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Among all cancers, lung, breast, and prostate carcinoma are the threemost fatal cancers.

Although general therapeutic strategies and existent nanomedicine have been applied

in relating cancer treatments, the side effects and potential damage induced by the

off-target effect greatly lower the therapeutic efficiency. Recently, an increasing number of

bioresponsive nanomaterials is recruited in fighting these deadliest cancers. Therefore,

these latest bioresponsive nanomedicine are summarized in the current review. More

specifically, the various novel nano-agents that could selectively respond to specific

bio-conditions in malignant areas (e.g., pH, temperature, enzyme, Redox, elevated

copper ion, etc.) are discussed in detail for their applications in cancer imaging (e.g.,

fluorescence, NIR, and MRI, etc.) and therapy (e.g., antiangiogenesis, chemotherapy,

photothermal, and chemodynamic therapy, etc.). The development of next-generation

of bioresponsive nanomedicine and challenges involved are further discussed for

future design.
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INTRODUCTION

Cancer is a disease caused by gene mutation, leading to an uncontrolled cell division. These
abnormal cells could easily generate malignant lesions and evenmetastasize to other organs, greatly
threatening the patient’s health. As the second leading cause of deaths, cancer contributed to
around 10 million deaths in 2018 globally, with about 18.1 million new cases (Bray et al., 2018).
Among all the cancer types, lung, breast, and prostate cancer are the deadliest carcinomas for
people, contributing to 18.4, 11.6, and 7.1% of all the cancer-related deaths, respectively (Bray
et al., 2018). With the support of various diagnosis technologies including positron emission
tomography (PET), magnetic resonance imaging (MRI), and computed tomography (CT), surgery,
radiotherapy, chemotherapy, and hormone therapy are generally applied to treat patients with
cancer, including those three deadliest carcinomas. However, most strategies fail to detect and
eliminate the cancerous cells efficiently, which could lead to tumor occurrence and threat to the
patient’s life. In addition, accompanying side effects can not be completely avoided, causing various
adverse effects ranging from vomiting to asthenia (Oun et al., 2018). Although immunotherapy
could be the best choice for preventing these situations, the high cost could be only afforded by a
small portion of patients.

With the development of nanotechnology, functional agents could be uniformly synthesized
at nano-size, showing great potential in the biomedical application as nanomedicine. These
nanomaterials could perform as anti-cancer agents by carrying effective cargos (e.g., anti-cancer

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://www.frontiersin.org/journals/chemistry#editorial-board
https://doi.org/10.3389/fchem.2020.00257
http://crossmark.crossref.org/dialog/?doi=10.3389/fchem.2020.00257&domain=pdf&date_stamp=2020-04-09
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles
https://creativecommons.org/licenses/by/4.0/
mailto:54190693@qq.com
https://doi.org/10.3389/fchem.2020.00257
https://www.frontiersin.org/articles/10.3389/fchem.2020.00257/full
http://loop.frontiersin.org/people/944235/overview
http://loop.frontiersin.org/people/899252/overview


Mao and Liu Bioresponsive Nanomedicine for Cancer Theranostics

drugs or monoclonal antibody, etc.) and processing directly
therapeutic effects (e.g., photothermal and photodynamic
therapy, etc.). Compared with general treatments,
nanomedicines greatly increase the efficiency of therapy
(e.g., the increased loading compacity, prolonged circulation of
drug and combined therapies, etc.) and limit side effects (e.g.,
encapsulated anti-cancer drugs and specific tumor targeting,
etc.). To date, various nanomedicines have been approved by
the FDA for cancer therapy, such as paclitaxel albumin-bound
nanoparticles (Abraxane) and liposomal irinotecan (Onivyde)
(Ventola, 2017). Although these nano-agents exhibit desirable
anti-cancer function, the constantly active cytotoxicity would
potentially cause indiscriminate damage to normal tissues due
to the off-target effect. Recently, a growing number of novel
nanomaterials that are specifically responded to biological factors
(e.g., acidity, enzyme, redox, temperature, and copper ion, etc.)
within tumor area are recruited for fighting these deadliest
cancers via imaging (e.g., fluorescence, near infrared (NIR), and
MRI, etc.) and therapy (e.g., antiangiogenesis, chemotherapy,
photothermal, and chemodynamic therapy, etc.). Therefore,
these recent bioresponsive nano-platforms that have been
investigated in lung, breast, and prostate cancer theranostics
are highlighted in the current review. Meanwhile, the future
direction and challenges involved are discussed as well, aiming
to offer an overview of the development of smart nanomedicine
in treating these deadliest carcinomas.

