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 Cancer has overtaken heart disease and become the leading 
cause of death worldwide. [  1  ,  2  ]  In 2008, approximately 7.6 million 
people died of cancer, and the cancer rates may further increase 
by 50% to 15 million new cases in the year 2020 according to the 
World Cancer Report. Current clinical cancer therapies are lim-
ited to surgery, radiotherapy, and chemotherapy. Unfortunately, 
these approaches suffer from the risks of killing normal cells, 
destroying the immune system, and an increased incidence of 
second cancers. [  3–5  ]  Owing to high selectivity and minimal inva-
siveness, photothermal therapy is emerging as a powerful tech-
nique for cancer treatment. [  6  ]  Its therapeutic effects occur only 
at the tumor sites with both photothermal therapeutic (PTT) 
agent accumulation and localized near-infrared (NIR) laser 
exposure, effectively avoiding the risks mentioned above. This 
technique also possesses several other potential advantages 
over traditional techniques, including ease of procedure, faster 
recovery, fewer complications, and shorter hospital stay. [  7  ]  

 Currently available PTT agents mainly focus on Au-, Ag-, and 
Pd-based novel metal nanoparticles, [  8  ]  Cu-based semiconductor 
nanoparticles, [  9  ]  carbon-based nanomaterials [  10  ]  and organic 
polymers. [  11  ]  Despite effi cient cancer therapy, these agents 
have not yet achieved clinical implementation, stemming from 
great concerns regarding their long-term safety. For instance, 
metallic nanoparticles are poorly biometabolized and have 
pertinent issues related to the safety of the metal itself, while 
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carbon-based nanomaterials have been demonstrated to induce 
many toxic responses such as oxidative stress and pulmonary 
infl ammation. [  12  ]  Developing PTT agents that consist of natu-
rally occurring substances in organisms would be highly ben-
efi cial for in vivo applications, because it can effectively avoid 
serious adverse effects caused by long-term retention of foreign 
substances in patients, and biodegradation of these agents can 
also be achieved through metabolism. Nevertheless, it is hard to 
fi nd such materials that intrinsically satisfy the criteria for PTT 
agents including strong NIR absorption and high photothermal 
conversion effi ciency, simultaneously. To our knowledge, only 
one type of such material has been reported based on por-
phyrin-lipid as an effective in vivo PTT agent. [  13  ]  Thanks to their 
organic nature, the resultant porphysomes were enzymatically 
biodegradable and induced minimal acute toxicity during their 
retention in mice. With these advantages notwithstanding, we 
believe there is still considerable room for improvement in the 
synthesis and properties of PTT agents. 

 Melanin is a well-known biopolymer that is widely distrib-
uted in almost all living organisms and has many distinct func-
tions, including the protection of humans and animals from 
ultraviolet injury, antibiotic function, thermoregulation, free 
radical quenching, and some nervous system involvement. [  14a  ]  
Moreover, its absorption can extend to NIR regions. Inspired 
by this, here we present a novel PTT agent based on dopamine-
melanin colloidal nanospheres (Dpa-melanin CNSs) for in vivo 
cancer therapy. Similar to porphysomes, Dpa-melanin CNSs 
were completely composed of naturally occurring Dpa-melanin 
yet could be easily produced with a simpler and cost-effective 
strategy. Benefi ting from wide distribution of their component 
in human naturally, the as-prepared Dpa-melanin CNSs were 
highly superior for in vivo photothermal therapy: they showed 
biodegradability, a high median lethal dose, and did not induce 
long-term toxicity during their retention in rats. Moreover, they 
provided a photothermal conversion effi ciency of 40%, much 
higher than those of previously reported PTT agents. After 
administration, they were able to effi ciently kill tumor cells 
at low laser power density and short irradiation time without 
damaging healthy tissues. Last but not least, Dpa-melanin 
CNSs could be easily attached to conjugates with other inter-
esting biofunctionalities, which provided a particularly useful 
platform for simultaneous diagnosis and effi cient treatment of 
cancer. 

