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In this study an environmentally friendly synthesis of poly(pyrrole-2-carboxylic acid) (PCPy) particles dispersed in water-

ethanol medium using enzymatic catalysis is proposed. The polymerization of pyrrole-2-carboxylic acid was initiated by the 

oxidant hydrogen peroxide resulting from the redox enzyme glucose oxidase (GOx) catalyzed glucose oxidation reaction. 

The main evidence of polymerization process was the origin and increase of absorption peak at 465 nm indicating the 

presence of PCPy oligomers. The PCPy formation rate in different pH medium was investigated and compared with the 

formation rate of the PCPy synthesized by chemical oxidative polymerization. The best medium for the enzymatic 

polymerization was determined at pH 5.0, while for the chemical at pH 2.0. The GOx had significant positive impact on the 

outcome of the polymerization reaction and colloidal stability of the formed PCPy particles. The GOx catalyzed 

polymerization reaction was faster than that based on chemical oxidative polymerization but the precipitation of insoluble 

precipitate was observed after a longer period of polymerization. The morphology of the PCPy particles was characterized 

by SEM. Additinallly, the presence of carboxylic groups in the formed PCPy particles was confirmed by FTIR spectroscopy 

and potentiometric back-titration. 

Introduction 

π-π conjugated polymers (CP) are an exciting class of organic 

materials combining properties of metals and polymers. The 

modern development of these polymers began in 1977 as A. J. 

Heeger, A. G. MacDiarmid and H. Shirakawa developed special 

polymers with metal-like properties.
1,2

 These unconventional 

properties of an organic material encourage worldwide 

interest and numerous other CP such as polyaniline, 

polypyrrole (PPy) and polythiophene were synthesized. 

Nowadays, CP are widely used and have numerous practical 

applications in biosensors,
3
 biomedical devices,

4
 enzyme 

immobilization matrices,
5
 artificial muscles

6
 or drug delivery.

7,8
 

Research on CP, which could be useful for biomedical 

applications, expanded greatly in the 1980s when it was found 

that these materials are compatible with many biological 

molecules.
9
 Cell and tissue compatibility of CP was 

demonstrated also both in vitro and in vivo.
10,11

 Therefore, the 

synthesis of CP possessing biocompatibility properties is highly 

desirable, and is still a challenge. 

CPs are usually synthesized by electrochemical and 

chemical oxidative polymerization methods. The 

electrochemical polymerization is based on the anodic 

oxidation of a certain monomer in low-pH aqueous or non-

aqueous solutions leading to a thin polymeric film formation 

on the electrode surface. Meanwhile, by chemical oxidative 

polymerization polymer is obtained as an amorphous 

suspension precipitated in bulk of the solution. In the chemical 

polymerization process, monomer is oxidized by chemical 

oxidizing agents. Since the CP have been shown to be 

biocompatible, there is a strong interest in improving the 

synthesis procedure to produce polymer in an environmentally 

friendly and efficient manner. The oxidative polymerization of 

pyrrole using environmentally friendly chemical oxidants such 

as hydrogen peroxide12 or a catalytic amount of iron (III) 

chloride13 has been reported. According to these reports, 

good yield of polymer was obtained only in low-pH aqueous 

medium. Therefore, the CP synthesis using enzymes has 

become more attractive as an alternative synthetic route. 

Horseradish peroxidase,14,15 soybean peroxidase,14,16,17 

bilirubin oxidase,18 laccase19,20 and glucose oxidase21 have 

been used as catalysts in the synthesis of CP. Biocatalytic 

polymerization using enzymes is advantageous because it does 

not require strong acidic media or additional purification 

steps.22 It can be carried out in an aqueous medium near 

neutral pH. Thus, the enzymatic polymerization is an 

environmentally friendly and a very simple one-step process. 
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PPy is one of the most extensively investigated CP. PPy 

