
Research Objective 
 

In recent years, the quest for alternative sources that can autonomously power bioMEMS devices, especially those geared for in vivo applications, such as monitoring and drug delivery, has been the focus of research by scientists and engineers as new power sources will prove 

critical for the advancement of the field. Current batteries are still less than optimal and often have drawbacks related to safety, reliability and scalability. An ideal power source for implantable devices should take advantage of natural compounds present in the body of an individual and 

use them as fuel to produce power in a continuous and reproducible manner, as long as the patient’s physiological functions remain steady. Biofuel cells, which are capable of converting biochemical energy into electrical energy, have been deemed as a potential solution to the 

drawbacks presented by conventional batteries, but the power density and operational lifetime requirements for implanted devices have not been met yet. To that end, we propose to integrate genetically engineered catalytic proteins and carbon-based 3 dimensional (3D) 

MEMS/NEMS structures to create new biofuel cells. The biofuel cell electrode surfaces, especially fractal electrode array, presents significantly increased surface area as compared to traditional architecture, increasing the biocatalyst loading capacity considerably for high power 

throughput. The Finite Element Analysis simulation helps to optimize the enzymatic biofuel cell (EBFC) design. 
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Fig. 1 Reaction Mechanism of EBFC 

Design of C-MEMS Based Enzymatic Biofuel Cell 

Highly dense 3-D micro-electrodes arrays 

produce higher power density due to larger 

surface per footprint area compared to 2-D 

thin films electrodes. 

Applications: 

To supply power to the active implantable 

medical devices: 

Pacemakers, 

Cochlear implants, 

Neuron stimulators,  

Left ventricular assist device 

Defibrillators, 

Insulin pumps, 

Drug delivery pump, 

 

Fig. 2 Schematic diagram of EBFC chip 
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Structure & Applications 

Power requirement of these devices are in the range of 50 µW to 30 mW. 
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  C-MEMS Fabrication Process               

Fig. 3 Fabrication procedure of an EBFC 

electrodes 
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Fig. 4 Fabricated CMEMS electrodes: (a, b) – 

before pyrolysis, (c) – after pyrolysis 

1 University of California, Irvine; 2 Florida International University 

Mediated Electron Transfer: Battery Bioanode 

Fig. 7 Schematics of Hydroquinone mediator and GOx immobilization. Peaks on 

Cyclic Voltammogram indicate activity of GOx in the presence of mediator in 

deoxygenated solution.  
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Computational Results 

Fig. 11. Reaction rate from bottom to top of electrode at different height and well width 
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Conclusions and Future Work 

From computational results, we have derived the relationship between reaction 

activity of immobilized enzyme on the surface and the dimensions, relative to the 

placement of electrodes. The reaction rate is decreased from the top to the 

bottom of the electrode due to the diffusion. 

It is concluded that electrode geometry is optimized when the well width is half 

the height of electrodes. 

From cyclic voltammogram and XPS  results it was concluded that the 

functional groups were grafted on the electrode surface. 

Future works include creation of the functional biofuel cell prototype 

Performance of a 3-D C-MEMS (Carbon MicroElectroMechanical System) based enzymatic 

biofuel cells (EBFC) is optimized by using the COMSOL 3.4 Multiphysics software. Various 2-D 

models of the EBFCs have been simulated in order to: 1) analyze diffusion phenomenon of glucose 

around micro-electrodes by considering the effect of velocity and pressure of glucose flow inside a 

blood artery due to heart pumping, 2) inspect potential and current density distribution 

throughout the depth of electrodes, 3) derive the design rule based on a relationship between 

dimensions of electrodes and output potential, 4) investigate the effect of current density, electric 

field and resistive heating at electrode surfaces for various electrode geometries. 

Michaelis-Menten enzyme kinetics 

In the typical enzyme process, there is an initial 

reaction between the enzyme E and substrate S 

called substrate binding to form the enzyme–

substrate complex ES. Next enzymatic step is a 

typically one rate determining enzymatic step 

with a rate constant k2.  

Vmax is the enzyme's maximum rate  

[S] is concentration of substrate 

KM is Michaelis-Menten constant 
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Fig. 10 100mM NH2 and NO2 nitrogen narrow peak;  Broad 

scan of functionalized and unfunctionalized surface. 

Fig. 9 Electrochemical reduction of 

electrode surface  

Fig. 8 Schematic diagram of diazonium functionalization and immobilization  

Fig. 12  Subdomain plot of anode reaction rate; reaction rates from the whole surface of 

electrode. Left side is anode and right side is cathode  

Most glucose reacts at the top of the electrode while the reaction near the bottom electrode surface is a 

diffusion-limited process; thus, the reaction rate decreases from top to bottom of the electrodes. The 

reaction rate at the enzyme layer increases with the distance between the electrodes. The difference in the 

reaction rates between the enzymes located at the bottom and the top of the electrodes is also reduced  

when the distance between the electrodes increases. 

The potential for the 

reduction of NO2 to NH2 

is -1.05V for all the 

diazonium concentrations 

and the peak current is 

highest as -0.40mA when 

the concentration of 

diazonium salt is 80mM.  

Electrospinning Fabrication Process 

Preparation of porous carbon nanofibers was done by first electrospinning a blend of PAN-PMMA in different ratios wherein PMMA 

phase was used as a sacrificial polymer for generation of pores. Thick nanofiber mats were obtained by electrospinning multiple layers 

of nanofibers on top of each other. PAN Nanofibers were electrospun on carbon posts prepared using CMEMS fabrication technique. 

The nanofibers were found to cluster on the posts due to the high concentration of the electric field there. This scheme allows to 

generate a hierarchical fractal branching electrode structures. 

 

SU8-50 resist was doped with catalyst 

particles to create nucleation sites on the 

microposts for the growth of carbon 

nanotubes. The growth of the carbon 

nanotubes on CMEMS electrode posts (work 

done in collaboration with IIT Kharagpur) 

allows us to introduce a branching pattern to 

the 3D electrode  similar to a tree-like 

pattern. Such a branching geometry is in line 

with nature’s way to reducing energy losses 

mathematically defined by a fractal form of 

geometry (Park, B.Y., et al.) 

Carbon Nanotube based branched CMEMS electrode  

Figure 5. SEM images of (a) the catalyst 

doped CMEMS electrode before CVD and 

(b) after CVD with carbon nanotube 

growth; (c) and (d) Close up images of 

carbon nanotubes 
Figure 6. SEM images of PAN: PMMA nanofibers in the ratio 9:1 (left) and carbon nanofibers obtained from pyrolysis of 

PAN: PMMA nanofibers (center); a multiscale CMEMS electrode with PAN nanofiber based branching structure (Right) 

 

Dihydroxy Benzaldehyde (a Hydroquinone) was used as  

the mediator molecule and was successfully immobilized 

using Plasma treatment and EDC chemistry. EDOA 

(Ethylene Dioxide Amine) was used as a linker molecule 

to provide the mediator with the necessary flexibility 

required to shuttle electrons between the electrode and 

the enzyme active site.  

 

The bioanode was tested in the absence of oxygen to 

demonstrate electron transfer (in the absence of oxygen 

which otherwise becomes a  competing reaction. 

Electrochemical Functionalization 
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