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ABSTRACT

Ion channels represent an important category of drug targets. They play a significant role
in numerous physiological functions, from membrane excitation and signaling to fluid
absorption and secretion. An ion-channel assay system using optical nanosensors has
recently been developed. This high-throughput, high-content system improves on the
existing patch clamp and fluorescent dye technologies that presently dominate the ion-
channel screening market. This paper introduces the nanosensor technology, reviews the
current market for ion-channel assays, assesses the costs associated with the nanosensors,
and evaluates their commercialization potential.
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1. Introduction

Towards the end of the 1990s, numerous drugs on the market that had been approved by
the Food and Drug Administration (FDA) were recalled when it was discovered that they
were responsible for hundreds of cases of heart malfunction, with a handful of these
resulting in death. It is now known that a side effect of these drugs was the blockage of
hERG (human-ether-a-go-go) channels in heart cells, which interfered with the normal
thythm of the heart. The hERG channel is an important cardiac ion channel that plays a
role in moderating each heart beat. With the hERG channel blocked and each heart beat
slightly prolonged (QT prolongation), some patients taking these drugs developed a
condition known as polymorphic ventricular dysrhythmia, known to cause ventricular

fibrillation and sudden death.

In the late 1990s, the Committee for Proprietary Medicinal Products (CPMP) convened
an ad-hoc group of experts to investigate the situation surrounding QT prolongation by
non-cardiovascular medicinal products. At these meetings, they recommended the use of
cell-based methods to determine the effects of potential drugs on ion channels affecting
the heart.' Many years later, this recommendation still stands as most research for

screening ion-channel targets is currently conducted via cell-based assays.

As a result of these events, presently, the FDA requires that all new drugs entering the
market be thoroughly screened for cardiac toxicity, regardless of therapeutic target.
However, due to an inability to screen for drug interactions, FDA parameters for
acceptable risk are very strict. Even drugs that yield only a small risk for cardiac toxicity
rarely make it to market, significantly increasing the time, and subsequently, the cost, in
bringing any drug through the FDA approval process. Thus the market for cardiac
screening has exploded into a multi-million dollar market, and a method to efficiently

screen for drug effects on various ion channels, including (but not limited to) hERG, is
highly sought.
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Dr. Heather Clark’s research group at Draper Laboratory has developed a working
solution: a whole-cell assay system using optical nanosensors that allows for a high-
throughput, high content, intra- and extra-cellular method of screening for the effects of
drugs on cellular ion fluctuations. Monitoring cellular ion flux allows researchers to
screen for potential toxicity effects of certain drugs; it is important that any drug with a
side effect of blocking ion channels, such as the hERG channel, is detected early on in the
lengthy and costly drug development process. The detection of a drug’s detrimental side
effects early on in its development can potentially save millions of dollars invested later

on in the process.

There are currently a number of other existing ion-channel assay technologies, each with
its own set of technology differentiators. This report therefore aims to explore the
technical, market, and economic issues associated with commercializing the optical

nanosensor technology.
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2. Background

2.1. Cellular Ion Signaling

Complex ion channels and pumps are present in the membranes of all biological cells.
These ion channels are protein pores in the membrane that control the flow of ions both
into and out of cells. Potassium, sodium, calcium, and chloride are the four primary ions
used to regulate membrane potential in most cells. Many activities inside a cell results in
an ion flux across the membrane, and any perturbation in the cellular environment will
evoke various forms of ion signaling (Figure 1). This ion signaling triggers cellular
communication and is an integral part of the day-to-day activities inside any biological
being. These cellular ion signals are the basis for a number of physiological functions,
such as brain activity, hormone secretion, and heart rate. The ability to detect and

quantify ion fluxes provides information regarding these important processes.

Figure 1: Ion channel effects on cellular signaling; (A) prior to external stimuli, shown ions are
outside of plasma membrane, and (B) external stimuli, such as unwanted drug side-effects, can cause
ion channels to open and allowing ions into a cell, resulting in various forms of cellular signaling

When an abnormal ion flux is detected in the cell membrane, an action potential is
produced. This action potential is an abrupt voltage spike that results from a slight
increase in membrane potential. An action potential is most often initiated by an external
stimulus, such as a drug. If a drug causes an abnormal ion signaling pattern, this

response can be detected.
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In a cell, each type of ion signals a unique current. All different types of ions together
control the overall membrane potential. Two types of potential gradients drive ion flow
across a membrane: (1) an electrostatic force from the ionic charge differential across a
membrane, and (2) a thermodynamic force from the ion concentration gradient across the
membrane.” Depending on the state of the cell at a given moment in time, these two
forces may work together or oppose each other. For each ionic current across the
membrane, a specific membrane potential perfectly matches and opposes the
concentration gradient forces. This potential, known as the equilibrium potential, is
distinct for each different ion. It is formally described by the Nernst equation, which

reveals its dependence on ion concentration and temperature:

E, =E1na,
zF

Equation 1: Nernst equation describing equilibrium potential

Here, E, designates the equilibrium potential, R is the universal gas constant, T is the
absolute temperature, F is the Faraday constant, z is the charge on ion J, and 4; is the
activity of ion Z, dependent on its concentration. As the concentration of a specific ion
changes, the equilibrium potential will change; thus, one can quantify the effects of an
external stimulus, such as a drug, on the ion concentrations in both the intra- and extra-

cellular environments.

2.2. Introducing Optical Nanosensors

Optical nanosensors, or PEBBLES (Probes Encapsulated By Biologically Localized
Embedding), may be defined as devices that transduce a chemical or biological event
using an optical signal. The PEBBLE concept was first introduced in 1998 by Raoul
Kopelman’s research group at the University of Michigan, specifically using optical
nanosensors to make intracellular measurements.* Since then, Dr. Clark’s research group

at Draper has been making significant progress in this field, revealing its potential for
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application in quantifying cellular activities. A schematic of a generic optical nanosensor

can be seen in Figure 2 below.

Figure 2: Schematic of a generic optical nanosensor

The small size of the nanosensors, typically about 100 nm in diameter, enables their
insertion into biological cells with minimal perturbation. They are small enough to enter
into cells non-disruptively, but large enough to be prevented from entering in and out
freely through the ion-channels. These nanosensors consist of an inert, bio-friendly
polymeric matrix in which a sensing component and optical component are entrapped.’
The polymer matrix must allow for selective ion transport, and it must allow for ion
diffusion at a reasonable rate. For this reason, the polymer must remain above its glass
transition temperature. The most often-used matrix, and that which is used for the optical
nanosensors discussed in this report, is comprised of poly(vinyl chloride) (PVC)
plasticized with bis(2-ethylhexyl) sebacate (DOS).® This material is relatively
inexpensive, can be easily plasticized, and has good physical and chemical properties,

such as fast ion diffusion rates and strong charge neutrality characteristics.
Electroneutrality is an important feature of optical nanosensors, dictating a necessity for
the polymer matrix to retain a constant charge. Whenever a charged particle, such as an

ion, permeates the polymer matrix, it must be balanced by the co-extraction or expulsion
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of another charged particle. In this way, the sensors detect the activity of a target ion
based on the activity of a secondary ion. As the secondary ion, typically hydrogen,
responds to balance the charge of the target ion, the ion activities within the system can
be quantified with the use of a proton sensitive dye inside the nanosensor. These
sensitizing dyes change absorbance (and fluorescence) depending on their degree of

hydrogen protonation.

Currently, the transduction method of choice is fluorescence because of its high
sensitivity and relative ease of measurement, as well as its ability to suit high-throughput
systems. Furthermore, the optical nanosensors used at Draper can be used in standard
fluorescent plate readers, which are already in usage in most laboratories. For most
pharmaceutical companies, no additional equipment purchases would be required to use

with these sensors.

