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Natural products (NPs) are an important source for new drug discovery over the past 
decades, which have been demonstrated to be effectively used in cancer prevention, 
treatment, and adjuvant therapy. Many methods, such as the genomic and metabolomic 
approaches, immunochemistry, mass spectrometry, and chromatography, have been 
used to study the effects of NPs on cancer as well as themselves. Because of the 
advantages in specificity, sensitivity, high throughput, and cost-effectiveness, optical 
imaging (OI) approaches, including optical microscopic imaging and macroscopic imaging 
techniques have also been applied in the studies of NPs. Optical microscopic imaging can 
observe NPs as cancer therapeutics at the cellular level and analyze its cytotoxicity and 
mechanism of action. Optical macroscopic imaging observes the distribution, metabolic 
pathway, and target lesions of NPs in vivo, and evaluates NPs as cancer therapeutics at 
the whole-body level in small living animals. This review focuses on the recent advances 
in NPs as cancer therapeutics, with particular emphasis on the powerful use of optical 
microscopic and macroscopic imaging techniques, including the studies of observation 
of ingestion by cells, anticancer mechanism, and in vivo delivery. Finally, we prospect the 
wider application and future potential of OI approaches in NPs as cancer therapeutics.

Keywords: natural products, optical imaging, microscopic imaging, macroscopic imaging, cancer

INTRODUCTION
As an important tool to break through the bottleneck of drug development, natural products (NPs) 
and their derivatives have contributed about 50% of new drugs over the past 30 years (Camp et al., 
2012; Newman and Cragg 2016), including anti-cancer, anti-inflammatory, and antibiotics (Shukla 
and Singh 2011). NPs extracts and some herbal formulas have proven to be useful in the prevention 
and treatment of cancer (Zhang et al., 2018). In China, the addition of traditional Chinese medicines 
or Chinese herbal medicines derived from NPs to cancer treatment is being accepted by more and 
more people because of its ability to improve the quality of life and low toxicity (Kasymjanova et al., 
2018). NPs have the following effects in anti-cancer. Firstly, certain NPs can be used to prevent cancer, 
such as Urtica dioica, an edible plant with anticancer ability (Esposito et al., 2019). Secondly, NPs 
that have been confirmed to be toxic to cancer cells may be directly used in the treatment of cancer 
in the future. For example, isoflavones have effective growth inhibition and apoptosis induction 
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effects on human and animal cancer cells (Sarkar and Li, 2009), 
and ursolic acid has anti-cancer properties for breast cancer and 
colorectal cancer (Chan et al., 2019). Thirdly, NPs can be used in 
combination with radiotherapy and chemotherapy. It has been 
reported that resveratrol can be used as an effective chemical 
protection and synergistic agent in cancer chemotherapy (Zhang 
et al., 2018; Xiao et al., 2019). Some cancers may not be sensitive to 
radiotherapy and chemotherapy, such as pancreatic cancer. In this 
case, NPs of various components can improve their therapeutic 
effect (Yue et al., 2017). In addition, multidrug resistance of tumors 
limits the therapeutic effects of existing antitumor drugs (Guo et 
al., 2017). Therefore, obtaining new anticancer drugs from NPs 
is an important method for humans to resist drug toxicity, drug 
resistance, and improve targeting (Saha and Khuda-Bukhsh, 2013).

At present, there are a variety of techniques available as a 
research method for obtaining anticancer drugs from NPs. 
First of all, functional genomics can study natural drugs from 
the perspective of mechanism of action (Harvey et al., 2015). 
Lukasz Huminiecki et al. have reviewed published functional 
genome studies on the relationship between curcumin 
and cancer, revealing the anticancer process of curcumin 
(Huminiecki et  al., 2017). Zhenyu Yue et al. have developed a 
machine learning method that can comprehensively predict the 
response of NPs to a group of cancer cell lines based on the gene 
expression and chemical properties of NPs (Yue et al., 2015). 
Secondly, metabolomics methods can be used for quantitative 
and qualitative metabolite assessments in biological systems 
for environmental toxicology analysis and disease diagnosis 
(Cox et al., 2014). Vittoria Graziani et al. analyzed the cytotoxic 
effects of 31 metabolites from 14 legumes on colon cancer cell 
lines by metabolomics (Graziani et al., 2018). Tawfike et al. used 
metabolomics tools to analyze the effect of bioactive metabolites 
of Curvularia extract against leukemia cell line of K562 (Tawfike 
et al., 2018). Thirdly, chemical proteomics methods can provide 
important clues in the study of molecular targets of NPs (Yue 
et al., 2012). Yiqing Zhou et al. used a NP of pseudolaric acid 
B derived photoaffinity probe to directly target CD147, a 
glycosylated transmembrane protein on the surface of tumor 
cells, by chemical proteomics method (Zhou et al., 2017). Haibin 
Shi et al. developed a cell-permeable kinase probe derived from 
staurosporine for proteomic analysis of potential cellular targets 
in HepG2 cells (Shi et al., 2011). These methods mentioned 
above require some special tools such as chromatography, mass 
spectrometry, and Western blotting (Wu and Liang, 2010; Yang 
et al., 2015; da Silva et al., 2018; Wu et al., 2018).

However, methods such as genomics and metabolomics do 
not provide an intuitive morphological or functional image, 
while optical imaging (OI) techniques can compensate for this 
deficiency, providing two-dimensional or three-dimensional 
spatial distribution and functional information of drugs and 
lesions at the microscopic and macroscopic scales (Krucker 
and Sandanaraj, 2011; Walsh et al., 2017; Song et al., 2019). OI 
technology is a high-throughput detection technology. Due to 
its advantages in time and spatial resolution, imaging sensitivity, 
tissue specificity (Ntziachristos et al., 2005), OI technology has 
been widely used in gene expression, substance metabolism, cancer 
detection, drug development, and other fields (Weissleder et al., 

1999; Sharpe et al., 2002; Gao et al., 2005; Sega and Low, 2008). 
OI covering microscopic and macroscopic imaging scales, can 
be used for imaging or analyzing living system at different levels, 
including molecular, cellular, tissue, and organ levels (Moriyama 
et al., 2008). Therefore, in the development of NPs based anticancer 
drugs, OI technology can be of great applicability in studying 
composition and action mechanism of drugs as well as evaluating 
their therapeutic effects. Optical microscopic imaging having 
a spatial resolution at micron or sub-micron level is suitable for 
observation of morphological and subcellular structures of cells, as 
well as quantitative analysis of biochemical components inside the 
cells (Gordon et al., 2007; Cui et al., 2008). With the help of super 
resolution techniques, molecular structures with resolutions below 
the diffraction limit (i.e., < 200 nm) can be achieved (Bullen, 2008). 
Optical macroscopic imaging technology can achieve large-scale 
imaging with resolution of sub-millimeter scale at tissue or organ 
level (Walsh et al., 2017). Importantly, it can provide in vivo whole-
body imaging of living animals (Yang et al., 2000). With the help 
of labeling technique, optical macroscopic imaging can be used for 
tracking the delivery of drugs in vivo, detecting the enrichment 
state of drugs, as well as performing specific imaging of tumors to 
analyze the development of diseases and evaluate the therapeutic 
effect of drugs (Ntziachristos et al., 2004; Walsh et al., 2017).

In this review, we focus on the contribution of OI 
technology as a research tool to study NPs based anticancer 
drugs, including the studies of structure, composition, action 
mode, and therapeutic effects, and so on. The OI technologies 
include optical microscopic imaging technology represented 
by fluorescence microscopy and super-resolution microscopy, 
and optical macroscopic imaging technology with an example 
of near infrared (NIR) fluorescence imaging technique having a 
good targeting ability and detecting depth in the in vivo imaging 
of NPs. Finally, we prospect the wider application and future 
potential of OI approaches in NPs as cancer therapeutics.

