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A B S T R A C T   

Polydopamine is a nature inspired functional material with promising applications in a plethora of fields due to 
its structural, chemical, and optical properties. While there is significant interest in the preparation of poly
dopamine based nanomaterials that take advantage of its properties, less attention has been given to the opti
misation of the synthetic process, which typically involves the oxidative self-polymerisation of dopamine under 
basic pH and requires 24–72 h for reaction completion. The present work investigated the kinetics of poly
dopamine formation in the presence of Pluronic P-123 (PEG-PPG-PEG) micelles acting as a soft template, in low 
monomer concentrations (that promote particle growth instead of nucleation) as a function of temperature and 
pressure. Simultaneous increase of pressure and temperature (up to 50 ◦C and 5 bar O2) was found to signifi
cantly reduce the reaction time to 20–40 min without compromising the particle quality. Based on the results of 
the kinetic investigation, the polydopamine synthesis was translated into a continuous process utilising a mil
lifluidic co-axial membrane reactor with a focus on ease of use, process conditions’ reproducibility and safety of 
operation. The reactor produced nanoparticles similar to the batch synthesis and resisted fouling (which is 
generally expected in a compact flow reactor) due to the action of the P-123 surfactant. Due to the nontoxic 
process that utilises only biocompatible materials and oxygen as the oxidising agent, and the melanin-like 
structure of polydopamine, photothermal heating of the synthesised nanoparticles under concentrated IR irra
diation at 808 nm light was studied, as this can potentially be used for photo-induced hyperthermia. The hy
perthermia threshold of 10 ◦C temperature increase at relatively low laser power settings (fluence 1.77 W/cm2) 
was achieved, making it a promising candidate for this application.   

1. Introduction 

Originally inspired by the structure of proteins found in the byssus of 
mussels which enables their attachment on solid surfaces even under 
aquatic and saline conditions [1], and exhibiting a plethora of desirable 
properties, polydopamine (PDA) is increasingly in the spotlight for use 
in the production of functional materials [2]. PDA-based materials, 
endowed with many of the chemical, optical and photothermal prop
erties of PDA, have found their way in applications within a wide range 
of sectors including biomedicine [3-6], (photo)catalysis [7,8] and en
ergy [9,10]. Since most of PDA properties are dependent on its structural 

and chemical characteristics, a lot of work has been devoted in inves
tigating how polydopamine forms, and how to control its synthesis [11- 
13]. 

The mechanism of polydopamine formation has not been entirely 
understood and is possibly dependent on the substrate where PDA 
coatings attach and the reactive conditions. It is commonly agreed that it 
starts with the oxidation of dopamine and, through a series of additional 
oxidation, cyclisation and isomerisation steps, leads to dihydroxyindole 
and indole-quinone molecules that can form oligomers which eventually 
aggregate via hydrogen bonding, π–π interactions or additional covalent 
bonds [1,14]. These steps can take place simultaneously allowing the 
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incorporation of reaction intermediates in the final polydopamine 
structure and leading eventually to a highly disordered material [1,15- 
18]. The reaction cascade can be easily performed under mildly alkaline 
pH (pH > 8) and ambient conditions. This approach, albeit simple to 
implement, offers limited control on the polydopamine formation steps 
and usually requires over 24 h to reach completion, which has led to 
investigation of various modifications to improve deposition times and 
control of the particle size. Thus, various approaches have been 
employed to accelerate polydopamine synthesis and control the struc
ture (and consequently the properties) of the resulting material. 

As a result of its disordered structure and abundance of active 
groups, it has been shown that PDA attaches to a wide range of sub
strates, including colloidal nanoparticles. Thus, PDA nanoparticle for
mation can be effectively directed using colloidal hard and soft 
templating, as demonstrated with the use of silica and carbon nano
particles [19,20], carbon dots [21], carbon nanotubes [22], ionic sur
factants [23] and block copolymers micelles loaded with 1,3,5- 
trimethylbenzene (TMB) [20,24,25]. To accelerate polydopamine for
mation, the use of strong chemical oxidants [16,26], horseradish 
peroxidase [27] and the Fenton system [28] have been investigated with 
promising results. However, these solutions offer limited particle size 
control (especially at sizes < 100 nm), increase the risk of oxidative 
degradation of produced polydopamine and may also be incorporated in 
the final structure of polydopamine as contaminants. Dissolved oxygen 
remains an important oxidant for oxidation reactions as it is abundant, 
environmentally benign and, due to its gaseous nature, it allows 
increasing its concentration by means of pressurisation to significantly 
accelerate the reaction. Moreover, it can be quickly separated to prevent 
degradation of the product. Although challenging to achieve, it has been 
shown that increasing the concentration of oxygen can accelerate pol
ydopamine formation [29]. Finally, energy input by means of heating 
[30], UV radiation [31,32], microwave [33] and ultrasound [34], has 
been shown to accelerate polydopamine deposition in various substrates 
and thus could be also effective in accelerating polydopamine nano
particle formation or nanoparticle surface coating. 

This work utilises the principles described above for the design of an 
intensified process for oxygen-induced, size-controlled, polydopamine 
nanoparticle synthesis. It starts with investigating the templating action 
of a micelle-forming non-ionic surfactant and then systematically eval
uates the effect of oxygen concentration in combination with the process 
temperature at the optimal pH range to drastically reduce the reaction 
time, while keeping control of the particle size. The kinetic data 
collected from the first part of this study are subsequently used to design 
a continuous production process using a co-axial membrane millifluidic 
reactor [35,36] that enables safer and more efficient handling of gaseous 
oxygen, while accelerating heat and mass transfer due to its sub-mm 
characteristic dimensions. The photothermal properties of the nano
particles produced with the intensified process are further tested under a 
clinically relevant 808 nm NIR laser irradiation to demonstrate their 
potential application in photothermal cancer therapy. 

2. Materials and methods 

2.1. Chemicals 

The dopamine solution was prepared by dissolving 3-hydroxytyr
amine hydrochloride (dopamine hydrochloride, Acros Organics) in DI 
water in a concentration of 20 mg/ml. DI water was purged with ni
trogen for 1 h to prevent uncontrolled dopamine oxidation. For the 
preparation of the buffered micellar solution, 125.0 mg Pluronic P-123 
(PEG-PPG-PEG block copolymer, MW = 5800 g/mol) and 30.3 mg of 
Tris.HCl (both from Sigma Aldrich) were dissolved in 25 ml DI water 
(~10 mM Tris and ~ 0.86 mM P-123) unless stated otherwise. HCl 1 M 
(Fluka) was subsequently added in the solution to tune the pH to the 
desired value. Concentrated NaOH 2 M (Fluka) was used directly for 
removing polydopamine coatings from reactor walls and components 

when necessary. Oxygen 99.9995% (BOC) was the oxidizing agent. Ni
trogen 99.9995% (BOC) was used for purging oxygen and as the working 
fluid in the flow reactor pressurization (see section 2.3). Isopropanol 
(IPA) 99.9% (Sigma Aldrich) was used to facilitate polydopamine 
nanoparticle preparation for solid state analysis (e.g., FTIR). 

