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MicroRNAs (miRNAs) are emerging as vital biomarkers since
their abnormal expression is associated with various disease
types including cancer. Therefore, it is essential to develop a
sensitive and specific platform to monitor the dynamic expres-
sion of miRNAs for early clinical diagnosis and treatment. In
this study, we designed a functionalized polydopamine
(PDA)-based theranostic nanoprobe for efficient detection of
miRNA-21 and in vivo synergistic cancer therapy. PDA was
modified with polyethylene glycol (PEG) and the obtained
PDA-PEG nanoparticles showed good stability in different so-
lutions. PDA-PEG nanoparticles were loaded with fluorescein
isothiocyanate (FITC)-labeled hairpin DNA (hpDNA) and an
anticancer drug doxorubicin (DOX). In the absence of
miRNA-21, PDA effectively quenched the fluorescence of
FITC-labeled hpDNA. The presence of miRNA-21 specifically
recognized hpDNA and induced the dissociation of hpDNA
from PDA-PEG and subsequently recovered the fluorescence
signals. Upon cellular uptake of these nanoprobes, a dose-
dependent fluorescence activation and synergetic cytotoxic ef-
fect were observed due to the release of DOX and inhibition
of miRNA-21 function. Furthermore, PDA-PEG-DOX-
hpDNA nanoparticles can afford long-term monitoring of
miRNA-21 and combined therapeutic efficacy in the nude
mice bearing 4T1 tumors. Our results demonstrate the capa-
bility of PDA-PEG-DOX-hpDNA as a theranostic nanoprobe
for continuously tracking of miRNAs and synergetic cancer
therapy.

INTRODUCTION
At present, cancer, as one of the main causes of death, is still a
huge challenge to global health care.1–3 Right now, chemotherapy,
radiotherapy, and surgery are still the three main cancer treatment
methods widely used in the clinic.4–8 However, these traditional
treatment approaches are limited to the low effective absorption
of drugs, tumor multidrug resistance, and serious side effects on
normal tissues.9–13 In the past few decades, nanomedicine, which
employs nanoparticles as a versatile platform to load imaging
agents with different types of therapeutic molecules, has realized
image-guided joint cancer therapy with the optimized therapeutic
effect.
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In recent years, polydopamine (PDA) nanoparticles have been exten-
sively studied due to their good surface modification ability and
biocompatibility.14–17 In addition, another prominent feature of
PDA is that its chemical structure contains many functional groups,
such as amine, catechol, or imine.18–21 These functional groups can be
used as carriers to covalently modify with the required target nucleic
acid molecules or anticancer drugs, which will provide great potential
for achieving the combination of chemotherapy and gene therapy in
one nanoparticle system due to its strong biocompatibility.22–25 How-
ever, the use of PDA nanoparticles as nanocarrier for co-loading
chemotherapy drug and hairpin DNA strands (hpDNAs) to realize
the combination of endogenous microRNA (miRNA or miR) detec-
tion and cancer therapy has been less studied to our best knowledge.

miRNA is a class of conserved non-coding RNAs, typically 21–23 nu-
cleotides in length.26 They play an important role in controlling target
gene expression by inducing mRNA degradation or suppressing pro-
tein translation in a sequence-specific manner, thus providing a post-
transcriptional level of gene regulation.27,28 Among the various miR-
NAs, miR-21 is significantly upregulated in a variety of tumors,
including breast cancer, lung cancer, and liver cancer, suggesting
that it may serve as an vital biomarker in tumor progression.29,30

Therefore, the development of a theranostic platform for tracking
intracellular miRNA expression andmodulating its function is critical
to the miRNA-based cancer diagnosis and therapy.

In this study, we designed a PDA-based nanoprobe as amultifunctional
nanocarrier for detecting miRNAs with enhanced therapeutic efficacy
(Figure 1). PDA nanoparticles were synthesized using dopamine hy-
drochloride and functionalized with polyethylene glycol (PEG) to
improve their biocompatibility. Such PDA-PEG nanoparticles (PDA-
PEG NPs) are suitable for subsequent conjugating fluorescent labeled
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Figure 1. Schematic Illustration of the Development of PEG-PDA Nanoparticles with Coloading Dox and FITC-Labeled hpDNA for Imaging of miRNA-21 and

