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Abstract

Nanoscale metal–organic frameworks (nMOF) materials represent an attractive tool for various 
biomedical applications. Due to the chemical versatility, enormous porosity, and tunable 
degradability of nMOFs, they have been adopted as carriers for delivery of imaging and/or 
therapeutic cargos. However, the relatively low stability of most nMOFs has limited practical in 
vivo applications. Here we report the production and characterization of an intrinsically 
radioactive UiO-66 nMOF (89Zr-UiO-66) with incorporation of positron-emitting isotope 
zirconium-89 (89Zr). 89Zr-UiO-66 was further functionalized with pyrene-derived polyethylene 
glycol (Py–PGA-PEG) and conjugated with a peptide ligand (F3) to nucleolin for targeting of 
triple-negative breast tumors. Doxorubicin (DOX) was loaded onto UiO-66 with a relatively high 
loading capacity (1 mg DOX/mg UiO-66) and served as both a therapeutic cargo and a 
fluorescence visualizer in this study. Functionalized 89Zr-UiO-66 demonstrated strong 
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radiochemical and material stability in different biological media. Based on the findings from 
cellular targeting and in vivo positron emission tomography (PET) imaging, we can conclude 
that 89Zr-UiO-66/Py–PGA-PEG-F3 can serve as an image-guidable, tumor-selective cargo 
delivery nanoplatform. In addition, toxicity evaluation confirmed that properly PEGylated UiO-66 
did not impose acute or chronic toxicity to the test subjects. With selective targeting of nucleolin 
on both tumor vasculature and tumor cells, this intrinsically radioactive nMOF can find broad 
application in cancer theranostics.

Graphical Abstract

Keywords

metal–organic frameworks (MOF); positron emission tomography; intrinsic radiolabel; nucleolin; 
cancer targeting; image-guided drug delivery

As an emerging category of multifunctional materials, metal–organic frameworks (MOF, 
also known as porous coordination polymers) are built from metal ions/clusters bridged by 
organic linkers (via coordination bonds).1 They have been utilized in a variety of 
applications, such as molecule (particularly in a gaseous form) storage,2,3 separation,4 

catalysis,5,6 sensing,7 among many others. Compared with other conventional nanomaterials, 
nanoscale MOF (nMOF) possesses multiple advantages: superior structure and component 
tunability (allowing for production of nMOFs with different shapes, sizes, and chemical 
properties),8 more adaptable degradability, and better chemical modification capability.9 

These obvious benefits permit nMOFs to be used as attractive cancer theranostic tools and to 
be loaded with various therapeutic (drug) and imaging cargos.10,11

There are plenty of studies involving the utilization of nMOF materials as in vivo cancer 
treatment agents. For example, a hafnium-chlorin based nMOF was reported to possess good 
photodynamic therapy (PDT) efficacy of colon cancer.12 More recently, hafnium-tetrakis (4-
carboxyphenyl) porphyrin-based nMOF was PEGylated and used successfully for 
combinational PDT and radiation therapy in a murine breast cancer model.13 The optimal 
cargo-loading capacity of nMOFs allows them to be used for combinational therapies in 
different cancer types. Various therapeutic combinations, such as small interfering RNA 
(siRNA)/chemo-drug,14 dual chemotherapy drugs (e.g., gemcitabine and oxaliplatin),15 or 
chemotherapy drug/PDT,16 have been attempted for in vivo tumor therapies with 
encouraging data obtained. On the other hand, although compelling evidence has been 
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collected to prove that nMOFs can be readily used in multiple imaging techniques, such as 
computed tomography (CT),17 magnetic resonance imaging (MRI),18,19 or optical 
imaging,20 very limited studies were carried out to date using nMOFs as in vivo tumor 
imaging agents.21–23

Compared with other imaging techniques, positron emission tomography (PET) imaging has 
superior detection sensitivity (down to picomolar range), deeper signal penetration 
(especially when compared with optical imaging techniques), and better quantitative 
capacity,24 thus gaining more widespread use in both preclinical and clinical scenarios. 
Here, our goal is to develop a biocompatible nMOF platform applicable in PET imaging and 
tumor targeting, preparing it for future PET-guided cargo delivery to cancer. From the 
current library of nMOFs, zirconium-containing UiO-66 nMOF (with 1,4-benzene-
dicarboxylate (BDC) and benzoic acid (BA) as bridging linkers) was selected as a template 
material since they are well-known for their optimal surface areas, along with a linker 
independent, exceptional stability.25,26 Moreover, due to the existing Zr6O4(OH)4 

connecting clusters,27 PET isotope zirconium-89 (89Zr, t1/2 = 78.4 h)28 can be seamlessly 
incorporated into UiO-66 structure during the synthesis (Scheme 1). Surface engineering 
with pyrene-derived poly-ethylene glycol (PEG)29 could not only improve the stability and 
dispersity of UiO-66 in biological media,30 but also provide further functionalization sites 
for integration of tumor-targeting molecules. At the same time, the highly porous structure 
of UiO-66 enables good accommodation of both hydrophilic and hydrophobic drugs, and 
their sustained (up to 30 days), pH-dependent drug release profile has been revealed.27,31

F3 peptide (KDEPQRRSARLSAKPAPPKPEPKPKKAPAKK) was chosen as tumor-
targeting ligand in this study, since it exhibited potent binding to both tumor cells and 
activated endothelial cells in tumor vasculatures.32 One previous study has demonstrated that 
F3 peptide selectively binds to nucleolin on tumor (and activated endothelial) cell surfaces 
and can be subsequently transported into nucleus and cytoplasm.33 Elevated expression of 
nucleolin on cell surface is an important signature for various cancer cells, especially breast 
cancer.34 A cysteine residue was incorporated into the C-terminus of F3 peptide to facilitate 
its conjugation onto UiO-66 nMOF (via thiol maleimide reaction with pyrene-PEG-
maleimide).35

After attachment of F3 onto UiO-66 (final conjugates named UiO-66/Py–PGA-PEG-F3), in 
vitro assays (e.g., flow cytometry, confocal fluorescence microscopy) were carried out to 
validate the targeting specificity of UiO-66/Py–PGA-PEG-F3 against cellular nucleolin. 
Subsequently, in vivo PET imaging, organ distribution, and histology studies were 
performed in mice bearing orthotopic MDA-MB-231 tumors to confirm tumor targeting 
capacity of UiO-66/Py–PGA-PEG-F3. Doxorubicin (DOX) was loaded onto UiO-66 
conjugates to serve as both a model anticancer drug and a fluorophore to define the location 
of these nanoconjugates. A proof-of-principle in vivo drug delivery study was also executed 
to validate the enhanced tumor-targeted delivery efficiency of DOX post intravenous 
injection of DOX-loaded UiO-66 conjugates. With proper functionalization from Py–PGA-
PEG, these UiO-66 conjugates did not impose acute or chronic toxicity to Balb/c mice, 
validated by both histological staining and serum biochemical assays. Deduced from these 
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experimental data, intrinsically radioactive UiO-66 conjugates showed great potential to be 
used for future image-guided therapeutic delivery and targeted cancer therapy.