2.2. Pressurised batch reactor for kinetic experiments 

Reactor components 

A thick wall, round bottom, glass pressure vessel from Chemglass™ 
(CG-1880-R-02, 68 ml maximum capacity) was used as the pressurised 
batch reactor. The vessel included a threaded PTFE cap and a Viton O- 
ring that provided sealing during operation. The PTFE cap was cus
tomised with the addition of two ports that connected the internal vol
ume with external tubing. Port 1 was connected to an oxygen cylinder 
through an electronic mass flow controller (MFC) (BROOKS, SLA5800S,) 
to monitor and control the oxygen flowrate and a spring-operated back 
pressure regulator (BPR) (Swagelok, K-series, oil-free, 10 bar maximum 
pressure) that enabled a constant pressurised oxygen atmosphere during 
the reactor operation. An electronic pressure sensor (Druck, DPI-104) 
was connected to the gas line in parallel with the reactor to monitor 
the pressure in the reactor vessel. In Port 2, a PTFE capillary with 1.6 
mm outer diameter (OD) and 0.5 mm inner diameter (ID) was inserted 
through the cap, with its outlet submerged in the reactive mixture. The 
inlet was connected to two ETFE millifluidic shut-off valves (IDEX, 1 mm 
ID when fully open) that allowed reactant addition and sampling, while 
keeping the system pressurised. The valves were connected to each other 
via PTFE capillary sections with 1.6 mm OD, 0.5 mm ID and PEEK fit
tings from IDEX. An oval shaped, PTFE coated magnetic stirrer bar was 
inserted in the reactor before use. Temperature control of the reactor 
was achieved by partially submerging it into a stirred water bath. A hot 
plate (Stuart, CB162) provided the heat and the magnetic stirring power 
for both the heating fluid and the reactor. A temperature controller 
connected to the hotplate monitored and controlled the heating fluid 
temperature via a submerged thermocouple. A schematic of the batch 
reactor setup can be found in SI, section S1. 

Reactor operation and sample collection 

For all batch experiments, the reactor was filled with 25 ml of the 
buffered micellar solution (P-123 and Tris.HCl in water). It was pres
surised and heated to the desired conditions and was kept under stirring 
for ~ 60 min before addition of the dopamine solution to allow tem
perature equilibration between the heating fluid and the reactor con
tents and adequate oxygen dissolution (preliminary data had shown 
larger discrepancies when lower waiting times were used before the 
experiments). 

Reactant addition in a pressurised reactor involved multiple steps: a 
plastic 2.4 ml syringe filled with 1 ml of the dopamine solution and 1.4 
ml air, was connected vertically (liquid phase downward) at the Port 2 
capillary inlet (post-mixing dopamine concentration of 5 mM or 0.769 
mg/ml). The valve towards the pressurised reactor was opened, allow
ing a pressurisation of the small volume between the valves, and then 
closed to isolate this section. Subsequently, the valve towards the inlet 
was opened allowing the syringe to match the pressure of the reactor 
without compromising the reactor pressurisation (pressure equilibration 
sequence). The use of a small diameter syringe allowed equilibration of 
the pressure with a handheld syringe. The second valve was opened to 
connect the pressurised syringe to the reactor and add the reactant: 
pressing the syringe, dopamine was added in the solution, and the small 
amount of air in the syringe pushed any residue of the dopamine solu
tion in the reactive mixture. This ensured consistency in dopamine 
concentration and cleared the capillaries to prevent contamination of 
the samples. Finally, both valves were closed and the syringe was 
disconnected. The final volume of the batch is 26 ml. 
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Samples from the pressurised reactor were obtained by connecting 
an empty syringe in Port 2, and slowly opening both valves, first the one 
at the reactor side. Sample volume was controlled manually via the 
syringe. After the sample was transferred in a vial for post processing, 
the capillary at Port 2 was cleared of fluid using a second air filled sy
ringe and following the pressure equilibration sequence. A sample 
slightly larger than required was collected (~0.3 ml) and then a 0.2 ml 
sample volume was accurately measured with a pipette and diluted 10x 
with water. The sampling process, while complicated and time 
consuming (requiring 20–30 s), allowed acquisition of kinetic informa
tion from the pressurised batch process. 

Testing of the reactant addition and sampling procedures showed a 
pressure change < 0.1 bar during operation at 5 bar. Up to 5 bar, the 
syringe pressure could be successfully matched manually, but the 
method could be used at even higher pressures by utilising a syringe 
pump. 

2.3. Millifluidic membrane reactor 

For the continuous polydopamine synthesis process, a millifluidic co- 
axial capillary membrane reactor was used. The system consisted of a 
preheating section followed by a pre-saturation section that set the re
action conditions before the dopamine addition to promote rapid 
dopamine oxidation; a microfluidic (0.5 mm ID) T-mixer enabled fast 
mixing of dopamine solution with the O2 saturated buffer solution. A 
second membrane section kept the oxygen pressure constant to provide 
the necessary oxygen for subsequent oxidation steps required for poly
dopamine synthesis. An oxygen permeable Teflon AF2400 tubular 
membrane (Biogeneral) was used as the inner capillary, both in the pre- 
saturation and the reaction stages, while an 1/8 in. OD (3.175 mm) 2.4 
mm ID PTFE tube around the membrane was used in a dead-end 
configuration to contain the gaseous oxygen atmosphere. The liquid 
phase pressure was controlled via a gas (nitrogen) operated back pres
sure regulator (Zaiput). The oxygen supply configuration was equivalent 
to the one used in batch synthesis and consisted of the same components 
(MFC, BPR and pressure sensor). The reactants were supplied continu
ously in the reactor via syringe pumps (Harvard, PHD2000) using a 50 
ml glass syringe for the micellar buffer (SGE) and a 5 ml glass syringe 
(SGE) for the dopamine solution. The reactants were mixed in flow using 
a 0.5 mm ID PEEK T-junction (IDEX). A pressure relief valve rated for 
100 psi (IDEX, U456,) was connected after the buffer solution syringe as 
a safety measure. A schematic of the membrane reactor system along 
with a photograph of the reactor are shown in SI, section S1. 