CURRENT SITUATION OF LUNG, BREAST
AND PROSTATE CANCER

As the essential organ for body function, the lung is strongly
associated with other systems, which make it very vulnerable to
illness, such as cancer. The lung carcinoma is a life-threating
disease, especially those metastasized from another part of the
body, which generally indicated the late stage of cancer, such as
advanced breast and prostate cancer. Normally, the 5-year life
expectancy of patients with distant lung cancer is only about 5%
(Torre et al., 2016). As another major carcinoma, breast cancer is
the most common cancer among females. In 2020, there are an
estimated 325,000 females who will be diagnosed with invasive
or non-invasive breast cancer. Comparatively, prostate cancer
contributes to around 366,000 men deaths and 1.6 million new
cases annually (Pernar et al., 2018). Although the people with
increased risks (e.g., aging and family histology) will be easier
to develop these fatal cancers, there is an increasing trend of
young patients diagnosed with lung and prostate cancer overall
the world (Salinas et al., 2014; Liu et al., 2019a).

GENERAL THERAPEUTIC STRATEGIES

To deal with these deadliest cancers, general treatments such as
surgery, chemotherapy, and radiotherapy have been recruited as
routine strategies for years. Although current clinical diagnosis
could promote outcomes of these treatments in the early stage,
the efficiency of most therapies is limited for late-stage or
advanced cancer. Recent years, the precision medicine based

on individual genetic information provide effective therapy for
patient via specific targeting such as the blockage of certain
growth factor receptor (Dienstmann et al., 2017 #189). Although
these precision therapies could work well in most cancers
with general targets, its feasibility in mutated cancer types
such as non-small-cell lung cancer of adenocarcinoma with
EGFR mutation (∼29.3% of all) or triple-negative breast cancer
(11.2% of all) is strongly restricted by the availability of small
molecular or monoclonal antibody (Midha et al., 2015 #190,
Tan and Dent, 2018 #191). Due to these, there is an urgent
need of a novel therapeutic approach for treating developed and
mutated cancers.

CURRENT STATUS OF NANOMEDICINE
FOR LUNG, BREAST, AND PROSTATE
CANCER THERAPY

Nanomedicine, as an advanced technique has been gradually
applied in fighting cancer, especially lung, breast, and prostate
cancers. Since 2018, more than 20 nano-sized medicine have
been parenteral in the market, while seven of them are designed
for cancer therapy (Flühmann et al., 2019). Currently, there
are about 27 clinical trials associating with the nanoparticles
based breast cancer therapy are active. These studies focus
on imaging and treating various breast carcinoma ranging
from triple-negative breast cancer (TNBC) to metastatic
breast cancer. A series of nanomedicines including FDA-
approved paclitaxel albumin-bound nanoparticles (Abraxane),
lipid nanoparticles (mRNA-2752), curcumin/doxorubicin
encapsulating nanoparticles (Imx-110), quantum dots and
silica nanoparticle (cRGDY-PEG-Cy5.5-C dots) have been
recruited in clinic studies, showing the great potential of
nanomedicine in dealing breast cancer. In comparison,
there are about 13 and 9 active clinical trials related to
lung and prostate cancer, respectively. Notably, either the
mostly-applied Abraxane or newly-designed cyclodextrin-
based polymer (CRLX101) is constantly functional that
will potentially damage the normal cells. Therefore, more
efficient and safe cancer therapy could be provided by
the novel nano-platforms with therapeutic functions that
could smartly be activated by specific conditions, such as
bioresponsive nanomedicine.

BIORESPONSIVE NANOMEDICINE

Certain biological factors including acidic extracellular
environment, specific enzymes, elevated redox and cooper
ion, etc. are well-identified in the tumor micro-environment
(TME). Base on these factors, a series of advanced nanoplatforms
with TME-activated functions have been successfully developed
for treating these three fatal cancers (Table 1). In a comparison
of current nanomedicines that generally exhibit constantly-
activating functions (e.g., cytotoxicity of anti-cancer drugs),
the therapeutic effects of bioresponsive nano-agents could be
smartly triggered in TME, which efficiently avoids most of the
adverse influence caused by miss-targeting.
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TABLE 1 | Recent advanced bioresponsive nanomedicine used in treating lung, breast, and prostate cancer.

Bioresponsive

factor

Type of

nanomaterial

Nanomedicine Size (nm) Application Cancer References

Acidity Polymer PWMs 19.9 ± 1.9 × 50–200 siRNA delivery Breast cancer with lung

metastasis

(He et al., 2016 #152)

Acidity Polymer NP15 <100 siRNA delivery Breast cancer (Saw et al., 2019 #157)

Acidity Silica TPZ@HHSN-C/P-mAb 142.5 ± 1.3 USI and MRI—SDT

and BRT

Prostate cancer (Wang et al., 2019

#159)

Redox and acidity Polymer P-RUB micelles 49 ± 0.26 Chemo Taxane resistant prostate

cancer

(Lin et al., 2019 #163)

Redox and acidity Silica ECMI 220.0 ± 3.5 PDT and Chemo Erlotinib-resistant

EGFR-mutated NSCLC

(Zhang et al., 2019

#164)

