not allow them to be used for long-term oxygen monitoring [29].
Encapsulation of TAM radical within polymers such as poly(vinyl
acetate) [22] and Pluronic F-127 [23] can extend the retention time.
Yet it is shorter than 5h [14,30-32]. In addition, the oxygen sensitivity
of TAM radical was attenuated due to the poor oxygen permeability of
polymers [33]. Modification of TAM radical with dendrimer or mPEG
can extend the retention time =10 h. However, it is still not long en-
ough for long-term (=4 weeks) oxygen detection as vascularization
process may take several weeks.

The objective of this work was to address the current limitations by
creating injectable, bioeliminable, stable, and long retention polymeric
TAM probes that can be injected into the diseased tissues for long-term
(=4 weeks) measurement of tissue oxygen concentration during treat-
ment period. These probes also featured fast gelation rate, slow weight
loss rate, and high oxygen sensitivity.

2. Materials and methods
2.1. Materials

All chemicals were purchased from Sigma-Aldrich unless otherwise
stated. N-Isopropylacrylamide (NIPAAm, VWR) was recrystallized in
hexane before use. 2-hydroxyethyl methacrylate (HEMA, Alfa Aesar)
and acrylic acid (AAc) was passed through an inhibitor remover column
to remove the inhibitors. Dimethyl-y-butyrolactone acrylate (DBA) was
synthesized by acylation of pantolactone [37]. 2,2’-Azobis(2-methyl-
propionitrile), dioxane, hydrogen peroxide (30% aqueous solution),
ascorbic acid (Asc), iron (III) chloride hexahydrate, cesium carbonate
(Cs,CO3, BTC Beantown Chemical), potasium iodide (KI, BTC Beantown
Chemical), nitrilotriacetic acid (NTA, Fisher Scientific), and 1,1,1,3,3,3-
hexafluoro-2-propanol (HFIP, Oakwood Chemical) were used as re-
ceived without further purification. TAM radical was synthesized fol-
lowing a previous report [38]. Bromoethyl methacrylate (BEMA) was
synthesized using an established protocol [39].

2.2. Synthesis of hydrogel polymer

The hydrogel was synthesized by free radial polymerization of
NIPAAm, HEMA, DBA and BEMA. Molar ratio of the monomers was 60/
20/10/10. In brief, NIPAAm, HEMA, DBA and BEMA were dissolved in
dioxane in a 3-necked flask with N, inlet and outlet. After purging the
solution with N, for 15 min, AIBN was added into the flask. The reac-
tion was conducted at 70 °C for 6 h (Scheme 1). The solution was then
precipitated in hexane. The polymer was purified by dissolving in tet-
rahydrofuran and precipitating in ethyl ether [40]. Structure of the
polymer was determined by "H NMR spectrum.

2.3. Conjugation of TAM radical onto hydrogel polymer

The hydrogel polymer (0.3 g) and TAM (0.083 g) were dissolved in
dimethylformamide. KI (0.014 g) and Cs>CO3 (0.095 g) were added into
the solution sequentially. After mixing and stirring overnight, the
mixture was poured into DI water (Scheme 1). HCI (1 M) was added
dropwise to precipitate the polymer (abbreviated as hydrogel-TAM).
The hydrogel-TAM was washed with DI water three times and freeze-
dried overnight. The structure and composition of the polymer was
determined by 'H NMR spectra.
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2.4. Characterization of hydrogel-TAM

Hydrogel-TAM solution (10 wt%) was prepared by dissolving the
polymer in phosphate buffer saline (PBS, pH = 7.4) at 4 °C. The solu-
tion was then transferred into a 37 °C water bath for gelation. Water
content of the gel was measured after 24 h of incubation in 37 °C PBS.
The weight of the wet (w;) and the lyophilized gel (w,) was measured
respectively. The water content was calculated as:

Water content (%) = (W; — W»)/W, X 100%

To test hydrolytic property of hydrogel-TAM, 200 pL hydrogel-TAM
solution (10 wt%) was added into each 1.5 mL microtubes. After gela-
tion at 37 °C overnight. The supernatant was replaced with 200 uL PBS.
The hydrolysis was conducted at 37 °C for 4 weeks. The samples were
taken out at each week, and freeze-dried. The weight before and after
hydrolysis was measured as w3 and wy, respectively. The weight re-
maining was calculated as:

Weight remaining (%) = wy/w; X 100%

The gelation temperature of the hydrogel-TAM solution was mea-
sured using differential scanning calorimetry (DSC). The temperature
range and the heating rate were 0-60 °C and 10 °C/min, respectively
[5].

