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Non-Covalent Self-Assembly and Covalent Polymerization 
Co-Contribute to Polydopamine Formation
 Polydopamine is the fi rst adhesive polymer that can functionalize surfaces 
made of virtually all material chemistries. The material-independent sur-
face modifi cation properties of polydopamine allow the functionalization of 
various types of medical and energy devices. However, the mechanism of 
dopamine polymerization has not yet been clearly demonstrated. Covalent 
oxidative polymerization via 5,6-dihydroxyindole (DHI), which is similar to 
the mechanism for synthetic melanin synthesis, has been the clue. Here, it is 
reported that a physical, self-assembled trimer of (dopamine) 2 /DHI exists in 
polydopamine, which has been known to be formed only by covalent polym-
erization. It is also found that the trimeric complex is tightly entrapped within 
polydopamine and barely escapes from the polydopamine complex. The 
result explains the previously reported in vitro and in vivo biocompatibility. 
The study reveals a different perspective of polydopamine formation, where 
it forms in part by the self-assembly of dopamine and DHI, providing a new 
clue toward understanding the structures of catecholamines such as melanin. 
  1. Introduction 

 Polydopamine coating is a rapidly emerging method to pre-
cisely control surface properties. The invention of polydopamine 
coating was inspired by the adhesive properties of marine mus-
sels. [  1  ]  Since it was fi rst reported in Oct. 2007, polydopamine 
coatings have been widely exploited in a variety of fi elds, 
including biomineralization, [  2–4  ]  single-cell encapsulation, [  5  ]  soft-
lithography, [  6  ,  7  ]  biocompatible surface modifi cations, [  8–10  ]  attenu-
ation of intrinsic in vivo toxicity of biomaterials, [  11  ]  nanomaterial 
functionalization, [  14–17  ]  Li-ion batteries, [  18  ]  neural interfaces, [  19  ]  
sensors, [  20  ]  catalysts, [  21–23  ]  and others. [  24  ,  25  ]  The wide ranges of 
applications result from the unique properties of polydopamine. 
Polydopamine allows it to be applied to virtually any type of sur-
face, regardless of the material’s chemistry, and takes advantage 
of its intrinsic chemical reactivity with nucleophiles, its ability 
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to chelate metal ions, and its redox activi-
ties. [  26  ]  Polydopamine is spontaneously 
formed by pH-induced, oxidative poly-
merization of dopamine-hydrochloride in 
alkaline solutions (pH  >  7.5). 

 Despite the widespread use of poly-
dopamine, the molecular mechanism 
behind polydopamine formation has not 
been fully investigated. It has been sug-
gested that polydopamine formation shares 
many characteristics with melanin biosyn-
thesis pathways. [  27  ]  Melanin biosynthesis 
includes an oxidative reaction pathway, 
which transforms dopamine into 5,6-dihy-
droxyindole (DHI), followed by further 
polymerization steps. The exact structure of 
melanin is also unclear, but the intermedi-
ates have been studied in relation to DHI 
chemistry, forming covalently bonded DHI 
dimers, trimers, tetramers, and their subse-
quent heterogeneous aggregates. [  28–33  ]  The 
previously reported structure of polydopamine was suggested to 
follow the DHI chemistry that was similar to melanin biosyn-
thesis. This led to the assumption that the brown-black color of 
polydopamine is formed by a covalently bonded polymer. [  1  ]  

 Here we report that the physical self-assembly of dopamine 
and its oxidative product, 5,6-dihydroxyindole (DHI), con-
tribute to polydopamine formation. We found that a signifi -
cant amount of dopamine remains unpolymerized as a self-
assembled stable complex of (dopamine) 2 /DHI ( Scheme    1  B). 
The previously proposed oxidative polymerization occurred in 
parallel with this self-assembly (Scheme  1 A), providing the fi rst 
evidence that polydopamine is formed through two different 
pathways, non-covalent self-assembly and covalent polymeriza-
tion. A large amount of the dopamine/DHI complex may cause 
biological toxicity, but we found that the complex was tightly 
bound within polydopamine and was only minimally released 
into the surrounding environment.  