Redox Nanozyme Lipo-OGzyme-AIE 122.5 PDT Breast cancer with lung

metastasis

(Gao et al., 2020 #168)

Enzyme and

Redox

Gold NCs mCAuNCs@HA 150 PDT and Chemo and

Immuno

Breast cancer with lung

metastasis

(Yu et al., 2019 #174)

Enzyme Polymer HACE 132 NIRF and PAI—PDT Lung cancer (Li et al., 2016 #173)

Enzyme Polymer WINNER 16 mAbs delivery Lung cancer (Li et al., 2019 #178)

Enzyme Polymer Self-assembled

polymer

93 Chemo Lung cancer (Yang et al., 2016 #179)

Copper and acidity Polymer RPTDH 200 Antiangiogenic and

Immuno

Metastatic breast cancer (Zhou et al., 2019

#181)

Copper Silica Imi-OSi <6 Antiangiogenic and

TVO

Breast and lung cancer (Yang et al., 2019a

#182)

Thermal and

acidity

Polymer mPEG-PAAV 174.5 NIRF and PAI—PTT

and Chemo

Breast cancer with lung

metastasis

(Yang et al., 2018 #184)

USI, ultrasound imaging; MRI, magnetic resonance imaging; SDT, sonodynamic therapy; BRT, bioreductive therapy; Chemo, chemotherapy; PDT, photodynamic therapy; Immuno,

immunotherapy; NIRF, near infrared fluorescence; PAI, photoacoustics imaging; TVO, tumor vascular obstructing.

pH-RESPONSIVE NANOMEDICINE

With excessive aerobic glycolysis, the extracellular area around
cancerous cells is packed with lactic acid, showing an acidic
environment with pH ranging from 6.5 to 6.9 (Kato et al., 2013).
As the major tumor feature, various nanomaterials including
polymer (Kato et al., 2013; He et al., 2016; Xu et al., 2017; Zhao
et al., 2017; Shen et al., 2018; Saw et al., 2019), silica (Wang et al.,
2018, 2019) and upconversion (Qiao et al., 2017) nanoparticles
were designed for smart drug delivery via pH-response. With
excellent pH-responsive features (e.g., via structural or solubility
change), polymer-based nano-platforms demonstrate a great
advantage in pH-triggered drug release (Kocak et al., 2017).
By coating with pH-sensitive mPEG-b–PDPA20, succinobucol
(SCB), vascular cell adhesion molecule-1 (VCAM-1) inhibitor
could efficiently escape from micelles (PWMs) at TME, and
inhibit the lung metastasis of breast cancer tumors for around
∼6.25 and 4.5 times, respectively, in comparison with saline
and SCB groups (He et al., 2016). Besides, by combing enzyme-
induced feature (esterase), Saw et al. successfully synthesized
an N15 polymer nanoparticle (<100 nm) consisting of a core
(siRNA and amphiphilic cationic mitoxantrone, MTO) and
pH-responsive PEG shell (Saw et al., 2019) (Figure 1A). The
siRNA of Polo-like kinase 1 (PLK1) (more than 90%) would be
only released after a two-step decomposition caused by acidic
pH and esterase in the tumor area, which efficiently inhibited
∼70% of PLK1 expression and around 2-fold of MDA-MB-231

tumor growth within 18 days (Figure 1B). Meanwhile, a silica
basedmulti-module theranostic platform (HHSN-C/P-mAb) was
developed by Wang et al. for imaging (US and MRI) and treating
(sonodynamic and bioreductive therapy) prostate cancer (Wang
et al., 2019). This acidic-degraded silica nanomedicine was able to
target PC3 tumors (viamodifiedmonoclonal antibody of prostate
stem cell antigen) and smartly release tirapazamine (TPZ) at
TME, eventually inhibiting more than 91.5% tumor growth with
US irradiation.

REDOX-RESPONSIVE NANOMEDICINE

As other major factors, the concentrations of reactive oxygen
species (ROS) and glutathione (GSH) are extremely higher in
TME (Cook et al., 2004), which allow different nano-agents to be
applied for treating aggressive cancers including taxane resistant
prostate cancer, erlotinib-resistant EGFR-mutated NSCLC cells
and TNBC via redox-induced therapeutic functions (He et al.,
2018; Dai et al., 2019; Hu et al., 2019; Lin et al., 2019; Liu
et al., 2019b; Yang et al., 2019a; Zhang et al., 2019; Gao et al.,
2020). In the combination of acidic and GSH sensitive features,
a novel P-RUB micelle was designed for co-delivering docetaxel
(DTX) and rubone (RUB) in fighting taxane resistant prostate
cancer (PC3-TXR) (Lin et al., 2019). As-prepared nanomedicine
(49 ± 0.26 nm) could quickly release both cargos (∼100%) at
acidic conditions (pH = 5) when GSH (10mM) was presented.
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FIGURE 1 | Bioresponsive nanomedicine for lung, breast, and prostate cancer therapy. (A) Scheme of synthesis of SA-MTO (NP15); (B) MDA-MB-231 tumor weights

from nude mice xenograft model that were treated with different groups and representative photograph tumor-bearing mice at day 18 [(Saw et al., 2019) #157]

