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Abstract

With the integration of microfluidic and MEMS technologies, biochips such as the lab-on-a-chip
(LOC) devices are at the brink of revolutionizing the medical disease diagnostics industries. Remarkable
advancements in the biochips industry are making products resembling Star Trek�s �tricorder� and handheld
medical scanners a reality. Soon, doctors can screen for cancer at the molecular level without costly and
cumbersome equipments, and discuss treatment plans based on immediate lab results. This paper develops a
roadmap for a hypothetical company (XI) which is seeking to be successful in this market. The roadmapping
process starts with gathering data through literature research and expert opinions, and progress through
defining the market/product/technology layers, linking and integrating these layers, and finally creating a lab-
on-a-chip for disease diagnostics technology roadmap.
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Background

For several decades, the microelectronics industry has sustained tremendous growth
and has become what is arguably the most dominant and influential industry for our society. This
industry has undoubtedly touched almost every aspect of our modern lives from personal
computers to medical imaging devices. But, with the electronic industry facing new and significant
challenges as component device feature sizes shrink into the nanometer scale, one cannot help
but wonder what is next? What will this new paradigm bring?

As the microelectronics technology matures, other disruptive technologies such as the
MEMS and microfluidics emerge and are currently gaining momentum. This is not to say that
these new technologies will eventually replace the microelectronics technology however they
will and has already begun to open up a whole new world of innovations and technological
advances, especially in the biotechnology sector. Innovations such as array biochips and
microfluidic-based biochips (lab-on-a-chip) devices are becoming a commercial reality; these
biochips are transitioning out of the academic and pharmaceutical research realm to more
commercialized applications for routine analysis such as medical diagnostics, environment and
agri-business, and pathogen detection [1]. Soon, mothers can routinely test their children at
home for flu. Doctors can screen patients for cancer and begin discussing treatment based on
the immediate results. Farmers can scrutinize the health of animals, and soldiers and environmental
inspectors can test for pathogens and pollutants in their environment without making time-
consuming trips to the lab.

In recent years, an incredible amount of research and development on biochips has
contributed to the rapid evolution of the biotechnology industry. Biochips are defined as
�microsystems with tailored surface properties for life science applications [1].� Simply put, they
are devices or microchips containing organic materials. Early biochips were based on the concept
of a DNAmicroarray designed for the purpose of accelerating genetic research. A DNAmicroarray
is a piece of glass, plastic or silicon substrate on which pieces of DNAwere affixed in amicroscopic
array [2]. The affixed DNA segments are probes. Scientists use these chips to screen a biological
sample simultaneously for the presence of many genetic sequences at once. Now, biochips are
not limited to DNA analysis. Protein biochip array, antibody biochip array and chemical compound
biochip array are also available to for disease screening, diagnosis, andmonitoring [3]. A drawback
of these arrays is that they are neither reconfigurable nor scalable after manufacturing. Moreover,
they lack the ability to carry out sample preparation, which is critical to biochemical applications
[2].

Lab-on-a-chip (LOC), on the other hand, is a subset of biochips that generally refers to
the scaling of single or multiple lab processes down to a chip format [4]. The basic idea of LOC
or microfluidic biochips is to integrate all necessary functions for biochemical analysis onto one
chip using microfluidics and MEMS technology. In general, LOCs consolidate three traditional
functions (sample preparation, analytic separation, and detection) into a single, triple-purpose
device. These biochips are essentially miniaturized laboratories that can perform hundreds or
thousands of simultaneous biochemical reactions. Like all biochips, their substrates (made of
glass, silicon, or polymer) carried probes (either DNA, proteins or tissues) that are used to identify
targets (e.g. disease, pathogens, etc.) in a complex biological sample [1].

Although the application of LOC is still novel and modest, these biochips are receiving
much attention nowadays. They offer a number of advantages over conventional laboratory
procedures. First, they automate highly repetitive laboratory tasks by replacing cumbersome
equipment with miniaturized and integrated systems. This can in turn reduce the risk in human
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errors and sample contamination through manual handling. Second, they enable the handling of
small amounts (micro and nanoliters) of fluids. This means smaller sensors and chemical reaction
chambers, which equates to reduced cost of testing. In addition, LOC also enable researchers
to quickly screen large numbers of biological analytes for purposes that range from disease
diagnosis to detection of bioterrorism agents [2], [1].

