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ABSTRACT: Theranostic agents for magnetic resonance imaging (MRI) guided
photothermal therapy have attracted intensive interest in cancer diagnosis and
treatment. However, the development of biocompatible theranostic agents with
high photothermal conversion efficiency and good MRI contrast effect remains a
challenge. Herein, PEGylated Mn2+-chelated polydopamine (PMPDA) nano-
particles were successfully developed as novel theranostic agents for simultaneous
MRI signal enhancement and photothermal ablation of cancer cells, based on
intrinsic manganese-chelating properties and strong near-infrared absorption of
polydopamine nanomaterials. The obtained PMPDA nanoparticles showed
significant MRI signal enhancement for both in vitro and in vivo imaging. Highly
effective photothermal ablation of HeLa cells exposed to PMPDA nanoparticles
was then achieved upon laser irradiation for 10 min. Furthermore, the excellent
biocompatibility of PMPDA nanoparticles, because of the use of Mn2+ ions as
diagnostic agents and biocompatible polydopamine as photothermal agents, was
confirmed by a standard MTT assay. Therefore, the developed PMPDA nanoparticles could be used as a promising theranostic
agent for MRI-guided photothermal therapy of cancer cells.
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1. INTRODUCTION

Theranostic agents, consisting of diagnostic components and
therapeutic components, have attracted intensive interest in the
past decade. Diagnostic components can improve the knowl-
edge of a disease state while therapeutic components improve
the outcome of a disease state, and nanoparticles are good
carriers for imaging and therapeutic components because of
their intense and stable output, large payload delivery, and
strong target binding via multiple ligands.1 With the integration
of contrast and therapeutic agents into a single nanoparticle,
not only the location and size of diseased tissues can be easily
detected before therapy but also the treatment procedure can
be effectively monitored during therapy.2 Several kinds of
multifunctional nanocomposites as theranostic agents have
been developed to more effectively conquer diseases and
minimize side effect, such as FeCo/graphitic carbon, graphene
oxide−Fe3O4, Fe3O4@Au, and gold-nanoshelled microcap-
sules.2−5 These theranostic agents have shown great potential
applications in cancer diagnosis and therapy.

Among numerous theranostic agents, nanocomposites for
the integration of magnetic resonance imaging (MRI) and
photothermal therapy (PTT) are quite fascinating. PTT is a
new noninvasive treatment technique, which employs photo-
absorbers to convert light energy into thermal energy to “heat”
tumor cells.6 Magnetic resonance imaging, as the preferred
imagery technique in clinical practice, can provide excellent
soft-tissue morphological details and functional information on
lesions with high spatial resolution.7 Besides, MRI can also
estimate real-time temperature changes of cancer tissues during
PTT procedure.8 Therefore, it is essential to combine these two
techniques together for cancer treatment. However, the design
of theranostic agents for MRI-guided phototherapy remains a
challenge. The majority of currently used therapeutic
components are inorganic nanomaterials, such as Au nano-
shells, Au nanorods, graphene oxide, and CuS nanoparticles,9
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which are usually nonbiodegradable and remain in the body for
long periods of time, raising the concerns of potential long-term
toxicity.10 On the other hand, although paramagnetic Gd
chelates, manganese complexes, and superparamagnetic iron
oxide nanoparticles have been reported as MRI agents, the
study of manganese-enhanced MRI contrast agents, which have
lower intrinsic toxicity than Gd3+, has lagged far behind.11