In Vivo Synergistic Cancer Treatment
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hpDNAs on the surface of PDA by p�p interactions and hydrogen
bonding owing to its abundant catechol and amino groups.Meanwhile,
a chemotherapeutic drug doxorubicin (DOX) can be also loaded on
PDA-PEG NPs with high efficiency to generate a theranostic probe
for chemotherapy. In the absence of miR-21, due to the close distance
between PDA NPs and hpDNAs and the excellent fluorescence
quenching effect of PDA, the immobilized hpDNAs maintain fluores-
cence quenching state and have no obvious fluorescence on the nanop-
robe. In contrast, in the presence of miR-21, miR-21 hybridized with
the complementary sequences of hpDNAs, which led to the opening
of hpDNAs and weakened the interaction between hpDNA and
PDA-PEG NPs, causing the dissociation of immobilized hpDNAs
from PDA-PEG NPs and thereafter activating the fluorescence signal
of the nanoprobe. Furthermore, hybridization of miR-21 to PDA-
PEG-DOX-hpDNA results in a loss of miR-21 function that downre-
gulates tumor suppressor genes such as PTEN or PDCD4. Moreover,
the anticancer drug DOX, which is loading in the PDA-PEG NPs, is
released inside cells and induces cytotoxicity. Using this nanoprobe,
we achieved the efficient detection of miR-21 dynamic expression, as
well as combined cancer therapy by inhibiting miR-21 function and
triggering cytotoxicity.

RESULTS AND DISCUSSION
Synthesis andCharacterization of PDA-PEG-DOXNanoparticles

PDAwas synthesized from dopamine hydrochloride according to our
previous protocol.31 Transmission electron microscopy (TEM)
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showed that PDA nanoparticles presented uniform spherical
morphology (Figure 2A), while the average diameter was around
200 nm as revealed by dynamic light scattering (DLS; Figure 2B).
In order to improve the biocompatibility of PDA nanoparticles, we
functionalized PDA with amino PEG at pH 10.0, and the obtained
PDA-PEG NPs showed excellent biocompatibility in different physi-
ological solutions (Figure 2C). Due to PEG coating, the particle size of
PDA-PEG NPs became a little larger compared to PDA (Figure 2B).
However, the spectrum absorption characteristics from ultraviolet to
near infrared in PDA-PEG solution is similar to that in PDA
(Figure 2D).

To test the ability of PDA-PEG to load therapeutic agent, we loaded
chemotherapy drug DOX on the surface of PDA-PEG via hydropho-
bic interaction and p-p stacking. As shown in Figure 3A, the hydro-
dynamic size of PDA-PEG NPs increased after drug loading, indi-
cating that DOX was successfully loaded on the surface of PDA-
PEG to form the PDA-PEG-DOX nanocomposites. Moreover, the
zeta potential increased from �34.4 mV to �17.5 mV (Figure S1A).
The characteristic absorption peaks appeared in PDA-PEG-DOX so-
lution at 480 nm (Figure S1B), which all proved the successful loading
of DOX. In order to explore the drug loading efficiency, the PDA-
PEG solution was mixed with different dose of DOX at pH 8.0. The
loading ratio of DOX on PDA-PEG NPs was calculated by their
UV-vis-NIR spectrum. As shown in Figure 3B, a new absorption
peak of 480 nm was found on the PDA-PEG adsorption spectrum



Figure 2. Preparation and Characterization of PDA

Nanoparticles

(A) Transmission electron microscope (TEM) images of

PDA nanoparticles. Inset shows a magnified image of a

single PDA nanoparticle. (B) Size distributions of PDA and

PDA-PEG measured with dynamic light scattering (DLS).

(C) Photographs of PDA and PDA-PEG dissolved in

different solutions (H2O, PBS, 1640 medium, and FBS).

(D) UV-vis-NIR spectra measurement of PDA nano-

particles before and after PEGylation.
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after DOX loading, further indicating that DOX was successfully
loaded. DOX loading ratio (DOX:PDA-PEG, w/w) increased with
the increase of DOX amounts (Figure 3C). When the weight ratio
of DOX:PDA-PEG was 2:1, the DOX loading ratio was up to 120%.
So PDA-PEG-DOX with DOX:PDA weight ratio of 2:1 was selected
for our further experiments.

To examine the drug release behavior of PDA-PEG-DOX, we
measured the ultraviolet absorption value of the drug at different
pH (5.7 or 7.4). As shown in Figure 3D, the drug release of PDA-
PEG-DOX was accelerated at a lower pH. When pH was 5.7, DOX
release efficiency could reach 55% at 72 h. When pH was 7.4, DOX
release efficiency was less than 15%. This may be due to the proton-
ation of the amino group in the DOX molecule, which makes DOX
positively charged and thus enhances hydrophilicity to induce DOX
release.