RESULTS AND DISCUSSION

Material Characterization

As-synthesized UiO-66 nMOFs were composed of octahedron-shape nanocrystals with the 
individual size of 50–90 nm based on the transmission electron microscopy (TEM) 
measurement (Figures 1a and S1) and scanning electron microscopy (SEM) images (Figure 
S2), consistent with the previous report.27 Powder X-ray diffraction (PXRD) analysis 
confirmed that UiO-66 type nMOF was successfully acquired (Figure 1e). The size of 
UiO-66 aggregates (most stable form in aqueous solution) increased slightly after surface 
modifications with poly(γ-glutamic acid)-pyrene(30%)-poly(ethylene glycol)-maleimide 
(Py–PGA-PEG-Mal) and F3 peptide, from ca. 220 nm (UiO-66) to ca. 250 nm (UiO-66/Py–
PGA-PEG-F3) (Figures 1a and S1). The successful surface engineering was further 
validated in dynamic light scattering (DLS) and ζ-potential measurements, shown in Figure 
1b and Table S1. Compared with as-synthesized UiO-66, significant change of surface 
charge was observed after Py–PGA-PEG-Mal coating (ζ-potential: from 37.6 ± 0.5 mV to 
−5.18 ± 0.05 mV) and also after attachment of the F3 peptide (ζ-potential: from −5.18 
± 0.05 mV to −0.9 ± 0.4 mV).

In addition, FT-IR and 1H NMR spectra of UiO-66/Py–PGA-PEG-F3 were also recorded to 
evaluate the PEGylation level (Figures S3 and S4). Characteristic IR absorbance peaks from 
UiO-66 (at ~1370 cm−1)36 and Py–PGA-PEG (two major peaks at ~1200 cm−1 and ~1050 
cm−1 for C–C and CO stretching) confirmed the successful Py–PGA-PEG conjugation with 
UiO-66 (Figure S3), consistent with 1H NMR findings (Figure S4). Calculated from 
thermogravimetric analysis (TGA) results of UiO-66/Py–PGA-PEG-F3 (Figure S5), there is 
~1.3 mg of Py–PGA-PEG-F3 loaded per mg of UiO-66. The UiO-66/Py–PGA-PEG-F3 
conjugates could be well dispersed in physiological media (water, saline, Dulbecco’s 
modified eagle medium [DMEM] and fetal bovine serum [FBS]) without observable 
aggregation for up to 2 weeks, while significant amount of precipitates could be seen in 
naked UiO-66 distributed in saline within 2 days (Figures S6–S8), which further confirmed 
the successful PEGylation. The hydrodynamic diameter of UiO-66/Py–PGA-PEG-F3 was 
found to be 255 ± 10 nm (Figure 1b).

With the incorporation of 89Zr into UiO-66 structure, the specific activity of 89Zr-UiO-66 
could reach up to ~13.9 MBq/mg, and the decay-corrected radiochemical yield was 85.7 
± 6.2% (n = 3). A phantom study was performed during PET imaging to examine the 
detectability of 89Zr-UiO-66/Py–PGA-PEG in PET. PET image of a 96-well plate containing 
various concentrations of 89Zr-UiO-66/Py–PGA-PEG (0–20 μg/mL, 100 μL per well) was 
shown in Figure 1c. The good linear correlation between UiO-66 concentration and 
calculated radioactivity concentration confirmed that quantification data acquired from PET 
truly reflected the amount of 89Zr-UiO-66/Py–PGA-PEG conjugates.
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Stability Evaluation

Serum stability analysis was conducted to evaluate both stability of radioisotope on UiO-66 
and the structural integrity of UiO-66/Py–PGA-PEG-F3. More than 99.99% of 89Zr was 
found to stay intact on 89Zr-UiO-66/Py–PGA-PEG-F3 after 120 h of incubation with full 
mouse serum (Figure 1d). At the same time, no significant morphological alteration of 
UiO-66/Py–PGA-PEG-F3 was identified post fetal bovine serum (FBS) incubation based on 
DLS measurements (Figure S7). Since PET imaging localizes the radiolabel (herein 89Zr) 
instead of UiO-66 conjugates, excellent stability is the prerequisite that the signal from PET 
accurately reflects the distribution profile of UiO-66 conjugates.

To fully prepare a nanomaterial for in vivo applications, proper functionalization is critical 
to optimize its performance inside the test subjects. We chose Py–PGA-PEG as a coating/
functionalization agent for UiO-66 since it can establish strong π–π interactions with the 
bridging organic molecules (e.g., BDC and BA) inside UiO-66. Although certain ligands 
were reported to coordinate with metal ions inside nMOF structure,37,38 we feel that this 
may not be the case for Py–PGA-PEG. Judging from the structure, Py–PGA-PEG(-F3) is not 
a strong Lewis base to coordinate with metal ions (Zr) inside the UiO-66, especially when 
the majority of carboxyl groups on the PGA backbone have already been reacted with amine 
groups on PEG. The abundant pyrene rings on Py–PGA-PEG(-F3) makes π–π stacking 
more reasonable for PEG functionalization. One thing we have to point out here is that some 
Py–PGA-PEG(-F3) can enter and occupy the pores (at least partially) of UiO-66 instead of 
just serving as “brushes” on the external surface, since it is molecularly flexible. This can be 
deduced from the high amount of Py–PGA-PEG(-F3) loaded onto UiO-66 (1.3 mg PEG/mg 
UiO-66 from TGA analysis). To make the PEGylation process more controllable, one 
possible solution is to use covalent modification method instead of π–π interaction. For 
example, functional groups such as azides can be introduced on BDC during UiO-66 
synthesis to undertake “click chemistry” with dibenzylcyclooctyne (DBCO)-modified PEG 
molecules.30

PXRD analyses revealed that, after PEGylation with Py–PGA-PEG, the structural integrity 
of UiO-66 was maintained post various pH treatment (5.0 and 7.4), serum treatment, or 
cargo (DOX) loading (Figure 1e). Although UiO-66 nMOFs have already been used as drug 
carrier27,31 and imaging contrast agent,39 no functionalization has been done for this type of 
nMOF in these studies since no in vivo administration was involved. Our results confirmed 
from different angles that UiO-66/Py–PGA-PEG conjugates maintained adequate stability in 
various biological media, which encouraged us to proceed and study their distribution 
profiles in living animals.

