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S1. Preparation of laccase@GdPO HNPs
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Figure S1. The effect of phosphate buffer (2-10 mM, pH 7.5) and gadolinium nitrate (40—
120 mM) on the activity of laccase@GdPO4*HNPs. The experiments were independently

repeated three times and the error bars represent the standard deviation of a data set (n=3).



S2. Characterization of the fabricated HNFs

Instrumental analyses were applied to obtain structural information on the constructed enzyme-
inorganic HNPs. SEM was used to verify the morphological differences between
nanostructures in the non-immobilized and immobilized states of laccase. SEM images of
GdPO4*NPs showed sand-like spherical particles with uniform size and smooth surfaces (Fig.
S2). However, no morphological change was evident after the preparation of
laccase@GdPO4*HNPs. Furthermore, the elemental constitution of the synthesized NPs and
HNPs was subjected to EDX investigation (Fig. S3). The EDX patterns proved the presence of
some elements in both samples, which were oxygen (O), phosphorus (P), and gadolinium (Gd).
However, laccase@GdPO,*HNPs exhibited a higher mass fraction of copper (Cu), nitrogen
(N), and sulfur (S) content undoubtedly validating the laccase association in the HNPs. The
structures of GAPO,4*NPs and laccase@GdPO4*HNPs were also characterized by FTIR spectra
(Fig. S4). For both samples, the adsorptions at 725-1400 cm™' could be assigned to the
asymmetric stretching vibration of (PO,)*" [1]. The chemical interactions between Gd** and
(PO,4)*~ were identified by intense transmission bands at 3410-3417 cm™' [2, 3]. The broad
adsorption at 3200-3600 cm™' was attributed to the stretching vibration of the O-H and -NH
groups [1]. To further prove the inorganic composition of HNPs, XRD analysis was performed
(Fig. S5). The obtained peaks’ positions of laccase@GdPO,*HNPs were matched with the
standard gadolinium phosphate (GdPO,) pattern (JCPDS 00-032-0386) [3]. Hydrodynamic
diameters and zeta potentials of NPs in the presence and absence of laccase are reported in Fig.
S6. The mean and cumulative size distribution for the prepared HNPs was about 75 and 130
nm, respectively. Also, the zeta potential value (—42.6 mV) for laccase@GdPO4+*HNPs showed
excellent colloidal stability leading to minimizing particle aggregation. The immobilization of
laccase into the HNPs was further studied by TGA (Fig. S7). For GdAPO4*NPs, one weight loss

stage (48.4%) was clearly distinguished due to dehydration at 80 °C to 120 °C. The curve of



laccase@GdPO4+*HNPs showed two separable steps of thermal weight loss i.e., the initial
dehydration at 80 °C to 150 °C and the decomposition of laccase (37.1%) in the temperature

range of 250 °C to 400 °C.

Figure S2. Scanning electron microscope (SEM) imaging of (a) GAPO4*NPs and (b)
laccase@GdPO4*HNPs. The immobilization was performed in phosphate buffer (6 mM, pH

7.5) containing laccase activity of 0.1 U mL™" at 25 °C.
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Figure S3. Energy dispersive X-ray analysis (EDX) analysis of (a) GdPO4*NPs and (b)
laccase@GdPO4*HNPs prepared in phosphate buffer (6 mM, pH 7.5) using laccase (0.1 U

mL") and GANO; (100 mM).
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Figure S4. Comparison of the flourier transform infrared (FTIR) of the free enzyme,

GdPO4*NPs, and laccase@GdPO4*HNPs from 4000 to 400 cm™!.
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Figure S5. (a) X-ray diffraction analysis (XRD) diffraction pattern of laccase@GdPO,*HNPs

and (b) peak list of laccase@GdPO4*HNPs and standard GdPO4*NPs.
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Figure S6. Particle size distribution of laccase@GdPO4*HNPs using dynamic light scattering

(DLS) analysis at 25 °C.
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Figure S7. Thermogravimetric analysis (TGA) of (a) GdPO4*NPs and (b) laccase@

GdPO4*HNPs. The temperature increased at a rate of 10 °C min~! from 50 to 800 °C.