materials have received great attention in bioelectronics and 

biomedical application due to their inherent features, 

including high conductivity, outstanding stability and good 

biocompatibility.
23

 In vivo animal studies have shown that low 

concentrations of PPy nanoparticles (< 200 μg mL
−1

) have very 

low long-term cytotoxicity.
24

 It has been used in biosensors as 

relatively stable and porous matrix for enzyme immobilization 

or for drug delivery as biological compatible polymer matrix in 

which number of drugs and enzymes can be incorporated by 

way of doping.
25

 Substitution in the pyrrole ring gives the 

possibility of introducing specific functional groups on the PPy 

chain. Similarly to the PPy, functionalized PPy may also be used 

over the areas mentioned above after drugs and enzymes 

immobilization. The presence of carboxylic groups on the 

polymer of poly(pyrrole-2-carboxylic acid) (PCPy) provides the 

possibility of covalent immobilization of biologically active 

molecules as bio-receptors through a covalent bond with the 

carboxylic functionalities, therefore the PCPy could be an 

electroactive material with advanced properties suitable for 

amperometric biosensors and drug delivery systems. 

The polymerization of pyrrole-2-carboxylic acid (PCA) has 

not been widely investigated. In spite of the huge amount of 

research related to the polymerization of pyrroles, those 

substituted on the 2-position have received much less 

attention as possible monomers. This could be related to the 

fact that have been published many research claiming PCA 

decarboxylation in acidic buffered aqueous solutions.26,27 

These studies argues that the rate of decarboxylation of PCA 

increase with increasing acidity of the medium. PCA is subject 

to acid catalyzed decarboxylation in strong acids but resistant 

to decarboxylation in less acidic solutions.28 Vandersteen et 

al.29 have shown that the observed rate constant for 

decarboxylation of pyrrole-3-carboxylic acid is about 300 times 

smaller than that for pyrrole-2-carboxylic acid. However, in 

recent years electrochemical synthesis of PCPy has been 

published.30 Foschini et al.31 proposed a theoretical approach 

to explain experimental results obtained from the 

electrochemical synthesis of PCPy films. According to their 

study, the monomer (PCA), dimers and trimers are oxidized in 

the C4 or C5 positions of the heterocyclic ring of the PCA 

structure. The monomer initially oxidizes at the 

electrode/solution interface after the withdrawal of an 

electron, yielding a cation radical with predominantly unpaired 

electron density in the C5 position. The propagation step 

involved in obtaining dimer requires two electrons per 

consumed monomer. The propagation steps for the formation 

of structures with higher conjugation lengths consume two 

electrons for each added monomer, following the coupling 

reaction in the C4 and C5 positions between oligomer and 

monomer. 

In the present work, the chemical oxidative and enzymatic 

polymerization of the PCA is described and compared. 

According to our knowledge, neither chemical oxidative nor 

enzymatic polymerization has not been applied in the 

production of the PCPy as it has been demonstrated for the 

PPy.
32–37

 The aim of the current study was to demonstrate and 

investigate in detail the possibility to synthesize PCPy by using 

enzyme glucose oxidase (GOx) as a catalyst. Some aspects 

characterizing this simple enzymatic synthesis of PCA 

oligomers and PCPy particles are presented in this article. The 

advantages of this study are: (i) that the GOx is utilizing 

environmentally friendly substrates (β-D-glucose and dissolved 

oxygen) and it is producing environmentally friendly products 

(hydrogen peroxide and D-glucono-1,5-lactone) and (ii) that 

this polymerization reaction can be carried out in water-

ethanol medium at ambient conditions. 

Experimental 

Chemicals 

Glucose oxidase (GOx) from Aspergillus niger type X-S 117.2 

U/mg enzymatic activity was obtained from SIGMA-ALDRICH 

Chemie GmbH (Steinheim, Germany). Pyrrole-2-carboxylic acid 

(PCA) was purchased from Alfa Aesar GmbH & Co KG 

(Karlsruhe, Germany). Hydrogen peroxide (H2O2), sodium 

acetate (CH3COONa), acetic acid (CH3COOH), potassium 

hydrogen phosphate dodecahydrate (Na2HPO4×12 H2O), 

potassium dihydrogen phosphate (KH2PO4), hydrochloric acid 

(HCl) and potassium hydroxide (KOH) were purchased from 

AppliChem GmbH (Darmstadt, Germany). D-(+)-glucose 

(C6H12O6) was obtained from Carl Roth GmbH&Co (Karlsruhe, 

Germany). Ethanol, 100 %, was purchased from MERCK KGaA 

(Darmstadt, Germany). All commercial chemicals were of 

analytical grade or better, and were used as received. 