The future trend of biochips is heading toward smaller, cheaper, and faster integrated
lab-on-a-chip devices. However, despite all the advances in the development of miniaturized
sensing and analytical components for use in a variety of biomedical and clinical applications,
the ability to assemble and interface individual components in order to achieve high level of
integration in complete working systems continue to pose daunting challenges for industry as a
whole [5]. In order to achieve the ideal LOC vision, the future of the biochips (LOCs) industry
will depend heavily on the collaboration of multiple disciplines such as the biological, physical,
chemical, and engineering sciences to bridge the gaps in technology and establish industry
standards to support mass commercialization.

Methodology

As mentioned before, companies have long used technology roadmapping as a tool to
help them plan strategically for the future. There is a wide range of roadmaps and roadmapping
methodologies to choose from. The most common roadmap is a time-based chart, multi-layer
roadmapwith its layers interlinked to show the impact and interactions between the sub-elements
[6]. In this project, we choose the T-Plan Fast-Start Methodology from the University of Cambridge
to guide us through our roadmapping process.

The T-Plan process consists of two main parts [6]:
1. Standard approach to support product planning.
2. Customized approach to support a broad range of different business aims.
Since roadmapping supports a wide range of business aims, the standard T-Plan process

described above will not fit all planning focuses. Moreover, for the reasons that each organizations
has its own �particular business context, organizational culture, business processes, available
resources, technology types, etc. [6]�, effective roadmapping should be customized and tailored
to suit its unique application. Our team finds this to be the case as well for our technology
roadmapping process.

In order to achieve the desired effectiveness of roadmapping, we tailored the standard
T-Plan process to fit our project. Our research methodology is a two-pronged approach: 1)
Literature Research Path, and 2) Expert Delphi Path. An Expert Delphi path with its panel of five
experts was used to validate the data and findings. [7].

Market analysis

Process of analyzing target market is capable of differentiating a company from its
competitors by serving better products and services with premium price and values to fulfill
requirements of the target customers. �A market-based business will set prices based on customer
needs and the strength of its product position relative to competitors [8]�. Research is intended
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to assist in predicting the direction of the market and exploring who purchases a product and a
reason for the purchase directly drive the future of the company [9], [10].

Research and Market presented �the total biochip market size in 2004 is about $2.0
billion and is forecasted to grow to about $5.1 billion in 2009 with a CAGR of 20.2%�[12].
Pharmaceutical companies want to become financial and research partners for biochip and
biotechnology companies since actual productivity of pharmaceutical companies have been
declined. Those biochip and biotechnology companies may have a capability to make
pharmaceutical companies more productive by using their technologies.

According to Charles Smith of Bell Labs, the first manifestation of MEMS, that the
piezoresistive effect in Germanium and Silicon, was discovered in 1954. It is been more than
fifty years since MEMS research, design, and development has begun. �Many people ask, �Why
has is taken so long for the MEMS/MST, Microsystems Technologies, market and technology to
realize its potential or reach the expected volumes?Will Nanotechnology face the same barriers?
[10]�

Roget Grace Associates introduced a �MEMS Industry Report Card.� It reported that
there were modest advances in marketing grades from a value of C- to C+, from 1998 to 2004
respectively. It pointed that MEMS/MST companies have not conducted formal market research
in order to determine customer requirements and value of prices. In comparison to the
semiconductor industry, which implemented excellent and significant marketing/promotion
activities, rigorous and in-depth market research and marketing expertise are still lacking in
MEMS/MST industry. �Faster, better, cheaper is the mantra of the semiconductor industry in
direct response to customers� needs. MEMS/MST producers need to adopt a similar customer-
centric attitude. [11]�

There is a report for biosensors worldwide market as well. The market size for worldwide
biosensors were estimated approximately $7.3 billion at the end of 2003. Themarket is forecasted
to increase about $10.8 billion with a growth rate of approximately 10.4% in 2007. Some
representative application areas are 1) monitoring glucose levels of diabetic patients driven by
the increasing ratio of obesity and the alarming rise in the ratio of diabetes in the developed
countries and 2) the need for next-generation assay biosensors, which canmotivate the progression
of drug discovery. Applications for environmental pollution, safety for food and beverage, and
military and civil defense fields have been also noticed as growing markets [12].