Preparation and Characterization of PDA-PEG-DOX-hpDNA

Nanoparticles

To detect miRNAs in living cells, we synthesized a PDA-PEG-DOX-
hpDNA nano-drug delivery system. PDA-PEG NPs were used as the
quenching agent to quench the fluorescence of hpDNA/fluorescein
isothiocyanate (FITC), which specifically recognize miR-21. When
endogenous miR-21 is present, FITC-labeled hpDNAs bind to miR-
21 and detach from PDA-PEG to generate fluorescence. First, we
examined the quenching efficiency of PDA-PEG on DOX. As shown
in Figure 4A, DOX exhibited a maximum fluorescence peak at
600 nm. The addition of PDA-PEG reduced the fluorescence intensity
of DOX, which was the result of loading DOX onto PDA-PEG NPs.
Increasing the concentration of PDA-PEG with DOX at a fixed con-
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centration (50 mg/mL) led to the gradual
decrease of fluorescence intensity, indicating
that DOX was successfully loaded onto PDA-
PEG to form PDA-PEG-DOX nanoparticles.
To evaluate quenching efficiency of PDA-PEG
on hpDNA, we incubated different concentra-
tions (0, 10, 20, 30, 40, 100, 200 mg/mL) of
PDA-PEG NPs with fixed hpDNAs. The FITC
fluorescence intensity of hpDNAs decreased
with the increased dose of PDA-PEG (Figure 4B;
Figure S2A). When the concentration of
quenching agent was 24 mg/mL, more than
83% of fluorescence signal was quenched. Similarly, PDA-PEG-
DOX nanoparticles also exhibited the effective fluorescence quench-
ing efficiency when incubated with hpDNAs (Figure S2B). To validate
the universality of PDA-PEG as quenching agent, we loaded Cy5-
labeled hpDNA that specifically target miR-21 on PDA-PEG. We
observed that PDA-PEG can efficiently quench more than 70% o
Cy5 fluorescence, indicating that the quenching ability of PDA-
PEG is independent of the fluorescent dye labeled (Figure 4C).

The PDA-PEG-hpDNA/FITC NPs was then tested for its ability to
detect exogenous miR-21 in vitro. Although PDA-PEG-hpDNA
was quenched in the absence of target miRNAs, the fluorescence
recovered in the presence of perfectly complementary targeted miR-
NAs. With the increased concentration of miR-21 from 1 nM to
50 nM, the fluorescence intensity of PDA-PEG-hpDNA increased
in a dose-dependent manner (Figure 4D). In contrast, no significan
fluorescence recovery of PDA-PEG-hpDNA was detected in the pres-
ence of negative control miR-124a, confirming the binding specificity
of miR-21 to PDA-PEG-hpDNA. We then evaluated the stability o
the PDA-PEG-hpDNA by incubation in PBS buffer, Opti-MEM me-
dium, and FBS solution for 4 days. During incubation, fluorescence
recovery of PDA-PEG-hpDNA occurred only in the presence of exog-
enous miR-21 (Figure S3).

The Specificity of miR-21 Recognition by PDA-PEG-hpDNA in

Cells

To evaluate the theranostic potential of PDA-PEG-hpDNA in cancer
cells, we selected 4T1, A549, P19, and 7901 cell lines with highmiR-21
expression and MCF-10a, 293, and C2C12 cell lines with low miR-21
expression. PDA-PEG-hpDNA nanoparticles were introduced into
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Figure 3. DOX Loading on PDA-PEG

(A) Size distributions of PDA, PDA-PEG, and PDA-PEG-DOX measured with DLS. (B) UV-vis-NIR absorbance spectra of PDA-PEG and PDA-PEG-DOX obtained at different

