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ABSTRACT 

Structural colouration in nature has offered a source of inspiration for the development of synthetic melanin 

nanoparticles (SMNPs). In view of this, SMNPs from polydopamine was designed through self-oxidative 

polymerization under alkaline pH and room temperature. Herein, the stability of the nanoparticles in various 

solvents (water, acetone, ethanol and chloroform) and diverse temperatures (25, 50, 70 and 90 oC) was evaluated. 

Observable findings were justified through TEM measurement and ANOVA test. Results show that the particles 

offer stability in the aforementioned temperature range and solvents, although it fails to constitute a disperse 

system in chloroform. Further advancement of the study which includes reproducibility and compatibility of PDA 

nanoparticles to assorted polymers provide critical discovery for the development of structurally coloured polymer 

composites and other practical applications. 

 

1. Introduction 

Structural colours are identified as one of the main sources of exquisite colouration found in nature. Examples of 

radiant structural colouration can be found in the feather of a male peacock and the wings of a Morpho rhetenor 

butterfly [1].  Development of structural colour material has recently been an engaging topic due to its numerous 

application in diverse fields[2, 3]. The main difference between pigmentary colours and structural colours lays 

primarily on how the particles interact with light. Light is selectively absorbed by pigments in the former case 

whereas scattering of light by nanostructures occurs on the latter case. Nevertheless, structural colours are 

considered superior to pigmentary colours due to its resistance to photo or chemical bleaching, tunability and the 

diminished dependency on toxic materials [1, 4]. Birds based their structural colouration on melanin granule 

ingrained in a β-keratin matrix which is complexly arranged in the feather barbules. Furthermore, the colour 

produced is induced by the refractive index difference between the keratin and melanin [5]. Despite the high 

absorption and refractive index of natural melanin [6], isolation without altering the properties of natural melanin 

can be arduous hence the development of synthetic melanin nanoparticle (SMNPs) from polydopamine (PDA) 

arise. Inspired by mussel adhesive protein, PDA nanoparticles have great biodegradability and is relatively 

harmless. This bioinspired polymer is capable to adhere strongly to various substrates, including 

superhydrophobic surfaces, which is considered a beneficial prerequisite for coatings. In addition, the assorted 

functional groups present in the polymer initiate possibility to be linked covalently with various molecules and 

transition metal making it a propitious material for polymer composites and in bio-related applications. [7]–[9]. 

Spherical PDA can be prepared through self-oxidative polymerization followed by intra/intermolecular 

crosslinking under alkaline pH (8 <) and room temperature [10]–[12]. Moreover, the size of the PDA nanoparticle 

can be easily tuned by varying the ammonia to dopamine ratio and the reaction time although the latter is less 

significant than the former case. Notably, a decrease in the average diameter of the nanoparticle from 160 to 70 nm 

was observed as when the 1.5x more ammonia was added [13]. A possible route of dopamine polymerization begins 

with the oxidation of dopamine (DA) to dopamine quinone (DQ) with dopamine semiquinone (DSQ) as an 

intermediate. The process continues with a rapid Michael-type intramolecular cycloaddition reaction producing 

leucodopaminechrome (DAL). Heteroaromatic 5,6-dihydroxyindole (DHI) followed by 5,6-indolequinone as the 

oxidized product is subsequently formed as a result of further oxidation and rearrangement. Branching reaction in 

positions 2, 3, 4 and 7 will then commence in these molecules which leads to a network of oligomers forming 

polydopamine (Figure 1) [14]. 

Prior to the implementation of the nanoparticle to a material, various stimuli need to be checked to assure 

compatibility and stability. A system can be defined as stable if the system is free of alteration due to variation for 

a given period of time. Dispersion instability is mainly correlated to particle migration and alteration of the particle 

size distribution (PSD) as a  result of particle interaction [15]. PSD is a critical property as it influences the 
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rheological behaviour and settling properties of a suspension. Generally, a particle in a disperse system tends to 

aggregate unless a certain barrier that prevents the coalescence of particles is present. There are two forces that play 

a role in particle interaction namely attractive and repulsive force. The energy barrier between these two forces 

determines whether two approaching particles will adhere. As particle aggregation is related to the dominance of 

the attractive force, the highest degree of stability can be achieved if the attraction force is kept minimum along 

with a sufficient repulsive force. In addition, the polarity of the medium also influences the magnitude of the 

attraction force. A decreasing trend in the attractive force is observed as the polarity of the medium increased. In 

addition, the viscosity of the medium may also affect the motion of the particle which is related to the sedimentation 

rate [16, 17]. Therefore, the selection of an appropriate medium is critical to attaining the stability of a disperse 

system.

