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Abstract 
Polyamic acid (PAA) polymers have been utilized over 60 years in industry as precursors of polyimide, and 

currently direct utilization of PAA polymers have got great attention for material science applications. Mass 

utilization of synthetic polymers pose threat to living organisms and nature, so their effective degradation 

is important. In this study, for the first time, degradation of 4-sulfonyldipenyl-pyromellitic dianhydride 

based PAA (DSPAA) polymers were performed in batch bioreactor system. 1H COSY NMR was utilized to 

enlight the possible mechanism behind Tramates versicolor mediated degradation of DSPAA polymer. 

Elimination of aromatic peaks belong to DSPAA polymer and its amine monomer were monitored to 

evaluate the degradation while formation of new peaks was taken into account to propose possible 

degradation pathway. NMR studies revealed that 20-day incubation in the designed media is enough to 

totally eliminate 1 mg/mL DSPAA. The findings can contribute to the knowledge of fungi mediated 

aromatic polymer degradation, which is accepted a promising way to eliminate polymer pollution. 
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1. Introduction 

Polymers are indispensable part of daily lives. Dramatic in-

crease in their production and consumption, reached over 

300 million tons in 2015 [1], has lead accumulation of per-

sistent waste in nature that causes threat to living organisms 

and environment [2]. This problem is not limited to the bulk 

plastic discarded into environment, but also microplastics 

are accumulating in costs and sea which also posing dra-

matic threat to the living organisms [3]. Therefore, their 

controlled degradation before they reach into the environ-

ment is an emerging need.  

Chemical, physical and biological approaches have been 

developed over the years to cope with this problem. Among 

these methods, biological approaches (biodegradation) are 

superior to the chemical degradation approaches with their 

capabilities to break the polymer into water and carbon-di-

oxide. 

Biodegradation of the polymers is a multidimensional phe-

nomenon [4] involves microorganisms and/or enzymes in-

cluding bacteria and fungi that are capable of metabolizing 

plastics into water and carbon-dioxide owing to their di-

verse extracellular oxido-reductases [2, 5]. Chemical [6] 

and physical properties of the polymers determine their fate 

in biodegradation [7]. For instance, increase in molecular 

weight of the polymer results in decreased biodegradability 

[7]. A variety of microorganisms including bacteria (e.g. 

Pseudomonas and Pastalotiopsis) and fungi (e.g. Aspergil-

lus and Trametes) have been reported with their perfor-

mances in degradation of different type of plastics [2, 8]. 

The microorganisms can use same or distinctly different 

extracellular enzyme-sets during degradation of same pol-

ymer [2, 9]. In addition to the microorganism’s perfor-

mance itself, environmental factors including light, heat 

and mechanical and chemical exposures pose effect on pol-

ymeric materials’ resistance to biodegradation [4].  

Basidiomycetes are known with their high performance in 

degradation of natural lignin and cellulose in environment 

to sustain decomposition of death plants owing to the ex-

tracellular enzymes including lignin peroxidase, laccase, 

Mn-peroxidase and such other peroxidases as multifunc-

tional peroxidase [8]. In addition to these, Basidiomycetes 

can catalyze breakdown of xenobiotics and lignin via non-

enzymatic pathway where they produce highly reactive 

species and release them into the media to oxidase the tar-

get molecules [8]. All these make them capable of degrad-

ing the man-made polycyclic aromatic hydrocarbons, dyes, 
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inorganic ions, azo-compounds, pesticides and xenobiotics 

and so on [8]. Among the species in Basidiomycetes, 

Trametes versicolor is known with its aggressive nature in 

degradation of phenolic compounds including chlorinated 

polyphenols [10], natural lignocellulosic polymers [11, 12], 

poly(lactic)acid [1], phenanthrene [9] and petroleum-based 

Nylon [13].   

