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ABSTRACT: Nuclear medicine with radioisotopes is extremely
useful for clinical cancer diagnosis, prognosis, and treatment.
Herein, polyethylene glycol (PEG)-modified nanoscale coordi-
nation polymers (NCPs) composed of hafnium (Hf**) and
tetrakis (4-carboxyphenyl) porphyrin (TCPP) are prepared via a
one-pot reaction. By chelation with the porphyrin structure of
TCPP, such Hf-TCPP-PEG NCPs could be easily labeled with
#mTc*, an imaging radioisotope widely used for single-photon
emission computed tomography (SPECT) in a clinical environ-
ment. Interestingly, Hf, as a high-Z element in such 9omT . Hf-
TCPP-PEG NCPs, could endow nontherapeutic *™Tc with the
therapeutic function of killing cancer cells, likely owing to the
interaction of Hf with y rays emitted from *™Tc to produce
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charged particles for radiosensitization. With efficient tumor retention, as revealed by SPECT imaging, our **"Tc-Hf-
TCPP-PEG NCPs offer exceptional therapeutic results in eliminating tumors with moderate doses of *™Tc after either
local or systemic administration. Importantly, those biodegradable NCPs could be rapidly excreted without much long-
term body retention. Our work, showing the success of applying NCPs for radioisotope therapy (RIT), presents a
potential concept for the realization of highly effective cancer treatment with T, a short-half-life (6.0 h) diagnostic
radioisotope, which is promising for cancer RIT with enhanced efficacy and reduced side effects.
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adioisotope therapy (RIT) via the use of therapeutic
Rzadioisotopes (eg, ', 151, "¥5Re, 77Lu, etc.),' > most
f which are # emitters, implanted or administrated

into the tumor or placed nearby the tumor to destruct solid
tumors is an widely applied cancer treatment strategy in the
clinic.”” However, while local implantation of radioisotopes
has no systemic effect on the treatment of metastatic tumors,”’
those f-emitting radioisotopes with half-lives of several days, if
applied by systemic administration, could result in severe long-
lasting damage to normal tissues.'”!! P™T¢, as a metastable

nuclear isomer of **Tc, is one of the most widely used
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radioisotopes in diagnostic imaging, particularly for single-
photon emission computed tomography (SPECT)."*™"* With
a short half-life of 6.0 h, *™Tc as a y emitter is known to be a
rather safe radioisotope.'>~"” While it is extensively used as an
imaging radioisotope, the use of *"Tc for RIT has not yet
been possible due to the fact that it only emits y rays that have
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Figure 1. Synthesis and characterization of NCPs. (a) The scheme to illustrate the synthesis, structure, and radiolabeling of Hf-TCPP-PEG
NCPs as well as the mechanism of radiosensitization by Hf to generate secondary charged particles after absorbing y rays emitted from
#mTc. (b, d) TEM image of the as-synthesized (b) Ca-TCPP-PEG NCPs and (d) Hf-TCPP-PEG NCPs. (c, e) HAADF-STEM element
mapping of (c) Ca-TCPP-PEG NCPs and (e) Hf-TCPP-PEG NCPs. (f) The DLS-measured hydrodynamic diameters of Ca-TCPP-PEG and
Hf-TCPP-PEG NCPs. (g) The **"Tc radiolabeling yields for Ca-TCPP-PEG and Hf-TCPP-PEG NCPs achieved by different periods of
reaction time. (h) Radiolabeling stability of *™Tc-Ca-TCPP-PEG and **"Tc-Hf-TCPP-PEG NCPs in serum. (i) The liquid scintillation
spectrum of free *™Tc, *™Tc-Ca-NCPs, and **"Tc-Hf-NCPs to measure generated secondary charged particles (electrons).

little absorption by soft tissues (e.g., tumors) and, thus, much
lower damage to cancer cells compared to f3 particles.'*™*'

Nanoscale coordination polymers (NCPs) are a type of
porous nanomaterial formed by coordination interactions
between metal cations and multidentate organic ligands.””*’
Due to a wide selection of metal ions and organic ligands,
NCPs can be given judiciously tunable physicochemical
properties and have the potential to be used in biomedi-
cine.”»*> Many research groups, including ours, have reported
the application of various types of NCPs as carrier-free
nanomedicine platforms for chemotherapy, photodynamic
therapy, photothermal therapy, and radiation therapy of
cancers.” "> One of the key advantages for NCPs compared
with typical inorganic nanoparticles is their inherent
biodegradability owing to the weak coordination interactions
between metal jons and organic linkers.>*** However, the
application of NCPs for the tumor-targeted delivery of RIT has
not been reported to our best knowledge.