APPLICATION OF OPTICAL MICROSCOPIC 
IMAGING FOR NATURAL PRODUCTS
Cell experiments of NPs by using a variety of cancer cell lines is 
an indispensable step in the screening of a NP with anticancer 
potential (Krutzik et al., 2008; Ashidi et al., 2010; Kell, 2013). 
Three aspects should be concerned in this process. First, the 
uptake of a compound derived from NPs in one cancer cell 
needs to be verified (Xing et al., 2012). Second, it is necessary to 
confirm action mechanism between NPs and cancer cells as well 
as the cell toxicity, which includes binding to specific organelles 
or cell structures, inhibiting the expression of important proteins 
in cells, and other factors that can cause changes in cell status (Lin 
et al., 2014; Cavalieri et al., 2015; Xie and Peng, 2017). Third, the 
effect of inducing apoptosis or inhibiting the increment of cancer 
cells by NPs should be investigated (Earley et al., 2012). Having 
high spatial resolution, optical microscopic imaging technology 
enables precise imaging of cell morphology and structures. 
Further combining with fluorescent labeling technique, it can 
realize the tracking and specific imaging of specific substance 
or structure labeled by fluorescent probes (Xie and Peng, 2018). 
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With targeted labeling, fluorescence microscopy can monitor the 
NPs uptake in cells, track the intracellular targets of NPs, observe 
the NPs-induced destruction of cells, and count the cells having 
morphological changes to quantitatively analyze the anticancer 
effects of NPs. This high-resolution visualization provides the 
most direct evidence for anticancer studies of NPs.

Observation of Natural Products Ingested 
by Cancer Cells
Fluorescence based microscopic imaging has been an important 
research tool in the biomedical field over the past few decades. 
Fluorescence microscope and super-resolution microscope which 
provide high-resolution images of living systems, can observe 
the state of NPs ingested by cancer cells (Fumagalli et al., 2015), 
which is helpful for the preliminary screening of anticancer activity 
of NPs. Furthermore, with the fluorescence based microscopic 
imaging techniques, the distribution of NPs components in the 
cells can be precisely tracked to provide evidence for the targeting 
of the NP. Jürg Gertsch et al. prepared a green fluorescence labeled 
12-aza-epothilone (azathilone) derivative, and used confocal 
laser scanning microscopy (CLSM) to directly observe that it 
entered into cancer cells and was distributed only in the cytoplasm 
(Figure 1A). Further results demonstrated that it bound to cell 
microtubules and inhibited the proliferation of cancer cells by 
preventing cell cycle from entering G2/M conversion (Gertsch et al., 
2009). Maria V. Chatziathanasiadou et al. synthesized quercetin-
alanine bioconjugation based on quercetin which is cytotoxic to 
cancer cells, and detected its cellular internalization to observe the 

cytotoxicity using confocal microscopy. The results demonstrated 
that quercetin-alanine bioconjugation had stronger cytotoxicity, 
which indicated that the bioconjugates of NPs could enhance 
the therapeutic effects of NPs (Chatziathanasiadou et al., 2018). 
Fidelia I. Uche et al. used CLSM to detect intracellular uptake of 
cycleanine that was labeled with Alexa 488 azide via specific click 
chemistry reaction and demonstrated the resistance of cycleanine 
to ovarian cancer (Uche et al., 2018). For tracking the drug entering 
the cell, Liwei Huang et al. used liposomes modified with folic acid 
to deliver artemisinin into lysosomes of cancer cells, resulting in 
lysosomal membrane permeabilization and inducing cell death. In 
their study, CLSM was used to detect the distribution of artemisinin 
in lysosomes (Huang et al., 2017). Paolo Beuzer et al. developed a 
STORM (stochastic optical reconstruction microscopy, a super-
resolution imaging strategy) based experimental scheme to verify 
the anticancer potential of ophiobolin A, a phytotoxin produced by 
plant pathogen Drechslera gigantea and labeled with small molecule 
based fluorescent probes. The STORM technique provided high 
resolution image (12 to 30 nm) of the fluorescent probes, revealing 
that the fluorescence signals in the high concentration region are 
uniformly distributed in the nucleus and cytoplasm, while most of 
the signals in the lower concentration region are located outside the 
nuclear membrane (Beuzer et al., 2016).

Investigation of Anticancer Mechanism of 
Natural Products
Different NPs prevent the proliferation and induce the apoptosis 
of cancer cells in various ways, including disrupting the 

FIGURe 1 | Microscopic imaging of natural products in cell experiments. (A) The green fluorescent 12-aza-epothilone (azathilone) derivative localization in 
the cytoplasm, the blue area indicates the fluorescence imaging result of nucleus. Adapted with permission from Ref. Gertsch et al., 2009. (B) Confocal laser 
scanning microscopy detects mitochondria fission and swelling. Scale bar: 20 μm. Adapted with permission from Ref. Li et al., 2015. (C) Direct stochastic optical 
reconstruction microscopy imaging mTOR (red) and cell nucleus (blue). Scale bar: 10 μm. Adapted with permission from Ref. Teng et al., 2017. (D) Apoptosis assay 
of cells treated with apigenin by flow cytometry, yellow arrows indicate apoptotic cells. Adapted with permission from Ref. Cao et al., 2013.
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cytoskeleton, deactivating the function of a certain organelle, 
reducing the expression level of essential proteins, and interfering 
with the proliferation and division of cells. These changes often 
lead to significantly morphological feedback, which can be easily 
captured by optical microscopic imaging devices. For example, 
it has been reported that the optical microscopic imaging can be 
used to detect the cytoskeleton of cancer cells destroyed by NPs. 
Marisa Rangel et al. extracted geodiamolides A, B, H, and I from 
the marine sponge Geodia corticostylifera on the Brazilian coast 
and found that they have anti-proliferative effects on human breast 
cancer cell lines of T47D and MCF7. With the help of CLSM, 
they found that the anticancer mechanism of geodiamolides is 
to destroy the actin filaments in cancer cells, demonstrating the 
potential of these compounds to fight cancer (Rangel et al., 2006). 
Radim Havelek et al. used structured illumination microscopy, 
a super-resolution imaging strategy, to examine the effects 
of homochelidonine and chelidonine on blood cancer cells. 
Relevant results showed that homochelidonine and chelidonine 
caused microtubule disruption around the nucleus (Havelek et al., 
2016). Optical microscopic imaging can also be used to explore 
effective dose of NPs. Wen-Jing Guo et al. employed CLSM to 
investigate the effects of different concentrations paclitaxel 
on the death form of human lung cancer cells. Corresponding 
results showed that paclitaxel of low concentration (35 nM) 
can lead to changes in the mode of apoptosis, including nuclear 
fragmentation, phosphatidylserine externalization, and G2/M 
cell cycle arrest. Although the mechanism of cell death induced 
by high concentration paclitaxel (70 μM) was not clear, imaging 
results showed that high concentration paclitaxel (70 μM) can 
lead to obvious cytoplasmic vacuolation (Guo et al., 2010). Xin 
Li et al. studied the mechanism of Guttiferone F on the growth 
inhibition of prostate cancer cells. They used red fluorescent dye 
to stain cells for observation of mitochondria via CLSM (Figure 
1B). Results of LNCaP cells in serum depleted medium showed 
that the action of 10 μM Guttiferone F will cause the swelling of 
mitochondria, ultimately leading to cell apoptosis (Li et al., 2015). 
About the detection of life activities of cancer cells, Osayemwenre 
Erharuyi et al. reported their detection of anticancer NPs of 
African folklore. The CLSM results showed that one of the NPs, 
Jatropha multifida affected the cellular respiration of MCF-7 and 
BT-20 cells (Erharuyi et al., 2014). With the help of specially 
designed probes, super-resolution microscopy can be used to 
directly detect the concentration and distribution of specific 
proteins in cancer cells. Bo Teng et al. studied the molecular 
mechanism of anticancer effect of 20(S)-protopanaxadiol (PPD), 
a natural product of ginseng, on Hep-2 cells. With the help of 
direct STORM (STORM) technique, the authors demonstrated 
that PPD could reduce the number of mTOR as well as its 
downstream proteins of 4EBP1 and eIF4E (Figure 1C), and the 
degree of decrease was proportional to the concentration of PPD. 
Thus, PPD can inhibit mTOR pathway by reducing the expression 
level of related signal proteins (Teng et al., 2017).

verification of Apoptosis
The decrease in proliferation rate of cancer cells and the apoptosis 
of cancer cells can provide the most direct evidence for cancer 

therapeutics. Optical microscopic imaging techniques have been 
already employed to observe the cell apoptosis and quantitative 
analysis of drug-treated cancer cells, including the traditional 
chemotherapeutic drugs and NPs (Sharma et al., 2012). Agata 
Antosiak et al. studied the toxicity of genistein on human ovarian 
cancer cells and monitored apoptosis of cancer cells using 
CLSM, whose images provided morphological information of 
cells, including membrane blebs and condensed or pyknotic 
nuclei. The experimental results confirmed anticancer activity 
of genistein-genistein-8-C-glucoside against ovarian cancer 
(Antosiak et al., 2017). Xucen Cao et al. analyzed the toxicity 
of apigenin (4’,5,7-trihydroxyflavone, a member of the flavone 
subclass of flavonoids present in fruits and vegetables) on the 
human breast cancer cells of T47D and MDA-MB-231, and the 
apoptosis of cells was observed using fluorescence microscopy 
and flow cytometry (Figure 1D) (Cao et al., 2013).