Compared with Gd-based agents that were recently involved in
nephrogenic systemic fibrosis (NSF), Mn-based contrast agents
often suffer from lower relaxivity coefficient.12 And for T1 MRI
contra s t agents , ex t r ins i c che la tors l ike DTPA
(diethylenetriaminepentaacetic acid) or DOTA (1,4,7,10-
tetraazacyclododecane-N,N′,N,N′-tetraacetic acid) are often
needed to chelate Gd3+ or Mn2+ ions.13 Very recently, Mn3+

incorporated porphysome as a new theranostic agent for the
combination of manganese-enhanced MRI diagnosis and
photothermal therapy has been reported,14 but its relaxivity
coefficient (1.2 mM−1 s−1) is relatively low. Therefore, more
attention should be paid to the design of novel theranostic
agents with excellent biocompatibility, high photothermal
conversion efficiency, and good MRI contrast effect.
Polydopamine (PDA), a major pigment of naturally

occurring melanin (eumelanin),15 has recently been reported
as a photothermal agent because of good biocompatibility in
vivo, high photothermal conversion efficiency (up to 40%), and
strong optical absorbance in the near-infrared (NIR, wave-
length = 700−1100 nm) region, where the absorption of body
tissues is minimal and the penetration is optimal.16,17 Chen and
co-workers designed Fe3O4@PDA core−shell nanocomposites
for multimodal imaging-guided photothermal therapy.18 In
addition, rich functional groups (i.e., catechol, carboxyl, and
amino) in PDA or natural melanin endow their ability of
directly cheating various metal ions including Fe3+, Cu2+, Ti4+,
and Mn2+ ions.15,19 Despite melanin-based materials complexed
with Gd3+ or Fe3+ ions have been reported as MRI contrast
agents,20,21 the trial of Mn2+-chelated polydopamine nano-
particles as alone contrast agents or theranostic agents has not
been reported so far.
In this article, we demonstrate, for the first time, that

PEGylated Mn2+-chelated polydopamine nanoparticles (de-
noted as PMPDA NPs) can serve as a novel theranostic agent
for simultaneous magnetic resonance (MR) imaging and
photothermal therapy of cancer cells. Compared with other
theranostic agents,22−24 PEGylated Mn2+-chelated polydop-
amine nanoparticles as novel theranostic agents have several
advantages: (1) No extrinsic chelators were needed to chelate
Mn2+ ions because of intrinsic chelating properties of
polydopamine nanomaterials. (2) By employment of Mn2+

ions as diagnostic agents and biocompatible polydopamine as
photothermal agents, the PMPDA nanoparticles have low
toxicity. (3) The fabrication procedure was very simple and safe
without the requirement of high temperature or toxic reagents.
These features ensure that PMPDA nanoparticles are more
competitive than other theranostic agents for MRI-guided
phototherapy.22−24

2. EXPERIMENTAL SECTION
2.1. Materials. Dopamine hydrochloride (98%) was supplied by

Sigma-Aldrich (USA). Thiol−polyethylene glycol (SH-PEG, molecular
weight 2000 Da) was purchased from Shanghai Yarebio, Co., Ltd.
(China). MnSO4·H2O (analytical reagent), ethanol (analytical
reagent), and NH3·H2O (28−30%) were all obtained from Sinopharm

Chemical Reagent Co., Ltd. (China). Deionized water in the
experiments was obtained by using a Milli-Q water system.

2.2. Synthesis of PDA Nanoparticles. The preparation of PDA
nanoparticles with average diameter of 160 nm was according to the
previous literature.17 Typically, 1 mL of ammonia aqueous solution
was mixed with 20 mL of ethanol and 45 mL of deionized water for 20
min under stirring at 30 °C. Then, 5 mL of dopamine hydrochloride
solution (50 mg/mL) was quickly added into the above mixture
solution. In 1 min, the color of solution turned to pale yellow. After
vigorous stirring for 24 h, the resulting solution became dark brown.
At last, PDA nanoparticles were obtained by centrifugation and
washed with deionized water three times. For the synthesis of 70 and
300 nm PDA nanoparticles, the amount of ammonia aqueous solution
was adjusted to 1.5 and 0.5 mL, respectively.