The observation concerning a polymer behaviour in a high-temperature environment is essential as it characterizes 

the lifetime and the temperature limits of a polymer [18]. A material is considered thermally stable when the 

material is capable to resist alteration in properties when exposed to a variety of temperature. Factors including 

molecular weight, chemical structure and degree of crystallinity are immensely linked to the thermal stability of a 

polymer. In addition,  the thermal stability can be further improved by the presence of aromatic structure in the 

backbone of a polymer chain and through cross-linking processes [19].   

The study conducted here will start by exploring different possible experimental routes and formulation in 

preparing PDA nanoparticles. Subsequently, the stability of the particles when exposed to a range of different 

temperature and a variety of solvents will be evaluated. Alteration in the particle size distribution will be analysed 

through transmission electron microscopy (TEM) and justified through the ANOVA test. The findings of the 

stability tests will be beneficial in preparing and enhancing the properties of PDA structurally coloured polymer 

composites used implemented as sensors, coating, paints and many other practical applications. 

 

2. Experimental 

2.1. Preparation of PDA Nanoparticles  

As aforementioned, SMNPs can be synthesized via oxidation polymerization of dopamine at an alkaline 

environment and room temperature, hence dopamine was generally polymerized in a water-ethanol mixture at 

30oC with the addition of ammonia as a catalyst [20]. The SMNPs was prepared through two main routes namely 

Figure 1. A possible oxidation polymerization route of dopamine [14]. 
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Route A and Route B as retrieved from source [13] and [6] respectively. The difference between these two routes 

lays primarily on the dopamine concentration in the reaction mixture and the ammonia to dopamine ratio. These 

experiment routes are elaborated as follows: 

 Route A – A mixture which contains ammonia aqueous solution (0.58 ml, NH4OH 25%), absolute ethanol 

(10 ml) and deionized water (22.5 ml) was mildly stirred at 30oC for 30 minutes. Dopamine hydrochloride 

(0.125 g) was then dissolved in deionized water (2.5 ml) and was subsequently added into the stirred 

mixture. The reaction was conducted for 24 hours.  

 

 Route B – A mixture which contains ammonia aqueous solution (0.29 ml, NH4OH 25%), absolute ethanol 

(5 ml) and deionized water (12.5 ml) was mildly stirred at 30oC for 1 hour. Dopamine hydrochloride (5 

mg) was then dissolved in deionized water (2.5 ml) and was subsequently added into the stirred mixture. 

The reaction was conducted for 24 hours.  

As expected, a pale yellow colour was observed after the dopamine mixture was added which gradually turned 

into dark brown as time proceeds. It is aimed that by the end of the reaction, a turbid dark brown mixture is 

obtained. The turbidity, which roughly suggests that the particles formed is on the desired size range, can be 

checked through a qualitative light scattering technique. The size of the nanoparticle can be easily modified by 

varying the ammonia to dopamine ratio thus to achieve a variety of nanoparticle size, modification of experiment 

route A and B was commenced. The summary of the experiment modification is summarized in Table I. 

Table I. Formulation Summary 

Experiment Route A Experiment Route B 

Sample 

Code 

Ammonia to 

Dopamine Ratio 

Dopamine 

Concentration 

(g/ml)  

Turbidity Sample 

Code 

Ammonia to 

Dopamine Ratio 

Dopamine 

Concentration 

(g/ml) 

Turbidity 

A-1 

A-2 

A-3 

A-4 

A-5 

5.65 

8.47 

5.65 

70.6 

70.6 

3.51 ∗ 10−3 

3.51 ∗ 10−3 

2.62 ∗ 10−4 

2.62 ∗ 10−4 

3.51 ∗ 10−3 

Yes 

Yes 

No 

No 

No 

B-1 

B-2 

B-3 

B-4 

B-5 

70.6 

47.0 

70.6 

5.65 

5.65 

2.62 ∗ 10−4 

3.51 ∗ 10−3 

3.51 ∗ 10−3 

3.51 ∗ 10−3 

2.62 ∗ 10−4 

No 

No 

No 

Yes 

No 

 

To remove the undesired impurities, the turbid samples (A-1, A-2 and B-4) were centrifuged for 10 minutes (4500 

rpm). The precipitated disperse phase was then washed twice by re-dispersing in deionized water (5 ml) and 

followed by a 30 minutes centrifugation (4500 rpm).        