APPLICATION OF OPTICAL MACROSCOPIC 
IMAGING FOR NATURAL PRODUCTS
In vitro cell experiments can observe the toxicity of NPs to 
different cancer cell lines, but when applied to living organisms, 
the complexity increases dramatically compared to the 
physiological environment in petri dishes (Walsh et al., 2016). 
Fortunately, in vivo experiments of small animals can establish 
a pharmacokinetics model closer to clinical application 
environment for NPs with anticancer potential (Dufort et al., 
2010). Such experiments are usually performed by injecting the 
tested drugs into small animals implanted with tumors, which 
facilitates in vivo detection of tumors, and in vivo tracking the 
delivery as well as enrichment of drugs (Tsai et al., 2014). In 
this case, optical microscopic imaging technology is difficult to 
play an important role due to the low imaging depth and small 
field of view. With the help of fluorescent labeling technology, 
optical macroscopic imaging technology, such as fluorescence 
imaging technique, can be well adapted to whole body small 
animal imaging, providing with a large field of view and an 
acceptable resolution (Chen et al., 2014). By labeling the 
NPs with fluorescence probes, optical macroscopic imaging 
technology can monitor the transportation, enrichment and 
metabolism of drugs in the whole body of small animals in vivo 
(Bednar et al., 2007).

Monitoring the Delivery of Natural 
Products In Vivo
By conjugating the drug and fluorescent probe to a specific 
nano-carrier, optical macroscopic imaging technology enables 
real-time tracking of drug transport and enrichment within the 
organism with the help of fluorescent probe. Jianqin Lu et al. 
developed PEG5K-EB2 micelles in which the polyethylene glycol 
5000 (PEG5K) and embelin (EB, a NP with anticancer activity) 
were conjugated to encapsulate hydrophobic drugs such as 
paclitaxel (PTX, a broad-spectrum cancer therapeutic). With the 
help of NIR fluorescence imaging, the enrichment of PEG5K-EB2 
micelles within living animal can be observed in vivo, whose 
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results showed that PEG5K-EB2 micelles mainly concentrated in 
the tumor site of mice except that a small amount existed in the 
liver and spleen (Lu et al., 2013). In order to improve the delivery 
capacity of gambogic acid (GA), a NP having anticancer ability, 
Wenzhe Huang et al. prepared a nano-formulation of GA using a 
series of telodendrimers and then applied it to living nude mice 

implanted with HT-29 cells (a human colon cancer cell line). 
Results of in vivo NIR fluorescence imaging showed that GA 
accumulated in tumor area (Figure 2A), which proved that the 
nano-formulation of GA had good targeting ability and a great 
potential of replacing traditional chemotherapy in colon cancer 
treatment (Huang et al., 2015).

FIGURe 2 | Macroscopic imaging of natural products in living animal experiments. (A) Delivery process of gambogic acid in nude mice implanted with HT-29 cells. 
Adapted with permission from Ref. Huang et al., 2015. (B) Fluorescence images and infrared camera imaging results show that DPAHB nanovesicles can be used 
for both NIR fluorescence  imaging and photothermal. Adapted with permission from Ref. Zheng et al., 2018.
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Combining with Natural Products to 
Assist Cancer Treatment
It has been reported that certain compounds of NP can be used 
as a heat-generating agent of photothermal therapy (PTT) for 
adjuvant treatment of tumors, while NIR fluorescence imaging 
technology has good synergy with PTT. Xiuli Zheng et al. 
modified the hypocrellin B isolated from traditional Chinese 
medicine of Hypocrella bambusae with 1,2-diamino-2-methyl 
propane to form amino-substituted hypocrellin (DPAHB), and 
they combined DPAHB with poly(ethylene glycol)-b-poly(lactic-
co-glycolic acid) to prepared biodegradable water-dispersible 
nanovesicles(DPAHB NVs). Under laser irradiation, the 
cytoplasm of 4T1 cells incubated with DPAHB NVs produced 
strong NIR emission, proving that the DPAHB NVs can be 
successfully absorbed by cancer cells and used as a contrast 
agent for fluorescence imaging. NIR fluorescence imaging of 4T1 
tumor-bearing nude mice intravenously injected with DPAHB 
NVs, showed that DPAHB NVs accumulated in tumor, liver, 
and kidney. Under 721 nm excitation (0.8 W cm−2) to perform 
IR thermography, results showed that the temperature of tumor 
site where DPAHB NVs accumulated rapidly increased to 58.3°C 
(Figure 2B), which proved that DPAHB NVs can effectively 
convert NIR light into heat and be used for PPT treatment of 
tumors (Zheng et al., 2018). In the follow-up study, the same 
research group constructed hypocrellin-derivative nanoparticles 
(APHB NPs) and applied it to the in vivo deep tumor imaging, 
in which they successfully realized the synchronization of NIR 
fluorescence imaging and sonodynamic therapy of cancer 
treatment (Zheng et al., 2019).

CONCLUSION AND PeRSPeCTIve
NPs are an important source for new drug discovery, and have 
been demonstrated to be effectively used in cancer prevention, 
treatment, and adjuvant therapy. Although many methods, 
such as the genomic approach, metabolomics approach, 
immunochemistry, mass spectrometry, and chromatography, 
have been used to study the effects of NPs on cancer as well as 
themselves, such tools do not provide an intuitive morphological 
or functional image. OI techniques, providing two-dimensional 
or three-dimensional spatial distribution and functional 
information of drugs and lesions at the microscopic and 
macroscopic scales, can compensate for this deficiency. This work 
reviewed the recent advances in NPs as cancer therapeutics, with 
particular emphasis on the powerful use of optical microscopic 
and macroscopic imaging techniques, including the studies of 
observation of ingestion by cells, anticancer mechanism, in vivo 
delivery, and therapeutic effects. With high time and spatial 
resolution, high sensitivity, and high specificity, OI technology 
has been widely used in drug development and therapy effect 
evaluation. In particular, some techniques have been used 
in clinical studies (Fung et al., 2007; Schaafsma et al., 2011). 
However, the potential applications of OI technology in NPs has 
not been fully tapped.

Screening of anticancer NPs requires accessing a variety 
of indicators, including the molecular structure, composition 

distribution, metabolic pathways, as well as the targeting, dosage, 
anticancer effects, and toxic side effects on cells, tissues, and 
living organisms. Raman spectroscopic imaging (RSI), providing 
the unique fingerprint information related to vibration bands of 
molecules, has the advantages of high chemical specificity, non-
invasive detection capability, low sensitivity to water, and no 
special sample pretreatment, so that it has become an invaluable 
tool in the field of medicinal chemistry (Zhao et al., 2007; Evans 
and Xie, 2008; Freudiger et al., 2008; Kneipp et al., 2010). RSI 
has been widely used in all aspects of pharmaceuticals, including 
crystal form study, composition distribution and identification, 
pharmacological screening, and monitoring anticancer effect on 
cells and tissues (Popp and Windbergs, 2015; Seidel et al., 2019). 
Genetically modified probe based bioluminescence imaging can 
be used to study the metabolic pathways, anticancer mechanisms 
as well as toxic side effects on living small animals in vivo (Tung 
et al., 2014; Liu et al., 2015; Horibe et al., 2018). Dynamic OI 
techniques can in vivo monitor the delivery process and whole-
body distribution of drugs inside the body of living animals, which 
is great helpful for the study of drug metabolism and mechanism of 
action (Moriyama et al., 2008; Ma et al., 2015; Zhang et al., 2017). 
The application examples of the above OI technology in medicinal 
chemistry can be used in the study of NPs in the same way.