 Dpa-melanin CNSs were synthesized by the oxidation and 
self-polymerization of dopamine in a mixture containing water, 
ethanol, and ammonia at room temperature. Typical scanning 
electron microscopy (SEM) and transmission electron micro-
scopy (TEM) imaging revealed that the resultant Dpa-melanin 
mbH & Co. KGaA, Weinheim 1353wileyonlinelibrary.com
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     Figure  1 .     a) SEM image of Dpa-melanin CNSs. b) UV–vis absorption spectra of dopamine and Dpa-melanin CNSs. The inset shows a photograph of 
dopamine and Dpa-melanin CNS aqueous solutions. c) ESR spectrum of Dpa-melanin CNSs. d)  13 C NMR spectra. e) Raman spectra. f) FTIR spectra 
of dopamine and Dpa-melanin CNSs, respectively.  
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CNSs were spherical in shape, with an average diameter of 
approximately 160 nm ( Figure    1  a, Supporting Information, 
Figure S1). Their size could be easily controlled by tuning 
the molar ratio of ammonia to dopamine. For example, Dpa-
melanin CNSs with an average diameter of 70 nm were obtained 
when the ratio was increased from 11.3 to 17 (Supporting Infor-
mation, Figure S2). Nevertheless, prolonging the reaction time 
led to a slightly increase in the particle diameter (Supporting 
Information, Figure S3). Indeed, the size and morphology of 
the synthesized Dpa-melanin CNSs were similar to those of nat-
urally occurring melanin, which is 40–150 nm in diameter and 
spherical in shape. [  14b  ]  In this work, small Dpa-melanin CNSs 
(70 nm) were typically used for further experiments. From the 
viewpoint of practical applications, small Dpa-melanin CNSs 
were more suitable for biological and medical fi elds than larger 
particles, because they are less likely to be rapidly recognized 
and cleared by phagocytes. [  15a,b  ]  They can remain in the circula-
tion for an extended period of time, and passively accumulated 
in tumors through enhanced permeability and retention (EPR) 
effect. [  15c,d  ]  A distinct feature of naturally occurring melanin 
from other biopolymers is the paramagnetism because of the 
presence of stable  π -electron free radicals. [  16  ]  Thus, electron 
spin resonance (ESR) of Dpa-melanin CNSs was measured to 
verify their successful synthesis. Similar to naturally occurring 
melanin, synthesized Dpa-melanin CNSs displayed a single-
line ESR spectrum, and a single peak was observed with a 
g-factor approaching 2 (Figure  1 c). This fi nding suggested the 
presence of an irregular, crosslinked polymer network with 
mixed bonding arrangements and radicals localized to single 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
quinone residues. [  16  ]  Compared with naturally occurring mel-
anin, nevertheless, the synthesized Dpa-melanin CNSs had a 
sharper absorbance peak, indicating that they possessed a nar-
rower range of bonding arrangements than naturally occurring 
melanin. Complementary to ESR data, solid-state  13 C NMR, 
Raman, Fourier transform infrared and X-ray photoelectron 
spectra, which were consistent with those of naturally occur-
ring melanin, [  17  ]  provided additional evidence of successful 
melanin nanosphere synthesis (Figure  1 d–f, Supporting Infor-
mation, Figure S4). As prepared, Dpa-melanin CNSs dispersed 
well in water and remained stable for several months without 
any detectable agglomeration. Even after dispersal in 10% blood 
serum solution, hardly any change in their absorption was 
observed after 24 h (Supporting Information, Figure S5). This 
favorable colloidal stability of Dpa-melanin CNSs in aqueous 
media revealed their high potential for in vivo applications.  

