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A graphene nano-cage with  regulatable space for assembly of 

cytochrome P450 1A2/UDP-glucuronosyltransferase 1A10 

bienzyme complexes has been constructe d via click  reaction, 

which is successfully used to study the drug se quential 

metabolism by an electrochemically-driven way. 

The metabolic activities of organisms in the substrate of a 

biological reaction system are highly coordinated by the 

formation of supramolecular complexes of sequential metabolic 

enzymes.1 The enzyme complexes make enzymes cannot freely  

diffuse within the cytosols, allowing the direct passage of a 

product from one enzymatic reaction to a consecutive enzyme in 

a metabolic pathway.2 Moreover, the enzyme complexes limit the 

intermediates  diffusing into the surrounding milieu, thus  

dramatically increasing the workload of the enzymes involved, 

facilitating fast turnover of labile or toxic intermediates, and 

preventing undesired crosstalk between different metabolic 

pathways.3 Inspired by natural enzyme complexes, construction 

of artificial enzyme complexes and spatial organization of 

multiple enzymes  with appropriate spacing could be an important 

approach to unravel the mechanisms of consecutive enzymatic  

reactions. Fu et al. organized discrete glucose oxidase/  

horseradish peroxidase enzyme pairs on specific DNA origami  

tiles with controlled inter-enzyme spacing and position, and 

found the activity of the as-prepared enzyme complexes was  

higher than the free enzyme mixture.4 Liu et al. reported the 

conjugation of enzymes with synergic or complementary  

functions  to form a nanocomplex, which exhibited an enhanced 

stability when compared with free enzymes.5 

In the present work, motivated by the great potential of the 

controllable mutli-enzyme complex formation in the biosynthesis 

and target cascade metabolism, we prepare a nano-cage for  

controllable assembly of enzymes. In which, graphene, a two-

dimensional aromatic monolayer  composed of sp2-bonded 

carbon atoms with high specific surface area, electrical 

conductivity and superlative mechanical strength,6  is utilized as a 

framework of the nano-cage, phase I cytochrome P450 1A2 

(CYP1A2) enzyme and phase II UDP-glucuronosyltransferase 

1A10 (UGT1A10) enzyme, as model enzymes, are respectively 

assembled in the bottom and top layers of the graphene nano-

cage on the surface of glassy carbon electrode (GCE) to form 

bienzyme complexes (Scheme 1). Driven by  an electrochemical  

way, the enzymatic activity of the ar tificial bienzyme complexes  

to warfarin sequential metabolism is successfully regulated by  

adjusting the interval distance of the nano-cage, i.e. adjusting the 

inter-enzyme spacing and spatial positions  of the two enzymes. 

Such interesting enzyme complexes confined in the graphene 

nano-cage would offer a unique platform to investigate the 

process of drug metabolism in vitro. 

In the construction process of artificial bienzyme complexes in 

graphene nano-cage, to improve the dispersion and 

biocompatibility, graphene was  firstly modified with chitosan from 

graphene oxide by a chemical reduction to form a graphene-

chitosan (GR/CS) nanocomposite, which is a monolayer  

nanosheet (Fig. S1†). The GR/CS nanosheet was then 

deposited on a GCE and followed by assembling CYP1A2 and α-

amino-ω-azido poly (ethylene glycol) (NH2-PEG-N3) via 

glutaraldehyde-based cross-linking, forming GCE/GR/CS  

(CYP1A2)-PEG-N3 (1 ). Meanwhile, UGT 1A10 and α-amino-ω-
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alkynyl poly (ethylene glycol) (NH2-PEG-C≡CH) were cross-

linked to another free GR/CS nanosheet, forming 

GR/CS(UGT1A10)-PEG-C≡CH (2 ). Finally, 2  was cross-linked 

onto 1  via a click reaction catalyzed by copper (I) ions,7 forming 

bienzyme complexes in graphene nano-cage on the surface of 

GCE (3 ), which could be proved by  the FT-IR spectra (Fig. S2†). 

The AFM images also show that the interlayer distance of the 

nano-cage can be manipulated simply by varying the chain 

length of PEG linkage (Fig. S3†). The amount of CYP1A2 and 

UGT1A10 assembled on the bottom or upper layers of graphene 

nanosheets, determined by the Bradford assay (Fig. S4†),8  is ca. 