2.2. Determination of PDA Particle Solvent Stability 

The solvents selected to examine the solvent stability of PDA particle were deionized water, acetone, ethanol and 

chloroform. Sample A-1, which was chosen to conduct all the stability test, was divided into four centrifuge tube 

(2.5 ml) and was centrifuged for 10 minutes (4500 rpm). The precipitated disperse phase was then subsequently 

washed twice as prior mentioned in section 2.1 . The four solvents were then added to each of the tube (5 ml) and 

re-dispersion was commenced. The dispersions were then left overnight and changes such as agglomeration and 

precipitation were observed qualitatively. Once analysed, the samples were centrifuged 30 minutes (4500 rpm). 

Prior to storing, the solvents were removed and the precipitated dispersion phase was re-dispersed in deionized 

water (5 ml). 

2.3. Determination of PDA Particle Thermal Stability 

The temperature range taken to examine the thermal stability of PDA particle was 25oC, 50oC,  70oC and 90oC. 

Similar to section 2.2, sample A-1 was divided into three centrifuge tubes (2.5 ml) and the precipitated disperse 

phase was washed twice preceding re-dispersion in deionized water (5 ml). The samples were then heated in an oil 

bath with the aforementioned temperatures for 1 hour. Changes in the dispersions were qualitatively examined 

before being centrifuged for 30 minutes (4500 rpm). Prior to storing, the solvents were removed and re-dispersion 

in deionized water (5 ml) followed. 



BACHELOR RESEARCH PROJECT CHEMICAL ENGINEERING 

Page 4 of 10 

2.4. Characterization of PDA 

To characterize the particle, the samples were initially diluted with deionized water until the desired dopamine 

concentration around the order of 10−2 𝑚𝑔

𝑚𝑙
 was achieved. Subsequently, the sample was dropped onto a copper 

grid and was stained with uranyl acetate for transmission electron microscopy (TEM) measurements. The particle 

size distribution and the standard deviations were analysed further through ImageJ. 

 

3. Result and Discussion 

Turbidity can be described as the reduction in the clarity of a sample due to the presence of dispersed particles 

scattering light [21]. Herein, turbidity was set as a parameter to confirm that the formed particles are on the desired 

size range. After conducting multiple experimental routes, it turns out that three out of the ten samples shows 

turbidity through qualitative light scattering. All turbid samples had a dopamine concentration of 3.51 ∗ 10−3 𝑔

𝑚𝑙
 

and the ammonia to dopamine ratio of 5.65 and 8.47. Lower dopamine concentration or greater ammonia to 

dopamine ratio may not show the desired turbidity as the reaction mixture will be more diluted. 

3.1 Solvent Stability Test 

As aforementioned, factors including the viscosity 

and polarity of a medium play a role on the 

sedimentation rate of a disperse system. Herein, the 

stability of PDA nanoparticles in water (control), 

acetone, ethanol and chloroform was evaluated. 

Visually,  the PDA nanoparticles were fully 

dispersed in water, acetone and ethanol 

respectively. Nonetheless, the attractive force 

between the particles was observed to dominate 

shortly after the particles were bought into contact 

with chloroform (Figure 2a). The behaviour 

observed may be a result of the polarity difference 

between the solvents where chloroform has the 

lowest polarity index of 4.1 followed by acetone 

(5.1), ethanol (5.2) and water (9.0) [22]. Furthermore, 

sedimentation process took place following an 

overnight storing in which a clear separation 

between the disperse phase and the dispersing 

medium can be observed in acetone followed by the 

ones in water and ethanol (Figure 2b). This 

occurring phenomenon was may be due to the 

distinct viscosity between the medium which affects 

the sedimentation rate of the disperse system. 