PDA:DOX feeding ratios. (C) Quantification of DOX loading at different feeding amounts of DOX. (D) The drug release from PDA-PEG-DOX in PBS under different pH values.
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MCF-10a, 293, and C2C12 cells. In the absence of exogenous miR-21,
PDA-PEG-hpDNA was still in the quenching state. As shown in Fig-
ure S4, all these three normal cells did not restore the fluorescence of
nanoprobe effectively, suggesting that the low expression level of
endogenous miR-21 could not bind to the hpDNAs and trigger the
dissociation of hpDNAs from PDA NPs. In contrast, in the presence
of exogenous miR-21 mimics, the fluorescence intensity was gradu-
ally enhanced as the concentration of exogenous miR-21 increased
inMCF-10a cells (Figure 5A). miR-124a, which is expressed only dur-
ing neurogenesis, did not lead to the fluorescence recovery. To detect
endogenous miR-21 expression in 4T1 cells, we incubated different
concentrations of PDA-PEG-hpDNA nanoparticles with 4T1 cells
where miR-21 was highly expressed. With the concentration of
PDA-PEG-hpDNA increased, FITC fluorescence intensity increased
in a dose-dependent manner (Figure 5B). In contrast, PDA-PEG-
hpDNA-Ctrl nanoparticles, which immobilized FITC-labeled control
hpDNA with random sequences, did not result in significant increase
of fluorescence intensity. In addition, we observed the similar increase
trend of fluorescence in P19, A549, and 7901 cells after introduction
with PDA-PEG-hpDNA nanoparticles (Figure 5C). Confocal micro-
scopy was performed to further evaluate the fluorescence recovery of
PDA-PEG-hpDNA nanoprobe in the present of endogenous miR-21
in 4T1 cells (Figure 5D). It was found that the cytoplasm exhibited
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green FITC fluorescence and the nucleus presented blue 40,6-diami-
dino-2-phenylindole (DAPI) fluorescence, suggesting the effective
uptake of PDA-PEG-hpDNA/FITC nanoparticles by the cells and
the effective restore of fluorescence activity. However, the control
nanoprobe PDA-PEG-hpDNA-ctrl did not exhibit any FITC signal.
Taken together, these results confirmed the high specificity of miR-
21 recognition by PDA-PEG-hpDNA.

In Vitro Synergistic Therapy in Cells with PDA-PEG-DOX-hpDNA

NPs

In view of the excellent performance of PDA-PEG-hpDNA in intra-
cellular uptake, we next want to study the potential toxicity of PDA-
PEG-hpDNA in various cancer cells. As shown in Figure 6A, PDA-
PEG NPs exhibited no significant toxicity in 4T1 cells even at high
concentrations (500 mg mL-1), indicating good biocompatibility of
PDA-PEG. The similar results were also observed in P19, A549,
and 7901 cells after treatment with PDA-PEG NPs (Figure S5).
PDA-PEG-hpDNA induced a slight cytotoxicity in 4T1 cells, which
may be owing to the inhibition of endogenous miR-21 function via
hybridization of miR-21 to hpDNA (Figure 6B). 4T1 or 7901 cells
were then incubated with different concentrations of free DOX,
PDA-PEG-DOX, and PDA-PEG-DOX-hpDNA for 48 h (Figures
6C and 6D). The results showed that free DOX was the most toxic,



Figure 4. Characterization of PDA-PEG-DOX-hpDNA

(A) Loading of DOX on the surface of PDA-PEG and resultant decrease in the fluorescence intensity of DOX. (B) Quenching efficiency of FITC-hpDNA by PDA-PEG NPs

in vitro. The FITC fluorescence intensity of hairpin DNA decreased in a quencher concentration-dependent manner. Insert shows that the FITC fluorescence intensity of

hairpin DNA decreased in a more detailed quenching concentration gradient. (C) The universality of PDA-PEG nanoparticles for fluorescence quenching. The PDA-PEG NPs

can effectively quench Cy5 and FITC fluorescence. (D) Target miR-21 binding specificity of PDA-PEG-hpDNA/FITC NPs in vitro. The fluorescence intensity of PDA-PEG-

hpDNA/FITC NPs increased in proportion to the concentration of exogenous miR-21. Data are represented as means ± standard deviations of triplicate samples (*p < 0.05,

**p < 0.01, ***p < 0.001).
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inhibited the cell growth of 4T1 and 7901 cells in a concentration-
dependent manner, suggesting no specific toxicity of DOX. PDA-
PEG-DOX exhibited weaker toxicity than free DOX did, this may
be due to the gradual release of DOX from PDA-PEG-DOX under
acidic conditions. We also observed the similar phenomena in P19
and A549 cells (Figure S6). However, the PDA-PEG-DOX-hpDNA
nanoprobe presented synergistic inhibition effect compared with sin-
gle-agent treatment with PDA-PEG-DOX (Figures 6C and 6D).
These results suggest that the theranostic nanoprobe based on
PDA-PEG-DOX-hpDNA nanocomposite material showed a syner-
gistic effect in killing tumor cells.