Well understanding our target market is highly important. In other words, a company
who thoroughly researched its target market has the greatest opportunity to become the market
leader in the market. In this section, we classified biochip market into smaller sub-groups and
executedmarket profiles. The overall biochip market is classified into five major market segments;
pharmaceutical R&D, academic research, diagnostic, environment and agribusiness segments.
Approximately 80 to 90% of the biochip market was dominated by pharmaceutical and academic
research in 2004 [14].

Basic research involving genome mapping and sequencing laboratories and applications
for drug discovery account for biochips� current demand. Drug discovery and disease discovery
applications using the biochip technology in pharmaceutical research is the currently most
remarkable field in Europe. Diagnostic examination and environmental monitoring are the other
fields growing rapidly. �Organizations are realizing that efficiency, accuracy, and productivity
improvements lie in the exploitation of biochip technology [15].�

Jain PharmaBiotech reported in 2005 that the worldwide molecular diagnostic market
was worth $6.5 billion. By 2010, the diagnostic market will grow to $12 billion and to $35 billion
in the year of 2015. Advancements in genomics and proteomics are the primary attributions.
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Importantly, factors contributing significantly to the growth of the molecular diagnostic market
are biochip and nanobiotechnology [16].

Generally, a market is motivated by its market drivers. Finding important market drivers
ensures the sustainable market demands. We came up with five key market drivers influencing
positively to human diagnostic market.

Global Market Needs (HIV and H5N1 Avian Influenza Pandemic)

Tackling widespread public phobia of HIV and H5N1 Avian Influenza is the strongest
market drivers to human diagnostic segment. This market driver is globally remarkable and
sustainable for a long time because of future viral uncertainties.

In 1997, humans were firstly infected by H5N1 strain in Hong Kong which caused
eighteen cases and six deaths. �Since mid-2003, this virus has caused the most severe outbreaks
in poultry on record. In December 2003, infections in people exposed to sick birds were identified
[17].� Humans are not infected by the most avian influenza viruses. When a new subtype of
influenza viruses emerge that humans are not immune, an influenza pandemic occurs. H5N1
avian influenza has a high importance since it might eventually adapt into a strain that is contagious
among humans [17].

On the other hand, HIV is one of the most critical pandemic issues. 400,000 people
have died and over one million people have been infected by AIDS/HIV just in the U.S. More
than 22million people in the world have died from this virus. The United Nations has anticipated
that more than 40 million children in Africa will be orphaned by AIDS/HIV by 2010 [18].

Obviously, there are tremendously huge markets toward those pandemic issues over the
world. Health practitioners are waiting for an advent of diagnostic tool which enables immediate
detection of H5N1 avian influenza and other influenza viruses [19].Worldwide non-governmental
organizations (NGOs), such as UNICEF, are also directly involved in this. They are willing to have
less-expensive diagnostic tools with large volumes.

Health Awareness

Particularly in the U.S., people are becomingmore aware of health related issues. Obesity,
cancer, and any epidemical diseases are some of the examples. Regarding obesity, it may surpass
smoking as the leading cause of preventable death. While obesity used to be a problem only in
developed countries, developing nations notice their overweight population is growing. As for
awareness of cancer, cancer is best treated when it is detected early. By distributing the biochip
upon the purpose at a less expensive price, people will be more aware of the importance of
early detections. Simultaneously, this market driver is also hard to be neglected due to hidden
future market potentials which will be enlarged by promotions via media.

Technology Roadmap: Lab-on-a-Chip
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Increasing Aging Population

The number of population who are 65 years or older have been increased globally. The
population over 65 years old was 36.3million in the year of 2004 in the U.S. and they represented
approximately 12.4% of the overall U.S. population. The administration of aging, in the department
of health and human services, estimated that this population will be 71.5 million by the end of
2030 [20]. In Japan, baby boomers start becoming 60 years old in 2007 [21]. According to the
annual report on the aging society 2005, the number of population aged 65 or older recorded
24.88 million [22].