   2. Results and Discussion 

 Polydopamine was prepared by dissolving dopamine-hydro-
chloride (2 mg/mL) in a basic buffered solution (10 mM phos-
phate buffered saline (PBS) pH 8.3). Polydopamine formation 
was monitored by high-performance liquid chromatography 
mass spectrometry (HPLC-MS). Two peaks at elution times of 
5.0 and 14.4 minutes were detected ( Figure    1  A). The peak at 
m 4711wileyonlinelibrary.com
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     Scheme  1 .     Polydopamine synthesis occurs via two pathways: A) a pathway of covalent bond-
forming oxidative polymerization and B) a newly proposed pathway of physical self-assembly 
of dopamine and DHI.  
5.0 min was unpolymerized dopamine. To increase the amount 
of the 14.4-min eluent, an oxidizing agent, sodium periodate 
(NaIO 4 ), was used (0.01 equivalents to dopamine). The elution 
time was unchanged upon the addition of sodium periodate, 
indicating that it did not alter the chemical structures of the 
eluate. Also, the similar chromatographic profi les observed in 
high-pressure liquid chromatography (HPLC) in the presence 
or absence of NaIO 4  indicated that the polydopamine interme-
diates were not be signifi cantly altered by the oxidizing agent 
(Figure S1, Supporting Information). This result is consistent 
to the previous study in which polydopamine formation is not 
signifi cantly infl uenced by the presence of NaIO 4 . [  34  ]  It can be 
postulated that the result of (dopamine) 2 /DHI complex forma-
tion might be different between PBS (current study) and Tris 
2 wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wein
(original study). [  1  ]  We found that the eluate 
at 14.4 min was consistently detected in Tris 
buffer (Figure S2, Supporting Information). 
As a result of the NaIO 4  treatment (1 min), 
the peak area was increased by approximately 
40-fold (264.9 mAU  →  10136.9 mAU). 
The HPLC-MS showed that the compound 
detected at the elution time of 14.4 min had 
mass-to-charge ratios (m/z) of 454, 325, and 
303 (Figure  1 B). Subsequently, we collected 
the eluted solution (14.4 min) from prepara-
tion scale liquid chromatography (prep-LC) 
equipment for further  1 H-NMR analysis.  1 H-
NMR analysis showed all of the protons from 
both dopamine and DHI (Figure  1 C). The 
three peaks at 6.81, 6.74, and 6.61 ppm (blue) 
corresponded to the 2-, 5-, and 6-carbons of 
dopamine. Similarly, the peaks at 7.04, 6.95, 
6.87, and 6.20 ppm (red) were the 3-, 7-, 4-, 
and 2-carbons of DHI. We did not expect the 
 1 H-NMR data to show all of the available  1 H 
peaks from dopamine and DHI because of 
the high molecular weight detected by MS 
(e.g., 454 m/z). If the eluted compound had 
formed the product by oxidative covalent link-
ages, only a partial spectrum of the  1 H-NMR 
data shown in Figure  1 C would have occurred 
due to the loss of protons from covalent bond 
formation. The peak area ratio of dopamine 
(blue) to DHI (red) was 2:1 (Figure  1 C). This 
result indicates that the purifi ed product was 
a robust, self-assembled trimeric complex of 
two dopamines and one DHI (Figure  1 D). 
Furthermore, the mass spectrometry results 
supported the observed self-assembly. The 
mass peaks at 325 and 303 m/z indicated the 
physical assembly of dopamine/DHI/Na  +   and 
dopamine/DHI, respectively (Figure  1 E). The 
peak corresponding to 454 m/z might rep-
resent an oxidized form of the (dopamine) 2 /
DHI trimer (mass  =  456). The mass differ-
ence could result from an oxidation reaction 
during molecular charging in a gas phase.  