2.4. Characterisation techniques 

UV–Vis absorption spectra of nanoparticle samples were obtained 
with a QE-Pro spectrophotometer (Ocean Optics) using a deuterium- 
halogen light source (Ocean Optics, DH-2000-BAL) and 1.5 ml capac
ity single-use methacrylate cuvettes (Fisherbrand). The samples were 
diluted to a final 10% v/v with DI water before measurement to avoid 
supersaturation. Dynamic light scattering (DLS) analysis was performed 
with a DelsaMax Pro analyser (Beckman Coulter), diluting the original 
sample with DI water (to 1/20th of the initial concentration) to avoid 
multiparticle scattering effects. Mean particle hydrodynamic diameter 
and polydispersity index were obtained via cumulative analysis 
(assuming normal distribution), while particle size distributions were 
obtained via regularisation analysis. For FTIR analysis, an IRTracer-100 
(Shimadzu, UK) with a diamond ATR accessory was used (Specac, Quest 
Single Reflection ATR). The polydopamine particles were precipitated 
by diluting a small amount of the sample in IPA (5% v/v dilution) and 
allowing it to settle. The clear supernatant was then removed with a 
pipette and the particles were dried overnight in a fume cupboard 
resulting in a thick paste. Raman spectra of polydopamine samples were 
obtained with a MarqMetrix All-In-One Raman System using a 798 nm 
laser excitation source, by pipetting 1 ml of sample in a cylindrical (ID =

15 mm), aluminium sample holder and placing the probe ~ 3 mm from 
the liquid surface. TEM images were obtained with a JEM 2200-FS mi
croscope (JEOL) and analysed with ImageJ (ca. 120 particles) to obtain 
the particle size distribution. 

2.5. Measurement of photothermal heating of nanoparticle dispersions 

An NIR laser at 808 nm was used (Diomed 25) as a light source for 
heating experiments. 1 ml of the as-prepared nanoparticle dispersion in 
DI water was placed in a 10 mm optical path, square, quartz cuvette 
(Hellma) and a PTFE coated magnetic stirring bar was placed inside the 
cuvette. The laser beam was guided via a 0.4 mm core optical fibre, with 
the output beam aligned orthogonally to the cuvette surface at a height 
above the stirrer. The cuvette and the fibre were fixed in a 3D printed 
holder produced in-house with a Form 3 3D printer and high tempera
ture resin (Formlabs). The distance between the fibre end and the 
cuvette was set at 2 mm. Using an NIR sensitive upconversion card the 
incident laser beam was visualised for verifying that the beam would 
only pass through the liquid within the cuvette. A slot in the cuvette 
holder accommodated a thin thermocouple (Picotechnology, model TC- 
08), so that it was in direct contact with the outside of the cuvette; it was 
placed parallel to the laser beam (thus not directly illuminated by the 
laser), below the sample surface. Temperature measurements were ac
quired at 10 Hz and logged via PicoLog™ software. The cuvette was 
capped during the heating measurements to prevent solvent evapora
tion, reducing heat loss and ensuring a constant sample concentration 
during the measurement. The fibre-cuvette holder was placed on a 
magnetic stirrer with the stirring speed set at 500 rpm. In all measure
ments the laser was set at its minimum power (0.5 W) illuminating a 
small circular area of the cuvette surface (fluence of 1.77 W/cm2). 

3. Results and discussion 

3.1. Effect of Pluronic P-123 on polydopamine synthesis 

P-123 is a water-soluble triblock copolymer consisting of alternate 
poly(ethylene glycol) (PEG) and poly(propylene glycol) (PPG) blocks in 
a PEG20-PPG70-PEG20 sequence. In an aqueous environment it forms 
micelles when in concentrations above 0.313 mM or 1.815 mg/ml, 
which is its critical micelle concentration (CMC) [37]. The more hy
drophobic PPG part forms the micelle core while the hydrophilic PEG 
chains are in contact with the water. It has been proposed that catechol 
and amine groups found in most polydopamine structural blocks may 
interact with the ether oxygen atoms of PEG chains via hydrogen 
bonding, and this interaction eventually leads to the formation of 
smaller aggregates [38]. P-123 has been used, in combination with 
Pluronic F-127 to form micelles encapsulating hydrophobic TMB, as a 
templating agent for shape-controlled PDA synthesis [25]. In addition, 
PDA formation in the presence of various surfactants has been shown to 
control PDA particle size by encapsulation of PDA nanoparticles in mi
celles [23]. This approach also prevented deposition of PDA on solid 
surfaces, which is highly desirable in the context of continuous flow 
synthesis. Similar interactions could be expected for P-123 surfactant, 
which would allow P-123 micelles to act as a soft template. 

A series of experiments were performed to verify the above hy
pothesis. PDA synthesis was performed at ambient conditions (~20 ◦C, 
air atmosphere) for 24 h in the presence of P-123 at different concen
trations and the size (hydrodynamic diameter, DH) and polydispersity 
(polydispersity index, PDI) were measured by DLS (see Fig. 1). For P-123 
concentrations above the CMC, the micelle size (measured via DLS) was 
22–30 nm, slightly decreasing with increasing concentration. Polydop
amine nanoparticles synthesised in the presence of Pluronic P-123 mi
celles (P-123@PDA NPs) were found to be larger by approximately 10 
nm compared to the original micelles (as seen in Fig. 1, for samples S3, 
S4 and S5), while maintaining a similarly low polydispersity index (PDI 
≤ 0.1). In the absence of P-123, >200 nm nanoparticles were produced, 
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while with P-123 at a concentration below the CMC, >1000 nm diam
eter aggregates were found. In these preliminary experiments, dark
ening of the reaction solution, indicative of polydopamine formation, 
proceeded with a similar rate for all samples. Thus, no significant effect 
of the concentration of P-123 on polydopamine formation kinetics is 
expected. 

Interestingly, polydopamine produced in presence of P-123 micelles 
did not visibly deposit on the reactor walls, as opposed to the other cases 
(<CMC concentration or no P-123 addition) where dark coloured film 
formation was observed on the magnetic stirrer and the glass vessel. 
Similar wall-coating suppression has been reported in the literature with 
the use of ionic surfactants during PDA synthesis [23]. However, with a 
smaller (compared to P-123) molecular weight non-ionic surfactant 
(Triton X-100) no suppression of film formation was observed [23]. This 
may be due to the lower molecular weight of PEG chain in Triton X-100 
compared to P-123, which results to a lower amount of ether oxygen 
atoms available for hydrogen bonding in Triton X-100. 

These findings verify the expected interaction between polydop
amine and P-123 that modulates the nanoparticle growth. Based on the 
above, two possible pathways of size modulation via templating may be 
possible. Primary polydopamine aggregates formed by reacting mono
mers, attach on existing P-123 micelles via hydrogen bonding between 
the catechol groups and the ether oxygen atoms found in the hydrophilic 

PEG blocks of Pluronic P-123 on the micelle surface. PDA growth can 
then be directed by the initial PDA layer, since at low dopamine con
centrations there are indications that growth of PDA films is favoured 
over creation of new particles [22,39]. Free (not forming micelles or 
adsorbed on a surface) P-123 molecules may also play a role in particle 
size modulation by attaching on the surface of PDA nanoparticles, 
limiting growth as reported for PEG [38]. Alternatively, the primary 
polydopamine aggregates are encapsulated in P-123 shortly after for
mation, limiting further growth as reported in [23] where ionic sur
factants produced a similar effect. Particle growth can then proceed via 
continuous addition of PDA aggregates into the micelles, with free P-123 
molecules being incorporated on the surface of the larger core. In any 
case, the existence of P-123 on the surface of the particles is likely, as it 
would explain the superior stability of P-123@PDA nanoparticles (no 
sedimentation even after weeks of storage at room temperature). An 
interaction between free P-123 and polydopamine is suspected for 
sample S2 shown in Fig. 1, where the particle size is significantly larger 
compared to synthesis without P-123. 