 Photothermal therapy employs photosensitizing agents to 
generate heat from light absorption at the target sites. To avoid 
damaging healthy cells effectively, photosensitizing agents must 
have high absorption in the NIR region of the light spectrum, 
owing to both the deep penetration of NIR and its low absorp-
tion by tissues. Encouragingly, the synthesized Dpa-melanin 
CNSs exhibited broad absorption ranging from ultraviolet (UV) 
to NIR wavelengths relative to dopamine monomer, coupled 
with a color change of the solution from colorless to deep brown 
(Figure  1 b, Supporting Information, Figure S6). The appear-
ance of the absorption in the UV region of the light spectrum 
was attributed to the oxidation of dopamine into dopachrome 
and dopaindole, and the following self-polymerization process 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 1353–1359
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     Figure  2 .     a) Temperature elevation of water and Dpa-melanin CNSs aqueous solutions with different concentrations as a function of irradiation 
time. b) Plot of temperature change ( Δ  T ) over a period of 500 s versus the concentration of Dpa-melanin CNSs. The inset shows the photograph of 
Dpa-melanin CNSs dispersion in water before and after laser irradiation. c) The photothermal response of the Dpa-melanin CNSs aqueous solution 
(200  μ g mL  − 1 ) for 500 s with an NIR laser (808 nm, 2 W cm  − 2 ) and then the laser was shut off. d) Linear time data versus  − ln  θ   obtained from the 
cooling period of Figure 2c.  
led to a pronounced absorption extending from visible to NIR 
wavelengths. [  18  ]  To determine the NIR photoabsorption capa-
bility of Dpa-melanin CNSs, the molar extinction coeffi cient   ε   808  
was evaluated (see Supporting Information for details), and was 
calculated to be 7.3  ×  10 8  M  − 1  cm  − 1 . Although this value was a 
little lower than that of porphysomes ( ≈ 10 9  M  − 1  cm  − 1 ), it was still 
much higher relative to many PTT agents reported elsewhere 
(Supporting Information, Table S1). The strong NIR absorption 
of Dpa-melanin CNSs makes them highly promising for photo-
thermal cancer therapy. First, we evaluated their photothermal 
conversion capability. Dpa-melanin CNSs were dispersed in 
water at concentrations ranging from 25 to 200  μ g mL  − 1 , and 
then irradiated with an 808 nm laser at 2 W cm  − 2  for 500 s. 
Pure water was used as a negative control. The temperatures 
© 2013 WILEY-VCH Verlag GAdv. Mater. 2013, 25, 1353–1359
of all the Dpa-melanin CNSs samples increased with the irra-
diation time, and the temperature increased more rapidly with 
increasing the concentration of Dpa-melanin CNSs ( Figure    2  a). 
After irradiation for 500 s, the temperature of Dpa-melanin 
CNSs aqueous solution was increased by 33.6  ° C at a concentra-
tion of 200  μ g mL  − 1 , and water vapor droplets were observed on 
the wall of the cell (Figure  2 b). In contrast, the temperature of 
pure water increased by only 3.2  ° C. It has been demonstrated 
that the cancer cells can be killed after maintenance at 42  ° C for 
15–60 min; this duration can be shortened to 4–6 min for tem-
peratures over 50  ° C. [  19  ]  Assuming that the in vivo temperature 
of human body is 36  ° C, after injection of Dpa-melanin CNSs, 
the tumor tissues can easily be heated to over 50  ° C within 
5 min after laser irradiation, effi ciently killing the cancer cells.  
1355wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  3 .     a) A digital photo of the 4T1 cell culture dish after incubation with Dpa-melanin CNSs. The red circle shows the laser spot. b–d) Confocal 
images of calcein AM (green, live cells) and propidium iodide (red, dead cells) co-stained 4T1 cells after laser irradiation. e) Cell viability of 4T1 cells 
after incubation with increased concentrations of Dpa-melanin CNSs. f) Cell viability of 4T1 cells treated with different concentrations of Dpa-melanin 
CNSs and laser irradiation (808 nm, 2 W cm  − 2 , 5 min).  
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 Next, we measured the photothermal conversion effi ciency 
(  η  ) of Dpa-melanin CNSs. The   η   value was calculated (see Sup-
porting Information for details) as follows:

 
η = h A�Tmax − Qs

I(1 − 10−Aλ )  
 (1)   

where  h  is the heat transfer coeffi cient,  A  is the surface area of 
the container,  Δ  T  max  is the temperature change of the Dpa-mel-
anin CNSs solution at the maximum steady-state temperature, 
 I  is the laser power,  A  λ    is the absorbance of Dpa-melanin CNSs 
at 808 nm,  Q  s  is the heat associated with the light absorbance 
of the solvent, and   η   is the photothermal conversion effi ciency. 
According to  Equation 1 , the   η   value of Dpa-melanin CNSs was 
determined to be 40%. Conversely, Au nanorods, which are 
widely used for cancer therapy, showed a much lower   η   value of 
22% (Supporting Information, Figure S7). The higher   η   value 
of Dpa-melanin CNSs make them highly superior as a prom-
ising PTT agent. 

