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Abstract 
 

Inspired by the adhesive foot proteins of Mussels, polydopamine (PDA) has earned great 

acclaim as a multifunctional coating in the past decade. Its simplicity in formation, ability to 

adhere to virtually any surface, unique physicochemical properties, biocompatibility and 

tailorability through post-functionalization makes PDA an easy approach for fabrication of 

novel materials used in all fields of research from energy to environmental to biomedical. 

Nevertheless, PDA has thus far failed to bring about the promised revolution in material 

science. This may be attributed, in part, to the complex and heterogeneous polymerization 

mechanism, which is difficult to control, making it challenging to create defined structures 

e.g. at the nanoscale. New techniques and methods that can provide nanoscale control of the 

polymerization of dopamine to PDA are needed to achieve the full realization of PDA-based 

materials. In this dissertation, two new methods are presented that accomplish nanoscale 

synthetic control of PDA both in bulk solution and on defined scaffold. 

First, exploiting the reactivity of oxidized intermediates formed during the polymerization of 

dopamine towards Michael addition and Schiff base reactions, bis-amine-terminated 

polyethylene glycol (PEG) is copolymerized with dopamine to restrain the polymerization. 

Hence, PDA PEG cross-linked copolymer (PDA-PEG) nanoparticles with a size of less than 

50 nm are prepared in a convenient one-step procedure in aqueous solution. The 

nanoparticles are stable in buffer solution and exhibit no sedimentation after several weeks. 

Chemical functionalization was demonstrated by the attachment of amine reactive 

fluorescent dyes. The PDA-PEG nanoparticles revealed efficient cellular uptake via 

endocytosis and high cytocompatibility, thus rendering them attractive candidates for cell 

imaging or for drug delivery applications. 

Next, the sequence defined spatial programming provided by DNA origami technology was 

used to fabricate anisotropic PDA nanoarchitectures with nanometer resolution. DNA 

origami nanotechnology offers systematic design of a large variety of defined DNA 

nanostructures by self-assembling long scaffold DNA and shorter staple DNA sequences with 

each DNA staple sequence encoding a specific position that can be precisely modified. 

Specific staple strands were modified with guanine rich tail sequences yielding DNA origami 
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tiles with G-quadruplex (G4) motifs at defined locations. The G4 motifs were converted to 

dopamine polymerizing catalytic centers through binding of hemin. These DNA origami 

decorated with multiple G4 motifs at chosen locations were utilized to control the shape and 

size of PDA formation at the nanometer scale. Using this technique, we were able to generate 

various anisotropic PDA nanostructures (i.e. spot, lines, and cross) on the DNA origami tiles. 

Furthermore, the PDA nanostructures could be released from DNA origami templates by 

short exposure to acidic medium. Thus, DNA origami was successfully demonstrated as a 

new nanotechnology to fabricate anisotropic PDA nanoarchitectures with distinct shapes 

with broad applicability.  

In addition to PDA, other polycatecholamines can be generated from their respective 

monomers using the same methods. The distinct functional side groups of each monomer 

can endow the resulting polycatecholamines with enhanced functionality over that of PDA. 

For example, the carboxylic acid group of L-DOPA bestows poly(L-DOPA) with a greater 

hydrophilicity compared to PDA. In the final contribution, this aspect is used to increase the 

colloidal stability of fluorescent nanodiamonds (fNDs) and produce a theranostic poly(L-

DOPA)-fND system. FNDs are unique carbon-based nanomaterials due to their outstanding 

optical and magnetic properties. However, realization of the full potential of fNDs is often 

limited by their tendency to aggregate strongly in aqueous solutions. This limitation is 

addressed by coating fNDs with a thin shell of poly(L-DOPA) increasing the aqueous stability 

of fNDs while simultaneously enhancing their therapeutic potential. The poly(L-DOPA)-fND 

hybrid materials are shown to retain the optical and magnetic properties of the original fNDs. 

Furthermore, the protein Transferrin and indocyanine green were loaded on the poly(L-

DOPA) shell to enhance cell uptake and provide an amplified photothermal effect, 

respectively. The theranostic potential of the integrated biohybrid construct is demonstrated 

by rapid death of cancer cells when irradiated with a low power IR lamp (~90 mW cm-2). 

In summary, two methods are presented in this thesis that provide new avenues to control 

the polymerization of PDA at the nanoscale to achieve globular, fibrillary and anisotropic 

structures and applications have been highlighted. In addition, the potential to expand the 

versatility of PDA-like coatings using poly(L-DOPA) is presented.  



5 
 

Table of Contents 
 

Abstract .......................................................................................................................................... 3 

Table of Contents .......................................................................................................................... 5 

1. Introduction ........................................................................................................................... 7 

1.1. Polydopamine and other poly(catecholamines) ......................................................... 8 

1.2. Comparison to other synthetic techniques ............................................................... 20 

1.3. Polydopamine nano-architectures (films, coatings, and nanoparticles) ................. 22 

1.4. Application of Polydopamine ..................................................................................... 27 

2. Conceptual Design and Motivation ................................................................................... 38 

3. Introduction to “Facile synthesis of ultrasmall polydopamine-polyethylene glycol 

nanoparticles for cellular delivery” ............................................................................................ 42 

3.1. Outlook ........................................................................................................................ 47 

4. Introduction to “Fabrication of Defined Polydopamine Nanostructures by DNA 

Origami-Templated Polymerization .......................................................................................... 48 

4.1. Outlook ......................................................................................................................... 51 

5. Introduction to “Transferrin-Coated Nanodiamond–Drug Conjugates for Milliwatt 

Photothermal Applications” ....................................................................................................... 53 

5.1. Outlook ........................................................................................................................ 58 

6. Conclusion ........................................................................................................................... 60 

7. References ............................................................................................................................ 65 

8. List of abbreviations ............................................................................................................ 82 

9. List of Figures ....................................................................................................................... 84 

10. List of Tables .................................................................................................................... 85 

11. Relevant Publications .......................................................................................................... 86 

11.1. Facile synthesis of ultrasmall polydopamine-polyethylene glycol nanoparticles for 

cellular delivery ....................................................................................................................... 87 

11.2. Fabrication of defined polydopamine nanostructures by DNA origami-templated 

polymerization ....................................................................................................................... 109 

11.3. Polymer tube nanoreactors by DNA-origami templated synthesis ........................ 133 

11.4. Transferrin-Coated Nanodiamond-Drug Conjugates for Milliwatt Photothermal 

Applications ............................................................................................................................ 162 

12. Other Publications ......................................................................................................... 186 



6 
 

12.1. Water-Dispersible Polydopamine-Coated Nanofibers for Stimulation of Neuronal 

Growth and Adhesion ............................................................................................................ 187 

13. Curriculum Vitae ............................................................................................................ 212 

14. Conferences ..................................................................................................................... 216 

15. Declaration of Originality in academic work ............................................................... 217 

16. Acknowledgement ......................................................................................................... 218 

17. Cumulative Publication Notification ............................................................................219 

  



7 
 

1. Introduction 
 

Millions of years of evolution has endowed Nature with many elegant physical and chemical 

processes to produce complex materials that were previously difficult or impossible to create 

from the ground up in the lab. Instead of trying to “recreate the wheel”, as was done in the 

past, modern material science has focused on understanding and adapting these natural 

processes to create novel materials with huge impact to modern science. Many of these 

innovations are only possible through study of the material at the nanoscale.1 The precise 

spatial control of materials at the nano level is fundamental to many of Nature’s greatest 

tricks and synthetic mimicry of these bionanomaterials has directly led to advancements in 

material science. For example, investigation of the nanostructures that provide the color and 

iridescence of butterfly wings has advanced the field of photonics2, improvements in anti-

reflective coatings have been inspired from the structure of the compound eyes of nocturnal 

animals3 and the nanotopography toe pads of geckos have influenced research in dry 

adhesives4. Research in bio-inspired materials is rapidly expanding with new materials 

continually being developed. Recently, inspiration from the ability of Mussels to adhere to 

virtually any surface underwater has led to development of a novel material, polydopamine 

(PDA), as a universal coating with wide reaching potential. 

Since Messersmith et al. first brought attention in 20075, the interest in PDA has exploded 

with rapid growth in the number of papers published each year. From one paper in 2007 to 

over 4000 published papers to date using the keyword polydopamine (Figure 1). 

Simultaneously, the number of different fields where PDA has been applied also increased 

over the past decade. From energy to environmental to biomedical, PDA has become a 

material of choice due to its simplicity in formation, ability to adhere to virtually any material 

and unique physicochemical properties.6 But these attributes come at a cost, a difficulty in 

synthetic control, which prohibits some applications of PDA and hampers its transition from 

research to real world application (e.g. medicine, catalysis, energy production, etc.). Thus, 

new techniques that can improve the synthetic control of PDA would be highly beneficial to 

many fields. Herein, the properties of PDA and other polycatecholamines and how these 

properties contribute to their versatility will be discussed. Examples of application of PDA 
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will be presented and some of the difficulties in nanoscale control of PDA synthesis, as well 

as the efforts to address them will be detailed.  

 

Figure 1. Papers published from 2007-2018 using the keyword polydopamine. Produced from Web of Science keyword 
search. 

1.1. Polydopamine and other poly(catecholamines) 
 

PDA is an example from a group of complex polymeric materials known as 

poly(catecholamines). Poly(catecholamines) are derived from catecholamines, a class of 

chemical compounds that contain, and whose primary properties are given by, a catechol 

group and ethylamine side chain (Figure 2). They may be distinguished and further classified 

by the addition of various side groups on the carbons of the ethyl side chain or the amine 

group. Several natural catecholamines exist in both the plant and animal kingdoms7 often, 

serving as neurotransmitters, hormones and pigment precursors. The natural catecholamines 

include dopamine (no side groups), 3,4-dihydroxy-L- phenylalanine (L-DOPA) [carboxylic 

group at R2], norepinephrine (hydroxyl group at R1) and epinephrine (hydroxyl and methyl 

group at R1 and R3).  
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Figure 2. Catecholamine structure. The side groups of a few natural catecholamines are given. 

Derived from L-tyrosine, by enzymatic hydroxylation8, L-DOPA is a precursor to the other 

natural catecholamines and serves a variety of biological roles in many organisms.7,9,10 Its role 

as a pigment precursor is ubiquitous throughout Nature.9 In this process, the catechol group 

is oxidized to an ortho-quinone. The formation of electrophilic enone structures upon 

oxidation makes these ortho-quinones quite reactive and susceptible to nucleophilic addition 

reactions. Already possessing a nucleophilic amine, L-DOPA can undergo an intracyclization 

process yielding 5,6-dihydroxyindole-2-carboxylic acid (DHICA). Further oxidation, 

conjugate additions and reverse dismutation processes eventually lead to cross-linking and 

polymerization of the compounds.11 The resultant polymeric assemblies are known as 

melanins (Figure 3). Due to broadband light absorbance, melanins are typically brown 

(eumelanin) in color but the addition of L-cysteine during the polymerization can introduce 

benzothiazine units which give reddish coloration (pheomelanin).11 Melanins are used for 

pigmentation in the feathers of birds, skin of humans and shells of arthropods.9 
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Figure 3. Melanin Biosynthesis. Adapted from “Christian P, et al. Epidermal Pigmentation, Nucleotide Excision 
Repair and Risk of Skin Cancer. J Carcinogene Mutagene S4:001. doi: 10.4172/.” Licensed under a Creative Commons 
Attribution (CC BY) license (http://creativecommons. org/licenses/by/4.0/). 

L-DOPA can also be incorporated into peptides and proteins, by posttranslational 

hydroxylation of tyrosine residues, providing unique functions to these macromolecules. One 

particularly interesting use of L-DOPA containing proteins is in the byssus or anchoring 

threads of Mytilus marine mussels, which can permanently adhere to virtually any surface 

while submerged under the sea.10 The amazing adhesive feature was discovered to be due to 

a high concentration of L-DOPA residues (up to 27%) in close proximity to amine containing 

residues (lysine and histidine) present in the mussel foot proteins (Mefp) secreted at the 

interface between the mussel byssus and substrate surface (Figure 4).12 Furthermore, 

oxidation of the catechol moieties in the alkaline seawater allowed for bulk solidification of 

the Mefps, similar to the production of melanins, creating a robust glue between the byssus 

and substrate.12–14 
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Figure 4. From mussels to dopamine. (A) Photograph of a mussel attached to commercial PTFE. (B and C) Schematic 
illustrations of the interfacial location of a mussel foot protein (Mefp-5) and a simplified molecular representation 
of characteristic amine and catechol groups. (D) The amino acid sequence of Mefp-5. (E) Dopamine contains both 
amine and catechol functional groups found in Mefp-5 and was used as a molecular building block for polymer 
coatings. Adapted with permission from “Lee et al. Mussel-Inspired Surface Chemistry for Multifunctional Coatings. 
Science. 2007, 318(5849), 426-4301 doi: 10.1126/science.1147241.” Copyright (2007) The American Association for 
the Advancement of Science. 

It was the search to create a synthetic mimic of this “super” glue that brought PDA into the 

spotlight in 2007. Theorizing that the catechol group and closely associated amine were the 

only essential components, Messersmith’s group identified dopamine as a small molecule 

candidate and explored the behavior of dopamine under conditions similar to that of mussels 

(Figure 4).5 Simulating the slightly alkaline conditions of the marine environment, 

Messersmith et al. found that the immersion of objects into a solution of dopamine buffered 

in 10 mM trisaminomethane (Tris) at pH 8.5 resulted in spontaneous formation of thin 

adherent polymer films. The group went on to show that the PDA coating could form on 

many different surfaces such as Au, Ag, GaAs, glass, polystyrene and even PTFE, duplicating 

the adhesive ability of mussels.5  

Messersmith et al. postulated that the mechanism of PDA formation was similar to oxidative 

melanin biosynthesis. Yet, over ten years onward, the full structure of PDA has not been fully 

elucidated with various studies adding new pieces to the puzzle every few years. Based on its 

similarities to melanin, it has been accepted that polymerization of dopamine begins with 

oxidation to dopaquinone. Under the alkaline conditions, the deprotonated amine can react 

at the C6 position forming leucodopachrome. An additional oxidation step will yield 

aminochrome, which can tautomerize to 5,6-dihydroxyindole (DHI). Further oxidation of 

DHI gives 5,6-indolequinone. DHI and 5,6-indolequinone are understood to be important 
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intermediates in the polymerization. These two can undergo comproportionation to two 

semiquinones that can polymerize through aryl-aryl coupling. Covalent bonding of DHI into 

dimers, trimers, higher order oligomers and their aggregates were, at the time, thought to be 

the foundation of melanin and by analogy PDA. In 2012, two different teams expanded the 

PDA structure model. Using solid state NMR (ssNMR), Fourier Transform Infrared 

Spectroscopy (FT-IR) and X-ray diffraction (XRD), Dreyer et al. showed that supramolecular 

aggregation of DHI and its dione derivatives were also involved in the process.15 

Supramolecular interactions such as hydrogen bonding, π-π stacking and charge-charge 

transfer contributed to give an ordered structure to PDA with a plane spacing of 0.38 nm, 

similar to graphite. Concurrently, Hong et al. found that physical self-assembly of 

unpolymerized dopamine and DHI trimers were also present in PDA.16 Later, the groups of 

Vecchia and Leng identified the presence of pyrrolecarboxylic acid (PCA) moieties, oxidative 

degradation products, in PDA using ssNMR and time of flight secondary ion mass 

spectrometry (ToF-SIMS).17,18 More recently, Hong et al. demonstrated that cation-π 

interactions may be the main non-covalent intermolecular chemistry in the formation of 

PDA.19 Until very recently, it was believed that oxidative polymerization was limited to low 

order oligomers (e.g. trimers, tetramers) of DHI and it derivatives but in 2019, using single-

molecule force spectroscopy (SMFS), Messersmith’s and coworkers showed that high 

molecular weight polymers up to 200 nm in length were present in PDA films.20 Together, 

these studies have painted a complex picture of the structure of PDA composed of low and 

high molecular weight oligomers and polymers, supramolecular aggregates held together by 

cation-π interactions, hydrogen bonding, π-π stacking and charge-charge transfer, and 

infiltrated with small molecule intermediates and degradation products (Figure 5). 
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Figure 5. PDA Proposed Mechanism. 

