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Abstract

Hybrid Biological-Solid-State Systems:

Powering an Integrated Circuit from ATP

Jared Marc Roseman

This thesis presents a novel hybrid biological solid-state system which makes use of

biological components in an in-vitro environment to produce functionality incapable

by CMOS circuits alone. A “biocell” comprised of lipids and ion pumps is mated to

a CMOS IC in a compact configuration and the IC is powered solely from adenosine

triphosphate (ATP), often referred to as the ‘life energy currency.’ The biocell is a

fuel cell that produces a membrane potential in the presence of ATP which is used

by the IC as an electrical power supply. The design represents the first of a new

class of devices combining both biological and solid-state components, which exploit

the unique properties of transmembrane proteins in engineered solid-state systems.

This work also suggests that the richness of function of biological ion channels and

pumps, functionality that is impossible to achieve in CMOS alone, may be exploited

in systems that combine engineered transmembrane proteins as biological components

integrated with solid-state devices.
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Chapter 1

Introduction

Nature has long been regarded as the finest of engineers. With billions of years of

experience, we find uniquely creative and efficiently designed systems all around us.

Of these, biological systems rank among the highest. Evolution of living systems

has given rise to complex systems in nature, capable of harvesting energy from the

environment, self-repair and regeneration, and an ability to sense the environment

(e.g. presence of molecules [1], temperature [2], pH [3], voltage [4] and mechanical

forces [5]). On a much shorter time scale, man-made silicon integrated circuits (ICs)

based on complementary metal-oxide-semiconductor (CMOS) technology, have also

undergone a tremendous evolution over the last 50 years. CMOS ICs form the ba-

sis for complex electronic systems with more than 10 billion transistors in a single

chip. Composed of dielectrics, semiconductors, and metals, these systems are used

extensively for communication and computation applications and represent the most

complex engineered systems ever created. Despite this success, transformative de-

velopments and relevance of CMOS semiconductor technology will depend on new

applications and new materials that reach beyond traditional communications and

computation applications and beyond solid-state materials.

Solid-state devices use electrons to store and transport charge. Charge is stored
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across dielectric membranes and is transported through metals. Semiconductors func-

tion as switches in the form of transistors and are turned on and off (gated) by voltage

(or charge). Living systems also offer electronic devices in the form of lipid bilayer

membranes, which act as capacitors, storing charge as ionic gradients across these

membranes. Proteins that permeate these membranes (transmembrane proteins) act

as switches (analogous to electronic transistors) and control ion transport across the

membrane.

Owing to the similarities between these system and a desire to bring the func-

tionality of each system to the other, electrical engineers and biologists often look

to each other for inspiration. When electrical engineers look at biological systems,

“biomimetics,” a field in microelectronics that has long aspired to mimic biological

systems with solid-state devices, is usually the result. One prominent example is neu-

romorphic computing, which attempts to imitate neural circuits in lieu of traditional

Von Neumann computers [6, 7]. However, despite 40 years of efforts, including the

Fifth Generation computing project in Japan in the 1980s, results have been modest

at best because of fundamental differences that arise when systems are translated

from “biochemical technologies” to solid-state ones. We do not “make airplanes that

flap their wings” is a common metaphor for the challenges faced by biomimetic efforts.

When biologists look to electrical engineers, in particular, integrated circuit

designers, they see the capability to design complex systems with tens of billions

of engineered components through the almost flawless use of abstraction to manage

complexity. The burgeoning field of synthetic biology seeks to build multi-component

systems with functions beyond those found in nature through a combination of ra-

tional design and directed evolution [8, 9]. Synthetic biologists, who hope to create

new living systems not created by evolution and who often model these systems with

circuit abstractions [10], turn to abstractions used in modeling electronics in the form
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of BioBricks [11] in which ”data sheets” are created for biological components that

can be interconnected like IP blocks on a SoC. The results are living systems, which

require the functioning of many components for viability. The challenge in creating

these systems is that the scientific knowledge of the biological system is incomplete,

and the complexity of biological systems generally thwarts such simple efforts at ab-

stractions and this electronics-driven approach has seen only limited utility.

The limited success of both synthetic biology and biomimetics suggests that

despite their similarities, there exist fundamental differences electronic systems and

biological systems. Ion channels use ions in an aqueous solution as the charge carriers

while solid-state transistors use electrons (or holes) in a solid-state crystal. The

electrophoretic mobility of aqueous ions (e.g. at room temperature potassium ions

have µK+ ≈ 7×10−4 cm2V −1s−1 can be orders of magnitude slower than the mobility

of electrons in solid-state materials µe− ≈ 1400 cm2V −1s−1 .

As a result, electronic systems can switch electrons at speeds more than eight

orders of magnitude faster than can be achieved with ion channels in living systems.

Electronic devices can deliver switching performance well into the 100s of GHz, while

ion channels are relegated to kHz switching dynamics. In terms of the mechanisms,

solid-state transistors switch by raising and lowering an electrostatic barrier, blocking

parts of a thermal distribution of electrons, resulting in a subthreshold slope for the

resulting switch of no better than 60 mV/decade, a fundamental property of MOS

transistors. The subthreshold slope indicates that a 60 mV change in the electrostatic

barrier (though the action of the gate) results in an order of magnitude change in the

current.

Ion channels instead switch by a mechanical conformation in the channel pro-

tein, which blocks the flow of ions. Switching is no longer governed by the subthresh-

old slope of MOS transistors and voltage-gated sodium ion-channels, for example, can
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switch with subthreshold slopes of better than 5 mV/decade [12]. A typical mem-

brane voltage of -70 mV, found in neurons, can cause a conductance change of greater

than 14 orders of magnitude while only causing a conductance change in MOS tran-

sistors of just over one order of magnitude. Owing to the subthreshold slope, CMOS

circuits generally require a minimum voltage of two to three times higher than typical

membrane voltages or 150-200 mV.

Fundamental differences in component technologies, such as those described,

are at the heart of the difficulties associated with both biomimetics and synthetic

biology. That is, the functionality of each system is ill-tuned to the component tech-

nologies of the other. Solid-state circuits have evolved over the last fifty years to

produce remarkably high gains and impressive signal-to-noise performance far ex-

ceeding those of analogous biological systems. However, functionality like the senses

of taste and smell and the exploitation of biochemical energy sources are nearly im-

possible tasks for solid-state circuits and yet they are accomplished elegantly and

regularly by living cells millions of times per day.

In order to preserve the capabilities of each system and bring the functional-

ity of both systems together, the research in this thesis is aimed at creating hybrid

engineered integrated systems that can take full advantage of both solid-state and

biological components, exploiting the unique advantages of each. The engineered in-

teraction of the heterogeneous biological with the simple, but massively integrable and

robust, solid-state enables new capabilities not possible with either material system

alone.

The following thesis describes the design of a hybrid system based on this

principle, which brings together individual components of biology with a man-made

solid-state circuit. Lipids and proteins, ubiquitous to all living systems, form the

basis of a “biocell” which is mechanically and electrically coupled to the surface of a
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CMOS integrated circuit, or microchip. The biocell is a fuel cell which converts the

stored chemical energy in adenosine triphosphate (ATP), often referred to as “the life

energy currency” into electrical energy in sufficient quantities to provide the energy

required to power up the IC.

1.1 Thesis outline

Chapter 2 reviews the background necessary to work with and design an in-vitro

system composed of lipids and transmembrane proteins. A comprehensive review of

electrochemical membrane potential is provided along with a derivation of the total

energy of thermodynamic systems based on electrochemical membrane potentials.

Chapter 3 presents the complete design biocell. Various topologies that were

explored as part of the journey to the final design are described and characterized.

Data that conclusively shows that the biocell is producing electrical power is presented

and analyzed.

Chapter 4 presents the design of an ultra low-power, low-voltage CMOS IC

for use with the biocell. Various design strategies that were employed to design an

on-chip power converter with self-startup capability from 145 mV are presented.

Chapter 5 presents the complete hybrid biological solid-state system. Also

included in this chapter, is a novel circuit model for ion pumps that not only predicts

the currents and voltages of the entire system, but also accurately accounts for both

aspects of the elecrochemical energy released by the hydrolysis reaction of ATP.

Chapter 6 summarizes the original contributions this body of work has made to

the fields of electrophysiology, ATPase modeling and demonstration of an IC powered

solely from ATP.
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Chapter 2

Background and review

2.1 Introduction

The need for energy is universally shared by all living organisms and advances in

the study of biology have produced unquestionable proof that evolution has expertly

designed capabilities to provide for this need. The ability to utilize and respond

to different forms of energy including light, mechanical, chemical and electrical can

be found at the cellular level of all organisms in membranes that bound cell or-

ganelles and/or plasma membranes that bound whole cells. Taking various forms,

this functionality can be found in the simple prokaryotic cells such as the archaea

Halobacterium salinarum that can utilize light as a primary energy source [13, 14]

all the way to the most complex eukaryotes that can extract chemical energy from

complex molecules [15].

2.2 The Energetics of Life

The energetics of living systems are based on electrochemical membrane potentials

(ECMPs) that are present in cell plasma membranes, the inner membrane of mito-
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chondria, the thykaloid membrane of chloroplasts and others [16]. ECMPs appear

due to imbalances of charge carrying ions and small molecules across the membrane.

These imbalances take two related forms: concentration gradients, which produce

chemical potentials, and charge separation which produce electrical potentials. That

they are related stems from the fact that either one can and typically does influence

the other.

Biological membranes are made of ion impermeable lipid bilayers which provide

a chemical and electrical seal between the intracellular (cytoplasmic) and extracellular

fluids. Lipid bilayer membranes (BLMs) act in a manner similar to electronic capac-

itors storing the charge associated with ECMPs. Transmembrane proteins (most

notably ion channels and pumps) which span these membranes, act in a manner

similar to semiconductor transistors, controlling ion transport across the membrane.

Understanding the diverse and central role of ion-channel proteins in cellular

sensing, signaling and energetics has been an important area of research for many

decades, and ion channels remain a major target for drug discovery [17, 18]. By

controlling ion flow, ion channels can harvest energy from and respond to the envi-

ronment, including detection of small molecules [1], temperature [2], pH [3], electric

fields [4], and mechanical forces [19].