(Copyright 2019, reproduced with permission from American Chemical Society). (C) Schematic illustration of WINNER coating with PC ratio for extracellular delivery of

mAb; (D) The antitumor efficacy of WINNER-Nimo in LN 229 and PC 9 cells; (E) Tumor volume from different treatment groups [(Li et al., 2019) #178] (Copyright 2019,

reproduced with permission from Wiley). (F) TEM image and DLS of Imi-OSi; (G) 4T1 tumor inhibition efficiency of TM (copper chelator) and Imi-OSi (Yang et al.,

2019b #182) (Copyright 2019, reproduced with permission from American Chemical Society).

With two-step triggered therapy, the proliferation of PC3-TXR
tumors was efficiently suppressed for ∼50% compared to other
groups. Similarly, pH-responsive zinc oxide quantum dots (ZnO
QDs) and disulfide bond linked chitosan (Cs) were employed
as triggers in ECMI silica nanoparticles for lung cancer therapy
(Zhang et al., 2019). ECMI carrying ICG and erlotinib exhibited
specific distribution and effective inhibition for EGFR mutated
NSCLC tumors with the NIR irradiation. Most recently, Gao
et al. developed a hypoxia-tropic nanozymes as theranostic
nanomedicine for suppressing orthotopic breast cancer growth
and lung metastasis (Gao et al., 2020). Significantly, the MnO2

core inside ferritin nanocages (FTn) catalase the H+ and H2O2

into O2 that could be generated into toxic ROS by AIE modules
under the irradiation. These reactions could effectively alter
the TME (e.g., neutralization of hypoxic environment, with
∼51.9 ± 8.5% reduction of hypoxic tissue) and prohibit the
proliferation and metastasis of breast cancer with only ∼5%
metastasis compared to PBS group.

ENZYME-RESPONSIVE NANOMEDICINE

Besides, various enzymes are strongly associated with cancerous
cells. It has been found that the excess hyaluronidase could be
found within malignant tissues including lung, prostate, and
breast carcinoma (Mcatee et al., 2014). More importantly, the

presentation of hyaluronidase could accelerate the development
of cancer progression. Li et al. were inspired by this tumor-related
enzyme and developed a hyaluronidase-activated theranostic
micelles (HACE NPs) with hyaluronic acid (HA) and chlorin e6
(Ce6) (Li et al., 2016). This polymer (132 nm) could produce
both A549 tumor imaging (including NIR fluorescence and
photoacoustic imaging) and photodynamic therapy (PDT) via
the Ce6 that was released by hyaluronidase. Similarly, a HA- and
ROS-responsive nano-agent (mCAuNCs@HA) was successfully
recruited in treating breast cancer and lung metastasis via PDT
and the blockage of checkpoint (Yu et al., 2019).

Matrix metalloproteinase (MMP) is another type of tumor-
specific enzyme. Notably, a significant difference could be
observed between malignant and normal lung tissues in terms of
the expression of MMPs (Merchant et al., 2017), showing great
potential of MMPs as the bioresponsive factor for lung cancer
theranostics. Recently, a series of MMPs-responsive (especially
MMP2/9) nanomedicines were developed in therapy against
lung cancer (Van Rijt et al., 2015; Yang et al., 2016; Battistella
et al., 2019; Li et al., 2019). For instance, Yang et al. prepared
self-assembled nano drugs by conjugating an MMP-2-cleavable
peptide, which allowed this nanomedicine selectively to deliver
camptothecin (CP) and trans-retinoic acid (RA) antitumor
drugs to cancerous cells with high expression of MMP-2 (Yang
et al., 2016). In the comparison of typical intracellular drug
delivery, Li et al. designed a novel nano-vehicle (WINNER)
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for specific extracellular delivery (Figure 1C). With MMP-2-
responsive peptides and controlled surface filling ratio (50.5–
58.3%) of phosphorylcholine (PC), WINNER could efficiently
protect and release loading nimotuzumab to the lung tumor
(PC-9 and LN-229) extracellular area, showing highest antitumor
effect in compared with free nimotuzumab (Figures 1D,E).

