
Bioresource Technology 381 (2023) 129144

Available online 11 May 2023
0960-8524/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

3D printed polylactide scaffolding for laccase immobilization to improve 
enzyme stability and estrogen removal from wastewater 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Production of stable biocatalytic system 
using open-structure 3D printed 
scaffolds. 

• 24 h, pH 5 and 5 mg/mL enzyme solu-
tion were optimal immobilization 
conditions. 

• High thermal and chemical stability of 
system with immobilized laccase. 

• Removal of over 30% of E2 and 40% of 
EE2 from wastewater using produced 
systems. 

• Wastewater matrix constituents affect 
enzymatic treatment of micropollutants.  
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A B S T R A C T   

This study reports a biocatalytic system of immobilized laccase and 3D printed open-structure biopolymer 
scaffoldings. The scaffoldings were computer-designed and 3D printed using polylactide (PLA) filament. The 
immobilization of laccase onto the 3D printed PLA scaffolds were optimized with regard to pH, enzyme con-
centration, and immobilization time. Laccase immobilization resulted in a small reduction in reactivity (in terms 
of Michaelis constant and maximum reaction rate) but led to significant improvement in chemical and thermal 
stability. After 20 days of storage, the immobilized and free laccase showed 80% and 35% retention of the initial 
enzymatic activity, respectively. The immobilized laccase on 3D printed PLA scaffolds achieved 10% improve-
ment in the removal of estrogens from real wastewater as compared to free laccase and showed the significant 
reusability potential. Results here are promising but also highlight the need for further study to improve enzy-
matic activity and reusability.   

1. Introduction 

Over the past few years, enzyme immobilization has emerged as a 

potential approach to improve enzyme stability and reusability (Zdarta 
et al., 2022a; Madhavan et al., 2017). In an immobilized enzymatic 
system, the biocatalyst is attached or bound to a carrier for protection 
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and recovery. The efficiency of enzyme immobilization depends on 
several factors, among them carrier design, functions, and properties are 
the most important (Gonçalves et al., 2019). 

Important considerations when designing the carrier for enzyme 
immobilization include shape, geometry, and the number and type of 
functional groups as they govern the effectiveness of enzyme immobi-
lization such as stability, enzyme activity, and reusability. In recent 
years, 3D printing has emerged as a modern and versatile method for the 
direct fabrication of carrier materials to immobilize enzymes (Shao 
et al., 2022). Using 3D printing, complex support structures can be 
precisely produced in a short time without harmful solvents (Ye et al., 
2019). Considering the characteristic, properties, and wide possibilities 
of use, common materials for 3D printing for enzyme immobilization are 
polylactide (PLA), acrylonitrile–butadienestyrene copolymer, and 
nylon. While all of these polymers can offer good mechanical stability, 
PLA stands out primarily for its biodegradability and biocompatibility. 
Advantages also include ease of molding and a wide range of applica-
tions (Blanco, 2020). Furthermore, PLA is a biodegradable polymer that 
can be made from starch and waste biomass. PLA is readily degradable 
under suitable environmental conditions by hydrolysis of ester bonds 
(Vu et al., 2020). 

There are several 3D printing methods, however, the Fused Filament 
Fabrication (FFF) technique is the most attractive as it is fast, easy-to-use 
and can achieve good reproducibility (when the 3D printer is calibrated 
correctly). To date, FFF has been widely used to 3D print PLA for enzyme 
immobilization. Zhang et al. (2021) used the FFF method to 3D print 
PLA carbon fiber reinforced scaffolding for immobilizing YCJ01 lipase. 
The use of carbon fiber improved the properties of the filament without 
changing the rheological ability to print complex structures resulting in 
great operational stability of immobilized enzyme over repeated usage. 
Singh et al. (2020) used 3D printing technology to create a flow sensor, 
where phosphate-degrading enzymes were encapsulated in a metal-
–organic framework. The resulting system was tested for the removal of 
copper ions, where 42% copper was adsorbed after just 40 min of 
running the reaction, confirming the potential of the created catalytic 
system for remediating metals from solutions. 