2.3 Ion Pumps

Ion pumps are responsible for establishing and maintaining ECMPs in living systems.

Ion pumps can take on different fundamental structures, however they all use some

form of energy to pump ions against a concentration gradient. Some examples include

redox potential-driven pumps (e.g. coupling sites in the respiratory chain), light-

driven pumps (e.g. bacteriorhodopsin), or bond-energy-driven pumps (e.g. ATPases).

Ion pumps which produce a net charge change across the membrane as part of
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the ion transport function are known as electrogenic. Possibly the most well known of

all the ion pumps is the sodium-potassium pump, or Na+/K+-ATPase. The sodium-

potassium pump, which is energized by phosphorylation resulting from the hydrolysis

reaction of ATP, pumps three Na+ ions from the the cell cytoplasm to the extracellular

matrix (efflux) and two K+ ions in the reverse direction (infux). The net change in

charge across the membrane is a loss of 1 q (where q is the elementary charge) as

measured intracellularly. As a counter example Na+/H+-ATPases, frequently referred

to as Na+/H+-exchangers, are not electrogenic because although an ionic exchange

has taken place across the membrane, there is no net change in charge across the

membrane.

2.4 Electrophysiology and Characterization of Ion

Channels and Pumps

Direct electrical characterization of transmembrane proteins including both ion chan-

nels and pumps is typically performed using patch-clamp techniques [20, 21]. By

direct, I am referring only to electrical measurements and excluding inferred electri-

cal characterization by way of fluorescence techniques (e.g. voltage sensitive dyes). A

curious observation can be made concerning the difference in available electrophysi-

olgical experimental data between ion channels and ion pumps. That is, the former

far exceeds the latter. This is particularly intriguing considering that the discovery of

the sodium-potassium pump (1950s) exceedingly predates modern patchclamp tech-

niques (developed in the late 1970s). The issue is made even more curious when the

importance of the sodium-potassium pump is brought to light, as evidenced by the

awarding of the Nobel Price in 1997 to its discoverer, Jens Christian Skou.

A second observation is that even amongst the published experimental data
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concerning electrophysiogical characterization of the ion pumps, it is glaringly obvious

that there is a clear lack of voltage data (as compared to its electrical dual of current).

This issue is compounded ever further when limiting the scope to characterization of

ion pumps in in-vitro membranes.

One possible explanation for this is the fact that ion pump currents are, in

general, 1000s of times smaller that those of similarly sized ion channels [22]. For the

sodium-potassium pump used in this work, the ATP turnover rate, kATP , is approx-

imately 100 hydrolysis events per second. With one net charge transported across

the membrane per hydrolysis event, this translates to a current of approximately 16

aA. To convert this current into a voltage of 10 mV (which is reasonable in light of

the noise sources of electrophysiology experimental setups) would require a resistance

of 6.25× 1014 Ω. Even if embedded into a bilayer of infinite resistance, this cur-

rent would still be undetectable due to electronic amplifier limitations such as input

resistance and input bias currents. As a comparison even the best CMOS opamps

designed for low current measurements have input resistances on the order 1× 1012

Ω and input bias currents around 1 fA (e.g. Texas Instruments LMC6041).

A seemingly obvious solution then, is to attempt to make ensemble measure-

ments consisting of hundreds of thousands of pumps operating simultaneously by

patching membranes with active pumps using large micro-pipette needles. This, how-

ever, brings about an entirely new set of challenges. Larger patches directly result in

lower membrane resistances. Additionally, native ion channels which present as low-

resistance leakage paths must be suppressed. This approach was used to produce I-V

sweeps of Na+/K+-ATPase pump currents under varying Na+ and K+ concentrations

in [23–25] among others. In all of these experiments, various molecules were added

to the patch pipette solution to neutralize the active ion channels.

An alternative approach is to make use of in-vitro lipid bilayers, acting as artifi-
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cial membranes, in which the lipid composition is well known and the pumps could be

incorporated without associated ion channels. This platform has already been shown

to produce some of the fastest low-noise single-moleule ion channel measurements as

of this writing [26]. When applying this approach to ion pumps, we find that like

patch-clamping, it is also riddled with problems. Two of which are the difficulty in

incorporating transmembrane proteins in large enough numbers to perform meaning-

ful measurements, and that the stability of the bilayers decreases dramatically with

increasing number of embedded ATPases.

One final point regarding ion pump current and voltage characterization is that

despite its treatment in hundreds of textbooks and online class notes, some of the

details of ECMPs as applied to biological systems are obscured by the approximation

of the Nernst potential as an independent infinite energy voltage source. An attempt

to add some clarity to the issue is made in section 2.6.

2.5 Harnessing Naturally Occurring Membrane Po-

tentials

Recently there have been some attempts at bringing together these two systems. In

2010, Himes, et. al. observed that “complex patterns of electrical potential differences

exist across the structure of a tree” [27]. By inserting steel nails into the trunk of a

Bigleaf Maple tree, they were able to access potentials on the order of 100 mV, which

provided sufficient voltage and power to operate a custom integrated circuit (IC).

These potentials are presumably the result of ECMPs that naturally appear across

the membranes of plant cells.

Animal cells (snails) also have also been exploited to produce voltages at mag-

nitudes exceeding 0.5 V reported by Halamkova, et. al. in 2012 [28]. In this work,
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biocatalytic electrodes were implanted in a snail. They demonstrated that the snail

was able to regenerate glucose that was consumed by the electrodes to produce a

sustainable electrical energy source. Although no attempt was made to utilize this

power source, it was characterized and noted that the ”electrified” snail was able to

produce sustainable power exceeded 7.5 µW at 530 mV.

A more direct approach at energy extraction from animal cells was taken by

Mercier, et. al. [29], who powered up a microchip from the naturally occurring en-

docochlear potential of a guinea pig. At approximately 30-55 mV, extraction of 1.1 -

6.3 nW of power was demonstrated. This power was harvested and used to turn on

an RF transmitter.

All three of these approaches employed living systems or whole cells as a power

source. This research is focused on isolating the energetics of these systems, at the

component level in an in-vitro environment to produce a compact hybrid system.

2.6 Electrochemical Membrane Potential

The importance of the electrochemical membrane potential cannot be overstated.

The ECMP is at the heart of the energetics and signaling of all living organisms. The

ECMP is a direct result of imbalances of charge, with the chemical potential arises

from concentration gradients and the electric potential from charge separation.

For any thermodynamic system in thermal and diffusive contact, the total

chemical potential ∆µ, is the sum of the internal and external chemical potentials.

∆µ = ∆µint + ∆µext. (2.1)

In electrochemical systems, the electric potential, ∆V , appears as part of the external

chemical potential.
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2.6.1 The Units of Chemical and Electric Potential

Significant confusion can arise in electrochemical systems due to differences in the

definition of the word potential with respect to chemical and electric systems. As

shown below, chemical potential is a ‘true potential energy’ [30] having units of Joules.

This comes from the definition of chemical potential which is the partial derivative of

energy of the system with respect to either a single particle or a mole of that particle.

Since the particles have no units associated with them, the chemical potential and

the energy both have units of Joules.

This confusion is not found in electrostatic systems because we are only con-

cerned with particles that have charge (with a well defined unit, coulombs). From a

physics perspective the electric potential is the amount of electric potential energy

that a unitary point electric charge would have if located at any point of space, and

is equal to the work done by an electric field in carrying a unit positive charge from

infinity to that point. Like the chemical potential, an electric potential is also a true

potential energy, however the intrinsic reference to charge (with units of coulombs)

gives rise to a new unit of electric potential, volts, which differs from the unit of

energy, Joules.

A second source of confusion stems from the fact that it is mathematically

convenient to talk about the energy or potential of either system alone, despite the

fact that it has no physical meaning. In most treatments, the implicit reference, or

point of zero potential energy, is the point of zero energy of a free particle, which is

defined as equal to the zero of the kinetic energy [30]. Owing to this, and that we are

only concerned properties of membrane based systems that have physical signficance,

we shall only refer to differences in chemical potential, ∆µ.

For the remainder of this section we shall consider a closed thermodynamic

system in thermal equilibrium consisting of two chambers (Figure 2.1), with chamber
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1© having N1 particles and chamber 2© having N2 of the same particle separated by

a membrane. To keep the analysis simple, the volumes, v of the chambers are equal.

The concentration of particles in chamber i©, Ci, is given by Ni/v. In this example

we use a planar membrane to separate the two compartments for clarity, however

the analysis applies equally well to a spherical membrane in which one compartment

exists inside the other. A gated opening in the membrane allows the exchange of

particles between the system (diffusive contact).

1 2

~~

volume = v
concentration = C

1

volume = v
concentration = C

2

Figure 2.1: Illustration of chemical concentration gradient.

2.6.2 Internal Chemical Potential

The total free energy of the system in 2.1, U , is generally taken to be the Helmholtz

free energy, however it can take on other forms by disallowing various types of work

that can be performed by the system. If we disallow mechanical work, ∆U becomes

∆G, the Gibbs free energy and ∆G is the total energy of the system. The total
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chemical potential, ∆µ is defined as

∆µ =
∂∆G

∂N
= kBT ln

(
C1

C2

)
(2.2)

where kB is Boltzmann’s constant (kB = R/NA, where R is the ideal gas constant,

NA is Avagadro’s number), and T is the temperature in Kelvin. The derivation of

the right hand side of eqn. 2.2 is a complicated function of the partition functions of

the system and quantum concentration and is omitted for brevity, but can be found

in any statistical mechanics textbook.

Since we are concerned with biological membranes in which the chambers are

filled with aqueous salt solutions, we can restrict that the particles in question are

charged ions, see Figure 2.2, which contains NaCl in different concentration in 1© and

2©. For species i, either Na+ or Cl−, the definition of equation 2.2 still applies, and

we can identify the chemical potential for each species i individually.