 To shed light on the possible reasons for such a higher 
photothermal conversion capability of Dpa-melanin CNSs, we 
investigated their absorption and photostability, which are two 
critical factors in determining the   η   values of PTT agents. As 
verifi ed by resonance scattering analysis (Supporting Infor-
mation, Figure S8), Dpa-melanin CNSs exhibited negligible 
resonance light scattering relative to Au nanorods in the NIR 
6 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
region, assuring their high photothermal conversion effi ciency. 
We then proceeded to evaluate their photostability. Dpa-mel-
anin CNSs and Au nanorods aqueous solutions were exposed 
to an 808 laser at 2 W cm  − 2  for 60 min, and their absorption 
and morphology were checked. No color change or absorption 
decrease was detected for Dpa-melanin CNSs. SEM image illus-
trated that Dpa-melanin CNSs maintained their morphology 
and size, indicating their high photostability (Supporting Infor-
mation, Figure S9). In contrast, Au nanorods suffered signifi -
cant loss of the NIR absorbance after laser irradiation resulting 
from their morphological change (melting) under local heating 
(Supporting Information, Figure S10). The excellent photosta-
bility further allowed Dpa-melanin CNSs to absorb more light 
and convert it into heat during the laser irradiation. 

 The high photothermal conversion effi ciency of Dpa-mel-
anin CNSs prompted us to evaluate their feasibility as a PTT 
agent for cancer therapy. Herein, 4T1 and HeLa cells were used 
as models of tumor tissues ( Figure    3  a–d, Supporting Infor-
mation, Supporting Information, Figure S11–S13). The cells 
were incubated with Dpa-melanin CNSs for 30 min and then 
exposed to an 808 nm laser at 2 W cm  − 2  for 5 min. After treat-
ment, the cells were stained with both calcein AM and pro-
pidium iodide (PI). Under excitation, a clear demarcation line 
between regions of live cells (green) and dead cells (red) was 
observed for both 4T1 and HeLa cells, and the majority of cells 
mbH & Co. KGaA, Weinheim Adv. Mater. 2013, 25, 1353–1359



www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TIO

N

     Figure  4 .     a) Photothermal therapy set-up showing laser and the 4T1 tumor-bearing mouse. b) Time-dependent tumor growth curves of the mice after 
different treatments. c) Digital photos of a 4T1 tumor-bearing mouse before and after photothermal therapy.  
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within the laser spot were killed. In contrast, cells treated with 
either Dpa-melanin CNSs or laser alone shown negligible cell 
death. These results suggested that Dpa-melanin CNSs could 
effectively kill the cancer cells only through the photothermal 
effect induced by NIR irradiation. We further quantitatively 
evaluated their photothermal cytotoxicity on cancer cells using an 
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) assay (Figure  3 e,f). Taking 4T1 cells as an example, after 
24 h of incubation with increasing concentrations of Dpa-mel-
anin CNSs, neither the cell viability nor the proliferation in 4T1 
cells was hindered by the presence of Dpa-melanin CNSs. Even 
at the highest tested dose of Dpa-melanin CNSs (1.2 mg mL  − 1 ), 
cell viability still remained approximately 90%. However, upon 
laser irradiation, 4T1 cell viability decreased signifi cantly as the 
concentration of Dpa-melanin CNSs increased, and less than 
20% of cells remained alive at a concentration of 200  μ g mL  − 1 . 
These fi ndings demonstrated that Dpa-melanin CNSs hold 
great promise as an effective PTT agent for in vivo tumor 
therapy.  

 To assess their in vivo therapeutic potential, an aqueous solu-
tion of Dpa-melanin CNSs was injected intratumorally into 
several Balb/c mice bearing 4T1 tumors, and the tumors were 
then exposed to an 808 nm laser at 2 W cm  − 2  for 5 min. Most of 
the tumor tissue was necrotic after treatment; shrunken malig-
nant cells, cytoplasmic acidophilia, and corruption of the tumor 
extracellular matrix were observed (Supporting Information, 
Figure S14). Conversely, tumor tissues from control animals 
© 2013 WILEY-VCH Verlag GmAdv. Mater. 2013, 25, 1353–1359
and mice that received laser only remained normal. During ten 
days of observation, the tumors on injected mice were ablated 
after photothermal treatment without regrowth or with rather 
slow growth. In contrast, tumors in the control animals and 
mice that received laser treatment alone continued to grow rap-
idly, and all of these mice had to be euthanized after ten days 
( Figure    4  ).  