2.3. Preparation of Mn2+−PDA Nanoparticles. The preparation
of Mn2+−PDA nanoparticles was as follows. An amount of 1 mL of
MnSO4·H2O solution (0.12 M) was added to 40 mL of PDA
nanoparticles suspension (1 mg mL−1). After vigorous stirring for 3 h,
the Mn2+−PDA nanoparticles were obtained by centrifugation and
washed with deionized water at least five times to completely remove
the residual Mn2+.

2.4. Surface Modification of Mn2+−PDA Nanoparticles by
SH-PEG Molecules. For PEG modification, 100 mg of thiol−
polyethylene glycol (SH-PEG) was added to 40 mL of Mn2+−PDA
nanoparticles suspensions (1 mg mL−1). After stirring for 5 min, 0.2
mL of NH3·H2O (28−30%) was then added to the above solution.
After vigorous stirring for another 1 h, the PEGylated Mn2+−PDA
nanoparticles were obtained by centrifugation and washed with
deionized water three times.

2.5. Characterization of PMPDA Nanoparticles. The morphol-
ogy of PMPDA nanoparticles was observed using transmission
electron microscope (TEM, JEOL JEM-2100) and scanning electron
microscope (SEM, FEI Quanta 200F). The ζ potentials of the
nanoparticles at different fabrication stages were measured using a
PALS/90Plus instrument (Brookhaven Instruments Co., U.S.A). The
optical spectra of PMPDA nanoparticles were acquired by the
Shimadzu UV-2550 spectrophotometer. The FTIR spectra of
nanoparticles were performed using a Varian 3000 FTIR in the
range from 400 to 4000 cm−1. The manganese concentration of
PMPDA nanoparticles was determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES). The release of Mn2+ ions
from PMPDA nanoparticles was conducted by incubating PMPDA
nanoparticles in PBS solution (pH = 7.4). The PMPDA suspensions
were placed in a dialysis bag and then were dialyzed against 30 mL of
PBS. At a certain time, the concentration of Mn2+ ions was measured
by ICP-AES.

2.6. In Vitro and in Vivo MR Imaging. T1-weighed imaging in
vitro of PMPDA suspensions was conducted under a 9.4 T MRI
scanner (Bruker Avance II 500WB, Germany). The PMPDA
nanoparticles were dispersed in aqueous solution with Mn2+

concentrations from 0.025 to 0.36 mM. Pure water was used as
negative control. The parameters were as follows: TR/TE = 1000/8.5
ms, flip angle = 180°, slice thickness = 1.5 mm. The relaxivity
coefficients of PMPDA nanoparticles with the same concentration
were also measured under a 1.5 T MRI sanner (HT-MRSI65-35,
China). For in vivo MR imaging, nude mouse bearing 4T1 tumor was
used as a model. An amount of 0.1 mL of PMPDA suspension (5 mg/
mL) was injected into nude mouse through intravenous tail injection.
T1-weighed images were acquired with the 9.4 T MRI scanner (Bruker
Avance II 500WB, Germany) at different time periods. The parameters
were as follows: FOV = 160 mm, slice thickness = 1 mm.

2.7. Cytotoxicity Assay. MTT assay was applied to evaluate
cytotoxicity using human umbilical vein endothelial cells (HUVECs)
as a model. The cells were seeded in 96-well plate at a density of 1 ×
104 cells per well for 24 h, followed by another 24 h incubation in fresh
medium containing PMPDA nanoparticles with different concen-
trations (0, 10, 20, 40, 80, 160, 320 μg mL−1). MTT was added to each
well at a final concentration of 1 mg/mL, and the plate was incubated
for 4 h at 37 °C to allow the formation of formazan dye. The formazan
product was then dissolved in DMSO, and the absorbance of the
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solution was measured at 570 nm with a microplate reader (Infinite
200 NanoQuant, TECAN).
2.8. Measurement of Photothermal Effect. To study the