2.0 mol/L
-1

 stock solution of glucose was prepared in water at 

least 24 h before use to reach equilibrium of α and β optical 

isomers. 100 mg/mL stock solution of GOx was prepared in a 

buffer solution composed of 50 mmol/L
-1

 CH3COONa, 

50 mmol/L
-1

 Na2HPO4 and 50 mmol/L
-1

 KH2PO4 (A-PBS), pH 6.0. 

0.5 mol/L
-1

 stock solution of PCA was prepared in ethanol. All 

aqueous solutions were prepared in UHQ water (conductivity 

less than 1 µS cm
−1

) purified by DEMIWA rosa 5 (WATEK, Czech 

Republic). 

 

Synthesis of the PCPy 

Polymerization reactions of PCA were carried out in A-PBS 

solutions of different pH (pH 2.0 – 9.0). All reactions were 

carried out in closed plastic disposable cuvettes (total reaction 

volume was 1.5 mL). All components for chemical oxidative 

polymerization of PCA were mixed in the following sequence: 

854 μL of A-PBS (of certain pH), 600 μL PCA stock solution 

(0.5 mol/L
-1

 in ethanol, freshly prepared), 46 μL H2O2 (30 % 

solution). The initial concentrations in the polymerization 

solutions were 200 mmol/L
-1

 PCA and 300 mmol/L
-1

 H2O2. All 

components for enzyme catalysed polymerization of PCA were 

mixed in the following sequence: 735 μL of A-PBS (of certain 

pH), 600 μL PCA stock solution  (0.5 mol/L
-1

 in ethanol, freshly 

prepared), 150 μL glucose stock solution (2.0 mol/L
-1

 in water), 

15 μL GOx stock solution (100 mg/mL in A-PBS, pH 6.0, freshly 

prepared). The initial concentrations in the polymerization 

solutions were 200 mmol/L
-1

 PCA, 200 mmol/L
-1

 glucose and 

1 mg/mL GOx. pH of all polymerization solutions were 
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adjusted to a certain pH with CH3COOH, HCl or KOH. In both 

cases, the polymerization was performed out at room 

temperature in the dark. 

 

Study of the PCPy formation 

The process of polymerization reaction was monitored by 

recording UV–Vis absorption spectra between 300 and 800 nm 

using UV–Vis spectrophotometer Perkin-Elmer LAMBDA 25 

(PerkinElmer Inc, USA). The absorption spectra were recorded 

immediately after preparation of the polymerization solution 

and at a certain time from the start of the polymerization. The 

UV–Vis absorption was monitored in plastic disposable 

cuvettes with optical path of 1 cm. 

 

Imaging of the PCPy particles by SEM 

The morphology of the formed PCPy particles was investigated 

by ultra-high resolution field emission scanning electron 

microscope FE-SEM SU-70 (Hitachi, Japan). Samples for 

imaging were prepared by shaking a polymerization solution 

and then deposition of 3 μL of such homogenised solution on 

atomically flat silicon wafer (CrysTech Kristall technologie, 

Germany). Ten from this drop the solvent was evaporated at 

room temperature and the wafer with adsorbed sample was 

thoroughly washed twice using UHQ water. After washing of 

all residual salts and poorly adsorbed PCPy particles from the 

surface, the sample was dried and used for further analysis. 

 

FTIR analysis of the PCPy 

Infrared absorption spectra of the synthesized PCPy in 500 –

 3650 cm
-1

 wavenumber region were recorded using Perkin 

Elmer spectrum BX FTIR spectrometer (PerkinElmer Inc, USA). 

The samples for analysis were prepared by centrifuging of 

formed PCPy, washing of collected centrifugate twice with 

UHQ water and once again repeating of centrifugation and 

washing procedures. Then separated polymer was freeze-dried 

in Christ Alpha 2-4 LSC Freeze dryer (Martin Christ 

Gefriertrocknungsanlagen GmbH, Germany) and prepared 

PCPy powder was used for FTIR analysis. The FTIR spectra were 

recorded by preparing PCPy-KBr pellets using 1:10 mass ratio 

of PCPy:KBr. 

 

Potentiometric back-titration 

100 mg of freeze-dried PCPy powder was mixed with a 10 mL 

of 50.0 mmol/L
-1

 solution of NaHCO3 and stirred for 30 min. 