OTHER BIO-RESPONSIVE
NANOMEDICINE

An increasing number of studies have found that elevated serum
copper ion was associated with various cancers and strongly
related to the stage and progression of carcinoma, such as breast
cancer (Denoyer et al., 2015). As a promising tumor stimulus,
copper ion also plays a key role in tumor angiogenesis. In
most recent, two copper-chelator based nanomedicines have
been synthesized for lung and breast cancer therapy (Yang
et al., 2019b; Zhou et al., 2019) (Figure 1F). In addition to
the anti-angiogenesis induced by chelation of Cu2+, these
smart nanoparticles caused further anti-tumor effects via tumor
vessel obstruction (e.g., aggregation of nanochelators) and TLR-
mediated immune cells stimulation (with TLR7 and TLR8
agonist), respectively (Figure 1G).

Meanwhile, several temperature-responsive nanomedicines
were also developed for prostate and breast carcinoma therapy
(Wadajkar et al., 2013; Yang et al., 2018). These nano-composites
are sensitive to the change of temperature (40–43◦) and will
release the cargos at lower or upper critical solution temperature,
eventually triggering the anti-cancer effects via chemotherapy or
combined therapy.

CONCLUSION AND FUTURE OUTLOOK

The deadliest cancers, lung, breast, and prostate cancers
cause thousands of deaths annually, while the efficiency

of general strategies is limited, especially for those with
drug resistance or genetic mutations. In comparison, the
bioresponsive nanomedicine has shown great potential in
treating deadliest cancers via the smartly-triggered (e.g., pH,
Redox, Enzyme, Copper ion, temperature) functions. Since now,
a series of these nano-agents have been successfully developed
and shown promising outcomes. Undeniably, the bioresponsive
nanomedicine would be the next step of theranostics for these
deadliest cancers. For future development, we believe there are
several issues could be considered. (1) In consideration of the
different TME, specific designs of bioresponsive nanomedicine
are highly recommended. For instance, with significantly
elevated MMPs, the MMP-activated nanomedicine is more
promising and feasible in lung cancer compared with others.
(2) The novel direction such as extracellular delivery could
be further designed for treating TME. (3) Plural triggers (e.g.,
pH and Redox, pH and Enzyme) for function activation could
be achieved by incorporating functional nanomaterials, such
as polymers, which would provide more precision therapy.
(4) Meanwhile, multiple functions (e.g., image-guided surgery
and therapy) are demanded for the future bioresponsive
nanomedicine. (5) Although bioresponsive nanomedicines are
more smarted and precise compared with general therapy,
specific training of handling this type of novel medicine (e.g., the
pH- and Redox-responsive nanomedicine) during manufacture,
delivery, storage, and therapeutic process may be required,
which may potentially increase the cost for treatment. Therefore,
the re-design of current nanomedicine as bioresponsive agents
or collaboration between industry and research and could be
options for reducing the expense in the quality control and
further training.

AUTHOR CONTRIBUTIONS

YM wrote the manuscript with the help and guidance of XL.

REFERENCES

Battistella, C., Callmann, C. E., Thompson, M. P., Yao, S., Yeldandi, A. V.,
Hayashi, T., et al. (2019). Delivery of immunotherapeutic nanoparticles to
tumors via enzyme-directed assembly. Adv. Healthcare Mater. 8:1901105.
doi: 10.1002/adhm.201901105

Bray, F., Ferlay, J., Soerjomataram, I., Siegel, R. L., Torre, L. A., and Jemal, A.
(2018). Global cancer statistics 2018: GLOBOCAN estimates of incidence and
mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 68,
394–424. doi: 10.3322/caac.21492

Cook, J. A., Gius, D., Wink, D. A., Krishna, M. C., Russo, A., and
Mitchell, J. B. (2004). “Oxidative stress, redox, and the tumor
microenvironment,” in Seminars in Radiation Oncology (Elsevier), 14,
259–266. doi: 10.1016/j.semradonc.2004.04.001

Dai, L., Li, X., Duan, X., Li, M., Niu, P., Xu, H., et al. (2019). A
pH/ROS cascade-responsive charge-reversal nanosystem with self-amplified
drug release for synergistic oxidation-chemotherapy. Adv. Sci. 6:1801807.
doi: 10.1002/advs.201801807

Denoyer, D., Masaldan, S., La Fontaine, S., and Cater, M. A. (2015). Targeting
copper in cancer therapy:‘copper that cancer’. Metallomics 7, 1459–1476.
doi: 10.1039/C5MT00149H

Dienstmann, R., Vermeulen, L., Guinney, J., Kopetz, S., Tejpar, S., and Tabernero, J.
(2017). Consensus molecular subtypes and the evolution of precision medicine
in colorectal cancer. Nat Rev Cancer. 17:79. doi: 10.1038/nrc.2016.126

Flühmann, B., Ntai, I., Borchard, G., Simoens, S., and Mühlebach, S. (2019).
Nanomedicines: the magic bullets reaching their target? Eur. J. Pharm. Sci. 128,
73–80. doi: 10.1016/j.ejps.2018.11.019