To create a suitable immobilized enzyme system, it is necessary to 
understand the interplay among several process parameters including 
substrate structure, enzyme concentration, pH, and immobilization time 
(Bourdant et al., 2020; Wu et al., 2022). Box–Behnken experimental 
design is a useful tool to select optimal parameters for a given process 
based on the results obtained and the assumptions made using kinetic 
relationships from the least number of experiments (Senćanski et al., 
2021; Ayinla et al., 2022). There have been several attempts to optimize 
enzymes via this approach (Li et al., 2022). However, there is very little 
information regarding the optimization of enzyme immobilization using 
3D-printed scaffolds as support. 

The selection of the enzyme for the process is also important in 
determining the practical application of the system. Belonging to the 
group of oxidoreductases, laccase is capable for catalyzing oxida-
tion–reduction reactions of a wide range of phenolic compounds. This 
enzyme is characterized by low substrate specificity, which gives it great 
application potential in the degradation of contaminants present in the 
environment (Di Dong et al., 2023). The widespread and ubiquitous 
presence of pharmaceutically active compounds and estrogens in surface 
water has emerged as a vexing environmental problem. In addition to 
over-the-counter drugs and antibiotics, the most common pharmaceu-
ticals in surface waters are hormonal agents. Estrogenic substances from 
both industrial and domestic sources enter the environment through 
many routes (Yazdan et al., 2022). Primary sources of estrogenic 
pollution include the pharmaceutical industry, hospitals, animal 
farming, and medical prescription. After administration, hormones are 
not fully metabolized and a portion can enter wastewater in unchanged 
form. Improper disposal of expired medicines can also be a source of 
estrogenic pollution. Pharmaceuticals also enter the environment 
through the release of residual compounds used in the manufacturing 

process. Koh et al. (2007) compiled the monitoring results of 17β- 
estradiol (E2) and 17α-ethynylestradiol (EE2) in wastewater and surface 
water. They reported the ubiquitous occurrence of these hormones in 
surface water across the world. Hormones, known as bioregulators, are 
responsible for stimulating or slowing down the work of various organs, 
thus controlling the functions that occur in every living organism. Spe-
cial attention should be paid to estrogens, natural or synthetic steroidal 
compounds, which in excessive amounts can lead to organ dysfunction 
and the onset of many diseases. Endocrine disruptors can negatively 
affect sensitive hormonal pathways that regulate reproductive functions 
and provoke changes in offspring gene expression. The most vulnerable 
are aquatic organisms (fertility and egg production can decrease) and 
newborns. These compounds are not fully metabolized and are secreted 
from the organism in unchanged forms. In particular, the amount of E2 
and EE2, which lead to endocrine disruption and infertility in animals, 
should be controlled (Gonsioroski et al., 2020). EE2 is more toxic and 
persistent to biodegradation than E2. EE2 can remain in the environ-
ment for several years, posing a significant environmental risk. EE2 also 
has a stronger tendency to absorb in organic matter and accumulate in 
sediments. Numerous studies have shown that even small concentra-
tions of this hormone can lead to physiological or metabolic disorders 
and affect developmental abnormalities. 

This work demonstrates and reports a novel 3D printing technique to 
immobilize laccase onto pre-designed PLA scaffolds. As a result of the 
modeling analyses, optimal immobilization parameters were deter-
mined, such as the concentration of the enzyme solution and the time of 
the process. An important part of the study was also the thorough 
characterization of the immobilized laccase. Finally, produced systems 
were tested in the degradation of 17β-estradiol (E2) and 17α-ethiny-
lestradiol (EE2) from real wastewater, which was a key aspect of the 
ongoing research and implied the environmental aspect of the study. 

2. Materials and methods 

2.1. Materials and reagents 

Transparent plastic polylactide (PLA) from Spectrum Filaments 
(Poland) was used to 3D print the carrier. Laccase from Trametes versi-
color (EC 1.10.3.2, ≥ 0.5 U/mg), 2,2′-azino-bis(3-ethylbenzothiazoline- 
6-sulfonic acid) (ABTS, 99%), and Bradford reagent were obtained from 
Sigma-Aldrich. 50 mM acetate buffer (pH 3–5), 50 mM phosphate buffer 
(pH 6–8), and 50 mM Tris-HCl (pH 8 and 9) were freshly prepared. All of 
the reagents were of analytical grade and were used directly without any 
further purification. Wastewater samples were kindly supplied by the 
local wastewater treatment plant. 

