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Enhancing experimental conditions for increased PETase
and LCC activity and thermal stability in the enzymatic
hydrolysis of PET
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Reviewed on 9 May 2026; Accepted on 22 June 2026; Published on 26 October 2026Of the 400million tons of plastic produced annually, polyethylene teraphthalate alone is responsible for roughly10% (Organisation for Economic Co-operation and Development [OECD], 2022). Only 5%of the PET is recycled,15% is incinerated, and 75% is landfilled. Enzymes such as PETase, from Ideonella sakaiensis, and leaf compostcutinase (LCC), found in compost piles, have shown potential in addressing this long-standing issue. In additionto PETase, two different forms of LCC were tested: the original sequence and another engineered, more ther-mostable version. The efficiency of PETase and both LCCs on PET film (0.25 mm thickness) and PET powder(300 µm) was evaluated after expression in a cell-free system (BioBits®). Insoluble components were analyzedusing a scanning electronmicroscope (SEM),while solublemonomerswere analyzed through high-performanceliquid chromatography (HPLC). In 2025, PET powder showed degradation in both LCC enzymes via SEM, whilePET film did not; however, some samples dried out during the process. For 2026, buffer and mineral oil wereadded to stabilize enzymes and prevent evaporation. With these changes, PET film exhibited degradation withPETase and both LCC enzymes, while PET powder did not. These inconsistencies indicated the need for furtherexperimentation, and HPLC analysis was ultimately inconclusive.
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any medium, provided the original work is properly cited.Over 400 million tons of plastic are producedglobally each year, yet only 9% of the plasticwaste is being recycled (Organisation for Economic Co-operation and Development [OECD], 2022). Amongthe most widely used plastics is polyethylene tereph-thalate (PET), a thermoplastic polymer commonlyfound in plastic bottles. PET alone is responsible forroughly 10.2% of global plastic production. 15% ofPET is incinerated in facilities, releasing a handful oftoxic pollutants into the atmosphere, while 75% of allPET is dumped into landfills or the ocean, harmingma-rine life and causing long-term ecological harm.PETase (from Ideonella sakaiensis) breaks downPET by hydrolyzing the ester bonds in the poly-mer, converting it into intermediate products: Bis(2-Hydroxyethyl) terephthalate (BHET) and mono(2-hydroxyethyl) terephthalate (MHET). PETase is amember of the α/β-hydrolase fold family and containsa catalytic triad (Ser-His-Asp) in its active site, which

facilitates this hydrolysis reaction. The process oc-curs in two steps; first, the enzyme forms an acyl-enzyme intermediate with the PET substrate; second,this intermediate is hydrolyzed, releasing MHET andother products. To further degrade MHET into envi-ronmentally benign compounds, a secondary enzymeMHETase is required.Leaf-branch compost cutinase (LCC) is a ther-mostable cutinase discovered in hot compost. Un-like PETase, LCC can depolymerize PET almost com-pletely in one step. In vitro, LCC treatment of PET filmyielded essentially only terephthalic acid (TPA, major)and ethylene glycol (EG), with only trace MHET and nodetectable BHET (Sulaiman et al., 2012). This indicatesthat LCC hydrolyzes PET directly to its monomericcomponents (TPAandEG)without accumulatingBHETintermediaries, thus “bypassing” the typicalMHETbot-tleneck. Instead, LCC is able to cleave PET hydrolyzedproducts quickly so that the final monomers accumu-
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late. Crucially, LCC and its engineered variants arehighly thermostable and more likely to withstand thehigh temperatures of recycling facilities. For example,optimized LCC variants have the most activity around70-80°C and retain roughly half their activity afterhours at 90°C.
Materials and methods
Designing and obtaining PETase and LCC
(original) and LCC (modified) vectorsThree plasmid vectors were designed in Benchlingand ordered from Twist Biosciences, each contain-ing the gene sequence for PETase, LCC (original), orLCC (modified), linked to green fluorescent protein(GFP) and integrated into the pJL1 backbone (Figures1-3). LCC (modified) was known to be more ther-mostable. All sequences were codon optimized forexpression in Escherichia coli using a ribosome bind-ing site (RBS) calculator and parameters defined byTwist Biosciences. These vectorswere designed for ex-pression in a cell-free protein synthesis system calledBioBits® (miniPCR, 2019; Stark et al., 2023). Theconstructs contain a T7 promoter terminator chosento function specifically with the BioBits® cell-free ex-pression system, which requires strong genetic partsfor high affinity to the cell-free ingredients. They alsocontain strong RBS and a His-tag on the GFP. The vec-tors were ordered in the TE buffer. Twist Biosciencescould not normalize the concentrations, so the result-ing DNA arrived at different concentrations (PETase471.42 ng/µL, LCC 371 ng/µL).
Evaluating enzymatic activity of PETase
and LCC through GFP expression in
BioBits®BioBits®, a freeze-dried cell-free protein expressionsystem (Figure 4), was obtained fromminiPCR.The PETase and LCC (original) plasmids were addedto BioBits® reactions at concentrations of 100 ng/µLto assess fluorescence visualization. Following DNAaddition, fluorescence images were captured at hourlyintervals over a 9-hour period to monitor GFP expres-sion as an indicator of protein synthesis. A plasmidencoding red fluorescent protein (provided in the Bio-Bits® kit) served as a positive control, while nuclease-free water was used as a negative control. Followingthe experiment, differences in GFP expression wereassessed between each experimental vector and thenegative control to evaluate relative protein produc-tion. Protein production shown by GFP fluorescencewas not qualitatively visible. Although research sug-gests that concentrations of 100 ng/µL are optimal for