DOX Loading and Release

UiO-66 nMOF possesses relatively high specific surface areas of 988.625 m2/g, as measured 
by nitrogen adsorption–desorption isotherm (Figure S9), which confirms that it is suitable 
for loading of various cargos. The surface area decreases to 438.978 m2/g post 
functionalization by Py–PGA-PEG-F3 (Figure S9). The amount of DOX loadable into 
UiO-66 was calculated to be 1 mg DOX/mg UiO-66 based on the absorbance measurement 
at 488 nm for DOX. The DOX release profile from DOX@UiO-66/Py–PGA-PEG-F3 was 
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tested under simulated physiological condition with the pH of 5.0, 6.8, and 7.4 at 37 °C. As 
shown in Figure 2c, medium pH imposes an impact on the release rate of DOX from UiO-66 
conjugates. At the pH of 7.4, 27.73% of DOX (0.27 mg DOX/mg UiO-66) could be released 
after 2 weeks, which suggested that loaded DOX within UiO-66 structure was relatively 
stable under physiological conditions. When exposed to the pH of 6.8, which mimics 
extracellular pH in a tumor, the release percentage of DOX was elevated to 32.65% (0.33 mg 
DOX/mg UiO-66) at the same time frame. When media pH was further decreased to 5.0 
(mimics endocytic compartments where the pH ranges from 4.5 to 6.5.40), the amount of 
released DOX increased to approximately 37.06% (0.37 mg DOX/mg UiO-66) after 2 
weeks. These numbers confirmed that the DOX release from DOX@ UiO-66/Py–PGA-
PEG-F3 was sustained and pH-dependent, which is consistent with a recent report.22

One critical question here is the loading position of DOX on UiO-66 conjugates. The 
molecular size of DOX is 15.3 × 11.9 Å,19 which seems to be very difficult to fit in the 
micropores of UiO-66 (~11 Å octahedral and ~8 Å tetrahedral).27 However, a relatively high 
DOX loading capacity (1 mg DOX/mg UiO-66) was still achieved in this study. The 
successful DOX loading can be also confirmed by a significant decrease in surface area for 
DOX@UiO-66/Py–PGA-PEG-F3 (17.4975 m2/g, Figure S9). The π–π interaction between 
DOX and organic linkers (e.g., BDC) in UiO-66 can partially contribute to this good loading 
efficiency. Zhao et al. revealed that in a core–shell Fe3O4@UiO-66 nanoplatform, DOX 
loading capacity increased over the thickness of UiO-66 shell.22 Their observation suggested 
that DOX may not merely stay on the external surface of UiO-66. One possibility is that 
DOX can undergo some molecular distortion to enter the UiO-66 pores, but further 
experimental evidence will be needed to prove this point, which will be one of our future 
research goals.

At the same time, we have to admit, although UiO-66/Py–PGA-PEG-F3 can partially 
prevent premature release of DOX in the bloodstream (pH 7.4), and act as a continuous drug 
release source to kill cancer cells once they arrive at the extracellular region of tumors, the 
cargo releasing speed/efficiency needs to be further improved. Also, ~ 19% of loaded DOX 
was released within 30 min postincubation (all pH groups). This initial “burst” release, 
possibly due to the leakage of DOX from the external surface of UiO-66 (more susceptible 
to environment changes), can be disadvantageous for a drug delivery platform. To solve this 
dilemma, a more protective “capping” system (e.g., with lipids or other stimuli-responsive 
polymers) can be necessary to further prevent the premature DOX release, as used in other 
porous nanomaterials or other types of nMOF.41,42

In Vitro Tumor Cell Targeting

Two cell lines were used for in vitro evaluation of UiO-66 conjugates: MDA-MB-231 triple-
negative breast cancer cells (nucleolin+) and L929 fibroblasts (nucleolin−). Western blot was 
conducted to confirm the expression profiles of nucleolin in these two cells (Figure S10). 
Here DOX loaded onto UiO-66/Py–PGA-PEG-F3 or UiO-66/Py–PGA-PEG served as a 
fluorophore to indicate the location of these nanoconjugates (Figure 1d). As demonstrated in 
both flow cytometry and confocal microscopy examination, the fluorescence intensity from 
DOX@UiO-66/Py–PGA-PEG-F3 was substantially stronger than that from 
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DOX@UiO-66/Py–PGA-PEG in MDA-MB-231 cells, and fluorescence from both UiO-66 
conjugates distributed primarily in the cytoplasm (Figure 2a,b). On the contrary, both 
DOX@ UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–PGA-PEG exhibited very 
minimal nonspecific binding with L929 cells (Figure 2a,b). In order to track the fate of 
UiO-66/Py–PGA-PEG-F3 after internalization by MDA-MB-231 cells, cellular lysosomes 
were stained by the lysotracker (Thermo-Fisher) and examined under microscopy. Since the 
fluorescence spectrum from DOX and lysotracker is not separable in the fluorescence 
microscope, fluorescein isothiocyanate (FITC) was used as fluorescence cargo here instead 
of DOX. As shown in Figure S11, the distribution pattern of lysotracker is well overlapped 
with that from FITC, indicating that the majority of the UiO-66/Py–PGA-PEG-F3 entered 
lysosomes after cellular internalization. UiO-66/Py–PGA-PEG-F3 alone did not show 
obvious cytotoxicity to MDA-MB-231 cells at the tested concentration range (0–50 μg/mL), 
while both of DOX@ UiO-66/Py–PGA-PEG and DOX@UiO-66/Py–PGA-PEG-F3 
inhibited the growth of MDA-MB-231 cells (Figure 2d), from the release of DOX. 
DOX@UiO-66/Py–PGA-PEG-F3 possessed stronger inhibition effects to MDA-MB-231 
cells than that from DOX@UiO-66/Py–PGA-PEG.