In Vivo Imaging of miR-21 and Combined Therapy Using PDA-

PEG-DOX-hpDNA

In order to evaluate the performance of the PDA-PEG-DOX-hpDNA
nanoprobe for in vivo miRNA detection, 4T1 xenografted tumor
models were established by subcutaneously injecting 5� 106 4T1 cells
into the right flank of nude mice. PDA-PEG-DOX-hpDNA nanop-
robes were injected into mice via tail vein. Fluorescence changes in tu-
mor sites of the nude mice were detected at 0, 1, 3, and 5 days. As
shown in Figure 7A, the FITC fluorescence signal in the right buttock
of nude mice clearly increased over time, which is due to the high
expression of endogenous miR-21 that detached the FITC-hpDNAs
from PDA-PEG-DOX-hpDNA NPs through the specific hybridiza-
tion between NPs and miR-21 in 4T1 cells. The in vivo fluorescence
activity of PDA-PEG-DOX-hpDNA NPs demonstrated the excellent
tumor diagnosis ability of our nanoprobes to monitor the dynamic
expression of endogenous miR-21 in a real-time manner.

Due to the great combined therapy efficiency of PDA-PEG-DOX-
hpDNA in vitro, we next evaluated the in vivo performance of our
nanoprobe as a theranostic probe to achieve synergistic chemo-
therapy and gene therapy. The 4T1 xenografted tumor models were
randomly divided into 4 groups and received the following different
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 31
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Figure 5. Target miR-21 Specificity of PDA-PEG-DOX-hpDNA NPs in Various Cells

(A) MCF-10A cells transfected with different concentrations of miR-21 mimics were co-incubated with PDA-PEG-hpDNA NPs for 24 h. Then the fluorescence intensity was

measured. miR-124a was selected as the negative control. (B) Specificity of PDA-PEG-hpDNA for detection of endogenous miR-21 in 4T1 cells. The endogenous miR-21 in

4T1 cells was specifically hybridized with PDA-PEG-hpDNA and its fluorescence intensity was found to increase in a dose-dependent manner. Target specificity was further

confirmed by PDA-PEG-hpDNA-Ctrl with disrupted sequences. Data are represented asmeans ± standard deviations of triplicate samples. (C) Fluorescence intensity of P19,

A549, and 7901 cells co-incubated with different concentrations of PDA-PEG-hpDNA NPs. (D) Confocal microscopy images (�800) of 4T1 cells incubated with different

concentrations of PDA-PEG-hpDNA or PDA-PEG-hpDNA-Ctrl. Blue signal indicates DAPI (nucleus: 490 nm) and green signal indicates FITC (excitation/emission: 480/

520 nm).
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treatment: (1) PBS, (2) PDA-PEG-hpDNA, (3) PDA-PEG-DOX, and
(4) PDA-PEG-DOX-hpDNA. As shown in Figure 7B, compared with
control mice treated with PBS, the tumor growth rate in mice
receiving PDA-PEG-hpDNA treatment was slightly reduced. In
contrast, the PDA-PEG-DOX-hpDNA group showed more effective
inhibition of tumor growth than PDA-PEG-DOX or PDA-PEG-
hpDNA treated mice, indicating the remarkable synergistic effect of
PDA-PEG-DOX-hpDNA nanoprobes in combination therapy. The
tumor sizes further confirmed the treatment effect of different groups
(Figure 7C). However, the body weight of the mice with different
treatments was monitored and exhibited no obvious change during
the process, indicating that the in vivo toxicity were negligible
(Figure 7D).

In addition, we further detected the fluorescence signals in the main
organs and tumors from different treatment groups using the IVIS
imaging system. The results demonstrated that the tumors from
PDA-PEG-hpDNA and PDA-PEG-DOX-hpDNA group exhibited
32 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
obvious fluorescence enhancement, implying the effective delivery
of nanoprobes into 4T1 tumors and target recognition of endogenous
miR-21 (Figure 8A). Meanwhile, the livers also showed certain fluo-
rescence signals since they were the main metabolic detoxification or-
gans. To further investigate the potential toxicity of PDA-PEG-DOX-
hpDNA, we performed hematoxylin and eosin (H&E) staining to
analyze the main organs of mice in the different treatment groups.
No obvious morphological changes were observed in the main organs
(heart, liver, spleen, lung, and kidney) collected from the nanoprobe
treatment group, indicating that the nanoparticles had good biolog-
ical safety (Figure 8B). However, the H&E staining results from tumor
sections demonstrated that partial tumor damages were found inmice
after treatment with PDA-PEG-DOX or PDA-PEG-DOX-hpDNA
(Figure S7). Of note, tumors receiving PDA-PEG-DOX-hpDNA
showed the severest morphological damage, further confirming the
combined therapeutic efficacy of PDA-PEG-DOX-hpDNA as thera-
nostic agent in cancer treatment. Taken together, these results
demonstrate that the PDA-PEG-DOX-hpDNA nanoprobes enables



