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ABSTRACT

Mussel-inspired polydopamine (PDA) has attracted substantial interest in materials synthesis, energy storage, 
environmental governance, and biomedical science since it was first reported in 2007. PDA, owing to its excellent 
biocompatibility and photothermal conversion efficiency (η), has been used in photothermal therapy alone and in 
combination with photodynamic therapy, chemotherapy, radiation therapy, immunotherapy, and gas therapy for 
cancer treatment. This review summarizes the methods for synthesizing structurally diverse PDA-based nanomedicines 
and their applications in cancer therapy, to provide perspectives to guide future studies in cancer treatment.
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1. INTRODUCTION

Despite breakthroughs in medical techniques and 
increased understanding of cancer, malignant tumors 
remain the most lethal of diseases [1, 2]. Traditional ther-
apies for cancer have major limitations including severe 
adverse effects and poor selectivity [3-5]. Recently, with 
the rapid development of biological nanotechnology, 
drug delivery systems based on nanomaterials (i.e., 
nanomedicines) have been widely used in cancer treat-
ment because of their high efficiency, multifunctionality, 
and low adverse effects [6, 7]. Substantial efforts in the 
past few years have focused on nanomedicine design to 
combat cancer [8]. Nanomedicines including liposomes, 
micelles, polymers, carbon, and inorganic nanoparti-
cles as single or multiple drug carriers can accumulate 
in tumor tissues through passive targeting (enhanced 
permeability and retention) and active targeting with 
labeled targets, thus providing various theranostic and 
treatment nanoplatforms [9-11].

Mussel-inspired polydopamine (PDA) was first 
reported by Lee et al. in 2007 [12]. Since then, PDA has 
been used in biomedical science because of its numer-
ous advantages, such as excellent biocompatibility, low 

toxicity, and ease of structural modification [13, 14] PDA 
polymerization shares many common characteristics 
with eumelanin synthesis [15, 16], and its photother-
mal conversion efficiency (η) reaches 40% under light 
irradiation in the near-infrared region [17]. PDA has 
been applied as a hyperthermia agent in photothermal 
therapy (PTT) for cancer [18]. Cancer cells are irrevers-
ibly damaged when the temperature at tumor tissues 
exceeds 42 °C, which can easily be achieved by PDA. PTT 
induces cell apoptosis via cleaving Bid into tBid, regulat-
ing mitochondrial membrane potential, and activating 
the caspase-3 pathway [19, 20]. Notably, PDA has bet-
ter biocompatibility than nanogold and carbon mate-
rials [21, 22]. Owing to its unique physical and chemical 
properties, PDA structure can be controlled through 
template or template-free guidance technology. To 
date, researchers have successfully prepared nanostruc-
tured coatings [23], PDA nanospheres [24], nanobowls 
[25], nanoshells [26], nanocapsules [27], and nanosheets 
[28], among other structures. The diverse structures of 
PDA provide many options for building drug delivery 
systems.

Monotherapy has several limits such as tumor het-
erogeneity and drug resistance, whereas synergistic 
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therapies are recognized to be more effective meas-
ures for cancer treatment [29-31]. In recent years, many 
researchers have reviewed the applications of PDA in 
cancer treatment, but few reviews have focused on the 
structural control of PDA and its advantages in syner-
gistic anticancer therapy. Herein, we summarize mecha-
nisms of PDA formation and morphological regulation, 
and PDA’s applications in synergistic therapies (PTT/
chemotherapy, PPT/CT; PTT/photodynamic therapy, PTT/
PDT; PTT/radiation therapy, PTT/RT; PTT/immunotherapy, 
PTT/IMT; and PTT/gas therapy, PTT/GT). This review aims 
to provide perspectives regarding the design of PDA-
based nanomedicines for cancer treatment (Figure 1).

2. POLYMERIZATION MECHANISM

The polymerization mechanism of PDA is complex, 
and involves extensive covalent bonding, hydrogen-
bonding, and π-π stacking interactions [37-39]. Multiple 
interaction forces endow PDA with excellent stability. 
PDA can dissolve under only strongly alkaline conditions, 
thus enabling PDA to be used as a recyclable hyperther-
mia agent in cancer treatment.

The DA oxidative polymerization mechanism is 
believed to based on the principle of balanced move-
ment. DA monomers are oxidized to DA quinone and 
subsequently undergo intramolecular cyclization via 
1,4 Michael addition. Subsequently, the molecular rear-
rangement 5,6-dihydroxylindole (DHI) reacts with oxi-
dative 5,6-indolequinone and forms dimers and other 
oligomers through a disproportionated reaction [40]. 
PDA composite layers are generated by crosslinking 

reactions between these oligomers [41, 42]. However, 
another commonly believed hypothesis suggests that 
noncovalent interactions, including charge transfer, π-π 
stacking, and hydrogen-bond interactions, contribute to 
the PDA polymerization in addition to covalent bonding. 
In fact, PDA polymerization shares many characteristics 
with the pathway of eumelanin synthesis [43]. Similarly 
to the eumelanin synthesis model, PDA polymerization 
in water can be divided into three pathways. First, DA 
monomers tend to form trimers, and then transform 
into DHI via a cyclization addition reaction. Second, on 
this basis, these DHI structures allowing for further poly-
merization are oxidized and fractured to pyrrolic acid. 
Finally, DA quinone reacts with DHI and generates other 
oligomers (Figure 2).

Despite divergent views regarding the mechanism of 
PDA polymerization, studies have shown that DA mon-
omers are oxidized to DA-quinone in the initial stage 
of the reaction [44]. PDA modification accompanied by 
membrane-like structures indicates that covalent bonds 
play an essential role in PDA formation [45]. Therefore, 
a satisfactory theoretical explanation for PDA polym-
erization is that covalent and noncovalent interactions 
both contribute to this process.