To further clarify the dynamic interactions between MDA-MB-231 cells and UiO-66 
conjugates, 89Zr-UiO-66/Py–PGA-PEG-F3 was incubated with MDA-MB-231 cells. As 
revealed in Figure S12, the cell internalization of 89Zr-UiO-66/Py–PGA-PEG-F3 plateaued 
within 0.25 h, and there was almost equal amount of 89Zr-UiO-66/Py–PGA-PEG-F3 binding 
to the surface of MDA-MB-231 cells without internalization. In the meantime, once 
internalized into the cells, less than 30% of 89Zr-UiO-66/Py–PGA-PEG-F3 can escape 
within the time frame of 24 h. These facts again confirmed specific binding between 
UiO-66/Py–PGA-PEG-F3 and MDA-MB-231 (likely via nucleolin on the cell surface), 
which warranted its further in vivo investigation.

In Vivo Tumor Targeting and PET Imaging

Taking advantage of the long half-life from 89Zr, we can fully examine the distribution/
clearance profile of 89Zr-UiO-66 conjugates for up to 120 h postinjection (p.i.). 
Although 89Zr has not been approved by US Food and Drug Administration (FDA) for 
clinical diagnostic utilization, it is an isotope with good clinical potential and suitable for 
long-term monitoring of different metabolic processes. To date, there are 11 active, 
recruiting, or completed clinical trials (search from clinicaltrials.gov) using 89Zr-labeled 
antibodies.43 The time points of 0.5, 2, 20, 24, 48, 72, 96, and 120 h p.i. were chosen for 
serial PET scans and the coronal slides containing the center of MDA-MB-231 tumor are 
shown in Figures 3 and S13. Simultaneously, we used serial blood sampling method in nude 
mice (n = 4) to determine that the circulation half-life of 89Zr-UiO-66/Py–PGA-PEG is 
around 118.8 min (Figure S14). Here the relatively short circulation time of these 89Zr-
UiO-66/Py–PGA-PEG conjugates again indicated that surface PEG density on UiO-66 may 
not be very high by using Py–PGA-PEG functionalization via π–π interaction, thus more 
controllable and efficient surface engineering method of UiO-66 is under our current 
investigation.
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Quantitative organ distribution data obtained from region-of-interest (ROI) analysis of PET 
results are shown in Figure 4 and Table S2. Most importantly, 89Zr-UiO-66/Py–PGA-PEG-
F3 demonstrated a fast accumulation in MDA-MB-231 tumors, which was clearly visible at 
0.5 h p.i. (7.4 ± 0.9%ID/g, n = 4) and kept stable at 2 h p.i. (8.2 ± 0.3%ID/g, n = 4). In 
contrast, tumor uptake of 89Zr-UiO-66/Py–PGA-PEG without the attachment of F3 peptide 
was found to be significantly lower than that of 89Zr-UiO-66/Py–PGA-PEG-F3 at all time 
points examined (n = 4, Figures 3, 4a,b, and Table S2). At late time points (>48 h p.i.), the 
uptake of 89Zr-UiO-66/Py–PGA-PEG-F3 in MDA-MB-231 tumors gradually decreased over 
time. We suspected that the decreased uptake of 89Zr-UiO-66/Py–PGA-PEG-F3 in MDA-
MB-231 tumors over the time was caused by two major factors. First, the size of 89Zr-
UiO-66/Py–PGA-PEG-F3 (~250 nm in diameter) is relatively large, which can prevent 
some 89Zr-UiO-66/Py–PGA-PEG-F3 from effective internalization into tumor (vasculature) 
cells, resulting in their “wash-out” from MDA-MB-231 tumors, as also evidenced in Figure 
S12a. Thus, smaller and more uniform UiO-66 nMOF will be more desirable and will be 
investigated in vivo for our future studies. Second, the efflux rate of 89Zr-UiO-66/Py–PGA-
PEG-F3 (~30% within 24 h, Figure S12b) can also contribute to the reduction of tumor 
accumulation. The interactions between 89Zr-UiO-66/Py–PGA-PEG-F3 and proteins in 
charge of drug/cargo removal44 need to be elucidated to diminish the loss of UiO-66 
conjugates from tumors. We believe that the decreased tumor uptake over the time is not 
caused by degradation of 89Zr-UiO-66 nMOF since we have evidence that it is relatively 
stable over different pH (down to 5.0) and serum treatment (Figures 1e and S7) within 5 
days (same as the PET imaging time).

To further confirm the in vivo nucleolin specificity of 89Zr-UiO-66/Py–PGA-PEG-F3, 
blocking study with excessive amount of F3 peptide was adopted. It was found that 
administration of a blocking dose (~10 mg/kg) of F3 peptide at 5 min before 89Zr-
UiO-66/Py–PGA-PEG-F3 injection could cause a substantial long-term tumor uptake 
reduction to 89Zr-UiO-66/Py–PGA-PEG-F3 (n = 3, Figure 4c and Table S2), demonstrating 
that nucleolin targeting may be one of the leading reasons for the enhanced tumor uptake 
of 89Zr-UiO-66/Py–PGA-PEG-F3 in vivo. Radioactivity captured in other major organs 
(e.g., liver, blood etc.) was not significantly affected by the blocking dose of F3 peptide, as 
shown in Figure 4. Based on the uptake of 89Zr-UiO-66 conjugates in MDA-MB-231 tumors 
from all three groups (targeted, untargeted, and blocking) over time, 89Zr-UiO-66/Py–PGA-
PEG-F3 shows the highest tumor uptake throughout the study period (P < 0.01 in all cases, n 
= 4). Good image contrast for tumors can be obtained since the tumor-to-muscle ratio 
for 89Zr-UiO-66/Py–PGA-PEG-F3 can reach as high as 76.3 ± 2.9 at 2 h postinjection (n = 
4).

From PET images, liver and spleen are the organs with the most significant capture of 89Zr-
UiO-66 conjugates, and their uptakes are similar in all three groups. 89Zr-UiO-66 conjugates 
have slow clearance from the liver, as liver uptake decrease gradually over time from 
~50%ID/g at 0.5 h p.i. to ~40%ID/g at 120 h p.i. No radioactivity deposition was found in 
the bones or kidneys during the whole imaging time frame, which once again confirmed the 
superior in vivo stability of 89Zr-UiO-66 conjugates, since 89Zr4+ ion has a strong affinity 
for phosphate and is readily incorporated into hydroxyapatite structures in bone.45 Overall, 
except for differences in tumor uptake, conjugation of F3 peptide or administration of a 
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blocking dose of F3 peptide did not change the in vivo kinetics of these UiO-66 conjugates 
in breast tumor-bearing mice, which indicated that nucleolin targeting is one of the most 
crucial contributing factors behind the enhanced tumor uptake of 89Zr-UiO-66/Py–PGA-
PEG-F3.