Despite its complex and ambiguous structure, PDA has been widely adopted as the material 

choice for coatings and nanoparticle synthesis for many researchers across a multitude of 

science and engineering disciplines. This is largely due to PDA’s simplicity, physical and 

chemical characteristics and high tailorability through post modification. Regarding the 

simplicity, as demonstrated by Messersmith et al., all that is required for the formation of a 

robust coating on virtually any material is immersion of the substrate in a 2 mg/ml solution 

of dopamine dissolved in a Tris buffer, pH 8.5, attainable by most laboratories in the world. 
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Under these conditions, the polymerization is spontaneous depositing a growing film (and 

generating particles of PDA in solution) on the substrate with the layer thickness directly 

proportional to time of immersion achieving thicknesses up to 50 nm after 24 hours. Fifty 

nanometers is the maximum thickness attainable in Tris buffer likely due to monomer 

depletion, but by refreshing the solution thicker layers are possible. Moreover, some 

researchers have surpassed the 50 nm limit by using non-Tris-based buffers (e.g. bicine, 

phosphate). This suggests that Tris may actively deplete the dopamine solution 

concentration through side reactions. Tris contains a primary amine, which can react with 

quinones via a Michael addition reaction forming less polymerizable byproducts or altering 

the deposition mechanics of the growing film. In fact, Tris has been detected inside the final 

PDA films.17 The effect of this incorporation on the physicochemical properties of PDA films 

has not been thoroughly investigated but Vecchia et al. found that the morphology of PDA 

particles was different when formed in phosphate buffer (platelet) versus Tris buffer 

(fractal).21  

The rate of deposition and thickness of PDA is dependent on the dopamine concentration, 

temperature and solution pH. Film thickness is directly proportional to dopamine 

concentrations from less than 20 nm at 0.1 mg/ml to the around 50 nm at 5 mg/ml in Tris 

buffer. On the other hand, the surface roughness was also shown to increase with dopamine 

concentration. Temperature has also been shown to have a strong effect on the deposition. 

The groups of Xu and Wei have reported that both the rate of deposition and film thickness 

increase with increasing temperature up to 60°C.22,23 Experiments using different pH values 

have shown that the polymerization rate increases with pH up to pH 10, while very little 

polymerization occurs below pH 4.5. 24,25 This effect can be explained by the relatively large 

energy barrier for the oxidation of catechol to quinone. Dissolved oxygen is the oxidizing 

species in aqueous conditions.26–28 At neutral pH, the one electron redox potential of 

oxidation of catechol is 530 mV while oxygen is only -155 mV29, thus very little of the catechol 

can be oxidized and polymerization does not occur. Under basic conditions, as the pKa of the 

catechol hydroxyl groups are 10.58 and 12.07 30 some of the catechol groups are partially 

deprotonated. These deprotonated catechols have a lower redox potential (98 mV), 

permitting oxidation to the quinone by oxygen.29 
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To extend the pH range for PDA formation, various oxidants have been studied to initiate 

the polymerization. These include but are not limited to copper sulfate, potassium chlorate, 

ammonium persulfate, and sodium periodate.27,31–33 In general, use of oxidants provides PDA 

formation at basic, neutral and acidic pH at rates dramatically greater than oxygen-mediated 

alkaline polymerization. For example, Lee and his coworkers showed that 2 molar equiv. of 

sodium periodate (to dopamine) at pH 9.5 resulted in an approximately 200-fold increase in 

the coating rate compared to oxygen mediated alkaline polymerization.34 Ponzio et al. 

compared the effect of three oxidants (i.e. copper sulfate, ammonium persulfate, sodium 

periodate) on the polymerization of dopamine.31 They found that the one-electron oxidants 

(ammonium persulfate and copper sulfate) exhibited slower kinetics and produced thinner, 

less homogeneous films compared to the two-electron oxidant, sodium periodate. 

Furthermore, copper ions could be detected in the PDA coatings, which may be 

disadvantageous for many applications. Due to its fast kinetics and homogeneous deposition, 

sodium periodate has gained more widespread adoption than other oxidants. Sodium 

periodate to dopamine ratios of 0.5 to 2 are typically used with higher ratios exhibiting 

increased kinetics and producing thicker films. But, large excesses of sodium periodate can 

also degrade the PDA through cleavage of catechol groups into carboxylic acids.35 This is not 

necessarily a negative attribute, in fact, the group of Vincent Ball utilized this property to 

produce superhydrophilic/superoleophobic coatings on many different materials.31 

Although dip coating of substrates in aqueous solutions using oxygen or oxidants is the 

simplest and most often used method for the synthesis of PDA films, several other methods 

have been developed for different applications. Exploiting the ultra-fast kinetics of sodium 

periodate initiated polymerization, Lee and co-workers developed a spray coating system that 

allows coating of large area surfaces, which may be too large for immersion (Figure 6). They 

were able to achieve PDA coatings over 20 nm in thickness in less than one minute.34 A rate 

that is unattainable with standard dip-coating. By performing the polymerization under 

microwave irradiation, the same group was also able to rapidly produce PDA coatings without 

chemical oxidants.36 The rate of polymerization was greatly increased both in solution and 

on surfaces up to 18 nm in 15 minutes. They reasoned that absorption of the microwave 

radiation by dopamine molecules induced local superheating generating radicals, which were 



16 
 

able to initiate polymerization. Experiments with radical scavengers significantly decreased 

the PDA film thickness thus supporting their hypothesis.  

 

Figure 6. Schematic Illustration of PDA spray coating system. . Adapted from “Sprayable Ultrafast Polydopamine 
Surface Modifications”. Adv. Mater. Interfaces 2016, 3 (11), 1500857. doi: 10.1002/admi.201500857.” Copyright John 
Wiley & Sons, Inc. 

In 2017, the groups of Chen and Liang reported on the use of plasma activated water to 

enhance the rate of PDA formation in acidic solutions.37,38 In this technique, radicals are 

generated in water by bombardment with a stream of energetic ions, which can then initiate 

polymerization of dopamine. Chen et al. demonstrated rates of PDA deposition up to 53 

nm/h, over 20 times greater than oxygen mediated deposition. Several groups have 

demonstrated electropolymerization as a useful method to produce PDA films on conductive 

substrates. Stoeckle et al., have shown that the thickness of a PDA layer on a gold electrode 

is reproducible and controllable based on the number of voltammetry cycles with thicknesses 

between 6 and 21 nm achievable.39 Electropolymerization provides an “on”/”off” switch to the 

polymerization that is not easily achieved with the previous methods but suffers from the 

limitation of requiring a conductive surface. Levkin and coworkers demonstrated a similar 

level of control on non-conductive surfaces using Ultraviolet (UV) light.40 Irradiation of 

aqueous solutions of dopamine with ultraviolet light produced reactive oxygen species (ROS) 

such as singlet oxygen (1O2), superoxide radicals (O2 −), and hydroxyl radicals (·OH) that could 

initiate the polymerization under acidic, neutral or basic conditions. The polymerization 

could be turned on or off by switching on or off the light source and could even be initiated 
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under acidic conditions down to pH 2.0, though, at a significantly reduced rate. They showed 

that a 4 nm thick layer could be formed on a silicon wafer at pH 7.0 after 2 hours of irradiation 

while a non-irradiated sample showed no PDA layer.40 A diverse set of techniques and 

methods are available for PDA synthesis each with their own strengths and weakness 

depending on the application desired by the researcher. The PDA thicknesses and rates of 

deposition of the different methods are summarized in Table 1. 

Table 1. PDA deposition thickness and rate using different methods 

Condition Time (h) Thickness (nm) Rate (nm h-1) Ref 

Air, pH 8.5 24.0 50.0 2.1 5 

NaIO4, pH 5 1 65 65 31 
Microwave 0.25 18 72 36 
Plasma  
activated water 

0.7 35.3 53 37 

Electrochemistry 1 11.5 11.5 41 
UV, pH 8.5 2.0 4.0 2.0 42 

 

Complementary to its simple synthetic preparation, the large number of reactive functional 

groups present on the surface of PDA make it a valuable option for the synthesis of tailorable 

films and nanoparticles. Amines, catechol and quinone groups are in high abundance on the 

surface.5,29,43 These groups can be used to extend the functionality of PDA through covalent 

and non-covalent coupling with other compounds (Figure 7). Amine reactive chemistry can 

be used for covalent conjugation of desired compounds to the amine groups using a variety 

of different groups such as carboxyl, isothiocyanate, anhydride, epoxide and N-

hydroxysuccinimide ester.5,44 The catechol group, which possesses a diol–like structure, can 

participate in dynamic covalent bonding with boronic acids. These pH sensitive bonds can 

be used for stimuli-responsive applications (see Section 1.4 ). Furthermore, when the catechol 

groups are oxidized to quinones, they are susceptible to nucleophilic attack by amines and 

thiols through Michael addition and Schiff base reactions.29 As immersion of a PDA-coated 

substrate in a mildly alkaline solution containing the desired amine or thiol compound is all 

that is required for successful coupling, it is most commonly used methods for post 

functionalization of PDA films.29 An overview of the various reactions for post 

functionalization of PDA is shown in Figure 7. 
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Figure 7. PDA post functionalization. Dopamine is shown as a representative model of commonly used functional 
groups of PDA. 

The catechol groups are also able to chelate many multivalent metal ions such as Fe3+ and V3+ 

forming coordination complexes.5,29,44 Lower valent ions like Cu2+ and Ni2+ also show some 

affinity.29 Moreover, the stoichiometry of the catechol- Fe3+ complex has been shown to be 

pH dependent. Mono-catechol-Fe3+ complexes predominate at pH below 5.6, bis-complexes 

between 5.6 and 9.1 and tris-complexes above pH 9.1 (Figure 8). Also of note, the reduction 

potential of the catechol group (530 mV) is high enough to reduce some metal ions (e.g. Ag+ 

and Au+) to their respective metals without any additional reducing agents.5,29 
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Figure 8. pH dependent catechol-Fe3+ cross-linking. Adapted from “pH-induced metal-ligand cross-links inspired by 
mussel yield self-healing polymer networks with near-covalent elastic moduli. PNAS 1015892108. doi: 
10.1073/pnas.1015862108.”  

Most research on PDA has focused on its strong adhesive behavior that allows it to develop 

thin layers on any underlying substrate.6,32,44 This feature is often used to either enhance or 

alter the properties of the substrate or simply to provide a support for the growing PDA layer. 

Hereafter, PDA layers will be defined as films where the desired properties of the PDA layer 

are independent of the underlying substrate. Otherwise, if the substrate material properties 

(e.g. elasticity, porosity, magnetic properties, catalysis, etc.) are important to the end 

application the PDA layer will be referred to as coating.  

All of the synthetic methods discussed in section 1.1 have been used to successfully prepare 

PDA films and coatings on a virtually endless number of substrates such as polystyrene45, 

polytetrafluoroethylene (PTFE)46, poly(lactic-co-glycolic acid)47, cellulose48, graphene46, 

diamond49, glass5, hydroxyapatite5, TiO2
50, Au51, stainless steel52, CdS53 and even viruses54, E. 

coli55 and yeast56. The material independent binding ability has been primarily attributed to 

the various covalent and non-covalent interactions for which the catechol groups can 

participate. The hydroxyl groups provide strong affinity towards hydrophilic surfaces through 

hydrogen bonding. Conversely, the aromatic benzene (and indole) rings can participate in 

hydrophobic interactions, bonding to hydrophobic surfaces through exclusion of water, π-π 

stacking, important for bonding to other  π systems (e.g. graphene, carbon nanotubes) and 

cation- π interactions. Furthermore, the chelation capacity of catechols allows formation of 

coordination bonds with metallic and metallic oxide surfaces. Naturally, covalent bonding 

can occur between the quinone groups and surfaces containing amines or thiols. It should be 
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noted that despite the adaptable bonding of catechol, an effort to produce PDA like films 

using only its intermediate, DHI, was unsuccessful (though particle formation in solution was 

observed).57 One explanation for this counterintuitive behavior may be given by Maier et. al. 

who showed that the presence of primary amines in close proximity to catechols were 

necessary for wet adhesion through displacement of hydrated cations from the surface.58 

Thus the catechols of the DHI, which lack primary amines, would not be able to approach 

close enough to the surface to initiate bonding.   

1.2. Comparison to other synthetic techniques 
 

Although the unique physical and chemical properties of PDA and other polycatecholamines 

prove their worth, it is useful to compare them to other related technologies. For films and 

coatings, self-assembled monolayers (SAMs) and layer-by-layer assembly (LbL) are the 

closest competing methods. SAMs are composed of a single layer of organic molecules 

containing a terminal thiol spontaneously absorbed on the surface of noble metal substrates 

such as gold.59 A polar tail group is typically present on the opposite end to orient the 

molecule in polar solvents. The reversibility of the Au-S bond allows dynamic close packing 

of the molecules on the surface. Similar to PDA, generation of the SAM is achieved by simple 

immersion of the gold substrate in a solution of the molecules. SAMs have high potential for 

post modification through the addition of ligands and functional molecules in the tail group. 

In contrast to PDA, SAMs are not robust due to the weak bonding to the substrate and can 

be displaced by free thiols in solution.59,60 In addition, the layer is limited in thickness (a few 

nanometers) by the length of the molecule. Moreover, SAMs can only be formed on noble 

metal substrates inhibiting broad applications.  

On the other hand, LbL coatings are more versatile than SAMs and can be used with a variety 

of different substrates.61 As the name describes, LbL coatings are built up through alternating 

deposition of two (or more) non-covalent binding polymers. The interaction between the 

polymer layers is typically electrostatic in nature.62 Highly oppositely charged polymers are 

deposited in a single layer such that the surface charge flips with each deposited layer 

attracting and binding the next layer, thus providing controlled deposition and adjustable 

thickness. The strong electrostatic interactions give LbLs higher stability compared to SAMs, 
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which can be increased by incorporating cross-linkable moieties in the polymeric 

backbone.61–63 While LbLs can be used to coat many different substrates and can be tailored 

through the addition of different functional groups in the polymeric backbone, similar to 

PDA, they require the synthesis and purification of, at minimum, two polymers that can 

typically only be used for one substrate and application.61 Furthermore, generating thick 

layers can be tedious, as each layer must be deposited separately with extensive washing in 

between.61 Contrarily, PDA is formed from a single small molecule in a single step, can be 

used on any substrate, and is inherently cross-linked, robust and tailorable. 