3. SYNTHESIS METHODS AND STRUCTURE 
CONTROL

3.1 Template-free method
Lee et al. first reported a method for PDA preparation 
in alkaline aqueous solutions. PDA, with abundant 
catechol and amine groups, has excellent adhesive 

Figure 1  |  Structurally diverse PDA, and schematic diagram of PDA-mediated synergistic therapies for cancer therapy (PTT/CT, 
reproduced with permission [32], copyright 2021 Royal Society of Chemistry; PTT/PDT, reproduced with permission [33], copy-
right 2019 Wiley-VCH; PTT/RT, reproduced with permission [34], copyright 2019 Elsevier; PTT/IMT, reproduced with permission 
[35], copyright 2019 American Chemical Society; PTT/GT, reproduced with permission [36], copyright 2020 Elsevier).



Acta  
Materia  
MedicaReview Article

Acta Materia Medica 2022, Volume 1, Issue 4, p. 427-444      429 
© 2022 The Authors. Creative Commons Attribution 4.0 International License

properties and can deposit on many types of material 
surfaces [12]. A photograph showing adhesion and the 
mechanism through which mussels attach to commer-
cial polytetrafluoroethylene are shown in Figure  3a. 
PDA can deposit on nitrocellulose film, coins, and three-
dimensional plastic objects (Figure 3b). The thickness 
of the PDA film increases with polymerization time 
(Figure 3c). Similarly to deposition, PDA can also be used 
to coat the surfaces of nanomaterials including nano-
gold, nanoFe3O4, and nanoSiO2, thus forming core/shell 
NPs. These PDA-coated nanoparticles (NPs) can be mod-
ified by secondary reactants when they are placed in a 
solution containing sulfhydryl and amino groups.

Beyond chemical adhesion, mussel-inspired PDA 
enhances the fibroblast cell adhesion of materials. Hsiao 
et  al. have demonstrated that the adhesion of PDA 
to cells depends on the pH of the solution. Positively 
charged materials facilitate bonding with fibronectin 
and laminin on the cell surfaces. The amino groups 
on the surface of PDA are protonated and are posi-
tively charged under acidic conditions. In contrast, the 
adhesion of PDA decreases with the deprotonation of 
amino groups under neutral and alkaline conditions [46, 
47]. More importantly, PDA degrades in solid tumors, 
because the over-expression of lactic acid and hydrogen 
peroxide break the hydrogen bonds and π-π stacking 
interactions in PDA [13].

Despite research advances, the slow polymerization 
rate and unsatisfactory flatness of PDA remain major 

limitations regarding its application. The introduction 
of a suitable light source can promote the polymeriza-
tion of PDA. In 2014, Du et al. reported that PDA poly-
merization is triggered by UV irradiation at 260 nm [48]. 
PDA is similar to eumelanin, and UV-treated samples are 
generally darker than control samples after comparable 
polymerization times. In contrast, when the UV light 
source is removed, the polymerization rate of dopamine 
significantly decreases (Figure 4a–4c). This interesting 
phenomenon has been attributed to the generation 
of reactive oxygen species (ROS). Moreover, UV irradi-
ation not only accelerates the deposition rate of PDA 
coating on materials but also significantly increases the 
secondary modification efficiency [49]. In addition to 
UV light, microwave irradiation can also accelerate the 
deposition rate of PDA, as first demonstrated by Lee’s 
group in 2016 [50]. In that study, DA HCl monomers 
were dissolved in Tris solution (pH 8.5), and then the 
substrates were immersed in the solution. After micro-
wave irradiation (1000 W, 15 min), the thickness of the 
PDA coating increased to ∼18 nm, whereas the coating 
thickness reached ∼1 nm through a conventional coat-
ing (CC) method (Figure 4d–4f). Zhang et al. have used 
CuSO4/H2O2 as a trigger to achieve rapid deposition of 
PDA and have shown that the PDA polymerization rate 
can be adjusted easily by changing the ratio of CuSO4/
H2O2 [51]. The rapid homogeneous nucleation of PDA 
nanoparticles is a key factor in the high uniformity of 
PDA coating (Figure 4g–4i).

Figure 2  |  The polymerization mechanism of PDA.
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3.2 Template-mediated method
Design and control of nanomaterials with various mor-
phology to meet the requirements of drug delivery 
systems and tumor microenvironments are major chal-
lenges. Owing to its strong adhesion, structurally diverse 
PDA has been fabricated by using solid templates (inor-
ganic and polymer colloids) or soft templates (vesicles, 
emulsions, and droplets) via covalent and noncovalent 
interactions.

Hollow-structure nanomaterials with high drug load-
ing efficiency can decrease drugs’ adverse effects and 
inhibit their enzymatic degradation in drug delivery. 
As shown in Figure 5a, Meng et  al. have reported a 
method for preparing hollow PDA by using a mono-
disperse silica nanoparticle (SiO2 NP) template [52]. DA 
monomers polymerized on the outer surfaces of SiO2 
NPs and formed core/shell SiO2@PDA NPs under alkaline 
conditions. The core SiO2 NPs template was then selec-
tively etched by an HF solution to obtain hollow PDA. 
In PDA formation, the non-rigid oligomer structure 
results in molecular folding, which is crucial for sup-
porting template-mediated PDA fabrication. Cui et  al. 
have developed novel dimethyldiethoxysilane emulsion 
droplets with sizes ranging from hundreds of nanome-
ters to several micrometers for PDA capsule fabrication 
[27]. These dimethyldiethoxysilane emulsion droplets 