In addition to hydrodynamic diameter, the UV–Vis absorption 
spectra of polydopamine nanoparticles produced in batch were obtained 
and were found virtually unchanged for all samples prepared with or 
without P-123, indicating that UV–Vis absorption can be used to 
monitor PDA synthesis regardless of its interaction with P-123 (see SI, 
section S2). It was observed that absorbance at higher wavelengths 
slightly decreased, while absorbance at lower wavelengths increased 
with increasing P-123 concentration; however, it is not clear whether 
this was just an effect of the polydopamine aggregate/particle size or 
alterations in its chemical structure. 

3.2. Batch synthesis of P-123@PDA nanoparticles. Effect of temperature 
and O2 pressure on polymerisation kinetics and particle size 

The P-123@PDA system was used to study the kinetics of templated 
polydopamine nanoparticle formation as a function of temperature and 
oxygen concentration. A P-123 concentration of 5 mg/ml was used in all 
experiments. Another important parameter is the reaction temperature, 
affecting all stages of polydopamine synthesis, starting from the initial 
oxidation of dopamine and followed by the subsequent cyclisation, 
isomerisation and oligomerisation steps, as well as aggregation via 
intermolecular interactions. A recent study has demonstrated the effect 
of temperature in accelerating reaction kinetics showing a typical 
Arrhenius dependence [40]. It was shown that while a temperature in
crease up to 55 ◦C accelerated the reaction, heating was not enough to 
deplete dopamine within timescales that favour a continuous process 
(~1500 min were still required). In addition to the reaction rates, 
temperature also affects the balance of dissolved species in the reaction 
mixture, having an additional, indirect effect on the kinetics. In a dis
solved oxygen-based process, for a given gas partial pressure the 
maximum dissolved oxygen concentration decreases with increase in 
temperature due to change in solubility. Thus, controlling the temper
ature alone is not enough to adequately accelerate polydopamine syn
thesis. While the reaction temperature is easily controlled, dissolved 
oxygen concentration is affected by other parameters (temperature, 
other solutes, pH) and thus the pressure of the oxygen atmosphere above 
the reactor was used instead as a more convenient control parameter. 

The pH is also an important parameter which has been shown to 
affect the kinetics by controlling the rate of dopamine self-oxidation, 
with higher values accelerating this reaction step and affecting poly
dopamine particle size [16,41]. Hence, in this work the pH was kept 
constant at ~8.7 to promote high oxidation rates of dopamine (pKa, 

dopamine = ~ 9) and isolate the effects of the other parameters. While Tris 
is typically the buffer of choice for polydopamine synthesis (and used in 
the present work), its buffering effect is affected by temperature, leading 
to approximately 1 pH unit change per 30 ◦C change in temperature 
[42]. To take the temperature dependency of pH into account, the so
lution pH was preadjusted when preparing the buffer solutions. A brief 

Fig. 1. PDA particle hydrodynamic diameter (DH) and polydispersity index 
(PDI), measured via DLS for particles synthesised with increasing P-123 con
centration. The dashed line indicates the critical micelle concentration (CMC). 
Samples, S1: 0 mg/ml, S2: 0.625 mg/ml (<CMC), S3: 2.5 mg/ml, S4, 5 mg/ml, 
S5: 20 mg/ml. The DH axis is broken in two parts with different scales for better 
visualisation of the results. In S1 and S2, no micelles existed before the reaction. 
When micelles existed (S3, S4, S5) polydopamine particles were of similar size. 
All samples were prepared at ambient conditions (~20 ◦C, air atmosphere). 
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evaluation of the effect of temperature on the pH of the Tris-buffered 
micellar solution used in the synthesis can be found in the SI, section S3. 

A series of experiments to investigate the combined effect of reaction 
temperature and oxygen concentration (controlled via pressure) were 
conducted to cover a broad range, accounting for the system’s technical 
limitations: from room temperature (20 ◦C) to 90 ◦C, which is close to 
the cloud point of Pluronic P-123 [43], and from 1 bar (atmospheric 
pressure) to 5 bar, which is the maximum recommended operating 
pressure for the pressure vessel used. Oxygen solubilities were calcu
lated for a water – oxygen system via Henry’s law and shown in the SI, 
section S4. It should be underlined that the pressure values of all the 
experiments refer to the pressure of the atmosphere above the reaction 
vessel, which after 60 min under a pressurised oxygen atmosphere 
contains mostly oxygen and water vapour. Preliminary experiments in 

an open vessel (air atmosphere, ~0.21 bar O2) had shown slower UV–Vis 
absorption increase, especially at elevated temperatures, where the 
oxygen concentration decreases further due to reduction in solubility 
(see SI, section S5). Interestingly, when the synthesis was performed in 
an open vessel (exposed to air) and at high temperature (90 ◦C) no 
significant colour change was observed within the first 30 min after 
addition of dopamine. 

The synthesis evolution over time was monitored by extracting small 
aliquots of the reaction mixture and measuring the UV–Vis absorption at 
395 nm (characteristic of uncyclised chromophore building blocks 
produced by dopamine oxidation, such as dopamine-quinone), and at 
620 nm (indole-5,6-quinone building blocks, the main building blocks of 
PDA) [16]. It should be noted that absorbance at 395 nm and 620 nm 
cannot be exclusively attributed to the aforementioned monomers, but 

Fig. 2. Results from batch experiments performed to extract kinetic information. Top: Colour change of the reaction mixture during the first seconds of polydop
amine synthesis in the pressurised batch reactor at 50 ◦C and 5 bar O2. Middle: UV–Vis absorption over time of reacting polydopamine solutions at different reaction 
conditions (after 1/10 dilution of samples). The selected absorption wavelengths are representative of polydopamine building blocks formation. Bottom: Hydro
dynamic diameter change over time as measured by DLS for different temperature and pressure conditions. Error bars represent maximum absolute error from 
duplicate experiments. 
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could also occur due to the formation of oligomers, and intermolecular 
interactions between the oligomers, such as π-π stacking [44]. Never
theless, absorbance monitoring at these wavelengths can still provide 
particularly useful insights on how fast the reaction progresses, helping 
to identify the conditions that accelerate it. Fig. 2 shows the evolution of 
absorption over the first 2 h of the reaction for various temperature and 
pressure combinations. The evolution of the full spectrum for each case 
can be found in SI, section S6. 