 

 

Figure 9. Comaprison of SAM, LbL and PDA coating technologies. Left, SAMs produce well strucutured monolayers 
on gold surfaces from a single coating solution but height is limited to a few nanometer.s Center, LbL provides 
thickness control through the alternating deposition of positively and negatively charged polymers but many tedious 
coating and washing steps. Right, the thickness of PDA coating is highly controllable up to around 50 nm from a 
single coating solution. 

 

Additionally, PDA can directly form robust and stable nanoparticles in solution without the 

need of a supporting substrate. In this regard, nano/microgels technologies are comparable 

to PDA. Nano/microgels are hydrogel nanoparticles composed of a network of one or more 

cross-linked polymers.64 A variety of inert (e.g. polyethylene glycol) and functional polymers 

(e.g. polyisopropylacrylamide) can be used to synthesize nano/microgels.64,65 The polymers 

may be cross-linked via covalent and non-covalent chemistry and the sizes of the resulting 

gels can be controlled by tuning the reaction conditions, solvents and polymer molecular 

weight.66 Comparable to LBLs, the properties of the nanogels/microgels can be tailored by 
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incorporating the desired functional group in the polymeric backbone. Depending on the 

polymeric constituents used, nano/microgels can emulate many of the physicochemical 

properties of PDA nanoparticles. Nevertheless, in contrast to PDA, nano/microgels require 

careful synthesis of the constituent polymer(s) and the addition of a crosslinking agent is 

typically needed. Thus, PDA is often regarded as a simpler, more straightforward method for 

the synthesis of nanoparticles.  

 

1.3. Polydopamine nano-architectures (films, coatings, and nanoparticles) 
 

In the previous sections, PDA was established as a robust, simple yet versatile polymer for 

the synthesis of thin films, coatings and spherical nanoparticles. In this section, the current 

methods and difficulties in achieving anisotropic, patterned and high-resolution PDA 

architectures will be discussed. Though the spontaneous synthesis and indiscriminate 

adhesiveness of PDA are two of its most attractive features, they also provide a challenge to 

its spatial control. The overall shape and dimensions of PDA films and coatings are largely 

determined by the available surface of the employed substrate. In this regard, the use of pre-

formed nanoparticles as a substrate allows synthesis of PDA coatings on the nanoscale, 

however, this is a significantly more difficult task for the synthesis of PDA films on larger 

substrates. Current techniques to selectively control the size and shape of PDA films on a 

larger available surface, at the nanoscale, are limited to “top-down” approaches. 

Photolithography and microcontact printing being the two most prominently utilized 

methods.5,40,42,67–70 Messersmith et al. demonstrated patterned PDA films in their original 

2007 publication.5 Using standard photolithographic techniques, they formed raised 

patterns of photoresist on glass and silicon substrates (Figure 10). After formation of a PDA 

film on the full surface, a lift-off process was used to remove the photoresist leaving behind 

a pattern of PDA film. Ultimately, they were able to metallize the PDA to create patterned 

“metal” films. The group was able to achieve resolutions down to a few hundred nanometers. 
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Figure 10. Patterning and metallization of PDA films. Left, Illustration of electroless metallization patterning 
process. Center, Scanning electron microscopy of silver metallization on silicon. Right, Scanning electron 
microscopy of copper metallization on glass. Adapted from “Mussel-Inspired Surface Chemistry for Multifunctional 
Coatings. Science . 2007, 318 (5849), 426–430. doi: 10.1126/science.1147241.” Copyright (2007) The American 
Association for the Advancement of Science. 

The need to first prepare the patterned substrate and subsequent lift-off of the photoresist 

increases the complexity and tediousness of the overall photolithographic process. The 

groups of Levkin and Hu demonstrated direct photolithography of PDA removing the 

photoresist and simplifying the process. Levkin and coworkers used UV irradiation to directly 

initiate polymerization of dopamine in solution.40 A photomask allowed them to control and 

pattern the PDA film formation with a resolution of less than 1 mm. Hu and coworkers 

prepared patterned metallized films on PDA by first coating the substrate with a PDA film 

and using high doses of UV irradiation through a mask to selectively destroy the PDA in the 

desired area.71 Metal salts could then be reduced to their metallic state on the remaining 

patterned PDA surface. The group achieved resolutions of less than 100 µm.  

Microcontact printing, in principle, works in the same manner as a common rubber stamp. 

Typically, polydimethylsiloxane (PDMS) is poured in a hard mold with the “negative” 

pattern.72 After curing, the PDMS stamp, now with a “positive” pattern, is dipped in a solution 

of the desired material. The PDMS stamp is then pressed onto the substrate transferring the 

pattern of the desired material. By dipping the PDMS stamp into a solution of dopamine and 

allowing it to polymerize into PDA on the stamp, a pattern of PDA can be transferred to 

substrates possessing a higher surface energy than PDMS. Kang Sun et.al. used this technique 

to confine single mammalian cells on PDA patterned on different substrates (Figure 11).69 

They observed that the PDA patterned substrates significantly improved the morphology of 

the cells and retained the cells longer compared to substrates printed with 

collagen/fibronectin. 
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Figure 11. Microcontact printing of PDA for cell patterning. Adapted from “Mussel-Inspired Anchoring for Patterning 
Cells Using Polydopamine. doi: 10.1021/la2041967.” Copyright (2011) American Chemical Society 

Despite the ability to precisely pattern materials across large areas, both methods are limited 

in the resolution they can achieve. For photolithography, the diffraction of light is a physical 

limit on the maximum resolution. The resolution is typically below 500 nm, depending on 

wavelength, with resolutions of 120 nm being readily achievable with deep UV 73 but smaller 

structures are not possible. Since microcontact printing requires a molded stamp, a major 

limitation is the resolution of the initial mold. A variety of different methods can be used to 

prepare the mold such as machining, photo- and electron beam lithography with inherent 

limits on the resolution of each.74 Technically, electron beam lithography offers resolutions 

down to 10 nm but in practice, this in not transferrable to the printed image due to the 

softness of the PDMS stamp, resulting in deformation of the stamp and loss of resolution 

during stamping.75 Resolutions down to 50 nm of simple lines have been achieved using a 

bilayer stamp of “soft” and “hard” PDMS layers.72 However, high resolution, complex 

architectures below 100 nm on large area substrates have not been demonstrated using 

photolithography or microcontact printing. 

Other techniques and methods have been demonstrated for the sub-micron synthesis of PDA 

films but few have been able to realize resolutions below 50 nm. Recently, the group of Carter 

was able to demonstrate PDA patterns with a resolution of around 20 nm using a novel 

technique known as self-aligned double patterning (SADP).76 The group first prepared grated 

PMMA templates on a silicon wafer using microcontact printing (Figure 12).76 Oxygen plasma 

was used to etch PMMA from the trenches of the grates exposing the silicon wafer substrate. 

Next, a PDA film was grown on the surface of the grating. Oxygen plasma was again used to 

remove PDA from the horizontal surfaces, exposing the PMMA and leaving PDA on the side 

walls of the trenches. The remaining PMMA was removed by dissolution in ethyl acetate. 
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PDA lines with a width around 20 nm remained on the surface with a pattern density double 

that of the initial PMMA template. The group further demonstrated that carbonizing the PDA 

at 400°C reduced the line width to around 13 nm. Though the group was able to achieve the 

highest resolution of PDA to date, the SADP process is both tedious and complex excluding 

reproduction in many laboratories.  

 

Figure 12. Self-aligned double patterning of PDA Top inset, scanning electron microscopy image of PDA patterns 
after PMMA removal. Lower inset, scanning electron microscopy image of same sample after carbonization at 400 
°C. Scale bars represent 500 nm. “Fabrication of Sub-20 Nm Patterns Using Dopamine Chemistry in Self-Aligned 
Double Patterning. Nanoscale 2018, 10 (44), 20779–20784. doi: 10.1039/C8NR04040K.” Copyright Royal Society of 
Chemistry. 

The propensity of PDA to adhere to any surface present in a solution of dopamine provides 

another avenue for preparing nanoscale PDA materials by using natural or synthetic 

nanoparticles as templates. Many different nano-sized templates (e.g. silica, CaCO3, oil in 

water emulsions and proteins) have been used to generate PDA particles with sizes less than 

100 nm.77–80 Some templates can be removed from the core via selective diffusion yielding 

unique hollow PDA nanoparticles.79–81 Liu et al. prepared hollow PDA particles using 

polystyrene particles as templates, which were later removed by dissolution in THF82. They 

demonstrated that selective uptake into and release of charged dyes from the hollow interior 

of the PDA particles. Due to the zwitterionic nature of PDA, positively charged dyes could be 

uptaken at high pH while negatively charged dyes were uptaken at low pH; a behavior that 
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may be applied to the uptake and release of charged therapeutic drugs for the treatment of 

disease. 

Most research on template-assisted PDA formation focuses on spherical particles due to the 

physical growth constraints (e.g. minimization of surface energy) of the underlying substrate. 

Recently a few researchers have been able to synthesize anisotropic PDA nanoparticles by 

exploiting the non-uniform growth of some crystalline template materials. The groups of 

Zhang and Dong both reported the synthesis of PDA nanotubes from pre-formed ZnO 

nanorods for sensing applications.83,84 In both cases, the obtained PDA nanotubes were 

greater than several hundred nanometers in length with an inner diameter of approximately 

70 nm. Xue et al. showed that crystalline organic molecules could also be used to produce 

PDA nanotubes in an one-pot synthesis (Figure 13)85. Dopamine and curcumin were 

combined in an ethanol/acetone mixture to solubilize the curcumin and prevent 

polymerization of dopamine. The addition of water caused crystallization of curcumin 

nanorods. Subsequently, Tris buffer was added to the suspension to initiate polymerization 

of the PDA around the curcumin nanorods. Finally, the curcumin core was removed by 

dissolution in ethanol. The group was able to achieve a yield of 25% PDA nanotubes with an 

inner diameter circa 200 nm and a length of several micrometers. In addition, they found 

that over 80% of the curcumin could be recovered after purification. Combined with the one-

pot synthesis, the recoverability of curcumin makes their process highly scalable. 
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Figure 13. Fabrication of PDA nanotubes from curcumin crystals. Scanning electron microscopy image (upper image) 
and transmission electron microscopy image (lower image) of PDA nanotubes.  “Scalable Fabrication of 
Polydopamine Nanotubes Based on Curcumin Crystals. ACS Biomater. Sci. Eng. 2016, 2 (4), 489–493. doi: 
10.1021/acsbiomaterials.6b00102.” Copyright (2016) American Chemical Society 

Despite the endless variety of templates available, the use of preformed nanoparticles as 

templates provides constraints on the synthesis of PDA nanoparticles that have been difficult 

to overcome. The minimum dimension is inherently limited by the template, which is often 

greater than 50 nm. Moreover, the shape and anisotropy of the resulting PDA nanoparticles 

lacks the programmability that may be desired for many application. Thus direct control of 

the growth of PDA without a core is a desirable goal. 

 

1.4. Application of Polydopamine 
 

The previous sections have established PDA as a robust, versatile polymeric material that is 

easily synthesized at multiple scales and possesses a high degree of tailorability through post-

functionalization. In this section, the application of PDA based materials will be discussed 

with a focus towards the biomedical field. Various examples will be presented and areas of 

potential improvement will be highlighted.  
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PDA has garnered much interest across many different fields, such as device fabrication, 

energy, environmental and biomedical due to its accessibility and unique physicochemical 

properties. Its material independent adhesiveness, zwitterionic character and high 

concentration of hydrogen acceptors and donors makes PDA a suitable material to convert 

the surface characteristic of hydrophobic substrates to a hydrophilic one; improving or 

altering the substrate properties under aqueous conditions. You et. al exploited this behavior 

to fabricate a stable surface-tension-confined-microfluidic device86. Utilizing 

photolithographic techniques, the group was able to produce 60 µm wide lines of PDA on a 

superhydrophobic substrate (Figure 14). They demonstrated that by slightly tilting the 

substrate a water droplet would follow the path of the PDA lines leaving no residue. Forming 

the PDA lines in a Y-shape allowed the group to investigate the mixing kinetics of two 

solution droplets placed individually at the top of the Y-shape.  The group was able to monitor 

the denaturation kinetics of a photoactive yellow protein upon mixing with a droplet of the 

denaturant guanidine hydrochloride. Furthermore, the group was able to successfully 

demonstrate application of their method to synthesize gold nanoparticles using droplets of 

gold chloride and sodium borohydride solutions.  
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Figure 14. PDA microfluidic device. Top, Fabrication scheme of microfluidic device. Center, Photograph of 
experimental setup. Bottom, Time-lapse images of microfluidic device operation. Adapted from “Polydopamine 
Microfluidic System toward a Two-Dimensional, Gravity-Driven Mixing Device. Angew. Chemie Int. Ed. 2012, 51 (25), 
6126–6130. doi: 10.1002/anie.201200329.” Copyright John Wiley & Sons, Inc. 

In the field of energy science, PDA has proven itself a valuable material for the fabrication of 

lithium ion batteries and photovoltaics. PDA coatings can serve as a straightforward, low cost 

method to improve wettability of common polyethylene separators used in lithium ion 

batteries to prevent short-circuiting between the cathode and anode.6 As the electrolyte is an 

aqueous solution, PDA can enhance diffusion ultimately improving the performance of the 

battery. Choi and co-workers observed that dip coating the polyethylene separator with PDA 

decreased the contact angle from 108° to 39°, improved the ionic conductivity, and 

maintained a higher discharging capacity (84.1% vs 46.1%) after cycling at high current 

density compared to an uncoated separator (Figure 15).45 
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Figure 15. PDA coated polyethylene separators for Li-Ion batteries. (A) Contact angle images of Polyethylene 
separators before (left) and after (right) the PDA coating. (B) Photographs of Polyethylene separators before (left) 
and after (right) the PDA coating. (C) Comparison of discharging capacities for both cells prepared using 
Polyethylene separators with and without PDA coating at a series of current densities.  Adapted from “Mussel-
Inspired Polydopamine-Treated Polyethylene Separators for High-Power Li-Ion Batteries. Adv. Mater. 2011, 23 (27), 
3066–3070. doi: 10.1002/adma.201100303.” Copyright John Wiley & Sons, Inc. 

The ability to generate energy directly from sunlight has made photovoltaic cells important 

devices for the pursuit of renewable energy sources. Although inorganic-based devices 

currently dominate the commercial space, there is increased interest in organic dye-

sensitized solar cells (DSSCs) due to their lower cost and environmental friendliness. For 

high-energy conversion, the ideal sensitizer should possess a high absorptivity across the 

solar spectrum. Thus, PDA’s photophysical properties makes it a promising candidate for 

DSSCs. The group of Jung demonstrated that photoelectrons could be directly injected from 

the HOMO energy level of PDA to the conduction band of TiO2 in a model DSSC.87 The 

photoelectric behavior of PDA has also been applied to the production of photocatalysts. 

Feng et. al showed that a PDA coating can enhance the photocatalytic properties of Ag 

nanoparticles.88 They observed that rate of photodegradation of the dye, neutral red, was 

faster with Ag@PDA core/shell nanoparticles under UV irradiation than bare Ag 

nanoparticles.  