The nanosensors described in this report utilize a fluorescent indicator, which transmits
an optical signal that corresponds with varying ion fluxes. The changing ion fluxes are
measured with the use of an ionophore, also contained within the nanosensor. An
ionophore, defined as a lipid-soluble molecule to transport ions through the lipid bilayer
of the cell membrane, allows the target analyte to permeate the polymer matrix
surrounding the optical sensor. As the activity or concentration of the target ion
increases, the ionophore extracts these ions from the surrounding environment into the
optode. The proton sensitive dye, or chromoionophore, is deprotonated to maintain
charge neutrality in the solution. These hydrogen ions are stripped from the
chromoionophore and expelled into the solution. From here, we get fluorescence
depending on the degree of chromoionophore deprotonation. The process is illustrated in

Figure 3.
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2.3.  Quantifying Ion Activity

In the1990s, Bakker and Simon developed thorough theoretical equations to describe

bulk optode behavior.” Their work will be discussed in this section.

In the following equations and in Figure 3 below, L and C are two different ionophores,
each selective for a different ion. R’ represents a negative lipophilic additive. L and C
are assumed to be dissolved into the plasticized polymeric membrane, which can be
modeled as a homogeneous organic solvent phase. The sensor is in equilibrium with an
aqueous solution, and the target analyte ions are extracted by mass transfer into the
organic membrane phase. C denotes the chromoionophore, which changes its optical
signal upon forming a complex with a specific ion.® As mentioned previously, one

typically uses a hydrogen ion-selective chromoionophore.

Fully Protonated ( [1+] =0.0) Fully De-Protonated ( [+] = Large )

Sample Sample
Solution (aq) Solution (aq)
lon- Permeable jon- Permeable

H
r

Figure 3: Optode-solution interface demonstrating ion extraction

In this situation, the ion-exchange equilibrium between the optical ion sensors and

aqueous sample phases can be described by

a. +py, [L]+ VY e [CH+ ] Yy lIva+ _|+ vrelC]+ va,,.

Equation 2: Ion-exchange equilibrium

with the resulting exchange coefficient defined by:
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) - e

Equation 3: Ion-exchange coefficient

v
L,

The chromoionophores are assumed to be ideally hydrogen ion selective, forming a 1:1
stoichiometry in all cases described in this report. In the above equations, the primary

cation I"* (or X" in the case of anions) is assumed to form exclusively 1:p complexes

with the neutral ionophore L. This leads to charged complexes IL,” for cations and

XL,” for anions. The hydrogen ion selective chromoionophore C competes with the

neutral cation- or anion-selective ionophore L, leading to the ion complexes CH, CH",
ILp”+ ,or XL,” within the membrane. The activity symbols a; and ap refer to species in
the aqueous phase, while concentration symbols in the organic phase (within the polymer
matrix) are denoted in square brackets. The corresponding activity coefficients are

expressed by .

In the exchange coefficient defined in Equation 3, K’ , determines the overall selectivity

of the optical ion sensor towards the target analyte ion. The value of this equilibrium
constant is dependent on the acidity constant of the chromoionophore, K,, and on the

stability constant on the ionophore-cation complex, f, ... These constants are defined in
P

the following set of equations:

K - H+ ? yH"yC
[cE T\ 7

Equation 4: Acidity constant of the chromoionophore
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Equation 5: Stability constant of the ionophore

The corresponding distribution coefficients «, . and x,. of the free ions between the

aqueous and organic (membrane) phase are defined by Equations 6 and 7.

7, lH]

o=
a,.

Equation 6: Hydrogen activity ratio

- [ v+]

Kv+ Eal—

i
aiv+

Equation 7: Target ion activity ratio

The exchange coefficient defines the midpoint of the range which can be detected by an
optode. The larger this constant, the more selective the optode is for the target ion, and
consequently, the optode detection limits are lower. The ability to vary this constant
allows researchers to optimize an optical nanosensor’s response in different types of

environments, adjusting to changes in acidity or concentration.

Finally, these quantitative equations must be translated into a visual transduction method.
This is done by defining a new variable, a, which represents the ratio of the concentration

of deprotonated chromoionophore, C, to the total concentration of C.

a= [C] - Fou = F
[Cou] Forei = F,

prot deprot

Equation 8: Degree of protonation
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This value is the standard method used to normalize the optical response of an optical
nanosensor. Here, F is the fluorescence of the chromoionophore for a given equilibrium,
and Fpror and Fepro are the fluorescence values for the totally protonated and

deprotonated forms of the chromoionophore.

Thus it is evident that as the concentration of a target ion changes in the environment
surrounding an ion-selective optical nanosensor, the sensor can detect these changes and
fluoresce according to the degree of ion signaling, allowing one to quantify ion

fluctuations in the system.

2.4. High-Throughput Screening for Intra- and Extra-Cellular Analysis

As described in Section 2.2, optical nanosensors were first introduced and used to make
intracellular measurements by the Kopelman group in 1998. However, Heather Clark’s
research group at Draper Laboratory has introduced a novel application of this
technology: optical nanosensor-based whole-cell assays that allow for high-throughput
ion screening. This rapid array system allows one to monitor both intra- and extra-
cellular ion flux in a large population of cells. Furthermore, this is done in a non-
disruptive manner: research has shown no indication that these nanosensors alter normal
cellular processes. The assays developed by Dr. Clark’s group are very flexible, allowing

for use with almost any cell line or drug compound.

Intracellularly, the nanosensors are introduced into the cytoplasm of the cell. Their small
size allows for them to be loaded into the cell via electroporation, liposomal transfection,
or phagocytosis.” Figure 4 below shows successful loading of the nanosensors into rat

cardiac cells.
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Figure 4: Rat‘cardiac myocytes loaded with sodium-selective opticai nanosensors

When loading the nanosensors extracellularly, the assays use optode membranes to
measure extracellular ion flux from whole cells in standard 96- or 384- well plates as
depicted in Figure 5. Each well is a separate assay, containing multiple ion-selective
nanosensors and biological elements, such as whole cells. The drug is applied to the
wells, and changes in the ion and small molecule concentrations can be measured with
the nanosensors. Important ion concentrations, such as those characteristic of sodium,
potassium, and calcium, can be monitored to develop a “fingerprint” of the cellular
response. This technique has the potential to yield valuable information about the effects

of a particular compound on cellular activity.

Figure 5: Optical sensor arrays used by Dr. Clark’s group
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3. Defining the Market Need

3.1. Applications in Drug Toxicity Screening

These optical nanosensor systems have strong applications in many areas of drug
discovery, especially in the area of toxicity screening. The realization that unwanted
activities at ion channels, such as the hERG channel, are best detected and eliminated
early on in the drug discovery process has greatly heightened the need for screening
techniques. Compared to just ten years ago, the issues involved in screening complicated
ion channels are now much better appreciated across the pharmaceutical industry. Asa
result of this rapid growth, specialist ion-channel screeners, such as Evotec/Genion and
ChanTest enjoyed booming business early on, while the larger pharmaceutical companies
tried to develop their own strategies.'® Today, many of the big pharmaceuticals, such as
Abbott Laboratories and Merck & Co., have caught up and are using their own in-house
tools to perform ion-channel screenings.'! Several other large pharmaceutical
companies, such as Pfizer, and AstraZeneca have dedicated ion-channel programs to

address this opportunity.