can be easily removed with ethanol. On the basis of 
TEM images, all PDA capsules were intact and exhibited 
fold characteristics (Figure 5b). The shell thickness of 
PDA capsules (10–140 nm) can be controlled easily by 
adjusting the concentration of DA monomers and the 
number of polymerization cycles. Xue et  al. have syn-
thesized PDA nanotubes by using a solid template com-
prising nanosized and virgulate curcumin crystals [53]. 
In brief, DA monomers and curcumin were dispersed in 
a solution of ethanol/acetone, and a proper quantity 
of water was added. PDA aggregated on the surfaces 
of the water-insoluble curcumin crystal template. After 
the reaction was completed, the curcumin crystal tem-
plate was removed with ethanol (Figure 5c). In general, 
preparing mesoporous structures through template-me-
diated PDA fabrication is difficult because of the high 
cohesive properties and π-π stacking effects. In 2016, Cai 
et al. reported a method to prepare mesoporous PDA 
by using triblock copolymer Pluronic F127 and 1,3,5-tri-
methylbenzene as an organic template, which involved 
π-π stacking and hydrogen-bonding interactions 
between PDA and the organic template (Figure 5d). The 
template was removed by extraction with an ethanol and 
acetone (2:1 v/v) mixture, and the obtained mesoporous 
PDA was globular with nanosized hollow cavities [54]. 
Wu et al. first reported a novel method for preparing 

a

c

b

Figure 3  |  (a) Photograph showing adhesion and the molecular mechanism of a mussel attaching to commercial polytetrafluoro-
ethylene. (b) PDA-coated nitrocellulose film, coin, and three-dimensional plastic object. (c) Schematic diagram of PDA deposition 
and the curve of the changing thickness of PDA deposition. Reproduced with permission [12], copyright 2007 Science.
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PDA nanoparticles with polypeptide micelles as a tem-
plate in 2016. PDA polymerization was investigated 
in a disulfide-bond cross-linked polypeptide micelle 
group and a control group treated with un-cross-linked 
dynamic polypeptide micelles. The core-cross-linked pol-
ypeptide micelles solution (i.e., PPC micelles) triggered 
PDA nanoparticle (PPC@PDA) formation, and the aver-
age diameters could be controlled by the concentration 
of PDA and the reaction time. PDA nanoparticles based 
on the polypeptide micelle template, compared with 
core-hard templates, showed better safety and biolog-
ical compatibility in  vivo (Figure  5e). PDA polymeriza-
tion guided by soft and hard templates all use the same 
technique for template removal. Interestingly, Wei et al. 

have reported a mild, environmentally friendly and 
nanosized gas template (mainly O2 and N2) made by 
mixing water and water-soluble organic solvents [25]. 
PDA nanobowls have been prepared on the basis of the 
template, because the polymerization speed of DA mon-
omers at the solution/air interface is faster than that in 
solution (Figure 5f). This template-mediated method 
provides a new reference for fabrication of structurally 
diverse PDA.

In recent years, with the emergence of two-
dimensional (2D) nanomaterials such as graphene, 
increasing attention has been paid to the possibility of 
2D PDA synthesis. Cai et  al. reported a DNA-inspired 
template to construct 2D PDA under a weak alkaline 

Figure 4  |  (a) Schematic diagram of PDA deposition triggered by UV light. (b) Photographs of PDA solutions over time. 
(c) Changes in the absorbance of PDA solutions under different polymerization conditions (UV irradiation at 254 nm and in 
the dark). Reproduced with permission [48], copyright 2014 Wiley-VCH. (d) Schematic diagram of PDA deposition triggered 
by microwaves. (e) Thickness of CC-pDA and MAC-pDA at different coating times. (f) Absorbance of CC-pDA and MAC-pDA. 
Reproduced with permission [50], copyright 2017 Wiley-VCH. (g) Photographs of PDA formation with different additives. 
(h) Absorbance intensity curve of PDA at 420 nm. (i) Thickness change in PDA deposited on silicon wafers. Reproduced with 
permission [51], copyright 2016 Wiley-VCH.
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solution in 2018. As shown in Figure 5g, the thickness of 
2D PDA was comparable to the distance between adja-
cent nucleotide pairs along the duplex axis of DNA, thus 

indicating that the specific structural complementarity 
of DNA contributed to the nanoplatelet formation via 
lateral packing [55]. In 2019, Zhou et  al. proposed an 

Figure 5  |  (a) Schematic diagram of hollow PDA fabrication based on an SiO2 template, and the corresponding TEM images of 
SiO2 nanospheres, SiO2@PDA, and hollow PDA. Reproduced with permission [52], copyright 2016 American Chemical Society. 
(b) Schematic diagram of hydrophobic-species-mediated formation of PDA capsules by using emulsion templates. Reproduced 
with permission [27], copyright 2010 Wiley-VCH. (c) Illustration of the fabrication process of PDA nanotubes based on cur-
cumin crystals. Reproduced with permission [53], copyright 2016 American Chemical Society. (d) Schematic representation of a 
proposed mechanism for preparation of mesoporous PDA. Reproduced with permission [54], copyright 2016 American Chemical 
Society. (e) PDA nanoparticle formation based on a polypeptide micelle template. Reproduced with permission [56], copy-
right 2016 Royal Society of Chemistry. (f) Schematic diagram of PDA nanobowl fabrication based on a gas-bubble template. 
Reproduced with permission [25], copyright 2021 Elsevier. (g) 2D PDA fabricated on the basis of a DNA template. Reproduced 
with permission [55], copyright 2019 Royal Society of Chemistry.
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easily performed method to prepare Janus 2D PDA with 
an octadecylamine (ODA) template. The ODA formed 
a reactive bilayer template by self-assembly, and after 
reaction was covalently linked with DA monomers. 
Subsequently, PDA oligomers further polymerized on 
the ODA templates [28]. In summary, PDA with ideal 
morphology to serve as drug carriers can be chosen to 
build drug delivery systems according to drug properties 
and the tumor microenvironment.