In this work, via the self-assembling of metal ions (calcium
or hafnium ions) (Ca** or Hf*"), tetrakis (4-carboxyphenyl)
porphyrin (TCPP) as bridging ligands,”’36 and polyhistidine-
polyethylene glycol (pHis-PEG) copolymer as the stabilizing
agent, PEGylated NCPs are fabricated by a one-pot reaction
method. The obtained Hf-TCPP-PEG and Ca-TCPP-PEG
NCPs with similar physicochemical properties can both be
easily labeled with an imaging radioisotope **™Tc (half-life of
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6.0 h) by employing TCPP as the chelating agent.
Interestingly, different from free *Tc and **™Tc-Ca-TCPP-
PEG NCPs, which exert little radiation damage to tumor cells,
Hf*, as a high-Z number within *™Tc-Hf-TCPP-PEG NCPs,
could act as a radiosensitizer to enhance the RIT efficacy of
#mT¢ by absorbing y rays and emitting charged particles.”’ ™’
At the in vivo level, it is discovered by SPECT imaging that
#mTc.Hf-TCPP-PEG NCPs would show prolonged tumor
retention after local intratumoral injection as well as passive
tumor homing after intravenous injection. As a result, excellent
RIT therapeutic effects have been achieved by *™Tc-Hf-
TCPP-PEG NCPs, which are able to greatly delay tumor
growth by single injection or completely eliminate tumors by
multiple repeated treatments. Owing to the high safety of
#m™T¢ with a short half-life as well as the biodegradability of
such NCPs, no appreciable systemic toxicity is observed for
mice after RIT with *™Tc-Hf-TCPP-PEG NCPs. Our work
thus proposes a potential strategy by which to endow a
diagnostic radioisotope with the therapeutic function by using
NCPs as the multifunctional carrier for RIT with high efficacy
and low side effects.

RESULTS AND DISCUSSION

Hf-TCPP-PEG NCPs and Ca-TCPP-PEG NCPs were
synthesized via a one-pot method following our recently
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Figure 2. In vitro RIT with **™Tc-Hf- TCPP-PEG NCPs. (a, b) The schemes showing the proposed mechanisms of Hf-sensitized RIT. (a) The
ability of preinternalized Hf-containing NCPs within cells to interact with y rays emitted from *™Tc for radiosensitization. (b) The “self-
sensitization™ effect by **"Tc-Hf- TCPP-PEG NCPs of destructing tumor cells. (c) Relative viabilities of 4T1 cells pretreated with Ca-TCPP-
PEG or Hf-TCPP-PEG NCPs after incubation with free *™Tc for 24 h. The RIT effect of free *Tc could be enhanced by Hf-TCPP-PEG
NCPs. (d) Relative viabilities of 4T1 cells incubated with free **™Tc¢, **™Tc-Ca-TCPP-PEG, and **™Tc-Hf-TCPP-PEG NCPs with different
concentrations for 24 h. *"Tc-Hf-TCPP-PEG NCPs showed a much-stronger RIT effect compared with free *™Tc and **™Tc-Ca-TCPP-
PEG NCPs at the same doses. (e) Surviving fractions of 4T1 cells treated with NCPs with free *™Tc at different dosages (0, 100, 200, 300
HCi) by the colongenic assay. (f) Confocal fluorescence images of y-H2AX-stained 4T1 cells after various treatments for 24 h. Blue, DAPI;
red, y-H2AX. Groups I, II, I, IV, V, and VI stand for saline, Ca-TCPP-PEG, Hf-TCPP-PEG, free **"Tc, *"Tc-Ca-TCPP-PEG, and **"Tc-
Hf-CTPP-PEG, respectively. (g) Relative fluorescence intensities of y-H2AX-stained 4T1 cells in panel f. P values in panels d and e were
calculated by Tukey’s post-hoc test; triple asterisks indicate p < 0.001, double asterisks indicate p < 0.01, and single asterisks indicate p <
0.0S.
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reported method”® by simply mixing metal ions (Hf** or Ca*"), TCPP could be clearly observed (Figure S1). Those results
TCPP ligands, and pHis-PEG in methanol in room temper- collectively evidenced the successful formation of NCPs by our
ature (Figure 1a). In this process, TCPP molecules with four one-pot reaction. Owing to the pH responsive charge
carboxyl groups could form coordination bonds with H** or conversion ability of poly-histidine (pK, at 6.0), the size of

Ca® ions. Moreover, pHis-PEG was used so that its pHis such pHis-PEG modified NCPs showed stable sizes under pH
domain could bind with metal ions, while its PEG domain 7.4 but rapidly enlarged sizes under slightly acidic pH (eg,

could offer the obtained NCPs great water solubility and 5.5), owing to the dissociation of the compact NCP structure
physiological stability. The as-made Hf-TCPP-PEG and Ca- after protonation of histidine (Figure S2).