Although PDA has been researched as a promising material in many fields its 

physicochemical properties make it uniquely suited for biomedical applications. In addition 

to its adhesiveness, hydrophilicity, redox properties, plethora of functional groups and high 

tailorability through post functionalization, PDA had been shown to be highly 

biocompatible89–91, biodegradable92,93 and exhibit low toxicity94. A striking example of the 
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biocompatibility of PDA is presented by Yang et al. in their work on the PDA encapsulation 

and functionalization of yeast cells.56 The researchers were able to demonstrate individual 

encapsulation of yeast cells in a PDA shell while retaining viability of the cells and increasing 

their resistance to lyticase (Figure 16). Further, they functionalized the encapsulated yeast 

cells with the protein avidin and demonstrated biospecific immobilization of the 

functionalized yeast cells to a substrate possessing biotin, the binding partner to avidin. Their 

work serves as a foundation for the realization of artificial spores. 

 

Figure 16. PDA coating of individual yeast cells. (A) Immobilization of avidin functionalized PDA-encapsulated yeast 
cells. (B) TEM micrograph of microtome-sliced PDA-encapsulated yeast cell. (C) Growth curve of native yeast (▲), 
single-layer PDA- encapsulated yeast cells (◼), and multi-layer PDA- encapsulated yeast cells (●). Survival of native 
yeast (▲), single-layer PDA- encapsulated yeast cells (◼), and multi-layer PDA- encapsulated yeast cells (●) in the 
presence of lyticase.,  Adapted from “Mussel-Inspired Encapsulation and Functionalization of Individual Yeast Cells. 
J. Am. Chem. Soc. 2011, 133 (9), 2795–2797. doi: 10.1021/ja1100189.” Copyright (2011) American Chemical Society 
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PDA coatings can also work synergistically with other biocompatible materials, enhancing 

their applicability. The group of Prof. Weil recently reported the synthesis of hybrid peptide-

PDA nanofibers as a bioactive scaffold for the adhesion and growth of neurons (Section 12.1).95 

The group showed that the PDA-coated peptide nanofibers enhanced the development of the 

neuronal growth cone over that of bare nanofibers or PDA alone (Figure 17). Moreover, they 

demonstrated the pH sensitive loading and release of boronic acid containing cargo onto the 

PDA surface. Together, these results suggest applications of their hybrid nanofibers in 

neuronal implants and tissue engineering. 

 

Figure 17. Enhanced neuronal cell growth and adhesion of PDA coated fibrils. (A)  Schematic representation of the 
formation of polydopamine-coated peptide nanofiber hybrids. Mouse primary hippocampal neurons were plated on 
indicated substrates, followed by labeling for microtubules (green) and F-actin (red); the latter is used to label growth 
cones. (B,E) Growth cone area of neurons plated on glass only (no coating) was comparable to (C,F) neurons grown 
on coverslips coated with pll/lam. (D,G) By contrast, the growth cone area of neurons cultured on PDA-PNF was 
enhanced as was the number of finger-like filopodia. (E–G) are higher magnifications of dashed areas in (B–D). (H) 
Quantification of growth cone area. Adapted from “Water-Dispersible Polydopamine-Coated Nanofibers for 
Stimulation of Neuronal Growth and Adhesion. Adv. Healthc. Mater. 2018, 7 (11). doi: 10.1002/adhm.201701485.” 
Copyright John Wiley & Sons, Inc. 
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In addition to the properties already gained by simply coating materials in PDA, many 

biomedical researchers have exploited the ability to easily functionalize the PDA surface to 

further enhance their versatility. For example, Fan et al. were able to fabricate silicone-based 

urinary catheters with antimicrobial and antifouling properties by first coating the silicon 

catheters with PDA using copper sulfate/H2O2 as an initiator system and subsequently 

coupling sulfobetaine acrylamide to the surface by aza-Michael addition.33 The copper 

sulfate/H2O2 system allowed rapid deposition of the PDA and in-situ adsorption of copper 

ions, which are known to have antimicrobial properties while the zwitterionic surfactant, 

sulfobetaine, prevent adsorption of bacteria. The group observed the combination of copper 

ions and sulfobetaine provided a synergistic effect enhancing both the reduction in adhesion 

and fraction of dead E.Coli cells over that of copper impregnated PDA alone (Figure 18). 
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Figure 18. Antimicrobial and Antifouling PDA coating on Silicone catheter (A). (B) Photograph of silicone-based 
urinary catheters with and without surface modification. (C)  Live/dead fluorescent images of adherent E. coli on 
bare and modified substrates with a scale bar of 10 μm.  (D) Quantitative analysis for the number of adsorbed E. coli 
and fraction dead on bare and modified substrates. Adapted from “Development of Antimicrobial and Antifouling 
Universal Coating via Rapid Deposition of Polydopamine and Zwitterionization. 2019, 35, 12. doi: 
10.1021/acs.langmuir.8b01730.” Copyright (2018) American Chemical Society 

Besides the modification of bulk substrates, PDA lends itself well to the fabrication of 

nanoparticles for diagnostic and therapeutic applications. Pure and PDA coated 

nanoparticles have been utilized for fluorescent and photoacoustic imaging, drug delivery, 

transfection, molecule detection, and photothermal therapy.6,96,97 Each year the complexity 

and versatility of these systems grows. Recently, research has been moving towards 
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nanotheranostics, nanoparticle-based systems that combine both diagnostic and therapeutic 

potential in the same system. PDA has gained popularity in this field due to its many 

complementary properties allowing straightforward development of hierarchical systems 

needed for theranostics. In this regard, Dong et al. developed a PDA based nanoparticle 

system exhibiting magnetic resonance imaging (MRI) contrast and dual therapy for the in 

vivo imaging and treatment of cancer.98 To fabricate the system, first, PDA nanoparticles were 

synthesized by the self-polymerization of dopamine in an alkaline solution (Figure 19). Next, 

a near-infrared (NIR) adsorbing dye, indocyanine green (ICG), was adsorbed on the surface 

of the nanoparticles by simply mixing overnight at a pH of between 2 and 3. Subsequently 

the nanoparticles were PEGylated to improve stability. Then the chemotherapeutic drug, 

doxorubicin, was loaded into the nanoparticles. Finally, the chelating ability of the catechol 

moieties was exploited to load Mn2+ ions into the nanoparticles. Though the resulting system 

is quite complex each step was straightforwardly carried out by simply mixing the 

nanoparticles with the desired molecules in buffer and washing afterwards. Thus significantly 

reducing the possibility of harmful reagents and side products being present in the final 

product. Dong et al. demonstrated the enhanced photothermal effect after incorporation of 

ICG and further showed that photothermal behavior could be used to selectively release 

doxorubicin from the nanoparticles.98 Impregnating the nanoparticles with Mn2+ ions 

improved the T1 and T2 contrast during MRI allowing visualization of target tumors in a 

mouse model. Furthermore, the combined system was able to reduce and retard tumor 

growth in mice after laser treatment. Thus demonstrating the potential of PDA in the field of 

theranostics. 
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Figure 19. Theranostic PDA nanosystem.  (A) Scheme showing the synthesis of PDA-ICG-PEG nanoparticles, as well 
as the followed drug loading and metal ion chelating. (B) IR thermal images of 4T1 tumor-bear mice with/without 
the NIR laser irradiation (808 nm, 0.5 W/cm2, 20 min) after intravenous injection with PBS, free DOX, PDA-ICG-
PEG, PDA-ICG-PEG/DOX for 24 h at the same PDA and DOX concentrations. (C) Near-IR-triggered release of DOX 
from PDA-ICG-PEG-DOX nanoparticles. (D) Temperature changes of tumor-bearing mice monitored by the IR 
thermal camera in different groups during laser irradiation as indicated in (B).  Adapted from “Polydopamine 
Nanoparticles as a Versatile Molecular Loading Platform to Enable Imaging-Guided Cancer Combination Therapy. 
Theranostics 2016, 6 (7), 1031–1042. doi: 10.7150/thno.14431.” Licensed under a Creative Commons Attribution (CC 
BY) license (http://creativecommons. org/licenses/by/4.0/). 

In addition to dopamine, several other catecholamines have also been used by researchers 

for various applications with their respective side group providing different functionality to 

that of PDA. For example, Yu et al. incorporated polyelectrolyte complexes (PECs) formed 

from poly( allylamine hydrochloride) and poly (L-DOPA) into agarose hydrogels for the 
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efficient removal of ionic pollutants from water.99 The additional negatively charged 

carboxylic acid groups of poly(L-DOPA) allowed the formation of PECs with the positively 

charged amino groups of poly(allylamine hydrochloride) via electrostatic interactions. 

Incorporation of the PECs in agarose produced hydrogels with a high capacity for heavy metal 

cations and charged organic dyes. The adsorbed contaminants could be released by lowering 

the pH and recovered hydrogels retained over 90% of their original adsorption even after 5 

cycles. Polynorepinephrine (PN), which has been shown to produce smoother more uniform 

coating than PDA100, has also been used by many researchers. Chen and co-workers coated 

electrospun polycaprolactone microfibers with PN to generate a biodegradable scaffold for 

muscle regeneration.101 The PN coated fibers were shown to promote adhesion and 

proliferation of skeletal muscle cells in vitro and successfully regenerated muscle with 

mechanical strength equal to the original tissue in vivo. 

PDA is a versatile material possessing many desirable properties, allowing it to be applied in 

a variety of different fields. On its own or in concert with a substrate, it can provide a robust 

foundation for the production novel materials. PDA’s unique characteristics (e.g. 

biocompatibility, functionality, ability for post modification) make it well suited for many 

biomedical applications from tissue engineering to therapeutics. On the other hand, the great 

potential of PDA may be surpassed through the exploitation of other catecholamine 

derivatives (e.g. L-DOPA) as Mussel inspired coatings and materials. 
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2. Conceptual Design and Motivation 

As a bioinspired material, PDA has shown great potential to revolutionize development of 

novel materials across many fields (e.g. energy, environmental, biomedical). Its combination 

of simple straightforward synthesis, functionality, adhesiveness and tailorability through easy 

post modification makes it an ideal choice for an endless variety of applications. Yet, to date, 

PDA based materials have not been able to transition past the research level. One reason for 

this stunted progress can be attributed to difficulties, particularly at the nanoscopic level, in 

controlling the rapid and indiscriminate polymerization mechanism. New techniques and 

methods that can provide nanoscale control of the polymerization of dopamine to PDA could 

greatly expand the potential of PDA based materials. In this respect, we have focused our 

research on the development of technologies and methods that can achieve the desired 

precise spatial control of PDA. The technologies developed and presented in this thesis 

deliver synthetic control of PDA both in bulk solution and on a defined scaffold (Figure 20. 

Conceptual Design. Moreover, the integration of the sister material, poly(L-DOPA), with 

fluorescent nanodiamonds to produce a theranostic system is presented. 

The first system presented is a PDA copolymer for the synthesis of nanoparticles. In this 

system, a convenient one-step procedure in aqueous solution was used to prepare PDA 

polyethylene glycol (PEG) cross-linked copolymer (PDA-PEG) nanoparticles with sizes of less 

than 50 nm. Particle sizes and colloidal stabilities were optimized by varying PEG in view of 

chain length and end group functionalities. In particular, bis-amine-terminated PEG3000 

[PEG3000(NH2)2] reacted with PDA intermediates inhibiting the polymerization enough to 

generate stable nanoparticles. The nanoparticles were observed to remain stable in buffer 

solution with no sedimentation after several weeks. The tailorability of PDA was retained and 

demonstrated by the attachment of amine reactive fluorescent dyes. The PDA-PEG 

nanoparticles revealed efficient cellular uptake via endocytosis and high cytocompatibility, 

thus rendering them attractive candidates for cell imaging or for drug delivery applications. 

To explore the precise spatial control of PDA at resolutions not previously reported, the 

sequence defined spatial programming of DNA origami technology was exploited in 

collaboration with Yu Tokura. DNA origami nanotechnology offers systematic design of a 

large variety of defined DNA nanostructures by self-assembling scaffold DNA and staple DNA 
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sequence with each DNA staple sequence encoding a specific position that can be precisely 

modified. Modification of some staple strands with guanine rich tails allows anchoring of G-

quadruplex (G4) motifs at defined locations. These G4 motifs can bind hemin to form 

horseradish peroxidase, an enzyme known to polymerize dopamine, mimicking catalytic 

centers. We utilized these DNA origami decorated with multiple horseradish peroxidase-

mimicking G4 motifs to control the shape and size of PDA formation with nanometer 

resolution. Selection and modification of different staple strands with G4 allowed synthesis 

of PDA with various anisotropic designs (i.e. spot, line, and cross). Rolling up the DNA 

origami into a tube allowed control over the location of PDA within or outside of the tube. 

Moreover, due to the adhesive behavior of PDA we demonstrated that the fabricated PDA 

nanostructures could serve as “supramolecular glue” for controlling DNA origami 

conformations. Furthermore, liberation of the PDA nanostructures from the DNA origami 

templates was achieved by short exposure to acidic medium. DNA origami technology 

provides a unique access towards anisotropic PDA architectures with distinct shapes that 

were retained even in the absence of the DNA origami template, which may be applicable to 

many fields. 

As will be demonstrated in the first two systems, PDA is versatile and unique material with 

high potential but it is just one member of a family of polycatecholamines possessing similar 

attributes. Some of these polycatecholamines, such as polynorepinephrine and poly(L-

DOPA), can even enhance the potential of PDA like materials through the functionality of 

their respective side groups. For example, the carboxylic group of L-DOPA gives higher 

hydrophilicity to poly(L-DOPA) coatings while retaining the other characteristics of PDA. In 

collaboration with Marco Raabe, in the last system presented in this thesis, we use the 

increased hydrophilicity of poly(L-DOPA) to increase the colloidal stability of fluorescent 

nanodiamonds (fNDs) and generate a hybrid nanosystem with theranostic potential.  FNDs 

are unique carbon-based nanomaterials due to their outstanding optical and magnetic 

properties, which are promising for sensing applications. However, realization of the full 

potential of fNDs is often limited by their processability because fNDs aggregate strongly in 

aqueous solutions. To address this limitation we coated fNDs with a thin shell of poly(L-

DOPA) increasing the aqueous stability of fNDs while simultaneously enhancing their 

therapeutic potential. After coating, the poly(L-DOPA)-fND hybrid materials (DOPA-fND) 
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was demonstrated to retain the photoluminescence and optically detected magnetic 

resonance (ODMR) of the fNDs. Subsequently, conjugation of transferrin, a heme protein 

that provides efficient receptor specific cellular transport, improved the colloidal stability and 

cellular uptake of the DOPA-fNDs. Finally, FDA-approved indocyanine green (ICG) as a 

photothermal agent was loaded into the poly(L-DOPA) shell yielding an integrated biohybrid 

material exhibiting an amplified photothermal effect in cells at very low energy intake (~90 

mW cm-2). 

 

Figure 20. Conceptual Design 



41 
 

The development and results of the three systems described above was published in four 

papers and is presented in the following sections. 
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3. Introduction to “Facile synthesis of ultrasmall polydopamine-

polyethylene glycol nanoparticles for cellular delivery” 
 

 

 

Figure 21. Schematic of PDA-PEG nanoparticle formation. Adapted from “Harvey et al. Facile synthesis of ultrasmall 
polydopamine-polyethylene glycol nanoparticles for cellular delivery. Biointerphases. 2018, 13(6), 06D407 doi: 
10.1116/1.5042640.” Licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons. 
org/licenses/by/4.0/). First published in: “. Biointerphases. 2018, 13(6), 06D407 doi: 10.1116/1.5042640.” 

