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ABSTRACT: As heavy-metal-based nanoscale metal−organic frameworks (nMOFs) are excellent radiosensitizers for radiotherapy
via enhanced energy deposition and reactive oxygen species (ROS) generation, we hypothesize that nMOFs with covalently
conjugated and X-ray triggerable prodrugs can harness the ROS for on-demand release of chemotherapeutics for chemoradiotherapy.
Herein, we report the design of a novel nMOF, Hf-TP-SN, with an X-ray-triggerable 7-ethyl-10-hydroxycamptothecin (SN38)
prodrug for synergistic radiotherapy and chemotherapy. Upon X-ray irradiation, electron-dense Hf12 secondary building units serve
as radiosensitizers to enhance hydroxyl radical generation for the triggered release of SN38 via hydroxylation of the 3,5-
dimethoxylbenzyl carbonate followed by 1,4-elimination, leading to 5-fold higher release of SN38 from Hf-TP-SN than its molecular
counterpart. As a result, Hf-TP-SN plus radiation induces significant cytotoxicity to cancer cells and efficiently inhibits tumor growth
in colon and breast cancer mouse models.

Metal−organic frameworks (MOFs) have recently been
exploited for biomedical applications due to their

tunable compositions, large porosity, ease of surface function-
alization, and biodegradability.1−4 In particular, MOFs have
been widely used as drug carriers,5−10 via direct encapsulation
of drugs in the pores,11,12 coordination of drugs to metal-
cluster secondary building units (SBUs),13 and covalent
conjugation of drugs to the ligands.14 While the first two
methods can have premature drug release due to weak
interactions between MOFs and drug molecules,15 the third
method requires an actionable trigger to release the conjugated
drug from the MOF.16,17 Among many potential triggers,18−27

X-ray stands out as a great external stimulus due to its deep
tissue penetration,28 image-guided precise dosing,29,30 and
radiotherapeutic effects through direct DNA damage or
indirect cytotoxic effects via generating reactive oxygen species
(ROS).31−38

Heavy-metal-based nanoscale MOFs (nMOFs) are excellent
radioenhancers by increasing energy deposition and ROS
generation.39−41 We hypothesized that heavy metal nMOFs
with covalently conjugated drugs could be efficiently triggered
by X-rays to release drugs via enhanced ROS generation and
ROS-induced cleavage of drug molecules. Herein, we report
the design of a Hf-TP-SN nMOF with an X-ray triggerable 7-
ethyl-10-hydroxycamptothecin (SN38) prodrug for synergistic
radiotherapy and chemotherapy. As a topoisomerase I
inhibitor, SN38 is the active metabolite of irinotecan that has
been used in the treatment of many cancers.42,43

We conjugated SN38 to Hf-TP-OH nMOF via the 3,5-
dimethoxylbenzyl carbonate linkage, which can be cleaved by
the hydroxyl radical (·OH).38 Hf-TP-SN was synthesized via a
combination of prefunctionalization and postsynthetic mod-
ification (Figure 1). First, the dicarboxylic acid H2TP-OH was
synthesized in five steps starting from 3,5-dimethoxylbenzyl

alcohol via protection with a tert-butyldimethylsilyl group,
lithiation, and carboxyl group installation, coupling with 2,5-
dibromobenzylamine via an amide bond, Suzuki coupling with
(4-(methoxycarbonyl)phenyl)boronic acid, and base-catalyzed
hydrolysis (Scheme S1). Next, Hf-TP-OH with Hf12 SBUs was
synthesized via a solvothermal reaction between HfCl4, H2TP-
OH, trifluoracetic acid, and water in N,N-dimethylformamide
at 80 °C for 1 day. 1H NMR of digested Hf-TP-OH indicated
successful incorporation of the H2TP-OH ligand in the
framework (Figure S1). Finally, Hf-TP-OH was treated with
4-nitrophenyl chloroformate followed by SN38 to afford Hf-
TP-SN.
Hf-TP-OH and Hf-TP-SN displayed a nanoplate morphol-

ogy with a diameter of ∼70 nm and a thickness of ∼10 nm, as
determined by transmission electron microscopy (TEM,
Figure 2a and c). The high-resolution TEM (HRTEM)
image and its fast Fourier transform (FFT) pattern of Hf-TP-
OH demonstrated crystallinity and 6-fold symmetry, consistent
with the projection of the Hf12-TP (TP = terphenyldicarbox-
ylate) structure along the vertical direction (Figure 2b). The
number-averaged sizes of Hf-TP-OH and Hf-TP-SN deter-
mined by dynamic light scattering (DLS) were 125 ± 4 and
124 ± 2 nm, respectively, while their ζ-potentials were −11.2
± 1.2 and −10.3 ± 0.4 mV, respectively (Figures 2d and S1).
Powder X-ray diffraction (PXRD) studies confirmed that Hf-

TP-SN and Hf-TP-OH adopted the same structure as Hf12-TP
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MOF consisting of Hf12(μ3-O)8(μ3-OH)8(μ2-OH)6 SBUs and
TP ligands in a hcp topology (Figure 2e).44 UV−vis
spectroscopic analysis of digested Hf-TP-SN indicated that
∼16% of the TP-OH ligands were conjugated with SN38
(Figures 2f and S2). Liquid chromatography−mass spectrom-
etry (LC-MS) analysis indicated the trapping of 2.6% free
SN38 (relative to total SN38) in the pores after digesting Hf-
TP-SN using NaHCO3