In general, template-free methods have been used 
to prepare PDA nanoparticles and PDA coatings. The 
nanometric size of PDA nanospheres (or the thickness of 
PDA coating) can be easily controlled by adjusting the 
concentration of DA monomers and the reaction time. 
Moreover, the abundant amino and hydroxyl groups 
on the PDA surface facilitate secondary modification, 
thus providing an ideal delivery platform for molecular 
drugs, such as doxorubicin (DOX), chlorin e6 (Ce6), and 
paclitaxel (PTX). PDA coatings have been designed as 
encapsulation films for mesoporous silicon nanomate-
rials and micro/nano-porous carbon-carrying drugs. The 
stable PDA coating can protect drugs from enzymatic 
hydrolysis in vivo. In contrast to template-free methods, 
template-mediated methods can be used to fabricate 
PDA with desired nanostructures including nanobowls, 
nanocapsules, mesostructures, nanosheets, and nano-
tubes. The drug-loading capacity of these PDA structures 
is higher than that of PDA nanospheres. Furthermore, 
PDA’s unique structures endow it with special functions. 
For example, Janus PDA is a satisfactory drug carrier to 
fabricate nanomotors, and PDA nanosheets have mul-
ticolor imaging ability in cells, thus providing a variety 
of opportunities to synthesize nanomedicines for cancer 
diagnosis and treatment.

4. APPLICATIONS IN CANCER TREATMENT

4.1 PTT monotherapy
DA is the most abundant catecholamine neurotrans-
mitter in the brain. Its polymers (PDA) have excellent 
biocompatibility and been widely used as drug carriers 
in cancer treatment. In 2012, Messersmith’s group first 
used PDA-coated Au nanorods as a hyperthermia agent 
for cancer treatment in vitro, and achieved satisfactory 
treatment results [57]. The strong absorption of PDA in 
the near-infrared region results in a photothermal con-
version rate (η) as high as 40% [58].

In 2013, Lu’s group used dopamine melanin colloidal 
nanospheres (Dpa-melanin CNSs) as a hyperthermia agent 
to achieve tumor growth suppression in tumor-bearing 
mice via intravenous injection (Figure 6a) [59]. In that 
study, Dpa-melanin CNSs were prepared through a 
template-free method in a solution of deionized water 
and ethanol, and ammonium hydroxide was used to 
adjust alkalinity. The Dpa-melanin CNSs redispersed 
well in water and could be stored for serval months 
without further aggregation. The results of η detection 
indicated that the temperature of Dpa-melanin CNS 

aqueous solution (200 μg mL-1) reached 33.6 °C under 
laser irradiation (2 W cm-2) for 500 s, whereas that of 
the control increased by only 3.2 °C (Figure 6b and 6c). 
According to the natural cooling temperature change in 
Dpa-melanin CNSs, the η was calculated to be 40%, thus 
revealing that Dpa-melanin CNSs are an ideal hyper-
thermia agent in PTT. The anticancer activity in  vitro 
indicated that the inhibitory rate of Dpa-melanin CNSs 
on cultivated tumor cells (80%) was higher than that in 
the control group (Figure 6d and 6e). After laser irradi-
ation for 5 min, compared with no laser irradiation, the 
tumor tissues of 4T1-bearing mice showed cell necrosis 
and ablation, thus further demonstrating the antican-
cer availability of Dpa-melanin CNSs (Figure 6f). The 
Gd-modified Dpa-melanin CNSs showed excellent mag-
netic resonance imaging ability in  vivo. The relaxivity 
value of Dpa-melanin CNSs was 6.9  mM-1 s-1, a value 
superior to that of commercial Magnevist (Figure  6g). 
This successful attempt in vivo has greatly promoted the 
development of PDA for cancer.

4.2 Synergistic PTT/CT
The heterogeneity, infiltration, and metastasis of 
tumors are the main obstacles in cancer therapy [60]. 
Monotherapy to treat malignant tumors has a low cure 
rate, serious adverse effects, and frequent recurrence 
[61, 62]. As cancer therapy develops, combination thera-
pies for cancer treatment are being explored. Compared 
with traditional cancer treatment therapy (operative 
treatment, CT, and RT), synergistic therapy takes advan-
tages of each therapy, and decreases drug toxicity [63]. 
Combination therapy based on a nanomaterial platform 
enables imaging diagnosis for cancer. CT is a common 
method in clinical cancer treatment, and chemother-
apeutic drugs can kill tumors by inhibiting nucleotide 
metabolism, DNA synthesis, and cell proliferation [64]. 
However, the CT process causes indiscriminate damage 
to tumor and normal cells because of the low selectivity 
of drugs [65]. Decreasing toxic adverse effects and over-
coming drug resistance remain substantial challenges. 
Researchers are increasingly focusing on how to target 
drug delivery to solid tumor tissues.