2.2. Analytical techniques 

Scanning electron microscopy (SEM), optical microscopy, thermog-
ravimetric analysis (TGA), Fourier transform infrared spectroscopy 
(FTIR), zeta potential analysis and compressive strength were used to 
characterize the morphology, thermal stability, electrokinetic and me-
chanical properties of produced scaffolds, whereas gas chromatography 
coupled with mass spectroscopy (GC–MS) were applied for analysis of 
the mixtures after estrogens removal. A detailed description of this 
analytical technique is presented in the E-Supplementary data. 

2.3. Fabrication of 3D polylactide scaffolds 

3D polylactide scaffolds were prepared by the Fused Filament 
Fabrication (FFF) technique using Prusa i3MK3 3D printer with a 0.2 
mm brass nozzle (Prusa Research, Czech Republic). Fusion 360 CAD 
software (ver. V.2.0.11680, Autodesk, USA) was used for 3D modeling. 
The PrusaSlicer software (ver. 2.2.0, Prusa Research, Czech Republic) 
was used for model slicing. Printing parameters were as follows: layer 
height 0.2 mm, extruder temperature 185 ℃, bed temperature 70 ℃, 
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retraction 2 mm, retraction speed 200 mm/s. Transparent plastic poly-
lactide (PLA) (Spectrum Filaments, Poland) was used to produce the 
carrier. 

2.4. Laccase immobilization, characterization, and optimization 

For laccase immobilization, 3D PLA scaffold (ca. 100 mg) was added 
to 5 mL of the enzyme solution (5 mg/mL, pH 5) and mixed for 24 h at 
100 rpm. Next, the PLA scaffolds were separated and washed with ac-
etate buffer to remove unbound enzyme. The amount of immobilized 
enzyme (mg/g) was determined according to the Bradford assay 
(Bradford, 1976) based on spectrophotometric measurements (Jasco V- 
750, Japan) at the wavelength of 595 nm by considering: the differences 
in the amount of enzyme in the initial solution for immobilization, and 
the amount of the enzyme in solutions after immobilization and 
washing, as well as the mass of the support. Whereas enzyme loading 
(mg/cm2) was determined by considering the amount of the immobi-
lized enzyme, and the surface area of the scaffold. Laccase leakage (%) 
from the support was determined after 12 h of incubation and mixing 
(300 rpm) at 30 ◦C in 10 mL of acetate buffer (pH 5). The leakage was 
calculated by comparing the initial laccase content immobilized in 3D 
printed PLA scaffolds and the final laccase content determined by the 
Bradford assay after incubation. 

Model reaction with 2,2′-azino-bis(3-ethylbenzothiazoline-6-sul-
fonic acid) (ABTS) was used to characterize catalytic properties of the 
free and immobilized laccase. Briefly, 1 scaffold with immobilized lac-
case (ca. 20 mg) or the corresponding amount of free enzyme was added 
to 5 mL of 5 mM ABTS solution at pH 5 with 200 rpm mixing speed. The 
reaction was performed in darkness at 25 ◦C for 5 min and was followed 
spectrophotometrically at 420 nm. The enzyme activity recovery (%) of 
the immobilized laccase was defined as the activity of the immobilized 
laccase divided by the initial enzyme activity used for immobilization. 
Immobilized yield (%) was calculated based on the laccase activity in 
the solution before and after immobilization by considering the differ-
ences in the laccase activity used for immobilization and the activity of 
the enzyme in the supernatant and washing solutions. 

The above-mentioned ABTS reaction was used to determine the ef-
fect of the pH (from 3 to 9) at 30 ◦C and the temperature (from 10 to 
60 ◦C) at pH 5 on the activity of free and immobilized laccase. The 
highest obtained activity for both systems was defined as 100% relative 
activity. 

Storage stability was determined using ABTS reaction by incubation 
of the free and immobilized laccase at 4 ◦C over 30 days. Thermal sta-
bility was examined by incubation of the free and immobilized laccase at 
pH 5, and temperature of 50 ◦C over 180 min. Samples were taken for 
ABTS reaction under optimal assay conditions at the specified time 
points. For storage and thermal stability tests, the initial value of the 
activity of the free or immobilized laccase was defined as 100%. The 
inactivation constant (kD) and half-life (t1/2) were evaluated based on 
the linear regression slope (E-Supplementary data). 

