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Hybrid nano-biomaterials are exploited in the design and performance of chemo-

enzymatic cascades. In this work, we immobilize lipase from Candida antarctica 

fraction B (CALB) and gold nanoparticles (Au NPs) on magnetic particles coated with 

silica (MNP@SiO2) to stepwise hydrolyze and reduce p-nitrophenyl esters in tandem 

reaction. The assembly of the two catalysts at the interface of the MNP@SiO2 particles 

and the temporal control of the reaction turns out to be the most determinant parameters 

for the cascade kinetics. When both CALB and Au NPs are co-immobilized at the 

MNP@SiO2 particle, the tandem reactions take place significantly faster than when both 

catalysts are physically segregated by their immobilization on different MNP@SiO2 

particles. Herein, we demonstrate that the co-immobilization of biocatalysts and 

nanocatalysts in solid materials creates hybrid interfaces that accelerated chemo-

enzymatic tandem reactions. 



 

 

 

1. Introduction 

 

Combining biocatalysis and nanocatalysis for chemo-enzymatic cascade reaction 

emerges as an excellent opportunity to design new reaction schemes. However, 

controlling the conditions that preserve the efficiency and compatibility of both 

catalysts under the same reaction conditions remains challenging.[1, 2] As an example, 

optimal reaction conditions (such as optimal temperature and pH-values) for each 

catalysts must be met towards a successful cascade reaction.[2] When catalysts 

incompatibility precludes the cascade process, either temporal or spatial segregation of 

the catalytic species is intended.[3] Using a homogeneous catalyst, the most common 

approach is the sequential addition of the chemical catalyst first, followed by the 

addition of the biocatalyst. However, a concurrent process in one-pot is sometimes 

unaffordable through this approach.[4] As an alternative, the immobilization of the 

catalysts allows their physical segregation, eases their separation, and enables their 

recycling.[5] When both catalysts poison each other due to molecular contacts, their 

anchoring to solid surfaces avoids such as poisoning allowing the cascade performance 

in a concurrent manner within the same reaction vessel. Moreover, the interfacial 

interactions can influence the microenvironment between the catalysts, which may 

impact the diffusion and reaction rates of the cascade reactions.[6] Therefore, 

understanding the interfacial interactions that take place between bio- and metal-

catalysts is of fundamental importance to overcome the challenges of the intrinsic 

complexity of cascade reactions involving nano-biocatalysts.[2, 7] 



Metallic nanoparticles, often employed as metallic nanocatalysts, are lastly 

successfully combined with biocatalysts to route chemo-enzymatic cascades. One 

example that illustrates the potential of this approach is the conjugation of the lipase 

from Candida antarctica fraction B (CALB) on metallic NPs towards the use in cascade 

reactions.[8-10] Bionanohybrids of CALB–Pd NPs[9] and self-assemblies composed of 

CALB–Cu NPs[10] exemplify the hydrolysis of 4-nitrophenyl butyrate (biocatalysis) 

followed by the reduction of the product 4-nitrophenol (metal catalysis) in a sequential 

chemo-enzymatic reactions.  

Besides the catalytic synergy between enzymes and the metallic NPs, the latter 

can also be used as carriers to immobilize enzymes with the aim at enhancing the 

activity, stability, and operational performance of the immobilized enzymes.[11, 12] For 

example, enzyme immobilization on magnetic NPs eases the biocatalyst recovery and 

reuse under magnetic fields.[11, 13] The activity of enzymes immobilized on quantum 

dots and gold NPs were significantly enhanced when compared to the free enzymes and 

it was influenced by the size of the respective NPs.[12] Although the examples cited 

above illustrate the synergy between NPs and enzymes, the role of the spatial 

organization of the catalysts in the cascade performance is barely known. 

In this study, we investigate different assemblies of CALB and gold 

nanoparticles (Au NPs) immobilized on solid support materials to maximize the 

efficiency of a model chemo-enzymatic cascade that converts p-nitrophenyl esters into 

p-aminophenol. Magnetic particles coated with a thin silica shell (MNP@SiO2) were 

used as artificial support to control the localization of both Au NPs and CALB. The 

support materials with magnetic properties ease their separation and re-use.[14] 

Furthermore, the silica shell provides a versatile surface to be functionalized and is 

biocompatible for enzyme immobilization.[15, 16] As results, we synthesized 



heterogeneous nano-biocatalysts based on Au NPs and CALB immobilized on 

MNP@SiO2 assembled in different manners. Finally, we tested these hybrid nano-

biocatalysts for the model chemo-enzymatic cascade reaction to study whether the 

overall cascade kinetics are affected by the localization of both catalysts. 