TCPP-PEG NCPs exhibited relatively uniform sizes and TCPP with the porphyrin structure is able to form chelating
similar morphology with transmission electronic microscopy complexes with different types of metal ions."” We thus
(TEM) (Figure 1b,d). As shown by elemental mapping based speculated that our TCPP-containing NCPs may be labeled
on energy-dispersive X-ray (EDX) spectroscopy (Figure 1lce), with *™Tc* upon simple mixing. For the radiolabeling
Hf" and Ca®' ions were uniformly dispersed within the experiment, sodium pertechnetate (Na”"TcO, 1 mCi) was

respective NCPs. The average hydrodynamic sizes of both first reduced by sodium borohydride (NaBH,, 0.5 mg/mL)
NCPs were determined by dynamic light scattering (DLS) to into *™Tc* and then mixed with Hf-TCPP-PEG or Ca-
be about 70 nm (Figure 1f). Moreover, both H- TCPP-PEG TCPP-PEG NCPs (2 mg/mL) for radiolabeling by 60 min of

and Ca-TCPP-PEG NCPs showed similar UV—vis absorbance incubation. Due to the coordination between TCPP and
spectra, in which the characteristic absorbance peaks from #mTcH NCPs were successfully labeled with *™Tc. After
7521 DOI: 10.1021/acsnano.8b02400
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Figure 3. In vivo behaviors of NCPs. (a, ¢) In vivo SPECT images of 4T1 tumor-bearing mice after intratumoral local injection with (a)
#9mTc.Hf. TCPP-PEG NCPs or (c) free *™Tc. (b, d) Quantification of SPECT signals in the tumor, liver, kidney, and muscle tissue for mice
at different time points after intratumoral injection with (b) **™Tc-Hf-TCPP-PEG NCPs or (d) free *™Tc. (e) In vivo SPECT images of 4T1
tumor-bearing mice after intravenous injection with **™Tc-Hf- TCPP-PEG NCPs. (f) Quantification of SPECT signals in the liver, kidney,
tumor, and muscle of 4T1 tumor bearing mice for mice at different time points after intravenous injection with *"Tc-Hf- TCPP-PEG NCPs.
Tumors in panels a, ¢, and e are highlighted by dashed white circles. (g) The blood circulation profiles of **Tc-Ca-TCPP-PEG and **™Tc-
Hf- TCPP-PEG NCPs in mice after intravenous injection. (h) Biodistribution profiles of *™Tc-Ca-TCPP-PEG and **"Tc-Hf-TCPP-PEG
NCPs measured at 24 h after intravenous injection. Note that all radioactivity signals presented in SPECT imaging and y counting data have

been corrected by the decay half-life of *™Tc.

purification, the radiolabeling yields were determined to be as
high as 95.9 + 1.8% and 95.3 £ 0.9% for Ca-TCPP-PEG and
Hf-TCPP-PEG, respectively (Figures lg and S3). Little
detachment of **™T¢ from *™Tc-labeled NCPs was observed
after incubation in serum at 37 °C for 24 h, suggesting the high
radiolabeling stability of **Tc-labeled NCPs due to the strong
coordination between **"Tc** and TCPP (Figure 1h).
Compared with soft tissues, nanoparticles containing high-Z
elements have stronger photoelectric effects. Therefore, high-Z
elements, upon interaction with X-rays or y rays, are able to
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generate secondary charged particles that have relative higher
energy deposition in tumor cells, thus enhancing the efficacy of
radiotherapy.”’ Because *™Tc is a pure y emitter, we thus
wondered whether high-Z element like hafnium (Hf) could act
as a radiosensitizer to offer ”™Tc the ability to kill tumor cells.
To verify the potential radiosensitization ability and under-
stand its mechanism, we used liquid scintillation spectroscopy
(Tri-Carb 2910TR Liquid Scintillation Analyzer, PerkinElmer)
to measure the emission of charged secondary particles (e.g,
particles) from various formulations of *"Tc (Figure 1i). As

DOI: 10.1021/acsnano.8b02400
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Figure 4. In vivo RIT for cancer treatment. (a) Tumor growth curves of mice after single-dose treatment as indicated. (free **™Tc (300 uCi,
intravenous), free *™Tc (75 pCi, intratumoral), **"Tc-Ca-TCPP-PEG NCPs (**™Tc: 300 uCi; Ca>*: 20 mg kg™'; intratumoral), *™Tc-Ca-
TCPP-PEG NCPs (**™Tc: 75 uCi; Ca**: 2.5 mg kg™'; intratumoral), **"Tc-Hf-TCPP-PEG NCPs (**"Tc: 300 uCi; Hf*: 20 mg kg™';
intravenous), and *™Tc-Hf-TCPP-PEG NCPs (**™Tc: 75 uCi; Hf**: 2.5 mg kg™'; intratumoral). (b) Average tumor weights from different
groups of mice collected at the 14th day after the initiation of treatments. (c) Tumor growth curves of mice after multidose treatments as
indicated (the doses were the same as those indicated in panel a. (d) Morbidity-free survival curves for different groups of mice in panel c.
Note that the last two groups, *"Tc-Hf- TCPP-PEG treatment by intravenous or intratumoral injection, showed overlapped survival curves
(100% survival over 60 days). (e, f) Micrographs of (e) H&E-stained and (f) immunofluorescence TUNEL-stained tumor slices collected
from different groups of mice at 24 h after the first dose. P values in panels d and e were calculated by Tukey’s post-hoc test; triple asterisks
indicate p < 0.001, double asterisks indicate p < 0.01, and single asterisks indicate p < 0.05).