 We hypothesized that oxidative cova-
lent bonds can be formed by disrupting the 
self-assembled complex. In this way, it is possible to monitor 
the reaction of dopamine and DHI to form polydopamine in 
a controlled manner (i.e., re-initiation of polymerization of 
dopamine). Solvents, such as dimethyl sulfoxide (DMSO) and 
acetone, have been known to disrupt hydrogen bonds. [  35  ]  Thus, 
we used a deuterated (d 6 -) acetone NMR solvent to dissociate 
the complex. As expected, we found covalent bond-forming 
oxidation reactions in the self-assembled (dopamine) 2 /DHI 
complex. The reaction was monitored for 41 hours ( Figure    2  A). 
After 2 h, the doublet peak at 6.2 ppm decreased signifi cantly 
and completely disappeared after 17 h (right red box). The dis-
appearing peak corresponded to the proton at the 2-carbon of 
DHI. The doublet at 7.0 ppm (3rd carbon) became a singlet 
after 17 h (left red box) due to the elimination of proton-proton 
heim Adv. Funct. Mater. 2012, 22, 4711–4717
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     Figure  1 .     A) HPLC data from a polymerized dopamine solution after a 1 min treatment with 
NaIO 4 . B) Mass spectrometry data of the peak eluted at 14.4 min. C)  1 H-NMR data of the early 
intermediate of dopamine polymerization. D) A physical trimer of (dopamine) 2 /DHI, corre-
sponding to the mass peak of 456 m/z. E) A possible fragment of polydopamine with a mass 
of 303 m/z  .
coupling between the 2- and 3-carbons of DHI. This conversion 
from a doublet to a singlet confi rms that an oxidative reaction 
occurred at the 2-carbon in DHI, indicating that 2,2-linked DHI-
DHI dimer was formed (from Figure  2 B,C). Subsequently, the 
2,2-linked DHI-DHI dimer further reacted with dopamine to 
form a trimeric conjugate of dopamine-DHI-DHI (Figure  2 D). 
The 5-carbon of dopamine and 4-carbon of DHI were cova-
lently linked (4,5-dopamine-DHI-DHI), resulting in partial 
peak separations of the protons linked to the 2- and 6-carbons 
(blue boxes). The partial separation of peaks indicates that the 
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2012, 22, 4711–4717
trimer-forming reaction was not completed 
after 41 h. The integration values for the peak 
support the formation of 4,5-dopamine-DHI-
DHI. Decreases in the peak area for the 1H 
connected to the 5-carbon of dopamine, and 
the one linked to the 4-carbon of DHI were 
observed (1.8440  →  1.5815 for the 5-carbon 
of dopamine and 0.7058  →  0.5985 for the 
4-carbon of DHI on the basis of an integral 
value of 2 for the 1H linked to the 2-carbon 
of dopamine). As the covalent bond-forming 
oxidation reaction progressed, we found a 
brown-black precipitation, which was also 
observed during the polydopamine coating 
process (Figure  2 E). This precipitation might 
be due to intermolecular assembly such as 
 π – π  and other interactions. Therefore, the 
overall mechanism for the polydopamine for-
mation seems to use two different pathways, 
self-assembly of dopamine and DHI (i.e., 
(dopamine) 2 /DHI) and covalent bond for-
mation, such as dopamine-DHI-DHI conju-
gates. Further analysis of the oxidation com-
pounds and their formation kinetics needs to 
be performed.  