photothermal effect, an amount of 3 mL of PMPDA nanoparticles with
different concentrations (0−400 μg/mL) was suspended in quartz well
and was exposed to an 808 nm laser with an output power of 2 W for
10 min. The temperature of the solutions was measured by a digital
thermometer with a thermocouple probe every 10 s. For PDA and
Mn2+−PDA nanoparticles, the same procedure was conducted to
evaluate their photothermal effects.
2.9. In Vitro Photothermal Ablation of HeLa Cells. HeLa cells

were incubated with 100 μg/mL PMPDA dispersions for 4 h in a six-
well plate and then irradiated by a NIR laser (808 nm, 6 W cm−2) for
10 min. After the treatment, calcein AM was used to stain HeLa cells
for visualization of living cells. The digital images of cells were then
obtained by a fluorescence microscope.
To quantitatively evaluate the photothermal cytotoxicity of PMPDA

NPs, a standard MTT assay was conducted as described above with
minor modification. Briefly, after treatment with PMPDA nano-
particles (0, 10, 20, 40, 80, 160 μg mL−1) for 4 h, cells were irradiated
by using a NIR laser (808 nm, 6 W cm−2) for 10 min. The cell
viabilities were determined by a standard MTT assay.

3. RESULTS AND DISCUSSION
3.1. Synthesis and Characterization of PEGylated

Mn2+−PDA Nanoparticles. The synthetic procedure of
PMPDA NPs is illustrated in Figure 1. PDA nanoparticles

were first synthesized via the polymerization of dopamine
under alkaline environment.25 The diameter of PDA nano-
particles can be easily tuned from 70 to 300 nm by changing
the amounts of ammonium hydroxide (Figure S1c and Figure
S1d). PDA nanoparticles with an average diameter of 160 nm
were used for further experiments in this work. Then, MnSO4
solution was mixed with PDA nanoparticles suspension,
forming intrinsically Mn2+-chelated nanoparticles without the
assistance of any extrinsic chelators. The stable chelating was
mainly derived from the coordination effect between Mn2+ ions
and catechol or carboxyl groups in PDA nanoparticles.26 To
further increase the blood circulation time and biocompatibility,
the surface of Mn2+−PDA NPs was modified by thiol−
polyethylene glycol (SH-PEG) molecules. The binding
between thiol groups and the surface of PDA NPs is a covalent
bond. At weak alkaline conditions, catechol groups in PDA
equilibrate to o-quinones that are extremely reactive to thiols
via Michael addition.27,28 Typical SEM and TEM images
(Figure 2a and Figure 2b) revealed that the obtained
PEGylated Mn2+−PDA nanoparticles were spherical and had
an average diameter of 160 nm with a narrow size distribution,
and the PDA or Mn2+−PDA nanoparticles had the same
morphology and size (Figure S1a and Figure S1b). This
showed that the chelation of Mn2+ ions or SH-PEG
modification would not change the morphology and size of
PDA nanoparticles. Dynamic light scattering (DLS) data
revealed that the hydrodynamic sizes of PDA, Mn2+−PDA,
PMPDA were 230.4 ± 3.8, 219.6 ± 3.2, 228.8 ± 4.7 nm,

respectively. These values are larger than the average diameters
determined by TEM. This is because the morphology of
nanoparticles observed using TEM was obtained in dry and
high vacuum environment while the hydrodynamic diameter is
the sum of the core size and the thickness of surrounded water
molecules.29,30

Unlike natural melanin, small PDA nanoparticles were highly
dispersible and stable in both water and blood serum solution
as previously reported.17 The reason may be partly attributed to
their high ζ potential. The ζ potential of pristine PDA
nanoparticles was −12.04 ± 1.4 mV, due to the functional
catechol groups. After mixing with positive Mn2+ ions, the
surface charge changed to −5.20 ± 3.28 mV, indicating that
Mn2+ ions were successfully chelated by PDA nanoparticles.
When the surface of Mn2+−PDA was further modified by
highly negative SH-PEG, the surface charge was −27.43 ± 1.73
mV, which is high enough to ensure excellent colloidal stability.
The change of ζ potential upon the binding of SH-PEG was
similar to that of previously reported iron oxide nanoparticles
modified by SH-PEG.31