Increasing the viscosity of the medium will hinder 

the migration of the particles, therefore, it was 

expected that a significant sedimentation process will be observed in acetone (3.1 cP) followed by chloroform (0.57 

cP), water (1.00 cP) and ethanol (1.20 cP)[22, 23]. The notion of metastability is linked to the presence of an energy 

barrier that needs to be overcome prior to transforming a metastable state into an equilibrium state[24]. The 

occurring sedimentation process verdicts that the disperse system is metastable as the systems seem stable for a 

finite period of time [25].  

In order to evaluate the stability of the particles in the solvents, further investigation through TEM measurement 

was done. TEM measurements assist the PSD evaluation of PDA nanoparticles in the solvents mentioned earlier. 

PSD charts along with the corresponding normal distribution line show that the particles size in acetone, ethanol 

and chloroform are distributed consistently with the normal distribution peak in the range of 280 to 300 nm (Figure 

3). Moreover, the statistical summary in which consist of the average particle diameter, the median diameter and 

Figure 2. Photograph of the solvent stability test samples 

(a) before and (b) after storing overnight. The solvents 

examined were water, acetone, ethanol and chloroform. 
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the standard deviation supports the mentioned observation as an increase in the average diameter is observed 

when the particle is exposed to solvents other than water despite a relatively consistent median (Table II).  

Table II. Solvent Stability Test – The Statistical Summary of PDA Nanoparticle Diameter 

 

To check the significance of the commentary accordingly, an ANOVA test was conducted. To begin, the hypotheses 

are listed as follows:  

 Null Hypothesis  : The data are drawn from populations with equal means 

 Alternative Hypothesis : There are at least one mean that differs from the other means 

The judgement to whether accept or reject the null hypothesis is extensively related to the p-value which describes 

the probability that the null hypothesis is true. In addition, the R square relates the variation observed in the data 

to the variation in the dependent variables. The closer the R square value to 1 implies the greater impact of the 

variation in the dependable variable to the noticeable variation in the data observed [26]. Table III shows the 

relevant findings obtained through ANOVA testing. The p-value (P > 0.05) indicate that the null hypothesis of equal 

means is accepted thus the difference in the commentary is insignificant. Furthermore, the R square value that 

serves as a supporting argument to deduce the particle stability is close to 0, indicating that the difference observed 

in the data is essentially extraneous with the type of solvent. 

Table III. Solvent Stability Test- Significant Results of the ANOVA Test.  

Solvent Average Diameter (nm) Median Diameter (nm) Standard Deviation 

Water 276 277 31 

Acetone 285 284 30 

Ethanol 291 284 34 

Chloroform 285 282 30 

F (DFn, DFd) P value Pooled Standard Deviation  R square 

F (3, 82) = 0.50 0.68 31 0.02 

Figure 3. The particle size distribution of PDA nanoparticles in exposure to (a) water. (b) acetone. (c) ethanol. (d) 

chloroform.  
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It could be deduced that the particles are essentially stable in the solvents regardless of the polarity of the medium 

that may visually play a role in the stability of PDA nanoparticles. Nonetheless, chloroform is considered 

incompatible with the particles as it fails to constitute a disperse system. 

 

3.2 Thermal Stability Test  

A recognizable shift towards a smaller diameter range is observed as the temperature of the environment increased. 

This implies that exposure to heat may bring an impact to the fluctuating particle size, although the changes are 

gradual and relatively insignificant (Figure 4).  

Furthermore, the statistical summary shows that the average and median nanoparticle diameter are noticeably 

similar to a difference of less than 10% (Table IV). The consequentially great standard deviation observed to the 

samples exposed to 70°C and 90°C is the result of outliers in the data (refer to Table A-I in Appendix I).  

Table IV. Thermal Stability Test – The Statistical Summary of PDA Nanoparticle Diameter   

Temperature 

(°C) 

Average 

Diameter (nm) 

Median 

Diameter (nm) 

Standard 

Deviation 

25 352 353 23 

50 351 342 29 

70 346 336 52 

90 330 333 61 

Figure 4. The particle size distribution of PDA nanoparticles in exposure to an environment temperature of (a) 

25oC. (b) 50oC. (c) 70oC. (d) 90oC. 
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Similar to section 3.1, ANOVA test was also conducted to judge the significance of the difference. The p-value (P > 

0.05) conveys to accept the null hypothesis of equal means and the R square value which is close to 0 implies that 

the variance in the data is negligibly affected by the variance of the environment temperature (Table V). 