James et  al. have developed PDA-coated spiky gold 
nanoparticles (SGNP@PDAs) with excellent photother-
mal stability (Figure 7a and 7b) [66]. In brief, spiky gold 
nanoparticles (SGNPs) were dispersed in Tris buffer 
(pH  8.5), and DA HCl was added to the solution and 
reacted for 30 min. TEM images showed that the thick-
ness of PDA film clearly increased with the concentration 
of DA monomers (Figure 7c). This study revealed that 
the PDA + laser irradiation combined with DOX clearly 
increased tumor inhibition efficiency in  vivo. For eval-
uation of the anticancer efficiency of drugs, SGNP and 
SGNP@PDAs were co-incubated with tumor cells. Under 
laser irradiation (10 W cm-2, 5 min), the cell survival rate 
of the SGNP@PDA-treated group was lower than that 
of the SGNP-treated group, thus revealing the high effi-
ciency of photothermal conversion of SGNP@PDAs. The 
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results in  vivo confirmed that the temperature of the 
SGNP@PDA-treated group increased +13 °C (Figure 7d). 
The SGNP@PDAs efficiently inhibited tumor growth 
through PTT, and the tumor elimination rate reached 
40%. In contrast, after PTT treatment, the tumors of the 
SGNP-treated group began to re-grow, and all mice were 
moribund by day 45. More importantly, the combined 
treatment group (SGNP@PDAs + DOX) showed complete 
primary-tumor extinction, whereas the tumors treated 
with SGNP@PDAs alone relapsed by day 20 (Figure 7e and 
7f). To further investigate the antitumor roles of SGNP@
PDAs and DOX, the immune response was assessed in 
the tumor-bearing mouse model. The distal tumors and 
relapse suppression were attributed mainly to CD8+ T 
cells, and NK cells assisted in distal-tumor elimination.

4.3 Synergistic PTT/PDT
Synergistic therapy based on PTT and PDT has been 
demonstrated to be effective in overcoming tumor het-
erogeneity. PDT uses a photosensitizer to generate ROS 
under light irradiation, and tumor cells are damaged by 

oxidation [67, 68]. However, the main active substance in 
PDT is singlet oxygen (1O2), and the lifetime of 1O2 is only 
approximately 0.04 μs, thus greatly limiting the photo-
sensitizer’s extent of damage in cancer treatment [69, 70].

To address this problem, Wei et al. have reported a 
gas-bubble template for guiding preparation of PDA 
nanobowls (Figure 8a). As shown in Figure 8b PDA 
nanobowls were designed as zinc phthalocyanine (ZnPc) 
and Mn(CO)5Br (COMn) carriers to fabricate nanomed-
icine (PCZNs) [25]. COMn was triggered to release CO 
in the acidic tumor microenvironment, which could pro-
mote the dispersion of PCZN. Therefore, the structure 
of PDA nanobowls is critical in nanomedicine design, 
because this asymmetric nanobowl structure accelerates 
the movement of nanomedicine (Figure 8c). The micro-
topography of PCZNs, as confirmed by TEM and SEM, 
revealed that PCZNs have a uniformly sized bowl-like 
structure. For investigating the movement of nanomo-
tors in tumor cells, PDA and PDA + COMn were labeled 
with a commercial probe (Alexa Fluor 647). Subsequently, 
the location of PDA and PDA + COMn in live cells was 

Figure 6  |  (a) TEM of Dpa-melanin CNSs. (b) Temperature changes in aqueous Dpa-melanin CNS solutions at different concen-
trations under laser irradiation, and (c) the corresponding temperature at 500 s. (d) Viability of cells treated with Dpa-melanin 
CNSs at different concentrations. (e) Viability of cells treated with different concentrations of Dpa-melanin CNSs and laser irra-
diation (808 nm, 2 W cm-2, 5 min). (f) Relative change in tumor volume in mice treated with different drugs. (g) T1-weighted MR 
image of tumor-bearing mice before and after treatment with Gd-DTPA-modified Dpa-melanin CNSs. Reproduced with permis-
sion [59], copyright 2013 Wiley-VCH.
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monitored through c-stochastic optical reconstruction 
microscopy at different points. In a fixed area and at 
a fixed z-axis position, c-STORM imaging showed that 
the position of PDA + COMn changed dramatically 
while PDA showed slight changes, thus indicating that 
the movement capability of PDA + COMn was superior 
to that of PDA. Synergistic tumor cell growth inhibi-
tion experiments were performed under normoxic and 
hypoxic conditions. As shown in Figure 8d and 8e, the 
anticancer efficiency of PCZNs treated with combination 
light (808 nm + 665 nm) was higher than that in other 

groups. Furthermore, tumor growth suppression experi-
ments were performed in tumor-bearing mice. No clear 
body-weight change was observed in tumor-bearing 
mice during the treatment, thus indicating that PCZNs 
have good safety in vivo (Figure 8f). After laser irradia-
tion, the tumor volumes of mice treated with different 
drugs were measured once per day. PDA nanobowls + 
808 nm laser irradiation and ZnPc + 665 nm laser irradi-
ation both suppressed tumor growth with PTT and PDT, 
respectively. The tumor growth suppression efficiency 
was best with PCZNs and 808 + 665 nm laser irradiation. 

Figure 7  |  (a) Schematic diagram of SGNP@PDA fabrication and (b) anticancer mechanism of SGNP@PDA with DOX. (c) TEM 
images of SGNP@PDA with PDA coating with different concentrations at the same times. (d) Temperature changes in tum-
ors in mice treated with different drugs under laser irradiation. Tumor volume change in tumor-bearing mice in (e) primary 
tumors and (f) contralateral tumor models. *P < 0.05, ***P < 0.001, and ****P < 0.0001, analyzed by two-way ANOVA (d, e, f), 
followed by Bonferroni multiple comparisons post-test; * in d, e, f indicates statistically significant differences between  
SGNP@PDA + DOX vs. PBS or DOX; # in e, f indicates statistically significant differences between SGNP@PDA + DOX vs.  
SGNP@PDA. Reproduced with permission [66], copyright 2018 Nature.
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The enhanced PDT activity of PCZNs was ascribed to the 
movement-derived 1O2 expansion (Figure 8g and 8h). In 
summary, this research provides a novel synergistic ther-
apy by using nanomotors based on PDA nanobowls to 
increase the dispersive range of ZnPc in tumor tissue, 
which may greatly promote the application of PDA in 
PDT.