0.51 and 0.42 μmol m-2 GCE, respectively. 

 

Sche me 1 Constru ction process of a rtif icial  b ienzyme c omple xes in the  graphe ne  

nano-cage 

As a proof of the concept, we studied the activity of CYP1A2 and 

UGT1A10 assembled in the graphene nano-cage for the 

sequential metabolism of warfarin. Generally, in human liver, 

warfarin is first mainly converted into 6-hydroxywarfarin (6-OH-

WAR) catalysed by phase I enzyme CYP1A2 with NADPH as  

electron donor, and further reacts with UDP glucuronic acid 

(UDPGA) under phase II enzyme UGT1A10 to form glucuronide 

metabolite (Scheme S 1†).9  In our assemblies, the sequential  

metabolism of warfarin can be electrochemically -driven by  

bienzyme complexes in the graphene nano-cage under the 

aerobic conditions with GCE for electron donation. The related 

electrochemical responses of different assembly systems are 

shown in Fig. 1. In an anaerobic 0.1 M PBS (pH7.4), for the 

enzymes in graphene nano-cage, a pair of stable and well-

defined redox peaks with similar height is observed at -0.539 and 

-0.485 V (vs SCE), respectively (curve a, Fig. 1A), while no redox  

peaks appear for the GCE/GR/CS(UGT1A 10), GCE/GR or  

GCE/GR/CS (curve c-e, Fig. 1B). It  indicates that the response is  

attributed to the quasi-reversible direct electron transfer between 

the heme electroactive site of CYP1A2 and the GCE, i.e., 

CYP1A2 is electrochemically active and has good 

electrochemical stability in the nano-cage (Fig. S5†), while 

UGT1A10 has not electrochemical activity. With an increase of 

scan rate, the anodic and cathodic peak potentials exhibit a small 

shift and the peak currents increase linearly, characteristic of a 

surface-controlled process.10 Based on Laviron’s method,11 the 

electron transfer rate constant (Ks) of CYP1A2 on the modified 

GCE is calculated to be 5.37 s-1 at a scan rate of 0.1 V s-1  (Fig. 

S6†). As a control, when CYP1A2 and UGT1A10 enzymes are 

directly assembled on the bare GCE (GCE/CYP1A2&UGT1A 10)  

or GR modified GCE (GCE/GR/CYP1A2&UGT1A10), rather than 

on the GCE/GR/CS, only very weak redox peaks are observed 

(curve a and b, Fig. 1B), due to the partial denaturation of 

CYP1A2 on the GCE12 and little assembly amount of CYP1A2 on 

the GCE. It further illustrates the biocompatibility of GR/CS with 

rich functional groups. Furthermore, it is worthy of  noting that the 

exact assembly position of enzymes  affect the electron transfer  

between the enzyme and the GCE. When UGT 1A10 is 

assembled on the bottom layer and CYP1A2 on the top layer. 

Although the redox peaks of CYP1A2 also appear, the peak  

currents decrease considerably in comparison with that before 

exchange of the enzyme position (curve b, Fig. 1A). These 

results indicate when immobilized on the bottom layer of 

graphene nano-cage, the electrochemically inert UGT1A10 and 

the increase of the distance between the active center of 

CYP1A2 and GCE profoundly affect the electron transfer  

between CYP1A2 and GCE. Therefore, simply by assembling 

enzymes on the graphene separately before the final cross -

linking, the position of the enzymes in the nano-cage can be 

controlled, making the proposed artificial enzyme complexes  

more flexible for the fundamental studies of cascade multi -

enzymes in vitro. 
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Fig. 1  Ele ctrochem ical  res ponses  of  diffe ren t assemb ly  sys tems. (A) CVs  of  the  

graphene  nano- cage mo difie d GCE  with CYP1A2  in  the  b ottom laye r (a)  o r uppe r 

layer ( b); (B) C Vs of GCE/ CYP1A2&UGT 1A10 (a), GCE/G R/CYP1A2&U GT1A10 (b) ,  

GCE/GR/ CS/ UGT1A10  (c) , GCE/G R/CS (d) ,  GCE/G R  (e) an d GCE/G R/C S/CYP1A2  (f).  

Electrolyte solution: anaerobic 0.1 M PBS (pH 7.4); Scan rate: 0.1 V s
-1

. 