Unique among polymeric systems, the polymerization of dopamine can occur spontaneously 

in alkaline aqueous solutions. In combination with dopamine’s inherent biocompatibility and 

the plethora of functional groups available on the surface of PDA, this “green” method of 

preparation has attracted much interest in PDA for biomedical applications.96,102,103 On the 

other hand, the spontaneous polymerization of dopamine is uncontrolled and 

inhomogeneous yielding a wide distribution of nano- and microparticles.18,21,104,105 In addition, 

PDA is insoluble in most solvents and prone to aggregation due to its adhesive nature 

resulting in precipitation of materials from solution. These limitations prohibit the direct 

application of PDA particles in the biomedical field. Limited attempts have been made to 

control the spontaneous polymerization through optimization of the polymerization 
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conditions using different pH and/or additives with resulting PDA nanoparticles above 100 

nm.21,106–109 These large PDA nanoparticles facilitated the loading of various aromatic anti-

cancer drugs110 and possess attractive photothermal properties but are inherently limited by 

biodistribution mechanisms in the body. Current research has suggested that a “sweet spot” 

exist for the size of nanoparticles for maximum circulation time in the body directly 

impacting the efficacy of any applied therapy. For spherical particles, those above 100 nm are 

trapped in the liver and spleen while particles with a diameter below 10 nm are quickly 

excreted by the kidneys.111,112 Only a few attempts have been successful in producing PDA 

nanoparticles in this range relying on less “green” methods such as reverse microemulsion 

polymerization in cyclohexane water mixtures or using templates such as proteins.77,78,113 Due 

to the sticky surface of PDA nanoparticles providing many reactive catechol and quinone 

groups, a second surface functionalization step is usually required to stabilize the particles 

and to render them inert in complex media. In this way, core-shell nanoparticles with PDA 

in the core and a poly(ethylene glycol) (PEG) shell have been fabricated.114 In recent years, 

more complex structures have been achieved, e.g., poly(lactic-co-glycolic acid) core coated 

with PDA and functionalized with PEG.47  

Besides the core-shell nanoparticles, also PEG nanoparticles115,116 have been reported by 

functionalization of the PEG chains with acetyl, acryl, or fluorene groups. In addition, stable 

core-cross-linked micellar structures using dopamine as a crosslinker were investigated.117,118 

For core-cross-linked micelles, it is reported that small amounts (5% or less) of dopamine are 

sufficient to stabilize the micelles.117 Despite these synthetic achievements, the reported 

methodologies typically involve multistep synthesis with high structural complexity where 

one or more conditions are not biocompatible.  

In this contribution, the intractable polymerization of dopamine was controlled via 

copolymerization with a bis-amine terminated PEG. Very small and narrowly dispersed PDA-

PEG nanoparticles with dimensions of about 40 nm were prepared in a single reaction step 

in aqueous solution without the necessity to add surfactants or organic solvents. The reaction 

proceeds smoothly providing colloidally stable, cross-linked copolymer nanoparticles. PEG 

reduces sedimentation and contributes to improved nanoparticle stability119 in aqueous 

solution, whereas PDA serves as crosslinker also offering the required functionalities for 
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crosslinking and post functionalization. To demonstrate the availability of functionalities, 

the PDA-PEG nanoparticles were functionalized covalently with a dye that also enabled 

studying cellular uptake. High cellular uptake via energy dependent endocytosis processes 

and low cellular toxicity were observed revealing promising features for cellular imaging and 

drug delivery applications. 

The polymerization of dopamine is complex and non-sequential proceeding via a number of 

reactive intermediates such as dopamine quinone, leucodopaminechrome, 

dopaminechrome, or 5,6 dihydroxyindole (Figure 21).5,16 It is known that some of these 

intermediates as well as the oligomeric and polymeric PDA species containing quinone or 

unsaturated indole rings can react with various amine containing molecules via Michael 

addition reactions and Schiff base formation reactions.29 Thus different amine-terminated 

PEG polymers of varying chain lengths with one or two amine end groups were screened for 

their ability to temper the rapid growth and form stable nanoparticles. One mole equivalent 

of the amine-containing PEG derivatives was added to dopamine HCl (2 mg/ml) in phosphate 

buffer at pH 8.5, and the mixture was incubated overnight. Only PEG derivatives with 

molecular weights above 2000 g/mol and containing with two terminal amino groups were 

able to produce nanoparticles in the biological “sweet spot”.  

In order to prove that the PEG derivatives acted only to stabilize the polymerization of 

dopamine (Figure 21) and not through another mechanism, several other catechol containing 

compounds were studied under similar conditions. Two that do not undergo intracyclization 

and polymerization [(1,2-dihydroxybenzene (catechol), dihydroxybenzylamine (DHBA)] and 

an amino acid analogue of dopamine [L-3,4-dihydroxyphenylalanine (L-DOPA)] that can 

polymerize. Only mixtures of bis-amine terminated PEG and L-DOPA were also able to form 

nanoparticles indicating that internal cyclization and polymerization of the catechol 

derivative is necessary for nanoparticle formation. Further confirming the proposed 

mechanism (Figure 21), a comparison of the 1H NMR spectra of the precursors and the 

nanoparticles revealed a shift of the PEG C-1 protons from 2.79 to 3.13 ppm indicating the 

nucleophilic addition of the proximal amine group to the aromatic dopamine system (1,4 

Michael addition or Schiff base reaction), which confirms the successful copolymerization of 

the dopamine/PEG monomers.  
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PDA nanoparticles prepared from α,ω-bis amine PEG3000(NH2)2 [PDA-PEG3000(NH2)2] 

were selected for all further analyses as they were very narrowly dispersed. The synthesis was 

successfully upscaled to a batch size of 1 g, and the PDA-PEG nanoparticles were observed to 

be stable for several weeks at RT. Thermogravimetric analysis of the PDA-PEG nanoparticles 

revealed a composition of approximately 60% PEG and 40% PDA, which corresponds to 

approximately 13 dopamine molecules per 1 PEG chain. Cryo-TEM images of the 

nanoparticles give a mean radius of 18 ± 5 nm and some larger particles.  

One of the hallmarks of PDA is the presence of various functional groups, such as amines, 

that allow for post functionalization with virtually any desired compound. To assess the 

number of amine groups accessible for conjugation, a ninhydrin assay was used. Using 

glycine, a standard curve was made and compared to the values obtained for PDA-PEG 

nanoparticles. About 76 nmol amines/mg of PDA-PEG nanoparticles were determined, which 

is a very small amount (< 1% total primary amines) considering that 3 mmol reactive amino 

groups (assuming that no amine groups had reacted) are present in 1 mg PEG-PDA 

nanoparticle. These results suggest that most of the amino groups of PEG have reacted and 

formed interconnecting loop and cross-linked structures.  

Based on the obtained data, the internal structure of the PDA-PEG nanoparticles cannot be 

entirely clarified. However, considering that the nanoparticles consist of PDA-PEG with 

around 60 wt. % PEG and around 40 wt. % PDA, it can be reasonably concluded that the 

aromatic rings in PDA cluster into highly cross-linked oligomers that form hydrophobic 

domains within the PDA-PEG volume that are protected from water by the PEG shell. Time-

of-flight secondary ion mass spectrometry (TOF-SIMS) surface analyses of the PDA-PEG 

nanoparticles support this assumption. The presence of secondary ion signals from both, PEG 

and PDA, on the topmost surface of the deposited PDA-PEG particles have been detected 

suggesting that both components are present at the surface of the particle. Furthermore, 

depth profiling analyses with Ar cluster sputtering show similar traces for both components 

indicating a constant ratio of PEG and PDA throughout the sputter erosion process. In 

addition, it has been reported previously that in PDA films, dopamine oligomers first form 

nanoaggregates, which assemble into random aggregates on the micrometer scale.120 Thus, it 

is likely that several PDA nanoaggregates are formed that cross-linked the more hydrophilic 
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PEG chains producing a PEG network with inner PDA oligomeric or polymeric aggregates 

that are prevented from aggregation.22 

The suitability of PDA-PEG for biomedical applications was also studied. First, Fluorescein 

isothiocyanate or Rhodamine isothiocyanate, amine reactive fluorescent dyes, were used as 

model compounds for the post-modification of PDA-PEG nanoparticles. Then, the dye 

labeled PDA-PEG nanoparticles were added to cultured A549 lung carcinoma epithelial cells 

and cellular uptake and cytotoxicity were investigated. Confocal laser scanning microscopy 

revealed an efficient and homogenous uptake of the nanoparticles. Moreover, the 

internalization process was surprisingly rapid (4 h) given the high PEG content in the 

nanoparticles. In contrast, PEGylated species such as PEGylated nanoparticles, micelles and 

PEG functionalized dyes (perylenedicarboxymonoimide, benzoylterrylen-3,4-

dicarboximide)121 functionalized with one PEG chain or dendritic polyglycerol perylene imido 

dialkylester122 are known to penetrate mainly into the outer cell membrane and do not reveal 

significant cellular uptake as demonstrated for PDA-PEG. Cytotoxicity studies showed no 

toxicity up to 100 μg /ml with an IC50 value of about 500 μg/ml indicating high cell 

compatibility. 

In summary, control of the polymerization of dopamine to produce nanoparticles of less than 

100 nm in diameter was achieved by copolymerization with bis-amine terminated PEG in 

aqueous solution, which has been a challenge in the past. The PDA-PEG particles had defined 

sizes in the range of 40 nm, and no sedimentation was detected most likely due to the 

formation of an outer protecting PEG shell. The exact inner structure of the nanoparticles 

cannot be fully elucidated and the formation of a dense PDA core or several PDA 

nanoaggregates are likely. The PDA-PEG nanoparticles provide high water solubility and high 

colloidal stability in buffer, and the availability of accessible free amino groups has been 

clearly demonstrated, which makes them very attractive for biomedical applications. High 

cell viability suggests that the PDA-PEG nanoparticles could be biocompatible and more 

importantly, their cellular uptake and internalization process proceeded rapidly opening 

various opportunities for drug delivery and cellular bioimaging.  
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3.1. Outlook 
 

This “green” and facile route for stabilizing the polymerization of dopamine can likely be 

extended to other amine-terminated polymers opening a new avenue to quickly produce 

nanoparticles with advanced synergistic functionalities. One such polymer, 

Polyisopropylacrylamide (PNIPAM) is known to display temperature dependent solubility in 

aqueous solutions. Cross-linked nanogels of PNIPAM exhibiting a volume phase transition 

near human body temperature have been used as thermoresponsive nanocarriers releasing 

their payloads in response to increases in temperature.123,124 Substituting all or part of the PEG 

polymers with bis amine-terminated PNIPAM may give PDA nanoparticles that retain the 

thermoresponsive behavior of PNIPAM. In combination with the innate photothermal 

property and post modification potential of PDA novel target selective, light responsive 

nanocarriers can be generated in one-step without organic solvents or harsh conditions. As 

the number of different functional polymers is ever growing, the possible applications of the 

presented approach are only limited by imagination. 

  

Figure 22.Photothermal PDA-PNIPAM nanoparticles 

 

These results are presented comprehensively in the manuscript [11.1] 
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4. Introduction to “Fabrication of Defined Polydopamine 

Nanostructures by DNA Origami-Templated Polymerization 
 

 

Figure 23. Polymerization mechanism of dopamine and DNAzyme-assisted bottom-up PDA nanostructure 
fabrication on DNA origami template. Adapted with permission from “Tokura et al. Fabrication of Defined 
Polydopamine Nanostructures by DNA Origami-Templated Polymerization. Angew. Chem. Int. Ed. 2018, 57(6), 1587-
1591 doi: 10.1002/anie.201711560.” Licensed under a Creative Commons Attribution (CC BY-NC 4.0) license 
(https://creativecommons.org/licenses/by-nc/4.0/). First published in: “Tokura et al. Fabrication of Defined 
Polydopamine Nanostructures by DNA Origami-Templated Polymerization. Angew. Chem. Int. Ed. 2018, 57(6), 1587-
1591 doi: 10.1002/anie.201711560.” 

In the previous section, bis-amine terminated PEGs were used as comonomers to tame the 

polymerization of dopamine in an alkaline aqueous solution to form small spherical particles 

for biomedical applications. In this contribution, the formation of PDA is controlled with 

high spatial resolution via a powerful bottom-up approach enabling production of complex 

nanoarchitectures and higher order PDA based materials (Figure 23). This was achieved using 

the precise spatial programming provided by DNA origami, a versatile DNA nanotechnology 

that offers systematic design of a large variety of defined DNA nanostructures by self-

assembling scaffold DNA and staple DNA sequences.125 Computer-assisted design provides 

https://creativecommons.org/licenses/by-nc/4.0/
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almost limitless access to any defined nanostructure in 2D and 3D126 with each DNA staple 

sequence encoding a specific position that can be precisely modified. This concept has been 

utilized to arrange metal nanoparticles,127,128 proteins,129,130 and fluorescent molecules131,132 

with nanometer resolution. Nature has shown that some DNA sequences possess the ability 

to fold into unique structures (e.g. I-motif, G-quadruplex) with functional properties. 

Sequences rich in guanine can form helical structures defined by a tetrad of guanine residues 

in the presence of cations (such as potassium ions). These structures are known as g-

quadruplexes (G4) and have been shown to exhibit high binding affinities for certain 

molecules. Moreover, when some molecules (i.e. hemin) bind with G4, they show enhanced 

catalytic activity and are known as DNAzymes.133,134 The hemin-G4 complex (hG4) is a 

peroxidase mimicking DNAzyme able to oxidize various substrates in the presence of 

hydrogen peroxide. 

Previously, hG4 decorated DNA origami was employed as a scaffold for the oxidative 

polymerization of polyaniline135. Separately, it was reported that hG4 could oxidize dopamine 

to dopaminochrome. 136,137 As the oxidation of dopamine is the initial step in the 

polymerization, it was logical to assume that hG4 decorated DNA origami could serve as 

control center and template for the formation of PDA. For a test model, a DNA tile structure 

(70 nm x 100 nm dimensions) was designed with a 20 nm square domain containing 20 hG4 

moieties (G4 DNA tile). The G4 DNA tile was incubated with hemin for 30 min and catalytic 

activity was evaluated with an ABTS assay. Interestingly, G4 DNA tile showed an almost 

fivefold increase in reaction kinetics compared to free hG4 at similar concentrations possibly 

due to a cooperative effect of the locally concentrated hG4 centers. Fabrication of PDA 

nanostructures on the G4 DNA tile was initially pursued in standard TAE / Mg buffer (20 

mM Tris, 10 mM acetic acid, 1 mM EDTA, 12 mM MgCl2) at pH 5.8 since, under these 

conditions, the activity of the DNAzyme was highest while the acidic conditions prohibited 

oxidation of dopamine by dissolved oxygen (see Section 1.1). While many PDA nanoparticles 

were observed in the solution, no PDA formation was observed on the DNA tile. This was 

attributed to the high cation concentrations shielding the negative charges of the DNA 

backbone preventing electrostatic interaction of the positively charged dopamine molecules 

(under the above mentioned conditions). Thus any dopamine molecules that were oxidized 

to dopaminochrome would diffuse back into solution initiating polymerization away from 
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the G4 DNA tile. By decreasing the buffer concentration 70 times, deshielding the G4 DNA 

tile, new structures with a height of 2-3 nm (AFM) appeared on the DNA tile approximately 

bounded by the hG4 domain. Additionally, mechanical property mapping revealed an 

increase in adhesion forces by 73 pN + 16 pN from the DNA tile indicating successful PDA 

formation. It is hypothesized that the electrostatic interaction between positively charged 

dopaminochrome / dopamine and negatively charged DNA nanotile coupled with multiple 

hG4 molecules in close proximity facilitated a high local concentration of PDA intermediates 

including oligomers, leading to the preferential polymerization directly at the hG4 domain. 