Fourier transform infrared (FTIR) spectra were also
conducted to confirm the binding of SH-PEG on the surface
of PMPDA NPs. As shown in Figure S2, the characteristic
peaks of SH-PEG at 2924 cm−1, 2870 cm−1 (alkyl C−H
stretching), and 1134 cm−1 (C−O−C stretching) were
observed for PMPDA nanoparticles.17,32 The bands of PDA
nanoparticles appearing at 1509, 1599, and 3250 cm−1 were
ascribed to the N−H bending vibrations, CC resonance
vibrations in the aromatic ring, and N−H/O−H stretching
vibrations, respectively.33,34 In addition, the manganese
concentration as well as the number of Mn2+ ions per
PMPDA nanoparticle was measured by ICP-AES. On the
basis of the assumption that the average diameter of PMPDA
nanoparticles was 160 nm and ICP-AES results, the estimated
number of Mn2+ ions per nanoparticle was 1.22 × 105 by
theoretical calculation, which was about 3−4 times higher than
that of previously reported Gd3+-based theranostic agents (3.5
× 104 Gd3+ per nanoparticle) with the same size.35 The number
of Mn2+ ions per Mn2+−PDA nanoparticle was also calculated
to be 1.24 × 105 with the same method, indicating that the
binding of SH-PEG almost did not displace Mn2+ ions. Further
stability assay of PMPDA showed that only about 8% Mn2+

ions were released from these nanoparticles in PBS after 48 h of
incubation, indicating the stable chelating between Mn2+ ions
and PDA nanoparticles (Figure S5).

3.2. In Vitro and in Vivo MR Imaging. The MRI contrast
between normal and interest tissues, based on the tissue-
dependent distributions of water molecules, can be increased by
administration of a contrast agent before imaging.36 To
demonstrate the potential use of PMPDA nanoparticles as a
novel MRI contrast agent, T1-weighed imaging of PMPDA

Figure 1. Schematic illustration of the fabrication of PEGylated
Mn2+−PDA nanoparticles.

Figure 2. SEM image (a) and TEM image (b) of PMPDA NPs
synthesized by the addition of 1 mL of ammonium hydroxide.
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suspensions was conducted under a 9.4 T MRI scanner. As
shown in Figure 3a, the image spots became brighter with the

increase of Mn2+ ion concentration from 0 to 0.36 mM,
indicating the significant increase of the T1 signal intensity. The
longitudinal relaxivity coefficient (r1) of PMPDA NPs was
calculated to be 6.55 mM−1 s−1 (Figure 3b), higher than that of
the commercially available agent Gd-DTPA (3.71 mM−1 s−1 at
9.4 T).37 Meanwhile, the relaxivity coefficients of PMPDA
nanoparticles were also measured under a 1.5 T MRI scanner.
As shown in Figure S6, r1 is up to 38.6 mM−1 s−1, and the
corresponding transverse relaxivity coefficient (r2) was 104.2
mM−1 s−1 at 1.5 T. As expected, the value of r1 increased
rapidly with the decrease of magnetic field strength, and this
phenomenon was similar to some previous reports.38,39 The
significant enhancement in relaxivity for T1-weighed MRI may
be attributed to its characteristic catechol or carboxyl groups,
which enable more water molecules to bond to Mn2+

complex.21 To be addressed, the use of Mn2+ rather than
Gd3+ for MRI signal enhancement can avoid the risk of
nephrogenic systemic fibrosis in clinical practice. The in vivo
MRI experiment was conducted at 9.4 T. The MR images of
mouse bearing 4T1 tumor were acquired before and after the
intravenous tail injection of PMPDA NPs (0.1 mL, 5 mg/mL).
As shown in Figure 4, a detectible T1-weighed contrast

enhancement was observed in the tumor area (marked by
orange circles) 1 h after injection. The enhancement effect was
more obvious at 4 h after injection, and quantitative analysis
indicated that the MR signal intensity in the tumor area at 4 h
was 1.5 times as high as that of preinjection. These results
proved that the obtained PMPDA NPs could be used as
promising contrast agents for MRI application.