As shown in Fig. 2, both temperature increase and increase of pres
sure (and thus oxygen concentration) were found effective in acceler
ating polydopamine formation especially with a simultaneous increase 
of these parameters, which led to rapid colour change of the reactive 
mixture and plateauing in absorption within the 1st hour of reaction, 
even for conditions individually considered mild (e.g., 50 ◦C and 2.8 bar 
O2). The higher absorption of 90 ◦C experiments was potentially related 
to the aggregation/assembly of PDA nanoparticles, since particle size 
may affect the absorbance via scattering effects. 

One interesting observation is that in all intensified conditions cases 
(P ≥ 2.8 bar O2 and T ≥ 50 ◦C), the absorption at 395 nm keeps rising 
throughout the synthesis duration, while the absorption at 620 nm starts 
dropping after a specific time point dependent on the conditions. This 
phenomenon can be attributed to high H2O2 concentration produced 
during the initial steps of dopamine oxidation [16], that potentially 
leads to oxidative degradation of indole-5,6-quinone building blocks 
(absorbing at 620 nm) to pyrrole-dicarboxylic acid [1]. Increasing ox
ygen concentration increases H2O2 production rate [16] and thus can 
accelerate the degradation rate, as indicated by the maximum in the 
absorption spectra over time (at 620 nm) and subsequent decline shown 
in Fig. 2. Such decline was found to be mitigated by bringing the reactive 
mixture to ambient conditions (oxygen desorption, cooling to room 
temperature) before a decrease in absorbance starts. Thus, when using 
intensified conditions for polydopamine nanoparticle synthesis, it is 
essential to tune the reaction time to benefit from the enhanced oxida
tion kinetics, while preventing degradation of the polydopamine prod
uct. Quenching the reaction via a free radical scavenger addition, such 
as mercaptoethanol or ascorbic acid is also expected to help prevent 
degradation, as it has been shown to be effective in inhibiting poly
dopamine free radicals [31]. 

Monitoring the hydrodynamic diameter during the reaction provided 
additional information on the reaction process, especially on how the 
particle size is modulated by the addition of P-123. The trends presented 
in Fig. 2 (bottom) show the dependency of particle size on reaction 
conditions, with higher pressures generally leading to larger particle 
sizes. The effect was less pronounced in all 50 ◦C cases (≥2.8 bar), where 
the particle size was tightly focused between 30 and 35 nm and the 
synthesis was characterised by very good reproducibility. This is an 
indication that the PDA particle size modulation is favoured by slightly 
elevated temperature. The polydispersity index (PDI) of these samples 
(T = 50 ◦C, P ≥ 2.8 bar) was also low (<0.15) throughout the synthesis 
(shown in SI, section S7) as opposed to cases with slower kinetics where 
PDI started from higher values and decreased as the synthesis 
progressed. 

Some potential explanations for these otherwise unexpected trends 
can be offered by revisiting the role of P-123 on particle size modulation. 
At low temperatures, P-123 molecules while mostly forming micelles, 
can also be freely dissolved in the aqueous solution and are subject to a 
dynamic equilibrium with the micelles [45]. Upon the start of PDA 
formation, such dissolved P-123 molecules may act as cross-linkers, 
assisting the formation of larger supramolecular structures (as dis
cussed in section 3.1, for PDA formation with P-123 at < CMC concen
tration). Increasing the temperature to 50 ◦C, shifts the equilibrium 
towards micelle formation, reducing the amount of freely dissolved P- 
123 and subsequently the possibility of crosslinking events, resulting in 
improved nanoparticle size control despite the highly accelerated PDA 
formation kinetics. Increasing the temperature to 90 ◦C, further reduces 
the probability of hydrogen bonding [46] (and hence hydrophilicity), 

which could favour PDA aggregation over interaction with P-123 mi
celles. In addition, the temperature increase at 90 ◦C brings P-123 close 
to their cloud point [45], causing them to swell, which can also even
tually lead to larger P-123@PDA nanoparticles. It should be noted that 
in our work, reaction of Tris with PDA was not considered important in 
the particle size modulation or kinetics of PDA formation due to the 
relatively low concentration of Tris [47]. However, the role of this re
action under intensified conditions might be more important than ex
pected, and the use of non-reactive buffers might be worth further 
investigation. 

In addition to the main sets of experiments, a brief, auxiliary kinetic 
study of pure polydopamine nanoparticle formation without using P- 
123 at 2.8 bar and 50 ◦C was conducted. This study showed an increase 
of UV–Vis absorbance at 395 nm and 620 nm similar to P-123@PDA 
synthesis at the same conditions (see SI, section S8), indicating similar 
PDA formation kinetics regardless of the existence of P-123. In contrast, 
while the hydrodynamic diameter of P-123@PDA nanoparticles was 
always confined to < 40 nm in these conditions, the size of pure PDA 
nanoparticles increased up to ~ 150 nm, reaching a plateau within 60 
min. Interestingly, the size of pure PDA particles produced at intensified 
conditions (50 ◦C and 2.8 bar O2) was smaller and more monodisperse 
(according to DLS obtained PDI) compared to the ambient synthesis 
(>250 nm as shown in Fig. 1). This trend agrees with a classic nucle
ation/growth scheme where higher initial nucleation rate leads to 
smaller final particle size [48]. This experiment verifies the role of P-123 
as particle size modulator even in intensified conditions (i.e., without P- 
123 the nanoparticles become significantly larger even at a faster syn
thesis rate). More importantly, it demonstrates that accelerated poly
dopamine synthesis under intensified conditions is not a result of using 
the P-123 template and thus polydopamine synthesis using other tem
plates could be accelerated using a similar approach. 

3.3. Chemical and structural characterisation of polydopamine 
nanoparticles 

While the main purpose of this work is the investigation of kinetics of 
polydopamine formation with the use of intensified conditions and the 
soft template-based synthesis, it is important to assess how the proper
ties of the produced polydopamine nanoparticles are affected by the 
variation in synthesis conditions, and how they compare with a refer
ence sample. 

The P-123@PDA product stability was evaluated by obtaining the 
UV–Vis absorption spectra and particle size with DLS 24 h after the re
action mixture was returned to ambient conditions. In all cases, small 
changes in the UV–Vis absorption spectrum were observed (see SI, sec
tion S6), pointing to slow restructuring or degradation taking place, 
potentially involving oxidation of indole-5,6-quinone to pyrrole- 
carboxylic acids. Changes in particle size (see SI, section S9) can be 
associated with slow growth due to incomplete reaction in (20 ◦C, ≤ 2.8 
bar) cases, while reduction of particle size at more intensified conditions 
indicates restructuring of polydopamine particles. It should be noted 
that all P-123@PDA samples, irrelevant of preparation conditions, 
exhibited good colloidal stability a week after preparation while stored 
at ambient conditions (no sedimentation occurred). 