∆µint,i = kBT ln

(
Ci,1
Ci,2

)
(2.3)

The total internal chemical potential ∆µint,total is the sum of the internal chem-

ical potential of both species

∆µint,total =
∑
i

∆µint,i. (2.4)

2.6.3 Electric Potential

The electric potential, ∆V also comes about due to the presence of charged ions,

however it is differs from ∆µint in that it is a result of the separation of opposite

polarity charges which produces an electric field, E.
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Figure 2.2: (a) Illustration of NaCl concentration gradient. (b) Electrical circuit
model after Na+ circuit has found thermodynamic equilibrium.



16

Note: The electric potential is defined as the amount of electric

potential energy that a unitary point electric charge would have

if located at any point in space, and is equal to the work done

by E in carrying a unit positive charge from infinity to that

point. Thus, it is analogous to the chemical potential in that

it can be defined without reference, and like chemical potential

this definition has no physical significance. Therefore we are

only concerned with the potential difference, ∆V of the system.

If in the system of Figure 2.2, the pore is closed and the chambers are filled

with NaCl at concentrations C1 and C2, the system is electrically neutral and there

is no electric potential, even though there is a non-zero ∆µint as a result of the

concentration gradients of Na+ and K+. By opening the ion-selective Na+-pore (which

allows only sodium ions to pass and puts the chambers into diffusive contact), we can

establish the conditions under which the chemical potential gives rise to an electrical

potential.

When the pore is opened, sodium ions begin to diffuse from chamber C1, to

chamber C2. This diffusive flow of ions down their chemical concentration gradient

produces an electrical current owing to the fact that each Na+ ion carries with it a

charge of 1 q. The diffusion of ions (electric current) is proportional to the size of the

pore. If we define the pore to be a hollow cylinder, the flow of ions is proportional

to A/d, where A is the surface area of the opening and d is the thickness, as derived

from Fick’s law. Since the membrane is only permeable to Na+ ions, Cl− ions are

left behind. The separation of opposite polarity charged ions gives rise to an electric

field. We can calculate the electric potential associated with this field, by reasonably
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assuming that the membrane is sufficiently uniform and can be modeled as a simple

two-plate capacitor, with capacitance Cm given by

Cm = εrε0
A

d
(2.5)

where εr is the relative static permittivity, ε0 is the dielectric constant, Am is the

total surface area of the membrane and d is the thickness of the membrane. The

voltage V across the membrane is then given by V = Q/C where Q is the total

charge in coulombs (+Q on one side and −Q on the other). As sodium ions continue

to diffuse across the membrane, the membrane capacitance charges up and a voltage

develops across the membrane. The voltage continues to grow, however this process

does not continue indefinitely. The voltage across the membrane, with chamber 2©

positive, induces a flow of sodium ions back across the membrane. This flow is also

an electric current as each Na+ ion carries electric charge with it. When the diffusive

current is equal and opposite to the current induces by the developing electric field,

the membrane voltage stabilizes and the system reaches equilibrium.

This can also be seen thermodynamically where the thermodynamic equilib-

rium is reached when the total chemical potential is zero, or

∆µint + ∆µext = 0, (2.6)

or when

∆µint = −∆µext. (2.7)

Applying (2.4) to the sodium ions in the system, we find

∆µint = kBT ln

(
[Na+]1
[Na+]2

)
(2.8)

Applying (2.7)

kBT ln

(
[Na+]1
[Na+]2

)
= −q∆V (2.9)



18

which gives us the electric potential

∆V =
kBT

q
ln

(
[Na+]2
[Na+]1

)
(2.10)

The Cl− ionic concentration does not appear in equation 2.10 because it there

is no diffusive path between for Cl− between the chambers. The presence of negative

ions is however, necessary to provide the negative charge at the membrane in chamber

1©. It is worthwhile to note that the current that results from the developing electric

potential is also proportional to A/d which makes the equation 2.10 valid for any pore

size provided the conditions of diffusion as required by Fick’s law are met.

Once the Nernst potential has developed, the system is in thermodynamic equi-

librium, ∆µint = −∆µext and there is no net ionic flow between the two chambers.

Nevertheless, given a non-zero ∆µext, the system can be configured to do thermody-

namic electric work.

The electric potential is typically modeled by a voltage source 2.2(b) and a

series resistance Rx which represents the permeability or electrical conductivity of

sodium ions through the pore. The membrane capacitance Cm is modeled by an

electrical capacitor with capacitance as defined in 2.5 in parallel with the Thevenin

”Nernst” source.

We now bring to light a critical assumption that was made in the above anal-

ysis of the electric potential.

Assumption 1: The change in ionic concentration before and

after the pore is opened is negligible.

This can be seen in 2.10 as only the initial concentrations of the system are

considered, even though there has been a net change in the total number of ions in
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Figure 2.3: Illustration of system with two ionic species NaCl and KCl.

each chamber. The validity of this assumption can be verified via a simple numerical

calculation using a typical cell volume and cell surface area. A major problem with

this assumption, however, arises in systems which contain two separate ionic species

in diffusive contact.

2.7 ECMP of Systems With Two Ionic Species

In this example, depicted in Figure 2.3, we shall use NaCl and KCl in concentrations

found in a squid axon neuron shown in Table 2.1 [31].
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1© (Intracellular) 2© (Extracellular) VNernst

Na+ 50 mM 440 mM -75.5 mV

K+ 400 mM 20 mM 54.8 mV

Cl– 40 mM 560 mM -66.5 mV

Table 2.1: Intracellular and extracellular sodium, potassium and chlorine ionic con-
centrations in a squid axon neuron.

The membrane is made permeable to both sodium and potassium ions with

different relative permeabilities by the inclusion of ion channels of different sizes.

The Nernst potentials of both the sodium and potassium ions are modeled

by Thevenin sources in parallel with each other and the membrane capacitance is

modeled by capacitor Cm. The Nernst potentials can be calculated independently

provided the concentrations are small enough to prevent electrostatic interactions as

given by the debye length. The submolar concentrations of NaCl and KCl in this

example are far below this critical level. The overall membrane voltage can be found

by taking the superposition of each of these sources.

Vm =
RNa+

RNa+ + (RK+||RCl−)
VNa++

RK+

RK+ + (RNa+||RCl−)
VK++

RCl−

RCl− + (RNa+ ||RK+)
VCl−

(2.11)

Alternatively, the Goldman equation, which employs the relative permeability of each

ion can be used to produce the same result.

Although the system has found a stable operating point, it is not in ther-

modynamic equilibrium. The composite membrane potential is different from the

individual Nernst sources VNa+ , VK+ and VCl− , and a net current flows through each

branch.

On short time scales, for typical physiological sizes and species concentrations,
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Figure 2.4: N+/K+-ATPases current sources.

we have already shown that infinite energy voltage sources based on initial species

concentration are a reasonable approximation. However, in contrast to systems con-

taining only one permeable ion which find a point of thermodynamic equilibrium, the

system described here has a net current flow. Over time, the electrolyte concentration

gradient will become depleted.

In the squid axon neuron that this example was based on, these concentrations

are restored/maintained by N+/K+-ATPases that utilize ATP as an energy source to

pump both N+ and K+ ions against the ECMP. Of note, is that while N+ ions are

pumped against both a chemical and electric potential, K+ ions are pumped against

a chemical potential, but fall down the electric potential.

2.7.1 Impact of Electrogenic Ion Pump on Electric Mem-

brane Potential

The sodium potassium pump in our example can be modeled as two opposite facing

current sources in parallel as shown in 2.4.

The sodium pump current in amperes is given by 3qNkATP , where N is the

number of active ATPases in the system and kATP is the average rate of hydrolysis
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of ATP in hydrolysis events per second. The potassium pump current is given by

2qNkATP . If we concern ourselves only with the net current flow to the rest of

the circuit, these can be replaced by a single current source of value qNkATP . As

previously described the net electric current generated by the sodium-potassium pump

is referred to as electrogenicity and has been characterized under various conditions

[32]. By attaching the pump current source to model cell membrane is shown in

Figure 2.3, we can see this source also contributes to the membrane potential given by

Vp = Ip×Rm, where Rm is the parallel combination of all of the Thevenin resistances.

Under typical physiological conditions this contribution is on the order of microvolts

to single digit millivolts and is negligible compared to those of the Nernst sources.

Working in an in-vitro environment at the component level, we can design

a membrane which contains only sodium-potassium pumps and is devoid of ion-

channels. The membrane resistance Rm is given only by the implicit leakage of ions

through the membrane, which in our system exceeds 300 GΩ. Without explicit leak-

age paths, the voltage produced by the pump current passing through the membrane

resistance can be orders of magnitude higher than those of living cells given a suffi-

cient number of active pumps are incorporated into the membrane. This forms the

basis of the biological power source, or ATP fuel cell, that powers the IC.
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Chapter 3

Design and Analysis of the Biocell

3.1 Introduction

There are many challenges associated with integrating individual biological compo-

nents with solid state circuits in both the mechanical and electrical domains. For one,

biological systems, and in particular living systems, tend to be soft squishy and wet.

Solid-state circuits, on the other hand tend to be hard and flat and dry. Electrically,

the voltages, currents and power densities of living systems and solid-state systems

are dramatically disparate. This chapter is devoted to the design and analysis of

the biocell, including a detailed discussion of the techniques that enabled successful

integration of these two systems.

3.2 Designing Functional Systems with Biological

Components

Working with biological components in an in-vitro environment presents an entirely

different set of challenges than working with whole cells. Whole cells contain many

subsystems to ensure continued functionality under many different environmental
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Figure 3.1: Lipid (DOPC) molecule chemical structure and illustration.

conditions. When these are fallback mechanisms are absent by design, a detailed

understanding of each component, is required to produce a successful result.

3.3 Lipids, Micelles and Vesicles

Lipids, the main components of biological membranes, are amphiphilic molecules

containing a hydrophilic (derived from the ancient greek, φίλυδρος, meaning “water

loving”) head, and a hydrophobic ( ὺδρόφοβος, “having a horror of water”) tail [33].