LCC/PETase, we hypothesize that expression failurecould be due to a number of reasons, such as excessDNA inhibiting translation, or competing for cell-freeresources, thus hindering the production of GFP. Thisremains consistent with previous year’s experiment inwhich multiple concentrations were tested to deter-mine an optimal concentration; DNA at 100 ng/µL didnot result in visible fluorescence.Enzymes were placed in 105 µL of either nuclease-free water or a 1 M potassium phosphate buffer to de-terminewhich solution promoted the optimal environ-ment for enzymatic activity and protein synthesis.
Applying PETase and LCC to PET films and
powder substrates to determine the
ability of the enzymes to break down
plasticExperiments were conducted using PETase and LCC(original) in addition to a modified version of LCC en-gineered for enhanced thermostability. DNA from thethree vectors was added to separate BioBits® reac-tions at 100 ng/µL and allowed to incubate to allowtime for expression of the enzymes. The enzymeswereapplied to the biaxially oriented PET films at 0.5 mmin thickness and semi-crystalline (crystallinity>40%)powder substrates with a maximum size of 300 µm.The film and powder were obtained from Dr. NathanCrook and Dr. Tianyu Li’s lab at North Carolina StateUniversity (NCSU). The enzymes with film or powderwere then incubated for five days. Samples containingPETase were incubated at room temperature (22°C),while those containing the original and modified LCCwere incubated at 72°C to match their optimal oper-ating temperatures. In previous experiments, samplesthat were stored at 72°C dried up before the end of theincubation period. To prevent this, about 20 µL ofmin-eral oil was added to each sample. The solution wasfrozen for 30 minutes, leaving the mineral oil layer tobe pipetted out.To evaluate the degradation, a scanning electronmi-croscope (SEM) and High Performance Liquid Chro-matography (HPLC) were used. Samples were pre-pared for SEM imaging by drying overnight in a des-iccator and followed by a gold coating using a sputtercoater (Denton Vacuum Desk IV). The sputtering pro-cess lasted for two minutes, resulting in a 10 µm coat-ing. ThePET films andpowder substrateswere imagedat 50X, 250X, and 1000X magnification. The solutionthat remained after the incubation period was usedto evaluate the concentration of PET monomers usinghigh performance liquid chromatography. HPLC ma-chines separate compounds by pushing them througha column, andvaryingpolarity of the compounds resultin polar molecules exiting the column faster. A potas-
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Figure 1. pJL1 + PETase + GFP Plasmid