S3. Determination of kinetic parameters

Kinetic parameters of the free and immobilized laccase were calculated for ABTS as a water-
soluble reducing substrate. The enzymatic oxidation of the substrate at the concentration range
of 12 to 360 uM in citrate buffer (100 mM, pH 4.5) was monitored spectrophotometrically at
420 nm. Michael’s constant (K;) and maximum velocity (V,.x) were evaluated by a
Lineweaver-Burke curve. Sequentially, turnover number (K.,) and catalytic efficiency were
also obtained by Eq. S1 and Eq. S2, respectively; where [E] is the concentration of the enzyme.

Kcat = Vmax/ [E] Eq S1

Catalytic efficiency = K ¢ / Ky Eq. S2

Compared to the free enzyme, the K, value of laccase did not significantly change after
immobilization, however, the V., value for the biocatalyst slightly increased from 7.2 to 7.8
umol min~! (Table S1). Consequently, substrate accessibility was very similar to that of the
free enzyme. The enhanced V., may be related to the high surface area of the prepared HNPs
or a cooperative effect of the encapsulated laccase to overcome mass-transfer limitations or
favorable conformation of the enzyme after immobilization [4]. Here, the k., value of the HNPs
was higher than the free laccase, confirming their stronger ability for catalysis. According to
previous studies, the V,,, values of laccase entrapped in Co3(POs), and Cu3(POy), hybrid
nanoflowers (HNFs) were 1.8 and 2 folds, respectively, lower than that of the corresponding
free enzyme [5, 6]. Furthermore, at the same conditions, laccase@Cos;(PO,4),*HNFs showed a

V

max

of 4.7 pumol min~! compared with the value of 7.8 umol min!' for the prepared
laccase@GdPO4*HNPs. In any comparison, it must be noted that better catalytic property

indicates less enzyme usage in industrial reactions, resulting in lower costs [7].

Table S1. The immobilization yield (%) and efficiency (%) for laccase encapsulated in

GdPO, hybrid nanoparticles (HNPs) and kinetic parameters of the prepared
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laccase@GdPO4eHNPs (0.1 U mL™!) for oxidation of ABTS (12-360 uM, 12 uM intervals)

compared to the free enzyme (Mean + SD, n = 3).

Parameter The free laccase Laccase@GdPO,eHNPs
Vinax (umol min1) 7.2+0.2 7.8+0.3

Ky % 108 (uM) 2.1£0.1 2.0+0.1

Kea x 1072 (s7) 8.6+0.4 93+0.6
Catalytic efficiency x 10710 (K../Kpn) 40+0.2 47+0.4
Immobilization yield (%) 83.0+0.5

Immobilization efficiency (%) 82.1+£0.6
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S4. Evaluation of the activity and stability of laccase@GdPO ,»HNPs

The activity of laccase@GdPO,*HNPs was measured in a temperature range of 25-55 °C (10
°C intervals) and pH 2.5-8.5 (pH 1 intervals). For the purpose of stability study, the synthesized
biocatalyst was incubated for 3 h at the above-mentioned pH and temperature ranges. The
following buffers were incorporated into the experiments including glycine-HCI buffer (100
mM, pH 2.5), citrate buffer (100 mM, pH 3.5-6.5), and phosphate buffer (10 mM, 7.5-8.5).
Subsequently, the residual activity of the samples was measured. Values obtained from the
activity and stability of the fabricated biocatalyst were compared with the free enzyme as the
positive control. All assays were average of three repetitions, and the results were expressed as
the mean =+ standard deviation (SD). As depicted in Fig. S8, the proper pH (4.5) and temperature
(40 °C) were nearly the same for the specific activity of the free and encapsulated enzyme.
Compared to free laccase, the immobilized enzyme exhibited significantly improved activity
between pH ranges of 2.5-6.5 and temperatures of 20-50 °C, while it remained particularly
unchanged as pH increased above 6.5. Under the temperature of 40 °C and pH 4.5, the HNPs
were more efficient than laccase@Co3(PO,4),*HNFs with an average specific activity of 6.2 and
5 U mg'!, respectively. This improvement could be attributed to the high surface area and
catalytic activity of HNPs. Such characteristics improved mass transfer and contact with the

substrate, thus, increasing the oxidation activity of the enzyme [1, 5].
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Figure S8. Effect of pH and temperature on the activity of (a) the free enzyme and (b)

laccase@GdPO4*HNPs. Error bars show the mean of three independent experiments.