The rapid growth of the hERG-screening market is due in large part to the discovery of a
class of drugs known as ion-channel modulators. Although only about 5% of the targets
of marketed drugs are classed as ion channels,? drugs that modulate ion channels had a
total market value in excess of $8 billion in 2000, and $12 billion in 2003. Overall, the
global pharmaceutical market has an annual value of greater than $240 billion with major
markets in the United States, Europe, and Japan. Within this multi-billion dollar
pharmaceutical market, ion-channel modulators have the most relevance in the
cardiovascular market (with annual sales of $48 billion in 2002) and in the central
nervous system (CNS) market (with annual sales of $40 billion in 2002), while having a
presence in numerous other smaller but existing markets, such that of cancer and

metabolic diseases (ex. diabetes).
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The fluorescent ion-selective nanosensors developed by Dr. Clark’s group have the
potential to screen for countless ions and could thus play a crucial role in the drug
development process. lons crucial to the maintenance of cell membrane potential, such
as sodium, potassium, calcium, and chloride have already been successfully tested in the
laboratory environment. The proper functionality of each of these ions and their
corresponding ion channels is essential; should any fail to function properly, numerous

diseases could result.

Diseases associated with ion-channel dysfunction are known as ion channelopathies.
Some of these channelopathies may be a result of genetics, while others may arise from
environmental factors. There are dozens of known ion channelopathies, each resulting

from a non-functional ion channel. Some known ion channelopathies are listed below.

Table 1: Diseases associated with ion-channel dysfunction

CALCIUM SODIUM CHLORIDE POTASSIUM
e Cancer (melanoma, o Epilepsy e  Anxiety e  Cancer (cell
prostate) e Hypertension e  Cystic fibrosis proliferation)
o Immune disorders e  Arrhythmia o Epilepsy e Diabetes
e Inflammation (asthma) [ e Periodic paralysis | ¢ Osteoperosis e Epilepsy
e Migrane o  Immune disorders
e Pain e  Arrhythmia
e Stroke
e Incontinence

It is the hope that, aside from facilitating improved safety screening, the proposed
nanosensors can screen for drugs that cause ion-channel dysfunction, thereby limiting or

preventing many of these diseases.

3.2. Market Need for a High-Throughput System

As is evident in the graph below (Figure 6A), drug toxicity accounts for almost one
quarter of drug development compound failures. Of those failures, about 75 percent
occur in the more advanced and expensive stages of pre-clinical and clinical development
(Figure 6B). This poses a huge toll on the pharmaceutical industry; the inability to
anticipate toxicity early on in the drug discovery process cost the pharmaceutical industry

an estimated $8 billion in 2003.13
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(A) Market Absorption,
Reasons, 7% Distribution,
Metabolism,
and Excretion
(ADME), 41%

Lack of
Efficacy, 30%

Toxicity, 22%

(B) Target ID /
Validation

Clinical

Pre-Clinical

Figure 6: (A) Reasons for drug development failures in 2004, and (B) stages at drug compound
failure [13]

A look at the drug discovery and development timeline below (Figure 7) further
emphasizes the need to detect drug toxicity early on in the drug discovery process. More
than half of the finances that are required to develop a single drug go into the first five
years of research, before preclinical trials even begin. It is in this initial phase of drug
development that a need for a high-throughput screening system would be most
beneficial. The replacement of the current low-throughput electrophysiology system with

this high-throughput, high-content optical nanosensor technology would greatly speed up

the drug development process, potentially saving research groups millions of dollars.

$165M $205M $40M $120M $90M $45M $65M $205M

Drug Discovery & Development Process (15 years, S935M)
(] 5 time (years) 10
Figure 7: Drug discovery timeline and associated costs; adapted from [14]
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4. Optical Nanosensor Synthesis

The optical nanosensors used in Dr. Clark’s laboratory can be formulated to monitor a
virtually limitless selection of ions. With a focus on monitoring ion-flux across cellular
membranes, the most essential ions to study are potassium, sodium, calcium, and
chloride. The creation of nanosensors selective for all of these ions is possible with the
technology being developed at Draper; however, for the scope of this section, only
fabrication methods for the first two ions will be described. This section will describe the
detailed synthesis and characterization of potassium- and sodium-selective polymer

nanosensors.

Three basic components are used to make the liquid polymer nanosensors: an ion-specific
optode matrix that contains molecular indicators to signify a change in ion flux, a

plasticized polymer matrix, and a biocompatible coating.

4.1. Ion-Specific Optode Development

The nanosensor core is comprised of a standard optode matrix, which includes a
plasticized PVC membrane, an ionophore, a chromoionophore, and a negative lipophilic
additive."® It is the ionophore/ chromoionophore combination that allows for optimal
optode performance in different physiological conditions, thus their selection is key to

obtain optimal results.

The ionophore’s function is to extract ions into the polymer matrix. To minimize
interference and cross-selectivity, it is important that the optodes are highly non-selective
for the ionophore. Meanwhile, the chromoionophore must perform well in fluorescence;

Nile Blue derivatives are most commonly used as chromoionophores.
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Table 2 and Table 3 below detail the components of an optode matrix selective for
‘potassium and sodium, respectively. All of these components are commercially
available. It can be observed that here, the only components that vary from one optode

formulation to the other are the ionophore, chromoionophore, and lipophilic additive.

Table 2: Components in potassium optode formulation [8]

COMPONENT CODE NAME MW (g/mol
Ionophore BME-44 Potassium lonophore III 967.06
Chromoionophore | ETH 2439 | Chromoionophore II 733.98
Additive KTFPB Potassium Tetrakis[3,5- 902.31

bis(trifluoromethyl)phenyl]borate
Polymer PVC Poly(vinyl chloride) NA
Plasticizer DOS Bis(2-ethylhexyl) sebacate NA

Table 3: Components in sodium optode formulation

COMPONENT CODE NAME MW (g/mo
Ionophore NalX Sodium Jonophore X 993.27
Chromoionophore | ETH 5359 | Chromoionophore II 569.86
Additive NaTFPB Sodium Tetrakis[3,5- 886.20

bis(trifluoromethyl)phenyl]borate
Polymer PVC Poly(vinyl chloride) NA
Plasticizer DOS Bis(2-ethylhexyl) sebacate NA

The components comprising the optode are mixed together in tetrahydrofuran (THF), an
aprotic solvent often used to dissolve a wide range of compounds. The optode solution is
then mixed in a 50:50 mixture with dichloromethane in a microcentrifuge tube and

sonicated for 30 seconds.

4.2. Subsequent Steps towards Nanosphere Formation

To make the organic, hydrophobic nanosensor more biocompatible with an aqueous
solution, it is coated with an amphiphilic surface modifier. Generally, the sensors can be
functionalized with any number of surface chemistries to aid intra-cellular loading,
eliminate biofouling, or promote other desirable interactions. Many amphiphilic surface
modifiers may be used, but the surface modifier used in this study is poly(ethylene
glycol)-lipid.
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Poly(ethylene glycol), or PEG, is a water-soluble polymer that is often coupled with
hydrophobic molecules to produce non-ionic surfactants. In this case, PEG coupled with
a lipid is used as the amphiphilic surface modifier. This formulation is commercially

available.

The previously formulated optode solution, now mixed with dichloromethane, is then
added to the dissolved PEG-lipid in an aqueous solution. This mixing occurs under
intense sonication with a probe-tip sonicator for a total sonication time of 3 minutes. The
dichloromethane acts as a solvent which then dissolves the surface modifier. Once
dissolved in the aqueous solution, the PEG-lipid inserts its hydrophobic lipid tail into the
nanosensor during formation, leaving the PEG group to stabilize the sensor in an aqueous

solution (Figure 8).

Optode with PEG-
lipid modifier

Figure 8: Simplified steps depicting PEG-lipid insertion into optode

Smaller nanospheres are more desirable than larger ones for reasons involving
biocompatibility. Beyond a certain size, the nanospheres are too large to be taken into a
cell. Research has shown that generally, nanospheres smaller than 250 nm are more

favorable for intracellular analysis,'® so filtration through a standard filter is necessary to
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remove particles that are too large. Here, a syringe with a 200 nm diameter is used to
filter out unwanted nanoparticles. The resulting nanospheres have an average diameter

on the order of 100 nm.