Injectability of the hydrogel-TAM solution was evaluated by its
ability to go through 22-guage needle. Gelation time was defined as the
time needed for the 4 °C hydrogel-TAM solution to become a solid gel at
37 °C, and determined using our previously established protocol [37].

2.5. Oxygen response of hydrogel-TAM

A Bruker EMX plus X-band resonator (9.8 GHz) was used for EPR
measurement. Hydrogel-TAM was dissolved in water/DMSO (1/1 by
volume) and injected into a gas permeable EPR tube, which was then
inserted in the microwave cavity of the EPR resonator. Gas with certain
oxygen content was flowed into the tube for at least 15 min to reach the
equilibrium. The EPR spectrum was recorded, and EPR linewidth was
measured. The linewidths at different oxygen concentrations were ob-
tained using gases with different oxygen contents. At least 3 repeats
were used in EPR tests.

2.6. Stability of hydrogel-TAM when exposed to oxidoreductants

To determine stability of the hydrogel-TAM when exposed to oxi-
doreductants, 3 oxidoreductants were used including H,O, solution
(1 mM), ascorbic acid (Asc) solution (1 mM) and hydroxyl radicals (HO
+). HO- was prepared following a previously established protocol [28].
In brief, iron (III) chloride solution was slowly added into the NTA
solution at the Fe/NTA ratio of 1/2. The mixture was then neutralized
to pH7.4. HO- was generated by adding H>O- solution to the Fe(IIl)-
NTA solution. After mixing each oxidoreductant with hydrogel-TAM for
30 min, EPR signals were monitored. The stability was determined as
ratio of the double integral of EPR signals after and before oxidor-
eductant treatment [28].

2.7. Animal experiments

All animal studies were performed in accordance with the National
Institutes of Health Guide for handling laboratory animals. The protocol
was approved by Ohio State University Institutional Animal Care and
Use Committee. Male 8-10-week-old C57BL/6 mice were used. After
anesthesia, 200 pL hydrogel-TAM solution (10 wt%) was injected into
thigh muscles by a 22-gauge needle. The tissues were harvested after
3h and 4 weeks. The hydrogel-TAM was extracted using HFIP. After
evaporation of HFIP, the hydrogel-TAM was re-dissolved in water/
DMSO (1/1 by volume). EPR linewidths of hydrogel-TAM solution were
measured at different oxygen concentrations.
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Scheme 1. Synthesis scheme of poly(NIPAAm-co-HEMA-co-DBA-co-BEMA) and hydrogel-TAM.

2.8. Histology and immunohistochemistry

The harvest muscle tissues were fixed by using 4% paraformalde-
hyde and embedded in paraffin and then sectioned into 4 um slices.
Hematoxylin & Eosin (H&E) staining was performed on the slices and
the images were taken using a light microscope. For the im-
munohistochemistry study, the slices were deparaffinized with xylene
and rehydrated with ethanol. After blocking the slices using goat serum,
F4/80 primary antibody and Alexa Fluor 488 secondary antibody were
used for staining. The images were taken using a confocal microscope. 4
repeats were used to take images in each staining experiments.

2.9. Statistical analysis

+

Data were presented as mean * standard deviation. One-way
ANOVA was used to analyze the stability of hydrogel-TAM to different
oxidoreductants.

3. Results and discussion
3.1. Synthesis of hydrogel-TAM and characterization of properties

The hydrogel polymer was synthesized by free radical polymeriza-
tion of NIPAAm, HEMA, DBA and BEMA. 'H NMR spectrum (Fig. 1a)
confirmed the structure of the polymer. The molar ratio of NIPAAm/
HEMA/DBA/BEMA was 60/19/7/14, consistent with the feed ratio.
The polymer was then conjugated with TAM radical. After conjugation,
TAM radical affected the chemical environment of protons in the hy-
drogel, leading to the substantial peak shift in the "H NMR spectrum
(Fig. 1b). The appearance of characteristic proton peak for —CHs in the
TAM radical in the 'H NMR spectrum of hydrogel-TAM (Fig. 1b) con-
firmed the successful conjugation. The ratio of conjugation was
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calculated to be 95%. The successful conjugation is also confirmed by
EPR spectra (Fig. 2). At N, atmosphere, the hydrogel-TAM showed a
narrow singlet peak, same as that of the free TAM radical. The peak-to-
peak linewidths of the hydrogel-TAM and TAM radical were
107 + 1mG and 105 * 2mG, respectively. The neglectable peaks
shown in hydrogel-TAM and TAM radical were caused by the hyperfine
effect as the unpaired electrons of TAM radical interact with protons
located in the methyl group of the TAM radical [41-43]. Protons
around TAM radical may affect its stability, leading to the change of
linewidth. A previous study demonstrated that conjugation of TAM
with mPEG decreased its stability and broadened linewidth [28]. In this
work, the conjugation with hydrogel did not compromise TAM stability
as the peak-to-peak linewidths of the hydrogel-TAM and TAM radical
were similar.