FTIR-ATR was used to identify the characteristic chemical moieties 
of P-123@PDA nanoparticles. All samples were separated and prepared 
for FTIR after 2 h reaction. The FTIR transmission spectra for various 
synthetic conditions are presented in Fig. 3a. The asymmetric double 
peak at 2365 and 2338 cm− 1 corresponds to CO2 due to imperfect 
purging of the measurement chamber [29]. The FTIR spectrum of all 
samples exhibits two broad bands which are commonly observed in 
polydopamine based materials. The broad band evident to all samples 
between 3600 and 3000 cm− 1 is attributed to NH stretching of primary 
and secondary amine groups and OH stretching [49]. A second broad 
band can be found between 1730 and 1230 cm− 1 with various small 
peaks protruding from it at 1630, 1595, 1555, 1510, 1458, 1393, 1373, 
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1340, 1292 and 1254 cm− 1. This band was attributed to stretching of the 
C=C bond in the aromatic rings, while the small protruding peaks are 
indicative of the heterogeneity of these aromatic rings’ environment 
[50]. The protruding peaks in this band are different compared to the 
ones found in the pure polydopamine sample, which can be attributed to 
P-123 interaction with polydopamine. In addition, for the samples 
produced with P-123, a double asymmetric peak around 2874 cm− 1 and 
2970 cm− 1 (C-C bond stretching) [49], match with the characteristic 
peaks of P-123 (see SI, section S10), indicating its incorporation in the 
polydopamine nanoparticles. Finally, a strong peak at 1100 cm− 1, found 
at every sample, characteristic of C-O stretching [49], can be attributed 
to abundant catechol groups which are expected in polydopamine, or 
due to incorporation of Tris in the final product. Among the P-123@PDA 
samples produced at various conditions, the most important differences 
in the FTIR spectra are a small sharp peak at 3190 cm− 1 and a minor one 
at 1628 cm− 1 which are predominant in the low temperature and high 

O2 concentration conditions. These sharp peaks were attributed to pri
mary amine units [49] and thus indicate the existence of uncyclised 
units in the polydopamine structure. This observation agrees with the 
hypothesis that increased O2 concentration accelerates the formation of 
dopamine oxidation leading to fast accumulation of uncyclised oxida
tion products that may covalently bond to each other, or other PDA 
building blocks, and thus get incorporated into the polydopamine 
structure. Time-resolved FTIR (with sample collected every 10 min) was 
also performed for the 50 ◦C, 2.8 bar O2 case of P-123@PDA showing 
that even under mildly intensified conditions, PDA was formed within 
the first 10 min with only minor changes happening afterwards (see SI, 
section S10). 

Complementary to FTIR, Raman spectroscopy (@785 nm) was also 
used to analyse selected samples (see SI, section S11). The Raman 
spectra of P-123@PDA were characterised by broader peaks compared 
to pure PDA nanoparticles and by a broad shoulder at lower wave 

Fig. 3. Characterisation of P-123@PDA nanoparticles. a) ATR - FTIR spectra for P-123@PDA and pure PDA nanoparticles produced at various temperature and 
pressure conditions, shown above each graph. The samples were separated at 60 min of reaction. Spectra have been normalized with the minimum transmittance for 
easier comparison. b) Comparison of UV–Vis absorption spectra of P-123@PDA and pure PDA nanoparticles for various conditions obtained at 60 min of reaction. 
The spectrum of the 90 ◦C case was obtained with 1/20 dilution (instead of the 1/10 used in general) and then was multiplied by 2, to avoid spectrometer saturation. 
c) Particle size distribution obtained via DLS for the 50 ◦C, 5 bar sample (after 120 min reaction time). d) Representative TEM image and particle size distribution 
obtained via image analysis (of a sample produced in 5 bar and 50 ◦C). The scale bar represents 100 nm. 
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numbers. The difference potentially corresponds to the interactions 
between PDA and P-123. 

UV–Vis absorption (200–800 nm range) was used to evaluate the 
optical properties of P-123@PDA nanoparticles, while also providing 
some information on the existing building blocks (Fig. 3b). The spectra 
shown in Fig. 3b were obtained 1 h after the reaction start, with no new 
features (e.g., new peaks) arising after that point (refer to Fig. S8 in SI, 
section S6 for spectra evolution over time). In all cases, a broad spectrum 
with increasing intensity towards shorter wavelengths was obtained, 
characteristic for melanin-like materials [51]. Peaks at 230 and 280 nm 
found in the 20 ◦C cases are associated with dopamine [16], suggesting a 
degree of uncyclised dopamine embedded in the PDA structure. Shoul
ders at 300 nm found in all cases except the 20 ◦C, 1 bar sample, are 
(along with a peak at 275 nm found in all cases) characteristic of 5,6- 
dihydroxyindole, the main building block of polydopamine [16]. It 
should be noted that at lower temperatures the shoulder usually only 
appeared at the later stages of the reaction. Interestingly, in the 20 ◦C 
cases with elevated pressure, a significant peak at ~ 400 nm was ob
tained, which could be associated with the existence of intermediate 
dopamine-quinone [16] which absorbs at 395 nm and was expected to 
accumulate under high oxidant concentrations. The peak persists 
throughout the reaction to the final product (Fig. S8), indicating 
incorporation of the responsible building block in the final polydop
amine structure. Finally, it should be noted that, as opposed to FTIR and 
Raman spectra, the UV–Vis spectra of PDA and P-123@PDA were very 
similar, both in features and intensity, indicating that despite PDA 
interaction with P123, the absorbance of the material is not altered (and 
thus UV–Vis monitoring can be a suitable method of evaluating PDA 
formation kinetics even in the presence of soft substrate). 

The possibility of increased uncyclised amine building blocks 
amount at low temperatures and elevated pressure, indicated by the 
FTIR-ATR and UV–Vis spectroscopic analysis, could aid the explanation 
of the pressure dependency of particle size (shown in Fig. 2) at 20 ◦C. 
Assuming that increasing pressure (leading to higher dissolved oxygen 
concentration) increases the accumulation of uncyclised amine groups 
in the PDA structure, and that uncyclised amine groups can 1) act as 
cross linkers themselves (since their importance in polydopamine 
binding has been demonstrated by [15]) and 2) provide more groups 
capable of strong hydrogen bonding, then the increase of particle size at 
elevated pressure could be associated with enhanced crosslinking and/ 
or hydrogen bonding by the uncyclised amine groups. 

TEM analysis was used to evaluate the particle morphology and as a 
secondary means of measuring particle size. As shown in Fig. 3d, P- 
123@PDA nanoparticles produced at 50 ◦C and 5 bar appear well 
separated in the grid and are characterised by irregular shapes. The 
shape irregularity may be characteristic of small particle sizes and par
ticle growth suppression, since formation of regular spherical particles, 
even under accelerated kinetics, occurs in the growth stage [50]. The 
particle size distribution, estimated by measurement of the maximum 
particle length in a representative particle population, was found com
parable to DLS analysis albeit wider and shifted to smaller particle sizes 
with a mean of 29 nm and a standard deviation of 10.1 nm (compare 
with ~35 nm average particle size from DLS, shown in Fig. 3c). Dis
crepancies could be attributed to the fact that DLS measures hydrody
namic diameter and to the effect of nanoparticle drying during the grid 
preparation, which unlike crystalline nanoparticles, may be subject to 
deformation. 