During screening of anticancer NPs, a single research tool 
cannot achieve such comprehensive information at the same 
time, whether it is genomics, metabolomics, or OI technology. In 
addition, OI technology also has some shortcomings that cannot 
be ignored. For example, there is a contradictory balance among 
spatial resolution, field of view, and imaging speed. Penetration 
depth is another huge defect of OI technology, because light is 
easily scattered and absorbed by tissues. Fortunately, OI technology 
has good compatibility to integrate with other techniques, which 
can help it overcome the defects and expand the applications. For 
example, fusing with X-ray or CT imaging, OI technique can be 
powerfully used for imaging pharmacokinetic rates (Zhang et al., 
2013), visualization of antitumor treatment (Ntziachristos et al., 
2004), monitoring anticancer drug delivery (Tian et al., 2015), 
discriminating the efficacy of disease-modifying anti-rheumatic 

FIGURe 3 | Application potential of optical microscopic and macroscopic 
imaging for natural products as cancer therapeutics.
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drug (Peterson et al., 2010), and so on. Similarly, OI techniques 
are also integrated with magnetic resonance imaging, nuclear 
imaging, or optoacoustic imaging (Ma et al., 2011; Razansky et al., 
2012; Sun et al., 2018), which are applied in drug development, 
discovery, delivery, as well as therapy monitoring. Combining with 
miniaturization and endoscopy technology, optical microscopic 
imaging can even be applied to high-resolution imaging in 
vivo (Jabbour et al., 2014; Zong et al., 2017). In addition, other 
emerging OI techniques, such as fluorescence lifetime imaging 
and multiphoton imaging, can also be used for drug discovery and 
screening (Konig et al., 2006; Kumar et al., 2011).

In summary, OI technology, including both the optical 
microscopic imaging and macroscopic imaging techniques is a very 
important tool in the field of medicinal chemistry. We believe that 
the power of optical microscopic and macroscopic imaging will 
become a major boost for NPs as cancer therapeutics (Figure 3).

AUTHOR CONTRIBUTIONS
TY, QZ and XC designed the structure. TY and NW summarized 
the part of optical microscopic imaging. TY, LW, and HC 

summarized the part of optical macroscopic imaging. TY and 
QZ prepared the manuscript. TY, XX and XC modified the 
manuscript. TY and QZ contributed equally to this work.

FUNDING
This work was supported in part by the National Key R&D 
Program of China under Grant No. 2018YFC0910600, the 
National Natural Science Foundation of China under Grant 
Nos. 81627807, 11727813, 81571725, 81701853, 81871397, 
91859109, 81660505, the Fok Ying-Tong Education Foundation 
of China under Grant 161104, the Program for the Young 
Top-notch Talent of Shaanxi Province, the Research Fund for 
Young Star of Science and Technology in Shaanxi Province 
under Grant No. 2018KJXX-018, the Best Funded Projects 
for the Scientific and Technological Activities for Excellent 
Overseas Researchers in Shaanxi Province (2017017), the 
Natural Science Basic Research Plan in Shaanxi Province of 
China under Grant Nos. 2018JM7072, 2019JQ-201, 2019JQ-
045, and Fundamental Research Funds for Central Universities 
(JB181203, JB191201, JB191209).

ReFeReNCeS
Antosiak, A., Milowska, K., Maczynska, K., Rozalska, S., and Gabryelak, T. (2017). 

Cytotoxic activity of genistein-8-C-glucoside form Lupinus luteus L. and 
genistein against human SK-OV-3 ovarian carcinoma cell line. Med. Chem. Res. 
26 (1), 64–73. doi: 10.1007/s00044-016-1725-5

Ashidi, J. S., Houghton, P. J., Hylands, P. J., and Efferth, T. (2010). Ethnobotanical 
survey and cytotoxicity testing of plants of South-western Nigeria used to treat 
cancer, with isolation of cytotoxic constituents from Cajanus cajan Millsp 
leaves. J. Ethnopharmacol. 128 (2), 501–512. doi: 10.1016/j.jep.2010.01.009

Bednar, B., Zhang, G. J., Williams, D. L., Hargreaves, R., and Sur, C. (2007). Optical 
molecular imaging in drug discovery and clinical development. Expert Opin. 
Drug Discovery 2 (1), 65–85. doi: 10.1517/17460441.2.1.65

Beuzer, P., Axelrod, J., Trzoss, L., Fenical, W., Dasari, R., Evidente, A., et al. (2016). 
Single dish gradient screening of small molecule localization. Organic Biomol. 
Chem. 14 (35), 8241–8245. doi: 10.1039/c6ob01418f

Bullen, A. (2008). Microscopic imaging techniques for drug discovery. Nat. Rev. 
Drug Discovery 7 (1), 54–67. doi: 10.1038/nrd2446

Camp, D., Davis, R. A., Campitelli, M., Ebdon, J., and Quinn, R. J. (2012). Drug-
like properties: guiding principles for the design of natural product libraries. J. 
Natural Products 75 (1), 72–81. doi: 10.1021/np200687v

Cao, X. C., Liu, B. W., Cao, W. F., Zhang, W. R., Zhang, F., Zhao, H. M., et al. 
(2013). Autophagy inhibition enhances apigenin-induced apoptosis in human 
breast cancer cells. Chin. J. Cancer Res. 25 (2), 212–222. doi: 10.3978/j.
issn.1000-9604.2013.04.01

Cavalieri, F., Beretta, G. L., Cui, J. W., Braunger, J. A., Yan, Y., Richardson, J. J., et al. 
(2015). Redox-sensitive peg-polypeptide nanoporous particles for survivin 
silencing in prostate cancer cells. Biomacromolecules 16 (7), 2168–2178. doi: 
10.1021/acs.biomac.5b00562

Chan, E. W. C., Soon, C. Y., Tan, J. B. L., Wong, S. K., and Hui, Y. W. (2019). Ursolic 
acid: an overview on its cytotoxic activities against breast and colorectal cancer 
cells. J. Integr. Med. 17 (3), 155–160. doi: 10.1016/j.joim.2019.03.003

Chatziathanasiadou, M. V., Geromichalou, E. G., Sayyad, N., Vrettos, E. I., 
Katsikoudi, A., Stylos, E., et al. (2018). Amplifying and broadening the cytotoxic 
profile of quercetin in cancer cell lines through bioconjugation. Amino Acids 50 
(2), 279–291. doi: 10.1007/s00726-017-2514-2

Chen, Z. Y., Wang, Y. X., Yang, F., Lin, Y., Zhou, Q. L., and Liao, Y. Y. (2014). 
New Researches and application progress of commonly used optical molecular 
imaging technology. BioMed. Res. Int. 2014, 429198. doi: 10.1155/2014/429198

Cox, D. G., Oh, J., Keasling, A., Colson, K. L., and Hamann, M. T. (2014). The 
utility of metabolomics in natural product and biomarker characterization. 
Biochim. Biophys. Acta-General Subj. 1840 (12), 3460–3474. doi: 10.1016/j.
bbagen.2014.08.007

Cui, X. Q., Lee, L. M., Heng, X., Zhong, W. W., Sternberg, P. W., Psaltis, D., 
et  al. (2008). Lensless high-resolution on-chip optofluidic microscopes for 
Caenorhabditis elegans and cell imaging. Proc. Natl. Acad. Sci. U. States America 
105 (31), 10670–10675. doi: 10.1073/pnas.0804612105

da Silva, R. M., Guaratini, T., Jimenez, P. C., Fenical, W., Costa-Lotufo, L. V., 
Vessecchi, R., et al. (2018). Mass spectrometry analysis of protonated marine 
natural product seriniquinone. J. Braz. Chem. Soc. 29 (5), 1162–1166. doi: 10.21577/ 
0103-5053.20180037

Dufort, S., Sancey, L., Wenk, C., Josserand, V., and Coll, J. L. (2010). Optical 
small animal imaging in the drug discovery process. Biochim. Biophys. Acta-
Biomembr. 1798 (12), 2266–2273. doi: 10.1016/j.bbamem.2010.03.016