3.3. Assement of Photothermal Effect in Vitro.
Nonpolymeric dopamine has no absorption in the NIR region
and cannot be used for photothermal ablation. On the contrary,
an important feature of polydopamine nanomaterials is their
strong optical absorption from ultraviolet (UV) to NIR
regions.15 The vis−NIR spectra of PDA, Mn2+−PDA, and
PMPDA NPs are displayed in Figure 5a. PDA nanoparticles
dispersed in aqueous solution exhibited broad absorption in the
range of 400−900 nm. The molar extinction coefficient of 160
nm PMPDA nanoparticles was as high as 1.24 × 1010 M−1

cm−1. And this value was comparable to that of gold
nanoshell40 (1.4 × 1011 M−1 cm−1 at 800 nm) or gold
nanorods41 (5.24 × 109 M−1 cm−1 at 808 nm). After the
chelation of Mn2+ ions or SH-PEG modification, the optical
absorption had a slight change in the range of 700−900 nm.
Furthermore, the absorbance at 808 nm linearly increased with
the increase of PMPDA concentration in aqueous solution
(Figure S3), also proving that PMPDA NPs dispersed very well
in water. The strong absorbance in the NIR region and good
colloidal stability suggested the potential of PMPDA NPs as a
photothermal agent to convert NIR light energy to heat energy.
To evaluate the photothermal effect induced by NIR

irradiation, different concentrations of PMPDA suspensions
in a quartz well were exposed to an 808 nm laser with an output
power of 2 W for 10 min. Deionized water was used as a
negative control. The temperature elevation during irradiation
is shown in Figure 5b. All the PMPDA samples showed
dramatic temperature elevation, while no significant temper-
ature change was observed for deionized water. After the
irradiation, the temperature of PMPDA suspensions with a
concentration of 100 μg/mL raised from 25.5 to 50.1 °C (an
increase of 24.6 °C), which is sufficient to induce irreversible
cell death.16 Besides, the temperature change of PDA or Mn2+−
PDA suspensions with a concentration of 100 μg/mL was
almost the same as that of PMPDA suspensions (Figure S4)
under the identical condition, coinciding with their almost
equal absorbance at 808 nm. The localized photothermal killing
of cancer cells was further performed. HeLa cells were
incubated with 100 μg/mL PMPDA NP dispersions for 4 h
in a six-well plate and then irradiated using a NIR laser (808
nm, 6 W cm−2) for 10 min. After the treatment, calcein AM was
used to stain HeLa cells for visualization of living cells. As
shown in Figure 6, HeLa cells treated with either PMPDA NPs
alone or laser irradiation alone showed vivid green fluorescence,
indicating no apparent cell death. On the contrary, the laser
illumination zone became dark when HeLa cells were treated
with PMPDA NPs along with laser irradiation, indicating
apparent cell death upon irradiation. The dark region was a
little bigger than the illumination zone because of the effect of
heat transferring to surrounding environment. Then we further
quantitatively evaluated the photothermal cytotoxicity of
PMPDA NPs on HeLa cells using a standard MTT (3-(4, 5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay.
HeLa cells were incubated with different concentration of
PMPDA NPs for 4 h. Upon laser irradiation for 10 min, the cell
viability of HeLa cells significantly decreased with increasing

Figure 3. MRI in vitro assay of PMPDA NPs: (a) T1-weighed images
of water and PMPDA NPs in aqueous solution with Mn2+

concentrations of 0.025, 0.050, 0.10, 0.20, and 0.36 mM; (b)
corresponding T1 relaxation rate of the PMPDA NPs as a function
of Mn2+ concentration.