Under the aerobic condition, the addition of warfarin into the 

electrolyte leads to the increase of the reduction peak current of 

CYP1A2 in the nano-cage. The reduction current increases with 

the concentration of warfarin (see steady state CVs in Fig. 2A). 

However, as a control, only a little increase of the reduction 

current is observed for GCE/GR/CYP1A2&UGT1A10 after  

addition of warfarin, which is much smaller than that of CYP1A2 

in the nano-cage (Fig. S7†), indicating the successful  

electrochemically-driven catalytic behaviour of the bienzyme 

complexes  in the nano-cage for  warfarin cascade metabolism.  

Fig. 2B shows the electrocatalytic kinetic responses of the 

enzymes to warfarin in the graphene nano-cages linked by PEGs 

with different chain lengths as a function of the warfarin 

concentration. Fitting the results with the Michaelis -Menten 
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model,13 the calculated apparent Michaelis constant Km  

decreases exponentially with increasing the chain length of PEG 

linkage, and finally reaches a minimum value when the chain 

length of PEG is 2000/2000 (Fig. 2C). Further  increase the chain 

length of PEG, the Km increases on the contrary. It is because 

that, too short chain PEG linkage leads to small confined space 

of the graphene nano-cage, resulting in the conformational  

distortion of the entrapped enzymes. W hile too large long chain 

PEG linkage results in the longer inter-enzyme spacing of the 

nano-cage, easily leading to the diffusion of substrates and 

intermediates into the surrounding milieu. Similarly, as shown in 

Fig. 2 C and D, when the chain length of PEG increases, the 

maximum current Imax, catalytic rate constant kcat and catalytic 

efficiency kcat/Km increase to maximum and then decrease. 

Furthermore, the optimized Km (3.23 μM) here is far  less than 

that of free CYP1A2 in the solution (1.6 mM),14  and the 

corresponding Imax (12.04 μA), k cat (6.23 s-1), and k cat/Km (1.94 μM-

1s-1) are far more than those in the relevant literatures,15  

indicating the enzymes spatially confined in the proposed 

graphene nano-cage has a much superior biocatalytic activity 

and excellent catalytic efficiency to warfarin in comparison with 

those in the free state, which is similar to those studied in 

previous reports.16  This typical confinement effect of enzyme 

affinity and catalytic properties evidently demonstrates that 

control of the chain length of PEG between the upper and lower  

layers of nano-cage can effectively regulate the kinetics of 

enzymes in metabolism of substrates. 
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Fig. 2  Kinetic mec hanism  of  enzymes  in  the gra phene  nano- cage. (A)  Influe nce of  

warfarin co ncen trat ion  (0, 2, 4,  8, 15, 20, 40, 50  μM)  on  ro tating dis k  

vol tammograms  (1000  rpm) of  enzymes in  graphe ne nano-cage; ( B)  Lineweave r-

Burke p lots  of ca talytic  cu rren t of  enz ymes in  the g raphen e nano -cages with  

differe nt PEG chain length lin kage and the conce ntratio n of wa rfarin; ( C)  

Influence of PE G cha in length  on the value  of Km and  Im a x; (D) Influence  of PE G  

chain le ngth on the value of k cat an d k ca t/Km.  Elect ro lyte solution: aero bic 0 .1 M  

PBS (pH 7.4); Scan rate: 0.1 V s
-1

. 

As shown in Fig. S8†, with the increase of the amount of 

ciprofloxacin, an inhibitor  of CYP1A2 for the high affinity toward 

CYP1A2,17 the catalytic peak current of CYP1A2 continuously 

decreases and reaches a relatively stable value as the 

concentration is higher than 100 μM. The IC50 value, a 

concentration of inhibitor producing 50% inhibition, is determined 

as 36.6 μM, which is lower  than those reported in the literature 

ranging from 135 to 300 μM ,18 further indicating the enzymes  

spatially confined in the graphene nano-cage retain their  

bioactivity. 

To confirm the electrochemically-driven cascade metabolic 

process of warfarin, the enzymes in graphene nano-cage 

modified GCE was electrolyzed at -0.54 V (vs SCE) in the 

presence of 100 μM warfarin under aerobic conditions for 1 h. 