The apparent kinetic parameters (Michaelis constant (Km), and the 
maximum reaction rate (Vmax)), of the free and immobilized laccase, 
were defined based on the ABTS reaction (substrate concentration from 
0.05 to 1 mM) under optimum assay conditions. The kinetic parameters 
were calculated by fitting the obtained data according to the 
Hanes–Woolf plot. All of the above-mentioned experiments were per-
formed in triplicate and the results are presented as a mean value with 
standard deviation as error value. 

Immobilization time, solution pH, and enzyme concentration were 
chosen for the optimization of immobilization conditions according to 
Box-Behnken’s design. The model was quadratic with 12 independent 
experimental runs with three center points (E-Supplementary data). The 
parameters under optimization were immobilization yield, immobilized 
enzyme per unit mass of support, and enzyme activity recovery. These 
parameters were calculated as presented above, based on data from the 
preliminary experiments. For immobilization optimization, multiple 

linear regression (MLR) was used for the data analysis and the relative 
average predicted variance was 14.6. 

2.5. Estrogens removal from wastewater 

The wastewater used in this study was collected from the local 
wastewater treatment plant in the suburban area of Poznan Agglomer-
ation (central-western Poland), which collects water from single-family 
houses and small farms. The samples were taken from primary waste-
water, without initial purification or treatment. The collected waste-
water is characterized by a nearly neutral pH (ca. 7.3), the conductivity 
of 2 mS/cm, and 150 mg/mL TOC. Further, the wastewater used in this 
study contained 356 ng/L of EE2 and 187 ng/L of E2. 

Prior to the removal experiment, also test with laccase immobilized 
subjected to thermal inactivation (inactivation at 80 ◦C for 5 h) was 
performed to determine the estrogens removal by adsorption. Adsorp-
tion test and removal tests were performed at the same process condi-
tions. Estrogen removal by adsorption was less than 5%. The removal of 
E2 and EE2 from real wastewater was evaluated using free laccase and 
laccase immobilized on 3D PLA scaffolds. 3D PLA scaffold with 20 mg of 
laccase or the corresponding amount of free laccase was added to 50 mL 
of the wastewater and mixed at 100 rpm in darkness for 24 h. The pH of 
the wastewater was 7.3 and the process was performed at ambient 
temperature (ca. 23 ◦C). Thereafter, the samples were collected for E2 
and EE2 quantitative analyses using the GC–MS method described by 
Gunatilake et al. (2014) with modifications described by Machałowski 
et al. (2022) (E-Supplementary data). Based on these results, removal 
efficiency (%) was calculated as a difference in the initial and final 
concentrations of estrogens in the solution (E-supplemenetary mate-
rials). The reusability study was performed according to the above- 
presented methodology over 5 repeated cycles. After each cycle, the 
scaffold was slightly washed with acetate buffer and placed into a new 
wastewater solution. 

3. Results and discussion 

3.1. Characterization of PLA scaffolds 

Results from this study show that desirable carrier structures can be 
accurately obtained by 3D printing. Cylindrical-shaped carriers were 
obtained with diameter and height of 4 mm and 7 mm, respectively, 
providing well-developed surface area (determined based on the data 
provided with the model design using Fusion 360 CAD software) of 
about 5.42 cm2. A microscopic image of the carrier shows a polymer 
surface that is clear, solid, and free of air bubbles. 

Three additional analyses – namely, thermal stability, electrokinetic 
properties, and mechanical studies – were conducted to provide infor-
mation on the stability and endurance of the carrier. The degradation 
temperature of PLA is about 385 ℃ with 100% mass loss at around 700 
℃ due to the destruction of the PLA structure. On the other hand, it must 
be kept in mind, that the glass temperature of PLA is high (60–80 ℃) 
(Iannace et al., 2014), similar to the temperature of enzyme degrada-
tion. It means, that the low glass transition temperature of PLA does not 
affect the action of the enzyme and the carrier retains its shape. The 
isoelectric point of the carrier is at pH 3 and drops to more than − 40 mV 
with the increasing alkaline nature of the solution. 