In support of this hypothesis, an experiment replacing dopamine with its neutral analog L-

DOPA (at pH 5.3) showed no polymerization on the G4 DNA tile. The height of the PDA 

structures was found to be dependent on the H2O2 and reaction time.  

Exploiting the programmability of DNA origami, different anisotropic and complex PD 

nanostructures (line, cross, and stripe) could be obtained by pre-positioning the hG4 

domains in the desired geometry. Furthermore, the rigid, inherently cross-linked, and highly 

stabile PDA nanostructures could be liberated from the DNA origami template with a short 

incubation in 1M HCl. The DNA tile was degraded within 10 seconds due to the hydrolysis of 

the phosphodiester backbone, bases, and glycosidic bonds138 leaving behind the intact PDA 

nanostructures. To date, PDA structures of this level of complexity have not been achieved 

at this resolution. Since the micro/nano-patterning of DNA origami onto the various surface 

has been reported139–141, potential patterning of large array one dimensional PDA 

nanostructures could be easily envisaged.  

The near limitless flexibility of DNA origami nanotechnology allows direct extension of this 

technique to 3D DNA origami templates and hybrid structures. In another contribution, a 

polymer tube nanoreactor was designed by first decorating one surface of DNA tile with 

staple sequences terminated with an ATRP initiator and the other side with hG4 sequences 

(Figure 24). The DNA tile was then rolled into a tube using staple sequences that hybridize 

with positions on the opposite side of the tile. Subsequently, a poly(ethylene glycol) methyl 

ether methacrylate (PEGMEMA) shell was grown on the outer surface via ATRP. The 

PEGMEMA shell significantly improved the stability of the DNA template. The hG4 

sequences in the interior of the tube were used to polymerize dopamine yielding a novel 
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hybrid nanostructure with PEGMAMA on the outer surface, a PDA interior and DNA middle 

layer (Figure 24). 

 

Figure 24. DNA origami-templated step-wise growth of polymers for nanoscale engineering. Adapted with 
permission from “Tokura et al. Polymer tube nanoreactors by DNA-origami templated synthesis. Chem. Commun. 
2018, 54(22), 2808-2811 doi: 10.1039/c7cc09620h.” Copyright (2018) The Royal Society of Chemistry. First published 
in “Tokura et al. Polymer tube nanoreactors by DNA-origami templated synthesis. Chem. Commun. 2018, 54(22), 
2808-2811 doi: 10.1039/c7cc09620h.” 

In summary, the first strategy for controlling the polymerization of dopamine at resolutions 

of a few nanometers in all three dimensions was achieved by using DNA origami templates 

with hG4 catalytic centers. Dopamine molecules are oxidized locally at DNAzyme domains 

on DNA origami resulting in the formation of anisotropic PDA structures with nanoscale 

precision. Coupled with the spatial programmability of functionalities on DNA origami, one 

could envision creating various desired shapes of PD nanostructures in 2D and 3D with 

unprecedented resolution. The robust and tightly cross-linked PD features allowed retention 

of the size and shape of the PDA nanostructures programmed on DNA origami even after the 

removal of the template by a rapid and facile acid treatment. Collectively, the reported 

strategy provides an integrated methodology for designing functional DNA nanodevices and 

for fabricating PDA with nearly absolute spatial control, which will create new frontiers in 

DNA nanotechnology and the various fields of material science and nanomedicine.  

4.1. Outlook 
 

Many biomolecules used in nanomedicine are sensitive to oxidizing environments. Thus, the 

use of hydrogen peroxide may restrict the application of the presented strategy in such fields. 

In addition, once the hydrogen peroxide is added, the reaction cannot be stopped until all 

reactants are consumed or the product is purified making control at the industrial scale more 

difficult. Though the technique has been around for several decades, photopolymerization 

has attracted increasing interest at both the academic and industrial level in recent years due 
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to the high level of control afforded. Radical photopolymerization is already ubiquitous 

commercially in the form of UV curing resins. In principle, all that is required for successful 

polymerization is a mixture of monomer and a photosensitizer and an appropriate light 

source. The photosensitizer is the agent that generates radicals under light exposure 

initiating the polymerization. Many organic and inorganic compounds have been observed 

to behave as photosensitizers. Protoporphyrin ix (PPIX) is natural precursor to hemin that 

has been shown to be a photosensitizer when exposed to blue light (around 405 nm). 

Possessing high structural similarity with hemin it has been reported that PPIX is also able 

to bind to G4. Accordingly, as a direct substitute for hemin, PPIX should provide light control 

over the polymerization of dopamine with G4 decorated DNA origami without the need for 

H2O2 (Figure 25). Successful implementation would allow control over where and when 

polymerization proceeds. Turning on and off PDA formation as desired. In addition, the 

removal of hydrogen peroxide would improve the compatibility with more sensitive 

biocompounds, greatly expanding the practicality of this system.  

 

Figure 25. Light triggered polymerization of dopamine on DNA origami 

 

These results are presented comprehensively in manuscripts [11.2 and 11.3] 
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5. Introduction to “Transferrin-Coated Nanodiamond–Drug 

Conjugates for Milliwatt Photothermal Applications” 
 

 

 

Figure 26. Schematic illustration of poly(L-DOPA)-fND nanosystem preparation. Adapted from “Transferrin-Coated 
Nanodiamond–Drug Conjugates for Milliwatt Photothermal Applications. Adv. Therap. 2019, 1900067 doi: 
10.1002/adtp.201900067.” Licensed under a Creative Commons Attribution (CC BY) license 
(http://creativecommons. org/licenses/by/4.0/). First published in: “Transferrin-Coated Nanodiamond–Drug 
Conjugates for Milliwatt Photothermal Applications. Adv. Therap. 2019, 1900067 doi: 10.1002/adtp.201900067.” 

The previous chapters focused on the control of PDA formation at the nanoscale. In this 

contribution, the application of a PDA analog, poly(L-DOPA), as a synergistic coating to 

extend the capabilities of fluorescent nanodiamonds as theranostic agents is demonstrated. 

Theranostics, a portmanteau of therapy and diagnostics, is a relatively new field in medicine 

that seeks to combine the ability to diagnosis and treat various diseases into a single agent. 

The challenge lies in finding and successfully merging suitable diagnostic agents with viable 
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therapeutics without compromising their individual capabilities. On the diagnostic side, 

many inorganic materials have been investigated, such as quantum dots142, iron oxide143 and 

gold nanoparticles144, but concerns remain on the long-term toxicity of heavy metals present 

in these materials.145 Thus research has sought carbon based materials (e.g. organic dyes, 

carbon dots) that can fulfil the role. Among carbon based materials, fluorescent 

nanodiamonds (fNDs) are unique, in a way that these nano-emitters do not only possess 

excellent photoluminescence properties, but are also very precise local sensors of magnetic 

and electric fields, temperature or mechanical force.146,147 These characteristics are 

predominantly derived from the defect centers in nanodiamonds where impurity atoms such 

as nitrogen148, silicon149,150, germanium151 etc. are localized alongside lattice vacancies. 

Consequently, the type of such crystallographic defects defines its unique optical as well as 

spin properties. Hence, the optical behavior of fNDs is independent of its size, in contrast to 

other classes of nano-emitters such as quantum/carbon dots and gold nanoparticles.152 The 

best studied color center is the nitrogen-vacancy (NV) center.147,148,153–156 The remarkable 

properties of that atom-like defect trapped in diamond lattice allow application for high 

resolution magnetic (bio)sensing157, energy transfer158, bioimaging157 and even quantum 

computing technologies159.  

The potential of fNDs in nanomedicine is unrivalled but in order to achieve full realization, 

the processability of nanodiamonds (NDs) must be addressed. The colloidal stability of NDs 

in solution, both organic and aqueous, is extremely poor and is further aggravated with the 

reduction in the size of the diamond particle.154 Hence, the capability to chemically introduce 

novel functions tends to be severely hampered by the aggregation of the NDs. To alleviate 

this primary issue, nanodiamond coating technologies have been developed, using 

adsorption mechanisms deriving from weak attractive forces (electrostatic, van der Waals, 

hydrogen bonding) and/or strong covalent interactions.153 However, these coating 

technologies have persistent difficulties due to batch-to-batch production variability 

impacting the surface quality of NDs. New coating technologies are needed to meet the 

specific challenge of NDs. In addition to improving the colloidal stability of the fND 

conjugate, the coating material has to fulfil a host of other criteria important for the 

theranostic capability of fNDs including 1) chemical multifunctionality for attachment of 

therapeutic agents, 2) reproducibility of the coating strategy on NDs from different sources, 
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3) minimally affecting the photoluminescence and magnetic sensing capabilities. The ability 

of polycatecholamines to bind to virtually any surface5, the availability of different functional 

groups5,29,32 and the ability to polymerize under mild conditions make them the perfect 

candidate material to design fND based theranostic systems. PDA has been demonstrated 

recently as a proof of concept to functionalize NDs160,161. Nonetheless, only one publication, 

to date, has explored PDA as coating strategy for fNDs162 and none have exploited the 

synergistic capabilities of polycatecholamine-fND conjugates to create a truly theranostic 

systems. 

In this work, sodium periodate was used to initiate polymerization of L-DOPA in pure MilliQ 

water as this method provides faster deposition times compared to alkaline buffers31,163,164 and 

avoids buffer salts, which are known to destabilize colloidal NDs. Dopamine was also initially 

investigated but resulted in aggregation of fNDs and was thus excluded from the further 

studies. This was attributed to the lower hydrophilicity of PDA compared to poly(L-DOPA) 

due to the reduced number of the carboxylic groups on the surface165,99. Thus, L-DOPA was 

selected as the preferred monomer for the preparation of poly(L-DOPA) coated fNDs, DOPA-

fND. The coating methodology was shown to be reproducible for three different batches and 

2 different sources of fNDs resulting in well dispersed fND poly(L-DOPA) conjugates 

demonstrating a positive outlook towards its applicability across different ND sources. The 

poly(L-DOPA) coating was further confirmed by dynamic light scattering (DLS), X-ray 

photoelectron spectroscopy (XPS), Raman and Fourier transform Infrared (FT-IR) 

spectroscopy. In addition, the control over the thickness of poly(L-DOPA) can be customized 

by simply varying the concentration of the monomer. Between 1 – 10 mM of L-DOPA, the 

thickness varies linearly from 3 – 15 nm, suggesting that the synthesis is robust and 

predictable. As a coating for theranostic system, it was essential to ensure that poly(L-DOPA) 

does not irreparably comprise the fluorescence and magnetic properties of the fND. In this 

respect, the effect of poly(L-DOPA) with two different thicknesses (3 nm and 15 nm) to NV’s 

properties in fNDs was investigated. A decrease in the initial fluorescence intensity 

proportional to the coating thickness was observed for DOPA-fND attributed to the 

broadband absorbance of polycatecholamines but was still detectable at the highest 

thickness. Optically detected magnetic resonance (ODMR) was used to check the charge 

properties of NV centers in fNDs. ODMR exploits the preferential intersystem crossing of 
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excited electrons in the +/-1 spin state to an intermediary “dark” state upon relaxation. 

Excitation of NV centers in fNDs to the +/-1 spin state occurs at 2.870 GHz. Thus if the 

fluorescence intensity of fNDs is monitored while sweeping the frequency of microwave 

irradiation, under continuous pumping of green light, a drop in intensity will be observed 

around 2.87 GHz. Resolved ODMR lines of DOPA-fND proved the presence of NV- centers 

in NDs after poly(L-DOPA) coating, indicating suitability for sensing applications.  

Lacking significant reduction in the diagnostic potential of fNDs, poly(L-DOPA) was 

successfully demonstrated as a universal coating platform for the generation of theranostic 

NDs. Next, the therapeutic potential of the system for cancer treatment was determined 

through incorporation of targeting and phototoxic agents. Various methods have been used 

to target cancer cells. Often relying on the overexpression of certain receptors on the cell 

surface. The transferrin receptor is one example that has been used to enhance the uptake of 

nanoparticles into various cancer cells via receptor mediated endocytosis166,167. Similar to 

many proteins, transferrin, an iron transport protein with a molecular weight of 79.5 kDa, 

contains surface lysine residues bearing primary amines and thus can be directly bound to 

surface of DOPA-fND through the amine-reactive Michael acceptors of the quinone moieties 

formed during the polymerization of L-DOPA. After conjugation, the uptake of transferrin-

poly(L-DOPA)-fNDs conjugates, Tf-fND, into A549 lung adenocarcinoma cells was 

evaluated. In contrast to fND alone or the precursor DOPA-fND, efficient receptor mediated 

uptake of Tf-fND was observed through confocal laser scanning microscopy. 

In addition to covalent modification, polycatecholamines can absorb large quantities of small 

molecules via non-covalent interactions. Indocyanine green (ICG), a small molecule dye with 

innate photothermal properties161,168–170, was absorbed into Tf-fND. The new construct ICG-

Tf-fND, was loaded with 2.4 µmol ICG per mg of fND. Subsequently, the photothermal effect 

was quantified by observing the differential temperature increase in water upon irradiation 

at 810 nm. In comparison to DOPA-fND, ICG-Tf-fND showed a 120% larger increase in 

temperature after 20 min of irradiation. Paired with the fluorescent properties of fNDs, the 

enhanced photothermal effect of ICG-Tf-fND fulfils all the requirements previously 

presented for a ND based theranostic system. Consequently, the combined properties of ICG-

Tf-fND were evaluated in HeLa and A549 cells. Confocal microscopy revealed that the 
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transport of ICG-Tf-fND was represented in a classical receptor mediated manner where the 

fluorescence signals are highly localized. In contrast, molecularly free ICG rampantly diffused 

throughout the cell supporting the strong interaction between ICG and Tf-fND. Upon 

internalization, the photothermal effect was initiated using an 810 nm lamp (200 mW) 

concentrated through the objective of an epi-fluorescence microscope onto the sample area. 

Several light densities (0.09 W/cm2, 0.4 W/cm2, and 4.0 W/cm2) for the irradiation process 

were conducted to identify the optimum power to achieve photothermal-induced 

cytotoxicity within 15 min. Efficient and immediate cell rounding was visually observed at 

light densities of 0.4 W/cm2 and 4.0 W/cm2. Moreover, even at 0.09 W/cm2, an order of 

magnitude less than observed for a ICG-PDA-ND conjugate161, cell rounding was visually 

detected within 10 min with cell death thereafter. In comparison, no morphological changes 

upon irradiation were observed for Tf-fND or fND + ICG mixture. 

In summary, a hierarchical construction of a nanodiamond based theranostic system through 

a poly(L-DOPA) coating was described. Incorporation of the protein transferrin and the small 

molecule dye ICG by covalent and non-covalent chemistry provided a robust and integrated 

construct, ICG-Tf-fND. The new construct exhibits synergism by showing enhanced 

photothermal effect while the complementary interplay between each component was 

elaborated within the biological studies. Importantly, the activation threshold for the 

photothermal effect, in comparison to other reported ND-based systems161,171,172, was at least 

a magnitude less in the milliwatt regime (~90 mW).  