 

2. Results and Discussion 

Before performing the model chemo-enzymatic cascade, we firstly designed a 

preparation route (Scheme 1) to fabricate a hybrid heterogeneous catalyst that harbors 

CALB and Au NPs on the surface of MNP@SiO2. First, we obtained hollow MNPs with 

diameters of 218 ± 17 nm (Figure 1A and S1) that were further coated with SiO2 to 

avoid oxidation and aggregation of the particles (Figure 1B). As a result, a silica layer 

of ~ 15 nm was formed on the surface of the MNPs (Figure 1B, inset). The 

MNP@SiO2 were further functionalized with 3-aminopropyltriethoxysilane (APTES) to 

introduce terminal amine groups on the material. Those positively charged amines were 

used to interact with negatively charged Au NPs (~12 nm) previously prepared by 

citrate reduction following standard protocols (see methods) to fabricate MNP@SiO2-

Au. Figure 1C shows that Au NPs were uniformly distributed on the MNP@SiO2 

structure. Lastly, CALB was immobilized on the surface of the MNP@SiO2-Au, 



forming a thin organic layer all over the material structure presumably correspondent to 

the adsorbed enzyme (Figure 1D).  

 

When we intended altering the immobilization order and CALB was firstly 

conjugated to the surface of the Au NPs and that complex was subsequently 

immobilized on the MNP@SiO2, the enzyme activity was reduced to 12% (Table S1). 

Conversely, the direct adsorption of CALB on the MNP@SiO2 allowed us to recover 

roughly 50% of the enzyme activity upon the immobilization process. With this result in 

hands and together with the TEM images, we suggest that CALB is immobilized on the 

functionalized SiO2 shell rather than on the Au NPs, although the minor role of the 

direct interaction of CALB with the gold surface may not be discarded because of the 

known binding affinity between biomolecules and Au NPs[17].  

 

Scheme 1. Illustrative representation of the subsequent steps in the synthesis of the hybrid 

nano-biocatalyst MNP@SiO2-Au-CALB. (1) Hollow MNPs were coated with (2) a layer of 

SiO2, which was modified with APTES for further functionalization of (3) Au NPs. Lastly, (4) 

CALB was conjugated on the surface of the material to obtain the final material MNP@SiO2-

Au-CALB. Graphic representation not drawn to scale. 



 

Figure 1. TEM images of the (A) hollow MNP as-prepared, (B) coated with a layer of 

SiO2 (MNP@SiO2), (C) further functionalized with the Au NPs (MNP@SiO2-Au), and 

the (D) final structure coated by CALB (MNP@SiO2-Au-CALB). Insets of the images 

evidenced the silica shell (B) and the functionalization of Au NPs and CALB (D) on the 

surface of the MNP@SiO2. 

 

The cascade reaction takes place through the hydrolysis of p-nitrophenyl 

palmitate (pNPP) to p-nitrophenolate (pNP) (CALB mediated), followed by the 

reduction of pNP to p-aminophenol (pAP) (Au NPs mediated) in the presence of an 

excess of NaBH4 as the reducing agent (see Scheme 2). Previous X-ray photon 

spectroscopy (XPS) studies revealed that the energy binding of Au NPs supported on 

SiO2 particles is correspondent to Au0 species,[22] which supports that we have metallic 

Au in our systems (as also observed by the TEM images). The gold in this oxidation 



state is well known to be ready to catalyze the reduction of p-nitrophenol in presence of 

sodium borohydride.  