Earley, S., Vinegoni, C., Dunham, J., Gorbatov, R., Fumene Feruglio, P., and 
Weissleder, R. (2012). In vivo imaging of drug-induced mitochondrial outer 
membrane permeabilization at single-cell resolution. Cancer Res. 72 (12), 
2949–2956. doi: 10.1158/0008-5472.CAN-11-4096

Erharuyi, O., Engel-Lutz, N., Ahomafor, J., Imieje, V., Falodun, A., Nebe, B., 
et al. (2014). Anticancer activity of five forest crops used in African folklore: 
antiproliferative and pro-apoptotic effects. Natural Product Res. 28 (10), 740–
745. doi: 10.1080/14786419.2013.879475

Esposito, S., Bianco, A., Russo, R., Di Maro, A., Isernia, C., and Pedone, P. V. 
(2019). Therapeutic perspectives of molecules from urtica dioica extracts for 
cancer treatment. Molecules 24 (15), 2753. doi: 10.3390/molecules24152753

Evans, C. L., and Xie, X. S. (2008). Coherent anti-stokes raman scattering 
microscopy: chemical imaging for biology and medicine. Annu. Rev. Anal. 
Chem. 1, 883–909. doi: 10.1146/annurev.anchem.1.031207.112754

Freudiger, C. W., Min, W., Saar, B. G., Lu, S., Holtom, G. R., He, C. W., et al. (2008). 
Label-free biomedical imaging with high sensitivity by stimulated raman scattering 
microscopy. Science 322 (5909), 1857–1861. doi: 10.1126/science.1165758

Fumagalli, G., Mazza, D., Christodoulou, M. S., Damia, G., Ricci, F., Perdicchia, D., 
et al. (2015). Cyclopamine-paclitaxel-containing nanoparticles: internalization 
in cells detected by confocal and super-resolution microscopy. Chempluschem 
80 (9), 1380–1383. doi: 10.1002/cplu.201500156

Fung, A. E., Lalwani, G. A., Rosenfeld, P. J., Dubovy, S. R., Michels, S., Feuer, W. J., 
et al. (2007). An optical coherence tomography-guided, variable dosing 
regimen with intravitreal ranibizumab (lucentis) for neovascular age-related 

Frontiers in Pharmacology | www.frontiersin.org November 2019 | Volume 10 | Article 1438

https://doi.org/10.1007/s00044-016-1725-5
https://doi.org/10.1016/j.jep.2010.01.009
https://doi.org/10.1517/17460441.2.1.65
https://doi.org/10.1039/c6ob01418f
https://doi.org/10.1038/nrd2446
https://doi.org/10.1021/np200687v
https://doi.org/10.3978/j.issn.1000-9604.2013.04.01
https://doi.org/10.3978/j.issn.1000-9604.2013.04.01
https://doi.org/10.1021/acs.biomac.5b00562
https://doi.org/10.1016/j.joim.2019.03.003
https://doi.org/10.1007/s00726-017-2514-2
https://doi.org/10.1155/2014/429198
https://doi.org/10.1016/j.bbagen.2014.08.007
https://doi.org/10.1016/j.bbagen.2014.08.007
https://doi.org/10.1073/pnas.0804612105
https://doi.org/10.21577/0103-5053.20180037
https://doi.org/10.21577/0103-5053.20180037
https://doi.org/10.1016/j.bbamem.2010.03.016
https://doi.org/10.1158/0008-5472.CAN-11-4096
https://doi.org/10.1080/14786419.2013.879475
https://doi.org/10.3390/molecules24152753
https://doi.org/10.1146/annurev.anchem.1.031207.112754
https://doi.org/10.1126/science.1165758
https://doi.org/10.1002/cplu.201500156
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Optical Imaging for NPs as Cancer TherapeuticsYan et al.

8

macular degeneration. Am. J. Ophthalmol. 143 (4), 566–583. doi: 10.1016/j.
ajo.2007.01.028

Gao, X. H., Yang, L. L., Petros, J. A., Marshal, F. F., Simons, J. W., and Nie, S. M. 
(2005). In vivo molecular and cellular imaging with quantum dots. Curr. Opin. 
In Biotechnol. 16 (1), 63–72. doi: 10.1016/j.copbio.2004.11.003

Gertsch, J., Feyen, F., Butzberger, A., Gerber, B., Pfeiffer, B., and Altmann, K. H. 
(2009). Making epothilones fluoresce: design, synthesis, and biological 
characterization of a fluorescent N12-Aza-Epothilone (Azathilone). 
Chembiochem 10 (15), 2513–2521. doi: 10.1002/cbic.200900376

Gordon, A., Colman-Lerner, A., Chin, T. E., Benjamin, K. R., Yu, R. C., and Brent, R. 
(2007). Single-cell quantification of molecules and rates using open-source 
microscope-based cytometry. Nat. Methods 4 (2), 175–181. doi: 10.1038/Nmeth1008

Graziani, V., Scognamiglio, M., Belli, V., Esposito, A., D’Abrosca, B., Chambery, A., 
et al. (2018). Metabolomic approach for a rapid identification of natural 
products with cytotoxic activity against human colorectal cancer cells. Sci. Rep. 
8 (1), 5309. doi: 10.1038/S41598-018-23704-9

Guo, W. J., Chen, T. S., Wang, X. P., and Chen, R. (2010). Taxol induces 
concentration-dependent apoptotic and paraptosis-like cell death in human 
lung adenocarcinoma (ASTC-a-1) cells. J. X-Ray Sci. Technol. 18 (3), 293–308. 
doi: 10.3233/Xst-2010-0261

Guo, Q., Cao, H. Y., Qi, X. H., Li, H. K., Ye, P. Z., Wang, Z. G., et al. (2017). Research 
progress in reversal of tumor multi-drug resistance via natural products. Anti-
Cancer Agents In Med. Chem. 17 (11), 1466–1476. doi: 10.2174/187152061766
6171016105704

Harvey, A. L., Edrada-Ebel, R., and Quinn, R. J. (2015). The re-emergence of 
natural products for drug discovery in the genomics era. Nat. Rev. Drug 
Discovery 14 (2), 111–129. doi: 10.1038/nrd4510

Havelek, R., Seifrtova, M., Kralovec, K., Krocova, E., Tejkalova, V., Novotny, I., 
et al. (2016). Comparative cytotoxicity of chelidonine and homochelidonine, 
the dimethoxy analogues isolated from Chelidonium majus L. (Papaveraceae), 
against human leukemic and lung carcinoma cells. Phytomedicine 23 (3), 253–
266. doi: 10.1016/j.phymed.2016.01.001

Horibe, T., Okushima, N., Torisawa, A., Akiyoshi, R., Hatta-Ohashi, Y., Suzuki, H., 
et al. (2018). Evaluation of chemical chaperones based on the monitoring of 
Bip promoter activity and visualization of extracellular vesicles by real-time 
bioluminescence imaging. Luminescence 33 (1), 249–255. doi: 10.1002/bio.3388

Huang, W. Z., Wang, X., Shi, C. Y., Guo, D. D., Xu, G. F., Wang, L. L., et al. (2015). 
Fine-tuning Vitamin E-containing telodendrimers for efficient delivery of 
gambogic acid in colon cancer treatment. Mol. Pharmaceutics 12 (4), 1216–
1229. doi: 10.1021/acs.molpharmaceut.5b00051

Huang, L. W., Luo, Y. P., Sun, X., Ju, H. X., Tian, J. W., and Yu, B. Y. (2017). An 
artemisinin-mediated ROS evolving and dual protease light-up nanocapsule 
for real-time imaging of lysosomal tumor cell death. Biosens. Bioelectr. 92, 
724–732. doi: 10.1016/j.bios.2016.10.004

Huminiecki, L., Horbanczuk, J., and Atanasov, A. G. (2017). The functional 
genomic studies of curcumin. Semin. In Cancer Biol. 46, 107–118. doi: 
10.1016/j.semcancer.2017.04.002

Jabbour, J. M., Bentley, J. L., Malik, B. H., Nemechek, J., Warda, J., Cuenca, R., et al. 
(2014). Reflectance confocal endomicroscope with optical axial scanning for 
in vivo imaging of the oral mucosa. Biomed. Optics Express 5 (11), 3781–3791. 
doi: 10.1364/Boe.5.003781