45 and extraction with ethyl acetate
(Figure S3). After the Hf content was determined by
inductively coupled plasma mass spectrometry (ICP-MS),
the formula of Hf-TP-SN was determined as Hf12(μ3-O)8(μ3-
OH)8(μ2-OH)6(TP-SN)1.08(TP-OH)5.66(OH)4.52(H2O)4.52-
(SN38)0.03. Lastly, PXRD studies showed that Hf-TP-SN
retained its crystallinity after incubation in 1× PBS (pH 7.4)
for 24 h, while the stability of Hf-TP-SN after irradiation and
long-term storage was confirmed by TEM, PXRD, and DLS
(Figures S4 and S5).
A molecular counterpart, Me2TP-SN, was synthesized to

support the postsynthetic modification and to examine the
cytotoxicity of the prodrug (Schemes S2 and S3). Because of
the low aqueous solubility of Me2TP-SN, we synthesized
MeO-SN from 3,5-dimethoxylbenzyl alcohol and used it as a
molecular control (Scheme S4). We first evaluated ROS
generation by 2′,7′-dichlorodihydrofluorescein (DCFH)
assay.46 The total ROS signals in the PBS, Hf-TP-OH, and
Hf-TP-SN groups all increased linearly with X-ray doses. The
relative enhancements of Hf-TP-OH and Hf-TP-SN over PBS
were 47% and 19%, respectively (Figure 3a). Aminophenyl
fluorescein (APF) assay showed that Hf-TP-OH and Hf-TP-
SN enhanced ·OH generation by 96% and 59%, respectively,
over PBS (Figure 3b). The reduced ROS and hydroxyl radical
signals from Hf-TP-SN are likely due to the consumption of
·OH by the 3,5-dimethoxylbenzyl carbonate linkage to release
SN38.
High performance-liquid chromatography analyses showed

that Hf-TP-SN released ∼1.35% of total SN38 after 10 Gy X-
ray irradiation, which was 5-fold higher than SN38 released

Figure 1. Synthesis of Hf-TP-OH nMOF and its postsynthetic modification with SN38 to afford Hf-TP-SN nMOF along with the proposed
mechanism for X-ray triggered release of SN38 from Hf-TP-SN.

Figure 2. (a) TEM image and (b) HRTEM image and FFT pattern
(inset) of Hf-TP-OH. (c) TEM image of Hf-TP-SN. Scale bar: 50
nm. (d) Number-averaged sizes of Hf-TP-OH and Hf-TP-SN. (e)
PXRD patterns of Hf-TP-OH, Hf-TP-SN and simulated pattern for
Hf12-TP MOF. (f) UV−vis spectra of SN38, H2TP-OH, and digested
Hf-TP-SN in dimethyl sulfoxide.
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from MeO-SN under identical conditions (Figures 3c and S6).
X-ray triggered release of SN38 was confirmed in a time-
dependent release study (Figure S7) and using ·OH generated
by the Fenton reaction (Figures 3d and S6).47 Hf-TP-SN
showed 14.8-fold higher SN38 release than MeO-SN under the
Fenton reaction. These results showed that upon X-ray
irradiation electron-dense Hf12 SBUs serve as radiosensitizers
to enhance ·OH generation for the triggered release of SN38
via hydroxylation of the 3,5-dimethoxylbenzyl carbonate
followed by 1,4-elimination (Figure 1).
H2TP-OH ligand and Hf-TP-OH nMOF did not show

obvious cytotoxicity to CT26 colon carcinoma cells at a TP
concentration of 100 μM by MTS assay (Figure S8), indicating
their nontoxic nature. On the other hand, clonogenic assay
showed that Hf-TP-OH possessed a strong radiosensitizing
property with a dose modifying ratio at 10% survival fraction
(DMR10%) of 1.255, 1.036, and 1.333 on CT26, 4T1, and
MC38 cells, respectively (Figures 4a−c and S9−S11), due to
enhanced ·OH generation via radiosensitization (Figure S12).
The cytotoxicities of SN38 and Me2TP-SN38 were also

evaluated. While SN38 showed a half-maximal inhibitory
concentration (IC50) of 0.584 μM,33 Me2TP-SN38 had much
lower cytotoxicity with an IC50 of 13.5 μM (Figure S13). Hf-
TP-SN showed efficient and time-dependent cellular uptake by
CT26 cells through the clathrin-dependent pathway and
macropinocytosis (Figures 4d and S14).48,49 To confirm X-
ray triggered release of SN38, we detected the cytotoxicity of
Hf-TP-SN on CT26 cells with varying doses of X-ray by
clonogenic assay [(+) and (-) denote with and without
radiation, respectively]. Hf-TP-SN showed a significantly
increased DMR10% of 2.566, 1.575, and 2.663 over Hf-TP-
OH (1.255, 1.036, and 1.333) on CT26, 4T1 and MC38 cells,
respectively, likely due to the combined chemoradiotherapeu-
tic effects of the released SN38 and X-ray irradiation (Figure
4a−c). Slight cytotoxicity of Hf-TP-SN at 0 Gy likely resulted
from the rapid release of entrapped SN38. Interestingly,

confocal laser scanning microscopy (CLSM) and flow
cytometry studies showed that Hf-TP-OH(+) and Hf-TP-
SN(+) exhibited higher intracellular ROS signals than that of
PBS(+) at an X-ray dose of 3 Gy (Figures 4e,f and S15; Table
S1). The stronger ROS signal in the Hf-TP-SN(+) group likely
resulted from the oxidative pressure of the released SN38 on
the cells and the radiosensitizing effect of Hf12 SBUs.