sium phosphate buffer was used with a pH of 8. Be-cause TPA is more polar than MHET, it has a lower re-tention time on the chromatogram. HPLC has a readerthat detects UV absorption as molecules pass throughthe column. Ahigher concentration ofmolecules at anygiven time results in greater light absorption, produc-ing a higher peak on the chromatogram.
ResultsSEM scans showed prominent lesions on PET film fol-lowing enzyme exposure indicating degradation. Le-sions were visible in samples of PET film exposedto LCC (both thermostable and original) and PETase.SEM scans of PET powder, however, were difficult toquantify using ImageJ due to issues regarding particleclumping in which the software was unable to distin-

guish individual particles accurately.
HPLC was inconclusiveTrace amounts of TPA were detected at roughly 7.317minutes and 7.618 minutes. The dominant peak wasMHET, which occurred in substantial amounts at 8.413minutes. BHET, an intermediate step in the conversionof PET to MHET, was not detected, possibly due to lowconcentration.
DiscussionsThe successful use of PETase and LCC provides a strat-egy for reducing the growing amount of plastic wasteentering ecosystems each year. By enabling enzymaticdegradation of PET, this project contributes to the goalof developing environmentally friendly methods for
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Figure 2. pJL1 + LCC (original) + GFP Plasmid

Figure 3. pJL1 + LCC (modified) + GFP Plasmid
Figure 4. BioBits® (miniPCR, 2019).

388



PolyGONE

Figure 5. HPLC TPA + MHET Report

plastic recycling and waste reduction. However, theexperiments encountered several challenges that mayhave affected the results and data collected.
Protein purificationDetermining exact enzyme concentration was hin-dered by lack of enzyme purification, resulting in un-certainty regarding the quantity and functionality ofthe proteins during plastic degradation. Chemically fil-tered proteins in future experiments will help deter-mine the effect of protein purification on PET degra-dation. A His-tag on the GFP within the plasmid con-structs would separate the enzymes from the complexmixture of BioBits cellular components (Figures 1-3).
Cell-free systems don’t guarantee correct
protein foldingWithout verification methods such as Western blot-ting, there was no confirmation that functional PETaseor LCC enzymes were synthesized. As a result, thepresence of GFP fluorescence could not be directlylinked to active enzyme production, and it remainsunclear whether the intended proteins were actuallyproperly formed. Improper folding and standard cell-free expression may result in GFP expression but donot necessarily indicate enzyme activity. With propercharacterization, enzyme structure can be better un-derstood.
Removing impurities from PET powders
and filmsWhile trying to remove the plastic powders and filmsfrom PETase and LCC by rinsing in nuclease-free wa-ter, therewere likely contaminants on the PET film andpowders, such asDNAorBioBits® ingredients. A num-ber of SEM scans featured extraneous substances onthe surface of PET films, interfering with our observa-tions.

Inability to remove background in SEM
scans of PET powdersExtensive clumping of PET powder inhibited separa-tion of individual particles. Without proper particleisolation, circularity was immeasurable.
Presence of non-quantified unknown
substancesWhile quantifying the concentrations of PETmonomers left behind in solution, there were in-numerable amounts of additional substances thatcould have been tested for.
Plasmid constructs with T7 promoter and
T7 terminatorThe T7 promoter and T7 terminator in the plasmidconstructs (Figures 1-3) were needed for BioBits® towork. They are highly efficient transcriptional com-ponents that originated in bacteriophage viruses andare needed for high affinity to the cell-free ingredients,such as RNA polymerase. However, it should be notedthat these constructs would be unable to hypotheti-cally be used in cells as they are, because the T7 pro-moter is so strong that it would attract a cell’s RNApolymerase and other molecules away from any of thecell’s own transcription and translation. Therefore, ifthese specific constructs were attempted to be used incells, the cells would likely not survive.
Next stepsIn future experiments, it will be crucial to address theissues highlighted in the discussion section, such asmaintaining consistency with DNA and BioBits® andefficiently using equipment to measure PET degrada-tion. Moreover, further research should be performedto explore more effective methods to determine differ-ences in before and after PET films and powders from

389



BioTreks
SEM scans. Experiments incorporating these strate-gies should be conducted to confirm or enhance thedata collected.
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