Kasymjanova, G., Tran, A.-T., Cohen, V., Pepe, C., Sakr, L., Small, D., et al. (2018). The 
use of a standardized Chinese herbal formula in patients with advanced lung cancer: 
a feasibility study. J. Integr. Med. 16 (6), 390–395. doi: 10.1016/j.joim.2018.09.001

Kell, D. B. (2013). Finding novel pharmaceuticals in the systems biology era 
using multiple effective drug targets, phenotypic screening and knowledge of 
transporters: where drug discovery went wrong and how to fix it. FEBS J. 280 
(23), 5957–5980. doi: 10.1111/febs.12268

Kneipp, J., Wittig, B., Bohr, H., and Kneipp, K. (2010). Surface-enhanced Raman 
scattering: a new optical probe in molecular biophysics and biomedicine. 
Theor. Chem. Accounts 125 (3-6), 319–327. doi: 10.1007/s00214-009-0665-2

Konig, K., Ehlers, A., Stracke, F., and Riemann, I. (2006). In vivo drug screening 
in human skin using femtosecond laser multiphoton tomography. Skin 
Pharmacol. Physiol. 19 (2), 78–88. doi: 10.1159/000091974

Krucker, T., and Sandanaraj, B. S. (2011). Optical imaging for the new grammar of 
drug discovery. Philos. Trans. R. Soc. a-Math. Phys. Eng. Sci. 369 (1955), 4651–
4665. doi: 10.1098/rsta.2011.0300

Krutzik, P. O., Crane, J. M., Clutter, M. R., and Nolan, G. P. (2008). High-content 
single-cell drug screening with phosphospecific flow cytometry. Nat. Chem. 
Biol. 4 (2), 132–142. doi: 10.1038/nchembio.2007.59

Kumar, S., Alibhai, D., Margineanu, A., Laine, R., Kennedy, G., McGinty, J., et al. 
(2011). FLIM FRET Technology for drug discovery: automated multiwell-
plate high-content analysis, multiplexed readouts and application in situ. 
Chemphyschem 12 (3), 609–626. doi: 10.1002/cphc.201000874

Li, X., Lao, Y. Z., Zhang, H., Wang, X. Y., Tan, H. S., Lin, Z. X., et al. (2015). “The 
natural compound Guttiferone F sensitizes prostate cancer to starvation 
induced apoptosis via calcium and JNK elevation.”. BMC Cancer 15, 254. doi: 
10.1186/S12885-015-1292-Z

Lin, X. G., Li, W. C., Ye, C. B., Liu, X. Z., Zhu, H., Peng, W. B., et al. (2014). 
Research on the Interaction between Tubeimoside 1 and HepG2 Cells Using 
the Microscopic Imaging and Fluorescent Spectra Method. Comput. Math. 
Methods In Med. 2014, 470452. doi: 10.1155/2014/470452

Liu, L., Mason, R. P., and Gimi, B. (2015). Dynamic bioluminescence and 
fluorescence imaging of the effects of the antivascular agent Combretastatin-
A4P (CA4P) on brain tumor xenografts. Cancer Lett. 356 (2), 462–469. doi: 
10.1016/j.canlet.2014.09.038

Lu, J. Q., Huang, Y. X., Zhao, W. C., Marquez, R. T., Meng, X. J., Li, J., et al. (2013). 
PEG-derivatized embelin as a nanomicellar carrier for delivery of paclitaxel 
to breast and prostate cancers. Biomaterials 34 (5), 1591–1600. doi: 10.1016/j.
biomaterials.2012.10.073

Ma, X. B., Liu, Z. F., Yang, X., Gao, Q. J., Zhu, S. P., Qin, C. H., et al. (2011). 
Dual-modality monitoring of tumor response to cyclophosphamide therapy 
in mice with bioluminescence imaging and small-animal positron emission 
tomography. Mol. Imaging 10 (4), 278–283. doi: 10.2310/7290.2010.00041

Ma, X. B., Hui, H., Shang, W. T., Jia, X. H., Yang, X., and Tian, J. (2015). Recent advances 
in optical molecular imaging and its applications in targeted drug delivery. Curr. 
Drug Targets 16 (6), 542–548. doi: 10.2174/1389450116666150102112747

Moriyama, E. H., Zheng, G., and Wilson, B. C. (2008). Optical molecular imaging: 
From single cell to patient. Clin. Pharmacol. Ther. 84 (2), 267–271. doi: 10.1038/
clpt.2008.58

Newman, D. J., and Cragg, G. M. (2016). Natural products as sources of new 
drugs from 1981 to 2014. J. Natural Products 79 (3), 629–661. doi: 10.1021/acs.
jnatprod.5b01055

Ntziachristos, V., Schellenberger, E. A., Ripoll, J., Yessayan, D., Graves, E., Bogdanov, A., 
et al. (2004). Visualization of antitumor treatment by means of fluorescence 
molecular tomography with an annexin V-Cy5.5 conjugate. Proc. Natl. Acad. Sci. 
U. States America 101 (33), 12294–12299. doi: 10.1073/pnas.0401137101

Ntziachristos, V., Ripoll, J., Wang, L. H. V., and Weissleder, R. (2005). Looking 
and listening to light: the evolution of whole-body photonic imaging. Nat. 
Biotechnol. 23 (3), 313–320. doi: 10.1038/nbt1074

Peterson, J. D., LaBranche, T. P., Vasquez, K. O., Kossodo, S., Melton, M., Rader,  R., 
et al. (2010). Optical tomographic imaging discriminates between disease-
modifying anti-rheumatic drug (DMARD) and non-DMARD efficacy in collagen 
antibody-induced arthritis. Arthritis Res. Ther. 12 (3), R105. doi: 10.1186/ar3038

Popp, J., and Windbergs, M. (2015). Preface: pharmaceutical applications of raman 
spectroscopy - from diagnosis to therapeutics. Advanced Drug Delivery Rev. 89, 
1–2. doi: 10.1016/j.addr.2015.07.008

Rangel, M., Prado, M. P., Konno, K., Naoki, H., Freitas, J. C., and Machado-Santelli, 
G. M. (2006). Cytoskeleton alterations induced by Geodia corticostylifera 
depsipeptides in breast cancer cells. Peptides 27 (9), 2047–2057. doi: 10.1016/j.
peptides.2006.04.021

Razansky, D., Deliolanis, N. C., Vinegoni, C., and Ntziachristos, V. (2012). Deep 
tissue optical and optoacoustic molecular imaging technologies for pre-clinical 
research and drug discovery. Curr. Pharmaceutical Biotechnol. 13 (4), 504–522. 
doi: 10.2174/138920112799436258

Saha, S. K., and Khuda-Bukhsh, A. R. (2013). Molecular approaches towards 
development of purified natural products and their structurally known 
derivatives as efficient anti-cancer drugs: Current trends. Eur. J. Pharmacol. 714 
(1-3), 239–248. doi: 10.1016/j.ejphar.2013.06.009

Sarkar, F. H., and Li, Y. W. (2009). Harnessing the fruits of nature for the 
development of multi-targeted cancer therapeutics. Cancer Treat Rev. 35 (7), 
597–607. doi: 10.1016/j.ctrv.2009.07.001

Schaafsma, B. E., Mieog, J. S. D., Hutteman, M., Van der Vorst, J. R., Kuppen, 
P. J. K., Lowik, C. W. G. M., et al. (2011). The clinical use of indocyanine green 