expected, free **™Tc (1 mCi), as a pure y emitter, showed no
detectable signals in the scintillation spectrum. While a small
peak was observed in the scintillation spectrum of **™Tc-Ca-
TCPP-PEG, *™Tc-Hf-TCPP-PEG NCPs showed a strong
peak at 30 keV, indicating the effective production of charged
secondary particles from such Hf-based NCPs with *™Tc
labeling. Our results indicate that y rays emitted from *™Tc
would be able to interact with high-Z elements to trigger the
production of charged secondary particles (e.g, auger
electrons). Compared to Ca, Hf with a much higher atomic
number would thus have a much stronger radiosensitization
effect.

Next, we conducted in vitro experiments to verify the
possibility of using diagnostic radioisotope **™Tc for RIT via
the mechanism of radiosensitization by Hf-based NCPs
(Figure 2ab). First, 4T1 murine breast cancer cells were
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pretreated with “cold” NCPs (Ca-TCPP-PEG or Hf-TCPP-
PEG) without radiolabeling at the same concentration (50 pg/
mL). Those cells were washed to remove excess NCPs after 24
h of incubation and then exposed to different doses of free
2mTe (0, 10, 20, 40, 80, 160, and 320 xCi/mL) for another 24
h before the standard cell viability assay. Compared with cells
pretreated with Ca-TCPP-PEG NCPs, cells pretreated with
Hf TCPP-PEG NCPs showed significantly enhanced **™Tc-
induced cell damages despite there being no appreciable
cytotoxicity of NCPs toward those cells (Figure 2c). Notably,
direct exposure of cells to free *™Tc without pretreatment
with NCPs showed no appreciable effect to the cell viability,
suggesting the little radiotherapeutic toxicity of **™Tc.
Therefore, our results indicated that Hf as a high-Z element
in Hf-TCPP-PEG NCPs should have the sensitization
capability to convert nontherapeutic radioisotopes such as

DOI: 10.1021/acsnano.8b02400
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#™T¢ into a therapeutic one by absorbing y-ray emission from
#™T¢ to generate charged secondary particles that were toxic
to tumor cells.

The in vitro RIT therapeutic effects of **™Tc-labeled NCPs
were then evaluated. In this *™Tc-Hf-TCPP-PEG system, the
labeled *™Tc¢ could act as a radio-emitter, while Hf within
NCPs could serve as a radiosensitizer to adsorb y-ray emission
and produce secondary charged particles to destruct cancer
cells. 4T1 cells were incubated with free ®™T¢c, *™Tc-Ca-
TCPP-PEG or *"Tc-Hf-TCPP-PEG NCPs at different
concentrations for 24 h before the cell viability assay. With
the help of the radiosensitization effect of Hf, cells treated with
#mTc.HETCPP-PEG NCPs showed significantly reduced
viabilities compared with those treated with free **™Tc or
#mTc.Ca-TCPP-PEG NCPs at the same radioactivity doses
(Figure 2d). Similar results were also found for another tumor
cell line, CT26 colon cancer cells (Figure S4). Moreover, we
found that *™Tc-Hf-TCPP-PEG NCPs showed significantly
increased cell internalization efficiency compared to free *™Tc,
another reason attributed to the high in vitro RIT efficacy of
such ™ Tc-Hf- TCPP-PEG NCPs (Figure S5).

To further confirm the RIT-sensitization capacity of Hf-
TCPP-PEG NCPs, the clonogenic assay was also carried out.
Consistent with cell viability data, cells incubated with **™Tc-
Hf-TCPP-PEG NCPs showed lower percentages of viable cell
colonies compared with those incubated with *™Tc-Ca-TCPP-
PEG NCPs or free *™Tc. The sensitization enhancement ratio
(SER), which was used to evaluate the effect of a radio-
sensitizer,” was calculated to be 1.39 for H-TCPP-PEG NCPs
(Figure 2e). Furthermore, immunofluorescence staining of y-
H2AX, a well-known marker of double-strand DNA breaks,
was applied to evaluate DNA damages in cancer cells induced
by RIT. While unlabeled NCPs, free *™Tc, or *™Tc-Ca-
TCPP-PEG induced no or litle DNA damages to cells,
obviously enhanced DNA damage was detected for the *™Tc-
Hf-TCPP-PEG NCPs treated group at 12 and 24 h (Figures
2f,g and S6). Therefore, our results strongly evidenced the
remarkable RIT enhancement effect of those Hf-containing
NCPs with *™Tc¢ labeling.