Gao, F.,Wu, J., Gao, H., Hu, X., Liu, L., Midgley, A. C., et al. (2020). Hypoxia-tropic
nanozymes as oxygen generators for tumor-favoring theranostics. Biomaterials

230:119635. doi: 10.1016/j.biomaterials.2019.119635
He, X., Cai, K., Zhang, Y., Lu, Y., Guo, Q., Zhang, Y., et al. (2018). Dimeric prodrug

self-delivery nanoparticles with enhanced drug loading and bioreduction
responsiveness for targeted Cancer therapy. ACS Appl. Mater. Interfaces 10,
39455–39467. doi: 10.1021/acsami.8b09730

He, X., Yu, H., Bao, X., Cao, H., Yin, Q., Zhang, Z., et al. (2016). pH-
responsive wormlike micelles with sequential metastasis targeting inhibit
lung metastasis of breast cancer. Adv. Healthcare Mater. 5, 439–448.
doi: 10.1002/adhm.201500626

Hu, D., Zhong, L., Wang, M., Li, H., Qu, Y., Liu, Q., et al. (2019).
Perfluorocarbon-loaded and redox-activatable photosensitizing agent with
oxygen supply for enhancement of fluorescence/photoacoustic imaging
guided tumor photodynamic therapy. Adv. Funct. Mater. 29:1806199.
doi: 10.1002/adfm.201806199

Kato, Y., Ozawa, S., Miyamoto, C., Maehata, Y., Suzuki, A., Maeda, T., et al.
(2013). Acidic extracellular microenvironment and cancer. Cancer Cell Int.

13:89. doi: 10.1186/1475-2867-13-89
Kocak, G., Tuncer, C., and Bütün, V. (2017). pH-responsive polymers. Polym.

Chem. 8, 144–176. doi: 10.1039/C6PY01872F

Frontiers in Chemistry | www.frontiersin.org 5 April 2020 | Volume 8 | Article 257

https://doi.org/10.1002/adhm.201901105
https://doi.org/10.3322/caac.21492
https://doi.org/10.1016/j.semradonc.2004.04.001
https://doi.org/10.1002/advs.201801807
https://doi.org/10.1039/C5MT00149H
https://doi.org/10.1038/nrc.2016.126
https://doi.org/10.1016/j.ejps.2018.11.019
https://doi.org/10.1016/j.biomaterials.2019.119635
https://doi.org/10.1021/acsami.8b09730
https://doi.org/10.1002/adhm.201500626
https://doi.org/10.1002/adfm.201806199
https://doi.org/10.1186/1475-2867-13-89
https://doi.org/10.1039/C6PY01872F
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles


Mao and Liu Bioresponsive Nanomedicine for Cancer Theranostics

Li, S., Chen, L., Huang, K., Chen, N., Zhan, Q., Yi, K., et al. (2019).
Tumormicroenvironment-tailored weakly cell-interacted extracellular delivery
platform enables precise antibody release and function. Adv. Funct. Mater.

29:1903296. doi: 10.1002/adfm.201970301
Li, W., Zheng, C., Pan, Z., Chen, C., Hu, D., Gao, G., et al. (2016).

Smart hyaluronidase-actived theranostic micelles for dual-modal
imaging guided photodynamic therapy. Biomaterials 101, 10–19.
doi: 10.1016/j.biomaterials.2016.05.019

Lin, F., Wen, D., Wang, X., and Mahato, R. I. (2019). Dual responsive micelles
capable of modulating miRNA-34a to combat taxane resistance in prostate
cancer. Biomaterials 192, 95–108. doi: 10.1016/j.biomaterials.2018.10.036

Liu, B., Quan, X., Xu, C., Lv, J., Li, C., Dong, L., et al. (2019a). Lung cancer in
young adults aged 35 years or younger: a full-scale analysis and review. J. Cancer
10:3553. doi: 10.7150/jca.27490

Liu, C., Wang, D., Zhang, S., Cheng, Y., Yang, F., Xing, Y., et al.
(2019b). Biodegradable biomimic copper/manganese silicate nanospheres
for chemodynamic/photodynamic synergistic therapy with simultaneous
glutathione depletion and hypoxia relief. ACS Nano 13, 4267–4277.
doi: 10.1021/acsnano.8b09387

Mcatee, C. O., Barycki, J. J., and Simpson, M. A. (2014). “Emerging roles
for hyaluronidase in cancer metastasis and therapy,” in Advances in Cancer

Research (Elsevier), 123, 1–34. doi: 10.1016/B978-0-12-800092-2.00001-0
Merchant, N., Nagaraju, G. P., Rajitha, B., Lammata, S., Jella, K. K., Buchwald, Z.