Cost of Health Care

Insurance cost to cover the healthcare varies depending on a nation. Insurance systems
in some countries respect seniority and older population is required to pay less than younger
generation. Some of the countries in Europe and Japan can be listed in this category. However,
in the U.S., older people still need to pay large amount of money when they see a doctor. They
also need to pay for insurance costs. Less expensive diagnostic tools would be more affordable
for those people. Xtreme Intelligent thinks the generation wants to use those tools for the purpose
of early disease detection as well, which is relevant to the health awareness market driver.

Miniaturized trend

As for current technological trend, especially in biochip field, many of the technologies
have become miniaturized. This natural technological movement is considered indispensable.
Additionally, miniaturized features are one of themost vital advantages that biochips have. Blessed
with development advancement of this trend, biochips will be distributed into not only among
institutions and NGOs, but also general public in the near future.

While different companies in the same market will gain different levels of profitability, it
is useful to set a guideline for knowing how severe it is to be profitable in themarket by researching
estimated profit potential [23]. Companies already established their positions in the biochip
market are in a constant competition to either acquire new patents or validate those of their
rivals. Patents are one of the barriers to enter the market [24]. The supplier selling power in the
biochip market is relatively high. One reason is that switching cost is high in the industry. Since
one product itself priced expensive in the market, switching from one biochip manufacture to
another is costly. Vertical integration is also one reason makes the supplier power high. In other
words, suppliers in the field are concentrated. Relationships among those manufactures and
buyers are comparatively solid [25], [26], [27].

When quite a few alternative products are available, customers can easily switch from a
company to another. Overcoming such a hurdle requires enormous amount of resources and
costs. Most of the companies in the market are reluctant to take an action to launch variety of
substitute products [8], [28]. The �industry demonstrates a peculiar balance between rivalry and
codependence [29].� We have seen competitions in the human diagnostic biochip market.
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However, it is also true that companies need to rely on alliances with other biochip manufacturers
obtaining different technologies and their capabilities. Regarding manufacturing Lab-on-a-Chip
(LOC), several different technologies and those processes are integrated on one chip. Considering
limited resources in a company and necessities of different technologies, there has been no
example that all of the LOCmanufacturing processes are accomplished by one company. Instead,
companies, such as STMicroelectronics, are making alliances to be codependent to another
company, laboratory, or manufacture [30]. Some of the equipments for LOC manufacturing
processes are similar to that utilized in the semiconductor industry. However, customization of
those equipments applicable to biochip manufacturing is mandatory and is hard to be reversed.
Those barriers concern companies and hold the industry being not reaching to mature.
Concurrently, there is still tremendous amount of hidden growth in the market, which could be
exploded by revolutionary manufacturing method [29].

�Cost savings accomplished by eliminating and reducing the factors an industry competes
on. Buyer value is lifted by raising and creating elements the industry has never offered [31].�
The figure of Ansoff�s growth matrix is similar to the blue ocean matrix, which is also a well-
known strategic modeling tool. The matrix is popular and one of the reliable tools to determine
business growth opportunities [32]. The results give a basis for assessing the host company�s
intended method of growth and their interrelationship among competitors [33].

Product analysis

An increasingly ageing population puts a severe financial strain on the healthcare system.
Also, the governments want to spend less money on the healthcare. Those challenges could be
meet by miniaturizing, integrating, automating analysis systems and reducing the time devoted
to each patient. At that point, our strategic product arises as the Lab-on-a-chip.

Point-of-care testing is a growing market and research groups are trying to combine new
and established findings to construct a small handheld device that can analyze a blood sample
for common biomarkers and produce results within a short time.

Lab-on-a-chip enables total automation and integration of material handling, eliminates
the need for human intervention and drastically reduces the sample size requirement; all which
lead to cost reduction. As we discussed in the Market Analysis, many companies are trying to get
better and new products to be the market leader or stay competitive. However, there is an
inevitable gap which is the sample preparation. We are planning to acquire a company which is
an expert in sample preparation to deal with that problem.

