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a b s t r a c t

The five-year survival rate for pancreatic cancer is less than 5%. However, the current clinical multimodal

therapy combined with first-line chemotherapy drugs only increases the patient’s median survival from

5.0 months to 7.2 months. Consequently, a new strategy of cancer treatments is urgently needed to over-

come this high-fatality disease. Through a series of biometric analyses, we found that KRAS is highly

expressed in the tumor of pancreatic cancer patients, and this high expression is closely related to the

poor prognosis of patients. It shows that inhibiting the expression of KRAS has great potential in gene

therapy for pancreatic cancer. Given those above, we have exploited the possibility of targeted delivery of

KRAS shRNA with the intelligent and bio-responsive nanomedicine to detect the special oxidative stress

microenvironment of cancer cells and realize efficient cancer theranostics. Our observations demonstrate

that by designing the smart self-assembled nanocapsules of melanin with fluorescent nanoclusters we

can readily achieve the bio-recognition and bioimaging of cancer cells in biological solution or serum.

The self-assembled nanocapsules can make a significant bio-response to the oxidative stress microenvi-

ronment of cancer cells and generate fluorescent zinc oxide Nanoclusters in situ for targeted cell bioimag-

ing. Moreover, it can also readily facilitate cancer cell suppression through the targeted delivery of KRAS

shRNA and low-temperature hyperthermia. This raises the possibility to provide a promising theranos-

tics platform and self-assembled nanomedicine for targeted cancer diagnostics and treatments through

special oxidative stress-responsive effects of cancer cells.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The results of the latest Global Cancer Statistics Report in 2018

show that pancreatic cancer has risen to the top 7 cancer types

with the highest mortality rate [1]. Pancreatic cancer is an ex-

tremely dangerous and highly malignant tumor of the digestive

tract [2–4]. KRAS gene mutations are present in more than 80%

of pancreatic cancer patients [5,6]. At present, siRNA and shRNA

are mainly used to suppress oncogenes in vitro [7,8]. Alterna-

tively, shRNA is more widely used due to its long-acting time and

not easy to be degraded. In this work, shRNA is introduced into

cells through the vector, in which the U6 promoter inside en-

sures that the shRNA is expressed; this shRNA-loaded vector can

be delivered to the progeny cells so that gene silencing can be

inherited. Nanomedicine has achieved solid tumor treatment ef-

fects in realizing DNA/RNA delivery in vivo [9,10]. At present, there
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is no nano-delivery system that can achieve targeted delivery of

shKRAS. Therefore, recognizing the targeted delivery of shKRAS is

a breakthrough in the field of nucleic acid delivery and a better

treatment method for pancreatic cancer. Based on this, we de-

signed a nanocapsule (NC) that could achieve targeted delivery

of shKRAS and improve NCs’ tumor-killing effect by introducing

melanin nanoparticles (MNPs). Melanin is an amorphous and ir-

regular biopolymer. It is a ubiquitous natural pigment and exists

in many organisms, including human skin [11,12]. MNPs with good

water solubility have the following advantages including good bio-

compatibility, as well as strong absorption at 808nm, which can

realize photothermal treatment or photoacoustic imaging. Based on

these considerations, we explored the possibility to use melanin

to adsorb Zn2+ and Fe2+, which may not only efficiently realize

the in-situ biosynthesis of ZnO Nanoclusters with fluorescence and

Fe3O4 nanoclusters but also can realize photothermal therapy si-
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multaneously [13,14]. In general, the fluorescent NCs put forward

new ideas for the clinical treatment of pancreatic cancer.

KRAS mutations can cause continuous activation with GTP, ac-

tivate downstream pathways, and promote cancer cell occurrence

and development [15–19]. The data from Cancer Cell Line Encyclo-

pedia also showed that KRAS has the highest mutation frequency

in pancreatic cancer (Fig. S1 in Supporting information), which

may mean that KRAS mutation is one of the leading causes of pan-

creatic cancer. At the same time, the analysis of unpaired (Fig. S2a

in Supporting information) and paired (Fig. S2b in Supporting in-

formation) cancer and adjacent clinical samples have shown that

KRAS is highly expressed in pancreatic cancer and this high ex-

pression is significantly related to the poor prognosis of patients

with pancreatic cancer (Fig. S3a in Supporting information). There-

fore, inhibiting or completely silencing the expression of KRAS is

very likely to significantly improve the survival time of patients

with pancreatic cancer. A result of NGS sequencing of 11,951 tu-

mor tissue (FFPE) samples collected from multiple centers in China

from November 2016 to July 2019 showed that the KRAS gene mu-

tations were mainly concentrated in codons 12, 13, and 61 po-

sitions. Among them, mutations at the 12th codon position ac-

counted for more than 80%, including G12A, G12C, G12D, G12R,

G12S, and G12V15 (Fig. S3b in Supporting information). Therefore,

research on-site 12 may better mimic the mutation of KRAS in vivo.