The process diagram on the opposite page (Figure 9) displays step-by-step details for the
fabrication method described above. This diagram reveals that sonication is the method

by which the polymer nanospheres are formed to contain all of the components needed

for ion sensing.
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Figure 9: Steps required for nanosensor fabrication
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3. Cost Analysis

Successful entry into any market requires the fulfillment of at least one of two basic
criteria: (1) Entry into an existing market with a superior product (where the new product
has higher utility or worth), or (2) Entry into the market with a similarly performing, but

more cost-effective, product.

The proposed optical nanosensor technology for use in drug screening applications would
fall under the first category. It is entering into an existing, and flourishing, ion-screening
market with a superior technology. However, this technology must prove to be cost-
competitive with existing technologies in order to succeed and gamer the interest of

pharmaceutical companies.

5.1. Cost Breakdown of Nanosensor Components

Table 4 is comprised of the materials necessary to create one 4 ml “batch” of sodium-
selective nanosensor solution. As is evident in the prices quoted on this table (prices
quote from Sigma Aldrich and Avanti Lipids, http://www.sigmaaldrich.com and
http://www.avantilipids.com, respectively), the cost of each material in the nanosensor
solution is dependent on the quantity of that component being purchased. As the quantity
purchased increases, the price per unit of that material decreases. It is important to note
that the quantity purchased is completely dependent on the volume of production, i.e, the

number of “batches” one wishes to produce.

It should also be noted that the following calculations are a ballpark estimate of actual
cost. The estimate is expected to be more conservative than actuality since purchasing
chemicals in bulk will likely bring down cost, and one can assume that arrangements can
be made with component vendors for bulk discounts. Furthermore, in bulk, one “batch”

may not always equal 4 ml of nanosensor solution, and scaling up the batch size can
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further drive down costs. However, the following calculations present an accurate
reporting of nanosensor fabrication on a smaller scale using actual vendor costs that scale
with material size. As a greater number of batches of nanosensor solution are produced,
the cost calculations consider that a larger sized container of material will need to be

purchased, and the costs are calculated accordingly.

The first six components listed in Table 4 comprise the optode solution that is later added
to the remaining chemical components. The stated “Quantity Needed” (Column B) for
the materials that make up the optode solution yield enough for 10 “batches” of 4 ml
nanosensor solution, accounting for the difference between the “Cost per Quantity
Needed” (Column F) and the “Cost per ‘Batch’” (Column G). The “Quantity Needed”
for the remaining materials, including the dichloromethane, PEG, and DI water yield just
enough for one 4 ml batch of nanosensor solution; thus, the “Cost per Quantity Needed”
and “Cost per ‘Batch’” are the same. Also included are the non-chemical components
that are required, such as the syringe that acts as a filter and a microcentrifuge tube,

inside which the optode solution is combined with the dichloromethane solvent.

Calculating the dependency of batch cost on the production volume yields the graph
shown in Figure 10. The general trend of this graph slopes downwards asymptotically.
At small production quantities, the smallest quantity / container of material available
(although most costly by-the-unit) would be purchased. Once the number of batches
demanded exceeds the number of batches producible by a certain sized container, one
would purchase the next smallest quantity of material. The batch cost reaches a
minimum when production quantity is at a maximum,; this is due to lower unit prices for

materials when a greater amount is purchased.
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Table 4: Components required in optical nanosensor fabrication.

sebacate (DOS)

" Chromoionophore I

(A) Contents (B)
Quantity
Needed
Htgh Molecular Weight 30mg
Polyvinyl Chlonée Tako
Bis- ethylhex'yl)“ B0mg

(C) Cost

(D) Quantity

Sold

(E) Cost per
Unit

T$165.00

~$200.50 |

(F) Cost per Quantity
Needed

(G) Cost (H) Number of

per "Batches" the
Quantity Purchased

____VYields

$52.30

$18.80

17$1.030.00

Additive (NaTFPB) 1mg
$195.00
lonophore (Nal X) 3mg
Tetrahydrofuran (THF) 500 p | $3.85000 | 4,000,000
$1,035.00 1,000,000
$524.00 360,000
$309.50 160,000
$91.00 40,000
$66.00 20,000
Dichloromethane: 50 pi - $61.90 | 10,000
: | 2,000
r - LB 50 | . $195 ] 200
Polyethylene glycol 200 pg $1,210.00 $1 310,00 oo ) 5,000
(PEG) $680.00 $1,360.00 | gram |  $0.27 | 200 2,500
$310.00 . $1,550.00 | gram | $0.37 | 200 1,000
$145.00 | 0.025 gram $5 800.00 | gram | — $7.16 | 200 . 125
| Deionized Water |~ &ml $3480] 1| 1 $003| mi| %077 5| - 200
Disposable Syringe *{ 1 $1.97 | each $0.20 1| batch $0.20 500
Microcentrifuge Tube, 1 - $0.03 | tub “fube | ’:$,0;03* 1,000
0.5ml tube S o *
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Figure 10: Nanosensor batch cost vs. number of batches produced

Also included in the graph in Figure 10 are the man-hours required to fabricate one batch
of 4 ml nanosensor solution. A key aspect of this nanosensor technology is the ability to
do high-throughput assays, and this is in large part due to the relative ease of fabricating
and setting up the nanosensors for experimentation. The entire fabrication process takes
only 15 minutes per batch, so for a lab technician earning $20 per hour, each batch would
require $5 of labor. In the future, however, it is the hope that an automated process for
nanosensor fabrication can be developed to require as little hands-on labor as possible,

further cutting costs.

Based on the graph in Figure 10, it is apparent that a production quantity of
approximately 500 batches is cost-effective. At this production quantity, batch cost
(materials only) comes in at $4.17. One 4 ml batch yields enough nanosensor solution
for 200 wells, each containing of 0.02 ml of nanosensors. Thus, 500 batches would yield

enough nanosensor solution for 100,000 wells. Assuming a standard assay plate
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consisted of 384 wells, this would yield enough solution for approximately 260 384-well
plates. This number is certainly not out of the question as some ion-channel assay
technologies today can read up to 100 384-well plates per day. In fact, in 2000, typical
high-throughput screening programs in the pharmaceutical industry operated at
throughput rates on the order of 10,000 compounds per assay per day, with some
laboratories working at “ultra-high throughput” rates in excess of 100,000 assays per

day."”

In order to calculate the initial investment required, it becomes necessary to calculate the
total material cost. The dependence of the total material cost required for production on
production quantity can be seen in Figure 11 below. The resulting graph depicts an
increasing step function. Similar to the graph in Figure 10, every step occurs at a point at
which the number of batches demanded exceeds the number of batches producible by a
specified quantity (Column H of Table 4). Whenever this occurs, one would purchase the

next smallest quantity of material that could satisfy the production quantity.
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Figure 11: Total material cost vs. number of batches produced

37



It should be noted that Figure 11 does not factor in labor costs but includes material costs
only. This is due to the constancy of the wage rate. As long as the wage rate remains
constant, one does not earn more or less depending on how many hours he or she works.
Thus, there is no marginal increase or decrease in labor costs as production quantity
changes. Furthermore, it should be noted that the labor associated with the optical
nanosensor technology, whether automated or not, would be relatively unskilled (and
hence more inexpensive) in comparison to the skilled labor required for patch clamping, a

labor-intensive process described in Section 6.2.2.

Depending on the desired production quantity, the total cost for materials will change.
Assuming production is occurring at the cost-effective quantity of 500 batches, the total
material cost will be almost $4000. This investment will cover 100,000 wells of ion-

channel analysis.