We selected both pNPP hydrolysis and pNP reduction as they are model 

reactions very often explored in biocatalysis and nanocatalysis, respectively.[18-21] 

Before analyzing the chemo-enzymatic cascade reactions, we first analyzed individually 

each reaction catalyzed by the hybrid nano-biocatalyst. The reaction rate per mass of the 

hybrid nano-biocatalyst were independently determined for the enzyme hydrolysis (V0 

= 90.7 M min-1 per mg of MNP@SiO2) and for the AuNP driven nitroreduction 

(specific apparent rate constant (kapp) = 0.018 min-1) (Figure S1). Similar performance 

was observed for CALB immobilized on Cu NPs towards chemo-enzymatic cascade 

reaction with p-nitrophenol esters.[10] In addition, CALB remained active for at least 22 

days, presenting similar activity over the time for CALB immobilized on either 

MNP@SiO2 and MNP@SiO2-Au as well as free CALB. Therefore, the kinetic constants 

demonstrated that both CALB and Au NPs at the hybrid nano-biocatalyst are active and 

can work independently. 

 

 

Notably, the catalytic properties of CALB were not affected by the excess of 

NaBH4 used for the pNP reduction in the cascade reactions. The hydrolysis of the pNPP 

in the presence or absence of NaBH4 showed fairly similar performance (Figure S2A), 

Scheme 2. Cascade reaction catalyzed by the hybrid nano-biocatalyst: pNPP hydrolysis 

biocatalyzed by CALB, releasing pNP as a product (k1), which is subsequently reduced to 

pAP via nanocatalysis by Au NPs (k2) in presence of NaBH4. 



confirming that NaBH4 negligibly affects the CALB catalytic activity. Moreover, even 

though the excess of NaBH4 led to the increase of pH solution from 7.4 to 9, this 

consequence did not hamper the enzyme activity either. Indeed, the increase of pH itself 

was not able to trigger pNPP hydrolysis in the absence of CALB (Figure 2A). 

Moreover, the reduction of the pNP did not take place in absence of the Au NPs, 

revealing that Au NPs are needed for the reduction of the pNP as expected (Figure 2B). 

Hence, both proposed cascade reactions only proceeded when both CALB and Au NPs 

were presented in the same reaction media.  

 

Figure 2. (A) Time-courses of pNPP hydrolysis catalyzed by MNP@SiO2-CALB in 

presence (red data) and absence (blue data) of excess of NaBH4, and by MNP@SiO2-Au 

in absence of CALB (black squares). (B) Plot of ln(A/Ao) as a function of time for pNP 

reduction in presence of NaBH4 as a reducing agent with (black data) and without (red 

data) Au NPs.  

 

Once demonstrated that both catalysts selectively perform their corresponding 

reactions, we performed the chemo-enzymatic cascade in two different modes: 1) 

sequential cascade where NaBH4 was added after the pNPP hydrolysis step was 

completed (Scheme 3A and C) concurrent cascade where both pNPP and NaBH4 

substrates were added to the reaction mixture from the beginning (time 0) (Scheme 3B 

and D). These two reaction modes were carried out with the hybrid nano-biocatalysts 

assembled in different manners. In one case, CALB and AuNPs were co-immobilized 



on the same support material (MNP@SiO2-Au-CALB) (Scheme 3A and B). On the 

other, CALB and AuNPs were immobilized on different supports (MNP@SiO2-Au and 

MNP@SiO2-CALB) and then mixed in the reaction bulk (Scheme 3C and D). While in 

the first case, both the enzyme and the nanocatalyst are closely in contact at the 

nanoscale facilitating the diffusion of the intermediates between the two catalytic 

centers (Scheme 3B), in the second configuration they are physically segregated forcing 

the intermediates to diffuse from one catalyst to the other through the reaction bulk 

(Scheme 3D).  

 

Using a hybrid nano-biocatalyst where CALB and AuNPs co-immobilized on 

the silica surface and a sequential reaction mode (Scheme 3A), the concentration of the 

pNP increased rapidly until reaching a plateau (approx. 40 min), which meant the 

quantitative hydrolysis of pNPP (Figure 3A, red). Upon addition of NaBH4, the pNP 

Scheme 3. Schematic illustration of the chemo-enzymatic cascade reaction catalyzed by 

CALB and Au NPs when co-immobilized (MNP@SiO2-Au-CALB) (A and B) or physically 

segregated on the MNP@SiO2 support (MNP@SiO2-Au and MNP@SiO2-CALB) (C and D) 

performed in the sequential (A and C) and concurrent (B and D) reaction modes. Graphic 

representation not drawn to scale. 