The 4 °C hydrogel solution was flowable and can be readily injected
through a 22-gauge needle typically used for muscle injection (Fig. 3).
These results demonstrate that the hydrogel solution had appropriate
viscosity for delivery into tissues by a minimally invasive injection
approach. The hydrogel solution had a sol-gel transition temperature of
33.4 + 4.9°C. The 4 °C hydrogel solution formed a solid gel within 10 s
when incubated at 37 °C (Fig. 3). The fast gelation rate enables the
injected hydrogel-TAM to quickly immobilize in the tissues after in-
jection. The resulting gel exhibited water content of 64.1 + 4.5%.

The hydrogel-TAM was designed to be bioeliminable after complete
hydrolysis of DBA component. The ester group in the DBA component
can be slowly hydrolyzed to —COOH group [44]. To determine whether
the final hydrolysis product (Scheme 1) is able to dissolve in PBS at
37 °C so that it can be eliminated from body, we synthesized the final
hydrolysis product by free radical polymerization of NIPAAm, HEMA,
AAc, and BEMA followed by conjugation with TAM radical. Its sol-gel
temperature was found to be 57.6 = 6.1°C, > 37 °C (Fig. 4a and b).
Therefore, the final hydrolysis product will be soluble in body fluid. The
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Fig. 1. '"H NMR spectra of poly(NIPAAm-co-HEMA-co-DBA-co-BEMA) (a), and hydrogel-TAM (b). The circled peak in hydrogel-TAM spectrum belongs to TAM

radical.

2G
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TAM radicals, N,

Fig. 2. EPR signals of TAM radical (blue) and hydrogel-TAM (yellow) at N,
atmosphere. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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elevated sol-gel temperature of the final hydrolysis product is likely the
result of AAc component increasing hydrophilicity of the polymer
[45,46]. To determine hydrolysis rate of the hydrogel-TAM, it was in-
cubated in PBS at 37 °C for 4 weeks. No significant weight loss was
observed (p > 0.05, weeks 1, 2, 3, and 4 vs. day 0). This is possibly due
to slow hydrolysis rate of the DBA component, which has been de-
monstrated in our previous study [45]. The slow degradation within
four weeks met our design goal as it offers the possibility for the hy-
drogel-TAM to maintain EPR signal intensity for extended periods while
retaining in a certain tissue location, allowing for long-term monitoring
of oxygen concentration.

3.2. Oxygen response of hydrogel-TAM and sensitivity

To measure oxygen response, gases with different oxygen
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Fig. 3. The synthesized hydrogel-TAM was thermosensitive. It was at liquid state at 4 °C (a) and became a solid gel at 37 °C (b). The hydrogel-TAM was injectable at

4°C (o).

concentrations (0, 10, 20, 40, 60 and 80%) were flowed through the
hydrogel-TAM for at least 15 min, respectively. The peak-to-peak line-
width was then determined from the EPR spectra. The linewidth for the
hydrogel-TAM linearly increased from 107 mG to 282mG when the
oxygen concentration was increased from 0% to 80%. A similar linear
relationship between the linewidth and oxygen concentration was
found for the TAM radical, whose linewidth increased from 105 mG at
anaerobic condition to 288 mG at 80% O, (Fig. 5). The oxygen sensi-
tivity was calculated as the slope of the linear response of linewidth and
oxygen concentration. The hydrogel-TAM possessed the oxygen sensi-
tivity of 0.28 mG/mm Hg, very close to that of the TAM radical
(0.30 mG/mm Hg). The similar oxygen sensitivity of hydrogel-TAM and
TAM radical further demonstrated that the hydrogel had no substantial
influence on the stability of TAM radical.