Table V. Thermal Stability Test- Significant Results of the ANOVA Test. 

F (DFn, DFd) P value Pooled Standard Deviation R square 

F (3, 109) = 1.32 0.27 45 0.035 

 

It could be inferred that PDA nanoparticles are practically stable when exposed to temperatures ranging from 25 

to 90°C. This observation may be supported by the fact that sphere PDA undergoes intra/intermolecular cross-

linking and possess aromatic groups in the polymer backbone. 

 

4. Remarks and Implications 

A notable difference in the average particle diameter of both the solvent and thermal stability control samples (as 

shown in Table II and Table IV) was observed when multiple experiment batches were used. Unpaired t-test 

analysis conveys to reject the null hypothesis of equal means, implying that the difference is significant (P< 0.05) 

(Table VI).  

Table VI. Reproducibility between Batches Analysis - Unpaired t-Test Results 

F (DFn, DFd) P value R square 

F (7, 12) = 1.84  < 0.0001 0.69 

 

An alteration in the particle size is unfavourable as it may influence the mechanical and rheological properties of 

polymer composites [27, 28]. Henceforward, more experiment repetition needs to be conducted and evaluated to 

ensure reproducibility between batches. Furthermore, the difference between the control samples may be 

influenced by imprecision, therefore, the precision during lab work and data measurements need to be improved. 

Future works will highlight the compatibility and stability of the particles when implemented to various polymer 

matrix. Results show that PDA nanoparticles are stable in the evaluated temperatures and solvents thus opening a 

range of possibility for preparing PDA structural colour composites. The outcome of the solvent stability test can 

be relevant during solvent selection as it is desirable that the selected solvent should be capable in both dissolving 

the polymer matrix and dispersing the PDA nanoparticles. Note that the dispersion of the particles in a solvent is 

considered a prerequisite when preparing structural colour polymer composites thus chloroform is not preferable. 

Another key discovery is that the particles are stable in the temperature between 25°C and 90°C. This knowledge 

can be used to set the annealing temperature in hopes of enhancing the crystallinity of the polymer and improving 

both the physical and rheological properties of the polymer composite [29]. The changes can be subsequently 

evaluated by employing techniques such as rheometry and tensile tests measurements. 

 

5. Conclusion 

Samples that are formulated with the dopamine concentration of 3.51 ∗ 10−3 𝑔

𝑚𝑙
 and the ammonia to dopamine ratio 

of 5.65 and 8.47 showed turbidity which roughly confirmed the presence of particles that are in the desired size 

range. TEM measurements that were subsequently supported by ANOVA tests indicated that the PDA 

nanoparticles were stable in the evaluated temperatures (25, 50, 70 and 90 oC) and solvents (water, acetone, ethanol 

and chloroform). However,  the particles failed to disperse in chloroform making it an undesirable solvent to 

prepare PDA composites. A noteworthy remark in this study was the fact that the control samples of both the 

solvent and thermal stability test have different diameters as they were prepared from different batches. Therefore, 

further research which explores this reproducibility issue needs to be conducted.  This study can be improved by 

evaluating more micrograph to fine-tune the PSD and employ dynamic light scattering (DLS) measurements to 

measure in bulk the hydrodynamic size of the nanoparticles. This advantageous study opens a window of 

opportunity in the development of structurally coloured polymer composites used implemented as sensors, 

coating, paints and many other practical applications. 
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Appendix I 

Table A-I. Raw Data of the Thermal Stability Test along with the corresponding Diameter Range. 

 

 

 

 

 

 

 

 

There are three outliers present in the data as highlighted in red. These particles specifically have diameters ranging from 165 

to 185 nm which may be due to unwanted residuals. 

 

Thermal Stability Test -PDA Nanoparticle Size Distribution  

Diameter Range 25°C 50°C 70°C 90°C 

< 280 - - 1 2 

280-300 - - 1 4 

300-320 1 3 8 2 

320-340 3 16 10 8 

340-360 5 8 1 3 

360-380 2 7 5 3 

380-400 2 4 4 2 

400-420 1 1 1 - 

420-440 1 - 1 2 

440-460 - 1 1 - 

460-480 - - 1 - 