In aqueous solutions, at high enough concentrations, lipids molecules form into

semi-spherical geometries, either as micelles or vesicles (liposomes), by finding their

lowest energy state. There is no bonding between these molecules and they are held

together only by hydrophobic interactions. Hydrophobic interactions come about

due to the inability of hydrocarbons to hydrogen bond with water. Both micelles

and vesicles have their hydrophobic tails “protected” from solution, however they

differ in that vesicles are formed from bilayers which enable solution to be present
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Figure 3.2: Lipid Micelle, vesicle (liposome) and bilayer illustration [35].

inside the sphere. The size and shape of both micelles and vesicles are a function of

the molecular geometry of the lipids and solution conditions such as, temperature,

pH, and ionic strength [34]. In eukaryotic cells, bilayer lipid membranes form the

boundaries of intracellular organelles and the cell boundary, or plasma membrane.

The tightly packed lipids make bilayers highly impermeable to ions with spe-

cific resistivity on the order of 107Ω/cm2 [36]. Given the right environment, it is

possible to unfold these bilayers into planar structures, typically referred to as black

lipid membranes (BLMs). The “black” in BLM arises from the fact that since mem-

branes are on the order of only a few nanometers, in planar configurations light that

reflects back through the membrane experiences total destructive interference and
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the membranes look black under a typical light microscope. Over time the acronym

BLM has come to mean bilayer lipid membrane, and is used generically to refer to

any lipid bilayer film.

3.4 Selecting a Lipid Molecule (DOPC)

Working with lipids in an in-vitro environment has been greatly simplified by the

growth of commercially available purified and synthesized lipids. There are thou-

sands of naturally occurring and artificially designed lipid molecules available for

purchse. The lipid molecule employed in the final design is 1,2-dioleoyl-sn-glycero-

3-phosphocholine, or DOPC for short. It is a phosphocholine lipid that has been

studying at great length [37]. We now review two critical properties of lipids and why

DOPC was the most attractive choice.

Lipid/Protein Matching

Transmembrane proteins must appropriately “fold” in order to be functionally active.

For this to happen, the lipid bilayer must be thick enough such that the hydrophobic

domain of the protein remains “inside” the bilayer and thick enough such that the

external domains of the protein actually extend past the surface of the bilayer. The

hydrocarbon tail length plays a direct role in the geometry of the bilayer. Thus certain

lipids and proteins are considered to be well “matched.” DOPC’s tail has a chain

length of 18 carbons.

Transition Temperature

One of the most important properties of a lipid bilayer is the relative mobility (flu-

idity) of the individual lipid molecules. Lipid bilayers typically take on two phases,

a liquid phase and a gel phase and transition between the two at the transition tem-
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perature. (This process is sometimes called melting and the transition temperature

is referred to as the melting temperature.) The melting temperature is determined

by the van der Waals forces between the tightly packed molecules in the bilayer and

is primarily a function of the hydrocarbon tail length. Lipids with longer tail lengths

have more surface area on which these forces can act. Working with planar bilayers

below their melting temperature is not only difficult, but it is also nearly impossible

to incorporate active transmembrane proteins. The transition temperature of DOPC

is −17◦C rendering it well into the liquid phase at room temperature (25◦C).

Molecular Formula C44H84NO8P

Molecular Weight 786.113

Transition Temperature −17◦C

Table 3.1: Summary of DOPC properties

3.5 Planar Lipid Bilayers

Successfully mating the biocell and solid-state circuit in a compact form requires that

either the biocell take on the form factor of the chip (flat), or that the chip be made

to exist in the environment native to the biology.

Lipid vesicles can be unfolded into structures known as planar bilayers, or

bilayer films. The first in-vitro planar bilayer was demonstrated by Meuller in the

1960s [38]. Since that time the study of planar lipid bilayers has exploded due to

their attractiveness as an alternative to patch-clamping for ion channel testing [39].

Currently there exist three well-established topolgies of in-vitro planar bilayers, each

with different relative advantages [40]. These are solid supported bilayers (s-BLMs),
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suspended BLMs and tethered (tBLMs).

Attribute Suspended Supported Tethered

Size > 10µm and
< 1 mm

No theoretical
limit

No theoretical
limit

Difficulty in
preparation of
substrate

Medium: re-
quires a pore in
a hydrophobic
surface

Easy: clean hy-
drophilic surface

Difficult: Ap-
ply polymer
tether (e.g.
PEG, siloxane)

Formation of
bilayer

Difficult: re-
quires manual
technique

Easy: apply
vesicle solution
onto surface

Depends

Stability of
bilayer

Fragile Very stable Very stable

Incorporation
of transmem-
brane proteins

Depends Easy, but
may be non-
functional

Easy

Electrical con-
tact

Easy Very difficult Easy

Table 3.2: Relative comparison of attributes of in-vitro planar lipid bilayers

3.5.1 Supported Lipid Bilayers

Supported lipid bilayers are formed by allowing vesicles to sink in solution to the

surface of a hydrophilic material, typically silicon dioxide. Once making contact with

the surface, these vesicles undergo spontaneous fusion to form a planar bilayer [41,42].

The approach is attractive for integration with CMOS integrated circuits sim-

ply because a film of silicon dioxide can easily be grown on the surface of the chip

using plasma enhanced chemical vapor deposition (PECVD). Additionally, the inte-
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gration of protein is rather straightforward as the proteins can be incorporated as the

vesicles are formed.

Figure 3.3: Illustration of Lipid vesicles undergoing spontaneous fusion to form a
solid-supported planar bilayer.

3.5.2 Vesicle Formation

As previously mentioned, lipids in sufficient concentration spontaenously form into

vesicles in aqueous solutions. This section reviews the details associated with cleaning

and preparation of the lipids as they arrive from the manufacturer.

DOPC was purchased from Avanti Polar Lipids dissolved in chloroform (con-

centration 25mg/ml). Upon arrival the ampoule was cracked open and the dissolved

lipids were transferred to a round bottom flask previously cleaned in “piranha” (hy-

drogen peroxide and sulfuric acid). The round bottom flask was placed on a Buchi



30

Rotavap for 5 minutes at 100 mbar. As the chloroform evaporated a thin film ap-

peared on the bottom of the flask. The flask was then transferred to a high vacuum

dessicator for two hours. The lipids were then reconstituted in various “vesicle”

buffers.

3.5.3 Accessing the ‘bottom’ Side of sBLMs

In order to perform electrically characterization of sBLMs and ultimately produce

electrical power, it is necessary to make electrical contact to the ‘bottom’ side of the

bilayer. To achieve this we hypothesized that if wells of small enough diameter were

etched into the silicon dioxide surface, vesicles would still spontaneously fuse into a

bilayer upon reaching the surface. The following describes the prototype.

Electron beam evaporation was used to evaporate 1-µm of silver, which would

eventually become the bottom electrode (electrochemistry details below). Before

venting the chamber, a 50-nm film of silicon dioxide was evaporated on top of the

silver. This oxide served as a passivation layer in preparation for the next step. The

chip was transferred to a PECVD chamber at 300◦C and 300-nm thin film of SiO2

was deposited. A 300-nm layer of resist, PMMA (polymethyl methacrylate), was spun

onto the chip and electron beam lithography was used to pattern wells with 200-nm

diameter into the PMMA. Inductively coupled plasma was then used to transfer the

resist pattern into the silicon dioxide. The resist was then stripped and the substrate

was cleaned in a buffered oxide etch (20:1).

We characterized the bilayers on the substrate in two ways. First we used

fluorescent tagged molecules (FITC) in a 1% concentration mixed with DOPC. This

enabled us to perform FRAP (fluorescence recovery after photobleaching) experiments

on bilayer. Diffusion coefficients of 3× 10−8 cm2/s confirmed that a succesful bilayer

formed over the wells.
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Figure 3.4: SEM micrograph of etched silicon substrate.
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We were also able to confirm the presence of a lipid bilayer by measuring the

DC resistance and capacitance before and after the application of lipids. DOPC is

known to have a specific capacity of 0.4 µm/cm2. By performing a technique known

as electrochemical impedance spectroscopy, we were able to extract the resistance

and capacitance of the bilayer. The capacitance was sufficiently high to prove that a

bilayer was formed, however we encountered several difficulties.

First, although we were able to confirm the presence of incorporated ATPases

(details described below), we were unable to detect any signal upon the addition of

ATP. We presumed this to be the result of incorrect protein unfolding even over the

nanowells in the substrate. A second problem was that the bilayer resistance was too

low for the final application in which an electric potential of several tens of millivolts

at a minimum would be necessary to power the IC. For an area of 1 mm2, we were

unable to improve the resistance beyond 1GΩ.

There were other more practical difficulties with the patterned substrate. For

one, they were incredibly difficult to fabricate. Because of the small feature size, pho-

tolithography was not an option. Electron beam write times exceeded 12 hours and

this is simply not practical in a prototype environment. Furthermore, the yield was

extremely low (<20%). This was due to the fact that even small defects interrupting

the bilayer would present as leakage paths. Finally, we had difficulties cleaning the

substrates without disturbing the metal layer below the oxide. For all these reasons,

the supported bilayer approach was ultimately abandoned.
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pre-bleach              post-bleach (20 sec)   post-bleach (5 min)

Figure 3.5: FRAP confirming bilayer on nanopatterned substrate.

Figure 3.6: Immunohistochemistry showing ATPase incorporation in bilayer on
nanopatterned substrate.
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Figure 3.7: Electrochemical Impedance Spectroscopy analysis on nanopatterned sub-
strate.
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3.5.4 Suspended Bilayers

An entirely different architecture for planar bilayers is to suspend the bilayer across

an aperture in a hydrophobic material. Suspended bilayers were actually the first

successful demonstration of planar bilayers and were published by Mueller, et. al.

in 1962 in their landmark publication “Reconstitution of cell membrane structure in

vitro and its transformation into an excitable system” [38]. Mueller demonstrated

that “by methods analogous to the formation of Hooke-Newton ‘secondary black’ in

air soap films, a stable membrane could be formed between two compartments.” Still

in use today, this technique is known as ‘apposition of monolayers.’

Using the same principle architecture, a second technique known as the ‘paint-

ing’ method can also be practiced to produce suspended bilayers. [44]. Suspended

bilayers formed by the painting methods function on the principle that a ‘clump’ of

lipids applied to a hydrophobic aperture will eventually thin away into a single bi-

layer. There are two main manual techniques that can be employed. The first, and

aptly named technique is performed by dipping a paintbrush or a piece of teflon into

lipids dissolved in an organic solvent and swiping the brush across the aperture. If

the swipe was successful, a bilayer is formed over the course of a few minutes as excess

lipids thin away.