Ex Vivo Organ Distribution Studies

Ex vivo organ distribution data of the 89Zr-UiO-66 conjugates at 120 h p.i. (after the last 
PET scans) are shown in Figure 4d, which matched very well with the PET data. The 
majority of 89Zr-UiO-66 conjugates was retained in liver and spleen, with no noticeable 
uptake in kidneys or bone (<2%ID/g). Aside from these organs that are responsible for 
clearance (e.g., liver or kidney), the tumor uptake (1.5 ± 0.4%ID/g, n = 4) of 89Zr-
UiO-66/Py–PGA-PEG-F3 was still higher than all other major organs, thus providing good 
tumor contrast with a tumor/muscle (T/M) ratio of 19.6 ± 5.4 at 120 h p.i. (n = 4). In 
comparison, mice injected with 89Zr-UiO-66/Py–PGA-PEG-F3 + F3 blocking demonstrated 
similar organ distribution pattern except significantly decreased uptake in tumor (T/M ratio: 
6.1 ± 2.5, n = 4). Overall, the PET and organ distribution data confirmed nucleolin-targeting 
specificity of 89Zr-UiO-66/Py–PGA-PEG-F3 in MDA-MB-231 tumors in vivo, and these 
corroborating results validated that serial PET imaging truly reflected the distribution pattern 
of UiO-66 conjugates in tumor-bearing mice.

Safety/Toxicity Evaluation of UiO-66 Conjugates

No noticeable signs of toxicity or side effects from the injection of UiO-66/Py–PGA-PEG 
were found in the Balb/c mice based on the body weight measurement. Two injection doses 
were used here: 10 mg/kg (representing medium dose, Figure 5a) and 50 mg/kg 
(representing high dose, Figure S15). Histological assessment was carried out on 
hematoxylin and eosin (H&E) stained organ slides (heart, liver, spleen, lung, kidney, 
intestine, and stomach), from which no observable changes were found from acute (1 day 
p.i.), medium (7 days p.i.), or chronic (30 days p.i.) toxicity caused by UiO-66/Py–PGA-
PEG (Figures 5c and S16). To further study the toxicological impact from UiO-66/Py–PGA-
PEG, mini chemistry panel test was also carried out to determine the general health status of 
UiO-66/Py–PGA-PEG injected mice. Inspiringly, all measured biochemical parameters fell 
within the normal ranges on day 1, day 7, and day 30 postinjection of UiO-66/Py–PGA-PEG 
(Figure 5b and Table S3). Combining with retention information acquired from PET, it may 
be reasonable to conclude that UiO-66/Py–PGA-PEG conjugates would not cause significant 
toxicity to the test subjects.

Enhanced DOX Delivery to Tumor in Vivo

Since DOX loaded on UiO-66 gave strong fluorescence emission under 465 nm excitation 
(Figure 6a), the feasibility of enhanced tumor targeted drug delivery in vivo using 
DOX@UiO-66/Py–PGA-PEG-F3 was studied by ex vivo fluorescence imaging. At 2 h after 
intravenous injection (strongest tumor accumulation based on PET findings) of 
DOX@UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–PGA-PEG into MDA-MB-231 
tumor-bearing mice (dose: 5 mg of DOX/kg of mouse body weight), the major organs were 
collected and imaged in an IVIS Spectrum optical imaging system (excitation: 465 nm; 
emission: 580 nm), shown in Figure 6b. It is important to note that because of different 
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absorption/scattering behaviors of various tissues, optical signal intensities from different 
organs may not accurately reflect the absolute uptake level of injected DOX@UiO-66 
conjugates. For example, although liver and spleen are the dominant organs for 
DOX@UiO-66/Py–PGA-PEG-F3 accumulation, as evidenced in PET and organ distribution 
studies, only weak optical signal could be identified in these two organs based on ex vivo 
optical imaging because of their dark color and strong absorbance of visible DOX 
fluorescence (Figure 6b). In contrast, due to the much lighter color from tumors, strong 
optical signal from DOX could be observed for DOX@UiO-66/Py–PGA-PEG-F3 injection 
group (Figure 6b). Quantitative data from ROI analysis of the tumor tissue showed 
significantly higher fluorescent signal of DOX for DOX@UiO-66/Py–PGA-PEG-F3 (3.07 × 
108 [p/s]/[μW/cm2]), about 4-fold of that for DOX@UiO-66/Py–PGA-PEG (8.58 × 107 

[p/s]/[μW/cm2]), clearly demonstrating the feasibility to deliver larger amount of anticancer 
drugs to the tumor site in vivo by using F3 peptide-conjugated UiO-66 nanoconjugates.

Cargo Delivery in Tumor Is Primarily Mediated from Nucleolin

MDA-MB-231 tumors from mice injected with DOX@UiO-66/Py–PGA-PEG-F3 and 
DOX@UiO-66/Py–PGA-PEG (5 mg of DOX/kg of mouse body weight) were frozen for 
histological analysis. The green fluorescence signal indicated the presence of DOX in the 
MDA-MB-231 tumor, which was substantially stronger in the group of DOX@UiO-66/Py–
PGA-PEG-F3 compared with that from DOX@UiO-66/Py–PGA-PEG. Simultaneously, 
green fluorescence in DOX@UiO-66/Py–PGA-PEG-F3 group exhibited good overlay with 
nucleolin, indicating that uptake of DOX@UiO-66/Py–PGA-PEG-F3 in MDA-MB-231 
tumors was most likely mediated by interactions with nucleolin in vivo. Here we want to 
note that this “nucleolin mediation” of UiO-66/Py–PGA-PEG-F3 conjugates only happens 
inside tumors, since the strong accumulation of UiO-66 conjugates inside liver and spleen is 
more likely the result of MPS capture (e.g., from macrophages).