50

We next investigated DNA double strand breaks (DSBs) in
CT26 cells via detection of γ-H2AX, a phosphorylated protein
biomarker for DNA DSBs (Figure 4g and h).51 PBS(+)
induced a small amount of red γ-H2AX fluorescence due to X-
ray’s ability to cause DNA damage.52 More pronounced DSBs
were observed in Hf-TP-OH(+) and Hf-TP-SN(+) groups,
while no fluorescence was observed in the Hf-TP-OH(-)
group, which supports potent radiosensitization by Hf-nMOFs.
Hf-TP-SN(-) also showed an enhanced γ-H2AX signal over
the PBS control, likely due to the entrapped SN38 in Hf-TP-
SN. Free SN38 inhibits the nuclear enzyme topoisomerase I
during DNA replication, leading to DSBs.42,43

Cell death pathways were evaluated with annexin V alexa
fluor 488 and a propidium iodide (PI) cell apoptosis kit. More
than 85% cells remained healthy in Hf-TP-OH(-) group,
confirming negligible cytotoxicity of Hf-TP-OH (Figures 4i
and S16). While Hf-TP-OH(+) and Hf-TP-SN(-) groups
showed 77.5% and 59.6% healthy cells, respectively, Hf-TP-
SN(+) treatment significantly reduced the healthy cell
percentage to 46.3%. This result suggests synergistic
therapeutic effects of Hf-TP-SN(+) due to the radiosensitizing
effect of the nMOF and the potent chemotherapeutic effect of
the released SN38 (Figure S17).
We established subcutaneous CT26 and 4T1 tumor models

to assess the in vivo anticancer efficacy of Hf-TP-SN(+). CT26
or 4T1 tumor-bearing mice were intratumorally injected with
PBS, irinotecan (a prodrug of SN38, 0.047 μmol),34 Hf-TP-
OH (0.5 μmol Hf), or Hf-TP-SN (0.5 μmol Hf and 0.047
μmol SN38). Six to eight hours later, the tumors were
irradiated with 2 Gy X-ray. X-ray irradiation was repeated on
two consecutive days (6 Gy total, Figure S18). Tumor volumes
and mouse body weights were monitored daily. While PBS(+)
moderately inhibited the growth of CT26 and 4T1 tumors
with tumor growth inhibition indices (TGIs) of 0.468 and
0.328, respectively, Hf-TP-OH(+) increased the TGIs to 0.869
and 0.721 for CT26 and 4T1 tumors, respectively. Hf-TP-
SN(+) potently inhibited CT26 and 4T1 tumors with TGIs of
0.965 and 0.889, respectively. Hf-TP-SN(+) completely
eradicated CT26 tumors in 40% mice. In contrast, Hf-TP-
SN(-) treatment modestly inhibited CT26 and 4T1 tumors
with TGIs of 0.362 and 0.162, respectively (Figures 5a−f, S19,
and S20; Tables S2 and S3). The impressive in vivo
therapeutic effects of Hf-TP-SN(+) resulted from synergistic
actions of nMOF-mediated radiosensitization and X-ray
triggered release of SN38 from Hf-TP-SN. The mice in all
treatment groups showed steady body weights (Figure S21),
suggesting the lack of general toxicity. Furthermore, histologies
of the hearts, livers, spleens, lungs, and kidneys of treated mice
did not show any abnormalities (Figure S22), supporting the
safety of Hf-TP-SN(+) treatment in mice.
One day after the last X-ray irradiation, tumor tissues were

processed to evaluate pathological changes via γ-H2AX, Ki67,
and terminal deoxynucleotidyl transferase mediated dUTP-
biotin nick end labeling (TUNEL), and hematoxylin and eosin
(H&E) staining. Hf-TP-SN(+) treatment increased the
expression of γ-H2AX (Figures 5g and S23), reduced cell

Figure 3. Relative fluorescence intensity (RFI) of (a) DCF and (b)
APF indicating total ROS signals and hydroxyl radical signals,
respectively, from PBS, Hf-TP-OH, and Hf-TP-SN with different X-
ray doses, n = 6. Hf concentration was 40 μM. SN38 released from
MeO-SN or Hf-TP-SN after 10 Gy X-ray irradiation (c) or reacting
with ·OH generated by the Fenton reaction (d). Starting MeO-SN or
Hf-TP-SN concentration was 100 μM.
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proliferation as indicated by a lower Ki67 signal (Figures 5h
and S24), and increased cell apoptosis as determined via
TUNEL staining (Figures 5i and S25). H&E staining showed
distinctive cellular damage in the tumors treated with Hf-TP-
OH(+) and Hf-TP-SN(+); minimal cellular damage was
observed in PBS(+) and irinotecan(+) groups (Figure 5j).
In summary, we designed a Hf-TP-SN nMOF with an X-ray

triggerable SN38 prodrug for synergistic radiotherapy and

chemotherapy. Hf-TP-SN contains terphenyl ligands con-
jugated with SN38 via a carbonate bond. Upon X-ray
irradiation, Hf12-SBUs served as radiosensitizers to enhance ·
OH generation and increase SN38 release from Hf-TP-SN. Hf-
TP-SN not only enhanced the radiotherapeutic efficacy but
also achieved chemotherapeutic effects through triggered
release of SN38. Such a chemoradiotherapy strategy effectively
reduces the radiation dose required for tumor regression and

Figure 4. Survival fractions of (a) CT26, (b) 4T1, and (c) MC38 cells after incubation with PBS, Hf-TP-OH, or Hf-TP-SN under different X-ray
doses. (d) Time-dependent cellular uptake of Hf-TP-SN quantified by ICP-MS (n = 3). (e) CLSM images of CT26 cells stained by DCFH-DA
(green) and Hoechst 33342 (blue, cell nucleus) for ROS detection (scale bar: 50 μm). (f) Relative intracellular ROS signals (n = 3). (g) CLSM
images of CT26 cells stained by γ-H2AX (scale bar: 10 μm). (h) Relative γ-H2AX+ cells (n = 3). (i) Representative flow cytometry dot plots
showing cell apoptosis/death stained with FITC-annexin-V and PI in different treatment groups. The X-ray dose is 3 Gy in (e)−(i).
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minimizes the side effects of chemoradiotherapy via the burst
release of SN38 inside cancer cells. This work highlights the
potential of nMOFs in multimodality cancer treatment via on-
demand, triggered release of therapeutic agents.