It is critical to annotate the degradation mechanism of the 

polymers in order to develop effective approaches to solve 

plastic related environmental issues [2]. Polyamic acid has 

been used as the precursor of polyimide synthesis [14], 

which is one of the most widely used polymers in electron-

ics to material science [15], so their degradations are criti-

cal. In this study, for the first time, Trametes versicolor was 

used as the model organism to breakdown 4-sulfonyldi-

penyl-pyromellitic dianhydride poly(amic)acid (DSPAA) 

under controlled experimental conditions, whose degrada-

tion was monitored with by 1H COSY NMR. The findings 

revealed that Trametes versicolor could breakdown 

DSPAA within 20-days under controlled, which can call 

further research to model elimination of polyamic acid-

based polymers including polyimide before they are dis-

carded into the environment that can help to reduce plastic 

related environmental problems.  

2. Material and Methods 

2.1. Materials 

Pyromellitic dianhydride (PMDA) and 4-sulfonyldianiline 

(DSA) were purchased from Sigma-Aldrich [MO, the 

USA]. N,N’-dimethylacetamide, Potato-dextrose agar 

(PDA), YPD Broth, glucose, were purchased from Merck 

[Ankara, Turkey] 

2.2. Synthesis of Polyamic acid Membranes 

Synthesis of DSPAA polymers are reported elsewhere [11]. 

Briefly, a 0.20 M viscous solution of DSPAA was prepared 

by dissolving 4-sulfonyldianiline in anhydrous N,N’-dime-

thylacetamide (DMAC) followed by the addition of pyro-

mellitic dianhydride, and then it was left for 18 h incubation 

to obtain mature DSPAA. The DSPAA solution, was then 

casted on a clean glass surface for 12 h incubation under 

hood to fully plasticized DSPAA polymeric films. 

2.3. Solutions and Media 

2.3.1. Trace-metal Solution 

We used a modified trace metals solution described else-

where [11] containing 20 mM FeSO4.7H20, 2 mM 

CuSO4.5H20, 5mM ZnCl2, 30 mM MnSO4.H20, 6µM 

CoCl2.6H20, 1 mM NiCl2.6H20, and 1 mM MoCl3. Particu-

larly, higher manganese (Mn) concentration was targeted 

since white-rot fungi use Mn to break-down polycyclic ar-

omatic polymers [16].  

2.3.2. Degradation Medium  

A bioreactor (125 mL Pyrex™ narrow-necked Erlenmeyer) 

was employed for the degradation process. T.versicolor 

(ATCC® 42530TM) was first grown on PDA containing 10 

μg/g DSPAA, followed by spores were collected from the 

medium. This contained 10 mg/mL YPD medium, 0.2 

mg/mL D-glucose, 1% L-glutamine, 25 µL/mL trace-metal 

solution and 10 mg/mL Peptone. The pH of the medium 

was adjusted to 5.5 using 10 mM hydrochloric acid before 

autoclaving. The batch-bioreactor volume was 100 mL con-

taining 103 spores/mL of T.versicolor, and the membrane 

was at 100 mg weight. All the experimentations were done 

at room temperature. Continuous stirring was performed at 

200 rpm.  

2.4. Monitoring Degradation 

For each NMR run, 1 mL of solution from the degradation 

medium was placed into a 1.5 mL polyproline micro-cen-

trifuge tube. The sample was frozen in – 20 °C overnight, 

and then lyophilized for 24 h. The resulting solid sample 

was dissolved in 1 mL of D2O. Degradation of the polymers 

was monitored via 1H COSY techniques.  All NMR exper-

imentations were performed at Bruker Avance III 400 run 

by TopSpin 3.5 pl7.  

3. Results and Discussion 

Degradation of DSPAA by T.versicolor was monitored by 

analyzing the aromatic groups of DSPAA polymer and 

DSA monomer. Due to the fact that samples from degrada-

tion medium were run in D2O, amino groups of DSPAA 

were not visible in 1H COSY NMR spectra. Previous stud-

ies revealed that monitoring the aromatic groups provide 

valuable information on degradation mechanism [11].  

DSPAA polymer was dissolved in DMSO-d6 while degra-

dation samples were dissolved in D2O. Therefore, 1H shifts 

were not expected to overlap despite of the fact that 1H 

COSY spectra of DSPAA and DSA were obtained same in 

both cases. 