 We built a model interaction to under-
stand the formation of the (dopamine) 2 /
DHI and the precipitation caused by inter-
molecular interactions. Due to the structure 
of dopamine and DHI, there are a variety of 
possible inter-molecular interactions such as 
ionic, cation- π ,  π – π , quadrupole-quadrupole 
and hydrogen bonding (H-bonding) interac-
tions. For investigating non-covalent interac-
tions of the complex, we performed quantum 
mechanical calculations to quantitatively com-
pare the relative stability between dopamine 
and DHI. Understanding the dimeric inter-
action can be extended to the trimeric com-
plex. Four different stable structures were 
constructed: H- bonding and T-shape inter-
action ( Figure    3  A), the same H-bond and 
T-shape interaction with a different molec-
ular confi guration (Figure  3 B), cation- π  and 
H-bonding (Figure  3 C), and cation- π  only 
(Figure  3 D). Quantitative description of non-
covalent interactions is highly sensitive to 
the choice of computational methods. Thus, 
we compared the results from four different 
methods including Hartree-Fock (HF), density functional 
theory with hybrid functionals (B3LYP) or dispersion corrected 
functionals (wb97xd [  36  ]  and M06). [  37  ]  It has been known that the 
HF and B3LYP methods lack dispersion interactions. Indeed, 
both methods underestimated binding energies for the dimer 
structures in Figure  3  as compared to the others ( Table    1  ). The 
wb97xd produced the largest binding energies among others 
in both gas and aqua phases, and the values are reasonable as 
compared to typical cation-pi interactions. [  38  ]  The M06 yielded 
a bit smaller energies within 3  ∼  4 kcal mol  − 1  than the wb97xd. 
4713wileyonlinelibrary.comeim
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     Figure  2 .     A)  1 H-NMR data for monitoring covalent bond-forming reaction of dopamine and 
DHI for 0 h, 2 h, 17 h, and 41 h in acetone-d 6  NMR solvent. B) The dissociated dopamine 
and DHI from the self-assembled trimer in acetone-d 6  to re-initiate the covalent bond-forming 
oxidation reaction. C) The DHI-DHI dimer and D) the dopamine-DHI-DHI trimeric conjugate. 
E) Polydopamine brown-black precipitation formed by breaking the physical trimer.  
Solvation effects were signifi cant for all the cases. In particular, 
for the wb97xd and M06 results, it lowered the binding energies 
by about two or three times. However, the binding energies are 
still very high ( ∼ 10 kcal mol  − 1 ) in aqua phase, which supports 
the formation of stable complexes between the dopamine and 
DHI. Hereafter all the discussions are based on the wb97xd 
results. Interestingly, the model (A) in Figure  3  was the most 
stable in both gas and aqua phases. It incorporates a T-shape 
interaction between the hydrogen atom in a hydroxyl group of 
the dopamine and the aromatic ring in the DHI as well as a 
hydrogen bonding between the oxygen in a hydroxyl group of 
wileyonlinelibrary.com © 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Wei
the DHI and a hydrogen in the amine group 
of the dopamine. The model (C), the second 
lowest one, contains not only a cation-pi inter-
action between the amine of the dopamine 
and the aromatic ring of the DHI, but also a 
hydrogen bonding between hydroxyl groups 
from each compound. The model (B), the 
third one, have similar interactions with the 
model (A), but a hydrogen of the phenyl ring 
of the dopamine instead of that in a hydroxyl 
group participates in the T-shape interaction. 
The former hydrogen is less positive than the 
latter one, resulting in the slightly smaller 
binding energy. The model (D) solely with 
a cation-pi interaction is less stable than the 
others. The results showed that the combina-
tion of the H-bonding and T-shape interac-
tions are favorable, and particularly the struc-
ture shown in Figure  3 a was shown to be 
the most stable. Other types of interactions 
including the cation- π  may also contribute to 
the formation of stable complexes (Table  1 ). 
Recently, Dreyer et al. reported that poly-
dopamine consists of non-covalent assembly 
of dopamine and its oxidized monomers. [  39  ]  
This result is different from the report herein 
in the sense that polydopamine is formed not 
only by non-covalent self-assembly but cova-
lent linkages. The differences in the proposed 
structures should be further investigated for 
scientifi c clarifi cation.   