■ ASSOCIATED CONTENT

*sı Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3c04602.

Materials and methods, synthesis and characterization,
total ROS generation, in vitro and in vivo experiments
(PDF)

■ AUTHOR INFORMATION

Corresponding Author

Wenbin Lin − Department of Chemistry and Department of
Radiation and Cellular Oncology and Ludwig Center for
Metastasis Research, The University of Chicago, Chicago,
Illinois 60637, United States; orcid.org/0000-0001-
7035-7759; Email: wenbinlin@uchicago.edu

Authors

Ziwan Xu − Department of Chemistry, The University of
Chicago, Chicago, Illinois 60637, United States;
orcid.org/0000-0001-9459-4572

Wenyao Zhen − Department of Chemistry and Department of
Radiation and Cellular Oncology and Ludwig Center for

Figure 5. (a) Growth curves, (b) end point weights (day 19), and (c) photos of CT26 tumors in BALB/c mice after treatment with PBS,
irinotecan, Hf-TP-OH, or Hf-TP-SN followed by X-ray irradiation. (d) Growth curves, (e) end point weights (day 21), and (f) photos of 4T1
tumors in BALB/c mice after different treatments. n = 5. Black arrows indicate nMOF injection whereas red arrows indicate irradiation. (g) γ-
H2AX, (h) Ki67, (i) TUNEL and (j) H&E staining of excised CT26 tumors (scale bar: 50 μm).

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.3c04602
J. Am. Chem. Soc. 2023, 145, 18698−18704

18702

https://pubs.acs.org/doi/10.1021/jacs.3c04602?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c04602/suppl_file/ja3c04602_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenbin+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-7035-7759
https://orcid.org/0000-0001-7035-7759
mailto:wenbinlin@uchicago.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ziwan+Xu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9459-4572
https://orcid.org/0000-0001-9459-4572
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenyao+Zhen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04602?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04602?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Metastasis Research, The University of Chicago, Chicago,
Illinois 60637, United States

Caroline McCleary − Department of Chemistry, The
University of Chicago, Chicago, Illinois 60637, United States

Taokun Luo − Department of Chemistry, The University of
Chicago, Chicago, Illinois 60637, United States;
orcid.org/0000-0001-5894-0490

Xiaomin Jiang − Department of Chemistry, The University of
Chicago, Chicago, Illinois 60637, United States;
orcid.org/0000-0001-8304-4938

Cheng Peng − Department of Chemistry, The University of
Chicago, Chicago, Illinois 60637, United States

Ralph R. Weichselbaum − Department of Radiation and
Cellular Oncology and Ludwig Center for Metastasis
Research, The University of Chicago, Chicago, Illinois 60637,
United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3c04602

Author Contributions
§Z.X. and W.Z. contributed equally.
Notes
The authors declare the following competing financial
interest(s): W.L. is the founder and chairman of Coordination
Pharmaceuticals, which licensed the nMOF technology from
the University of Chicago. R.R.W. is an advisor to
Coordination Pharmaceuticals.

■ ACKNOWLEDGMENTS
We thank Yingjie Fan, Jianqiao Liu, Xuanyu Feng for
experimental help. We thank Dr. Christine Labno and Shirley
Bond for help with whole slide scanning, Dr. Shihong Li for
help with histology study, and Dr. Carman Ka Man Ip for help
with live cell imaging. We acknowledge the National Cancer
Institute (1R01CA253655) and the University of Chicago
Medicine Comprehensive Cancer Center (NIH CCSG: P30
CA014599) for funding support.

■ REFERENCES
(1) Horcajada, P.; Gref, R.; Baati, T.; Allan, P. K.; Maurin, G.;
Couvreur, P.; Férey, G.; Morris, R. E.; Serre, C. Metal−Organic
Frameworks in Biomedicine. Chem. Rev. 2012, 112 (2), 1232−1268.
(2) McKinlay, A. C.; Morris, R. E.; Horcajada, P.; Férey, G.; Gref,
R.; Couvreur, P.; Serre, C. BioMOFs: Metal−Organic Frameworks for
Biological and Medical Applications. Angew. Chem., Int. Ed. 2010, 49
(36), 6260−6266.
(3) Yang, J.; Yang, Y.-W. Metal−Organic Frameworks for
Biomedical Applications. Small 2020, 16 (10), 1906846.
(4) Ge, X.; Wong, R.; Anisa, A.; Ma, S. Recent Development of
Metal-organic Framework Nanocomposites for Biomedical Applica-
tions. Biomaterials 2022, 281, 121322.
(5) Sun, Y.; Zheng, L.; Yang, Y.; Qian, X.; Fu, T.; Li, X.; Yang, Z.;
Yan, H.; Cui, C.; Tan, W. Metal−Organic Framework Nanocarriers
for Drug Delivery in Biomedical Applications. Nano-Micro Lett. 2020,
12 (1), 103.
(6) Horcajada, P.; Chalati, T.; Serre, C.; Gillet, B.; Sebrie, C.; Baati,
T.; Eubank, J. F.; Heurtaux, D.; Clayette, P.; Kreuz, C.; Chang, J.-S.;
Hwang, Y. K.; Marsaud, V.; Bories, P.-N.; Cynober, L.; Gil, S.; Férey,
G.; Couvreur, P.; Gref, R. Porous Metal−Organic-Framework
Nanoscale Carriers as a Potential Platform for Drug Delivery and
Imaging. Nat. Mater. 2010, 9 (2), 172−178.
(7) Horcajada, P.; Serre, C.; Maurin, G.; Ramsahye, N. A.; Balas, F.;
Vallet-Regí, M.; Sebban, M.; Taulelle, F.; Férey, G. Flexible Porous