CONCLUSIONS

In conclusion, an intrinsically radioactive UiO-66 MOF nanomaterial (89Zr-UiO-66) was 
designed, synthesized, and surface engineered for tumor targeting and enhanced drug 
delivery. Good radiochemical stability, material integrity, and reliable material 
functionalization were all confirmed in this study. Relatively high amount of DOX (1 mg 
DOX/mg UiO-66) can be loaded onto UiO-66 conjugates, however the DOX release 
behavior needs further optimization. By adopting F3 peptide (targeting nucleolin) as a 
targeting ligand, specific and significantly enhanced targeting of MDA-MB-231 tumor 
by 89Zr-UiO-66 conjugates was demonstrated in vivo, which was further confirmed by ex 
vivo organ distribution and histology studies. Toxicity study with medium and large dose of 
UiO-66/Py–PGA-PEG-F3 did not show significant in vivo toxicity. Furthermore, enhanced 
DOX delivery to MDA-MB-231 tumors in vivo was also demonstrated in tumor-bearing 
mice. We hope that this report can encourage other researchers to use different types of 
radioactive MOF nanomaterials for cancer theranostic applications. We are currently trying 
to further optimize their in vivo pharmacokinetics by improving surface engineering 
methods and investigating the potential of these nanoconjugates for combinational radiation/
chemotherapy.
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MATERIALS AND METHODS

Materials

Zirconium chloride (ZrCl4), terephthalic acid (BDC), benzoic acid (BA), 1-
pyrenemethylamine hydrochloride, triethylamine (TEA), poly(γ-glutamic acid) (γ-PGA), 1-
ethyl-3-(3-(dimethylamino)-propyl) carbodiimide hydrochloride (EDC·HCl), and 37% HCl 
were all purchased from Sigma-Aldrich (St Louis, MO). 89Zr-oxolate (in 1 M oxalic acid) 
was acquired from University of Wisconsin Cyclotron group. Doxorubicin hydrochloride 
and tris(2-carboxyethyl)phosphine hydrochloride (TCEP·HCl) were ordered from Thermo 
Fisher Scientific (Fair Lawn, NJ). Amine-PEG-Mal (i.e., amine PEG maleimide, MW: 5 
kDa) was purchased from Creative PEGworks (Chapel Hill, NC). Antinucleolin antibody 
and anti-β-actin antibody (conjugated with horseradish peroxidase [HRP] for Western 
blotting) were both purchased from Abcam (Cambridge, MA, USA). Secondary HRP 
antibodies were purchased from Jackson ImmunoResearch (St. Louis MO, USA). Chelex 
100 resin (50–100 mesh) was purchased from Sigma-Aldrich. Buffers used in this study 
were prepared from Millipore-grade water and pretreated with Chelex 100 resin to ensure 
that the aqueous solution was free of heavy metals. Size exclusive PD-10 columns were 
purchased from GE Healthcare (Piscataway, NJ). All other chemicals were purchased from 
Thermo Fisher Scientific.

Syntheses of UiO-66 Nanoconjugates

Synthesis of UiO-66 nMOF was carried out by a solvothermal method.27 In brief, ZrCl4 

(466 mg, 2 mmol), BDC (320 mg, 2 mmol), benzoic acid (2.44 g 20 mmol), and HCl (37%, 
12 M; 0.33 mL, 4 mmol) were dissolved in DMF (36 mL) at room temperature. The 
obtained mixture was sealed and placed in a preheated oven with a temperature of 120 °C 
for 48 h. After cooling down to room temperature, the white powder of UiO-66 nMOFs was 
collected, washed by DMF, and dispersed in DMF under stirring for 6 h to remove free 
BDC. Acetone was then used to disperse UiO-66 to exchange the trapped DMF. The final 
product was obtained after vacuum drying at 60 °C overnight. For production of 89Zr-
UiO-66, 200 μL concentrated HCl was added into 185 MBq of 89Zr-oxalate and heated to 
200 °C for 2 h to vaporize all the oxalate. The obtained 89ZrCl4 was then added into the 
reaction system (same reaction scale as described above) along with nonradioactive ZrCl4 to 
serve as a radioactive building precursor.

Synthesis of PEG Derivatives

Poly(γ-glutamic acid)-pyrene-(30%)-poly(ethylene glycol) (Py–PGA-PEG) and poly(γ-
glutamic acid)-pyrene(30%)-poly(ethylene glycol)-F3 (Py–PGA-PEG-F3) were synthesized 
according to a previous report.29 The precursor of PGA-Py-COOH was synthesized first. 
Briefly, γ-PGA (25 mg), 1-pyrenemethylamine hydrochloride (15.4), and EDC·HCl (42.8 
mg) were dissolved in 10 mL of DMSO/pyridine/water (8/1/1) mixture and reacted for 24 h. 
The product of PGA-Py-COOH was obtained after dialysis (Mcut off = 10000) against pure 
water and lyophilization. For the synthesis of Py–PGA-PEG, PGA-Py-COOH (10 mg), 
PEG-NH2 (230 mg), and EDC·HCl (19.2 mg) were dissolved in 15 mL of DMSO/pyridine 
(9/1) mixture and reacted for 24 h. The product of PGA-Py-PEG was obtained after dialysis 
(Mcut off = 10000) against pure water and lyophilization. For the synthesis of Py–PGA-PEG-
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F3, the precursor Py–PGA-PEG-MAL was presynthesized. The synthesis of Py–PGA-PEG-
MAL is the same as that of PGA-Py-PEG, except the reactant is PEG-MAL (230 mg) rather 
than PEG-NH2 (230 mg). F3 peptide (30 mg) and TCEP (5 mg) in 5 mL HEPES (pH = 7.0) 
buffer was reacted for 1 h, then Py–PGA-PEG-MAL (50 mg) was added and reacted for 
another 1 h. The final product of PGA-Py-PEG-F3 was obtained after dialysis (Mcut off = 
10000) against pure water and lyophilization as well.

UiO-66 Functionalization

UiO-66 (5 mg) and Py–PGA-PEG (25 mg) or Py–PGA-PEG-F3 (25 mg) were dispersed in 
Millipore-grade water under sonication for 1 h. After washing with water three times, the 
final product was dispersed in desired medium. The functionalized UiO-66/Py–PGA-PEG-
F3 and UiO-66/Py–PGA-PEG could remain stable in physiological medium (water, saline, 
cell culture medium) for over 2 weeks.

Material Characterization

Powder X-ray diffraction (PXRD) patterns of UiO-66 nMOF were recorded on Rigaku R-
Axis Spider with a Cu Kα source and an Oxford Instruments Cryostream Plus (80–500 K) 
over the range of 3–60° (2θ). Approximately 100 mg of UiO-66 samples were dried before 
PXRD analysis. Nitrogen adsorption–desorption isotherms were measured with a 
Quantachrome NOVA 4200e surface area and pore size analyzer at 77.35 K. UiO-66 nMOF 
was degassed in a vacuum at 50 °C overnight before measurements. Surface area and pore 
volume were calculated by the Brunauer–Emmett–Teller (BET) using the adsorption data. 
SEM was performed on a FEI Nova 200 Nanolab eletron microscope. The morphology of 
UiO-66 conjugates was also evaluated by JEM-1400Plus transmission electron microscope 
(JEOL USA, Peabody, MA) and Zetasizer Nano Z (Malvern Instruments, Westborough, 
MA). FT-IR spectrum was recorded in a Spectrum BX FTIR spectrometer (PerkinElmer) 
using the KBr method. Proton nuclear magnetic resonance spectra (1H NMR) were recorded 
by a Varian MR400 NMR spectrometer. Thermogravimetric analysis (TGA) was carried out 
in a TGA-7 thermogravimetric analyzer (PerkinElmer) with a scan rate of 5 °C/min.