Then the excessive NaHCO3 was titrated with a 50.0 mmol/L
-1

 

solution of HCl, and the solution pH was monitored by a 

Mettler Toledo SevenEasy pH meter. Control experiment was 

also carried out by titration a 10 mL of 50.0 mmol/L
-1

 solution 

of NaHCO3 with the same 50.0 mmol/L
-1

 solution of HCl. The 

difference of the HCl solution volumes at the equivalent points 

between these two titration curves was the evidence of the 

presence of carboxylic groups in the formed PCPy particles. 

Results and discussion 

Despite of active research related to the polymerization of 

various pyrroles, the polymerization of pyrrole-2-carboxylic 

acid (PCA) has not been widely investigated. To our best 

knowledge, poly(pyrrole-2-carboxylic acid) (PCPy) has not been 

synthesized in water-ethanol medium neither chemical 

oxidative nor enzymatic polymerization methods. In this work, 

the PCPy particles were synthesized by an enzyme catalyzed 

and chemical oxidative polymerization technique using H2O2 as 

an oxidant. In our current study we take an advantage of an 

enzymatically by glucose oxidase (GOx) produced H2O2 to 

polymerize aniline and pyrrole in a broad pH region of 

medium.
12,22,38–40

 The GOx is an oxidoreductase that catalyzes 

the oxidation of β-D-glucose to H2O2 and D-glucono-1,5-

lactone using molecular oxygen as an electron acceptor. 

During this process D-glucono-1,5-lactone is non-enzymatically 

hydrolysed to gluconic acid. 

An enzyme catalyzed polymerization solutions were based 

on four major compounds: the PCA – polymerisable monomer, 

the GOx – H2O2 producing enzyme, the glucose – reducing 

substrate of the GOx, and dissolved oxygen – oxidizing 

substrate of the GOx. The initial concentrations in the 

polymerization solutions were 200 mmol/L
-1

 PCA, 200 mmol/L
-

1
 glucose and 1 mg/mL GOx. The process of PCA 

polymerization reaction was monitored by recording the UV–

Vis absorption spectra between 300 and 800 nm. The changes 

of the absorption spectra as a function of reaction time were 

followed. The spectra recorded at a certain time from the start 

of the polymerization are shown in figure 1A for the reaction 

taking place in solution at pH 3.0, and in figure 1B for the 

reaction taking place in solution at pH 5.0. Initially all 

polymerization solutions were slightly yellowish and only two 

low intensity absorption peaks of the GOx at 359 and 445 nm 

were present in the absorption spectra (Fig. 1, start). The H2O2, 

which was produced during catalytic reaction of the GOx, was 

able to oxidize the PCA in the initiation step resulting in 

chemically active cation radicals of the monomer and 

polymerization solutions turned to yellowish brown colour due 

to the polymerization process. The rate of changes of solution 

colour was depended on the pH of polymerization solution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Absorption spectra of the PCPy oligomers in A-PBS-

ethanol solution pH 3.0 (A) and pH 5.0 (B) containing 

200 mmol/L
-1

 PCA, 1 mg/mL GOx and 200 mmol/L
-1

 glucose. 
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The main evidence of polymerization process was the 