#mTc was widely used for disease diagnosis in the clinic.
Utilizing the radioactivity of *™Tc, we could quantitatively
track the in vivo behaviors of those NCPs. We first studied the
tumor retention of **™Tc-NCPs after intratumoral (intra-
tumoral) local injection. Tumor bearing mice were intra-
tumoral injected with free *™Tc or *"Tc-Hf-TCPP-PEG
NCPs (Hf*: 2.5 mg kg ~'; *™Tc: 200 uCi) and then scanned
under SPECT imaging. It was found that free 9mTe which
showed rapid diffusion from the injection site to other normal
organs and little tumor retention after 6 h post-injection. In
marked contrast, ™ Tc-Hf-TCPP-PEG NCPs exhibited greatly
prolonged tumor retention and little accumulation in normal
organs after local injection into tumors (Figure 3a—d). Ex vivo
biodistribution data showed that the use of intratumoral
injection could significantly reduce the unwanted distribution
of radioactivities in other normal organs (Figure S7), which is
promising for applications in RIT cancer treatment.

Thereafter, we further evaluated the tumor homing ability of
those NCPs after intravenous injection. Mice were intra-
venously injected with **"Tc-Ca-TCPP-PEG or **Tc-Hf-
TCPP-PEG NCPs (Ca** or Hf**: 20 mg kg ~'; ®™Tc: 1 mCi)
and then scanned under SPECT imaging (Figures 3e and S8).
Upon intravenous injection of the two types of NCPs, SPECT
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signals showed up in the tumors, evidencing time-dependent
tumor homing of NCPs (Figures 3f and S9). The accuracy of
SPECT imaging was validated by ex vivo biodistribution data
(Figure 3h), which correlated well with the region-of-interest
(ROI) data from the SPECT images. Moreover, the blood-
circulation behaviors of **™Tc-Ca-TCPP-PEG or *™Tc-Hf-
TCPP-PEG NCPs after intravenous injection were found to be
quite similar, both showing prolonged blood half-lives (**Tc-
HE-TCPP-PEG NCPs: t,/,, = 0.72 h, ;55 = 6.32 h; " Tc-Ca-
TCPP-PEG: t,, = 0.77 h, t;),5 = 6.66 h; Figure 3g).
Therefore, as the result of the enhanced permeability and
retention (EPR) effect, both types of NCPs exhibited similar in
vivo behaviors and tumor passive uptake.

Next, the in vivo therapeutic efficacy of *™Tc-Hf-TCPP-
PEG NCPs was evaluated after either intravenous systemic
administration or intratumoral local injection of different
formulations of *Tc into mice bearing 4T1 tumors. In this
experiment, we randomly divided mice into 7 groups (n = S
per group) for the following treatments: saline, free *"Tc (300
uCi, intravenous), free ™ Tc (75 uCi, intratumoral), **™Tc-
Ca-TCPP-PEG NCPs (*™Tc: 300 uCi; Ca**: 20 mg kg™';
intravenous), **™Tc-Ca-TCPP-PEG NCPs (*™Tc: 75 uCi;
Ca’": 2.5 mg kg™'; intratumoral), *™Tc-Hf- TCPP-PEG NCPs
(*™Tc: 300 uCi; Hf*: 20 mg kg™'; intravenous), and *™Tc-
Hf TCPP-PEG NCPs (*™Tc: 75 uCi; Hf*": 2.5 mg kg™
intratumoral) for the single-dose treatment. The tumor sizes
were monitored afterward for 14 days (Figure 4a) before the
tumors were collected and weighed (Figure 4b). Treatment
with free ®™Tc or *™Tc-Ca-TCPP-PEG NCPs, regardless of
the administration route, exhibited no obvious effect to the
tumor growth. In contrast, 9mT Hf-TCPP-PEG NCPs
treatment by either intratumoral or intravenous injection
resulted in significantly suppressed tumor growth, demonstrat-
ing the effective radiotherapeutic effect of such *™Tc-labeled,
Hf-containing NCPs owing to the “self-sensitization” mecha-
nism.