was abruptly but not quantitatively reduced to pAP as approx. 10% of pNP remained 

unreacted. In contrast, in the concurrent approach where the reaction is triggered by 

adding both pNPP and NaBH4 (Scheme 3B), the pNP intermediated was accumulated 

during the first 5 min of reaction (Figure 3B, red) and then decayed presumably by the 

reduction of pNP to pAP. After 60 minutes of concurrent reaction, 3.8 M of pNP 

remained unreacted. This behavior suggests that the second step (pNP reduction) was 

triggered before the first step (pNPP hydrolysis) was fully completed. However, the 

second step was uncompleted (approx. 90% conversion) as the intermediate can still be 

detected. The levels of the unreacted intermediate in the bulk were similar in both 

concurrent and sequential chemo-enzymatic reaction modes, likely to the complete 

hydrolysis of the NaBH4 after 60 min of reaction. 

 

On the contrary, the reaction kinetics were significantly reduced for both 

sequential and concurrent cascades catalyzed by the CALB and Au NPs physically 

segregated in different MNP@SiO2 (Scheme 3C and D). The segregated configuration 

Figure 3. Monitoring of pNP concentration as a function of time in the chemo-enzymatic 

cascade reaction as (A) sequential and (B) concurrent modes catalyzed by the hybrid nano-

biocatalyst, in which CALB and AuNPs were co-immobilized (MNP@SiO2-Au-CALB) 

(red) or physically segregated (MNP@SiO2-Au and MNP@SiO2-CALB) (black) on the 

MNP@SiO2 support. 



enables the hydrolysis of the pNPP at the surface of MNP@SiO2-CALB but the 

produced pNP molecules must diffuse from such particles to those decorated with Au 

NPs (MNP@SiO2-Au) to yield the final product pAP. For the sequential approach, only 

54% of pNPP was enzymatically hydrolyzed, yielding roughly 13.2 µM of pNP that was 

further reduced to pAP by the supported AuNPs but with a limited conversion of 44% 

according to the 7.4 M unreacted pNP detected upon the cascade completion (Figure 

3A, black). Interestingly, the segregated system reduced pNP slower than the co-

immobilized hybrid nano-biocatalyst working sequentially under the same reaction 

conditions. Finally, when the segregated hybrid nano-biocatalyst was applied in the 

concurrent chemo-enzymatic cascade, we observed the worst results in terms of kinetics 

and intermediate accumulation. After 10 minutes, 10 M of pNP was accumulated but it 

was poorly reduced to yield the final product (Figure 3B, black). 

To better understand the kinetics of the chemo-enzymatic process, we firstly 

determined the V0 and kapp of the hybrid nano-biocatalyts for each reaction step using 

the time courses of the sequential mode shown in Figure 3A. The hydrolysis V0 of the 

co-immobilized hybrid nano-biocatalyst was 10 times higher than its physically 

segregate counterpart (Table 1). Therefore, the co-immobilization of CALB with Au 

NPs at the surface of MNP@SiO2 enhances the enzyme efficiency. Next, we estimated 

the kapp for the second cascade step. By plotting ln([pNP]t/[pNP]t=0) vs time, we find that 

the gold-mediated pNP can be described as a pseudo-first-order rate law[20] (see Figure 

S3). A similar rate law was proposed for the reduction of ferrocyanate III catalyzed by 

colloidal Au NPs using NaBH4 as a reducing agent.[23] As expected from the time 

courses of the sequential cascade, the kapp of the co-immobilized system MNP@SiO2-

Au-CALB was 368% higher than the physically segregated MNP@SiO2-Au and 

MNP@SiO2-CALB catalysts.  



Table 1. Kinetic parameters determined from the sequential cascade reactions catalyzed 

by the hybrid nano-biocatalyst when co-immobilized (MNP@SiO2-Au-CALB) or 

physically segregated on the MNP@SiO2 support (MNP@SiO2-Au and MNP@SiO2-

CALB).a) 

 Nano-biocatalyst 

Sequential 

V0 (M min-1) kapp (10-2 min-1) 

MNP@SiO2-Au-CALBb) 3.4 ± 0.3 8.9 ± 0.4 

MNP@SiO2-Au and 

MNP@SiO2-CALB c) 
0.35 ± 0.01 2.42 ± 0.1 

a) Reaction conditions: PBS Buffer pH 7.4 at room temperature (~ 25°C); b) Enzyme 

concentration = 5.4 M, Au concentration = 0.2 mM; c) Enzyme concentration = 5.0 

M, Au concentration = 0.2 mM. 