After that, the warfarin metabolites were analysed by LC-MS/MS. 

As a control, the warfarin metabolites in graphene nano-cage 

only containing CYP1A2 were also analysed. It is found before 

the electrolysis, the liquid chromatogram of pure warfarin shows  

a sharp peak at 7.577 min (Fig. S9A†). At the CYP1A2-graphene 

nano-cage modified GCE, after electrolysis, one more peak at 

6.812 min is observed (Fig. S9B†).When the electrolysis is 

carried out at graphene nano-cage containing both CYP1A2 and 

UGT1A10 bienzymes, a new peak at 5.725 min appears (Fig. 

S9C†). The cascade metabolic process of warfarin was  also 

confirmed by electrospray ionization-mass spectrometry (ESI-

MS). Before the electrolysis, only the peaks at 251.2, 163.1, 

147.0 m/z corresponding to molecular ion of warfarin and its  

fragment ions were observed (Fig. S9D†). After phase I enzyme 

warfarin metabolism by CYP1A2, the peaks of 325.4 and 267.3 

m/z appear (Fig. S9E†), which illustrates the formation of phase I 

metabolite, 6-OH-WAR. When the bienzyme complexes  were 

assembled in graphene nano-cage, and further used for cascade 

metabolism of warfarin, three new peaks at 501.4, 443.2 and 

355.1 m/z are observed (Fig. S 9F†), which are attributed to the 

6-OH-WAR glucuronide ion and its fragment ions.  All these 

results demonstrate that the successful construction of bienzyme 

complexes in the graphene nano-cage to undertake similar drug 

cascade metabolic process  in vivo by a n electrochemically-

driven way. It holds great potential for mimicking the multi -

enzymes  metabolism in vivo, and intervening metabolic 

processes. 

For verify the importance and indispensability of the graphene 

nano-cage in construction of the bienzyme complexes, as a 

control, the metabolism of warfarin catalysed by a specific 

assembly system of GCE/GR/CS/CYP1A2-PEG-UGT1A10, 

UGT1A10 was  covalent anchored at the PEG chain without the 

upper layer of GR/CS, was studied by the electrochemically 

driven way. The analytical results of LC-MS/MS show that only  

phase I metabolite 6-hydroxywarfarin appears, while no phase II 

metabolite 6-hydroxywarfarin glucuronide in the electrolyte 

solution was detected. The possible reason is that, the substrate 

warfarin is firstly catalysed by CYP1A2 to form an intermediate 6-

hydroxywarfarin. However, because of the relatively open 

environment of the specific assembly system, the intermediate 

cannot effectively reach the active sites of UGT1A10, but mostly  

diffuse into the surrounding solution, resulting in negligible phase 
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II metabolite. It further illustrates the bienzyme complexes  

spatially confined graphene nano-cage can limit the intermediate 

diffusing into the surrounding milieu, thus ensuring the formation 

of the substrate channeling of warfarin. 

In summary, a novel interlayer-distance controllable graphene 

nano-cage for constructing enzyme complexes by respective 

assembling of phase I CYP1A2 and phase II UGT1A10 in the 

bottom and top layer of the nano-cage has been successfully 

fabricated. The immobilized CYP1A2 on the bottom layer of 

graphene nano-cage remained bioactivitity to catalyse the 

metabolism of warfarin via an electrochemically-driven way. 

When phase II enzyme UGT1A10 is assembled further on the 

upper layer of the nano-cage, it can capture the intermediate by  

phase I enzyme CYP1A2, carrying out phase II enzyme 

metabolism, thus ensuring the formation of the substrate 

channeling of warfarin. Such metabolic pathway has the same 

function like that in vivo and the metabolic efficiency of the 

bienzyme complexes is significantly improved. Simultaneously, 

the enzymatic activity to warfarin cascade metabolism can be 

effectively regulated by changing the interlayer spacing of the 

graphene nano-cage, i.e. the chain length of PEG linkage 

between the upper and bottom layer of the nano-cage; the 

electron transfer properties of enzymes can also be manipulated 

by assembling enzymes in the specific positions of the nano-

cage. Such interesting graphene nano-cage containing multiple 

enzymes can offer us a promising platform for studying the 

mechanisms of enzyme complexes formation and the function of 

enzyme complexes in metabolic process in vi tro. 
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