To further improve the therapeutic efficacy, we then
conducted another around of treatment experiments by giving
mice repeated doses. A total of seven groups of mice bearing
4T1 tumors were administrated with saline, free *™Tc
(intravenous), free *™Tc (intratumoral), *™Tc-Ca-TCPP-
PEG NCPs (intravenous), *™Tc-Ca-TCPP-PEG NCPs (intra-
tumoral), *™Tc-Hf-TCPP-PEG NCPs (intravenous), and
#mTcHf-TCPP-PEG NCPs (intratumoral) at different time
points (0, 2, 4, and 8 days post-injection) for the multidose
treatment (Figure 4c). The radioactivity doses were 300 and
75 uCi for intravenous and intratumoral injections, respec-
tively, at each dose. Compared to free **™Tc, which showed no
appreciable tumor growth inhibition effect even after four
repeated doses, *Tc-Ca-TCPP-PEG NCPs with multidose
treatment could slightly delay the tumor growth, likely owing
to the weak interaction between *Tc and Ca*" ions (Figure
1i) Notably, tumors on all the five mice disappeared after
treatment with **™Tc-Hf-TCPP NCPs by either intravenous.
or intratumoral administration (Figure 4c). Those mice
became tumor-free and survived for over two months, which
is in marked contrast to the short life spans of mice in other
control groups: 16—20 days for untreated and free-*Tc-
treated mice and 18—22 days for °*™Tc-Ca-TCPP-PEG-
treated mice (Figure 4d). Moreover, as evidenced by
hematoxylin and eosin (H&E) and terminal deoxynucleotidyl
transferase dUTP nick-end labeling (TUNEL) staining of
tumor slices collected 1 day after the first dosing, the most-
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Figure S. In vivo toxicity and excretion studies. (a) Representative micrographs of H&E-stained major organ slices from healthy untreated
mice and mice survived after RIT with four repeated doses of **"Tc-Hf-TCPP-PEG (intravenous injection). (b) Time-dependent
biodistribution of Hf in mice after intravenous injection of Hf-TCPP-PEG NCPs. (c) Hf levels in urine and feces samples collected from
mice at different time points after intravenous injection of Hf-TCPP-PEG.

significant tumor cell damage and apoptosis were observed for
tumors on mice after RIT with *Tc-Hf- TCPP-PEG NCPs
(Figure 4e,f).

As far as the potential side effects are concerned, it was
found that mice that were injected with **™Tc-NCPs showed
no appreciable body weight drop and no abnormal behaviors
after treatment (Figure S10). Histological examination by
H&E-stained organ slices uncovered no notable sign of organ
damage for mice that survived for over 60 days after multiple
doses of NCPs-enhanced RIT (Figure Sa). To further study
the excretion kinetics of those NCPs, healthy Balb/c mice with
intravenous injections of Hf-TCPP-PEG NCPs were sacrificed
at different time points: 1, 3, and 7 days post-injection. As
determined by inductively coupled plasma atomic emission
spectrometry (ICP-AES) (Figure Sb), the Hf contents in the
liver and spleen of those mice were measured to be ~8.7 and
~3.0% of injected dose per gram of tissue (%ID/g) at 1 day
post-injection and decreased to rather low levels later on.
Notably, high Hf*" levels were found in kidneys, indicating that
NCPs, after degradation into small molecules and ions, might
be quickly excreted via renal excretion through kidneys. Next,
we measured Hf** concentrations in excreta from NCP-
injected mice by ICP-AES (Figure Sc). Within the first 12 h,
~45.5% and ~7.6% of injected Hf were excreted via urine and
feces, respectively. High levels of Hf** were detected, mainly in
the urine of mice in the following days, another strong
indication of the biodegradation of those NCPs. Moreover, we
observed similar in vivo excretion kinetics for Ca-TCPP-PEG
NCPs (Figure S11). To further study the potential in vivo
toxicity of *Tc-Hf-TCPP-PEG NCPs, a serum biochemistry
assay and a complete blood panel test were conducted for mice
that were intravenously injected with **™Tc-Hf-TCPP-PEG
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NCPs on days 1, 7, and 14. Compared to healthy control mice,
no significant abnormality was observed for mice treated with
#mTclabeled NCPs (Figure S12). Therefore, our results
evidenced that the two types of NCPs within the mouse body
could be degraded and then effectively cleared out in a
relatively rapid manner without causing long-term toxicity to
the treated animals.

CONCLUSIONS

In summary, PEGylated NCPs containing Hf as the high-Z
element and TCPP as the chelating molecule are fabricated by
a one-pot method in this work. The obtained Hf-TCPP-PEG
NCPs can be labeled with *™Tc, a commonly used diagnostic
radioisotope, with a high radiolabeling efficiency (~95%) and
great labeling stability depending on the coordination between
TCPP and **"Tc*. Interestingly, owing to the strong
interactions between y rays emitted from **"Tc¢ and a Hf
element within such NCPs to generate secondary charged
particles that have stronger energy deposition in cells,
anchoring *™Tc into Hf-containing NCPs could offer this
nontherapeutic radioisotope a therapeutic function of killing
tumor cells. We further utilize the y emission of ™Tc¢ to track
the in vivo behaviors of **™Tc-labeled NCPs by SPECT
imaging, which uncovers prolonged tumor retention of
radioactivity after local administration, as well as the efficient
passive tumor homing of those NCPs after intravenous
injection by the EPR effect. As the results showed, improved
in vivo therapeutic outcomes were achieved by RIT with *™Tc-
Hf-TCPP-PEG NCPs. Moreover, with inherent biodegrad-
ability, those NCPs exhibit efficient clearance from the mouse
body with little long-term retention, which is promising for
future possible clinical translation. Our work not only presents
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the great potential of the application of NCPs as an intelligent
type of tumor-targeting RIT platform but also demonstrates
the possibility of applying a diagnostic radioisotope, **™Tc with
a short half-life (6.0 h) and pure y emission, for the effective
RIT treatment of tumors. Such a strategy is particularly
meaningful to achieve RIT with high safety and greatly reduced
side effects compared to conventional RIT using f-emitting
radioisotopes with halflives of many days (eg, '""Lu, "*Re,
3P, etc.) or even months ('*°).