Based on our research, we define our strategic products as;

� HIV Chip;
� Avian Flu Detection Chip (Flu Chip);
� Cancer Screening/ Cancer Marker Chip.

Meanwhile, some other institutions and companies are also trying to come up with
those products or improve the existing ones.

Technology Roadmap: Lab-on-a-Chip
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HIV chip

More than 35 million people in developing countries are living with HIV infection. An
enormous global effort is now underway to bring antiretroviral treatment to at least 3 million of
those infected. While drug prices have dropped considerably, the cost and technical complexity
of laboratory tests essential for the management of HIV disease, such as CD4 cell counts, remain
prohibitive. New, simple, and affordable methods for measuring CD4 cells that can be
implemented in resource-scarce settings are urgently needed.

McDevitt Research Laboratory, developed a prototype for a simple, rapid, and affordable
method for counting CD4 lymphocytes. Microliter volumes of blood without further sample
preparation are stained with fluorescent antibodies, captured on a membrane within a
miniaturized flow cell and imaged through microscope optics with the type of charge-coupled
device developed for digital camera technology. An associated computer algorithm converts the
raw digital image into absolute CD4 counts and CD4 percentages in real time. The accuracy of
this prototype system was validated through testing in the United States and Botswana, and
showed close agreement with standard flow cytometry (r = 0.95) over a range of absolute CD4
counts, and the ability to discriminate clinically relevant CD4 count thresholds with high sensitivity
and specificity [35].

Avian flu detection chip (flu chip)

Avian influenza viruses, known to cause avian flu, are of Type A influenza viruses that
infect birds. There are 15 known H subtypes. While all subtypes can be found in birds, the
highly pathogenic isolates of avian influenza viruses are of subtypes H5 and H7. Avian influenza
is a viral disease that is spreading through bird populations across Asia, Africa, and Europe. The
disease is of great concern because if the virus develops the capacity for human-to-human
transmission, it could spread quickly around the globe.

Avian influenza viruses may be transmitted to humans mainly in two ways, either directly
from birds or from avian virus-contaminated environments, or indirectly through an intermediate
host, such as a pig.

Using the In-Check platform from STMicroelectronics, Veredus is trying to identify
whether a patient is infected with Avian Flu (h5n1) or a subtype of Influenza A or B in a single
test, rather than the multiple tests currently in use. The diagnostic chip is planned to handle 5?µl
of blood; operate 25 to 30 thermal cycles over 20 minutes. The test is expected to cost between
$20 and $25 [36], [37].

The Flu Chip is coated with 55 short stretches of RNA selected from 5,000 samples of
human, bird, pig and horse flus provided by the CDC, and including H5N1 and routine human
flus of the H3N2 and H1N1 strains. The broken-up DNA in the amplified sample is, in effect,
poured across the chip, and fragments stick to the matching bits of RNA. By noting the matches,
scientists can deduce which flu it is [38].
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Cancer Screening Chip/Cancer Marker Chip

There are many type of Cancer, based on our research and survey we decide to propose
these two products first. They are Lab-on-a-Chip for Breast Cancer Screening and Cervical
Cancer Screening Chip. The detail of each Chip is stated below.

Lab-on-a-chip for breast cancer screening

Researchers at the Virginia Bioinformatics Institute (VBI) at Virginia Tech have developed
a disposable microchip that replaces space-consuming instrumentation with fast, cost-effective,
lab-on-a-chip technology. The microfluidic device is suitable for large-scale screening of disease-
related biomarkers. Protein biomarkers are useful as �molecular indicators� for a wide range of
diseases including breast cancer. The lab-on-a-chip integrates a pump, valve, separation column,
and detection interface onto a 3- by-1 inch glass microchip and delivers a performance to
match benchtop instrumentation typically occupying a few square feet of lab space.