Metal-Organic Frameworks for a Controlled Drug Delivery. J. Am.
Chem. Soc. 2008, 130 (21), 6774−6780.
(8) Orellana-Tavra, C.; Baxter, E. F.; Tian, T.; Bennett, T. D.; Slater,
N. K. H.; Cheetham, A. K.; Fairen-Jimenez, D. Amorphous Metal−
Organic Frameworks for Drug Delivery. Chem. Commun. 2015, 51
(73), 13878−13881.
(9) Teplensky, M. H.; Fantham, M.; Li, P.; Wang, T. C.; Mehta, J.
P.; Young, L. J.; Moghadam, P. Z.; Hupp, J. T.; Farha, O. K.;
Kaminski, C. F.; Fairen-Jimenez, D. Temperature Treatment of
Highly Porous Zirconium-Containing Metal−Organic Frameworks
Extends Drug Delivery Release. J. Am. Chem. Soc. 2017, 139 (22),
7522−7532.
(10) Orellana-Tavra, C.; Marshall, R. J.; Baxter, E. F.; Lázaro, I. A.;
Tao, A.; Cheetham, A. K.; Forgan, R. S.; Fairen-Jimenez, D. Drug
Delivery and Controlled Release from Biocompatible Metal−Organic
Frameworks Using Mechanical Amorphization. J. Mater. Chem. B
2016, 4 (47), 7697−7707.
(11) He, C.; Lu, K.; Liu, D.; Lin, W. Nanoscale Metal−Organic
Frameworks for the Co-Delivery of Cisplatin and Pooled siRNAs to
Enhance Therapeutic Efficacy in Drug-Resistant Ovarian Cancer
Cells. J. Am. Chem. Soc. 2014, 136 (14), 5181−5184.
(12) Sun, C.-Y.; Qin, C.; Wang, C.-G.; Su, Z.-M.; Wang, S.; Wang,
X.-L.; Yang, G.-S.; Shao, K.-Z.; Lan, Y.-Q.; Wang, E.-B. Chiral
Nanoporous Metal-Organic Frameworks with High Porosity as
Materials for Drug Delivery. Adv. Mater. 2011, 23 (47), 5629−5632.
(13) Luo, T.; Nash, G. T.; Jiang, X.; Feng, X.; Mao, J.; Liu, J.;
Juloori, A.; Pearson, A. T.; Lin, W. A 2D Nanoradiosensitizer
Enhances Radiotherapy and Delivers STING Agonists to Potentiate
Cancer Immunotherapy. Adv. Mater. 2022, 34 (39), 2110588.
(14) Morris, W.; Briley, W. E.; Auyeung, E.; Cabezas, M. D.; Mirkin,
C. A. Nucleic Acid−Metal Organic Framework (MOF) Nanoparticle
Conjugates. J. Am. Chem. Soc. 2014, 136 (20), 7261−7264.
(15) Zhao, N.; Yan, L.; Zhao, X.; Chen, X.; Li, A.; Zheng, D.; Zhou,
X.; Dai, X.; Xu, F.-J. Versatile Types of Organic/Inorganic
Nanohybrids: From Strategic Design to Biomedical Applications.
Chem. Rev. 2019, 119 (3), 1666−1762.
(16) Zhou, Z.; Vázquez-González, M.; Willner, I. Stimuli-Responsive
Metal−Organic Framework Nanoparticles for Controlled Drug
Delivery and Medical Applications. Chem. Soc. Rev. 2021, 50 (7),
4541−4563.
(17) Wang, Y.; Yan, J.; Wen, N.; Xiong, H.; Cai, S.; He, Q.; Hu, Y.;
Peng, D.; Liu, Z.; Liu, Y. Metal-Organic Frameworks for Stimuli-
Responsive Drug Delivery. Biomaterials 2020, 230, 119619.
(18) Li, Y.; Teng, X.; Wang, Y.; Yang, C.; Yan, X.; Li, J. Neutrophil
Delivered Hollow Titania Covered Persistent Luminescent Nano-
sensitizer for Ultrosound Augmented Chemo/Immuno Glioblastoma
Therapy. Adv. Sci. 2021, 8 (17), 2004381.
(19) Li, Y.; Teng, X.; Yang, C.; Wang, Y.; Wang, L.; Dai, Y.; Sun, H.;
Li, J. Ultrasound Controlled Anti-Inflammatory Polarization of
Platelet Decorated Microglia for Targeted Ischemic Stroke Therapy.
Angew. Chem., Int. Ed. 2021, 60 (10), 5083−5090.
(20) Zhang, C.; Wang, X.; Liu, G.; Ren, H.; Li, J.; Jiang, Z.; Liu, J.;
Lovell, J. F.; Zhang, Y. Metal Coordination Micelles for Anti-cancer
Treatment by Gene-editing and Phototherapy. J. Controlled Release
2023, 357, 210−221.
(21) Liu, G.; Jiang, Z.; Lovell, J. F.; Zhang, L.; Zhang, Y. Design of a
Thiol-Responsive, Traceless Prodrug with Rapid Self-Immolation for
Cancer Chemotherapy. ACS Appl. Bio Mater. 2021, 4 (6), 4982−
4989.
(22) Kilian, H. I.; Pradhan, A. J.; Jahagirdar, D.; Ortega, J.; Atilla-
Gokcumen, G. E.; Lovell, J. F. Light-Triggered Release of Large
Biomacromolecules from Porphyrin-Phospholipid Liposomes. Lang-
muir 2021, 37 (36), 10859−10865.
(23) Lu, S.; Hao, D.; Xiang, X.; Pei, Q.; Xie, Z. Carboxylated
Paclitaxel Prodrug Nanofibers for Enhanced Chemotherapy. J.
Controlled Release 2023, 355, 528−537.
(24) Hao, D.; Meng, Q.; Jiang, B.; Lu, S.; Xiang, X.; Pei, Q.; Yu, H.;
Jing, X.; Xie, Z. Hypoxia-Activated PEGylated Paclitaxel Prodrug