MATERIALS AND METHODS

Materials and Characterization. Tetrakis (4-carboxyphenyl)
porphyrin (TCPP) was bought from TCI, Shanghai, China.
Hafnium(IV) tetrachloride (HfCl,) was bought from Alfa Aesar
(China) Chemicals Co. Ltd. Calcium chloride (CaCl,) was bought
from Shanghai Lingfeng Chemical Reagent Co. Ltd. Poly-L-histidine
(pHis) was bought from GL Biochem (Shanghai) Ltd. PEG polymers
were bought from PegBio, Suzhou, China. Radioisotope sodium
pertechnetate (**Tc) was bought from Shanghai GMS pharmaceut-
ical Co. Ltd. All other chemical reagents were purchased from Sigma-
Aldrich and used as received without any purification. An FEI Tecnai
F20 transmission electron microscope was used to characterize the
morphology of those NCPs. The hydrodynamic diameters and {
potentials of the NCPs were determined by a Zetasizer Nano-ZS
(Malvern Instruments).

Synthesis of Hf-TCPP-PEG and Ca-TCPP-PEG NCPs. The
copolymer pHis-PEG was prepared following a literature protocol.”®
To fabricate NCPs, 1 mmol of hafnium tetrachloride (HfCl,) or 2
mmol of calcium chloride (CaCl,) was dissolved in 60 mL of
methanol in the presence of 100 uL of triethylamine (TEA).
Afterward, 5 mg of pHis-PEG and 2 mmol of TCPP were added drop-
wise into the previously mentioned solution. After stirring for 12 h at
room temperature, methanol was evaporated by rotary evaporation,
and the sample was dialyzed against water for another 2 days. The
purified NCPs were stored at 4 °C for future use.

9MTc Radiolabeling and Labeling Stability Assay. First,
radioactive sodium pertechnetate (Na™TcO,) was reduced from
PmT VI o T by sodium borohydride (NaBH,). A total of 200
uL of HE-TCPP-PEG or Ca-TCPP-PEG NCPs was mixed with 200
uL of NaBH, in a 1.5 mL tube, into which 200 uL of Na**™TcO, was
immediately added. The mixed solution was incubated at 37 °C for 60
min with constant shaking. The yielded *Tc-Hf- TCPP-PEG NCPs
and *™Tc-Ca-TCPP-PEG NCPs were purified by size-exclusion
column using PBS as the mobile phase. The labeling yield was
measured by thin-layer chromatography (TLC). To determine the
labeling stability, the radiolabeled NCPs were incubated with serum
for 24 h at 37 °C. Portions of the mixtures were sampled at different
time points (2, 4, 8, 12, and 24 h) and filtered through 100 kDa
molecular-weight cut-off (MWCO) filters. The radioactivity remained
on the filter was measured by y counter (PerkinElmer) after
discarding the filtrate. To measure the liquid scintillation spectrum,
100 L of free #™T¢, ®™Tc-Ca-NCPs, or ™ Tc-Hf-NCPs was mixed
with 2 mL of PE scintillation liquid (PerkinElmer) and put into the
detector of the liquid scintillation analyzer (PerkinElmer, Tri-Carb
2910TR).

In Vitro Cell Experiments. Murine breast cancer 4T1 cells were
cultured under the standard condition. To investigate the “self-
sensitizing” mechanism of Hf-TCPP-PEG NCPs, we pre-incubated
cells with “cold” HfTCPP-PEG (30 pug/mL) or Ca-TCPP-PEG
NCPs (50 pg/mL) without radiolabeling for 24 h and then re-
incubated them with different concentrations of free ®™Tc at 0, 5, 10,
20, 40, 80, and 160 uCi mL™" for 24 h. Relative cell viabilities were
determined by 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT) assay. For in vitro RIT, cells were treated with
free ™T¢, **™Tc-Ca-TCPP-PEGm, and *™Tc-Hf- TCPP-PEG NCPs
with different radioactive dosages at 0, 5, 10, 20, 40, 80, and 160 uCi
mL™" for 24 h. MTT assay was then conducted to investigate the
relative cell viabilities.
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For the y-H2AX immunofluorescence staining, 4T1 cells pre-
seeded in six-well plates were incubated with NCPs (30 ug mL™") or
9mT¢-NCPs for 4 h. After another 12 or 24 h of incubation, cells were
stained with y-H2AX and DAPI per our previous report. The cells
were imaged using confocal microscopy (Leica SPS).