The use of PLA for scaffold production provides the advantage to 
incorporate appropriate functional groups for enzyme immobilization. 
Among them, especially the carbonyl group, which signal at FTIR 
spectrum is presented at 1750 cm− 1 (C = O stretching) is desirable for 
enzyme support materials as it allows the formation of PLA-laccase in-
teractions (Zdarta et al., 2018). Thus it seems that PLA is an exceedingly 
promising scaffold material for laccase immobilization. 

The obtained carrier had good mechanical strength, with a maximum 
strength of 10.7 MPa and nominal deformation at destruction equals 
0.87 mm. Mechanical property decreased only slightly after 
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immobilization when maximum strength was 9.8 MPa and nominal 
deformation at the destruction of 0.70 mm. It can be explained by the 
partial hydration of the carrier to some extent. Nevertheless, the analysis 
presented prove, the suitable properties of the carrier for enzyme 
immobilization. All of these results are presented in E-supplementary 
data. 

3.2. Immobilization optimization 

Fig. 1 presents the distribution of process responses according to the 
quadratic model fitted to experimental data. Activity retention 
decreased with increasing pH whereas, longer immobilization time 
along with lower enzyme concentration resulted in an increase in ac-
tivity retention (Fig. 1a). Similar relationships can be observed for 

Fig. 1. Responses of the tested systems according to the adopted MLR model for enzyme activity retention (a), amount of immobilized enzyme (b) and immobi-
lization yield (c). 
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immobilization yield. However, the impact of pH changes on immobi-
lization yield is less discernible compared to activity retention (Fig. 1c). 

When considering how individual process variables affected the mass 
of immobilized enzyme, we can see significant differences from the 
parameters described earlier. The effects of both pH and immobilization 
time were virtually negligible. The only variable noticeably affecting the 
amount of immobilized enzyme was the concentration of enzyme in the 

solution used for immobilization (Fig. 1b). 
Fig. 2 shows in further detail how individual process parameters 

affected the measured quantities. Assuming a confidence level of 0.05, 
one can confirm the observations made from Fig. 1. However, it is noted 
that in the case of immobilization yield, only the effect of process time is 
statistically significant. On the other hand, for the amount of immobi-
lized enzyme, increasing the immobilization time is beneficial. 

Fig. 2. Impact of particular optimization factors on the systems responses, the error bars show the standard deviation of the factor.  
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Confirmation of the degree of model fit is provided by the plot of the 
relationship of measured and predicted quantities (Fig. 2). The adopted 
model best describes the relationship of the amount of immobilized 
enzyme (R2 = 1.0). The correlation coefficient for the value of activity 
retention was slightly lower (R2 = 0.95). The weakest model describes 
the relationship between the variables and immobilization yield (R2 =

0.93). The accuracy of the fit that was obtained in the adopted model is 
comparable to those reported in the literature. For example, Nair et al. 
(2013) obtained correlation coefficients ranging from 0.93 (for ther-
mostability, as a measured parameter) to 0.99 (for immobilization yield) 
when analyzing the immobilization of laccase on a silica substrate. 
Maximum values of immobilization yield and activity retention were 
adopted as criteria for selecting optimal immobilization conditions. 
Based on the maximum values of immobilization yield and activity 
retention optimal conditions for enzyme immobilization on 3D PLA 
scaffolds were chosen which were pH 5, enzyme concentration 5 mg/mL 
and process duration 24 h. From the optimization data, these conditions 
should result in activity retention of 80.4%, immobilization yield 87.1% 
and amount of the immobilized enzyme equal to 349.2 mg/mL. 

3.3. Characteristics of biocatalytic systems 

Based on immobilization optimization study it was determined that 
initial enzyme solution at pH 5 and 5 mg/mL concentration and 24 h of 
immobilization duration are optimal process parameters. At these con-
ditions, 94.6% immobilization yield was achieved resulting in almost 
200 mg of laccase immobilized per 1 g of PLA scaffolds and enzyme 
loading of 3.65 mg/cm2 (Table 1). Optimization varies from the results 
obtained in real experiments performed at optimal conditions. That is 
acceptable as process optimization did not consider all dependencies 
occurring during the real processes (Bolivar et al., 2022). Nevertheless, 
real scenario results are even more promising, as less enzyme was 
deposited than predicted by the model, that resulted in higher activity 
recovery of the produced system (89.2%), as compared to modeling 
results (80.4%). 