Figure 6. In Vitro Cytotoxicity Induced by PDA-PEG-DOX-hpDNA Nanoparticles

(A and B) The cell viabilities of 4T1 cells after being incubated with different concentrations of (A) PDA-PEG or (B) PDA-PEG-hpDNA for 24 h. (C and D) The relative cell

viabilities of (C) 4T1 cells or (D) 7901 cells after being incubated with different concentrations of free DOX, PDA-PEG-DOX, or PDA-PEG-DOX-hpDNA (0, 2.5, 5, 10, 20 mg/mL

of DOX) for 48 h.
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effective imaging of miR-21 and synergistic suppression of tumors
in vivo.

Conclusions

In summary, our study proposed a PDA-based theranostic nanop-
robe for efficient imaging of miRNA-21 and in vivo synergetic can-
cer therapy. In this system, PDAs were prepared from dopamine
and modified with PEG under weak alkaline condition. The ob-
tained PDA-PEG NPs have good physiological stability. PDA-PEG
was then used as a carrier for chemotherapy drug DOX loading
with high loading efficiency. In addition, PDA-PEG was employed
as a fluorescence quenching agent to immobilize FITC-labeled
hpDNA for targeted imaging of miR-21 in cancer cells. Our results
demonstrated that PDA-PEG-DOX-hpDNA not only enabled real-
time detect the dynamic expression of specific miRNAs, but also al-
lowed excellent combined cancer therapy in living cells and mice.
Considering that there were no significant side effects on the
main organs of mice, PDA-PEG-DOX-hpDNA may hold great po-
tential as an effective and safe nanoprobe for monitoring other can-
cer-related miRNAs with combined treatment and diagnosis of mul-
tiple cancers.

MATERIALS AND METHODS
Cell Culture

P19, 7901, A549, MCF-10A, 293, and C2C12 cells were cultured in a
standard incubator (5% CO2 atmosphere at 37�C), supplemented
with Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, USA),
10% fetal bovine serum (FBS, Hyclone, USA), and 1% strepto-
mycin/penicillin solution (Hyclone, USA). 4T1 cells were cultured
in 1640 medium (GIBCO, USA) with 10% FBS and 1% antibiotic
solution.

Synthesis and Functionalization of PDA Nanoparticles

PDA nanoparticles were synthesized according to our published pro-
tocols with a little modification.31 In brief, 180 mg of dopamine hy-
drochloride (Aldrich Chemical) was dissolved in 90 mL of deionized
water, and then 760 mL of sodium hydroxide (NaOH, 1 mol L-1) was
added. After magnetic stirring at 50�C for 5 h, the PDA nanoparticles
Molecular Therapy: Nucleic Acids Vol. 22 December 2020 33
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Figure 7. In Vivo Combination Therapy and Fluorescence Imaging Based on PDA-PEG-DOX-hpDNA Nanoprobe

(A) Upper shows in vivo fluorescence imaging of 4T1 xenografted tumor models after i.v. injection of PDA-PEG-hpDNA at day 0, 1, 3, and 5. The blue circle showed the tumor

site. Lower shows the quantification of the fluorescence signals from the region of interest in mice. (B) Tumor growth curves of mice with different treatments given at every

2 days. Each group is as follows: (1) PBS, (2) PDA-PEG-DOX, (3) PDA-PEG-hpDNA, and (4) PDA-PEG-DOX-hpDNA. Doses for each injection: 5 mg kg-1 of DOX. The tumor

volumes were normalized to their initial sizes. (C) The representative images of tumor tissues treated with the different groups. (D) Average body weights of mice after various

treatments indicated in (B).
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were collected by centrifugation at 12,000 � g and then washed with
deionized water until no color remained. The PDA nanoparticles
were then covalently modified by amine-terminated PEG (mPEG-
NH2, 5 kDa). 47 mg of mPEG-NH2 was dissolved in 4 mL of deion-
ized water and then was added into 1 mL of PDA solution (4.667 mg
mL-1) at pH 8.0. The reaction solution was stirred overnight. The ob-
tained PDA-PEG NPs were purified by filtration through 10 kDa
MWCO Amicon filters to remove excess PEG.