3.3. Response rate of hydrogel-TAM to oxygen concentration change

Response rate of EPR probe to oxygen concentration change is of
importance when using it for real time monitoring of tissue oxygen.
Hydrogel-TAM was able to quickly respond to oxygen concentration
variation. The response time was within 5 min when the hydrogel-TAM
was switched from room air to N,, and from N, to 10% oxygen
(Fig. 6a). The hydrogel-TAM exhibited similar response time as the free
TAM radical (Fig. 6a).

Linewidth of the hydrogel-TAM was reversible when the oxygen
concentration was changed from room air to 0%, and back to room air
(Fig. 6b). In addition, the hydrogel-TAM and free TAM radial showed
similar linewidth at different oxygen concentrations, and the same
duration to reach the equilibrium when switching gases (Fig. 6b). This
is possibly because the hydrogel had excellent oxygen permeability. A
slightly longer duration for both hydrogel-TAM and free TAM radical to
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Fig. 5. The linear oxygen-dependent linewidth of hydrogel-TAM and TAM ra-
dical measured by EPR.

reach the equilibrium was observed when flushing N, compared to
flowing O, (Fig. 6a and b). This is attributed to the lower diffusivity of
N, [47].

3.4. Oxygen response of hydrogel-TAM during the in vitro hydrolysis

The influence of hydrolysis on the EPR property of hydrogel-TAM
was investigated after 1 and 4 weeks of incubation in PBS. The line-
width of remaining hydrogel-TAM showed a linear relationship with
oxygen concentration at both time points (Fig. 7). In addition, the
linewidth was almost the same at each oxygen concentration after 1 and
4 weeks of hydrolysis. As a result, the oxygen sensitivity was remained
similar (0.30 mG/mm Hg for week 1, and 0.28 mG/mm Hg for week 4).

115
105
85 |
75 .
0 1 2 3 4

Degradation time (week)

Fig. 4. Sol-gel temperature of the final hydrolysis product of hydrogel-TAM (a). It was soluble at 37 °C after being fully degraded (b). Weight remaining of hydrogel-

TAM in PBS for four weeks (c).
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The oxygen sensitivity was also similar to that of the hydrogel-TAM
before degradation. These results demonstrated that the hydrogel-TAM
had stable EPR properties during in vitro hydrolysis, possibly due to
slow weight loss (Fig. 4C).

3.5. Oxygen response of hydrogel-TAM after in vivo implantation

To investigate the EPR property change of hydrogel-TAM after in
vivo implantation, the hydrogel-TAM solution was injected into mouse
thigh muscles. The control was free TAM radical. The tissues were
harvested at 3h and 4 weeks of post-implantation, and the hydrogel-
TAM was extracted. After only 3 h of implantation, the EPR signals of
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(b). The EPR linewidth of hydrogel-TAM as function of the oxygen content after
degradation in vivo for four weeks (c). Muscle tissues with hydrogel-TAM were
harvested and hydrogel-TAM was extracted by HFIP.

TAM radical under N, was largely weakened and strong noise was
detected (Fig. 8a). In contrast, sharp and narrow singlet peaks were
seen for hydrogel-TAM in N, (Fig. 8b). The noise was extremely low.
After 4 weeks of implantation, no TAM radical was monitored due to its
short retention time in tissue (typically < 4 h). However, the hydrogel-
TAM showed similar EPR spectrum as that was implanted for 3h
(Fig. 8b). The peak-to-peak linewidth of hydrogel-TAM showed a linear
function with oxygen concentration after 3h and 4 weeks of im-
plantation (Fig. 8c). In addition, the oxygen sensitivity remained un-
changed (1.60 mG/mm Hg at 3h, and 1.57 mG/mm Hg at 4 weeks).
These results demonstrated that the hydrogel-TAM not only extended
the retention time of TAM radical in vivo, but also had stable oxygen
responsiveness and sensitivity. The retention time of the hydrogel-TAM
was also remarkably longer than those chemically modified TAM ra-
dical whose half-life was only several hours [28,38]. Encapsulation of
TAM radical into polydimethylsiloxane (PDMS) can prolong its reten-
tion time in vivo [48]. However, PDMS is non-degradable and non-in-
jectable. It needs invasive surgeries to implant and retrieve, thus having
lower clinical significance. The hydrogel-TAM in this work is not only
injectable, but also bioeliminable. Therefore, minimally invasive in-
jection approach can be used for implantation, and retrieval is not
necessary. Although we designed the hydrogel-TAM to have no sig-
nificant weight loss in the 4-week study period, the ester group in the
DBA component can be slowly hydrolyzed (Scheme 1) resulting in the
final hydrolysis product that is soluble in body fluid. The long retention
time and stable oxygen sensitivity allow the hydrogel-TAM to be used
for long-term monitoring of tissue oxygen. It should be noted that the
linewidth of hydrogel-TAM after implantation was broadened. Same
phenomena was found for the free TAM radical [28]. This is likely re-
sulted from the binding of TAM radical with plasma proteins in tissues
[28]. One of the potential challenges in using hydrogel-TAM for long-
term monitoring of tissue oxygen is that more plasma proteins may bind
to the TAM radical as vascularization progresses. This may further
broaden EPR linewidth and affect oxygen sensitivity. Use of hydrogels
with lower water content may address the challenge as it will decrease
plasma protein penetration to the hydrogel, thus reducing binding to
TAM radical.
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Fig. 10. H&E (a) and F4/80 (b) stainings of muscle tissues without (left
column) and with (right column) injection of hydrogel-TAM.