3.4. Flow synthesis of P-123@PDA nanoparticles in a millifluidic 
membrane reactor 

The kinetic investigation of polydopamine formation in the presence 
of P123 micelles provided valuable kinetic information which enabled 
the rational design of a continuous production process. The continuous 
process was based on a co-axial membrane millifluidic reactor, which 
was designed to replicate the conditions of the batch process while 

allowing better control of the reaction environment, overcoming oxygen 
mass transfer limitations due to its small size. 

CFD simulation (see SI, section S12) was used to model the oxygen 
pre-saturation section and evaluate the saturation achieved as a function 
of various operating conditions, taking into account the uncertainty of 
the surfactant solution mass transfer properties (such as diffusion co
efficients). Based on a conservative approach (oxygen diffusion coeffi
cient was assumed 4.5x lower in the surfactant solution compared to 
water), ~20 min of residence time of the micellar buffer in the pre
saturator would be adequate for complete saturation of the solution. 

Informed by the kinetic experiments and the simulations, the pres
sure in the liquid phase was set to 5 bar to increase the solubility of 
oxygen in the reactive mixture, while the gas phase was pressurised (to 
4.9 bar) to increase the oxygen partial pressure and consequently, the 
oxygen permeation rate through the membrane. The operation tem
perature was chosen as 50 ◦C, due to the tight particle size control 
demonstrated in the kinetic study. The residence time in the presatu
rator was set to 20 min, since the simulations showed complete satu
ration (under the chosen operation conditions), even with conservative 
assumptions for oxygen transport in the surfactant solution. The reactor 
residence time was restricted to 20 min, while at the outlet of the reactor 
excess oxygen was removed by collecting the sample to an ambient 
pressure vessel, to limit oxidative polydopamine degradation. 

The reactor system was shown to successfully reproduce the results 
from the corresponding batch experiment and demonstrated stable 
operation for over 9x residence times producing a consistent product, 
monitored by DLS and UV–Vis spectroscopy (Fig. 4a). Furthermore, only 
small discrepancies in UV–Vis absorbance (±0.01 units at 395 nm) and 
hydrodynamic diameter (±1.4 nm or ± 4.5%) were observed in two 
independent runs of the synthesis. Although some fouling was found in 
the entrance section of the reactor after prolonged operation, the 
product seemed unaffected and reactor operation was not interrupted. 
After each use, the reactor was cleaned with 2 M NaOH solution, which 
removed the polydopamine coating from the capillary wall. The flow 
reactor product was characterised with UV–Vis spectroscopy, DLS, and 
FTIR, and compared with the batch reactor product prepared under 
similar conditions (at 20 min reaction time, equal to the continuous 
reactor residence time). The particle size distribution (Fig. 4b) 
(measured with DLS) obtained with the flow synthesis was narrow, 
similar to the corresponding batch. The UV–Vis absorbance (Fig. 4c) of 
the flow reactor product was slightly higher than of the corresponding 
batch, indicating slightly higher conversion within the given reaction 
time. Only subtle differences were observed, including a small shoulder 
at ~400 nm in the UV–Vis spectrum. In the FTIR spectrum (Fig. 4d), 
small sharp peaks were observed at 3190 cm− 1 and 1628 cm− 1 which 
were more pronounced compared to the corresponding batch (the dif
ference in the double peak at 2365 and 2338 cm− 1 can be attributed to 
differences in CO2 atmosphere in the measurement chamber). Both these 
characteristics, according to analysis in section 3.3, indicate a slightly 
increased concentration of uncyclised monomers incorporated in the 
polydopamine particles. This effect could be attributed to the vastly 
enhanced oxygen mass transfer in the flow system that allowed faster 
replenishment of the consumed oxygen during the reaction stage, 
enabling faster accumulation of uncyclised oxidation products, as well 
as acceleration of subsequent oxidation stages, leading to higher overall 
(in all wavelengths) absorbance. In general, the product obtained from 
the flow synthesis was shown to be similar with the corresponding 
product obtained from the batch reactor, demonstrating the successful 
implementation of the flow system. 

3.5. Photothermal properties of P-123@PDA nanoparticles 

The photothermal heating of polydopamine samples under 808 nm 
NIR irradiation was measured using the setup described in section 2.5. 
Results of temperature increase with respect to time are presented in 
Fig. 5a for P-123@PDA nanoparticle dispersions produced batchwise at 
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intensified conditions (50 ◦C, 5 bar O2) within 20 and 60 min as well as 
P-123@PDA produced at ambient conditions in 24 h (all samples were 
produced in 26 ml batches). All the samples were measured at equal 
concentration of PDA in water, assuming full conversion of dopamine 
(the same amount of dopamine was used for the synthesis of each 
sample, and each sample was stored for 24 h before measurement to 
ensure full conversion, since this is the typical time required for reaction 
completion). In all cases the starting temperature was ~25.5 ± 0.2 ◦C, 
equal to room temperature and the experimental error of the measure
ments was ±1 ◦C, estimated by multiple measurements of the same 
sample. All samples exhibited similar performance indicating that 
heating capabilities of polydopamine nanoparticles are not affected by 
the intensified synthetic approach. Increasing the reaction time in 
intensified conditions from 20 min to 60 min showed a minor 
improvement of the photothermal effect which however, is within the 
experimental error. The P-123@PDA sample prepared at 50 ◦C, 5 bar, 
20 min reaction time, underwent 3 cycles of photothermal heating and 
cooling showing good resistance of its properties to thermal strain and 
photobleaching (Fig. 5b). The effect of concentration was also briefly 
assessed (see SI, section S13). A heating plateau with increasing PDA 
concentration was found, indicating that at higher PDA concentrations, 
only a portion of nanoparticles absorb IR radiation at a given time 
(despite the active mixing) due to low penetration of the beam through 
the cuvette at high nanoparticle concentrations. 

To put these results into context, assuming an average body tem
perature of 36 ◦C, a rapid increase of ~10 ◦C would bring the local 
temperature above 45 ◦C which would be sufficient for inducing 

hyperthermia conditions, eventually leading to effective treatment of 
cancer [39,52]. It should be noted that in none of the cases studied in our 
work the temperature reached a plateau, and thus increased laser 
exposure could lead to even higher temperatures. The relatively small 
size of the nanoparticles (<40 nm) may also bring additional advantages 
in terms of increased cell uptake, or increased probability to cross the 
blood brain barrier [53]. 