origin and increase of absorption peak at 465 nm indicating 

the presence of the pyrrole ring in the formed PCA oligomers 

or soluble isolated nanoparticles of the PCPy.
41–44

 As can be 

seen from the figure 1, different absorption spectra for the 

PCPy synthesized in polymerization solutions of different pH 

during the polymerization reaction were observed. Only one 

absorption peak at 465 nm was observed for the PCPy 

synthesized at pH 2.0, 3.0 and 4.0. When the polymerization 

was carried out between pH 5.0 and pH 9.0 two absorption 

peaks at 345 and 465 nm were followed. The absorption peak 

at 345 nm corresponds to the π–π* transition of the C=C 

double bond resulting from the formation of the PCPy. The 

absorption peak at 465 nm corresponds to a bipolaron 

transition, a characteristic feature for the oxidized state of the 

PCPy. In addition, the absorption peak at 465 nm can be 

attributed to the higher conjugation length of the PCPy. It is 

noted that the position of absorption peaks depend on various 

factors such as counter ions, solvent, chemical structure and 

the morphology of the polymer.
45

 In the case of the PCPy 

synthesized in polymerization solution at pH from 5.0 to 9.0, 

the peak intensity at 345 nm is stronger compared with that at 

465 nm. Such effect can be explained by the fact that the PCPy 

is at lover level of oxidation in less acidic polymerization 

solutions. In this study observed absorption peaks for the PCPy 

is in a good agreement with previous reported for the PPy.
35,46 

The process of the GOx catalyzed PCA polymerization 

reaction was compared with the chemical oxidative 

polymerization process by recording the UV–Vis absorption 

spectrum between 300 and 800 nm with increasing reaction 

time. For this reason, polymerization of the PCA was carried 

out in polymerization solutions composed of necessary 

components and at pH values ranging from 2.0 to 9.0. The 

initial concentrations of polymerization solutions used in the 

monitoring of chemical oxidative polymerization process were 

200 mmol/L
-1

 of PCA and 300 mmol/L
-1

 of H2O2. The initial 

concentrations of polymerization solutions used in the 

monitoring of enzyme catalyzed polymerization process were 

200 mmol/L
-1

 of PCA, 200 mmol/L
-1

 of glucose and 1 mg/mL of 

GOx. The experimental data presented in figure 2 illustrates 

the absorption spectra recorded in the polymerization 

solutions with pH 5.0. As shown, only one absorption peak at 

465 nm was registered for the PCPy synthesized by chemical 

oxidative polymerization method. Similar spectra were 

registered for other analyzed pHs of polymerization solutions. 

Results presented in figure 1 and figure 2 show a steady 

increase in absorbance at 345 and 465 nm over the entire 

range of the absorption spectrum with increasing 

polymerization time. This phenomenon is related to light 

scattering by the PCPy particles dispersed in polymerization 

solution. It was reported that by chemical oxidative 

polymerization synthesized oligomers with polymerization 

degree up to 30 monomers are soluble
47

 and polymerization 

takes place in the liquid phase. Oligomers with greater degree 

of conjugation are insoluble. Insoluble oligomers formed solid 

insoluble particles and then the polymerization continues 

mainly on the surface of these polymeric particles. Eventually 

the PCPy particles precipitate from the polymerization solution 

as insoluble black powder. 

The formation rate of PCPy particles synthesized by the 

GOx catalyzed polymerization was compared with the 

formation rate of the particles synthesized by chemical 

oxidative polymerization. Results presented in figure 3 show 

relationship between absorbance of the PCA oligomers or 

soluble isolated nanoparticles of the PCPy and the pH value of 

polymerization solution. In order to eliminate the influence of 

light scattering by the PCPy particles dispersed in 

polymerization solution on the registered absorbance of the 

PCA oligomers or soluble isolated nanoparticles of PCPy, the 

absorbance value at 465 nm wavelength determined by 

oligomers or soluble isolated nanoparticles were calculated as 

a difference between absorbance at 465 and 800 nm 

(ΔA = Aλ465 – Aλ800). Absorbance of the PCA oligomers or 

soluble isolated nanoparticles of the PCPy synthesized by 

chemical oxidative polymerization was registered within 88 

days period. It is clearly seen that the best medium for 

chemical oxidative PCA polymerization was strongly acidic 

medium. The highest ΔA value, and thus the highest PCPy 

formation rate were observed at pH 2.0 (Fig. 3). An increase in 

the pH of the medium resulted in a decrease in the rate of 

formation of the PCPy, and polymer formation was almost 

undetectable when the pH of polymerization solution 

exceeded pH 6.0. The same effect has been reported for the 

PPy synthesized by chemical oxidative polymerization 

methods.
12,48

 The experimental studies show that the 

polymerization reaction was very slow. At pH 2.0 and 3.0, 

precipitation of insoluble black precipitate “pyrrole black” 

occurred within 7 and 20 days of polymerization reaction, 

respectively; while in the less acidic medium the 

polymerization solutions turned to yellowish brown colour 

without visible precipitation within 88 days. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2. Absorption spectra of the PCA oligomers or soluble 

isolated nanoparticles of the PCPy in A-PBS-ethanol solution 

pH 5.0. The initial concentrations: 200 mmol/L
-1

 of PCA and 

300 mmol/L
-1

 of H2O2 (chemical oxidative polymerization) and 

200 mmol/L
-1

 of PCA, 200 mmol/L
-1

 of glucose and 1 mg/mL of 

GOx (enzyme catalyzed polymerization). 
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According to results obtained for the GOx catalyzed 