Extensive covalent and noncovalent interactions 
endow PDA with excellent stability. However, in the 
presence of oxidants or at high temperatures (150 °C), 
hydroxyl groups in PDA can be oxidized to carbonyl and 
carboxyl groups, and accompanied by cyclization of 
amino chains, thus destroying the structure of PDA and 
promoting its degradation. Consequently, Wei’s group 
has found that 2D PDA or PDA nanosheets can be pre-
pared through a “top-down” exfoliation method using 

hydrogen peroxide (H2O2) as an oxidant (Figure 9a) [45]. 
Moreover, ultrasound accelerates this exfoliation pro-
cess. Compared with other morphologies of PDA, 2D 
PDA shows more efficient drug loading ability because 
of its high surface area. As shown in Figure 9b, 2D PDA 
was designed as a carrier for ZnPc to fabricate PZNS 
nanomedicines. As shown in Figure 9c, the appearance 
of 2D PDA changed from dark to brown, thus indicat-
ing a clear decrease in the polymerization degree of 
PDA. The morphology of 2D PDA, as observed by TEM 
and atomic force microscopy, showed a regular lamel-
lar structure and a thickness of 3.4 Å, similar to that of 
graphene (Figure 9d and 9e). The η of 2D PDA reached 
27.6%, and 2D PDA showed good photothermal damage 
effects both in vitro and in vivo. As shown in Figure 9f–
9h, under combination light irradiation (808 + 665 nm), 
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Figure 8  |  Schematic diagram of (a) gas-bubble template formation, (b) PCZN fabrication, and (c) its multiple functions. 
Synergistic tumor cell survival rate after treatment with different drugs under (d) normoxic and (e) hypoxic conditions 
(**P < 0.01, ***P < 0.001 other groups versus PCZNs treated with 808 nm + 665 nm light irradiation group; #P < 0.05, ###P < 0.001 
PDA + ZnPc treated with 665 nm light irradiation group versus PCZNs treated with 808 nm + 665 nm light irradiation group). 
(f) Bodyweight change in tumor-bearing mice. (g) Tumor volume changes and (h) comparison of tumor-bearing mice in treat-
ment (***P < 0.001 other groups versus the control; ##P < 0.01, ###P < 0.001 other groups versus PCZNs treated with 808 + 665 nm 
light irradiation group; ∆P < 0.05 PDA + ZnPc treated with 665 nm light irradiation group versus PCZNs treated with 665 nm light 
irradiation group). Reproduced with permission [25], copyright 2021 Elsevier.
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the anticancer efficiency of synergistic therapy (PZNSs,  
PTT + PDT) was higher than that of monotherapy (PTT 
or PDT).

4.4 Synergistic PTT/RT
RT is a traditional therapy for cancer in clinical settings 
that uses X-ray (or γ-ray) radiation to kill tumor cells. 

a
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Figure 9  |  (a) Schematic diagram of 2D PDA formation by stripping 3D PDA nanospheres. (b) Schematic diagram of nanomedi-
cine preparation based on 2D PDA and ZnPc, and applications in cancer treatment with PTT and PDT. (c) Photographs of PDA NPs 
and 2D PDA redispersed in distilled water. (d) TEM and (e) atomic force microscopy images of 2D PDA. (f) Anticancer efficiency 
of different drugs in vitro (***P < 0.001, **P < 0.01, *P < 0.05 other groups versus the control; ###P < 0.001, PZNSs treated with 
808 nm light irradiation group, PZNSs treated with 665 nm light irradiation group versus PZNSs treated with 808 nm + 665 nm 
light irradiation group). (g) Body-weight changes in tumor-bearing mice treated with various drugs. (h) Anticancer efficiency 
of different drugs in vivo (***P < 0.001, **P < 0.01, *P < 0.05 other drugs treated groups versus the control; ##P < 0.01, #P < 0.05 
other drugs treated groups versus PZNSs treated with 808 nm + 665 nm light irradiation group). Reproduced with permission [45], 
copyright 2022 Wiley-VCH.
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However, hypoxia, a typical characteristic of solid tum-
ors, severely limits the therapeutic outcomes of RT [71]. 
The rising temperatures in tumor tissues caused by PTT 
enhance the blood circulation and increase the O2 levels 
in tumors, thus suggesting that synergistic PTT and RT 
has clear superiority.

Wang et al. have selected mesoporous PDA (MPDA) as 
vehicle for a radiosensitizer (WS2 QDs) and manganese 
dioxide (MnO2) to fabricate MPDA-WS2@MnO2 nano-
medicine (Figure 10a) [34]. The encapsulation process 
of WS2 QDs and MnO2 was monitored with TME, and 
the disappearance of mesopores indicated that MPDA 
had excellent loading capacity for drugs (Figure 10b). To 
study anticancer efficiency in vivo, a 4T1 tumor-bearing 
mouse model was established to detect the photo-
thermal behavior of MPDA-WS2@MnO2. As shown in 
Figure 10c, under laser irradiation (1.5 W cm-2, 5 min), 
the temperature of tumor regions in mice treated with 
MPDA-WS2@MnO2 increased to 54  °C, thus indicating 
that MPDA-WS2@MnO2 facilitates tumor ablation by 
PTT. Subsequently, the authors investigated the anti-
cancer efficiency of MPDA-WS2@MnO2 with PTT and RT 
in vivo (Figure 10d) in 4T1 tumor-bearing mice randomly 
divided into five groups. Compared with the control 
group, other groups treated with drugs showed tumor 
growth suppression. Notably, the therapeutic efficiency 

of mice treated with MPDA-WS2@MnO2 + RT was supe-
rior to that of MPDA-WS2 + RT, owing to the O2 gener-
ation ability of MnO2. The synergistic PTT/RT treatment 
had significantly better therapeutic effects than the 
individual therapy. No clear body-weight changes were 
observed in tumor-bearing mice during the treatment 
period, thus indicating that these drugs have low toxic 
effects (Figure 10e). After 20 days of treatment, the mice 
were photographed on the tumor-bearing side, then 
euthanized to obtain tumors. As shown in Figure  10f 
and 10g, the photograph results were consistent with 
the outcomes of relative tumor volume. This study has 
demonstrated that the synergistic PTT/RT based on PDA 
is a promising method for cancer treatment.