The second approach is to dip a pipette tip into a solution of vesicles dissolved

in an organic solvent and form an air bubble beneath the saline. The air bubble is

touched to the aperture and a clump of lipids is left over the aperture. As above,

over a few minutes, the excess lipids thin away and a bilayer is formed.

This technique is particularly attractive in light of the final application. The

vertical suspended bilayer, can be made horizontal which can be formed on the sur-

face of the IC. One possible way to accomplish this was presented in [45], in which

planar bilayers were formed in micro-wells fabricated using the photolithographical
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(a) (b)

Figure 3.8: Vertical suspended bilayer architecture and formation (apposition of
monolayers) originally presented by Montal and Mueller in 1972. [43]

epoxy SU-8. They showed that SU-8 was sufficiently hydrophobic that bilayers could

be formed which were stable over several hours. The technology was eventually

commercialized as the a product known as the Orbit-16, by the company Nanion

Technologies.

We adapted the procedure to form SU-8 microwells on the surface of the IC.

Electrical characterization of bilayers formed in these wells revealed that although we

were able to form standard gigaohm seals, the technique could not be improved to

reach hundreds of gigaohms needed to produce a voltage high enough to power the

IC.

Ultimately we settled on forming horizontal bilayers in micro-machined delrin

plastic in which we were able to finally able to reach a 300 GΩ target. The delrin

plastic is housed in a custom teflon cell that is epoxied to the surface of the chip.
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3.6 Sodium-Potassium Pump

The sodium-potassium pump is at the heart of the biocell design. In the presence of

ATP, the electrogenic pump current in parallel with the membrane resistance creates

the membrane voltage which ultimately powers the chip.

Jens Christian Skou was awarded the Nobel Prize in 1997 for his discovery of

the sodium potassium pump in the 1950s. Since then, extensive characterization of

the pump has revealed its role in maintaining cellular resting membrane potential as

outlined in Chapter 2.

The pump operation can be broken down into six main steps in two distinct

conformations (E1 and E2).

1. The pump binds 1 molecule of ATP, three Na+ ions and one Mg2+ ion from the

intracellular side. (E1)

2. The molecule of ATP is hydrolyzed and the pump is phosphorylated. The

magnesium ion diffusion back into the intracellular fluid. (E1)

3. The pump undergoes a conformational change from E1 to E2, opening to the

extracellular side. (E1 → E2)

4. The sodium ions diffuse into the extracellular fluid and the pump binds two K+

ions. (E2)

5. The pump is dephosphorylated and reverts back to the E1 conformation. (E2

→ E1)

6. In this configuration, the two K+ ions are released and the process begins again.

(E1)
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(a) (b)

Figure 3.9: Sodium-potassium pump used in final design - ribbon illustration from
protein databank. [46, 47]

3.7 Incorporation of the Pump Into the Bilayer

Some ion channels and pores, such as α-hemolysin can self-assemble into the lipid

bilayer simply by existing in high enough concentration in the buffer [48]. These

channels are typically dissolved in an organic solvent such as ethanol and pipetted

into the buffer after a stable bilayer has been formed.

Larger transmembrane proteins, like the Na+/K+-ATPase are denatured in

organic solvents and an entirely different approach must be taken. A very common

and well documented technique for incorporating such proteins employs vesicle fusion.

The principle is that if protein-containing vesicles (preoteoliposomes) come in contact

with a lipid bilayer, they will adhere to the bilayer. Divalent ions such as Ca2+ or

Mg2+ are helpful to this end, due to the fact that the lipid heads are negatively

charged. If an osmotic gradient is present between the intravesicle buffer and the

experiment buffer, the vesicles will swell and burst and some of the protein will be



39

incorporated into the bilayer.

3.7.1 Formation of Proteoliposomes

Formation of proteoliposomes is an extremely challenging multistep process. Briefly,

the process consists of solubilizing both the lipids and protein using an appropriate

detergent. The two solutions are mixed and the detergent is extracted, leaving behind

compact proteoliposomes.

The difficulty in general arises from the fact that although the general process

has been shown to work, many details of the actual process at the molecular level are

still unknown, for example, how the the lipids and proteins find each other during de-

tergent extraction. Furthermore, the parameter space which includes, detergent type,

lipid:detergent concentration, protein:detergent concentration, temperature, and de-

tergent extraction method is enormous and as a result the entire process is not well

characterized. Thus, for a new lipid/protein combination, a successful result could

mean months, if not years, of trial and error could be required to produce a successful

result.

For the purified 5’-sodium potassium adenosine triphosphatase (ATPase) from

porcine cerebral cortex used in this work, the proteoliposomes are prepared prepared

using a modified version of the dual-detergent protocol inspired by Alpes, et. al.

in [49]. They reported that the use of dual detergents yields vesicles with higher

transport activity (40-60% of original enzyme activity) than formation using either

detergent alone.

Detailed Protocol

DOPC dissolved in chloroform (Avanti Polar Lipids) are transferred to a round-

bottom flask using a glass syringe (Hamilton). Chloroform is evaporated under high
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vacuum on a Buchi Rotavap for five minutes. The flask is transferred to a high-

vacuum dessicator for a minimum of two hours to aid in removal of residual solvent.

Vesicle buffer containing (575 mM NaCl, 5 mM HEPES pH 7.3) is added to the flask

(final lipid concentration of 4mg/ml), and the flask is placed on a vortexer (2500rpm)

for ten minutes. Lipid vesicles are mixed with n-Octyl-β-D-glucopyranoside (n-OG),

(detergent:lipid weight ratio 3:1) and placed on a rotator for five minutes until the

vesicle solution become clear. A solution of n-decyl-β-D-maltopyranoside dissolved

in vesicle buffer is added to purified ATPase (detergent:protein weight ratio 3:1)

and the tube is gently rotated for one minute. Purified ATPase lyophilized powder

contains 90% sucrose and 0.4% EDTA. Solubilized vesicles and solubilized ATPase

(lipid:protein weight ratio 5:1) are combined in 2-ml centrifuge tubes (total volume of

solution 270µl) and rotated for one minute. A volume of pre-equilibrated Bio-Beads

SM-2 (Bio-Rad) equal to the volume of lipid/protein mixture is added to the tubes

and the tubes are placed back on the rotator. After thirty minutes the tubes are filled

to the top with Bio-Beads and rotated for two hours. Proteoliposomes are removed

from Bio-Beads and used immediately.

3.8 Silver/Silver-Chloride (Ag/AgCl) Electrodes

A pair of electrodes are necessary for accessing the membrane potential for electrical

measurements and ultimately as a power source. There are several common electrode

options that are typically used in electrophysiology experiments. A typical patch-

clamp experiment uses a 3-electrode potentiostat configuration. A chlorinated silver

wire inside the patch needle serves as the working electrode (WE) and a second

silver-silver-chloride (Ag/AgCl) pellet electrode serves as the counter electrode (CE)

providing a reference to the bulk solution.

The electrodes in contact with the electrolyte have a contact potential which
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develops across the interface. This contact potential has a tendency to vary as the

current through the electrode changes. In order to compensate for this, a third

electrode, called the reference electrode (RE) is also inserted into the bulk solution.

Reference electrodes also come in a variety of configurations. Two of the most common

are the the Ag/AgCl reference electrode, which has a silver chloride wire in a solution

of 3 M NaCl. The end of the electrode is covered with a mesh frit which allows the

solution in the electrode to access the bulk solution potential, but blocks any current

flow. In this configuration, although the DC potential of the bulk solution is unknown

it can be well controlled experiment-to-experiment.

In our power application, the potentiostat configuration is impossible and we

are left with a two electrode configuration. This presents the problem of ensuring that

the contact potential between both electrodes and the electrolyte is exactly equal. In

the case that they are not, the electrodes themselves can serve as an uncontrolled

galvanic energy source.

The silver-chloride electrode converts ions to electrons through the following

two chemical half-reactions.

Ag+ + e− � Ag(s), (3.1)

AgCl(s)� Ag+Cl− (3.2)

The overall reaction can be written:

AgCl(s) + e− � Ag(s) + Cl− (3.3)

From equation 3.3 we can see how the electrode converts ions to electrodes.

At the cell anode, a chlorine ion joins with ionized silver in the bulk electrode to

form AgCl. An electron carries the charge through the wire that was imparted on

the electrode by the chlorine ion.
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At the cell cathode, a chlorine ion leaves the silver-chloride pellet. The remain-

ing silver ion is joined by an electron and becomes part of the bulk silver.

The low standard electrode potential E0 measured against the standard hydro-

gen electrode (SHE), 0.23 V, makes this electrode attractive for this power transfer

application. The electrode resistance in solution is at most 20 kΩ as seen in the

experimental data which renders the voltage drop across this resistance negligible

at the cell current levels. Finally, Ag/AgCl electrodes can easily take on different

mechanical form factors, a requirement for compact integration with the CMOS IC.

3.8.1 Planar Ag/AgCl Electrode

Planar Ag/AgCl electrodes have been the focus of recent attention due to the advances

in on chip electrochemistry [26, 50]. In [51], properties such as electrode thickness,

roughness and chlorination methods were characterized under varying conditions.

For current levels on the same order of those in our power transfer application, it

was shown that a 500-µm silver film chlorinated chemically, using either sodium

hypochlorite (household bleach) or ferric chloride, had excellent stability, varying

only a few millivolts over many hours. We were able to reproduce these results, and

the planar silver-chloride was evaporated onto the CMOS IC as a top layer metal to

serve as the working electrode in our experiments.

3.9 Final Configuration of the Biocell

With each of the components established, we are now prepared to assemble a func-

tional biocell. Figure 3.10 shows the fully hybrid biocell attached to the IC.
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Figure 3.10: Illustration of biocell assembled to chip.

3.9.1 Preparation

The chip is wire bonded to a ball grid array (BGA) and donut encapsulated. The top

layer of aluminum is etched away using a liquid etch and 500-nm of silver is evaporated

onto the surface using electron-beam evaporation. The silver is chlorinated by the

application of sodium hypochlorite for 30 minutes. The planar electrode is cleaned

with 0.1% hydrochloric acid. The teflon cell is attached to the chip using a silicone

epoxy (Kwik-Cast) and is allowed to set.