 Previous studies have demonstrated that 
polydopamine shows minimal toxicity in 
vitro and in vivo. [  8  ,  11  ]  Polydopamine-function-
alized substrates attenuate the in vivo toxicity 
of materials by increasing the hydrophilicity 
of the tissue-contacting interfaces. In vitro, 
the pDA-functionalized surfaces facilitate cell 
adhesion and proliferation in a material-inde-
pendent manner. Therefore, we hypothesized 
that the dopamine found in the self-assem-
bled complex can affect biocompatibility, but 
a low-level release of dopamine from the self-
assembled (dopamine) 2 /DHI complex could 
explain the excellent biocompatibility dem-
onstrated in previous research. [  8  ,  11  ]  In fact, 
dopamine can trigger a variety of biological 
signals to cause cellular toxicity. [  40  ]  To prove 
this hypothesis, polydopamine-coated silica beads (pDA-beads) 
were used for quantitative analysis. The total amount of poly-
dopamine coated on 100 mg of silica beads was 1257  μ g, as 
determined by thermogravimetric analysis (TGA). To determine 
the amount of the entrapped dopamine, 5 M HCl was applied to 
the pDA-beads to cause disassembly. In this acidic condition, all 
physically assembled molecules are dissociated. We found that a 
signifi cant amount (14.2% (w/w)) of unpolymerized dopamine 
was entrapped in the polydopamine. Subsequently, we meas-
ured the amount of dopamine released from the coated beads 
using HPLC (elution time  =  5.0 min), with a standard curve 
nheim Adv. Funct. Mater. 2012, 22, 4711–4717
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     Figure  3 .     Four representative stable structures of [F + H]  +  . Each structure contains different types 
of interactions. For example, A,B) hydrogen bonding and T-shape interactions, C) hydrogen 
bonding and cation-pi interactions, and D) only cation-pi interaction.  
of dopamine (Figure S3, Supporting Information) and found 
that only 1.7% (w/w) of dopamine was released ( Figure    4  A, 
3rd bar). As we hypothesized, the concentration of dopamine 
released from the pDA-beads was very low: 19.4  μ g mL  − 1  from 
100 mg/mL of the beads. In these conditions, the cultured cells 
were highly viable ( > 90%, Figure  4 B). We prepared various 
concentrations of dopamine-containing media and found that 
a dopamine concentration of 300  μ g mL  − 1  began to show cyto-
toxic effects (Figure S4, Supporting Information). Additionally, 
suspending more than 100 mg/mL of pDA-beads is unrealistic 
in many practical mammalian cell-involved experiments. The 
growth and morphology of the cultured cells were completely 
normal after 24 h of incubation with 100 mg/mL concentration 
of pDA-beads (Figure  4 C). Thus, the experiment supports our 
hypothesis that the self-assembled (dopamine) 2 /DHI complex 
is tightly entrapped in the polydopamine, exhibiting extremely 
low-level release of the unpolymerized dopamine, which 
explains the low-level cytotoxicity of the polydopamine.  
© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh

   Table  1.     Binding energy in gas phase and aqua solution phase of the 
dimers in Figure  3  (unit: kcal/mol). 

Model A B C D

Phase Solution Gas Solution Gas Solution Gas Solution Gas

HF −4.5 −20.6 −4.2 −19.5 −4.0 −17.1 −1.2 −19.1

b2lyp −6.7 −22.5 −5.5 −20.9 −3.9 −17.3 −2.1 −16.2

wb97xd −14.4 −30.9 −11.7 −28.1 −13.1 −27.8 −10.6 −23.7

M06 −11.8 −27.9 −9.6 −25.5 −9.9 −24.4 −7.3 −20.3

     Figure  4 .     A) Totally 
beads (left), unpolym
in 1 ×  PBS pH 7.4 fo
with the released do
24 h incubation with
(lower).  
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   3. Conclusion 

 In summary, we identifi ed the self-assembled 
(dopamine) 2 /DHI physical complexes during 
polydopamine preparation. This is the fi rst 
report that there is a physical self-assembly 
pathway contributing to the known covalent 
bond-forming oxidative polymerization of 
dopamine. Our study provides a new per-
spective on polydopamine structures that can 
potentially infl uence our current views on 
bio-pigments such as melanins. 