13



The enzyme stability by immobilization is an important parameter to ensure economic and
technical feasibility [5]. In this regard, the stability of the constructed biocatalysts was
evaluated after 3 h incubation over a wide range of pH and temperature. As shown in Fig. S9,
the constructed HNPs demonstrated greater recovered activity (RA%) than the free laccase at
both acidic and alkaline pH conditions, indicating wide pH range tolerance of the hybridized
enzyme. For instance, after incubation at pH 3.5 and 8.5, the RA% of immobilized laccase was
near 100% and 50%, respectively, while the free enzyme activity dropped to 76% and 5% under
the same condition (25 °C). Similarly, the activity of laccase encapsulated in Cu;(POy),,
Zn3(POy),, and Co3(PO4),*HNSs were retained at about 100%, 85%, and 90% at pH 3.5,
respectively [5, 6, 8]. The immobilization of enzymes into HNSs could reduce unfolding, and
enhance the stiffness and conformational flexibility of the molecule under severe

environmental conditions [9, 10].
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Figure S9. Effect of pH and temperature on the stability of (a) the free enzyme and (b)
laccase@GdPO4*HNPs with error bars depicting the standard deviation during three repeated

runs of each experiment. The result was established with the highest value of each set being

assigned the value of 100% activity.
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S5. Reusability and storage stability

The functional and sometimes structural properties of enzymes are often significantly improved
after immobilization; thus, they may become more stable and can be used in several subsequent
cycles that increase their cost-effectiveness in industrial applications [1]. In order to determine
the reusability of the immobilized enzyme, the activity of laccase@GdPO,*HNPs was
measured repeatedly. After each assay, the precipitate was collected and washed three times
with distilled water. This process was repeated until the catalytic activity dropped to 50% of
its initial value. As shown in Fig. S10a, the reusability of the hybridized laccase remained up
to 50% of its initial value after 11-cycle reuse. Thus, the fabricated HNPs provided remarkable
reusability, which may be due to the structural stability of the immobilized laccase.
Nevertheless, the loss of activity during successive cycles might be associated with enzyme
denaturation, leaching of the enzyme, or the blockage effect of the enzyme products [9].
Furthermore, the laccase-based nanostructures showed promising reusability; for example, the
reusability of laccase immobilized on Fe;O4/nylon composite nanoparticles retained less than
40% of their initial activities after 10 runs [10]. Laccase@Zn3(PO,),*HNFs declined 45% of
the initial activity after 12 consecutive cycles [1].

The storage stability was evaluated by incubation of the free and immobilized enzyme at 4 and
25 °C, and the residual enzymatic activity was measured for 30 days (5-day intervals). Assay
results were averaged over three repetitions, and the results were expressed as mean £+ SD.
Interestingly, the storage stability of laccase was improved as a result of hybridization.
Remarkable differences between the stability of the free and immobilized biocatalysts were
observed at each temperature. As illustrated in Fig. S10b, after 20 days of storage at 4 °C, the
prepared HNFs retained up to 95% of the initial activity, while the free enzyme lost 30% of its
catalytic activity. After 30 days, the free laccase indicated no activity at 25 °C; whereas the

immobilized laccase retained 25% of its activity in the same conditions. The results indicate
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that the immobilization process has a protective effect on the enzyme's 3D structure, which

enhances its storage stability [9].
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Figure S10. (a) Reusability of laccase@GdPO,4*HNPs in citrate buffer (100 mM, pH 4.5) at
40 °C. (d) Storage stability of the free laccase and laccase@GdPO4*HNPs up to 30 days of
storage at 4 °C and 25 °C. The results represented in the bar graphs are obtained from three

independent experiments.
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