S., et al. (2017). Matrix metalloproteinases: their functional role in lung cancer.
Carcinogenesis 38, 766–780. doi: 10.1093/carcin/bgx063

Midha, A., Dearden, S., and McCormack, R. (2015). EGFR mutation incidence in
non-small-cell lung cancer of adenocarcinoma histology: a systematic review
and global map by ethnicity (mutMapII). Am J Cancer Res. 5, 2892.

Oun, R., Moussa, Y. E., and Wheate, N. J. (2018). The side effects of platinum-
based chemotherapy drugs: a review for chemists.Dalton Trans. 47, 6645–6653.
doi: 10.1039/C8DT00838H

Pernar, C. H., Ebot, E. M., Wilson, K. M., and Mucci, L. A. (2018). The
epidemiology of prostate cancer. Cold Spring Harbor Perspect. Med. 8:a030361.
doi: 10.1101/cshperspect.a030361

Qiao, H., Cui, Z., Yang, S., Ji, D., Wang, Y., Yang, Y., et al. (2017). Targeting
osteocytes to attenuate early breast cancer bone metastasis by theranostic
upconversion nanoparticles with responsive plumbagin release. ACS Nano 11,
7259–7273. doi: 10.1021/acsnano.7b03197

Salinas, C. A., Tsodikov, A., Ishak-Howard, M., and Cooney, K. A. (2014). Prostate
cancer in young men: an important clinical entity. Nat. Rev. Urol. 11, 317–323.
doi: 10.1038/nrurol.2014.91

Saw, P. E., Yao, H., Lin, C., Tao, W., Farokhzad, O. C., and Xu, X. (2019).
Stimuli-responsive polymer–prodrug hybrid nanoplatform for multistage
siRNA delivery and combination cancer therapy. Nano Lett. 19, 5967–5974.
doi: 10.1021/acs.nanolett.9b01660

Shen, S., Wu, Y., Li, K., Wang, Y., Wu, J., Zeng, Y., et al. (2018). Versatile
hyaluronic acid modified AQ4N-Cu (II)-gossypol infinite coordination
polymer nanoparticles: multiple tumor targeting, highly efficient synergistic
chemotherapy, and real-time self-monitoring. Biomaterials 154, 197–212.
doi: 10.1016/j.biomaterials.2017.11.001

Tan, T., and Dent, R. (2018). Triple-Negative Breast Cancer: Clinical
Features. Triple-Negative Breast cancer (Cham: Springer), 23–32.
doi: 10.1007/978-3-319-69980-6_2

Torre, L. A., Siegel, R. L., and Jemal, A. (2016). “Lung cancer statistics,”
in Lung Cancer and Personalized Medicine (Cham: Springer), 893, 1–19.
doi: 10.1007/978-3-319-24223-1_1

Van Rijt, S. H., BÃpLÃKbas, D. A., Argyo, C., Datz, S., Lindner, M., Eickelberg, O.,
et al. (2015). Protease-mediated release of chemotherapeutics frommesoporous
silica nanoparticles to ex vivo human and mouse lung tumors. ACS Nano 9,
2377–2389. doi: 10.1021/nn5070343

Ventola, C. L. (2017). Progress in nanomedicine: approved and investigational
nanodrugs. Pharm. Ther. 42:742.

Wadajkar, A. S., Menon, J. U., Tsai, Y.-S., Gore, C., Dobin, T.,
Gandee, L., et al. (2013). Prostate cancer-specific thermo-responsive
polymer-coated iron oxide nanoparticles. Biomaterials 34, 3618–3625.
doi: 10.1016/j.biomaterials.2013.01.062

Wang, Y., Liu, X., Deng, G., Sun, J., Yuan, H., Li, Q., et al. (2018). Se@ SiO2-
FA–CuS nanocomposites for targeted delivery of DOX and nano selenium
in synergistic combination of chemo-photothermal therapy. Nanoscale 10,
2866–2875. doi: 10.1039/C7NR09237G

Wang, Y., Liu, Y., Wu, H., Zhang, J., Tian, Q., and Yang, S. (2019).
Functionalized holmium-doped hollow silica nanospheres for combined
sonodynamic and hypoxia-activated therapy. Adv. Funct. Mater. 29:1805764.
doi: 10.1002/adfm.201805764

Xu, X., Saw, P. E., Tao, W., Li, Y., Ji, X., Yu, M., et al. (2017).
Tumor microenvironment-responsive multistaged nanoplatform
for systemic RNAi and cancer therapy. Nano Lett. 17, 4427–4435.
doi: 10.1021/acs.nanolett.7b01571

Yang, X., Hu, C., Tong, F., Liu, R., Zhou, Y., Qin, L., et al. (2019a).
Tumor microenvironment-responsive dual drug dimer-loaded PEGylated
bilirubin nanoparticles for improved drug delivery and enhanced
immune-chemotherapy of breast cancer. Adv. Funct. Mater. 29:1901896.
doi: 10.1002/adfm.201901896