Design of hpDNA/FITC and Synthesis of PDA-PEG-hpDNA/FITC

Mature miR-21 and miR-124a mimics were purchased from Shanghai
Generay Biotech. miR-124a was used as a negative control. The se-
quences of the miRNAs are as follows: miR-21, 50-UAG CUU AUC
AGA CUG AUG UUG A-30; miR-124a, 50-UAA GGC ACG CGG
UGA AUG CC-30. A FITC-labeled hpDNA oligo containing miR-21
binding sequence was synthesized. In addition, a control hpDNA that
doesnot containmiR-21binding sequencewas also synthesized.The se-
quences are as follows: hpDNA-miR21, 50-FITC-CCG TTC TAT CAA
CAT CAG TCT GAT AAG CTA TAG AAC GG-30; hpDNA-ctrl: 50-
FITC-CCG TTC TAC CAA CCC GCT AGC TCG GG A CTA TAG
AAC GG-30. PDA-PEG-hpDNA nanoparticles were prepared by im-
34 Molecular Therapy: Nucleic Acids Vol. 22 December 2020
mobilizing fluorescent labeled hpDNAs on the PDA-PEG NPs surface.
Briefly, 500 mL of 100 nMDNA solution wasmixed with the dispersible
nanoparticles of different concentrations and stirred at room tempera-
ture for 1 h. The pellets are redispersed inwater to restore the initial con-
centration of the PDA-PEG NP.

DOX Loading and Release

DOX was purchased from Shanghai Aladdin Bio-Chem Technology.
To load DOX onto PDA-PEG, we mixed 1 mL of PDA-PEG solution
(1 mg mL-1) with different amounts of DOX (0.25–3 mg) in phos-
phate buffer at pH 8.0. The mixture was stirred overnight in the
dark at room temperature. Then the excess DOX was removed by
filtration with 10 kDa MWCO filters. The obtained DOX-loaded
PDA-PEG NPs (PDA-PEG-DOX) were re-suspended in deionized
water and stored at 4�C. The loading efficiency of DOX was measured
by ultraviolet-visible-near infrared spectroscopy (UV-vis-NIR). Fluo-
rescence spectra of free DOX and PDA-PEG-DOX were measured by
F7000 Fluorescence Spectrometer. For DOX releasing measurement,
PDA-PEG-DOX solutions were dialyzed in PBS at pH 5.7 and 7.4 in
37�C water bath. At different time points, DOX released from PDA-
PEG-DOX was collected and measured by UV-vis-NIR spectra.



Figure 8. Ex Vivo Fluorescence Imaging and H&E Staining of Tissues

(A) Fluorescence imaging of major organs and tumor tissues collected from different treatment groups. (B) The representative images for H&E staining of major organs.
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Quenching and Release Assay

To monitor FITC-labeled hpDNAs on the surfaces of PDA-PEG or
PDA-PEG-DOX nanoparticles, we used fluorescence spectrophotom-
eter (Hitachi F7000, Hitachi) for fluorescence measurement. In short,
FITC hpDNAs and PDA-PEG NPs were incubated at room temper-
ature in dark for 1 h to determine the fluorescence intensity of the
mixed solution. Fluorescence signal from free hpDNAs solution
was recorded as reference to calculate the quenching efficiency of
nanoparticles. Subsequently, the nanoprobe carrying the immobilized
FITC-labeled hpDNAs (100 nM) was mixed with miR-21 mimics at
different concentrations (0, 6.25, 12.5, 25, 50, 100, 200 nM) or miR-
124a (50 nM) as a control. The fluorescence intensity in the mixed so-
lution was measured every day to observe the recovery of nanopar-
ticles and to screen out the optimal target concentration. Subse-
quently, PBS solution, opti-MEM solution, and fetal bovine serum
solution with FITC-labeled hpDNAs (100 nM) were added in day
0, 2, and 4 with the optimal concentration of the target miRNAs to
observe the fluorescence change of the nano-probes and evaluate
the stability of the nanoprobes. The recorded fluorescence intensity
was compared with the reference intensity.