The combination of optical and magnetic detection and ultra-low power density required for 

phototoxicity could open new avenues to the noninvasive treatment of malignant tumors 

deep within the body (e.g brain, prostate, colorectal, and pancreatic). Collectively, the 

presented methodology rapidly facilitates the general preparation of customized 

multifunctional fNDs, in which a broad selection of functional components such as proteins 

and drugs could be used in combination for simultaneous diagnostic and therapeutic 

applications. 
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5.1. Outlook 
 

Although the outlook of the presented construct is positive and potential interest in the field 

of theranostics is high, there exists the possibility for even greater utility. The diagnostic 

potential of the presented construct is reliant upon detection of the fluorescent signal of the 

fND core but it is known that the penetrative depth of visible light in tissue is limited to less 

than a few centimeters.173 This prohibits use of the DOPA-fND for application within the 

ventral body cavity. Fortunately, this limitation can be overcome by using the inherent 

magnetic properties of fNDs. Magnetic Resonance Imaging (MRI) is a widely used clinical 

technique for imaging and diagnosis deep within the body but current techniques lack the 

sensitivity for isolating signals from nanoparticles such as fNDs. New techniques based on 

hyperpolarization (the polarization of nuclear spins beyond thermal equilibrium) are being 

explored to enhance the sensitivity of MR detection.174–176  

Dynamic nuclear polarization (DNP) is special method of hyperpolarization, where the spin 

polarization of electrons is transferred to nuclei.177 DNP has been used to polarize nuclear 

spins in 13C enriched metabolites for imaging the metabolic activity of cancerous tissues in 

the body.178 Typically DNP must be performed at extremely low temperatures and high 

magnetic fields (~a few degrees Kelvin and several Tesla), which may not be readily available 

in a clinic.177,178 Furthermore, the short T1 relaxation times of dissolved metabolites, on the 

order of minutes, gives minimal time for in vivo imaging. Fluorescent nanodiamonds, whose 

NV- centers can be optically polarized, are well suited for DNP.176,179,180 In addition, the 

polarization can be performed at room temperature and under low magnetic fields (~300mT) 

while the solid state nature of material gives T1 relaxation times up to 1 hour thereby 

enhancing practicality of clinical use.181  

While a lot of research is focused on DNP in 13C enriched nanodiamond, some literature exists 

on the transfer of polarization to molecules adsorbed on the surface of diamonds.176,182,183 

Transfer of polarization on external molecules has the advantage of using commercially 

available nanodiamonds and 13C enriched molecules while the development of 13C enriched 

nanodiamond is still in its infancy. Based on the presented DOPA-fND construct, 13C 

enriched L-DOPA can be used to generate a 13C enriched poly(L-DOPA) coating on fNDs, 
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DOPA13C-fND. This construct can then be hyperpolarized via DNP and used directly for MRI. 

The poly(L-DOPA) coating can be further used to attach desired targeting compounds, 

deliver drugs, or as photothermal agent. Thus providing a versatile theranostic agent for deep 

tissue imaging and therapy. 

 

Figure 27. DNP of 13C enriched L-DOPA coated nanodiamonds 

These results are presented comprehensively in the manuscript [11.4] 
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6. Conclusion 
 

In my thesis, I developed and demonstrated two methods to tame the unconstrained 

polymerization of dopamine at the nanoscale, both in solution and on a bioinspired scaffold; 

a necessary step in the full realization of the potential of PDA nanomaterials (Figure 28). In 

addition, I demonstrated that the desirable properties of PDA are transferrable to and 

enhanced by other members of the polycatecholamine family by exploiting the higher 

hydrophilicity of the dopamine analogue, L-DOPA, to construct a poly(L-DOPA)-fND hybrid 

nanosystem with applications in theranostics.  

The rapid and unrestrained polymerization of dopamine in solution yields a wide size range 

of particles with a high tendency to aggregate and precipitate from solution, reducing the 

applicability of PDA based nanoparticles in the biomedical field. It’s known that the 

polymerization of dopamine proceeds through several intermediates including oxidized 

molecules and oligomers on its way to PDA formation.5,15,16 Thus, taking advantage of the 

susceptibility of the these intermediates to nucleophilic attack, bis-amine-terminated 

PEG3000 was copolymerized with dopamine to create PDA-PEG cross-linked copolymer  

nanoparticles (PDA-PEG) with sizes of less than 50 nm in a single step an industrial 

advantage over similar systems that require several steps.96,184,185 The overall size of the 

nanoparticles were within the “sweet spot” for circulation within the body.111,112   Furthermore, 

the nanoparticles remained stable in buffer solution with no sedimentation after several 

weeks and retained PDA’s capacity for post functionalization. In addition, the PDA-PEG 

nanoparticles exhibited efficient cellular uptake with high cytocompatibility; both necessary 

for cell imaging and drug delivery applications.  

Although as a proof of concept our PDA-PEG nanoparticles show good potential for future 

biomedical applications PEG may not be the best choice of copolymer. Recently, antibodies 

for PEG have been detected in the human population186 which may produce an adverse 

immunological response to PEG containing particles in some individuals. Fortunately, our 

method for generating stable PDA copolymer nanoparticles should be directly applicable to 

other bis-amine-terminated polymers. The properties of the nanoparticles can be tailored by 

the choice of copolymer. For example, one can envision using polyisopropylacrylamide (See 
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Section 3.1) or polyacrylic acid to add temperature- or pH-responsiveness, respectively, to the 

nanoparticles. Loading of drug or other therapeutic compounds would allow selective 

delivery in cancerous tumors, which often exhibit higher temperatures 187 and lower pH188 

than normal tissue. Thereby lowering effective dose and consequently reducing side effects. 

On the other hand, polymers such as polylactide, polycaprolactone or even peptides could be 

used as copolymers to generate completely biodegradable nanoparticles189 for imaging or 

drug delivery that can be cleared from the body after performing their tasks. This would be 

advantageous over other systems such as gold, iron oxide and silica nanoparticles that have 

raised concerns over their long-term toxicity and adverse effects due to non-biodegradability 

or leaching of metals.190,191 

Anisotropic nanoparticles possess distinct physicochemical properties to that of their 

isotropic (e.g. spherical) counterparts. These unique properties have proven to be beneficial 

across many fields of research. For instance, the optical characteristics of anisotropic gold 

nanoparticles have been exploited for surface-enhanced Raman scattering192,193 while the 

shape dependent surface properties have been used to enhance catalytic performance.194,195 

Furthermore, anisotropic nanoparticles have been demonstrated to be useful for biomedical 

applications. Compared to spherical nanoparticles anisotropic nanoparticles exhibit altered 

pharmacokinetics and biodistributions with prolonged circulation times achieving their 

desired function at lower doses.196  Anisotropic PDA materials could combine the novel 

properties of both characters to fabricate synergistic materials unobtainable by currently 

researched anisotropic particles. Unfortunately, to date, few attempts to generate anisotropic 

PDA materials have been reported and none with all dimensions less than 100 nm. In 

collaboration with Yu Tokura, we have exploited sequence defined spatial programming of 

DNA origami to produce anisotropic PDA nanoarchitectures. Specific staple strands were 

modified with guanine rich tail sequences yielding DNA origami tiles with G-quadruplex (G4) 

motifs at defined locations. Binding hemin to the G4 motifs formed horseradish peroxidase 

mimicking catalytic centers (hG4), which were capable of polymerizing dopamine. We 

utilized these DNA origami decorated with multiple hG4 motifs at chosen locations to 

control the shape and size of PDA formation with nanometer resolution. Using this 

technique, we were able to generate various anisotropic PDA nanostructures (i.e. spot, lines, 

and cross) on the DNA origami tiles with all dimensions below 100 nm. In addition, rolling 
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up the DNA origami tiles into a tube allowed control over the location of PDA within or 

outside of the tube. Furthermore, liberation of the PDA nanostructures from the DNA 

origami templates was demonstrated by short exposure to acidic medium. Thus, we 

successfully demonstrated the use of DNA origami as a powerful technology to fabricate 

anisotropic PDA nanoarchitectures with distinct shapes, which may be applicable to many 

fields. 

The future outlook for DNA-origami-templated anisotropic PDA nanomaterials is promising. 

The technique allows precise nanoscale spatial control of PDA synthesis at unprecedented 

resolutions leveraging the versatility, functionality and tailorability of PDA with shape-

dependent physicochemical properties ideal for the challenges of biomedical research. In 

addition, common critiques of DNA-origami-based technologies such as its expensive small 

scale synthesis are already being addressed197 making the technology a viable candidate for 

the biotech industry.  On the other hand, the technology is not limited to the fabrication of 

individual nanoparticles but could be used to generate hierarchically designed microscopic 

patterns, through self-assembly of individual DNA tiles198, while retaining the same 

nanometer resolution. Thus, allowing construction of nanowires and nanocircuits by in-situ 

metallization of the PDA structures. The broad reach of this technology may lead to new 

PDA-based materials that are beyond our current imagination. 

Despite PDA’s versatility and unique properties, it may not be perfect for all applications but 

its shortcomings may be overcome by substitution with other members of the 

polycatecholamine family. Some of these polycatecholamines, such as polynorepinephrine 

and poly(L-DOPA), possess additional functionality to that of PDA due to their respective 

side groups. For example, poly(L-DOPA) coatings exhibit higher hydrophilicity due to the 

carboxylic group of L-DOPA, yet retain all the other characteristics of PDA. The increased 

hydrophilicity can be beneficial for the colloidal stability of nanoparticle systems. In 

collaboration with Marco Raabe, we use the increased hydrophilicity of poly(L-DOPA) to 

increase the stability of fluorescent nanodiamonds (fNDs) and generate a hybrid nanosystem 

with theranostic potential. FNDs possess outstanding optical and magnetic properties but 

are limited in application by their processability because fNDs aggregate strongly in aqueous 

solutions. To address this limitation we coated fNDs with a thin shell of poly(L-DOPA) 
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increasing the aqueous stability of fNDs while simultaneously enhancing their therapeutic 

potential. We showed that the poly(L-DOPA)-fND hybrid materials retained optical and 

magnetic properties of the original fNDs. To further increase the bio-application of the 

construct, Transferrin and Indocyanine green were loaded on the poly(L-DOPA) shell to 

enhance cell uptake and provide an amplified photothermal effect, respectively. The 

integrated biohybrid construct was shown to efficiently kill cancer cells when irradiated with 

a low power IR lamp (~90 mW cm-2). 

Although the outlook of poly(L-DOPA)-fND hybrid materials is positive and potential 

interest in the field of theranostics is high, there exists the possibility for even greater utility. 

The diagnostic potential of the presented construct is reliant upon detection of the 

fluorescent signal of the fND core but it is known that the penetrative depth of visible light 

in tissue is limited to less than a few centimeters.173 This prohibits use of our as described 

construct for application within the ventral body cavity. Fortunately, this limitation can be 

overcome by using the inherent magnetic properties of fNDs. Using the techniques of DNP 

combined with 13C enriched L-DOPA, polarization can be transferred from the electrons of 

the NV- centers of fNDs to the 13C enriched poly(L-DOPA) shell dramatically increasing the 

sensitivity of MRI (see Section 5.1). The poly(L-DOPA) coating can be further employed to 

attach desired targeting compounds, deliver drugs, or as photothermal agent. Thus providing 

a versatile theranostic system for deep tissue imaging and therapy. 

The combination of simple straightforward synthesis, functionality, adhesiveness and 

tailorability through simple post modification makes PDA an ideal choice for broad 

applications across many fields. Despite this promise PDA based materials have not achieved 

promotion past the research stage. Difficulties in controlling the rapid and indiscriminate 

polymerization of dopamine at the nano-level is a major contributing factor. The methods 

and technologies presented in this thesis provide avenues to control the polymerization of 

PDA at the nanoscale with precise spatial control, together forming a foundation from which 

more complex and novel systems can be built. Successful integration of these methods with 

established industrial techniques hold the potential for a true revolution in PDA based 

materials. 
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Figure 28. Two step towards the industrialization of PDA based materials. 
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8. List of abbreviations 
 

AFM -       Atomic force microscopy 

ATRP - Atom transfer radical polymerization 

DHBA - Dihydroxybenzylamine 

DHI - Dihydroxyindole 

DHICA - 5,6-dihydroxyindole-2-carboxylic acid 

DLS - Dynamic Light Scattering 

DNA - Deoxyribonucleic acid 

DNP - Dynamic Nuclear polarization 

DOPA-fND - Poly(L-DOPA) coated fluorescent nanodiamonds 

DSSCs - Dye-sensitized solar cells 

FT-IR - Fourier-transform infrared spectroscopy 

fND - Fluorescent nanodiamonds 

G4 - Guanine-quadruplex motif 

hG4 - Horseradish peroxidase mimicking guanine-quadruplex 

complex 

ICG - Indocyanine Green 

ICG-Tf-fND - Indocyanine Green and Transferrin loaded poly(L-DOPA) 

coated fluorescent nanodiamonds 

IR - Infrared  

L-DOPA - l-3,4-dihydroxyphenylalanine 

LbL - Layer-by-layer 

Mefp - Mussel foot proteins 

MRI - Magnetic Resonance Imaging 

NIR - Near-Infrared 

NV - Nitrogen-vacancy 

ODMR - Optically detected magnetic resonance 

PCA - Pyrrolecarboxylic acid 



83 
 

PDA - Polydopamine 
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11.1. Facile synthesis of ultrasmall polydopamine-polyethylene glycol 

nanoparticles for cellular delivery 
 

Sean Harvey, David Yuen Wah Ng, Jolanta Szelwicka, Lisa Hueske, Lothar Veith, Marco 

Raabe, Ingo Lieberwirth, George Fytas, Katrin Wunderlich, and Tanja Weil* 

* corresponding author 

Status: Biointerphases. 2018, 13 

Copyright: This article is licensed under the Creative Commons Attribution CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0 

Abstract: 

Very small polydopamine (PDA) polyethylene glycol (PEG) cross-linked copolymer (PDA-

PEG) nanoparticles have been prepared following a convenient one-step procedure in 

aqueous solution. Particle sizes and colloidal stabilities have been optimized by varying PEG 

in view of chain length and end group functionalities. In particular, amine-terminated 

PEG3000 [PEG3000(NH2)2] reacted with polydopamine intermediates so that very small, 

cross-linked PDA-PEG nanoparticles with sizes of less than 50 nm were formed. These 

nanoparticles remained stable in buffer solution and no sedimentation occurred. Chemical 

functionalization was straight-forward as demonstrated by the attachment of fluorescent 

dyes. The PDA-PEG nanoparticles revealed efficient cellular uptake via endocytosis and high 

cytocompatibility, thus rendering them attractive candidates for cell imaging or for drug 

delivery applications. 

Contribution of the respective authors: 

Sean Harvey: Conduction of PDA-copolymer studies. Preparation of PDA-PEG nanoparticles. 

DLS study and analysis. Conduction and analysis of Ninhydrin assay.  Analysis of NMR 

spectroscopy data. Analysis of TGA data. Culturing, preparation and sample testing in cells. 

Conduction of cell viability and cellular uptake studies.  

Jolanta Szelwicka: Preparation of PDA-PEG nanoparticles. DLS stability study. 

Lisa Hueske: Preparation of PDA-PEG nanoparticles. Support with ToF-SIMs measurements. 

Lothar Veith: Conduction and interpretation of ToF-SIMs results. 
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correcting the manuscript. 

David Y. W. Ng: Design of the project, writing and correcting the manuscript. Support with 

troubleshooting. 