polymerization, the formation of PCPy was observed in the 

entire investigated pH range. A similar effect has been 

reported for the GOx catalyzed polymerization of pyrrole and 

aniline.
22,36

 Significant polymerization rate differences 

detected with and without GOx, demonstrated a high impact 

of enzyme to PCA polymerization rate. According to our 

experimental data the highest ΔA values at six-day period were 

observed at pH 3.0 (Fig. 3). However, in a subsequent 

polymerization period the highest ΔA values were recorded at 

pH 5.0. These results can be explained by the facts that the 

polymerization takes place faster in acidic medium, but free 

glucose oxidase from Aspergillus niger type X-S exhibits 

maximal activity at pH 5.5.
49

 Therefore, at pH 5.0 GOx 

exhibited the maximal catalyzed oxidation of β-D-glucose to 

H2O2 and D-glucono-1,5-lactone reaction rate and the highest 

stability. The enzymatically produced H2O2 in a broad pH 

region of polymerization solution was able to oxidize the PCA 

in the initiation step of polymerization resulting in chemically 

active cation radicals of the monomer with predominantly 

unpaired electron density in the C5 position as proposed by 

Foschini et al.
31

 Then these cation radicals couple through 

deprotonation, forming soluble dimers. In the propagation 

step, dimers are oxidized again, and further coupling leads to 

the formation of soluble trimers and then the formation of 

soluble structures with higher conjugation lengths, following 

the coupling reaction in the C4 and C5 positions between 

oligomer and monomer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Absorbance of the PCA oligomers or soluble isolated 

PCPy nanoparticles at λ = 465 nm vs pH of polymerization 

solution. The initial concentrations in the chemical oxidative 

polymerization solutions were: 200 mmol/L
-1

 of PCA and 

300 mmol/L
-1

 of H2O2. The initial concentrations in the enzyme 

catalyzed polymerization solutions were: 200 mmol/L
-1

 of PCA, 

200 mmol/L
-1

 of glucose and 1 mg/mL of GOx. The duration of 

polymerization 6 (A) and 19 days (B). 

 

According to accomplished studies the enzyme catalyzed 

polymerization reaction was faster than in the case of chemical 

oxidative polymerization. However, the precipitation of 

insoluble black precipitate was observed after a longer period 

of polymerization. At pH 2.0, 3.0, 4.0 and 5.0, precipitation of 

insoluble black precipitate occurred within the 9, 23, 30 and 38 

days of polymerization reaction, respectively. In the less acidic 

medium the polymerization solutions turned to yellowish 

brown colour without visible precipitation within 88 days. As 

can be seen from the figure 3, the calculated ΔA values are not 

correlated with the sedimentation rate. It could be explained 

that the GOx has a positive impact on the outcome of the 

polymerization reaction and colloidal stability of the formed 

PCPy particles. It allowed us to make prediction that the 

particles of PCPy, which were under critical size, were 

suspended in the polymerization solution. It is in agreement 

with the results illustrating that particles of conjugated 

polymers might be soluble in the aqueous medium.
50–54

 

Moreover, it might be predicted that during the GOx catalyzed 

β-D-glucose oxidation reaction pH gradient locally decreased 

near to the active site and the surface of enzyme, because of 

gluconic acid formed, while H2O2 gradient locally increased. 

Acidic medium and high concentration of oxidizing agent are 

the most optimal conditions for the polymerization of 

conjugated polymers.
55

 It is likely that under such conditions 

the PCA polymerization begins to take place and resulting PCPy 

encapsulated or at least partially by PCPy layer covered 

glucose oxidase. This approach may be well suited for the 

incorporation other biomolecules into resulting polymer. 