The lower (trans) chamber is filled with 1 ml experiment buffer (50mM NaCl,

10mM KCl, 3mM MgCl2 and 10mM HEPES pH 7.3). A cleaned Ag/AgCl pellet

electrode is inserted into the trans chamber and the electrodes are electrically shorted

and equilibrate for 30 minutes. The “wire” end of the planar electrode is accessed

through a pin on the BGA.
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While the electrode are equilibrating, a ring made out of delrin plastic contain-

ing a 250-µm pore is attached to the upper part of the teflon chamber using a silicone

epoxy. The assembly is sonicated in 40mM trisodium phosphate (TSP). After rinsing

with DI water, the pore is then further cleaned by squirting 0.1% hydrochloric acid

(HCl) onto both sides. This is following by a DI water rinse and then a 40mM TSP

rinse. Finally the assembly is rinsed one last time under a DI water stream and dried

using compressed nitrogen.

The pore is pre-treated with 1µl of DOPC lipids in n-hexane (concentration 5

mg/ml). The hexane is evaporated in a high-vacuum dessicator for ten minutes.

After the electrode have equilibrated, the upper electrode is removed and the

cell is washed in DI water. The trans chamber is refilled with experiment buffer and

the upper chamber with the attached pore is inserted into the lower chamber. The

upper chamber is then filled with 1 ml of experiment buffer. Finally the Ag/AgCl

pellet electrode is inserted into the cis chamber.

Using a benchtop patch-clamp amplifier, conductivity between the electrodes

is verified to be < 20kΩ. If this condition is not met, the cell is disassembled, and

the electrode preparation procedure is repeated.

3.9.2 Bilayer Formation

A lipid bilayer is formed in the pore by dipping a plastic pipette tip into a solution

of n-decane containing DOPC (20mg/ml), forming an air bubble by depressing the

pipette plunger under the surface of the buffer in the cis chamber and touching the air

bubble to the pore. After one minute, the bilayer capacitance is extracted by applying

a voltage triangle wave and monitoring the resulting current square wave. Bilayers

with capacitance less than 150 pF are reformed by touching another air bubble to

the pore. The bilayer resistance is extracted by applying a series of 16 10-second
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square-wave voltages from -50 mV to 100 mV in 10 mV increments while monitoring

the current. The final five seconds of each step are averaged after charging-current

transients have decayed away. The resistance is found by taking the inverse of the

slope of a linear fit. Bilayers with resistances less than 300 GΩ are reformed. It is

worth noting that if a successful bilayer cannot be formed within five tries, successive

attempts are also likely to be unsuccessful, suggesting that the likelihood of formation

of a high resistance stable bilayer is dependent on pore preparation (cleaning and pre-

treatment).

3.9.3 ATPase Incorporation

Purified 5’-sodium potassium adenosine triphosphatase from porcine cerebral cortex

is embedded into each bilayer by fusion of hyperosmotic proteoliposomes (2 µl, con-

centration 1 mg/ml) applied directly on top of the horizontal BLMs. These vesicles

are formed in “intravesicle buffer” (575 mM NaCl, 5mM KCl, 10mM HEPES pH

7.3). Increased sodium ionic strength (compared to the experiment buffer) provides

the necessary ionic gradient for vesicle fusion to the BLM [52].

A small amount (2µl) of very high concentration of hyperosmotic vesicles

(1mg/ml) are added to the cis chamber directly on top of the horizontal bilayer.

Once the bilayer inevitably breaks, it is immediately reformed with an air bubble

formed using the pipette tip that was used to add the vesicles. The process continues

dozens of times over three to four hours.
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Figure 3.11: Characterization circuit schematic.

3.10 Experimental Results and Analysis

3.10.1 Measurement Setup

A HEKA EPC10 benchtop patch-clamp amplifier is used to perform the biocell char-

acterization. The amplifier is attached in parallel to the bilayer as shown in 3.11. A

second Ag/AgCl pellet electrode is used in lieu of the planar electrode on the surface

of the IC.

The headstage includes 2 analog filters. The first filter is a 3-pole Bessel filter

and the cutoff frequency was set to fc = 10 KHz. The second filter is a 4-pole Bessel

filter and the cutoff frequency was set to fc = 100 Hz. The gain of the amplifier is

500 GΩ.
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3.10.2 Lipid Bilayer Characterization

Bilayer Capacitance and Effective Bilayer Area

The lipid bilayer is formed by dipping a plastic pipette tip into a solution of n-decane

containing DOPC (20mg/ml), forming an air bubble by depressing the pipette plunger

under the surface of the buffer in the cis chamber and touching the air bubble to the

pore. After one minute, the bilayer capacitance is extracted by applying a voltage

triangle wave and monitoring the resulting current square wave. Observing that

Cm =
IC−max

∆Vm/∆t
(3.4)

we can set the slope of the triangle wave to not only maximize the current output,

but also prevent any additional poles from impacting the output. Figure 3.12 show

the voltage stimulus (blue) and resultant bilayer current. The triangle slope is 5, and

IC−max is 765 pA, resulting in a membrane capacitance of Cm = 153 pF. Using the

specific capacitance of DOPC, 0.4µF/cm2 [53], and the area of 4.91× 10−4 cm2 for a

circle with a diameter of 250 µm, we would expect a capacitance on the order of 250

pF. However due to excess lipids at the boundary of the pore, the effective bilayer

area is only ∼ 65% of the total pore area.
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Figure 3.12: Biocell capacitance measurement.
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Bilayer Resistance

Bilayer resistance is typically measured by applying applying a voltage step and mea-

suring the DC current through the bilayer after the charging current has dissipated.

This works well for bilayers on the order of 1-10 GΩ and an amplifier with input

bias currents on the order of 100-300 fA. For bilayers exceeding 100 GΩ, an applied

voltage of 100 mV results in a current of 1 pA. At these levels, the amplifier non-

idealities produce errors exceeding 10%. To calibrate out these errors, a series of 16

voltage steps, from -50 mV to 100 mV (10 mV increment, 10 s in length) are applied

to the bilayer. The final five seconds of each step are averaged after charging-current

transients have decayed away. The resistance is determined to be the inverse of the

slope of a linear fit. These measurements are shown in 3.14.

3.11 Post ATP Measurements

After ATPase incorporation has taken place as outlined above, and ATP is added to

the biocell, final concentration 3 mM, the cell produces electrical power.

3.11.1 Short Circuit Current

Upon adding ATP to the biocell (cis chamber), final concentration 3 mM, a 1.7-pA

short circuit current is observed. The current takes ∼ 100 seconds to stabilize. This

is presumed to be related to the time it takes for the ATP to diffuse down to the

bilayer. The short-circuit current is shown in 3.13(a).

3.11.2 Biocell Open Circuit Voltage

The open circuit voltage is shown in Figure 3.13(b). The cell was initially externally

shorted and then subsequently opened at t = 0. The resulting voltage was measured
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Figure 3.13: Biocell short circuit current and open circuit voltage response to 3 mM
ATP to the cis chamber.
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using a custom amplifier with input resistance Rin = 10 TΩ. The superimposed

model parameters are derived below.

3.11.3 I-V Characterization

Once the short circuit current has stabilized, an I-V sweep of the biocell is performed.

Figure 3.14 shows the complete measured current-voltage (I-V) characteristic of a sin-

gle ATPase-bearing membrane in the presence of ATP. The current due to membrane

leakage through Rm is subtracted in the post-ATP curve. The same voltage clamp

amplifier configuration used to measure the response of 3.11 is employed here but with

varying applied bias (Vm) across the membrane. When biased in the fourth quadrant,

the biocell produces electrical power. The I-V characteristic fits a Boltzmann sigmoid

curve,

i = isc +
−isc

1 + exp
(
Vm|i=isc/2−Vm

α

) (3.5)

where α, the Boltzmann “slope factor”, is 0.02 V, consistent with sodium-potassium

pump currents measured on membrane patches at similar buffer conditions [?, 32,

54], and isc is the short-circuit current. This non-linear behavior reflects the fact

that the full ATPase transport cycle (three Na+ ions from cis to trans and two K+

ions from trans to cis) time increases (the turn-over rate, kATP , decreases) as the

membrane potential increases [54]; that is, the pump consumes less ATP and the

current decreases with increasing membrane voltage.
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Figure 3.14: Single cell biocell characterization. (A) I-V sweeps of biocell before (N)
and after ( ) addition of ATP (3mM final concentration). Voltages are stepped for
this measurement. Bilayer current is the average of the last five seconds of a 10-
second step (after charging currents have decayed away). Pre-ATP data linear fit (–)
slope yield Rm = 280GΩ. Post ATP data fit to a Boltzmann curve, slope = 0.02 V
(–). Post-ATP linear fit (–) yields Ip = -2.1 pA and Rp = 61.6GΩ. Transimpedance
amplifier gain is 500 GΩ. The headstage filter consists of a three-pole analog low-pass
Bessel filter fc = 10 KHz in series with four-pole analog low-pass Bessel filter fc =
100 Hz. Data is post-processed with a low-pass digital filter with fc = 1 Hz.
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3.12 Biocell Circuit Models

Using the Boltzmann fit for the ATPase I-V response described in section 3.11.3, we

can design a non-linear circuit model for the ATPases. The clear dependence on Vm

indicates that a non-linear voltage-controlled-current-source can be used in place of

the simple DC source of Chapter 2.

Using a polynomial fit, the first four coefficients of a polynomial expansion were

used in the dependent voltage source shown in Figure 3.15(a). In the fourth quadrant,

this model can be linearized (Figure 3.15(b) as a Norton equivalent circuit, consisting

of a DC current source (Ip) in parallel with a current-limiting resistor (Rp), which acts

to limit the current delivered to the load at increasing bias (IATPase ∼ Ip–Vm/Rp).

Although the non-linear circuit model is numerically more accurate, the linear

circuit model can be used to analyze parameters such as maximum power transfer

and efficiency when using biocell as a power source. This is shown in Chapter 5 where

the complete hybrid system is presented.