The system combines liquid chromatographic separation of proteins driven by hundreds
of parallel micro- and nanochannels. These channels, which have dimensions in the micrometer
domain, serve to generate an electroosmotic flow. This flow of liquid helps to separate the
proteins which are then identified by state-of-the-art mass spectrometric detection instruments.
Researchers used the microchip to detect cancer biomarkers in cellular extracts generated from
the MCF7 breast cancer cell line. 77 proteins were identified with confidence, five of which are
known to be cancer-specific biomarkers [39].

Cervical cancer screening chip

Daiichi Pure Chemicals Co. Ltd, Toshiba Corporation, and Toshiba Hokuto Electronics
Corporation have agreed to work together to promote in-vitro DNA-chip-based diagnostics,
starting with diagnosis of the human papilloma virus (HPV). Infection with human papilloma
virus (HPV) is the main cause of cervical cancer, the second most common cancer in women. Of
its many strains 13 are potentially carcinogenic, but the cancer that they trigger can be treated
and completely cured if detected at an early stage. Daiichi Pure Chemicals, Toshiba and Toshiba
Hokuto Electronics aim to develop Japan�s first in-vitro diagnostic system for HPV based on an
electrochemical DNA detection chip [40].

Following to the Market analysis we got the list of potential market driver, and we also
got the key strategic product feature by doing the Product analysis. To find the linkage between
Market and Product layer, Analysis Grid is used. By using the Impact analysis between Market
Drier and Product Feature, Experts scaled the impact of each key product feature vs. market
driver as is shown in table 1.

Technology Roadmap: Lab-on-a-Chip

Rev. Adm. UFSM, Santa Maria, v. 3, n.1, p. 160-173, jan./abr. 2010



- 169 -

Table 1 � Product feature vs. market driver matrix

Technology analysis

Technology solution

After identifying the main �Strategic Product� of Lab-on-a-Chip (LOC) e.g. HIV Chip,
Avian Flu Detection Chip, and Cancer Screening Chip and Strategic Product Features already,
the next step is to find Technology Solution by specifying the major technology areas and time
line. LOC is a device that integrates multifunctional laboratory in a single chip. LOC devices are
a subset of various technologies e.g. MEMS, Microfluidics, etc. For the LOC product of XI
Company, the list of Technology areas and their time line can be listed in table 2 below.

Table 2 � Technology solution for lab-on-a-chip
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These technology solutions can help to meet the critical features of LOC strategic Products
e.g. Speed up analysis times, Reduce sample volume, Reduce costs, and etc.

Technology tree

Once there is a list of technology solutions, the Technology Alternative that can help to
meet the performance target must be identified. A difficult product might require breakthrough
in various technologies or one technology might impact more than one product. When multiple
technologies are being pursued at the same time, the decision will have to make for which
technology will be selected or dropped for further consideration. In our case, the information is
acquired from Expert Panel by using Delphi method to come up with the list of the LOC sub-
technologies. Here is the list of LOC Technology Tree that shows Technology Areas and Technology
Alternatives in each as well as the relationship to product features

Table 3 � Impact of related technology with product feature of lab-on-a-chip
Remark: Use �L�for low, �M�for medium, and �H�for high impact

Technology Roadmap: Lab-on-a-Chip
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Roadmapping

Roadmapping is a process to integrate and link all of the important information of Market,
Product and Technology [41]. According to the result from the first three analyses, Market Analysis,
Product Analysis and Technology Analysis, and the result of the Analysis grid, Impact analysis of
Market Driver and Product Feature, Impact analysis of Product Feature and Technology Alternative,
enable to develop a simple framework of the three levels of the roadmap and also the linkage
between each layer [42]. To draw the Marketing and Technology stands together to create the
first roadmap. Normally, there are many types and formats of Roadmap [41]. The format of the
TRM must be defined in terms of time scales and strategic factor levels e.g. market, product,
technology, resource, regulation & policy, etc. The key flagship and timeline, the product
evolution, and the technological programs must be identified as well. Finally they will draw
together with the linkages between each roadmap levels. And the most significant things to
consider are the prioritizedMarket driver, the high impact Product feature and the most attractive
technological solutions [43]. The product-technology roadmap is illustrated in figure 1.

Figure 1 � Lab-on-a-chip product � technology roadmap
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