The polymerization of PCA was confirmed using FTIR 

spectroscopy. In order to get reliable FTIR data formed PCPy 

particles were separated from not polymerized pyrrole-2-

carboxylic acid according to the protocol described in 

experimental part and briefly reported here: after a defined 

polymerization reaction time, the PCPy particles obtained by 

chemical oxidative polymerization (at pH 2.0 and by the GOx 

catalyzed polymerization at pH 3.0 and 5.0) were separated 

from the polymerization solution by centrifuging and twice 

repeated washing of them with water; Then separated 

polymer was freeze dried and prepared PCPy powder was used 

for FTIR spectroscopy based analysis (sample was prepared in 

the form of KBr pellets). Figure 4 show FTIR spectra of PCPy 

prepared by chemical oxidative (C) and enzyme catalyzed 

polymerization at pH 2.0 (D) and 5.0 (E). For comparison, we 

also synthesized PPy in A-PBS-ethanol solution, pH 2.0, by 

chemical oxidative polymerization, using solution with 

200 mmol/L
-1

 of pyrrole and 300 mmol/L
-1

 of H2O2. The PPy 

FTIR spectrum is shown in figure 4A. The PCA FTIR spectrum is 

shown in figure 4B. All spectra have very similar infrared 

absorption peaks to those described in other studies related to 

the PPy formation.
56–62

 The FTIR spectra of PCA (Fig. 4B) and 
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PCPy (Fig. 4C–E) additionally show infrared absorption peaks 

corresponding to the C=O and O–H groups that are absent in 

the PPy spectrum, indicating the presence of carboxylic 

groups
63,64

 in the formed PCPy. Thus, the spectroscopic 

evidence confirms that the PCPy was produced during the 

chemical oxidative and enzyme catalyzed polymerization 

reaction. The infrared absorption peaks of C=O and O–H 

groups and their respective assignments are presented in 

table 1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4. FTIR spectra of PCA (B), PPy (A) and PCPy prepared by 

chemical oxidative polymerization at pH 2.0 (C) and enzyme 

catalysed polymerization at pH 2.0 (D) and pH 5.0 (E). 

 

Table 1. The infrared absorption peaks of C=O and O–H groups 

and their respective assignments. 

Assignment 

Infrared absorption peak position, wavenumber 

(cm
-1

) 

PCA PCPy, 

chemical 

PCPy, 

enzymatic, 

PCPy, 

enzymatic, 

pH 2.0 pH 5.0 

Stretching 

C=O 

1664 1674 1652 1652 

Stretching 

O–H 

291 

(broad) 

2970 2926 2945 

In order to validate the presence of carboxylic groups in 

the formed PCPy particles a potentiometric back-titration was 

performed. In the present study 100 mg of freeze-dried PCPy 

particles were mixed with NaHCO3 solution. Then the excessive 

base was titrated with HCl solution. The titration curve of PCPy 

particles is shown in figure 5 (solid line). The control 

experiment was carried out by titration known amount of 

NaHCO3 solution with the HCl solution (Fig. 5 (dashed line)). As 

can be seen from (Fig. 5), by the addition of HCl the pH of 

solution decreases accordingly and the equivalent points were 

well-defined by the sharp decrease of the solution pH with the 

addition of about 6.90 (solid line) and 7.15 mL (dashed line) of 

HCl. The difference of used HCl volumes at the equivalent 

points between these two titration curves evidenced the 

presence of carboxylic groups in the formed PCPy particles. 

 

Fig. 5. Titration curve (solid line) of PCPy nanoparticles with 

50.0 mmol/L
-1

 of HCl solution after the addition of 10 mL 

50.0 mmol/L
-1

 of NaHCO3. The control titration of 10 mL 

50.0 mmol/L
-1

 solution of NaHCO3 with the same HCl solution 

(dashed line). 

 

The morphology of the synthesized PCPy particles was 

characterized by SEM. The SEM images revealed a globular 

morphology for the PCPy particles prepared both by chemical 

oxidative (Fig. 6A) or enzyme catalyzed polymerization 

(Fig. 6B–C). Virtually no difference in particle surface 

morphology was observed. The SEM images indicate that the 

morphology of PCPy particles is similar to that, which is 

commonly observed for conjugated polymers obtained by the 

chemical oxidative polymerization and is commonly produced 

by the formation of solid-state nuclei, followed by the 

adsorption of precipitated oligomers.
65,66

 The well regular 

shape and morphology are the same in all of samples. The SEM 
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images show aggregates composed of smaller PCPy particles. 

As can be seen from figure 6A, the aggregates of chemically 

synthesized PCPy particles are of several microns in diameter 

and consist of smaller particles with a globular morphology 

and approximately of 200 – 1000 nm in diameter. While, the 

PCPy particles synthesized by enzyme catalyzed polymerization 

(Fig. 6B–C) are formed by globules of smaller diameter (ca. 