5.2. Cost per Nanosensor Data Point

In a technology that allows for the measurement of numerous data points via high- and
low-throughput systems, it becomes necessary to measure the cost per data point as a

valid unit of comparison between technologies.

To perform this calculation, one must consider the following information. In this system,
there are:

e 10" nanosensors per ml of sensor solution

e 0.1 ml cells per well (with 100 pl solution per well)

e 20,000 cells per ml (2,000 cells per well)

e 0.02 ml of nanosensors required per well of 2,000 cells in 100 pl solution

In the above calculations, one “batch” is defined as a 4 ml solution containing

approximately 10'? nanospheres per ml. Each well in a plate will receive aliquots of 0.02
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ml of this nanosensor solution, which reveals that one 4 ml “batch” of nanosensors will

fill up 200 wells.

Figure 10 reveals that at a production quantity of 500 batches, the batch cost, including
labor, is $9.17. If we divide this number by the 200 wells that can be accommodated by
one batch, the cost per well comes out to approximately $0.05. Assuming a mark-up of

100%, the cost per well increases to $0.10.

Since we had previously defined each individual well as one assay (Section 2.4),
assuming one assay yields one usable data point, the optical nanosensor cost per data

point comes to $0.10.

5.3.  Production Efficiency

All of the above calculations are conducted assuming a production efficiency of 30%.
This value is derived from the filtering step of the protocol for nanosensor synthesis,
where only about 30% of the fabricated nanosensors make it through the 0.2 pm filter.
This step is necessary to account for the ineffectiveness of sonication in the fabrication
process (Figure 9), where nanosensors exceeding the maximum allowable size are

produced and must be filtered out of the system.
As we can see in Figure 12 below, the production efficiency has a great impact on the

overall cost per 4 ml batch produced. Without a doubt, it would be advantageous and

cost-effective to increase the production efficiency, thus driving down batch costs.
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Figure 12: Graph revealing the dependence of batch cost on production efficiency

5.3.1. Suggestions for Increasing Production Efficiency

A look at previous polymer nanosphere fabrication methods detailed in the literature
suggests that increasing production efficiency may be possible in a number of ways,
perhaps increasing production efficiency to as much as 90%. Doing so will reduce batch

costs to 33% of their original values.

Nanosphere size is controllable by adjusting the nanoparticle synthesis parameters, such
as mixing speed, surfactant type, and surfactant concentration, all of which affect the
stable emulsion droplet size during hardening. ¥ The following three methods propose

possible mechanisms for production efficiency improvement by varying such parameters:

(1) Liu et al. described the preparation of nanospheres with polystyrene shells. ¥ In their
protocol, they sonicate the nanosphere cores and shells in a chloroform solution for 10
minutes. The analogous step in the Draper protocol would be to sonicate the optodes in

the dichloromethane solution for 10 minutes, rather than for the 3 minutes that the current
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protocol calls for. However, doing this would require an additional step. It may be
necessary to decrease the amount of dichloromethane used, as the current 50:50 optode to
solvent ratio forms droplets so quickly that increasing sonication time at this ratio would
have little effect. By lowering the ratio of solvent used relative to the amount of optode
in solution, and by increasing the sonication time, it may be possible to reduce resulting

nanosphere size.

(2) A different approach was taken by Freitas et al. in their synthesis of biodegradable
nanospheres.20 Poly(lactide-coglycolide) (PLGA) nanoparticles were produced using a
modified solvent extraction/evaporation process. Similar to the Draper protocol, the
PLGA was dissolved in dichloromethane. However, Freitas then dispersed this solution
in an aqueous solution by means of a novel experimental set-up involving a contact-free
ultrasonic flow-through cell (Figure 13). This special flow cell sonicates a medium
indirectly but with a very high intensity. In a closed system, the medium is led
contamination-free through a glass tube, having no contact with the sonotrode or with the

atmosphere.

sionl ottt

Figure 13: Design of the ultrasonic flow-through cell;
with kind permission of reproduction from ecmjournal.org

Freitas discovered that by varying either the sonication power or nanoparticle solution
residence time, the mean particle size was controllable. At a sonication power of 32 W
and a residence time of 14 min, the mean particle diameter was 485 + 15 nm.

Nanoparticle sizes in the 10th to 90th percentiles ranged from 175 to 755 nm. By
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increasing the sonication power or the residence time, it may be possible to reduce

nanoparticle diameter to less than 200 nm, which is our maximum allowable size.

(3) In another demonstration, Landfester et al. showed that particle size is controllable by
the ultrasonication time as well as the variation of the amount of surfactant used.”' As
surfactant concentration increases, particle size will generally decrease (Figure 14). This
occurs because the smaller the particle size, the higher the required surface coverage by
the surfactant. With a constant ultrasonication time, particle size is dependent on the
ability to increase and stabilize “newly created” interfacial areas. This ability is solely
dependent on the amount of surfactant used, and therefore, the area of the beads to be
covered by surfactant chains becomes an important parameter in determining particle
size. Specifically, Landfester showed that polymerization of styrene in miniemulsions
stabilized with 0.5-50 wt % of anionic surfactant sodium dodecyl sulfate (SDS) relative
to the monomer resulted in stable polymer dispersions. Resulting particle diameters
ranged between 30 and 180 nm and had narrow size distribution. In the Draper protocol,
increasing the concentration of the PEG-lipid relative to the optode solution may decrease
particle size while also yielding size uniformity.

200 -

Particle Diameter / nm
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Figure 14: Dependence of particle size on weight fraction of the surfactant; here Wy and Wy,
represent the weight of the monomer and surfactant, respectively.
Reprinted with permission from Macromolecules 1999, 32, 5222-5228. Copyright 1999 American
Chemical Society.
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In investigation into these other nanosphere fabrication mechanisms leads to the
hypothesis that incomplete sonication of the optode solution in the aqueous solution is
largely responsible for a low production efficiency. It may also be possible that
insufficient surfactant concentration results in nanospheres above the maximum
allowable size limit. By sonicating for longer periods of time, using different sonication
methods, or by increasing the solvent concentration, it may be possible to better
homogenize the nanospheres while reducing their mean diameters, yielding increased

production efficiency.
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6. Ion-Channel Assay Market Analysis

6.1. Market Segmentation

Ion-channel assays are commonly used across various fields of basic research, from
investigating ion-channel related activities to their use in drug screening applications.
Table 5 identifies four different market segments in the drug discovery value chain where
ion-channel assays most significantly add value to the drug discovery process. > These
market segments are: basic research, prirhary screening, secondary screening, and safety
screening. Each of these market segments differentiates itself by its demands on different
assay parameters. Among the most important parameters to consider are sensitivity,
specificity, throughput, information content, robustness, flexibility, cost, and

physiological relevance.

Table 5: Requirements for each market segment; reprinted with permission from [22]

ASSAY PARAMETERS MARKET SEGMENTS
RESEARCH PRIMARY SECONDARY SAFETY SCREEN
SCREEN SCREEN

o Sensitivity +4++ +++ +++ +4++
o Selectivity +++ ++ +++ +++
o Throughput + +++ ++ 4
¢ Information Content +++ + +++ + 4+
» Robustness + +++ ++ a
o Flexibility +++ + + +
o Cost +++ +++ + +
» Physiological +++ ++ +4+4 F4+

relevance

Symbol key: +, moderate requirement; + +, high requirement; + + +, highest requirement

The optical nanosensors developed by Dr. Clark’s group are targeted towards drug
discovery for screening compounds affecting ion-channel-related targets, and such
activities would generally take place in the last of the four market segments identified:
the safety screen. This market encompasses the toxicological data performed on all drug
candidates by ion-channel assays, from the whole-cell to the whole-tissue level.
However, based on the cost calculations presented in Section 5, it appears that the sensors

can also satisfy the needs of the other segments.
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Table 5 reveals that in the safety screening market segment, almost all parameters are of
either “high” or “highest” requirement with exception to cost and flexibility, which are
stated as “moderate” requirements. Of the high or highest requirements, “sensitivity”
describes the ability of an assay to detect target molecules, “selectivity” measures the
ability of an assay to distinguish between a target molecule and other molecules,
“information content” describes the amount of data output from one test unit of an assay,
“robustness” measures the ability of an assay to withstand and adapt to various external
environments, “throughput” measures the speed and volume of an assay, and
“physiological relevance” describes how relevant the result of an assay is to a

physiological setting.