3.6. Stability of hydrogel-TAM when exposed to oxidoreductants

Ischemic tissues typically contain oxidoreductants that compromise
the stability of TAM radical. For example, reducing agent Asc leads to
reduction of TAM radical, and oxidizing agents such as H,O, and HO-
induce the oxidization of TAM radical, resulting in a spin-loss reaction
of TAM radical [26,49,50]. To determine whether conjugation with
hydrogel can improve its stability, the hydrogel-TAM was exposed to
Asc, H,0, and HO-. After 30 min, the remaining TAM radical in the
hydrogel-TAM was only quenched < 7% regardless of the type of oxi-
doreductant (Fig. 9). However, the remaining free TAM radical was
only 87% in H0,, 90% in Asc and 88% in HO -, respectively, consistent
with the previous study [26]. These results demonstrate that the con-
jugation with hydrogel significantly increased TAM radical stability in
the presence of oxidoreductants (p < 0.05 for hydrogel-TAM vs. TAM
in all 3 oxidoreductants). It is possible that the long polymer chains in
the hydrogel acted as a barrier to prevent oxidoreductants from at-
tacking conjugated TAM radicals. Similar results were reported pre-
viously where the conjugation of TAM radical with dendritic poly
(ethylene glycol) greatly improved the its stability towards oxidor-
eductants [26].
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3.7. In vivo biocompatibility of hydrogel-TAM

After implantation for 4 weeks, the thigh muscles were harvested,
and H&E (Fig. 10a) and F4/80 (Fig. 10b) stainings were performed. The
implanted hydrogel was not fully degraded and the remaining hydrogel
(large white gap between muscles) can be seen in Fig. 10a. H&E
staining demonstrated that hydrogel-TAM implantation did not sub-
stantially increase tissue inflammation compared to the normal muscle
tissue. In F4/80 staining, only few macrophages were seen in the hy-
drogel-TAM implanted muscle, and normal muscle. TAM radical is
usually used at a low concentration (below 1mM) due to toxicity
concern [34-36]. The H&E and F4/80 staining results demonstrate that
the TAM radical in the hydrogel-TAM did not cause tissue death and
inflammation. Therefore, the hydrogel-TAM had excellent biocompat-
ibility.

The stable oxygen sensitivity, fast gelation rate, high stability to-
wards oxidoreductants, and excellent biocompatibility make the de-
veloped probes promising for oxygen monitoring in tissues. In our fu-
ture studies, we will implant the probes for real time and long-term
(=4 weeks) detecting tissue oxygen concentration during vasculariza-
tion therapy.

4. Conclusion

Polymer-based TAM radical (Hydrogel-TAM) was synthesized by
conjugating TAM radical to a thermosensitive, fast gelation, and bioe-
liminable hydrogel. The hydrogel-TAM showed linear response of
linewidth and oxygen concentration. It also preserved high oxygen
sensitivity and response rate to oxygen concentration change of the free
TAM radical. The hydrogel-TAM was stable during the 4-week in vitro
and in vivo degradation with oxygen sensitivity unchanged.
Furthermore, the hydrogel-TAM possessed a higher stability to oxi-
doreductants than free TAM radical. To the best of our knowledge,
hydrogel-TAM is the first bioeliminable, polymeric EPR probe that can
be minimally invasively injected into tissue and had a prolonged re-
tention time in tissue.
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