 

To confirm that the kinetics reported in Table 1 for the sequential system were 

still valid for the concurrent cascade, we proposed a two-reaction kinetic model 

presented in Scheme 4, in which k1 is the first-order constant of the hydrolysis reaction 

defined as Vo/[CALB] and k2 is the first-order constant of the reduction reaction defined 

as kapp. Using the software COPASI[24] and the kinetic parameters reported in Table 1, 

we modelled the performance of both co-immobilized and physically segregated hybrid 

nano-biocatalysts for the concurrent hydrolysis/nitroreduction of pNPP into pAP. 

Figure 4 shows the simulated accumulation of pNP compared to the experimental data. 

We observed that the model was less accurate to predict the intermediate accumulation 

in the physically segregated system, likely due to the fact that transport of the 

intermediate from one catalyst to the next was not considered in the model. To 

demonstrate that the transport of pNP was affecting the efficiency of the process, we 

Scheme 4. Cascade reaction catalyzed by the hybrid nano-biocatalyst in the sequential 

system: pNPP hydrolysis biocatalyzed by CALB, releasing pNP as a product (k1), followed by 

the additional transport rate between CALB and Au NPs (kt), and subsequently reduced to 

pAP via nanocatalysis by Au NPs (k2) in presence of NaBH4. 



created a second kinetic model including an additional transport constant kt that defines 

the transport rate between the CALB and the Au NPs: 

We found that using the arbitrary value of kt = 0.1 min-1, the model fitted much 

better to the experimental data, supporting the hypothesis that the segregated systems 

was kinetically limited by the pNP transport between the two catalysts.  

 

3. Conclusion 

This study unveils that the physical proximity of CALB and Au NP co-

immobilized on the surface of MNP@SiO2 particles increases the efficiency of chemo-

enzymatic cascade and minimizes the accumulation of the pNP intermediate. However, 

when CALB was directly bound to the surface of AuNP immobilized on MNP@SiO2, 

the enzyme dramatically lost its activity. Experimental and modelling data support the 

importance of the assembly of the catalytic elements in the design of this type of hybrid 

nano-biocatalyst. Therefore, both CALB and AuNP must be close enough, but not 

directly interacting, to efficiently hydrolyze pNPP to pNP and facilitate the diffusion of 

Figure 4. Fitting (lines) of experimental (circles) chemo-enzymatic cascade reaction 

performed for the co-immobilized (red) and physically segregated (black) hybrid nano-

biocatalysts. Data fitting were analyzed by COPASI software based on the reaction model 

presented in Scheme 4. 



such intermediate from the catalytic site of CALB to the surface of the Au NPs. Hence, 

the co-immobilization of CALB and Au NPs across the surface of MNP@SiO2 forms a 

“nanoreactor”[25] able to perform a concurrent model chemo-enzymatic cascade in one-

pot. The physical proximity of both enzyme and nanoparticle enhances the overall 

performance of such a cascade. In the light of the evidence presented in this study, we 

suggest that the interplay of enzymes and nanoparticles at the interfaces with larger 

solid materials benefit their cooperative action.  

 

4. Experimental Section/Methods  

Materials  

Iron (III) chloride hexahydrate (FeCl3.6H2O), ethylene glycol, ammonium hydroxide, 

toluene, and ethanol were purchased from Synth. Sodium hydroxide, sodium citrate 

tribasic dehydrate, polyvinyl pyrolidone (PVP MW 40.000), (3-aminopropyl) 

triethoxysilane (APTES), tetrachloroauric (III) acid (HAuCl4), tetraethyl orthosilicate 

(TEOS), phosphate buffered saline (PBS) pH 7.4, lipase from Candida antarctica 

fraction B (CALB), 4-nitrophenyl palmitate (pNPP), and sodium borohydride (NaBH4) 

were purchased from Sigma-Aldrich. 