Frontiers in Pharmacology | www.frontiersin.org November 2019 | Volume 10 | Article 1438

https://doi.org/10.1016/j.ajo.2007.01.028
https://doi.org/10.1016/j.ajo.2007.01.028
https://doi.org/10.1016/j.copbio.2004.11.003
https://doi.org/10.1002/cbic.200900376
https://doi.org/10.1038/Nmeth1008
https://doi.org/10.1038/S41598-018-23704-9
https://doi.org/10.3233/Xst-2010-0261
https://doi.org/10.2174/1871520617666171016105704
https://doi.org/10.2174/1871520617666171016105704
https://doi.org/10.1038/nrd4510
https://doi.org/10.1016/j.phymed.2016.01.001
https://doi.org/10.1002/bio.3388
https://doi.org/10.1021/acs.molpharmaceut.5b00051
https://doi.org/10.1016/j.bios.2016.10.004
https://doi.org/10.1016/j.semcancer.2017.04.002
https://doi.org/10.1364/Boe.5.003781
https://doi.org/10.1016/j.joim.2018.09.001
https://doi.org/10.1111/febs.12268
https://doi.org/10.1007/s00214-009-0665-2
https://doi.org/10.1159/000091974
https://doi.org/10.1098/rsta.2011.0300
https://doi.org/10.1038/nchembio.2007.59
https://doi.org/10.1002/cphc.201000874
https://doi.org/10.1186/S12885-015-1292-Z
https://doi.org/10.1155/2014/470452
https://doi.org/10.1016/j.canlet.2014.09.038
https://doi.org/10.1016/j.biomaterials.2012.10.073
https://doi.org/10.1016/j.biomaterials.2012.10.073
https://doi.org/10.2310/7290.2010.00041
https://doi.org/10.2174/1389450116666150102112747
https://doi.org/10.1038/clpt.2008.58
https://doi.org/10.1038/clpt.2008.58
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1021/acs.jnatprod.5b01055
https://doi.org/10.1073/pnas.0401137101
https://doi.org/10.1038/nbt1074
https://doi.org/10.1186/ar3038
https://doi.org/10.1016/j.addr.2015.07.008
https://doi.org/10.1016/j.peptides.2006.04.021
https://doi.org/10.1016/j.peptides.2006.04.021
https://doi.org/10.2174/138920112799436258
https://doi.org/10.1016/j.ejphar.2013.06.009
https://doi.org/10.1016/j.ctrv.2009.07.001
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Optical Imaging for NPs as Cancer TherapeuticsYan et al.

9

as a near-infrared fluorescent contrast agent for image-guided oncologic 
surgery. J. Surg. Oncol. 104 (3), 323–332. doi: 10.1002/jso.21943

Sega, E. I., and Low, P. S. (2008). Tumor detection using folate receptor-targeted imaging 
agents. Cancer Metastasis Rev. 27 (4), 655–664. doi: 10.1007/s10555-008-9155-6

Seidel, E. R., Miao, Y. P., Porterfield, L., Cai, W. L., Zhu, X. J., Kim, S. O. O., et al. (2019). 
Structure-activity-distribution relationship study of anti-cancer antimycin-type 
depsipeptides. Chem. Commun. 55 (63), 9379–9382. doi: 10.1039/c9cc03051d

Sharma, S., Santiskulvong, C., Bentolila, L. A., Rao, J. Y., Dorigo, O., and 
Gimzewski, J. K. (2012). Correlative nanomechanical profiling with super-
resolution F-actin imaging reveals novel insights into mechanisms of cisplatin 
resistance in ovarian cancer cells. Nanomed.-Nanotechnol. Biol. Med. 8 (5), 
757–766. doi: 10.1016/j.nano.2011.09.015

Sharpe, J., Ahlgren, U., Perry, P., Hill, B., Ross, A., Hecksher-Sorensen, J., et al. 
(2002). Optical projection tomography as a tool for 3D microscopy and gene 
expression studies. Science 296 (5567), 541–545. doi: 10.1126/science.1068206

Shi, H. B., Cheng, X. M., Sze, S. K., and Yao, S. Q. (2011). Proteome profiling reveals 
potential cellular targets of staurosporine using a clickable cell-permeable 
probe. Chem. Commun. 47 (40), 11306–11308. doi: 10.1039/c1cc14824a

Shukla, Y., and Singh, R. (2011). Resveratrol and cellular mechanisms of cancer 
prevention. Resveratr. Health 1215, 1–8. doi: 10.1111/j.1749-6632.2010.05870.x

Song, J., Hu, M. H., Wang, J. S., Zhou, M., Sun, L., Qiu, S., et al. (2019). ALK positive 
lung cancer identification and targeted drugs evaluation using microscopic 
hyperspectral imaging technique. Infrared Phys. Technol. 96, 267–275. doi: 
10.1016/j.infrared.2018.12.001

Sun, K. K., Xu, C., Hu, T. K., Lin, C. X., Wang, Y. F., Li, Y. L., et al. (2018). gamma-
Fe2O3/La-MOFs{{{at}}}SiO2 for magnetic resonance/fluorescence dual mode 
imaging and pH-drug delivery. Materials Lett. 228, 216–219. doi: 10.1016/j.
matlet.2018.06.018

Tawfike, A. F., Abbott, G., Young, L., and Edrada-Ebel, R. (2018). Metabolomic-Guided 
isolation of bioactive natural products from curvularia sp., an endophytic fungus 
of terminalia laxiflora. Planta Med. 84 (3), 182–190. doi: 10.1055/s-0043-118807

Teng, B., Jiang, J. G., Zhao, L. J., Gao, J., Chen, J. Y., Liu, Z., et al. (2017). Ginsenoside 
PPD’s antitumor effect via down-regulation of mtor revealed by super-
resolution imaging. Molecules 22 (3), 486. doi: 10.3390/Molecules22030486

Tian, G., Zheng, X. P., Zhang, X., Yin, W. Y., Yu, J., Wang, D. L., et al. (2015). TPGS-
stabilized NaYbF4:Er upconversion nanoparticles for dual-modal fluorescent/
CT imaging and anticancer drug delivery to overcome multi-drug resistance. 
Biomaterials 40, 107–116. doi: 10.1016/j.biomaterials.2014.11.022

Tsai, E. H. R., Bentz, B. Z., Chelvam, V., Gaind, V., Webb, K. J., and Low, P. S. (2014). 
In vivo mouse fluorescence imaging for folate-targeted delivery and release 
kinetics. Biomed. Optics Express 5 (8), 2662–2678. doi: 10.1364/Boe.5.002662

Tung, Y. T., Tsai, T. C., Kuo, Y. H., Yen, C. C., Sun, J. Y., Chang, W. H., et al. (2014). 
Comparison of solid-state-cultured and wood-cultured Antrodia camphorata 
in anti-inflammatory effects using NF-kappa B/luciferase inducible transgenic 
mice. Phytomedicine 21 (12), 1708–1716. doi: 10.1016/j.phymed.2014.08.011

Uche, F. I., McCullagh, J., Claridge, T. W. D., Richardson, A., and Li, W. W. (2018). 
Synthesis of (aminoalkyl)cycleanine analogues: cytotoxicity, cellular uptake, 
and apoptosis induction in ovarian cancer cells. Bioorgan. Med. Chem. Lett. 28 
(9), 1652–1656. doi: 10.1016/j.bmcl.2018.03.038

Walsh, A. J., Castellanos, J. A., Nagathihalli, N. S., Merchant, N. B., and Skala, 
M. C. (2016). Optical imaging of drug-induced metabolism changes in murine 
and human pancreatic cancer organoids reveals heterogeneous drug response. 
Pancreas 45 (6), 863–869. doi: 10.1097/MPA.0000000000000543

Walsh, A. J., Cook, R. S., and Skala, M. C. (2017). Functional optical imaging of 
primary human tumor organoids: development of a personalized drug screen. 
J. Nuclear Med. 58 (9), 1367–1372. doi: 10.2967/jnumed.117.192534

Weissleder, R., Tung, C. H., Mahmood, U., and Bogdanov, A. (1999). In vivo 
imaging of tumors with protease-activated near-infrared fluorescent probes. 
Nat. Biotechnol. 17 (4), 375–378. doi: 10.1038/7933

Wu, S. H., and Liang, J. L. (2010). Counter-current chromatography for high 
throughput analysis of natural products. Combinatorial Chem. High Throughput 
Screening 13 (10), 932–942. doi: 10.2174/138620710793360248

Wu, K. J., Zhong, H. J., Yang, G. J., Wu, C., Huang, J. M., Li, G. D., et al. (2018). 
Small molecule Pin1 inhibitor blocking NF-B signaling in prostate cancer cells. 
Chemistry-an Asian J. 13 (3), 275–279. doi: 10.1002/asia.201701216

Xiao, Q. C., Zhu, W. S., Feng, W., Lee, S. S., Leung, A. W., Shen, J., et al. (2019). A 
review of resveratrol as a potent chemoprotective and synergistic agent in cancer 
chemotherapy. Front. In Pharmacol. 9, 1534. doi: 10.3389/Fphar.2018.01534