Cell Viability Assay and Optical Measurement

4T1, P19, A549, and 7901 cells were seeded into 96-well plates at a den-
sity of 9,000�12,000 cells per well overnight, and then incubated with
different concentrations of free DOX (0, 2.5, 5, 10, and 20 mg/mL),
PDA-PEG (0, 62.5, 125, 250, 500 mg/mL), free hpDNA (0, 6.25, 12.5,
25, 50 nM), and PDA-PEG-DOX, PDA-PEG-DOX-hpDNA (0, 2.5,
5, 10, and 20mg/mL ofDOX) for 48 h in a humidified atmosphere con-
taining 5% CO2 at 37�C. Cell counting kit-8 (CCK-8) assay was then
conducted to determine the relative cell viabilities compared to the un-
treated cells. The optical density was read at 450 nmusing amicroplate
reader (GloMax Discover, Promega, USA).

To evaluate the fluorescence diagnostic potential of nanoprobe, we
selected 4T1, P19, A549, and 7901 cells with high expression of
miR-21 and MCF-10A, 293, C2C12 cells with low expression of
miR-21. All of these cells were pre-cultured in 24-well plates
(50,000 per dish) for 24 h, then incubated with different concentra-
tion of PDA-PEG-hpDNA (0, 6.25, 12.5, 25, 50 nM). The fluorescence
changes caused by intracellular miR-21 were detected by microplate
reader (GloMax Discover, Promega, USA) after incubation for 24 h.

To evaluate the targeting specificity of nanoprobe, we selected 4T1 tu-
mor cells and MCF-10A normal cells. After 24 h of pre-cultured, for
4T1 cells, incubated with different concentration of PDA-PEG-
hpDNA and PDA-PEG-hpDNA-ctrl (0, 6.25, 12.5, 25, and 50 nM).
For MCF-10a cells, PDA-PEG-hpDNA (50 nM) were first added to
incubated 24 h, then exogenous miR-21 (0, 6.25, 12.5, 25, and
50 nM) and miR-124a (50 nM) were added, and fluorescence changes
were detected by microplate reader (GloMax Discover, Promega,
USA) after incubation for 24 h.
In Vitro Confocal Fluorescence

4T1 cells seeded into confocal dish (30,000 per dish) were incubated
with PDA-PEG-hpDNA/FITC or PDA-PEG-hpDNA-Ctrl (50 nM of
hpDNA) for 24 h. Subsequently, the cells were washed with PBS for
three times and stainedwithDAPI to label cell nucleus and then imaged
by a laser scanning confocal fluorescence microscope (Olympus).
Animal Model

The animal studies were conducted with the Guidance for the Care
and Use of Laboratory Animals approved by Xidian University. Fe-
male BALB/c-nu mice were purchased from Beijing HFK Bioscience.
5 � 106 4T1 cells suspended in 150 mL of PBS solution were subcuta-
neously injected into the right buttock of each mouse. The mice were
used for imaging and treatment when the tumor volume reached
z100 mm3.
In Vivo Imaging and Combined Therapy

For in vivo imaging study, when the tumor volume of mice reached
100 mm3, one group of mice (n = 5) were intravenously (i.v.) received
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with PDA-PEG-hpDNA/FITC nanoparticles (4 mg/kg of PDA-PEG
per mouse), the other group of mice (n = 5) were injected with PBS
and used as control. For imaging experiment, mice were anesthetized
with 1.5% isoflurane in O2 gas at a flow rate of 1 L/min. In vivo fluo-
rescence imaging was conducted using a blue filter (Ex: 480 nm, Em:
520 nm). The mice were scanned using the IVIS spectrum imaging
system (Caliper Life Sciences, MA, USA).

For combined therapy, mice bearing 4T1 tumor model were
randomly divided into four groups (n = 6) for different treatments
including: PBS, PDA-PEG-hpDNA, PDA-PEG-DOX (5 mg kg-1 of
DOX), and PDA-PEG-DOX-hpDNA (5 mg kg-1 of DOX). The above
agents were i.v. injected into xenograft mice every 2 days. The tumor
volume was calculated according to the formula: (width)2 *length/2.
The length and width of the tumor diameter were measured by digital
caliper every other day.

Statistical Analysis

All data are presented as mean standard deviation unless otherwise
stated. Student’s t test was used for statistical analysis. p value <0.05
was considered statistically significant.
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