 Indeed, Dpa-melanin CNSs can provide an important plat-
form for in vivo applications, since their surface can be easily 
modifi ed with thiol- and amino-terminated molecules through 
Michael addition or Schiff base reaction, and thus facilitated 
the loading of conjugates with other interesting biofunction-
alities. To demonstrate their versatility, we fabricated Gd-DTPA-
modifi ed Dpa-melanin CNSs and further investigated their 
applications in magnetic resonance imaging and therapy of 
tumor in vivo. The resultant agent possessed a relaxivity value 
of 6.9 mM  − 1  s  − 1 , superior to the commercial Magnevist (Sup-
porting Information, Figure S15). After intravenous injection, 
The  T  1  signals from tumor sites showed a trend of increase and 
became quite strong at 24 h. Their accumulation in tumor was 
5.7% ID g  − 1  ( Figure    5   and Supporting Information, Figure S16). 
Upon laser irradiation, the tumor was also destroyed (Sup-
porting Information, Figure S17).  

 Dpa-melanin CNSs are highly suited for in vivo applications 
because Dpa-melanin is widely distributed throughout the 
human body and it can be physically metabolized, which can 
effectively reduce potential serious adverse effects in patients. 
1357wileyonlinelibrary.combH & Co. KGaA, Weinheim



135

www.advmat.de
www.MaterialsViews.com

C
O

M
M

U
N

IC
A
TI

O
N

     Figure  5 .     In vivo  T  1 -weighted MR images of the 4T1-tumor bearing mouse before and after intravenous injec-
tion of the Gd-DTPA-modifi ed Dpa-melanin CNSs solution. The red circles point the tumor sites.  
In our preliminary observations, Dpa-melanin CNSs lost 
their absorbance coupled with color fading in the presence of 
hydrogen peroxide (Supporting Information, Figure S18), an 
endogenous molecule produced by reduced nicotinamide ade-
nine dinucleotide phosphate (NADPH) oxidases, which widely 
exist in phagocytes and many organs. [  20  ]  This fi nding suggested 
that Dpa-melanin CNSs were biodegradable in vivo. Next, we 
proceeded to assess their potential in vivo toxicity. The median 
lethal dose (LD 50 ) is a standardized measure used to evaluate 
the acute toxicity of agents. Here, Dpa-melanin CNSs had a 
LD 50  value (intravenous injection) as high as 483.95 mg kg  − 1  
with a 95% confi dence interval of 400.22 to 585.19 mg kg  − 1 . 
This dose was nearly fi ve hundred times higher than the dose 
used for photothermal therapy in this work. 

 Lastly, the long-term toxicity of Dpa-melanin CNSs was 
investigated. After intravenous injection of a single dose of 
Dpa-melanin CNSs, the rats remained healthy over one-month 
period, no abnormalities in eating, drinking, grooming, activity, 
exploratory behaviour, urination, or neurological status were 
observed. The body weight of the treated group gradually 
increased in a manner similar to that of the control group (Sup-
porting Information, Figure S19). After one month, the rats 
were euthanized and several susceptible organs were stained 
with hematoxylin and eosin (H&E) for histological analysis 
(Supporting Information, Figure S20a). No tissue damage or 
8 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
any other adverse effect associ-
ated with the administration of 
Dpa-melanin CNSs was detected. 
The fi ve important hepatic indi-
cators – alkaline phosphatase 
(ALP), alanine transaminase 
(ALT), aspartate transaminase 
(AST), total protein (TP) and 
albumin/globin ratio (A/G) – 
fell within normal ranges and 
revealed no sign of liver injury. 
Complete blood tests showed 
no obvious interference with the 
physiological regulation of haem 
or immune response (Supporting 
Information, Figure S20b). 

 In summary, we have success-
fully presented a new genera-
tion of photothermal therapeutic 
agent based on biopolymer Dpa-
melanin CNSs. Dpa-melanin 
CNSs were completely com-
posed of Dpa-melanin that was 
widely distributed throughout 
the human body. This could 
effectively avoid serious adverse 
effects associated with the long-
term retention of foreign sub-
stances in patients. Dpa-melanin 
CNSs could be easily prepared 
and well dispersed in aqueous 
media with high colloidal sta-
bility. Furthermore, they showed 
strong NIR absorption and high 
photothermal conversion effi ciency, and could effi ciently kill 
cancer cells and suppress tumor growth without damaging 
healthy tissues. Toxicity experiments confi rmed their excellent 
biocompatibility. They possessed a high LD 50  value and were 
biodegradable. Finally, Dpa-melanin CNSs could react with 
thiol- and amino-terminated molecules, which facilitated the 
design of multifunctional nanomedical platforms for simulta-
neous diagnosis and therapy of cancer.   

 Experimental Section  
 Animal care and handing procedures were in agreement with the 
guidelines of the Regional Ethics Committee for Animal Experiments.   

 Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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