Xie, F., and Peng, F. Y. (2017). Anti-prostate cancer activity of 8-Hydroxyquinoline-
2-carboxaldehyde-thiosemicarbazide copper complexes by fluorescent 
microscopic imaging. J. Fluorescence 27 (6), 1937–1941. doi: 10.1007/
s10895-017-2133-z

Xie, F., and Peng, F. Y. (2018). Anticancer activity of copper complex of (4R)-(-
)-2-Thioxo-4-thiazolidinecarboxylic Acid and 3-rhodaninepropionic acid 
on prostate and breast cancer cells by fluorescent microscopic imaging. J. 
Fluorescence 28 (1), 89–96. doi: 10.1007/s10895-017-2177-0

Xing, T., Yang, X. Z., Wang, F., Lai, B., and Yan, L. F. (2012). Synthesis of 
polypeptide conjugated with near infrared fluorescence probe and doxorubicin 
for pH-responsive and image-guided drug delivery. J. Materials Chem. 22 (41), 
22290–22300. doi: 10.1039/c2jm35627a

Yang, M., Baranov, E., Jiang, P., Sun, F. X., Li, X. M., Li, L. N., et al. (2000). Whole-
body optical imaging of green fluorescent protein-expressing tumors and 
metastases. Proc. Natl. Acad. Sci. U. States America 97 (3), 1206–1211. doi: 
10.1073/pnas.97.3.1206

Yang, Z., Wu, Y. Q., Zhou, H., Cao, X. J., Jiang, X. H., Wang, K. W., et al. (2015). 
A novel strategy for screening new natural products by a combination of 
reversed-phase liquid chromatography fractionation and C-13 NMR pattern 
recognition: the discovery of new anti-cancer flavone dimers from Dysosma 
versipellis (Hance). RSC Adv. 5 (95), 77553–77564. doi: 10.1039/c5ra13756j

Yue, R., Shan, L., Yang, X., and Zhang, W. (2012). Approaches to target 
profiling of natural products. Curr. Med. Chem. 19 (22), 3841–3855. doi: 
10.2174/092986712801661068

Yue, Z. Y., Zhang, W. N., Lu, Y. M., Yang, Q. Y., Ding, Q. Y., Xia, J. F., et al. (2015). 
Prediction of cancer cell sensitivity to natural products based on genomic and 
chemical properties. Peerj 3, e1425. doi: 10.7717/Peerj.1425

Yue, Q. X., Gao, G. G., Zou, G. Y., Yu, H. Q., and Zheng, X. (2017). Natural products 
as adjunctive treatment for pancreatic cancer: recent trends and advancements. 
BioMed. Res. Int. 2017, 8412508. doi: 10.1155/2017/8412508

Zhang, G. L., Liu, F., Zhang, B., He, Y., Luo, J. W., and Bai, J. (2013). Imaging of 
pharmacokinetic rates of indocyanine green in mouse liver with a hybrid 
fluorescence molecular tomography/x-ray computed tomography system. J. 
Biomed. Optics 18 (4), 040505. doi: 10.1117/1.JBO.18.4.040505

Zhang, Y. Q., Yu, J. C., Kahkoska, A. R., and Gu, Z. (2017). Photoacoustic drug 
delivery. Sensors 17 (6), 1400. doi: 10.3390/S17061400

Zhang, Q. Y., Wang, F. X., Jia, K. K., and Kong, L. D. (2018). Natural product 
interventions for chemotherapy and radiotherapy-induced side effects. Front. 
In Pharmacol. 9, 1253. doi: 10.3389/Fphar.2018.01253

Zhao, J., Lui, H., McLean, D. I., and Zeng, H. (2007). Automated autofluorescence 
background subtraction algorithm for biomedical Raman spectroscopy.”. Appl. 
Spectrosc. 61 (11), 1225–1232. doi: 10.1366/000370207782597003

Zheng, X. L., Ge, J. C., Wu, J. S., Liu, W. M., Guo, L., Jia, Q. Y., et al. (2018). 
Biodegradable hypocrellin derivative nanovesicle as a near-infrared light-
driven theranostic for dually photoactive cancer imaging and therapy. 
Biomaterials 185, 133–141. doi: 10.1016/j.biomaterials.2018.09.021

Zheng, X. L., Liu, W. M., Ge, J. C., Jia, Q. Y., Nan, F. C., Ding, Y., et al. (2019). 
Biodegradable natural product-based nanoparticles for near-infrared 
fluorescence imaging-guided sonodynamic therapy. ACS Appl. Materials 
Interfaces 11 (20), 18178–18185. doi: 10.1021/acsami.9b03270

Zhou, Y. Q., Di, Z. A., Li, X. M., Shan, Y. H., Li, W., Zhang, H. C., et al. (2017). Chemical 
proteomics reveal CD147 as a functional target of pseudolaric acid B in human 
cancer cells. Chem. Commun. 53 (62), 8671–8674. doi: 10.1039/c7cc04345g

Zong, W. J., Wu, R. L., Li, M. L., Hu, Y. H., Li, Y. J., Li, J. H., et al. (2017). Fast 
high-resolution miniature two-photon microscopy for brain imaging in freely 
behaving mice. Nat. Methods 14 (7), 713–719. doi: 10.1038/nmeth.4305

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 © 2019 Yan, Zeng, Wang, Wang, Cao, Xu and Chen. 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 Pharmacology | www.frontiersin.org November 2019 | Volume 10 | Article 1438

https://doi.org/10.1002/jso.21943
https://doi.org/10.1007/s10555-008-9155-6
https://doi.org/10.1039/c9cc03051d
https://doi.org/10.1016/j.nano.2011.09.015
https://doi.org/10.1126/science.1068206
https://doi.org/10.1039/c1cc14824a
https://doi.org/10.1111/j.1749-6632.2010.05870.x
https://doi.org/10.1016/j.infrared.2018.12.001
https://doi.org/10.1016/j.matlet.2018.06.018
https://doi.org/10.1016/j.matlet.2018.06.018
https://doi.org/10.1055/s-0043-118807
https://doi.org/10.3390/Molecules22030486
https://doi.org/10.1016/j.biomaterials.2014.11.022
https://doi.org/10.1364/Boe.5.002662
https://doi.org/10.1016/j.phymed.2014.08.011
https://doi.org/10.1016/j.bmcl.2018.03.038
https://doi.org/10.1097/MPA.0000000000000543
https://doi.org/10.2967/jnumed.117.192534
https://doi.org/10.1038/7933
https://doi.org/10.2174/138620710793360248
https://doi.org/10.1002/asia.201701216
https://doi.org/10.3389/Fphar.2018.01534
https://doi.org/10.1007/s10895-017-2133-z
https://doi.org/10.1007/s10895-017-2133-z
https://doi.org/10.1007/s10895-017-2177-0
https://doi.org/10.1039/c2jm35627a
https://doi.org/10.1073/pnas.97.3.1206
https://doi.org/10.1039/c5ra13756j
https://doi.org/10.2174/092986712801661068
https://doi.org/10.7717/Peerj.1425
https://doi.org/10.1155/2017/8412508
https://doi.org/10.1117/1.JBO.18.4.040505
https://doi.org/10.3390/S17061400
https://doi.org/10.3389/Fphar.2018.01253
https://doi.org/10.1366/000370207782597003
https://doi.org/10.1016/j.biomaterials.2018.09.021
https://doi.org/10.1021/acsami.9b03270
https://doi.org/10.1039/c7cc04345g
https://doi.org/10.1038/nmeth.4305
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
http://www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Harnessing the Power of Optical Microscopic and Macroscopic Imaging for Natural Products as Cancer Therapeutics

	﻿Introduction

	﻿Application of Optical Microscopic Imaging for Natural Products

	﻿Observation of Natural Products Ingested by Cancer Cells

	﻿Investigation of Anticancer Mechanism of Natural Products

	﻿Verification of Apoptosis


	﻿Application of Optical Macroscopic Imaging for Natural Products

	﻿Monitoring the Delivery of Natural Products In Vivo

	﻿Combining With Natural Products to Assist Cancer Treatment


	﻿Conclusion and Perspective

	﻿Author Contributions

	﻿Funding

	References