Yang, Y., Tang, J., Zhang, M., Gu, Z., Song, H., Yang, Y., et al. (2019b).
Responsively aggregatable sub-6 nm nanochelators induce simultaneous
antiangiogenesis and vascular obstruction for enhanced tumor vasculature
targeted therapy. Nano Lett. 19, 7750–7759. doi: 10.1021/acs.nanolett.9b
02691

Yang, Y., Yue, C., Han, Y., Zhang, W., He, A., Zhang, C., et al. (2016).
Tumor-responsive small molecule self-assembled nanosystem for simultaneous
fluorescence imaging and chemotherapy of lung cancer. Adv. Funct. Mater. 26,
8735–8745. doi: 10.1002/adfm.201601369

Yang, Z., Cheng, R., Zhao, C., Sun, N., Luo, H., Chen, Y., et al. (2018). Thermo-and
ph-dual responsive polymeric micelles with upper critical solution temperature
behavior for photoacoustic imaging-guided synergistic chemo-photothermal
therapy against subcutaneous and metastatic breast tumors. Theranostics

8:4097. doi: 10.7150/thno.26195
Yu, W., He, X., Yang, Z., Yang, X., Xiao, W., Liu, R., et al. (2019). Sequentially

responsive biomimetic nanoparticles with optimal size in combination with
checkpoint blockade for cascade synergetic treatment of breast cancer and
lung metastasis. Biomaterials 217:119309. doi: 10.1016/j.biomaterials.2019.
119309

Zhang, Y., Zhang, L., Lin, X., Ke, L., Li, B., Xu, L., et al. (2019). Dual-responsive
nanosystem for precise molecular subtyping and resistant reversal of EGFR
targeted therapy. Chem. Eng. J. 372, 483–495. doi: 10.1016/j.cej.2019.04.140

Zhao, K., Li, D., Xu, W., Ding, J., Jiang, W., Li, M., et al. (2017).
Targeted hydroxyethyl starch prodrug for inhibiting the growth
and metastasis of prostate cancer. Biomaterials 116, 82–94.
doi: 10.1016/j.biomaterials.2016.11.030

Zhou, P., Qin, J., Zhou, C., Wan, G., Liu, Y., Zhang, M., et al. (2019).
Multifunctional nanoparticles based on a polymeric copper chelator for
combination treatment of metastatic breast cancer. Biomaterials 195, 86–99.
doi: 10.1016/j.biomaterials.2019.01.007

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Mao and Liu. This is an open-access article distributed under the

terms of the Creative Commons Attribution License (CC BY). The use, distribution

or reproduction in other forums is permitted, provided the original author(s) and

the copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org 6 April 2020 | Volume 8 | Article 257

https://doi.org/10.1002/adfm.201970301
https://doi.org/10.1016/j.biomaterials.2016.05.019
https://doi.org/10.1016/j.biomaterials.2018.10.036
https://doi.org/10.7150/jca.27490
https://doi.org/10.1021/acsnano.8b09387
https://doi.org/10.1016/B978-0-12-800092-2.00001-0
https://doi.org/10.1093/carcin/bgx063
https://doi.org/10.1039/C8DT00838H
https://doi.org/10.1101/cshperspect.a030361
https://doi.org/10.1021/acsnano.7b03197
https://doi.org/10.1038/nrurol.2014.91
https://doi.org/10.1021/acs.nanolett.9b01660
https://doi.org/10.1016/j.biomaterials.2017.11.001
https://doi.org/10.1007/978-3-319-69980-6_2
https://doi.org/10.1007/978-3-319-24223-1_1
https://doi.org/10.1021/nn5070343
https://doi.org/10.1016/j.biomaterials.2013.01.062
https://doi.org/10.1039/C7NR09237G
https://doi.org/10.1002/adfm.201805764
https://doi.org/10.1021/acs.nanolett.7b01571
https://doi.org/10.1002/adfm.201901896
https://doi.org/10.1021/acs.nanolett.9b02691
https://doi.org/10.1002/adfm.201601369
https://doi.org/10.7150/thno.26195
https://doi.org/10.1016/j.biomaterials.2019.119309
https://doi.org/10.1016/j.cej.2019.04.140
https://doi.org/10.1016/j.biomaterials.2016.11.030
https://doi.org/10.1016/j.biomaterials.2019.01.007
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

	Bioresponsive Nanomedicine: The Next Step of Deadliest Cancers' Theranostics
	Introduction
	Current Situation of Lung, Breast and Prostate Cancer
	General Therapeutic Strategies
	Current Status of Nanomedicine for Lung, Breast, and Prostate Cancer Therapy
	Bioresponsive Nanomedicine
	pH-Responsive Nanomedicine
	Redox-Responsive Nanomedicine
	Enzyme-Responsive Nanomedicine
	Other Bio-Responsive Nanomedicine
	Conclusion and Future Outlook
	Author Contributions
	References