The ion-selective, high-throughput and high-content optical nanosensor technology
satisfies all of these criteria, making it an optimal choice for use in the safety screening
market. It should be noted that all of the assay parameters described in Table 5 are
interrelated; each of these assay parameters can have positive or negative effects on the
others (Figure 15). For example, some ion-channel assay technologies offer high
throughput but relatively poor information content, while other screening techniques

offer lower throughput but excellent information content.

Figure 15: Ion channel assay parameters; reprinted with permission from [22]
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This interdependency of assay parameters would dictate that one single attribute should
not be solely used to determine the superiority of one type of ion-channel assay over

another, an important point to consider when comparing different technologies.

6.2. Alternative Ion-Channel Assay Technologies

With an increased number of ion channelopathies discovered every year, more advanced
screening techniques are in demand. And as more advanced screening techniques are
developed, more ion channelopathies are likely to be discovered, further increasing the
need for improved screening abilities. Ionic conduction across a biological membrane
can generally be measured in two types of ways: directly or indirectly. Patch clamping
and radioactive flux assays are two direct methods to measure ionic flux, while

fluorescence-based voltage and ion sensors measure ionic conduction indirectly.

6.2.2. Patch Clamping

The current gold standard for ion-channel analysis, as it has been for years, is the patch
clamp. The patch clamp provides a technique for measuring currents passing through
membrane channels. It gives extremely high quality and physiologically relevant results,
but it requires a very labor-intensive process. Invented in the late 1970s by Sakmann and
Neher,? this technique controls, or clamps, the electrical potential difference across a cell
membrane while directly measuring the current carried by ions across the membrane at a
specific voltage. Such a technology allows for a detailed characterization of ion channel
gating, permeability, and most importantly, drug interactions. Furthermore, the

sensitivity of this technique allows even single ion channels to be investigated.
With the conventional patch clamp (Figure 16), a small patch of membrane is sealed (also

known as a “gigaohm seal”) to the tip of a micropipette, creating a “patch.” A hole is

created in the cell membrane under the pipette tip to enable voltage control and
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measurements across the cell membrane. As specific ions enter or leave the cell, the

changing ion current can be read and quantified by the electrode.

Electrode reads
current change

Glass pipette

K+
lon
K* .
—* influx
Reference K*
electrode

Figure 16: Schematic of whole-cell patch clamp setup

Although the patch clamp allows for unprecedented precise measurements of cellular ion-
channel activity, its setup requires the attention of highly trained personnel. The high
level of manual intervention required to make efficient measurements greatly restricts the
measurement throughput. Even the most experienced patch clamper can clamp, at best,
10 to 30 cells per day.” Such low throughput is unacceptable for high-throughput
purposes and results in high costs per data point. It is estimated that one data point via

the conventional patch clamping mechanism costs about $50.%

The automated patch clamp (APC) is a higher-throughput version of the manual patch
clamp that is gaining popularity in the market, but is not yet as reliable as a manual patch
clamp. The planar patch clamp is a type of APC, where a hole is etched into a silicon-
based substrate and suction brings a cell close to the hole, creating a gigaohm seal (Figure
17). Doing so removes the need for an operator skilled in three-dimensional
manipulation to bring the conventional patch clamp’s micropipette in contact with a cell.
Consequently, the cost per data point is about $15, significantly lower than that of the

conventional patch clamp.**?’
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Figure 17: Schematic of planar patch clamp setup

There are a number of APCs currently on the market. Some of these, such as the
PatchXpress ™ 7000A (Axon Instruments; http://www.axon.com) are able to read data
from 16 individual cell chambers simultaneously, while other devices, such as the
Ionworks HT (Molecular Devices; http://www.moleculardevices.com) can record data
from 48 channels at once. Of the APCs currently on the market, the system with the
highest throughput belongs to the QPatch 96™, developed by Sophion Biosciences. The
QPatch 96 ™ can simultaneously read 96 channels of data, and the system works
continuously and unattended until screening of a full compound library is completed,

essentially eliminating the need for a trained technician.?®

Although the future looks promising for automated patch clamp systems, currently even
the most high-throughput APC system can only measure 96 channels simultaneously,
which is far below the throughput required for safety and secondary (hundreds to
thousands / day) or primary (thousands to tens of thousands / day) pharmaceutical drug
screenings.”’ Furthermore, measuring these 96 channels does not necessarily equal 96
usable data points. There are drawbacks associated with automated patch clamps as a
result of testing only a single cell per channel. While other types of conventional plate-
based assays gather data that is averaged from the signal across thousands of cells, there

is a much greater risk involved with measuring only one cell as an automated assay. For
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example, if the gigaohm seal were to fail during the measurement, there would be no data
for that entire assay. The success rate for automated patch clamps is thus less than 100%,

lowering its maximum throughput ability.

For these reasons, while APCs are currently the main technology used for ion-channel
studies in secondary screening and non-compliant hERG liability testing, manual patch
clamping remains the preferred technology for ion channel studies in safety screens (ex.
hERG compliant assays).”* Manual patch clamps have demonstrated a reliability that has

so far been unmatched by automated patch clamps.

Even still, the APC market is on the rise. The pharmaceutical and biotechnology market
for APC instrument sales was estimated to be about $32 million in 2005, while sales in
2006 were expected to peak even higher with over 200 APC orders placed worldwide. In
the year 2005 alone, the mean annual laboratory budget for the purchase of ion-channel
related consumables (ex. patch clamps) was estimated to be about $161 thousand. These
dollar figures, coupled with the growing market for ion-channel modulating drugs, are
indicative that a strong demand for an effective and efficient ion-channel screening

method is in place.

6.2.3. Radioactive Flux Assays

In addition to patch clamping, another direct method of measuring ion flux occurs via
radioactive flux assays. This method is not nearly as common as the patch clamp, but it
is often used by many screening laboratories because it measures ion flux and gives a
much higher throughput (several hundred data points per hour) than patch clamping. In
addition, these are comparable to patch clamping in their highly sensitive readouts when

measuring compound potency.
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Radioactive flux assays make use of radioactive isotopes that are used to trace the cellular
influx and efflux of specific ions. For example, **Rb" is a commonly used isotope that
has similar properties to K* and permeates through K channels. In this assay, cells
expressing the ion channel of interest are incubated with the radioactive **Rb" tracer for
several hours, followed by washing and removal of the excess tracer. The cells are then
incubated with pharmacological modifiers to allow for *Rb* efflux. Finally, the cells

and supernatant are collected for radioactive counting.”’