  

Figure 1. 1H COSY of DSPAA. Experimentation was done. 
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in D2O solvent. 

As seen from Figure 1, aromatic protons on DSA monomer 

gave coupling at 6.67-7.57 ppm as shown in literature [11]. 

Long range coupling on DSA monomer from degradation 

mixture in D2O was obtained at 6.92-7.75 ppm, which was 

observed for day 1 (Figure 2) and day 5 (Figure 3) while 

the coupling was not observed for 20th day sampling (Fig-

ure 4). The coupling was also observed for 10th and 16th 

days of sampling (data not shown). 

 

Figure 2. 1st day 1H COSY of DSPAA from degradation 

medium. Experimentation was done in D2O solvent.

 

Figure 3. 5th day 1H COSY of DSPAA from degradation 

medium. Experimentation was done in D2O solvent. 

As shown in Figure 1, DSPAA polymer gave 5 aromatic 

peaks between 7.81-8.42 ppm range which were observed 

for DSPAA polymer in degradation media (Figure 2 and 

Figure 3). As seen in Figure 4, new long-range coupling at 

6.94-7.22 ppm was observed, which was also present for 1st 

(24h incubation) and 5th days of sampling. However, the 

coupling was not present for DSPAA polymer. This might 

refer to that T.versicolor was breaking down DSA monomer 

along with DSPAA degradation.  

  

As seen from Figure 4, aromatic peak profile of 20th day 

dramatically changed in comparison to 1st and 5th day sam-

ples spectra. Formation of new doublets and singlets at ar-

omatic range in 20th day spectra can also refer to that new 

molecules are forming by fungal metabolism along with 

oxidation of DSPAA polymer and DSA monomer. There-

fore, the degradation possibly followed the mechanism 

shown in Figure 5.

Figure 4. 20th day 1H COSY of DSPAA from degrada-

tion medium. Experimentation was done in D2O solvent. 
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Figure 5. Proposed degradation of DSPAA polymer by T. versicolor. (1) DSPAA polymer, (2) fungal activity and medium-

mediated disintegration of DSPAA polymer, (3) fragmentation of DSPAA by fungal activity, (4) disintegration of individ-

ual polymers, and (5) further elimination of broken down DSPAA polymers. 

As seen in Figure 4, new peaks at 7.56 ppm arose upon deg-

radation of DSPAA, which could refer to presence of ali-

phatic amide group [17] as illustrated in Figure 5. The ob-

servation is also supported with the new long-range cou-

pling at 7.21-6.92 ppm. Similar shifts can be seen for indol-

amines as well [17],  which is possible due to the fact that 

certain metabolites can be released into the media by T.ver-

sicolor [18]. The degradation of DSPAA polymer, particu-

larly diahydride source, can follow formation of carboxyl 

groups as shown for organic textile dyes [19]. 

Degradation of 4,4-oxydianiline/pyromellitic dianhydride 

based polyamic acid by Trichaptum biforme and Fusarium 

oxysporum was shown previously shown [11], where mon-

omer formation was not observed. This could be related to 

either fungi-specific reasons or the monomer composition. 

However, in all cases, degradation of polyamic acid poly-

mers by fungi took shorter than expected times. This could 

be related to that PAA can chelate a variety of metals [11] 

from the degradation media. In the presence of chelating 

agent, manganese-peroxidase (which is released into the 

media by T.versicolor) triggers formation of Mn3+ chelator 

complex which is a highly aggressive oxidizer for phenolic 

compounds [8], what possibly helped T.versicolor to break 

DSPAA less than 3-week period. 

 

4. Conclusion 

In this study, biodegradation of sulfone group containing 

polyamic acid polymers (DSPAA) were successfully de-

graded using batch culture of T. versicolor. Monitoring the 

fungal degradation using 1H COSY NMR under experi-

mentally controlled conditions will contribute the under-

standing of the biodegradation of aromatic polymers.   
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