Hybrid nano-biomaterial synthesis 

MNP synthesis 

In a previously described procedure[26], 1.35 g of FeCl3.6H2O and 0.7g of NaOH were 

dissolved in 60 mL of ethylene glycol and kept under vigorous magnetic stirring for two 

hours. Ultrasonic bath was used in the meantime to facilitate dissolution. The final 

solution was transferred to a 100 mL Teflon-line stainless autoclave and kept at 200°C 

for 40 hours. After cooling the solution down to room temperature, the precipitate was 

separated with a neodymium magnet and washed twice with ethanol, three times with 

water and resuspended in ethanol to dry in an oven at 80°C. 



MNP@SiO2 synthesis 

In a sol-gel procedure[15], two solutions named A and B were prepared. In solution A, 

5g of PVP were dissolved in 55 mL of distilled water and kept under magnetic stirring 

until complete dissolution. Solution B was composed by 100 mg of Fe3O4 suspended in 

15 mL of distilled water and stirred with an overhead stirrer. Ultrasonic bath was used 

in the meantime to facilitate dissolution in both solutions. Solution A was added to the 

solution B flask, where the final solution was stirred for 2 hours. Then, the supernatant 

was removed and a solution of 100 mL of ethanol and 5 mL of ammonium hydroxide 

was added followed by a solution of 1 mL of TEOS and 2 mL of ethanol. The final 

solution was stirred for two hours. The resultant solid was separated with a neodymium 

magnet and washed twice with ethanol, three times with water and resuspended in 

ethanol to dry in an oven at 80°C. 

MNP@SiO2-Au synthesis 

62.5 mg of MNP@SiO2 previously prepared were dissolved in 9.38 mL of dry toluene 

and kept in ultrasonic bath for 30 minutes[15]. Then, 93.8 μL of APTES were added 

dropwise under constant stirring for 2 hours. The precipitate was collected with a 

neodymium magnet and washed once with toluene and twice with acetone and dried in 

an oven at 80°C. Then, 100 mg of the amino-functionalized MNP@SiO2 were added to 

150 mL of AuNPs colloidal suspension. AuNPs were previous obtained by the typical 

Turkevich method[27], in which 100 mg of sodium citrate dissolved in 150 mL of 

distilled water was heated to boiling before adding 1 mL of HAuCl4 25 mmol.L-1, and 

further kept under magnetic stirring at 100°C for 15 minutes. Finally, the resulting 

material MNP@SiO2-Au was kept in ultrasonic bath for 30 minutes and overhead 

stirred for one hour. The precipitate was collected using a neodymium magnet, washed 

several times with ethanol and distilled water and dried in an oven at 80°C. 



MNP@SiO2-Au-CALB synthesis 

A 0.1 mg.mL-1 of CALB solution was prepared in PBS buffer at pH 7.4. Another 

solution of 0.1 mg.mL-1 of MNP@SiO2-Au (or MNP@SiO2) was prepared in PBS 

buffer at pH 7.4. Then, solutions with a ratio 1:1 of CALB and MNP@SiO2-Au (or 

MNP@SiO2) were kept under overhead stirrer for two hours. The final solid was 

recovered with a neodymium magnet and washed with PBS. The washed solid was 

resuspended in PBS resulting in a final concentration of 0.25 mg.mL-1 of the material, 

whose contain 0.18 mg.mL-1 of protein. The final material was kept at 4°C to avoid 

CALB denaturation. 

Electron microscopy characterization 

The MNPs were characterized by scanning electron microscopy (SEM) using a FESEM 

JEOL JSM-7401F at an acceleration voltage of 5.0 kV in the Chemistry Institute at São 

Paulo University. Samples were prepared by dropping approx. 10 mL on the silicon 

wafers and left to dry. The hybrid nano-biomaterials were characterized by transmission 

electron microscopy (TEM) using a JEOL JEM-1400PLUS microscope at an 

acceleration voltage of 120 kV. Samples were prepared by dropping approx. 3 mL on 

the carbon-coated copper grids and left to dry. 