Naturally, radioactive flux methods suffer from the inconvenience associated with
handling radioactive material, such as the relatively short half-life and high-energy
emission. There is also the added burden of requiring different radioactive ions for
channels with different ion permeabilities. Although a non-radioactive Rb” efflux assay
exists where Rb" distribution between intracellular and extracellular space is determined
by atomic absorption spectroscopy, it is limited by its low sensitivity.>* Often, non-
specific background fluxes are present and must be subtracted out of the data. Although
the throughput of radioactive flux assays is greater than that of patch clamping, it is still
much lower compared with that of fluorescence-based assays. The typical overall cost of

using a radioactive rubidium flux assay is $1-$10 per data point. *

6.2.4. Fluorescence-Based Voltage Sensors

The vast majority of current ion sensors are fluorescent dyes that are loaded directly into
the cell. Unlike the above two methods, fluorescence-based assays do not directly
measure ion current but instead measure either membrane potential-dependent or ion
concentration-dependent changes of fluorescence signals resulting from ionic flux.
Compared to the previous two technologies, these assays are relatively easy to set up and
can achieve high throughout. Specifically, fluorescent voltage-sensitive dyes can detect

and measure voltage changes across the cell membrane.
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A common florescence-based voltage sensor system occurs via the fluorescence
resonance energy transfer (FRET) mechanism. In this setup, different negatively
charged, voltage-sensing oxonol dyes act as negatively charged acceptors to other
voltage-insensitive donor fluorophores. The FRET donors consist of coumarin-tagged
phospholipids that are integrated into the outer leaflet of the plasma membrane upon cell
loading. FRET increases or decreases in response to membrane hyperpolarization or
depolarization. For example, depolarization of the plasma membrane causes rapid
translocation of the oxonol dye to the inner surface of the membrane, decreasing FRET.
The distance, and thus the level of energy transfer (FRET) between the stationary donor

and the mobile acceptor at the plasma membrane is dependent on voltage (Figure 18).
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Figure 18: Model of FRET mechanism
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Recently, Aurora Biosciences has developed the Voltage Ion Probe Reader (VIPR™) as a
high-throughput instrument using FRET-based voltage sensor dyes to screen ion-channel
related targets. The newest VIPR II is capable of screening several 384-well plates per
hour, and has a standalone throughput of up to 40,000 samples per day. Using this

system, dye cost comes in at about $0.10 to $0.30 per data point. 2
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6.2.5. Fluorescence-Based Ionic Sensors

TIon-specific fluorescent dyes to measure intracellular ionic concentrations are currently
among the most widely used probes for ion-channel analysis. The most popular of these
dyes is the calcium indicator dye, which alters its fluorescence emission upon calcium
binding.*' Numerous calcium dyes are available depending on the application. Among
the characteristics that can be customized for each application are their affinity to calcium

ions, excitation and emission spectra, and chemical forms.

To aid in the reading of both types of fluorescent-based sensor systems, Molecular
Devices introduced the Fluorescent Imaging Plate Reader (FLIPR™), a high-throughput
screening platform. FLIPR, similar to VIPR, uses a 384-well plate format with a
throughput of up to 10 plates per hour.** This allows for a high-throughput, low noise
measurement. In fact, the optical nanosensors for ion-channel assays developed at
Draper Laboratory can also make use of the existing FLIPR platform, allowing

pharmaceuticals to use existing laboratory equipment with this new technology.

Ion-specific indicator dyes, however, have their own set of drawbacks. Ion-channel
assays using ion-specific indicator dyes are limited to the availability of existing dyes.
Not all ions currently have a corresponding high-performance indicator dye, and thus not
all ion channels can be studied. Presently, only calcium dyes have proven to yield quality
results that can be used towards high-throughput screening of calcium channels. Other
dyes, such as the sodium-selective CoroNa dye, is capable of detecting for sodium ion
flux but not at the same high-content level as the available calcium dye. Outside of
measuring the flux for these two ions, if other ion channels need to be measured, one

must measure them in some other way.
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6.3. Competitive Landscape of Alternative Technologies

It is clear that there are two main technologies used for ion-channel assays today: patch
clamping and florescent-based sensors. The information-rich but low-throughput patch
clamp dominates the basic research market, while the high-throughput but relatively
information-poor fluorescent probe is often used in the primary screen market. Both
technologies are used widely for secondary and safety screening, as these two market

segments have similar attribute requirements (Table 5).

Most emerging technologies appear to be intended at improving either one of these two
techniques. Patch clamping needs to improve its throughput to lower costs, while
fluorescence-based sensors must achieve higher information content. The optical
nanosensor technology developed at Draper Laboratory is unique in that it introduces a
novel application (ion-channel screening array system) for a relatively new and
developing concept (optical nanosensors) while allowing this system to be readable by

existing platforms (FLIPR).

6.4. Optical Nanosensor Technology Differentiators

The novel optical nanosensors possess the appropriate technology differentiators to
enable drug screening applications. Some have been previously mentioned, others have

not; all will be summarized here.

o High Selectivity: Unlike commercially available dyes, the optical nanosensors
have exhibited high selectivity over other physiologically relevant ions in their
surroundings. For example, sodium-selective optical nanosensors have measured
sodium with 100 fold selectivity over potassium. This selectivity is 60 fold better
over the commercially sold sodium-specific fluorescent dyes, such as the CoroNa

dye.
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Broad Range of Detection Targets: Also unlike fluorescent-based ionic sensors
which are limited by the availability of ion-specific indicator dyes, optical
nanosensors can be formulated to monitor numerous ions, including calcium,

sodium, potassium, chloride, rubidium, etc.

Small Size: The average nanosensor size is on the order of 100 = 30 nm. Unlike
the invasive patch-clamping process, the nanosensors are only minimally invasive

and non-disruptive, allowing for both intra- and extra-cellular monitoring.

Biocompatibility: Cytotoxicity tests have confirmed sensor biocompatibility.

Advantageous Surface Chemistry: During the current nanosensor synthesis
process, the sensors are functionalized with PEG-lipids to facilitate their uptake
into cells. In theory, these sensors can be coated or functionalized with any group

to ease intracellular loading or promote any other desirable interactions.

Tunable Sensitivity: The sensor range of detection can be tuned to
physiologically relevant conditions. Currently, the sodium-selective optical

nanosensors can detect concentration changes as low as 50 uM.

Real-Time Responses: Rapid nanosensor response allows for real-time analysis

of ion flux inside a cell, enabling in vivo applications.

Long Lifespan: After nanosensor fabrication, the sensors have been confirmed
stable for at least one week in solution with the potential to be extended further,
allowing for several quantities, or “batches,” of nanosensors to be made at once.

Furthermore, this also enables in vivo applications for the sensors.
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e High Throughput: As previously mentioned, the nanosensors can be used with

standard optical plate readers, such as the FLIPR platform.

6.5. Optical Nanosensor Technology in the Competitive Landscape

Based on all of the above data for the different ion-channel assay technologies, including

optical nanosensors, we are able to construct the following comparison chart:

Table 6: Comparison of different ion-channel assays; data from [22,24,25,29]

Assay TYPE
CONVENTIONAL AUTOMATED RADIOACTIVE | FLUORESCENCE OPTICAL
PATCH CLAMP | PATCH CLAMP FLUX DYES NANOSENSORS
Data Specific Specific Channel state Membrane Ion
channel Data channel Data potential, concentration
Calcium
Concentration
Throughput: <50 200 - 1000 > 1000 > 10,000 > 10,000
data points
per day
Automated No Yes Yes Yes Yes
system exists
Ability to Yes Yes No No Yes
screen for
broad range
of ions
Sensitivity High High Medium Medium to High
High
Temporal Sub- Sub- Seconds to Seconds to Sub-
response millisecond millisecond minutes minutes millisecond
Manufacturer Axon Nanion, Aurora Molecular NA
(Selected) Sophion Devices
Cost per data $50 $15 $1-10 $0.10to Estimated
point (US §) $0.30 $0.10

Based on these categories, the optical nanosensor ion-channel assay system is most

similar to fluorescent-based sensor arrays in terms of their throughput and automation.

However, optical nanosensors differentiate themselves by providing higher information
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content, higher sensitivity, and faster response times than the fluorescent-based sensor

arrays.