Drug Loading/Release Study

The DOX was loaded into UiO-66 by a modified nanoprecipitation method. Briefly, 5 μL 
TEA was added into 1 mL of DOX·HCl aqueous solution (1 mg/mL) and the mixture was 
under ultrasonication for 3 min and stirring for 1 h. Subsequently, 10 mg of UiO-66 was 
added and the mixture was under ultrasonication for 10 min and stirring for 1 h. Then the 
solution was dried by the blow of nitrogen in the dark and the solid was redissolved in 
HEPES buffer (pH = 7.0) and washed three times. UV–visible spectrometry was used to 
quantify the unbound DOX in loading/washing solutions. A calibration curve for DOX was 
obtained by using standard solutions of DOX with the different concentrations (range: 1 
nM–1 μM) and the curve was fitted by linear regression. The DOX encapsulation efficiency 
was calculated from the ratio of the drug amount incorporated into UiO-66 to the total drug 
amount added. After the acquisition of DOX@UiO-66, further functionalization with Py–
PGA-PEG-F3 was carried out. Drug release studies were performed at 37 °C in an acetate 
buffer (pH = 5.0), a phosphate buffer (pH = 6.8), and a phosphate buffer (pH = 7.4). One mg 
of DOX@UiO-66@Py–PGA-PEG-F3 was dispersed in 1 mL of medium and placed in a 
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dialysis bag with a molecular weight cutoff of 3 kDa. The dialysis bag was immersed in 25 
mL of the release medium and kept in a horizontal laboratory shaker (150 rpm) under 
constant temperature. Samples of 2 mL volume were periodically removed and the same 
volume of fresh medium was added. The amount of released DOX was analyzed with a 
spectrophotometer at 488 nm. The drug release studies were performed in triplicate for each 
sample.

Flow Cytometry and Confocal Fluorescence Microscopy

MDA-MB-231 (nucleolin+) and L929 (nucleolin−) cells were harvested and suspended in 
PBS (supplemented with 2% bovine serum albumin) at a concentration of 2 × 106 cells/ml, 
incubated with DOX@UiO-66/Py–PGA-PEG-F3 or DOX@UiO-66/Py–PGA-PEG 
(concentration: 10 μg/mL based on DOX) for 30 min at RT, washed three times with cold 
PBS, and resuspended in PBS at 2 × 106 cells/ml. Afterward, the cells were analyzed using a 
BD LSR Fortessa four-color analysis cytometer, which is equipped with 488 and 633 nm 
lasers (Becton-Dickinson, San Jose, CA). Cellular fluorescence was computed via FlowJo 
(X.0.7, Tree Star, Ashland, OR). The cells were also examined under a Nikon A1 confocal 
microscope with a magnitude of 200× to validate the flow cytometry results. To clearly 
visualize the distribution of DOX@UiO-66/Py–PGA-PEG-F3 inside MDA-MB-231 cells 
and compare with lysosome locations, a magnitude of 600× was used.

PET Imaging and Organ Distributions

All animal studies were conducted under a protocol (PRO00006023) approved by the 
University Committee on Use and Care of Animals (UCUCA) at University of Michigan. 
Tumors were established by subcutaneous injection of 2 × 106 of MDA-MB-231 cells 
suspended in 100 μL of a 1:1 mixture of PBS and Matrigel (BD Biosciences, Franklin 
Lakes, NJ) into the breast fat pad of female nude mice (Charles River Laboratories). The 
tumor sizes were monitored every other day and the mice were subjected to imaging studies 
when the tumor diameter reached 5–8 mm. PET scans were performed using a rodent Inveon 
microPET/CT scanner (Siemens Medical Solutions USA, Inc.). Each tumor-bearing mouse 
was injected with 5–10 MBq of 89Zr-UiO-66/Py–PGA-PEG-F3 or 89Zr-UiO-66/Py–PGA-
PEG into its tail vein and subjected to static PET scans (40 million events per scan) at 
various time points postinjection (p.i.). The images were reconstructed using a three-
dimensional ordered subset expectation maximization (3D-OSEM) algorithm, with no 
attenuation or scatter correction. For each microPET scan, Inveon Research Workshop (IRW, 
v4.2.0.8) was used to superimpose three-dimensional (3D) regions-of-interest (ROIs) on the 
tumor and major organs in the decay-corrected whole-body images. By adopting a tissue 
density of 1 g/mL, the radioactivity in each ROI volume was converted to MBq/g using a 
conversion factor and then divided by the total administered radioactivity to obtain a 
percentage of injected dose per gram of tissue (%ID/g) for each organ/tissue.

Organ distribution studies by gamma counting were carried out to confirm that the 
quantitative tracer uptake values based on PET imaging truly represented the radioactivity 
distribution in tumor-bearing mice. After the last PET scans at 120 h p.i., the mice were 
euthanized and their blood, tumors, and major organs/tissues were collected and wet-
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weighed. The radioactivity in each collected sample was measured using a WIZARD2 

automatic gamma-counter (PerkinElmer) and recorded as %ID/g (mean ± SD).

Immunostaining

MDA-MB-231 tumor-bearing mice were injected with DOX@UiO-66/Py–PGA-PEG-F3 
and DOX@UiO-66/Py–PGA-PEG (5 mg of DOX/kg of mouse body weight) and sacrificed 
at 2 h p.i. MDA-MB-231 tumors from each injection group were frozen cut into 6-μm slices 
and incubated with 5 μg/mL antinucleolin antibody (Abcam, Cat # ab22758) at room 
temperature for 1 h. After that, tumor slices were rinsed repeatedly by PBS and incubated 
with 2 μg/mL FITC-labeled goat antirabbit IgG (Jackson Immunoresearch) for 1 h at room 
temperature. Immunostained tumor slices were examined under Nikon A1 confocal 
microscope with a magnitude of 200×.