50 – 150 nm) compared to those prepared by chemical 

oxidative polymerization. In addition, the particles synthesized 

at pH 5.0 were smaller in diameter (Fig. 6B) compared to those 

prepared at pH 2.0 (Fig. 6C). Similar morphology of the PPy 

particles synthesized by chemical oxidative and enzyme 

catalyzed polymerization has been reported by other 

authors.
33,67

 The increase of surface area of the PCPy particles 

synthesized by enzyme catalyzed polymerization technique is a 

feature attractive to develop biomaterials, because rougher 

PCPy surfaces have better integration to biological tissues.
68

 

 

Fig. 6. SEM images of the PCPy particles synthesized by 

chemical oxidative polymerization at pH 2.0 (A) and enzyme 

catalyzed polymerization at pH 2.0 (B) and pH 5.0 (C). 

Conditions for image (A): duration of the polymerization – 10 

days, magnification – 20000 times; accelerating voltage – 

2000 V; emission current – 30000 nA; Conditions for the image 

(B) are: duration of the polymerization – 12 days, 

magnification – 100000 times; accelerating voltage – 5000 V; 

emission current – 28000 nA; for image (C): duration of the 

polymerization – 70 days, magnification – 50000 times; 

accelerating voltage – 2000 V; emission current – 30000 nA. 

 

Conclusions and future trends 

The PCPy particles were synthesized by the GOx catalyzed and 

chemical oxidative polymerization technique using H2O2 as an 

oxidant. H2O2, which was produced during catalytic reaction of 

the GOx, was able to oxidize the PCA in the initiation step 

resulting in the formation of chemically active cation radicals 

of the monomer, which yielded the formation of oligomers 

and polymers. The PCPy formation rate in polymerization 

solutions with different pH was investigated and compared 

with the formation rate of the PCPy synthesized by chemical 

oxidative polymerization. Optimal pH for the enzymatic 

polymerization was determined at pH 5.0, while for the 

chemical at pH 2.0. The GOx catalysed the polymerization 

reaction and had a positive impact on colloidal stability of 

formed PCPy particles. The FTIR spectra of PCPy were similar 

to that of pure PPy. But spectra of the PCPy additionally show 

infrared absorption peaks corresponding to the C=O and O–H 

groups of carboxylic acid that were absent in the PPy 

spectrum, indicating the presence of carboxylic groups in the 

formed PCPy. Additionally, the presence of carboxylic groups 

was confirmed by potentiometric back-titration. The SEM 

study revealed a globular morphology for the PCPy particles 

prepared both by chemical oxidative or the GOx catalyzed 

polymerization. The PCPy particles were composed of smaller 

particles. Each separate chemically synthesized PCPy particle 

was approximately of 200 – 1000 nm in diameter and was 

aggregated into larger cluster of PCPy particles of several 

microns in diameter. While, the PCPy particles synthesized by 

enzyme catalyzed polymerization was formed by globules of 

smaller diameter (ca. 50 – 150 nm) compared to those 

prepared by chemical oxidative polymerization. 

The advantage of the PCPy particles is that the synthesis of 

the PCPy particles can be declared as ‘environmentally 

friendly’ since the only hazardous material H2O2, which is used 

in chemical oxidative polymerization or produced during the 

GOx catalyzed reaction, is not stabile and excess of the H2O2 is 

rapidly converted into water and oxygen. Meanwhile, the 

synthesized PCPy particles have numerous desirable properties 

with a high potential for successful applications. The facile 

preparation of the PCPy particles and the modification of 

carboxylic groups by various functional groups make these 

polymeric particles particularly suitable for the covalent 

attachment of proteins and other biologically active materials 

as bio-receptors. Due to entrapped GOx the applicability of 

here reported PCPy particles in glucose biosensor design is 

foreseen. In addition, PCPy particles can be used in biosensors 
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as relatively stable and porous matrices for enzyme 

immobilization or for biomedical applications in vivo as drug 

carrier. In such carriers the drug and/or antibody, which is 

selective towards target cells, can be electrostatically adsorbed 

or covalently attached to the particle, what allows to achieve 

targeted and precisely controlled drug delivery. 
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