For the clonogenic assay, 4T1 cancer cells were seeded into six-well
plates at densities of 20, 50, 100, 200, and 500 cells per well. After 24
h, cells were treated with 50 ug mL™" of ®™T¢ radiolabeled NCPs at
various radiation doses (0, 100, 200, and 300 uCi) for 6 h. Cells were
cultured for another 7 days and fixed with anhydrous ethanol and
stained with crystal violet. The surviving fraction was equal to the
number of surviving colonies divided by the product of the cells
seeded and the plating efficiency, all multiplied by 100%.

In Vivo Tumor Model. Balb/c mice were purchased from the
Soochow University Laboratory Animal Center and used under the
approved protocols. To prepare the tumor model, 4T1 cells (2 X 10%)
suspended in 25 uL of PBS were subcutaneously injected into the
back of each Balb/c mouse.

In Vivo SPECT Imaging and Biodistribution Investigation.
Mice bearing 4T1 tumors were intravenously injected with **™Tc-Hf-
TCPP-PEG or *™Tc-Ca-TCPP-PEG NCPs or intratumorally injected
with free ®™Tc or *™Tc-Hf- TCPP-PEG NCPs for serial SPECT
scans using a U-SPECT+/CT imaging system (MILABS) at different
time points (0.5, 4, 12, and 24 h) post-injection. After completion of
the SPECT imaging at 24 h post-injection, mice were sacrificed to
collect their major organs for ex vivo biodistribution studies by a y
counter. The biodistribution data were presented as the percent of
injected dose per gram of tissue (%ID/g) by mean + standard
deviation.

In Vivo Biodistribution and Clearance Study. For the
biodistribution study, healthy Balb/c mice were intravenously injected
with 0.2 mL of Hf-TCPP-PEG or Ca-TCPP-PEG NCPs and scarified
at different time points (1, 3, and 7 days post-injection, n = S mice per
group). Another five mice that were not given injections were used to
eliminate the effects of original Ca?**/Hf" in these organs and tissues.
The major organs were solubilized in chloroazotic acid and then
diluted by deionized water to 10 mL. ICP-AES (Vista Mpx 700-ES)
was employed to determine the concentrations of Hf** or Ca** in
those samples. Mice that were not given injections of NCPs were used
to determine the background Ca?*/Hf" signals in these organs/
tissues. To study the excretion of Hf-TCPP-PEG, mice were housed
in metabolic cages to collect their urine and feces, which were also
digested by chloroazotic acid for ICP-AES measurement.

In Vivo Radioisotope Therapy. For single-dose treatment, mice
were randomly divided into 7 groups after the tumors had reached
~50 mm?® (n = § for each group). Mice were intravenously injected
with saline, free *™Tc (300 uCi), **™Tc-Ca-TCPP-PEG NCPs
(*™Tc: 300 uCi; Ca2+: 20 mg kg-1; intravenous), **™Tc-Ca-TCPP-
PEG NCPs (®™Tc: 75 uCi; Ca2+: 2.5 mg kg_l; intratumoral),
#mTc—Hf TCPP-PEG NCPs (99 mTc: 300 uCi; Hf*": 20 mg kg™';
intravenous), and *™Tc-Hf-TCPP-PEG NCPs (**™Tc: 75 uCi; Hf*:
2.5 mg kg™'; intratumoral) at day 0. For multidose treatment, mice
were randomly divided into 7 groups after the tumors had reached
~50 mm® (n = § for each group). Mice were intravenously injected
with saline, free *™Tc (300 uCi), **™Tc-Ca-TCPP-PEG NCPs
(**™Tc: 300 uCi; Ca2+: 20 mg kg™'; intravenous), **™Tc-Ca-TCPP-
PEG NCPs (**Tc: 75 uCi; Ca2+: 2.5 mg kg™'; intratumoral), **Tc-
Hf-TCPP-PEG NCPs (*™Tc: 300 uCi; Hf4+: 20 mg kg™';
intravenous), and **™Tc-Hf-TCPP-PEG NCPs (¥™Tc: 75 uCi;
Hf4+: 2.5 mg kg™'; intratumoral) at different time points (0, 2, 4,
and 8 days). The tumor sizes were calculated as volume equal to the
squared product of the tumor length and tumor width, all divided by
2. For relative tumor volumes, V, was the initial tumor size right prior
to the treatment. However, tumors from all 7 treated group were
collected 1 day post-treatment for H&E and TUNEL staining and
examined with a fluorescence microscope (Olympus).

For blood biochemistry and complete blood analysis, healthy mice
(n = 5) were randomly divided into 4 groups and intravenously
injected with saline or *™Tc-Hf-TCPP-PEG NCPs. Blood sample
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were collect from the mice on days 1, 7, and 14 and measured by
Wuhan Biological Technology Service Co. Ltd.
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