Comparing with literature, [54] achieved a temperature increase of 
25 ◦C at 0.2 mg/ml of pure polydopamine nanoparticles (prepared 
without any surfactant), at 2 W/cm2 laser fluence, in 5 min, while [55] 
obtained a temperature increase of 15 ◦C at 0.2 mg/ml of mesoporous 
polydopamine core and polydopamine shell particles (prepared via a 
templated synthesis using Pluronic F-127) at 1 W/cm2 laser fluence, in 5 
min. In the present work under similar conditions (0.154 mg/ml, 1.77 
W/cm2 laser fluence, 5 min irradiation), a temperature increase of 6 ◦C 
was observed (see SI, section S13). It must be noted though that direct 
comparison with the literature is difficult due to differences in the 
measurement procedure. For example, [54] placed the thermocouple 
inside the cuvette, resulting to a 3 ◦C measured temperature rise of pure 
water in 5 min, while in the present work the thermocouple was placed 
outside, but in direct contact with the quartz cuvette containing the 
sample, resulting in a measured temperature increase of water (com
bined with the energy input from stirring) of 1.6 ◦C, after 5 min of laser 
irradiation. 

Fig. 4. Comparison of flow and batch synthesised P-123@PDA nanoparticles (batch synthesis with 20 min reaction time, equal to the flow reactor residence time, 
50 ◦C, 5 bar) a) Demonstration of flow reactor polydopamine particle production over 3 h of operation and comparison with batch result for 20 min reaction time. 
The average values for batch synthesis are represented with dashed lines. Error bars indicate standard deviation between independent runs of flow synthesis. b) 
Particle size distribution obtained via DLS, c) UV–Vis absorbance spectra, d) FTIR spectra. 

G. Gkogkos et al.                                                                                                                                                                                                                                



Chemical Engineering Journal 467 (2023) 143350

10

4. Conclusions 

This work demonstrated the design of a continuous process for pol
ydopamine nanoparticle synthesis for photothermal applications, start
ing from a soft template for particle size control, performing an 
extensive investigation of the reaction kinetics under intensified con
ditions and their effect on the product properties, and ultimately uti
lising these findings for the design of a continuous manufacturing 
process. 

The addition of Pluronic P-123 (at small concentrations above its 
critical micelle concentration), used for the first time as a modulator of 
polydopamine synthesis enabled the restriction of particle size at the 
sub-50 nm range, which is not easily achievable via non-templated 

synthesis. In addition, in the presence of P-123 micelles the deposition 
of PDA films on reactor vessel components was greatly reduced in favour 
of small nanoparticle production. Potential explanations of this behav
iour include: the selective growth of polydopamine on P-123 micelles, 
which is suggested by the size similarity between the PDA nanoparticles 
and the P-123 micelles, and incorporation of P-123 in polydopamine 
particles as indicated by FTIR, or the suppression of polydopamine 
nanoparticle aggregation into larger particles and uncontrollable 
growth by attachment of P-123 molecules on growing PDA nano
particles which promote repulsive interactions. Although additional 
research is required to verify the exact role of P-123 micelles on poly
dopamine nanoparticle size control, their effectiveness has been suc
cessfully demonstrated. 

The P-123@PDA system was used for polydopamine formation ki
netics investigation as a function of reaction temperature and oxygen 
concentration, which was controlled via the pressure of oxygen atmo
sphere. Adjusting the reaction temperature and using pressurized pure 
oxygen allows controlling the kinetics of polydopamine formation by 
modifying the rates of the reaction steps leading from dopamine to 5,6- 
dihydroxyindole and indole-5,6-quinone, the primary building blocks of 
polydopamine. Increased pressure led to higher oxygen concentration, 
which accelerated the oxidative steps required to initiate dopamine 
oxidation and oxidation of intermediate species by increasing the con
centration of free radicals. Increased temperature accelerated all the 
intermediate reaction steps, including cyclisation and isomerisation, as 
well as monomer coupling, leading to faster formation of polydopamine. 
Since increasing the temperature results in reduced oxygen solubility, a 
simultaneous increase of both oxygen pressure and reaction temperature 
was shown to be essential to accelerate the reaction rate. Prolonged 
residence times in intensified conditions were shown to promote poly
dopamine degradation, potentially via indole-5,6-quinone oxidation, 
underlining the importance of tuning the reaction time. 

The evolution of P-123@PDA hydrodynamic diameter during the 
kinetic experiments led to the identification of an important interplay 
not only between the reaction conditions and the produced polydop
amine building blocks, but also between the interactions of PDA with the 
nano-substrate P-123 that affects the particle size in otherwise unex
pected ways. At room temperature (20 ◦C) and elevated pressure, a 
combination of increased uncyclised amine building blocks in the PDA 
structure along with the existence of non-micellar surfactant in solution 
may be responsible for extensive crosslinking, potentially via hydrogen 
bonding, that eventually led to larger particle sizes. At slightly elevated 
temperatures, the increased micellisation, the reduction of uncyclised 
amine group content, or a combination of both led to tight particle size 
control close to that observed at ambient conditions, but with acceler
ated kinetics. Finally at high temperatures (90 ◦C) despite the rapid 
kinetics, the particle size control was less effective, potentially due to the 
weakening of intermolecular interactions and particle size dependency 
of P-123 micelles as they approach the cloud point. 

The kinetics acceleration with temperature and oxygen pressure 
combination was observed even without the use of P-123 as particle size 
modulator. However, the particle size at intensified conditions was 
significantly reduced compared to ambient conditions, which could be 
explained by an increased rate of nucleation under faster kinetics. This 
offers the potential of using the reaction conditions, as a means of 
controlling particle size of pure polydopamine nanoparticles, and pol
ydopamine coatings on other nanosized templates. 

The data gathered from the kinetic experiments informed the tran
sition from a batch to a continuous P-123@PDA nanoparticle production 
process by identifying the optimal operating conditions and reaction 
time to accelerate PDA production without degradation. The continuous 
process was based on a millifluidic co-axial membrane reactor that al
lows more efficient oxygen supply in the reactive mixture compared to 
batch. The continuous process was demonstrated to successfully repli
cate the target product from the batch and operate continuously for 9x 
residence times without decline in product quality. The addition of P- 

Fig. 5. Photothermal heating assessment of PDA nanoparticles. a) Comparison 
of samples prepared at different conditions (batch, dopamine concentration 
0.769 mg/ml), b) Multiple heating and cooling cycles of “P-123@PDA 50 ◦C, 5 
bar, 20 min” sample (0.769 mg/ml). Part of heating in each sample is attributed 
to the magnetic stirring and the laser irradiation absorbed by water. The initial 
temperature was 25.5 ± 0.2 ◦C. In all cases the laser power was set to the 
minimum setting, 0.5 W. 
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123 significantly mitigated fouling in the flow reactor allowing pro
longed operation. 

Finally, testing the photothermal heating capability of P-123@PDA 
nanoparticles under IR@808 nm irradiation demonstrated adequate 
heating to surpass the hyperthermia barrier within 5 min of irradiation. 
The relatively small size, combined with the proven photothermal 
properties of polydopamine, makes these nanoparticles attractive to
wards the development of photothermal cancer therapies. 
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