4.5 Synergistic PTT/IMT
IMT is recognized to be a successful therapeutic ther-
apy for cancer, owing to immune-system activation. 
Although IMT is promising in clinical settings for cancer 
treatment, a limited number of patients can fully recover 
with IMT monotherapy because of immune escape. 
The main aim of IMT is to restore and reverse immune-
system deficiencies in the tumor microenvironment. 
Toll-like receptor agonists and immunomodulatory vac-
cine adjuvants reprogram the tumor microenvironment 
[72]. These agonists act either alone or in combination 
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Figure 10  |  (a) Schematic diagram of MPDA-WS2@MnO2 fabrication and synergistic PTT/RT for cancer treatment. (b) TEM images 
of MPDA, MPDA-WS2, and MPDA-WS2@MnO2. (c) Photothermal imaging of MPDA-WS2@MnO2 in tumor-bearing mice upon laser 
irradiation at different time points. (d) Relative tumor volume and (e) body weight of mice treated with different drugs for 
20 days. (f) Photographs of mice from each group on the 20th day. (g) Photographs of tumors from tumor-bearing mice treated 
with different drugs. Reproduced with permission [34], copyright 2019 Elsevier.
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with other therapies to generate an anti-tumor immune 
response. Synergistic PTT/IMT involves PTT-mediated 
partial ablation of the solid tumor and subsequent 
release of tumor-associated antigens.

Seth et al. have proposed a strategy using PTT to trigger 
tumor-associated-antigen release to activate IMT. PDA 
nanospheres were prepared in water/ethanol mixture 
by the template-free method and designed as an inner-
core thermotherapeutic agent. Subsequently, PDA nano-
spheres were coated with mesoporous silicon (mSiO2). 
The immune-stimulating agent (gardiquimod) and 1-tet-
radecanol were encapsulated in mSiO2 shells [73]. Under 
NIR laser irradiation, the photothermal properties of 

PDA adjusted the phase of 1-tetradecanol and controlled 
gardiquimod release, thus improving cell-based immu-
notherapy for cancer (Figure 11a). For evaluation of the 
anticancer behavior of the PDA@mSiO2 in vivo, a B16-F10 
mouse melanoma model was established, and the mice 
were divided into four groups randomly. After treatment 
with drugs for 24 h, the tumor-bearing mice were irradi-
ated with an NIR laser (14 mW mm-2, 5 min). The tumor 
temperature of PDA@mSiO2 reached 81 °C, whereas that 
in the PBS-treated group was 40 °C, thereby indicating 
the high photothermal efficiency and antigen release of 
PDA@mSiO2. No significant difference was observed in 
the body weights of tumor-bearing mice, thus indicating 

Figure 11  |  (a) Schematic illustrations of nanomedicine fabrication and NIR-triggered drug release, and the activation of DCs 
and effector T cells in cancer treatment. (b) Body weight, (c) tumor volume, and (d) survival curve of tumor-bearing mice during 
treatment. Immune cells were detected in tumor draining lymph nodes on day 16 (e, CD3+ CD8+ T cells; f, CD11c+ CD80+ dendritic 
cells). Representative flow cytometry plots of (e) CD3+ and CD8+ T cells and (f) CD11c+ and CD80+ dendritic cells. Reproduced 
with permission [73], copyright 2020 American Chemical Society.
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that PDA@mSiO2 or gardi-mPDA has good safety in vivo 
(Figure 11b). The tumor growth behavior of mice was 
measured to evaluate the anticancer efficiency of dif-
ferent drugs. As shown in Figure 11c, the tumor growth 
suppression of gardi-mPDA with NIR laser irradiation 
was superior to that of gardi-mPDA without NIR laser 
irradiation and PDA@mSiO2. The mice treated with gar-
di-mPDA with NIR laser irradiation showed an excellent 
survival rate (57%) at day 43, whereas the survival in 
the other groups was 0% at day 30 (Figure 11d). The 
authors also studied changes in immunological factors, 
and observed increased T cells and dendritic cells (DCs) 
in tumor-draining lymph nodes of mice treated with gar-
di-mPDA + laser irradiation (Figure 11e). Additional mat-
uration markers were measured to assess the maturation 
of DCs. Compared with PDA@mSiO2 + NIR laser irradi-
ation and the control, the gardi-mPDA-treated group 

showed higher activation of DCs. Despite emerging 
evidence of significant immuno-stimulatory effects, the 
influence of gardi-mPDA is non-specific because of the 
lack of specific tumor-associated antigen (Figure 11f).