Considering all of the technology differentiators present with the optical nanosensor rapid
array system, it is now possible to formulate a comparison graph mapping the current and
emerging ion-channel assay technologies. Figure 19 summarizes the results based on

these criteria: throughput, information content, cost per data point, sensitivity, assay type,

and product development stage.
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Figure 19: Competitive landscape for ion-channel assay technologies; modified and reprinted with
permission from [22]

Here, the Y-axis labeled “Information content” refers to a multi-dimensional attribute that

describes the amount of data output from one test unit of an assay. It incorporates both
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kinetic aspects (such as the frequency of recording data) and static or steady state aspects

of measurements (such as simultaneous detection of fluorescence).

The X-axis labeled “Throughput” measures the number of data points collectable per day
by one instrument of a particular technology.

From this chart, we can observe the following: electrophysiology, or patch clamping,
yields superior content but has high costs and low-throughput (which is slowly
improving), while fluorescence methods provide low information content but have higher

throughputs.

With regards to the placement of optical nanosensor technology on this chart, Section 6.4
reveals that the throughput matches that of fluorescence-based sensor arrays while
yielding information content almost on par with that of patch clamps. Current trends
would indicate that the future market demands a high-threughput and high information
content technique. It appears that this optical nanosensor technology fulfills the criteria

to satisfy an unmet need in the drug screening market.
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7. Intellectual Property Landscape

With the potential for commercialization of any technology, it becomes necessary to first
secure fundamental intellectual property rights. Intellectual property protection is
essential for any new technology in a rapidly emerging market. This section will analyze
the intellectual property landscape surround the optical nanosensor technology and its

proposed application for high-throughput drug screening.

7.1.  University of Michigan Patent #6,143,558

The fundamental intellectual property for the technology behind the optical nanosensors
used by Draper Laboratory lies with the Regents of the University of Michigan. This
patent, entitled “Optical Fiberless Sensors for Analyzing Cellular Analytes” was filed by
Raoul Kopelman, Heather Clark, Eric Monson, Stephen Parus, Martin Philbert, and Bjorn
Thorsrud in July 1997 and assigned in November 2000.> The summary of invention

section begins as follows:

The invention relates generally to optical fiberless sensors, method of fiberless
sensor fabrication and uses of such sensors in cells. The sensors of the present
invention are: (1) small enough to enter a single mammalian cell relatively non-
invasively, (2) fast and sensitive enough to catch even minor alterations in the
movement of essential ions, and (3) mechanically stable enough to withstand the
manipulation of the sensor to specific locations within the cell. Importantly, the
fiberless sensors of the present invention are non-toxic and permit the

simultaneous monitoring of several cellular processes.
This patent, filed a decade ago, describes the technology still in use today. It lays the

groundwork for creating a sensor comprised of ionophores useful for the detection of

intracellular analytes.
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7.2. Draper Patent

In 2006, Heather Clark’s research group at Draper Laboratory filed their own patent
application regarding this technology. The Draper patent details the use of the
nanosensor technology in high-throughput array systems for the applications described in
the previous pages. The difference between the Michigan IP and the Draper IP is this:

the Michigan IP is technology-based, while the Draper IP is application-based. The
patent filed by Dr. Clark’s group at Draper is based on the use of the technology detailed
in the aforementioned Michigan patent in an application for sensor arrays in high-
throughput discovery systems. Also, while those at the University of Michigan have used
the nanosensors intracellularly, Draper Laboratory is using the nanosensors for both intra-

and extra-cellular measurements.

As of the time of this report, the Draper patent application has not yet been published and
specifics regarding it (patent number, claims, etc.) are unavailable for proprietary

reasons.

7.3.  Steps Required to License Technology

Once a patent is approved by the United States Patent and Trademark Office, several
options exist towards commercializing the technology to generate revenue. Among other
things, the assignee of the patent may choose to establish their own company, sell the
technology by assigning it to another party, or license the technology. Licensing a
technology is typically ideal when one desires little to no involvement in the actual
manufacture and production of the technology. When this happens, the patent’s assignee
grants rights over the patent to another designated licensee. Licensing a technology is
generally the most common pathway towards commercialization, and it is the one

recommended for Dr. Clark’s group at Draper Laboratory.
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In order for Draper to license its own application of the optical nanosensor technology to
interested parties, it must first secure fundamental intellectual property rights from the
University of Michigan for their patent described in Section 7.1. This may not be as
simple as it seems. It would be most ideal to obtain rights to the Michigan patent
immediately before another company obtains licensing rights to the Draper patent.
However, since the latter event is difficult to foresee, there is much thought required on
Draper’s part in deciding when to purchase licensing rights to the Michigan IP. To
provide the most cost-effective solution, it is necessary to minimize the window of time
between Draper securing rights to the Michigan IP and a third party securing rights to the
Draper IP.
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8. Proposed Business Model

This new technology developed at Draper has a strong potential to develop into a
successful IP company. Draper is most interested in licensing their technology not
directly to pharmaceuticals, but to life science research product manufacturers, such as
Invitrogen or GE Biosciences. These product manufacturers will, in turn, market this

product to pharmaceuticals that can use it, at a minimum, for toxicity screening purposes

(Figure 20).

Materials: Optical Nanosensors
(IP belongs to the University of Michigan)

!

Device / Application: High Throughput / Rapid
Array System
(IP belongs to Draper)

!

Manufacture / Distribution: Life Science
Research Product Manufacturers

!

Customers: Pharmaceuticals

Figure 20: IP business model - flow of goods & information

Draper is seeking to take a piece-by-piece licensing approach. They will continue to
grow and develop their technology while building their own IP portfolio. The licensing
plan is to license a piece of the technology at a time, and as more gets developed in the

future, those additional pieces would also be licensed out.
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9. Conclusion

The FDA approval process for new drugs is long and expensive. The rapid array system
using the optical nanosensor technology seeks to cut costs involved with the drug
development process by providing a new approach that offers possibilities for more
effective and faster methods of screening, especially when dealing with a large sample of
cells. The proposed technique offers several advantages over current techniques, such as
fluorescent indicator dyes and patch clamping. The optical nanosensors developed at
Draper Laboratory overcome the limitations faced by these technologies by providing a
fluorescence-based high-throughput system that is biocompatible, small enough to allow
for intracellular compatibility, and able to make simultaneous measurements of different
ions fluxes. No other existing technology is able to combine all of these attributes

necessary for successful high-throughput screening of ion-channel assays.

A closer look into the ion-channel screening market reveals its steady development and
growth; in the next several years, ion-channel modulating drugs and ion-channel
screening techniques are projected to grow into a multi-million dollar market. This is
quite a feat for a field of study whose impact was relatively unknown just a decade ago,
when the discovery of hERG-channel blocking drugs revealed a whole new world of

diseases associated with cellular ion-channel dysfunction.

Numerous challenges lie ahead before establishing the rapid array system of optical
nanosensors as the standard for drug screening. Almost all creators and proponents of
new technologies must overcome the unavoidable barrier of persuading the market that
their product is better (more effective and informative, more cost efficient, easier to use,
etc.) than what is currently available. Oftentimes, this is a daunting task when the
customer is already comfortable with the technology currently in use. Because of this,
the novelty of a new technology often works against it. In the case of the optical

nanosensor system proposed by Draper, a large barrier to overcome in marketing this
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technology involves persuading pharmaceutical companies that it is a better investment
than their existing systems used for ion-channel analysis. An even bigger challenge,
however, is the issue of validation. Companies and researchers are seeking technologies
that are more effective and informative, more cost efficient, and easier to use, but not at

the cost of more errors.

The many technology differentiators work in favor of a promising future for these optical
nanosensors in drug screening applications, and despite any foreseen (and unforeseen)
challenges, a continued look into the optical nanosensor technology appears to be worth

the investment.
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