Results from this study show higher immobilized laccase activity 
than previous studies using PLA substrates. Zhang et al. (2021) depos-
ited less than 0.5 mg of lipase per 1 g of the PLA scaffold. The high 
amount of the enzyme (around 200 mg/g) and high activity recovery 
(89.2%) in this study is directly related to the structure and morphology 
of the scaffold. Enzyme immobilization onto the surface of the scaffold 
supported by their open three-dimensional structure improves the easy 
flow of the reagents and direct access to the enzyme active sites. 
Moreover, the high surface-to-volume ratio and large surface area of the 
scaffold (5.42 cm2) facilitates uniform distribution of the biomolecules 
that diminish enzyme aggregation and local overloading (Iark et al., 
2019). These reduce diffusional limitations and avoid steric blockage of 
the enzyme active sites. 

Effective enzyme immobilization in this study is supported by the 

kinetic data of the free and immobilized laccase (Table 1). Michaelis 
constant (Km) of immobilized laccase was 15% higher, whereas 
maximum reaction rate (Vmax) was 20% less in comparison to free lac-
case. These changes in the Michaelis constant and maximum reaction 
rate are small, which confirms that substrate flow and direct enzyme- 
substrate contact were only slightly affected upon immobilization 
(Lim et al., 2020; Gkantzou et al., 2022). 

In the characterization of an immobilized system, it is also important 
to determine changes in its activity over varying process conditions. The 
free and immobilized enzyme showed similar pH and temperature 
profiles with maximum activity at pH 5 and 30 ◦C (Fig. 3). This fact 
additionally confirms that performed immobilization provided no sig-
nificant changes in enzyme structure. However, immobilized laccase 
presented significantly higher tolerance towards pH and temperature 
conditions than free enzyme. Over 60% activity was shown at pH from 3 
to 7 and at temperatures from 20 to 50 ◦C. Further, even at pH 9 and 
60 ◦C produced system showed around 30% activity, whereas catalytic 
properties decreased rapidly over varying process conditions. The 
improvement of catalytic properties under harsh conditions is related to 
the protective effect of the used PLA scaffolds and the stabilization of 
enzyme structure as well as its rigidization. Although presented immo-
bilization is based on relatively weak adsorption interactions, mainly 
hydrogen bonds and electrostatic interactions, these forces are strong 
enough to tightly bound the enzyme and retain its structure, as reported 
also earlier (Jia et al., 2019). Moreover, in the structure of 3D PLA 
scaffolds, there are numerous carbonyl functional groups that are rela-
tively close to each other. That might facilitate multiple enzyme binding, 
which provides additional enzyme stabilization. These facts make that 
the immobilized enzyme is less prone to inactivation triggered by pro-
cess parameters (Rodrigues et al., 2021). 

Improvement of pH and temperature profiles was reported earlier for 
instance for laccase immobilized using covalent attachment on com-
mercial epoxy resin (Othman et al., 2023) as well as laccase absorbed 
and encapsulated in poly(l-lactic acid)–co-poly(ε-caprolactone) elec-
trospun fibers (Zdarta et al., 2019a). In both cases, the relative activity 
of the immobilized enzyme was higher over the whole analyzed pH and 
temperature range. Although laccase stabilization upon immobilization 
is clear, the observed decrease in activity is affected by enzyme frag-
mentation or rearrangements of enzyme active sites at harsh conditions. 