54

Non-linear
ATPase model

V
m

I
p R

p
C

m
R

m

eq

trans

cis

Linear 

ATPase model

Passive

membrane model

C
m

R
m

trans

cis

Passive

membrane model

V
m

_

+

_

+
I
ATPase

 = q∙N∙k
ATP 

~ I
p 
- V

m 
/ R

p

I
ATPase

 

Figure 3.15: ATPase electrical circuit model based on I-V characterization data. (a)
Non-linear circuit model using a dependent current source for the ATPase branch.
(b)Linearized Norton equivalent circuit model.
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3.13 Chapter Summary

This chapter described each component of the design of the biocell in detail. The

final architecture was presented and an electrical circuit model was developed for the

ATPase which was shown to accurately predict the open-circuit voltage response of

the system.
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Chapter 4

Design of an Ultra-low Power

Ultra-low Voltage Power Converter

CMOS Integrated Circuit

4.1 Introduction

Making efficient use of biological systems as electrical power sources brings about a

very unique set of circuit design challenges. We have entered the worst paradigm for

a circuit designer, which is to exist in the space where two requirements are placed on

the design and these requirements are exact trade-offs with one another. Specifically,

we are referring to design where the voltage and power are both extremely low by

CMOS standards are fixed by the output of the biocell.

The in-vivo designs presented in [27] and [29], used CMOS IC loads to demon-

strate that the biological power source can be used to do electrical work. Both designs

used on-chip power converters to make use of the biological power source. These de-

signs were plagued, however, by the need for an external power source to “kick-start”

the on-chip power converter.
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In this design, implemented in a standard 0.45-nm CMOS SOI process over-

comes this problem. The power converter is capable of self-startup from 145 mV and

can support sustained operation with input voltages as low as 110 mV at apower

conversion efficiency exceeding 70%.

4.2 Typical Voltages of Biological Systems and Solid-

State Systems

The electrical characteristics of biological systems and solid-state systems are mis-

matched in their operating voltages. The minimum operating voltage of solid-state

systems is determined by the need for transistors to modulate a Maxwell-Boltzmann

(MB) distribution of carriers by several orders of magnitude through the application

of a potential that is several multiples of kBT/q. Biological systems, while operating

under the same MB statistics, have no such constraints for operating ion channels

since they are controlled by mechanical (or other conformational) processes rather

than through modulation of a potential barrier.

4.3 Design Requirements Based on the Biocell

The following design requirements have been extracted from the detailed biocell char-

acterization in Chapter 3. These can be summarized quite easily as the output voltage

of the biocell, which is ∼80 mV, and max power output of 148 fW.

4.4 Switched Capacitor Voltage Doubler

To bridge the operating voltage mismatch between the biocell and the minimum

operating voltage of transistors, the primary circuit on the chip is a switched-capacitor
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Figure 4.1: Switched-capacitor voltage doubler circuit schematic.

(SC) voltage doubler, shown in Figure 4.1. The (SC) voltage doubler at its core

resembles other SC designs, however associated circuitry is necessary for self-startup

and sustained operation at sub-200 mV input sources.

4.4.1 Converter Steady-State Operational Details

After starting up, flying capacitor, C1 = 100 pF, is charged up to the input voltage

when the NMOS transistors are on. When the PMOS transistors are switched on, it is

stacked in series with the input and attached to output capacitor, C2= 100 pF. Deep-

trench (DT) capacitors, which are available in this process are employed as the flying

and output capacitors C1 and C2 [55]. DT capacitors are used in memory design and

have remarkably densities on the order of 0.2µF/mm2, which comes at the expense of

high series resistance [56]. The intrinsic time constant of the 100 pF capacitors used

in the design is 10µs. For typical on-chip converters which can switch into the GHz

regime [57], these capacitors could not be used, however, at the switching frequencies

employed in the design, the impedances far below that which they begin to lose their

capacitive behavior.
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4.4.2 Clock Generator

In steady-state operation, the clocks to run the converter are generated by a trimmable

five-stage ring oscillator. Transistors with nominal threshold voltages, |VT,lin| of 760

mV are employed. The trimming capacitors are necessary to contend with large pro-

cess variability. They can also be used to selectfclk, the unloaded switching frequency

of the converter. They are switched in using pass gates controlled by an external

1.5-V supply brought onto the chip specifically for this purpose. In an autonomous

configuration (in which the 1.5-V supply is not available), these could be trimmed

with fuses.

The core clock generator is shown in 4.2. In a typical SC converter, non-

overlapping clocks are used for each of the phases [58,59], however simulation reveals

that the additional switching logic necessary to support non-overlapping clock genera-

tion (> 20 nW) outweighs the loss due to short circuit currents (< 3 nW). Alternating

phases are achieved using a single-phase clock driving complementary switches.

4.4.3 Start-up Oscillator

The steady-state oscillator frequency is too slow to start the converter from the target

Vin of 5.5 kBT/q necessitating a separate startup ring oscillator of identical architec-

ture, formed with lower VT devices (nominal |VT,lin| = 565 mV). The switches must be

switched fast enough that any progress (increasing voltage) made during one phase

is not lost to leakage during the other, and that it must be slow enough such that

power dissipated in charging gate capacitance does not decrease the output voltage

by any more than is gained in one cycle. Simulation predicted reliable start-up at Vin

= 125 mV considering process and random variability. Measured converters showed

reliable startup at Vin = 145 mV due to the realization of slower devices than those

predicted by the transistor compact models.
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Figure 4.2: Steady-state operation clock generator circuit schematic.
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Figure 4.3: Converter startup transient.

4.4.4 Boosting the Gate Drive of the Core Switches

In order to increase the Ion/Ioff ratio of the switch transistors in the converter, the

single-phase clock output of the oscillator is bootstrapped (boosted) to provide higher

gate drive as shown in Figure 4.4. In steady-state (for Vin = 150 mV), the boosted

positive clock (for driving NMOS switches) of 480 mV and boosted negative clock

(for driving PMOS switches) of -200 mV. Steady-state Ion/Ioff ratios of the devices

are increased almost ten-fold from 4600 to 40,000, reducing conduction losses due to

switch on-resistances. The bootstrap driver was critical in starting up the converter.

At Vin = 4.5 kBT/q, the Ion/Ioff ratio was increased from 30 to over 1200. The

bootstrap drivers were so critical that no startup frequency could be found without

the use of the bootstrap circuit. An additional increase in transistor transconductance

is achieved by using body-contacted devices and shorting the gate to the body in a

dynamic-threshold configuration [60].
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Figure 4.4: Clock bootstrap.

4.4.5 Output Load Regulation and Output Resistance

To maintain high efficiency at input power levels in the nanowatt regime, it was

necessary to forego output load regulation. Increasing output ripple and decreasing

average output voltage with increasing load is observed. The non-zero output resis-

tance, given by Ro ≈ 1
fclkC1

, can be minimized by increasing fclk. The measured Ro is

larger than this value because the output voltage droop decreases the actual switching

frequency. Maximum efficiency is achieved when the switching frequency is reduced

to the maximum tolerable output ripple. The resulting efficiency as a function of

output load power, Pload, is shown in Figure 4.5.

4.4.6 On-chip Test Circuits

The design includes 15 calibrated current sources that are used to load the converter.

An reference on the board is brought onto the chip. The chip can be configured
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Figure 4.5: Output Resistance as a function of load current.

into calibration mode, in which the various current sources can be brought back off

the chip. The sources use a standard self-biasing network topology. Due to process

variation, and that the devices were operating in sub-threshold, it was necessary to

calibrate the sources for converter that was tested.

4.4.7 Ring Oscillator Loads

The design includes four independent ring oscillators (2-11 stage and 2-31 stage)

comprised of extra high threshold voltage (XVT) transistors, which can be switched

in the output. The ring oscillators represent the switching action of a typical digital

logic processor. The output of these four oscillators is shown in Figure 4.6.

4.5 Efficiency Analysis and Results

To determine the efficiency of the converter (ηconverter), we must account for power

losses in the converter that include both conduction losses (Pcond) and switching losses
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(Psw) [59]. The losses associated with any additional control circuitry including clocks,

have been lumped in with Psw, due to their strong dependence on clock frequency.

Maximizing efficiency in the ultra-low power regime necessitates that the design be

tuned for a specific target source Vin, in this case 150 mV (which is approximately

twice the voltage of the biocell). The design performs well in a small range of inputs

around the target source but efficiency quickly drops when Vin is more than 200 mV.

This limited range is due mostly to the exponential dependence of transistor currents

on node voltages in the subthreshold region.

The converter efficiency under varying loads is shown in 4.7 at the average

voltage input of the biocell (135 mV).

4.6 Chapter Summary

This chapter described the design of an ultra low-power low-voltage CMOS IC for use

with biological power sources. We presented a switched-capacitor voltage converter

necessary to match low voltage biological sources with the minimum operating voltage

of standard CMOS transistors.
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Figure 4.7: Converter efficiency as a function of load power. The red dot marks the
operating point of the converter when it is attached to the biocell.
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Chapter 5

Power Up an Integrated Circuit

Using ATP as Fuel Source

5.1 Introduction

With the biocell and CMOS IC detailed in the previous chapters, we are now pre-

pared to assemble the hybrid biological solid-state system. The data in this chapter

demonstrates that the electrical energy generated by the biocell can be used to power

up the CMOS IC. As part of the analysis, this chapter also contains a generalized

circuit model for the ATPases that can be used to calculate the conversion efficiency

of ATP to electrical power.

5.2 Powering a CMOS IC Using the Biocell

5.2.1 Mismatched Power Densities

Solid-state systems and biological systems are also mismatched in power density. In

general, integrated circuits, even when operated at the point of minimum energy in
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subthreshold, consume on the order of 10−2 W/mm2 (or assuming a typical silicon

chip thickness of 250 µm, 4× 102 W/mm3) [61]. Typical cells, in contrast, consume

on the order of 4×10 6 W/mm3 [62]. This discrepancy can only be managed through

duty cycled operation of the IC in which the circuit is largely disabled for long periods

of time. which is then expended in a very brief period of activity.