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.3c04602
J. Am. Chem. Soc. 2023, 145, 18698−18704

18703

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Caroline+McCleary"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taokun+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5894-0490
https://orcid.org/0000-0001-5894-0490
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaomin+Jiang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8304-4938
https://orcid.org/0000-0001-8304-4938
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cheng+Peng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ralph+R.+Weichselbaum"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c04602?ref=pdf
https://doi.org/10.1021/cr200256v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200256v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201000048
https://doi.org/10.1002/anie.201000048
https://doi.org/10.1002/smll.201906846
https://doi.org/10.1002/smll.201906846
https://doi.org/10.1016/j.biomaterials.2021.121322
https://doi.org/10.1016/j.biomaterials.2021.121322
https://doi.org/10.1016/j.biomaterials.2021.121322
https://doi.org/10.1007/s40820-020-00423-3
https://doi.org/10.1007/s40820-020-00423-3
https://doi.org/10.1038/nmat2608
https://doi.org/10.1038/nmat2608
https://doi.org/10.1038/nmat2608
https://doi.org/10.1021/ja710973k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja710973k?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CC05237H
https://doi.org/10.1039/C5CC05237H
https://doi.org/10.1021/jacs.7b01451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b01451?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C6TB02025A
https://doi.org/10.1039/C6TB02025A
https://doi.org/10.1039/C6TB02025A
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4098862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.201102538
https://doi.org/10.1002/adma.201102538
https://doi.org/10.1002/adma.201102538
https://doi.org/10.1002/adma.202110588
https://doi.org/10.1002/adma.202110588
https://doi.org/10.1002/adma.202110588
https://doi.org/10.1021/ja503215w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja503215w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.8b00401?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0CS01030H
https://doi.org/10.1039/D0CS01030H
https://doi.org/10.1039/D0CS01030H
https://doi.org/10.1016/j.biomaterials.2019.119619
https://doi.org/10.1016/j.biomaterials.2019.119619
https://doi.org/10.1002/advs.202004381
https://doi.org/10.1002/advs.202004381
https://doi.org/10.1002/advs.202004381
https://doi.org/10.1002/advs.202004381
https://doi.org/10.1002/anie.202010391
https://doi.org/10.1002/anie.202010391
https://doi.org/10.1016/j.jconrel.2023.03.042
https://doi.org/10.1016/j.jconrel.2023.03.042
https://doi.org/10.1021/acsabm.1c00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00247?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.1c01848?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jconrel.2023.02.013
https://doi.org/10.1016/j.jconrel.2023.02.013
https://doi.org/10.1021/acsnano.2c05341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Nanoparticles for Potentiated Chemotherapy. ACS Nano 2022, 16
(9), 14693−14702.
(25) Lu, S.; Xia, R.; Wang, J.; Pei, Q.; Xie, Z.; Jing, X. Engineering
Paclitaxel Prodrug Nanoparticles via Redox-Activatable Linkage and
Effective Carriers for Enhanced Chemotherapy. ACS Appl. Mater.
Interfaces 2021, 13 (39), 46291−46302.
(26) Spring, B. Q.; Bryan Sears, R.; Zheng, L. Z.; Mai, Z.; Watanabe,
R.; Sherwood, M. E.; Schoenfeld, D. A.; Pogue, B. W.; Pereira, S. P.;
Villa, E.; Hasan, T. A Photoactivable Multi-inhibitor Nanoliposome
for Tumour Control and Simultaneous Inhibition of Treatment
Escape Pathways. Nat. Nanotechnol. 2016, 11 (4), 378−387.
(27) Xie, J.; Gonzalez-Carter, D.; Tockary, T. A.; Nakamura, N.;
Xue, Y.; Nakakido, M.; Akiba, H.; Dirisala, A.; Liu, X.; Toh, K.; Yang,
T.; Wang, Z.; Fukushima, S.; Li, J.; Quader, S.; Tsumoto, K.; Yokota,
T.; Anraku, Y.; Kataoka, K. Dual-Sensitive Nanomicelles Enhancing
Systemic Delivery of Therapeutically Active Antibodies Specifically
into the Brain. ACS Nano 2020, 14 (6), 6729−6742.
(28) Liu, J.; Saw, R. E.; Kiang, Y. H. Calculation of Effective
Penetration Depth in X-Ray Diffraction for Pharmaceutical Solids. J.
Pharm. Sci. 2010, 99 (9), 3807−3814.
(29) Dawson, L. A.; Sharpe, M. B. Image-Guided Radiotherapy:
Rationale, Benefits, and Limitations. Lancet Oncol. 2006, 7 (10), 848−
858.
(30) Verellen, D.; Ridder, M. D.; Linthout, N.; Tournel, K.; Soete,
G.; Storme, G. Innovations in Image-Guided Radiotherapy. Nat. Rev.
Cancer 2007, 7 (12), 949−960.
(31) Barker, H. E.; Paget, J. T. E.; Khan, A. A.; Harrington, K. J. The
Tumour Microenvironment after Radiotherapy: Mechanisms of
Resistance and Recurrence. Nat. Rev. Cancer 2015, 15 (7), 409−425.
(32) Yang, C.; Yang, Y.; Li, Y.; Ni, Q.; Li, J. Radiotherapy-Triggered
Proteolysis Targeting Chimera Prodrug Activation in Tumors. J. Am.
Chem. Soc. 2023, 145 (1), 385−391.
(33) Ding, Z.; Guo, Z.; Zheng, Y.; Wang, Z.; Fu, Q.; Liu, Z.
Radiotherapy Reduces N-Oxides for Prodrug Activation in Tumors. J.
Am. Chem. Soc. 2022, 144 (21), 9458−9464.
(34) Quintana, J. M.; Arboleda, D.; Hu, H.; Scott, E.; Luthria, G.;
Pai, S.; Parangi, S.; Weissleder, R.; Miller, M. A. Radiation Cleaved
Drug-Conjugate Linkers Enable Local Payload Release. Bioconjugate
Chem. 2022, 33 (8), 1474−1484.
(35) Tuo, W.; Renault, J.-P.; Rajpal, A.; Pin, S.; Le Gall, T.; Taran, F.
Radiation-Responsive Benzothiazolines as Potential Cleavable Fluo-
rogenic Linkers for Drug Delivery. Chem.�Eur. J. 2023, 29 (31),
e202300358.
(36) Takakura, H.; Matsuhiro, S.; Inanami, O.; Kobayashi, M.; Saita,
K.; Yamashita, M.; Nakajima, K.; Suzuki, M.; Miyamoto, N.;
Taketsugu, T.; Ogawa, M. Ligand Release from Silicon Phthalocya-
nine Dyes Triggered by X-ray Irradiation. Org. Biomol. Chem. 2022,
20 (36), 7270−7277.
(37) Guo, Z.; Hong, H.; Zheng, Y.; Wang, Z.; Ding, Z.; Fu, Q.; Liu,
Z. Radiotherapy-Induced Cleavage of Quaternary Ammonium Groups
Activates Prodrugs in Tumors. Angew. Chem., Int. Ed. 2022, 61 (34),
e202205014.
(38) Fu, Q.; Li, H.; Duan, D.; Wang, C.; Shen, S.; Ma, H.; Liu, Z.
External-Radiation-Induced Local Hydroxylation Enables Remote
Release of Functional Molecules in Tumors. Angew. Chem., Int. Ed.
2020, 59 (48), 21546−21552.
(39) Lu, K.; He, C.; Guo, N.; Chan, C.; Ni, K.; Lan, G.; Tang, H.;
Pelizzari, C.; Fu, Y.-X.; Spiotto, M. T.; Weichselbaum, R. R.; Lin, W.
Low-dose X-ray Radiotherapy−Radiodynamic Therapy via Nanoscale
Metal−organic Frameworks Enhances Checkpoint Blockade Immu-
notherapy. Nat. Biomed. Eng. 2018, 2 (8), 600−610.
(40) Xu, Z.; Ni, K.; Mao, J.; Luo, T.; Lin, W. Monte Carlo
Simulations Reveal New Design Principles for Efficient Nano-
radiosensitizers Based on Nanoscale Metal−Organic Frameworks.
Adv. Mater. 2021, 33 (40), 2104249.
(41) Zhen, W.; Weichselbaum, R. R.; Lin, W. Nanoparticle-
Mediated Radiotherapy Remodels the Tumor Microenvironment to
Enhance Antitumor Efficacy. Adv. Mater. 2023, 35, 2206370.