Toxicity Study of UiO-66/Py–PGA-PEG

To study the potential toxicity of UiO-66/Py–PGA-PEG-F3, medium (1 mg/kg) and large 
dose (5 mg/kg) of UiO-66/Py–PGA-PEG was intravenously (i.v.) injected to healthy female 
BALB/c mice (weight: ~ 18 g, n = 5). The fluctuation of mouse body weight was monitored 
every other day for 30 days. H&E staining of tissues from heart, liver, spleen, lung, and 
kidney was conducted after Day 1, 7, and 30 (standing for acute, medium, and long-term 
toxicity, n = 5 for each time point) to further investigate the potential signs of toxicity (i.e., 
cellular shrinkage or blebing, steatosis in liver cells, condensation of chromatin, rupture of 
cell membrane and apoptotic bodies). Mice were sacrificed to collect blood (0.8 mL) for 
mini chemistry panel test on Day 1, 7, and 30 postinjection of UiO-66/Py–PGA-PEG.

In Vivo Drug Delivery Evaluation

As previously described, DOX was loaded into UiO-66 before PEGylation and F3 peptide 
conjugation to prepare DOX@UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–PGA-PEG. 
For in vivo drug delivery study, DOX@UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–
PGA-PEG (5 mg/kg UiO-66, 5 mg/kg DOX) were injected intravenously into MDA-
MB-231 tumor-bearing mice. The mice were sacrificed at 2 h p.i., with tumor and other 
major organs taken for ex vivo fluorescence imaging in the IVIS Spectrum system 
(excitation: 465 nm, emission: 580 nm).

Statistical Analysis

A minimum sample number of 3 was employed to ensure statistical power. Differences 
between groups were analyzed for statistical significance using the unpaired, two-tailed 
Student’s t test. A confidence interval of 95% was selected and P < 0.05 was considered to 
be statistically significant.
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Figure 1. 
Characterization of Py–PGA-PEG functionalized UiO-66 nMOFs. (a) Representative TEM 
images of UiO-66, UiO-66/Py–PGA-PEG-F3, and DOX@UiO-66/Py–PGA-PEG-F3. Scale 
bar: 50 nm. (b) DLS measurement of UiO-66, UiO-66/Py–PGA-PEG-F3, and DOX@ 
UiO-66/Py–PGA-PEG-F3. (c) The correlation of UiO-66 concentration with radioactivity 
concentration obtained from PET for 89Zr-UiO-66/Py–PGA-PEG-F3. (d) Stability 
evaluation of 89Zr-UiO-66/Py–PGA-PEG-F3 in various media. (e) PXRD analysis of 
UiO-66 conjugates over different pH values, post DOX loading, or post serum incubation 
(for 5 days).
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Figure 2. 
In vitro evaluation of UiO-66/Py–PGA-PEG conjugates. (a) Representative confocal 
fluorescence microscopy images of MDA-MB-231 (nucleolin+) and L929 cells (nucleolin−) 
incubated with DOX@UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–PGA-PEG (both 
containing 50 μg/mL of DOX). Scale bar: 20 μm. (b) Flow cytometry analysis of 
DOX@UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–PGA-PEG in MDA-MB-231 and 
L929 cells (incubation time: 0.5 h). (c) DOX release profile from UiO-66/Py–PGA-PEG-F3 
at pH of 5.0, 6.8, and 7.4. (d) Cell viability of MDA-MB-231 cells incubated with different 
concentration of DOX@UiO-66/Py–PGA-PEG-F3, DOX@UiO-66/Py–PGA-PEG, and Py–
PGA-PEG-F3, respectively.
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Figure 3. 
Representative coronal PET images of MDA-MB-231 tumor bearing mice at different time 
points postinjection of 89Zr-UiO-66/Py–PGA-PEG-F3, 89Zr-UiO-66/Py–PGA-PEG, 
and 89Zr-UiO-66/Py–PGA-PEG-F3 with excessive amount of F3 peptide blocking. The 
location of tumors was identified by dashed circles.
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Figure 4. 
Quantitative region-of-interest (ROI) analysis of PET data and organ distribution data. Time-
activity curves of the liver, MDA-MB-231 tumor, blood, and muscle were shown 
postinjection of (a) 89Zr-UiO-66/Py–PGA-PEG-F3, (b) 89Zr-UiO-66/Py–PGA-PEG, or 
(c) 89Zr-UiO-66/Py–PGA-PEG-F3 + F3 peptide blocking. (d) Organ distribution data 
obtained by tissue gamma-counting were also given at and 120 h postinjection of 89Zr-
UiO-66 conjugates. ** P < 0.01.
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Figure 5. 
Toxicity evaluations of UiO-66 conjugates. (a) Growth chart of mice post-treatment of 
UiO-66/Py–PGA-PEG (dose: 10 mg/kg) and normal saline. (b) Healthy female Balb/c mice 
with the intravenous injection of UiO-66/Py–PGA-PEG were sacrificed on 1, 7, and 30 days 
p.i. for blood collection. Untreated healthy mice were used as the control. Alanine 
aminotransferase (ALT), alkaline phosphatase (ALP), and aspartate aminotransferase (AST) 
levels of Balb/c mice injected with saline (control) are similar to those injected with 
UiO-66/Py–PGA-PEG (dose: 10 mg/kg) at different time points (n = 5). (c) H&E stained 
major organ slides collected from healthy Balb/c mice and UiO-66/Py–PGA-PEG-injected 
mice (dose: 10 mg/kg) on day 30 post injection (n = 5). Scale bar: 100 μm.
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Figure 6. 
Enhanced drug delivery into MDA-MB-231 tumors and validation of nucleolin-targeting 
specificity for DOX@UiO-66/Py–PGA-PEG-F3. (a) Fluorescence image confirmed 
successful loading of DOX on UiO-66 and that it can be readily detectable in IVIS 
Spectrum. Left: DOX@UiO-66/Py–PGA-PEG; middle: DOX@UiO-66/Py–PGA-PEG-F3; 
right: deionized water. (b) Ex vivo fluorescence images of DOX in the major organs/tissues 
at 2 h after intravenous injection of DOX@UiO-66/Py–PGA-PEG-F3 and 
DOX@UiO-66/Py–PGA-PEG. (c) Immunohistological staining of MDA-MB-231 tumors 
from mice injected with DOX@UiO-66/Py–PGA-PEG-F3 and DOX@UiO-66/Py–PGA-
PEG. Nucleolin (red) expression profile was compared with DOX (green) distribution 
pattern from both of the UiO-66 conjugates. Scale bar: 100 μm.
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Scheme 1. 
(a) Schematic Synthesis Route of 89Zr-UiO-66/Py–PGA-PEG-F3 Conjugates; (b) Schematic 
Crystal Structure of 89Zr-UiO-66
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