Tanja Weil: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 
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Supporting information 

 
Details of the DLS analysis 

The q-independent fast diffusion coefficient (Df= 1.2x10-7 cm2/sec) appears consistent with 

the q-independent scattering intensity If associated with the fast process i.e. to small species. 

Hence, its characteristic hydrodynamic radius, Rh=kT/(6πηD) = 21 ± 2 nm is small (k is the 

Boltzmann constant and η=0.88cP is the viscosity of water at 293K). Alternatively, the slow 

process displays a strong q-dependent light intensity Is (low inset of Figure 3a) that is 

reminiscent of large species with strong scattering at low q’s (low spatial magnification). This 

notion is corroborated by the q-dependence of the slow diffusion Ds (upper inset to Figure 

3a) due to internal dynamics.1,2 The limiting low q(→0) value of Ds=1.3x10-8cm2/s yields 

Rh,s=186 nm, which is almost an order of magnitude larger than the dimension of the fast 

species. This disparity allows the separation of the two processes at high q’s, at which the 

associated intensities become comparable (Figure 3a, low inset). The relative population of 

the fast (f) to slow (s) species, Nf/NS can be estimated from the intensity ratio, 

Is(q→o)/If~(Nf/NS)(Rh,f/Rh,s)3. Assuming a simple spherical shape for the slow assemblies, the 

strong Is(q) can be represented (red line in Figure 3a, low inset) using a radius Rh=200nm.  

 

Details for the calculations of reactive amino groups in 1 mg PDA PEG 

nanoparticles 

PEG: 2 x 0.0002 mol + dopamine: 0.0026 mol=3 mmol of reactive amino groups 
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Figure SI1: Fluorescent bands of FITC modified PDA-PEG copolymers on a Sephadex column. 

Fluorescent band 1: This band was assigned to the successfully dye-labeled PDA-PEG 

nanoparticles. Fluorescent band 2: This band was assigned to the free dye. 

 

 

 

 

 

Figure SI2. Molecular structure of the catechol derivatives 
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Figure SI3. 1H NMR Spectra comparison. Aromatic region top: PEG3000. middle: dopamine. 

bottom: nanoparticle reaction mixture. 
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Figure SI4: FT-IR spectrum of dopamine hydrochloride (upper plot) and polydopamine 

(lower plot). 

 

 

 

 

 

 

 

 

Figure SI5. Cryo-TEM reveals a distribution of nanoparticles with radii from 5 to 50 nm with 

an average radius of 10 nm; scale bar = 200 nm. Brightfield image. 
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Figure SI6: ToF-SIMS depth profile of PDA-PEG particles using 2.5 keV Ar1000 cluster ions for 

sample erosion. The ratio of both components remains similar during the erosion of the 

particles indicating a consistent composition throughout all level of depth of the particles. 

The increase of the Al+ ions in the course of the profiles indicates the exposure of the 

substrate. Secondary ion intensities are summarized in Table SI2. 
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Figure SI7: DLS measurement of PDA-PEG nanoparticles in cell medium after a method 

developed by Rausch et al3. Self-autocorrelation function of the PDA-PEG nanoparticles with 

cell medium (left at 0 h after incubation, right at 12 h after incubation). The data points in 

black derive from the PDA-PEG nanoparticles/cell medium mixture. The red curve represents 

the force fit and its residue without the intensity contribution from aggregates. The 

measurement was performed at an angle of 90° at 37 °C. 
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Figure SI8: Confocal images of rhodamine-labeled PDA-PEG nanoparticles (100 μg/mL) in 

A549 cells, 2h incubation at 37 °C (a), at 4 °C (b) and untreated cells at 37 °C (c). Scale bars 

in (a) - (c): 20 μm. 
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Table SI1: DLS results of dopamine copolymers with different amines (low molecular weight). 

Sample Number Mean 

(nm) 

Stdev (nm) 

Ethylene diamine PDA 752 55.4 

Glycine PDA 262 30.9 

Ethanolamine PDA 266 17.5 

Ethylamine PDA 299 3.7 

Triethylamine PDA 501 56.6 

 

 

Table SI2: Secondary ion intensities as obtained from ToF-SIMS surface analyses of PDA 

and PEG reference materials as well as the PDA-PEG particles.  

 

  Intensity normalized to Total Ion Intensity 

Sum 

Formula m/z PDA-PEG Particles PDA PEG 

CH3O+ 
31.0186 1.86E-02 1.02E-03 

2.69E-

02 

C2H5O+ 45.0349 8.58E-02 1.61E-03 1.30E-01 

C2H5O2
+ 61.0287 5.82E-04 1.23E-04 1.55E-03 

Al+ 26.9807 2.63E-04 1.19E-03 1.17E-03 

NH3
+ 

17.0259 1.77E-04 

2.94E-

04 

2.27E-

05 

CH4N+ 30.0342 1.52E-02 1.99E-02 3.63E-03 

C8H9NO2
+ 151.0418 5.18E-04 1.12E-03 3.15E-04 
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11.2. Fabrication of defined polydopamine nanostructures by DNA origami-

templated polymerization 
 

Yu Tokura+, Sean Harvey+, Chaojian Chen, and Yuzhou Wu*, David Y. W. Ng*, and Tanja 

Weil* 

+ shared first authorship, * corresponding author 

Status: Angew. Chem. Int. Ed. 2018, 130, 1603–1607 

Copyright: This article is licensed under the Creative Commons Attribution CC BY-NC 4.0, 

https://creativecommons.org/licenses/by-nc/4.0/. 

Abstract: 

We report a versatile, bottom-up approach for the controlled fabrication of polydopamine 

(PD) nanostructures on DNA origami. PD is a biosynthetic polymer that has been 

investigated as an adhesive and promising surface coating material. However, the control of 

dopamine polymerization is challenged by the multi stage-mediated reaction mechanism and 

diverse chemical structures in PD. We utilized DNA origami decorated with multiple 

horseradish peroxidase-mimicking DNAzyme motifs to control the shape and size of PD 

formation with nanometer resolution. These fabricated PD nanostructures can serve as 

“supramolecular glue” for controlling DNA origami conformations. Facile liberation of the 

PD nanostructures from the DNA origami templates has been achieved in acidic medium. 

This presented DNA origami-controlled polymerization of a highly crosslinked polymer 

provides a unique access towards anisotropic PD architectures with distinct shapes that were 

retained even in the absence of the DNA origami template. 

Contribution of the respective authors: 

Yu Tokura: Design and synthesis of DNA origami, AFM study and analysis, performing 

agarose gel electrophoresis study, performing liberation of polydopamine nanostructures 

from DNA origami, writing the manuscript. 

Sean Harvey: Optimization of the polymerization of dopamine on DNA origami, evaluating 

DNAzyme activity by ABTS assay, performing kinetics study of polydopamine formation, 

writing the manuscript. 
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Chaojian Chen: TEM measurement 

Yuzhou Wu: Design of the project, taking the responsibility for the development of DNA 

templated synthesis, support with troubleshooting, writing and correcting the manuscript. 

David Y. W. Ng: Troubleshooting the initiation and control of dopamine 

polymerization/growth under origami conditions, writing and correcting the manuscript 

Tanja Weil: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 
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11.3. Polymer tube nanoreactors by DNA-origami templated synthesis 
 

Yu Tokura, Sean Harvey, Xuemei Xu, Chaojian Chen, Svenja Morsbach, Katrin Wunderlich, 

George Fytas, Yuzhou Wu*, David Y. W. Ng*, and Tanja Weil* 

* corresponding author 

Accepted in Chem. Commun. 2018 (doi: 10.1039/C7CC09620H) 

Copyright: Reproduced by permission of The Royal Society of Chemistry and Creative 

Commons Attribution 3.0 International License 

(https://creativecommons.org/licenses/by/3.0/legalcode). 

. 

Abstract: 

We describe the stepwise 3D synthesis of precise polymeric objects assisted by the DNA 

origami nanotechnology. A common two-dimensional DNA tile was transformed into a 3D 

DNA tube and decorated with multiple single stranded DNA handles at the outer surface to 

impart initiator moieties for atom transfer radical polymerization (ATRP). In the interior, the 

DNA nanotube was decorated with guanine quadruplexes (G4), which were transformed into 

peroxidase active DNAzymes. ATRP was initiated and formed a crosslinked polymer shell 

while its interior catalyzed the formation of polydopamine (PD). The eventual construct is a 

precise nanostructure with exclusive polymeric features programmed in a three dimensional 

space. 

Contribution of the respective authors: 

Yu Tokura: Design and synthesis of DNA origami, conducting surface-initiated ATRP on DNA 

origami, AFM study and analysis, performing agarose gel electrophoresis study, the stability 

assay of DNA origami, evaluating DNAzyme activity by ABTS assay, writing of the manuscript 

Sean Harvey: Conducting polymerization of dopamine in DNA tube and kinetics study of 

polydopamine formation by absorbance spectroscopy, writing of the manuscript. 

Xuemei Xu: Synthesis of DNA origami, conducting surface-initiated ATRP on DNA origami 

Chaojian Chen: TEM measurement 

Svenja Morsbach: DLS study and analysis, interpretation and discussion on the results 
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Katrin Wunderlich: DLS measurements, interpretation and discussion on the DLS results 

George Fytas: Interpretation and discussion on the DLS results 

Yuzhou Wu: Discussion on the concept and results, writing and correcting the manuscript 

David Y. W. Ng: Discussion on the concept and results, writing and correcting the manuscript 

Tanja Weil: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 
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11.4. Transferrin-Coated Nanodiamond-Drug Conjugates for Milliwatt 

Photothermal Applications 
 

Sean Harvey+, Marco Raabe+, Anna Ermakova, Todd Zapata ,Chaojian Chen, Yingke Wu, Hao 

Lu, Fedor Jelezko, David Y.W. Ng*, Tanja Weil 

+ shared first authorship, * corresponding author 

Accepted in Adv. Therap. 2019. doi:10.1002/adtp.201900067 

Copyright: This article is licensed under the Creative Commons Attribution CC BY 4.0, 

https://creativecommons.org/licenses/by/4.0. 

. 

Abstract: Fluorescent nanodiamonds (fNDs) are unique carbon-based nanomaterials 

due to their outstanding optical and magnetic properties. However, realization of the 

full potential of fNDs is often limited by their processability because fNDs aggregate 

strongly in both organic and aqueous solutions. Therefore, robust and potentially 

universal coating strategies are urgently needed to address these limitations. Derived 

from mussel foot proteins, the polymerization of L-3,4-dihydroxyphenylalanine (L-

DOPA) provides important surface functional groups including amines, carboxylic 

acid, alcohols, and conjugated Michael acceptors. Herein, L-DOPA is polymerized on 

fNDs with a high control over the shell thickness. Photoluminescence and optically 

detected magnetic resonance (ODMR) studies reveal that the unique photophysical 

properties of fNDs are preserved after thin poly(L-DOPA) film coating. Subsequently, 

conjugation of transferrin, a heme protein that provides efficient receptor specific 

cellular transport, improves the colloidal stability and cellular uptake of the poly(L-

DOPA) coated fNDs. The loading of FDA-approved indocyanine green (ICG) as a 

photothermal agent yields an integrated biohybrid material exhibiting an amplified 

photothermal effect in cells at very low energy intake (~90 mW cm-2). 
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Contribution of the respective authors: 

Sean Harvey: Conducting polymerization of L-DOPA on fND. Conduction and study of 

poly(L-DOPA) formation by absorbance spectroscopy, FTIR and RAMAN spectroscopy. 

Analysis of XPS measurements. Integration of transferrin and ICG with poly(L-DOPA) coated 

fNDs. Conduction of photothermal measurements. Writing of the manuscript. 

Marco Raabe: DLS studies and analysis, interpretation and discussion of the results. 

Culturing, preparation and sample testing in cells. Conduction and interpretation of confocal 

microscopy. Conduction of photothermal measurements. Writing of the manuscript. 

Anna Ermakova: Conduction of fluorescence and ODMR measurements, interpretation and 

discussion on the results 

Todd Zapata: Conduction of ODMR measurements.  

Chaojian Chen: TEM measurement 

Yingke Wu: Discussion on the concept and results, writing and correcting the manuscript 

Hao Lu: Conduction of XPS measurements. 

Fedor Jelezko: Acquiring funding for the project. Discussion of ODMR measurements. 

David Y. W. Ng: Discussion on the concept and results, writing and correcting the manuscript 

Tanja Weil: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 
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12. Other Publications 
 

The following manuscript details work performed during my doctoral studies but which 

are not presented in this thesis. The reprint is made with permission of the relative journal. 

Furthermore, the copyrights are given on the cover and information of the contribution of 

the respective authors is listed. 
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12.1. Water-Dispersible Polydopamine-Coated Nanofibers for Stimulation of 

Neuronal Growth and Adhesion 

 
Stefanie Sieste, Thomas Mack, Christopher V. Synatschke, Corinna Schilling, Christopher 

Meyer zu Reckendorf, Laura Pendi, Sean Harvey, Francesco S. Ruggeri, Tuomas P. J. Knowles, 

Christoph Meier, David Y. W. Ng, Tanja Weil,* and Bernd Knöll* 

* corresponding author 

Status: Angew. Chem. Int. Ed. 2018, 130, 1603–1607 

Copyright: Reproduced by permission of the publisher John Wiley and Sons. 

. 

Abstract: 

Hybrid nanomaterials have shown great potential in regenerative medicine due to the unique 

opportunities to customize materials properties for effectively controlling cellular growth. 

The peptide nanofiber-mediated autoxidative polymerization of dopamine, resulting in 

stable aqueous dispersions of polydopamine-coated peptide hybrid nanofibers, is 

demonstrated. The catechol residues of the polydopamine coating on the hybrid nanofibers 

are accessible and provide a platform for introducing functionalities in a pH-responsive 

polymer analogous reaction, which is demonstrated using a boronic acid modified 

fluorophore. The resulting hybrid nanofibers exhibit attractive properties in their cellular 

interactions: they enhance neuronal cell adhesion, nerve fiber growth, and growth cone area, 

thus providing great potential in regenerative medicine. Furthermore, the facile modification 

by pH-responsive supramolecular polymer analog reactions allows tailoring the functional 

properties of the hybrid nanofibers in a reversible fashion. 

Contribution of the respective authors: 

Stefanie Sieste: Design, synthesis and characterization of peptide fibers and polydopamine-

peptide hybrids, writing of the manuscript. 

Thomas Mack:  Synthesis of peptide fibers. Conduction and characterization of 

polydopamine polymerization on peptide fibers. TEM imaging. 

Christopher V, Synatschke: Writing and correcting the manuscript. 
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Christopher Meyer zu Reckendorf: Conduction of biological relevant assays in mice 

Laura Pendi: Conduction of polymerization of polydopamine of peptide fibers. Conduction 

and study of polydopamine formation by absorbance spectroscopy 

Sean Harvey: Discussion of FTIR results. AFM imaging of polydopamine particles. 

Francesco S. Ruggeri: AFM imaging and analysis of polydopamine coated peptide fiber. 

Tuomas P.J. Knowles: Acquiring funding for the project, design and discussion of the concept 

and results, writing and correcting the manuscript. 

Christoph Meier: Discussion on the concept and results. 

David Y. W. Ng: Discussion on the concept and results, writing and correcting the manuscript 

Tanja Weil: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 

Bernd Knöll: Acquiring funding for the project, design and discussion of the concept and 

results, writing and correcting the manuscript. 
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