(42) Li, Y.; Xie, M.; Jones, J. B.; Zhang, Z.; Wang, Z.; Dang, T.;
Wang, X.; Lipowska, M.; Mao, H. Targeted Delivery of DNA
Topoisomerase Inhibitor SN38 to Intracranial Tumors of Glioblas-
toma Using Sub-5 Ultrafine Iron Oxide Nanoparticles. Adv. Healthc.
Mater. 2022, 11 (14), 2102816.
(43) Bottero, V.; Busuttil, V. r.; Loubat, A. s.; Magné, N.; Fischel, J.-
L.; Milano, G. r.; Peyron, J.-F. o. Activation of Nuclear Factor κB
through the IKK Complex by the Topoisomerase Poisons SN38 and
Doxorubicin: A Brake to Apoptosis in HeLa Human Carcinoma
Cells1. Cancer Res. 2001, 61 (21), 7785−7791.
(44) Ni, K.; Lan, G.; Chan, C.; Quigley, B.; Lu, K.; Aung, T.; Guo,
N.; La Riviere, P.; Weichselbaum, R. R.; Lin, W. Nanoscale Metal-
Organic Frameworks Enhance Radiotherapy to Potentiate Check-
point Blockade Immunotherapy. Nat. Commun. 2018, 9 (1), 2351.
(45) Chu, J.; Ke, F.-S.; Wang, Y.; Feng, X.; Chen, W.; Ai, X.; Yang,
H.; Cao, Y. Facile and Reversible Digestion and Regeneration of
Zirconium-Based Metal-Organic Frameworks. Commun. Chem. 2020,
3 (1), 5.
(46) Ju, E.; Dong, K.; Chen, Z.; Liu, Z.; Liu, C.; Huang, Y.; Wang,
Z.; Pu, F.; Ren, J.; Qu, X. Copper(II)−Graphitic Carbon Nitride
Triggered Synergy: Improved ROS Generation and Reduced
Glutathione Levels for Enhanced Photodynamic Therapy. Angew.
Chem., Int. Ed. 2016, 55 (38), 11467−11471.
(47) Halliwell, B.; Gutteridge, J. M. C.; Aruoma, O. I. The
Deoxyribose Method: A Simple “Test-Tube” Assay for Determination
of Rate Constants for Reactions of Hydroxyl Radicals. Anal. Biochem.
1987, 165 (1), 215−219.
(48) Orellana-Tavra, C.; Mercado, S. A.; Fairen-Jimenez, D.
Endocytosis Mechanism of Nano Metal-Organic Frameworks for
Drug Delivery. Adv. Healthc. Mater. 2016, 5 (17), 2261−2270.
(49) Luo, T.; Fan, Y.; Mao, J.; Jiang, X.; Albano, L.; Yuan, E.;
Germanas, T.; Lin, W. Metal-Organic Layer Delivers 5-Amino-
levulinic Acid and Porphyrin for Dual-Organelle-Targeted Photo-
dynamic Therapy. Angew. Chem., Int. Ed. 2023, 62 (22), e202301910.
(50) Wang, L.; Xia, J.; Fan, H.; Hou, M.; Wang, H.; Wang, X.;
Zhang, K.; Cao, L.; Liu, X.; Ling, J.; Yu, H.; Wu, X.; Sun, J. A tumor
Microenvironment Responsive Nanosystem for Chemodynamic/
Chemical Synergistic Theranostics of Colorectal Cancer. Theranostics
2021, 11 (18), 8909−8925.
(51) Fan, L.; Peng, G.; Sahgal, N.; Fazli, L.; Gleave, M.; Zhang, Y.;
Hussain, A.; Rassool, F.; Qi, J. Abstract 1981: Histone Demethyalase
JMJD1A Promotes the DNA Damage Response of Prostate Cancer
Cells. Cancer Res. 2016, 76 (14_Supplement), 1981−1981.
(52) Xia, D.; Hang, D.; Li, Y.; Jiang, W.; Zhu, J.; Ding, Y.; Gu, H.;
Hu, Y. Au−Hemoglobin Loaded Platelet Alleviating Tumor Hypoxia
and Enhancing the Radiotherapy Effect with Low-Dose X-ray. ACS
Nano 2020, 14 (11), 15654−15668.