Thus, in subsequent experiments, we used PANC-1 (KRASG12) and

CAPRN-2 (KRASG12) pancreatic cancer cell lines for analysis and re-

search.

Referring to the methods of the Zhen Cheng group, we synthe-

sized water-soluble MNPs with 2nm diameters (Fig. S4a in Sup-

porting information) [11,20]. At the same time, the photothermal

effect was detected (Fig. S4b in Supporting information). We also

found that MNPs could absorb Fe2+ and Zn2+ at an appropriate

concentration of 1 μmol (Fig. S4c in Supporting information), and

the encapsulation rate was 61.16%. After electrostatic adsorption,

MNPs and shRNA combine to form a complex. Through the natural

grasping ability of chitosan to nucleic acids [21,22], under high-

speed oscillation, "nano-spheres" can be formed (Figs. S4d and S5a

in Supporting information). Here we find that when the N/P ratio is

0.02, chitosan has a better ability to grab shRNA and will not cause

a large amount of shRNA to leak. It is quite different from the tra-

ditional N/P ratio (Eq. 1), which may be caused by the introduction

of melanin and other metal cations.

N/P = (330 × A × D%)/(164 × B) (1)

In this formula, N is the amino group in chitosan; P is the phos-

phate in DNA; A is the quality of chitosan; B is the treatment of

DNA; D% is the degree of deacetylation of chitosan.

To improve tumor targeting, we cover the surface of the

nanosphere with hyaluronic acid (HA). This is the last step in the

synthesis of NCs (Fig. 1a). The corresponding ZETA potential is

shown in Fig. S5b (Supporting information). TEM image was shown

in Fig. S6a (Supporting information). Through EDS (Figs. S6b and

c in Supporting information), we can see that the capsule con-

tains Zn and Fe. Fourier transform infrared spectroscopy [23,24] re-

sults (Fig. S6d in Supporting information) show that HA is indeed

wrapped in the outer layer of chitosan. The superiority of HA is

mainly reflected in its good biocompatibility, biodegradability, and

special CD44 receptor binding ability [25–27]. Targeting CD44 can

also inhibit the development of cancer cells [28].

Through MTT cytotoxicity experiments, we found that the opti-

mal concentration of NCs in cells was 2.1mg/mL (Fig. S7a in Sup-

porting information), and when cells are cultured at this concen-

tration, they have a better photothermal effect (Fig. S7b in Sup-

porting information). The use of mild PTT (temperature below 45
◦C) could achieve the treatment of tumors without side effects

[29].

Fig. 1. The synthesis process of nanocapsules. (a) Self-assembled process of NCs;

HR-TEM, EDS, EX, and EM of cell extracts after being treated with NCs were shown

in (b-e), respectively.

In previous studies, we found that when Zn2+ and Fe2+ are

added to tumor cells, they will be reduced by the reducing sub-

stances surrounding the tumor cells, and it is easy to generate flu-

orescent ZnO nanoclusters and Fe3O4 nanoclusters [30–32]. In this

case, Fe2+ could help the tumor environment to provide more OH–

for ZnO formation. The specific synthesis principle is as follows

(Eqs. 2–5):

Fe2+ +H2O2 → Fe3+ +OH– + •OH (2)

Fe2+ + •OH→ Fe3+ +OH– (3)

2Fe3+ + Fe2+ +8OH– → Fe3O4 +4H2O (4)

Zn2+ +2OH– →ZnO+H2O (5)

The in-situ synthesis of corresponding nanoclusters of different

metal ions at the tumor site brings new hope for targeted therapy

and imaging of tumors [9]. Based on this research foundation, af-

ter co-cultivating the NCs with tumor cells, we extracted the lysate

and found that ZnO and Fe3O4 nanoclusters were indeed produced

(Figs. 1b-d, Figs. S7c and d in Supporting information). At the same

time, we found that it also has good fluorescence characteristics,

which is consistent with our research results (Fig. 1e). Immediately

afterward, we verified the fluorescence characteristics at the cell

level, and the confocal results may verify that the fluorescence is

generated by ZnO Nanoclusters synthesized in situ by Zn2+ in can-

cer cells (Fig. S8 in Supporting information). In detail, seven exper-

imental groups and one control group were designed to demon-

strate the effects of each of the different components in the NCs.