Figure 4. (a−c) In vivo T1-weighed MR imaging of 4T1 tumor
bearing-mouse at different time after the intravenous tail injection of
PMPDA NPs. The orange circles indicate tumor issues. The big white
spots in the top-left corner are pure water as background. (d)
Corresponding normalized signal intensity of T1-weighted MR signals
from the tumor at different time.
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concentrations of PMPDA NPs, and less than 16% of HeLa
cells remained alive at the concentration of 80 μg/mL (see
Figure 7a). These results proved that PMPDA NPs could be
used as effective photothermal agents for cancer treatment.
3.4. Assement of Cytotoxicity. The ideal theranostic

agents should be nontoxic or have low toxicity for biomedical
applications. To study the potential cytotoxicity of PMPDA

NPs, human umbilical vein endothelial cells (HUVECs) were
used as model cells and a standard MTT assay was also
conducted. Quantitative evaluation results showed that the
cytotoxicity of PMPDA NPs was concentration-dependent, and
more than 95% of HUEVCs remained alive after a 24 h
exposure to PMPDA NPs with concentration as high as 320 μg
mL−1 (Figure 7b), indicating excellent biocompatibility and low
toxicity of PMPDA NPs, which was in accordance with that of
PDA nanoparticles as previously reported.17 At the concen-
tration of 80 μg/mL, about 99% of HUEVCs remained alive
after a 24 h exposure to PMPDA NPs while less than 16% of
HeLa cells remained alive upon laser irradiation for 10 min.
Considering both the treatment of photothermal ablation and
potential cytotoxicity, the optimal concentration for phtother-
mal ablation of HeLa cells should be 80 μg/mL. The excellent
biocompatibility of PMPDA NPs ensures the safety of further
applications in biomedicine field.

4. CONCLUSIONS

In summary, PMPDA nanoparticles have been successfully
developed as novel theranostic agents via introducing Mn2+ and
SH-PEG onto PDA nanoparticles without the assistance of any
extrinsic chelators. The as-prepared PMPDA nanoparticles
show significant MRI signal enhancement for both in vitro and
in vivo imaging because of intrinsic manganese-chelating
properties, and the value of longitudinal relaxivity coefficient
is as high as 6.55 mM−1 s−1 at 9.4 T. In addition, PMPDA
nanoparticles can kill cancer cells effectively because of obvious
photothermal effects. Importantly, the fabrication procedure
was very simple and safe, and the use of Mn2+ ions as contrast

Figure 5. (a) Visible−NIR absorption spectra of PDA NPs, Mn2+−PDA NPs, and PMPDA NPs. (b) Temperature elevation of water and different
concentrations of PMPDA NPs suspensions as a function of irradiation time upon exposure to NIR light.

Figure 6. Fluorescence microscopy images of HeLa cells stained with
calcein AM after different treatments: (a) without laser irradiation or
PMPDA NPs; (b) with 100 μg/mL PMPDA NPs only; (c) with 10
min of laser irradiation only; (d) with both 100 μg/mL PMPDA NPs
and 10 min of laser irradiation. Scale bars are 500 μm.

Figure 7. (a) Cell viability of HeLa cells exposed to different concentrations of PMPDA nanoparticles with laser irradiation for 10 min. (b) Cell
viability of HUVECs exposed to different concentrations of PMPDA nanoparticles for 24 h.
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agents and biodegradable polydopamine as photothermal
agents can decrease the toxicity of PMPDA nanoparticles,
ensuring their superiority over other theranostic agents for
MRI-guided phototherapy. Hence, the biocompatible PMPDA
nanoparticles could be used as promising platforms for MRI-
guided photothermal therapy of cancer cells.
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