Thermal stability tests of free and immobilized laccase were per-
formed to determine how exposure to elevated temperature (50 ◦C) af-
fects its activity (Fig. 3c). After 3 h incubation, laccase immobilized on 
PLA scaffolds showed around 80% of its initial activity, whereas sharp 
drop activity of free laccase was observed. Moreover, after the corre-
sponding incubation time activity retention reached around 20%. The 
significant improvement in the thermal stability of laccase after immo-
bilization is related to the fact that PLA scaffold, which is thermally 
stable at 50 ◦C, might act as a heat absorber and protect laccase mole-
cules against thermal fragmentation and heat inactivation (Ariaeenejad 
et al., 2022). Moreover, the shielding effect of the scaffold reduces 
aminoacids rearrangements in the biomolecule affected by long-term 
exposure to high temperatures. This is reflected by the inactivation 
constant value (kD) and enzyme half-life (t1/2) (E-Supplementary data). 
For free enzyme, these parameters were 0.0102 1/min and 68.2 min, 
respectively. For immobilized laccase, these parameters were improved 
by ten times, reaching values of 0.0009 1/min and 773.3 min, respec-
tively, and clearly indicating improvement of laccase stability at 
elevated temperatures. In addition, laccase long-term stability (Fig. 3d) 
was significantly improved upon immobilization. After 20 days of 
storage immobilized laccase retained around 80% of the initial activity 
due to stabilization provided by the PLA scaffold and enzyme structure 
reinforcement (Zhang et al., 2020). By contrast, the drop in the activity 
of the free laccase was observed since the first day leading to the 
retention of 35% activity at the end of the test. Similarly to our results, 
an improvement of the storage stability of laccase immobilized via 
adsorption onto bimodal mesoporous Zr-MOF support by around 50% 

Table 1 
Characterization of the immobilization process as well as biocatalytic charac-
teristic of the free and immobilized laccase in terms of activity recovery and 
kinetic parameters. Results are presented as mean ± standard deviation from 
three replicate experiments.  

Analyzed parameter Biocatalyst 
Free laccase Immobilized laccase 

Enzyme activity recovery 100% 89.2 ± 2.14% 
Immobilization yield – 94.6 ± 1.78% 
Amount of  

immobilized enzyme 

– 198 ± 4.95 mg/g 

Enzyme loading – 3.65 ± 0.09 mg/cm2 

Enzyme leaching – 26 ± 0.78% 
Michaelis constant (Km) 0.59 ± 0.02 mM 0.66 ± 0.01 mM 
Maximum reaction rate (Vmax) 0.089 ± 0.003 mM/s 0.071 ± 0.001 mM/s  
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(as compared to the free enzyme) was also observed by Pang et al. 
(2016). 

3.4. Estrogens removal 

The produced 3D PLA scaffolds with immobilized laccase were 
evaluated for removing E2 and EE2 from wastewater and over repeated 
use to examine the reusability of the produced system. The wastewater 
in this study contained initially 356 ng/L of EE2 and 187 ng/L of E2. 
Their removal efficiency by laccase immobilized on 3D printed scaffolds 
was in the range of 35–40%, and was 10% higher than that by free 
laccase (Fig. 4a and Fig. 4b). This result shows that immobilized enzyme 
is less susceptible to inhibition and inactivation by the compounds 
present in the wastewater as compared to free counterpart (Feng et al., 
2021). 

Although the stability of laccase was improved upon immobilization 
and the PLA scaffolds provided the efficient flow of the solution and 
partially protect the enzyme against inhibition, removal efficiency 
achieved using real wastewater was significantly lower than in model 
solutions presented in the literature. From model solutions of micro-
pollutants, over 90% removal rate of estrogens was reported using an 
enzymatic membrane reactor supported by the addition of commercial 
laccase and syringaldehyde (Nguyen et al., 2016a) as well as supported 
by the crude laccase (Nguyen et al., 2020). Also in laccase-based enzy-
matic bioreactor conversion supported by membrane distillation, 100% 
removal of E2 and EE2 was observed (Asif et al., 2017; Asif et al., 2018). 
Although available data showed a high removal rate of estrogens, these 

studies were performed on a batch scale or using small-scale reactors 
from model solutions of micropollutants. Moreover, their reaction time 
was significantly longer than in this study. 