When incubated with two cancer cell lines (CAPRN-2, PANC-1)

and different NCs, respectively, only the cells with in situ synthe-

sized ZnO Nanoclusters were fluorescent, namely HA-ch-shRNA-m-

Zn-Fe, HA-ch-shNC-m-Zn-Fe, and HA-ch-shRNA-m-Zn. Meanwhile,
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Fig. 2. Low-temperature PTT of nanocapsules. (a) The photothermal effect of cells treated with different reagents and the image result was shown in (b): Ⅰ. HA-ch-shKRAS-
m-Zn-Fe; Ⅱ. HA-ch-shNC-m-Zn-Fe; Ⅲ. HA-ch-shKRAS-m-Zn; Ⅳ. HA-ch-shKRAS-m-Fe; Ⅴ. HA-ch-shKRAS-m; Ⅵ. HA-ch-shKRAS; Ⅶ. HA-ch-shNC. (c) Cloning formation assay

of cells treated with different reagents, and the last two lines were also treated with 808nm laser. The statistical results are reflected in (d). ∗P < 0.05; ∗∗P < 0.01; ∗∗∗P <

0.001; NS, No significant. “HA” stands for hyaluronic acid, and “ch” stands for chitosan.

the fluorescence intensity of HA-ch-shRNA-m-Zn was weaker com-

pared to the other two groups, which was consistent with the pre-

vious analysis that the addition of Fe ions promoted the synthesis

of more Zn oxide Nanoclusters by Zn ions.

As long as the experimental group contains MNPs, there will

be an excellent photothermal effect. A certain amount of NCs in

the cells can make the cell temperature rise to about 40 °C (Figs.

2a and b), which is a recognized mild heat therapy temperature

that does not cause side effects such as heat shock [33]. The

clone formation rate can well reflect the cell viability and prolif-

eration ability [34,35]. Therefore, we used clone formation exper-

iments to detect the deadly effect of NCs on tumor cells (Figs. 2c

and d).

The experimental results showed that after laser irradiation, the

cells in the experimental group containing melanin died in a large

area. After laser irradiation, the clone formation rate is even lower

than 0.1%. Without knowing the location of the metastasis, we can-

not perform accurate photothermal therapy, and this is where we

can use gene therapy to play a role. First, we verified the expres-

sion of KRAS at the protein and mRNA levels after the cells were

incubated with different NCs (Figs. S9a and b in Supporting infor-

mation). We found that NCs could deliver shRNA, which may ex-

plain the different clone formation rates of the experimental group

without laser irradiation in the clone formation experiment. After

the expression of the oncogene, KRAS is inhibited, the proliferation

ability of tumor cells is significantly weakened, and the clone for-

mation rate is also considerably reduced, which is consistent with

the current research results [36,37]. Therefore, through Transwell

experiments with/without gel, we tested the invasion and vertical

migration capabilities of different NCs (Fig. S9c in Supporting in-

formation). The results showed that the delivery of KRAS shRNA

could significantly inhibit the invasion and migration ability of tu-

mor cells.

Cancer cells inevitably need to use blood as a bridge in the

process of metastasis. The blood of tumor patients is often filled

with a certain amount of cancer cells, and there is also a blood

microenvironment suitable for the survival and landing of can-

cer cells. The entry of cancer cells into the blood is the first

step for cancer to develop distant metastasis. Therefore, we se-

lected fresh blood from patients with advanced pancreatic cancer

to test the fluorescent targeting of the capsules (Fig. S10 in Sup-

porting information), and this result showed that the NCs could

function normally in the blood of cancer patients. Patients’ blood

was sourced from the Zhongda Hospital Southeast University, and
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the experiment was approved by the Ethics Committee of South-

east University and the volunteers gave their informed consent.

This provides an initial exploration of further applications of NCs in

patients.

In summary, we have designed the fluorescent targeted NCs

for synergistic cancer cell theranostics via shKRAS delivery and

photothermal effects, without introducing exogenous elements.

The biocompatibility and in vivo metabolic safety of the NCs are

more easily understood. Our observations demonstrate that the

as-prepared NCs can readily achieve passive transportation in the

body, while the HA on the surface could actively bind to the sur-

face antigen CD44 of cancer cells. This active and passive mode

of transportation can jointly enhance its drug delivery efficiency

in vivo. This raises the possibility to provide a new platform for

the efficient delivery of shRNA in situ, indicating the relevant po-

tential in medical applications. The multi-modal treatment method

can kill pancreatic cancer cells by 99.9% in vitro. This brings a new

promising way for the treatment of pancreatic cancer by inhibiting

the expression of the KRAS.
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