   4. Experimental Section 
  HPLC Analysis of Pre-Intermediates and Collection 

of a Major Intermediate by Prep-LC : 20 mg of 
dopamine hydrochloride (Sigma Aldrich, USA) was 
dissolved in 1 mL of 1XPBS, pH 8.30 adjusted. 
10  μ L of sodium periodate (NaIO 4 , Sigma Aldrich, 
USA) solution at 20 mg mL  − 1  concentration in 
distilled water was added to the dopamine solution. 
After 1 min for mixing, the reaction solution was 
0.2  μ m syringe fi ltered (Minisart, Sartorius stedim 
biotech, USA) and then 100  μ L of solution was 
injected to the HPLC equipment. HPLC analysis 
was performed with the Agilent 1200 Infi nity Series 
4715wileyonlinelibrary.comeim
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LC system containing column unity, degasser, quaternary pump, auto-
sampler, and UV detector. Discovery BIO wide pore C18 column, 3  μ m 
(Supelco Analytical, USA) using mixtures of distilled water with 0.1% 
tetrafl uoroacetic acid (TFA) and acetonitrile (ACN) with 0.1% TFA was 
used. The fl ow was 0.5 mL/min and separated reaction sample was 
detected by UV-Vis at 280 nm. For collecting the major intermediate, 
Agilent 1100 Series Prep-LC system containing column unity, binary 
pump, auto-sampler, UV detector and auto-collector was used. 
Dopamine and NaIO 4  mixture was prepared the same as for previous 
HPLC analysis. The injection volume was 500  μ L and fl ow was 10 mL 
min  − 1 . The column was Discovery BIO wide pore C18 column, 10  μ m 
(Supelco Analytical, USA), the same condition as for HPLC analysis 
except for the enlarged amount scale. We repeated this collection step 
more than twenty times for the suffi cient amount of product for  1 H-
NMR analysis ( > 1 mg). 

   1   H-NMR Analysis of a Purifi ed Self-Assembled Physical Intermediate : 
The chemical structure of a collected intermediate in dopamine 
polymerization was investigated by  1 H NMR using Bruker AVANCE 400 
spectrometer in acetone-d 6  solutions. The data was measured after 0 h, 
2 h, 17 h, and 41 h for determining the peak changes. 

  Preparation of pDA-Coated Silica Beads : 3 g of silica gel 60 (for column 
chromatography usage from Merck, size: 40–63  μ m) was dispersed in 
30 mL of a 2 mg mL  − 1  dopamine solution in 1 ×  PBS, and the pH was 
adjusted to pH 8.3. The reaction solution was mixed by an inverting 
method for 15 h. The reaction solution was subsequently fi ltered by using 
a glass fi lter with DDW washing. The fi ltered silica beads was lyophilized 
and then used for the cytotoxicity test of pDA-released dopamine. 

  Cytotoxicity Test of pD-Released Dopamine : NIH3T3 fi broblast cells were 
seeded onto 96-well plate with 1  ×  10 4  cells well  − 1  density and cultured 
in DMEM media with 10% FBS at 37  ° C, 5% CO 2 . After 24 h, free and 
pDA-released dopamine was added to media and incubated another 
24 h with same culture condition. Free dopamine with concentration 
of 1, 0.3, 0.1, 0.03 and 0 mg was added to 1 mL of cell culture media 
for testing cytotoxicity of free dopamine. For testing cytotoxicity of pDA-
released dopamine, 20, 40, 60, 80 and 100 mg of pDA-coated silica 
beads was added to 1 mL of cell culture media and incubated for 24 h. 
Each case, MTT assay was performed after 24 h for cell viability test after 
dopamine contact. 200  μ L of media with 20  μ L of MTT agent was added 
to each well and incubated for 2 h. After removing the media, 200  μ L 
of DMSO was added for dissolving the water-insoluble assay product. 
UV absorbance of assay product was measured at 570 nm with micro-
plate reader, Bio-Rad Model 550. For cell imaging, nuclei was stained by 
VECTASHIELD mounting solution with DAPI (Vector Laboratories, USA) 
after actin staining by Rhodamin phaloidin (Invitrogen, USA). 

  Computational Method : Gaussian 09 package with different levels of 
theory (described below) and the 6–31 + G ∗  basis set have been used for 
all the computations. [  41  ]  The solvation effect in aqua phase was taken 
into account by the conductor-like polarizable continuum model. [  42  ]  
While the complexes are composed of dimers, trimers, and probably 
higher orders, here we only concern about the dimers as a prototype 
to fi gure out plausible interaction types. We fi rst optimized dimer 
structures in gas phase, and further stabilized them in aqua condition. 
Figure S5 (Supporting Information) shows four representative structures 
we found. The binding energies (BE) of the dimers were evaluated as 
follows: BE  =  E(Dimer)-{E(DHI) + E(DopamineH  +  )} 

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