5.2.2 Description of Operation

The discrepancy between available power from the biocell and the minimum require-

ments of the IC, is managed by harvesting energy from the biocell on a capacitor,

CSTOR over a period of time, Tcharge, which is then expended subsequently used to

power the chip during Trun. In addition, it was necessary to stack two biocells in

series to achieve the minimum voltage for ‘self-startup.’ The circuit model is shown

in figure 5.1 and the data is shown in figure 5.2.

Under duty-cycled operation (after the intial charging cycle), the pump current

charges CSTOR. Figure 5.1(a) shows Vm, the biocell voltage, and Vout, the voltage

at the output of the voltage doubler, as the system is duty cycled. Once Vm reaches

Vm−high = 145 mV, switch S closes and the voltage doubler starts up, with Vout

reaching 279 mV before drooping with Vm as energy is pulled from CSTOR (Figure

5.1). Once the voltage on CSTOR droops to Vm = Vm−low = 110 mV, switch S is opened

and the biocell begins charging again. The value of CSTOR, 100 nF in our case, can

be determined from Vm−high, Vm−low, RIC and Trun, which yield the allowable droop

during the run period, as given by

CSTOR =
Trun

RIC ln (Vm−high/Vm−low)
. (5.1)

The ring-oscillator loads continue to operate for an additional 2.4 ms after S is opened

using energy stored on internal-node capacitances. Duty-cycling of the load has the
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Figure 5.3: Stacked biocell I-V characteristic.

effect of creating a very high effective impedance for loading the biocell, given by

Reff
L = RIC

(
Trun

Trun + Tcharge

)−1

. (5.2)

Reff
L = 227 GΩ, which closely matches the optimal impedance for the most efficient

energy transfer (derived below). The effective load-line under duty-cycled operation

is shown in 5.3 along with the I-V characteristic of the stacked biocell.

5.3 Biocell Efficiency Analysis

The overall efficiency of the system in converting chemical energy to the energy con-

sumed in the load ring oscillator (η) is given by the product of the conversion efficiency

of the voltage doubler (ηconverter) and the conversion efficiency of chemical energy to

electrical energy in the biocell (ηbiocell), ηconverterηbiocell. ηconverter was derived in Chap-

ter 4 and is relatively constant over the range of input voltages at 59% +/- 3%, as

determined by various loading test circuits. ηbiocell, however, varies with transmem-

brane potential Vm.

As reflected in the single membrane circuit model of 5.4 (derived in Chapter 2),

Vm in cells is the result of two related potentials, both derived from the action of the

ion pumps: the potential which develops as a result of ionic concentration gradients
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Figure 5.4: Single membrane circuit model.

of membrane permeable ions (the Nernst, or diffusion, potential, Vdiff , maintained by

the action of the pumps) and Ohmic potentials (Vp) due to the net electrogenic ionic

currents of the ion pumps. These combine to determine the membrane potential,

Vm = Vdiff +Vp. The diffusion potential, Vdiff , is determined by the superposition of

the Thevenin “Nernst” sources for each ionic species, VNa+ , VK+ , VMg2+ , VCl− , where

Vx =
RT

zF
ln([X]cis/[X]trans), (5.3)

R is the gas constant, T is the absolute temperature, z is the valence of the species,

F is Faraday’s constant and [X]y is the concentration of species X in chamber y.

A corresponding series resistance RX models the membrane permeability of those

ions present in the system. An equivalent expression for Vdiff is also given by the

Goldman-Hodgkin-Katz (GHK) equation. The total membrane resistance Rm is given

by the parallel combination of RNa+ , RK+ , RMg2+ , RCl− . Using the linear ATPase

model, the electrogenic component of the transmembrane potential is given by Vp =

Ip (Rp||Rm).

To determine ηbiocell, we must properly account for the energy harvested from

ATP hydrolysis. To accomplish this, we add two voltage sources in series with the

non-linear current source IATPase, as shown in 5.5. The additional voltage sources

allow us to independently account for the energy expended by the pumps both in
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moving charge across the electric potential difference and in moving ions across the

chemical potential difference. The dependent voltage source Vloss in this branch forces

the voltage across the pump dependent current source to be |∆GATP |/(qNA) where

∆GATP is the Gibbs free energy change due to the ATP hydrolysis reaction per mole

of ATP at given buffer conditions and NA is Avagadro’s number). The total power

produced by the pump current source PIATPase
is the product of the voltage across

the current source and the pump current

PIATPase
=
|∆GATP |

qNA

× qNkATP , (5.4)

where N is the total number of functional ATPases in the membrane and kATP is

the rate of ATP hydrolysis per ATPase. The power dissipated in voltage source

Vchem models the work performed by the ATPases in transporting ions against a

concentration gradient. In the case of the N+/K+ ATPase, Vchem is given by

Vchem = 3
RT

F
ln

(
[Na+]cis

[Na+]trans

)
+ 2

RT

F
ln

(
[K+]trans
[K+]cis

)
. (5.5)

The power dissipated in this source is introduced back into the circuit in the power

generated by the Nernst independent voltage sources, VNa+ and VK+ . The power

dissipated in the dependent voltage source Vloss models any additional power not

used to perform chemical or electrical work.

In our system, no significant ion concentration gradient exists, Vchem = VNa+

= VK+ = VMg2+ = VCl− = 0, and the expanded membrane model of Fig. X becomes

the passive membrane model of Fig. X. The stacking of two membranes requires

hydrolysis of two molecules of ATP to pump a single charge across the equivalent

membrane. Using the linear approximation for IATPase, the efficiency of the biocell is

given by

ηbiocell =
PReff

L

PATP
=

V 2
m/R

eff
L(

2 |∆GATP |
qNA

)(
Ip − Vm

Rp

) (5.6)
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and

Vloss = 2
|∆GATP |
qNA

− Vm (5.7)

The maximum efficiency occurs at

Reff
L = Req

m

√
Req
p

Req
p +Req

m
(5.8)

For the stacked biocell, Req
p = 98.6 GΩ and Req

m = 575 GΩ, Reff
L at maximum

efficiency is 220 GΩ with an average Vm of 128 mV. In our system, with Reff
L 227

GΩ, and using a nominal |∆GATP | = 30 kJ/mole, ηbiocell ∼ ηmaxbiocell = 14.9%. This

yields an overall energy efficiency of the system η = ηconverterηbiocell = 8.84%. In

addition, Tcharge is adjusted dynamically such that the average Vm ∼ Vm−high–Vm−low

is constant. This has the effect of scaling Reff
L such that ηbiocell is always close to

ηmaxbiocell for any Rp and Rm provided Rm � Rp and Rm � Reff
L .

5.4 ATPase Efficiency in Living Systems

Living systems use ATP much more efficiently than in the in-vitro system developed

here because Vloss is considerably smaller in living systems due to the presence of

a non-zero Vchem. Under typical physiological conditions where the intracellular and

extracellular ionic strengths are different, Vchem is typically on the order of 336.5 mV

at 20 oC [31] with all power lost in Vchem converted to electrical power by the voltage

sources representing the Nernst potentials of the cell. Higher membrane potentials

can be sustained in systems with electrogenic ion pumps engineered with lower Vchem.

For example, proton pumping ATPases, such as those found in the plasma membrane

of the yeast S. pombe, transport only a single proton per hydrolyzed molecule of

ATP. Less chemical work is performed (Vchem = 14 mV, for ∆pH = 0.1) compared

to the sodium-potassium pumps. As a result, these pumps can sustain a membrane

potential of up to 280 mV [63, 64]. In our system, with a similar number of active
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incorporated pumps and Rm in excess of 575 GΩ due to the absence of other channels,

voltages of 227 mV could have been achieved with these pumps.
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Chapter 6

Conclusions

6.1 Summary of contributions

This dissertation describes a body of work conducted to integrate an in-vitro biological

fuel cell which converts ATP into electrical energy to power a CMOS integrated

circuit.

This work has made several original contributions to both biology and inte-

grated circuits.

• The first in-vitro system containing sodium-potassium pumps in high enough

concentration in a membrane of high enough resistance to harvest electrical

power.

• A method for photolithographically fabricating hydrophobic wells onto CMOS

integrated circuits that can be used as an anchor for artificial membranes.

• An ultra low-power low-voltage integrated circuit with a switched-capacitor

voltage doubler for use with biological power sources.

• A novel circuit model that can be used to account for both the chemical and
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electrical energy expenditures of ATPases that utilize ATP to pump ions across

a membrane.

These contributions have resulted in the following peer-reviewed publications:

• J. M. Roseman, J. Lin, S. Ramakrishnan, J. K. Rosenstein and K. L. Shepard,

“Hybrid Biological Solid State Systems: Powering an IC with ATP,” Nature

Communications, 2015.

• Jaebin Choi, Eyal Aklimi, Jared Roseman, David Tsai, Harish Krishnaswamy,

Kenneth L. Shepard, “Matching the power density and potentials of biological

systems: a 3.1-nW, 130-mV, 0.023-mm3 pulsed 33-GHz radio transmitter in

32-nm SOI CMOS,” Custom Integrated Circuits Conference, 2014.

• J. K. Rosenstein, S. Ramakrishnan, J. Roseman, and K. L. Shepard, ”Single

ion channel recordings with CMOS-anchored lipid membranes,” Nano Letters,

2013.

6.2 Future work

This work has laid the foundation for forming hybrid biological-solid-state systems

and as a demonstration we have shown that the utilization of a biochemical energy

source can be functionally added to a CMOS circuit. There are a few directions in

which this work can be taken.

• The large size of the prototype system required that ATP be added manually

to the biocell. In order to utilize naturally occurring intracellular ATP, the size

of the chip and biocell must be scaled down to fit inside of a cell.

• A second direction, which seeks to add functionality like the senses of taste and

smell would require a redesign of the chip which includes an amplifier and the
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characterization and integration of ion channels responsible for those senses.

6.3 Final thoughts

The hybrid biological-solid-state system presented here has demonstrated that new

functionality can be reduced to practice by actively selecting the best components for

the task in the biological and solid-state world.

Improvements in this particular system are mentioned above, but ultimately

this work could be used as a guide to those wishing to add new functionality to CMOS

integrated circuits by integrating subcellular biological components.
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