Catalytic activity assays 

pNPP hydrolysis 

The enzymatic activity was determined by the hydrolysis of pNPP, monitoring the 

release of pNP using a UV-Vis spectroscopy at  = 405 nm.[19] 120 μL of the substrate 

pNPP (0.5 mM) previously prepared in isopropanol was added in a quartz cuvette 

containing 1.83 mL of PBS buffer and 150 μL of the sample to be determined. The 

molar extinction coefficient of  = 13000 L.mol-1.cm-1 was used to determine the pNP 

concentration.[28]  



pNP reduction 

The catalytic activity of the Au NPs was determined by pNP reduction to pAP, 

monitoring its consumption using a UV-Vis spectroscopy at = 405 nm.[20, 21] In a 

quartz cuvette containing 1.83 mL of PBS buffer, 60 mL of pNP 0.5 mmol.L-1, and 150 

mL of the samples to be analyzed, was added 50 μL of a 38 mg.mL-1 NaBH4 solution. 

The molar extinction coefficient of  = 13000 L.mol-1.cm-1 was used to determine the 

pNP concentration.[28] 

Sequential cascade reaction 

The sequential cascade reaction proceeded in two steps. The first one is the hydrolysis 

of pNPP to pNP. In a quartz cuvette, 1.83 mL of PBS were added with 120 μL of the 

substrate pNPP (0.5 mM) and 150 μL of the MNP@SiO2-Au-CALB (0.25 mg.mL-1). 

When MNP@SiO2-Au and MNP@SiO2-CALB were studied in separate, 150 μL of 

each catalyst (0.25 mg.mL-1) were added . The reaction was monitored by UV-Vis 

spectra at 405 nm until a plateau was reached. Next, the second step consisted in the 

pNP reduction to pAP through the addition of 50 μL of a 38 mg.mL-1 of NaBH4. The 

second part of the reaction was monitored by UV-Vis spectra at 405 nm to monitor the 

pNP consumption. The reactions were assessed using a Shimadzu UV-2600 UV-Vis 

spectrophotometer.  

Concurrent cascade reaction  

The concurrent cascade reaction proceeded in a single step. Both hydrolysis of pNPP 

and reduction of pNP occurred simultaneously. Therefore, the reducing agent NaBH4 

was added at the same step of the other components. In a quartz cuvette, 1.83 mL of 

PBS were added with 120 μL of pNPP (0.5 mM), 50 μL of a 38 mg.mL-1 NaBH4 

solution, and 150 μL of the MNP@SiO2-Au-CALB. When MNP@SiO2-Au and 

MNP@SiO2-CALB were studied in separate, 150 μL of each catalyst were added 



instead. The reaction was monitored by UV-Vis spectra at 405 nm using a Shimadzu 

UV-2600 UV-Vis spectrophotometer.  
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The assembly of biocatalysts and nanocatalysts matters to the more efficient chemo-enzymatic 

cascade reactions. The comparison of co-immobilized and physically segregated assemblies 

revealed that interfacial interactions played a key role in both concurrent and sequential nano-

biocatalysis reaction modes. The overall performance was regulated by exploiting the 

localization of enzymes and Au nanoparticles on the surface of magnetic nanoparticles. 
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Figure S1. SEM image of the as-prepared MNPs. 

 

 

Figure S2. Time-courses of (A) pNPP hydrolysis and (B) pNP reduction reactions 

catalyzed by MNP@SiO2-Au-CALB. 

 



 

Figure S3. Plot of ln([pNP]t/[pNP]t=0) as a function of time for pNP reduction by the 

(A) co-immobilized (MNP@SiO2-Au-CALB) and the (B) physically segregated 

(MNP@SiO2-Au and MNP@SiO2-CALB) systems performed in the sequential cascade 

reaction.  

 

Table S1. Enzyme activity and enzyme loading of the catalysts. 

Sample Expressed activity (%) Immobilization yield (%) 

a) MNP@SiO2-CALB 55 11 

b) MNP@SiO2-Au-CALB 46 13 

c)AuNP@CALB/MNP@SiO2 12 16 

a) CALB immobilized on the MNP@SiO2; 
b) Au NPs functionalized on the MNP@SiO2, 

further adsorption of CALB; c) CALB immobilized on Au NPs, further immobilized on 

the MNP@SiO2. 

 

 

 

 

 

 