Journal of the American Chemical Society pubs.acs.org/JACS Communication

https://doi.org/10.1021/jacs.3c04602
J. Am. Chem. Soc. 2023, 145, 18698−18704

18704

https://doi.org/10.1021/acsnano.2c05341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c12353?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nnano.2015.311
https://doi.org/10.1038/nnano.2015.311
https://doi.org/10.1038/nnano.2015.311
https://doi.org/10.1021/acsnano.9b09991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.9b09991?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/jps.22202
https://doi.org/10.1002/jps.22202
https://doi.org/10.1016/S1470-2045(06)70904-4
https://doi.org/10.1016/S1470-2045(06)70904-4
https://doi.org/10.1038/nrc2288
https://doi.org/10.1038/nrc3958
https://doi.org/10.1038/nrc3958
https://doi.org/10.1038/nrc3958
https://doi.org/10.1021/jacs.2c10177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c10177?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.2c02521?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.2c00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.bioconjchem.2c00174?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.202300358
https://doi.org/10.1002/chem.202300358
https://doi.org/10.1039/D2OB00957A
https://doi.org/10.1039/D2OB00957A
https://doi.org/10.1002/anie.202205014
https://doi.org/10.1002/anie.202205014
https://doi.org/10.1002/anie.202005612
https://doi.org/10.1002/anie.202005612
https://doi.org/10.1038/s41551-018-0203-4
https://doi.org/10.1038/s41551-018-0203-4
https://doi.org/10.1038/s41551-018-0203-4
https://doi.org/10.1002/adma.202104249
https://doi.org/10.1002/adma.202104249
https://doi.org/10.1002/adma.202104249
https://doi.org/10.1002/adma.202206370
https://doi.org/10.1002/adma.202206370
https://doi.org/10.1002/adma.202206370
https://doi.org/10.1002/adhm.202102816
https://doi.org/10.1002/adhm.202102816
https://doi.org/10.1002/adhm.202102816
https://doi.org/10.1038/s41467-018-04703-w
https://doi.org/10.1038/s41467-018-04703-w
https://doi.org/10.1038/s41467-018-04703-w
https://doi.org/10.1038/s42004-019-0248-7
https://doi.org/10.1038/s42004-019-0248-7
https://doi.org/10.1002/anie.201605509
https://doi.org/10.1002/anie.201605509
https://doi.org/10.1002/anie.201605509
https://doi.org/10.1016/0003-2697(87)90222-3
https://doi.org/10.1016/0003-2697(87)90222-3
https://doi.org/10.1016/0003-2697(87)90222-3
https://doi.org/10.1002/adhm.201600296
https://doi.org/10.1002/adhm.201600296
https://doi.org/10.1002/anie.202301910
https://doi.org/10.1002/anie.202301910
https://doi.org/10.1002/anie.202301910
https://doi.org/10.7150/thno.61651
https://doi.org/10.7150/thno.61651
https://doi.org/10.7150/thno.61651
https://doi.org/10.1158/1538-7445.AM2016-1981
https://doi.org/10.1158/1538-7445.AM2016-1981
https://doi.org/10.1158/1538-7445.AM2016-1981
https://doi.org/10.1021/acsnano.0c06541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c06541?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c04602?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