The lower removal rate of E2 and EE2 in this study indicates that the 
use of biocatalytic systems in real solutions encounters a series of limi-
tations including the negative effect of wastewater matrix constituents, 
such as heavy metal ions, lipids, proteins, other organic and inorganic 
compounds as well as other insoluble compounds (Al-Maqdi et al., 
2021). These factors negatively affect laccase activity leading to a lower 
removal rate. These stays in agreement with our recent findings, which 
showed that in the presence of a mixture of metal ions, salts, and sur-
factants, two times lower removal efficiency of E2 and EE2 was 
observed, as compared to model water solution (Zdarta et al., 2022b). 
Low concentration of targeted estrogens in the wastewater, the presence 
of interference, and the fact that enzyme might also interact with other 
organic compounds then estrogens also negatively affect the final 
removal rate. On the other hand, PLA scaffolds due to their sorption 
properties might act also as a sorbent for the wastewater matrix com-
pounds (Zdarta et al., 2019b). This improves total removal efficiency 
due to sorption of micropollutants to the scaffolds. However, estrogen 
removal by adsorption in this study did not exceed 5%. 

Obtained results on estrogens removal are promising. Nevertheless, 
to further evaluate the efficiency and economic viability of the system 
for micropollutant treatment, it is important to determine laccase 
reusability. The reusability study (Fig. 4c and Fig. 4d) shows that 
removal efficiency slightly (by around 5% per each cycle), but contin-
uously decreased over multiple uses. A more pronounced drop was 

Fig. 3. Effect of pH (a) and temperature (b) on relative activity of the free laccase and laccase immobilized onto 3D polylactide scaffolds; thermal stability (c) and 
storage stability (d) of the free laccase and laccase immobilized onto 3D polylactide scaffolds. Results are mean ± standard deviation from three replicate experi-
ments. The zero value indicate the factors of no impact on immobilization efficiency. 

A. Rybarczyk et al.                                                                                                                                                                                                                             



Bioresource Technology 381 (2023) 129144

8

observed for E2 indicating that immobilized laccase has a higher affinity 
towards EE2 and its removal is less affected by repeated use. Moreover, 
based on visual observations and digital microscope images, no changes 
in the structure of the support after repeated use were observed indi-
cating that 3D scaffolds are not degraded. 

Once, the stability of the laccase has been improved during immo-
bilization, its partial leakage as well as inhibition by both, wastewater 
ingredients and products of enzymatic conversion lead to a drop in 
removal efficiency over repeated use. Similar observations were also 
drawn by Nguyen et al. (2016b) who observed a drop in removal effi-
ciency of selected micropollutants over repeated use, mainly due to 
enzyme inactivation, when packed-bed enzyme reactor with laccase 
immobilized onto activated carbon was applied for real wastewater 
treatment. Results from Fig. 4 suggest that produced systems are reus-
able and might be multiple use in the removal of both estrogens from 
real solutions. The proposed approach of enzyme immobilization is 
more cost-effective than free enzymes, as it was impossible to reuse 
native enzymes. Moreover, produced 3D scaffolds with immobilized 
enzyme are much more beneficial than free enzyme in terms of their 
recovery method, as might be easily separated from the post-reaction 
mixture by simple physical recovery, without a need for the use of 
advanced separation techniques, as in case of the native enzyme. In 
addition, process control when using 3D immobilized enzyme is also 
improved which additionally increases the usability of the proposed 
system. Finally, based on the previously reported data, partial miner-
alization of both estrogens should be considered as the main mechanism 
driving the removal process (Zdarta et al., 2022b). 

Although the results presented in this study should be considered 
promising, further experiments are required, in which packed-bed or 
continuous reactor will be used. This will facilitate the transfer of the 
presented solution to a larger scale and will provide more information 

and economic feasibility of the proposed solution based on PLA scaffolds 
with immobilized laccase for the removal of various micropollutants 
from wastewater. 

4. Conclusions 

A novel technique of 3D printing of PLA scaffolding for laccase 
immobilization was presented. Optimal parameters including pH, 
enzyme concentration, and immobilization time were experimentally 
determined to achieve high activity recovery and significant improve-
ment in chemical and thermal stability. The biocatalytic system pro-
posed removed around 40% of E2, and EE2 from real municipal 
wastewater showing that the composition of the wastewater matrix 
strongly affects the removal rate. Further research is recommended to 
reduce the negative effect of inhibitory compounds on enzyme activity 
and improve laccase reusability. Of crucial importance is, however, the 
scaling up of this proposed approach for practical applications. 
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