4.6 Synergistic PTT/GT
Gas transmitters, including nitric oxide (NO), carbon 
monoxide (CO), and hydrogen sulfide (H2S), are endog-
enous gas signaling molecules [74]. These transmitters 
play salient roles in maintaining biological homeostasis 
and physiological functions. GT for anticancer treat-
ment has received widespread attention in recent years 
because of its high therapeutic efficacy and biosafety. 
In fact, the anticancer efficiency of GT is dependent on 
the concentration and the retention time of gas in solid 
tumors [75].
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Figure 12  |  (a) Schematic diagram of AI-MPHA nanomedicine fabrication, and NO-enhanced PTT with AI-MPHA for anticancer 
therapy. TEM images of (b) MPHA NCs and (c) MPHA NCs. (d) NO release behaviors from AI-MPHA NCs under near-infrared light 
irradiation (0.5, 1.0, and 1.5 W cm-2). (e) Dark toxicity and (f) phototoxicity of different drugs in MG-63 cells. Reproduced with 
permission [76], copyright 2021 Royal Society of Chemistry.
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Zhao’s group has constructed a drug delivery system 
based on mesoporous PDA (MPDA) [76]. prepared with 
Pluronic F127 and TMB as soft templates. As shown in 
Figure 12a, hydroxyapatite (HAp) nanoparticles were 
coated with PDA, and the templates were removed with 
a solution of acetone and ethanol to form mesoporous 
core-shell structure nanocomposites (MPDA@HAp 
nano-composites, or MPHA NCs). As shown in Figure 12b 
and 12c, TEM indicated that the MPHA NCs had a porous 
structure. This mesoporous structure endowed MPHA NCs 
with high L-Arg (NO donor) and indocyanine green (ICG) 
loading efficiency, and the nanomedicine was denoted 
AI-MPHA NCs. AI-MPHA NCs generated ROS, inducing 
the catalysis of L-Arg to release NO under near-infrared 
light irradiation. With an increase in laser power, the NO 
release rate clearly increased (Figure 12d). The anticancer 
efficiency of AI-MPHA NCs was assessed in MG-63 human 
osteosarcoma cells. After incubation with cells, all drugs 
showed excellent safety without light irradiation (Figure 
12e). In contrast, after laser irradiation (1.0 W cm-2) for 
10 min, the viability of cells treated with AI-MPHA NCs 
(0.25 mg mL-1) decreased to 23.6%. More importantly, 
under the same laser irradiation conditions, the repres-
sion rate of tumor cell growth in the AI-MPHA NC group 
was superior to that in the MPHA NC and I-MPHA NC 
groups, thus suggesting that the NO showed synergetic 
effects with photothermal treatment in MG-63 cell abla-
tion (Figure 12f).

In addition to the above examples, we also summa-
rize several nanomedicines based on structurally diverse 
PDA, and their synergistic therapies for cancer treat-
ment. The PDA types, cancer types, and synergistic ther-
apies are listed in Table 1.

5. CONCLUSIONS AND PERSPECTIVES

In conclusion, this review summarized structurally 
diverse PDA, its synthetic methods, and its applications 
as a hyperthermia agent for synergistic therapies in can-
cer treatment. Multiple morphologies of PDA can be 
prepared via self-polymerization under mild conditions, 
and PDA nanomaterials are ideal carriers for drugs to 
construct nanomedicines, owing to their excellent bio-
compatibility, biodegradation, and high photothermal 
conversion efficiency.

Nanomaterials generally lack active tumor-targeting 
ability and tumor selectivity, thus limiting their thera-
peutic efficiency, and may cause irreversible adverse 
effects. To overcome these drawbacks, secondary mod-
ification of the abundant amino and hydroxyl groups 
of PDA, such as RGD peptide, folic acid, larotrectinib, 
and anti-EGFR, is promising for tumor targeting. In 
addition, dual targeting based on active and passive tar-
geting (enhanced permeability and retention effect) is 
expected to further improve the enrichment of drugs in 
solid tumors.

How to integrate diagnosis and treatment platforms 
has become a major area of current nanomedicine 
research. Nuclear magnetic resonance technology 
is widely used for disease diagnosis in clinical set-
tings, and contrast medium is a key component 
of this technology. PDA has strong complexation  
ability to metal ions including Gd, Mn, and Fe. 
To date PDA-based magnetic contrast technology has 
achieved great success, as demonstrated in tumor-
bearing mice.

Although PDA-based nanomedicine has a bright 
future in cancer therapy, some uncertainties involving 
PDA synthesis and applications remain. First, how to 
achieve large-scale synthesis of PDA with uniform size 
is a major challenge. Second, because of strong adhe-
sion, how to avoid PDA agglomeration in solution must 
be considered in future studies. Third, the interactions 
between PDA and biological systems (living cells, hor-
mones, proteins, and immune systems) have largely 
been overlooked. Finally, research on the long-term 
stability and toxicity of PDA in  vivo, and how PDA is 
biodegraded and eliminated from the body, must be 
performed. We hope that this review will contribute to 
the understanding of PDA synthesis and its applications 
in cancer treatment.
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Table 1  |  Summary of PDA-based nanomedicine in 
synergistic therapy for cancer.

PDA type Drug combination Tumor cells Therapy Ref.

Coating DOX HeLa PTT/CT [77]

Coating PTX HeLa PTT/CT [78]

Coating / 4T1 PTT/RT [79]

Coating Ce6 4T1 PTT/PDT [80]

Coating SO2 4T1 PTT/GT [81]

Nanosphere BTZ CT26 PTT/CT [82]

Nanosphere Ce6 HepG2 PTT/PDT [83]

Nanosphere DOXO HeLa PTT/CT [84]

Core/shell DOX HeLa PTT/CT [85]

Core/shell ICG HeLa PTT/PDT [86]

Core/shell Ce6 4T1 PTT/PDT [87]

Core/shell / MCF-7 PTT/IMT [88]

Nanocapsule DOX MCF-7 PTT/CT [89]

Hollow structure Ce6 B16F10 PTT/PDT [90]

Hollow structure DOX 4T1 PTT/CT [91]

Hollow structure DOX HeLa PTT/CT [92]
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