
Ž .Research Policy 29 2000 1–8
www.elsevier.nlrlocatereconbase

An analysis of the critical role of public science in innovation: the
case of biotechnology

G. Steven McMillan a,), Francis Narin b, David L. Deeds c

a Penn State Abington, Department of Social Sciences, 1600 Woodland Road, Abington, PA 19001, USA
b CHI Research, Haddon Heights, NJ 08035, USA

c The Weatherhead School of Management, Case Western ReserÕe UniÕersity, CleÕeland, OH, USA

Received 20 June 1998; received in revised form 8 December 1998; accepted 12 March 1999

Abstract

Recent studies have found that the overall US industrial base relies heavily on public science, i.e., knowledge that
originates from universities, research institutions, government laboratories, etc. This research effort narrows the focus to
examine the public science linkage for an important, relatively new industry: biotechnology. Our results indicate that the
biotechnology industry depends on public science much more heavily than other industries. In addition, we found that
biotechnology companies rely on public science for very basic scientific research, that there is a strong national bias in the
citation patterns, and that biotechnology firms rely on science to a much greater extent than large, diversified pharmaceutical
companies do. q 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Much has been written in recent years about how
much organizations depend on external knowledge to
enhance their internal innovation efforts. Most of
these studies center on ‘absorptive capacity’ model

Ž .of Cohen and Levinthal 1990 as a critical compo-
nent of this process. Cohen and Levinthal define
absorptive capacity as the ability of a firm to recog-
nize new information, assimilate it, and apply it to
commercial ends. In addition, they argue that a
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company’s innovation processes are comprised of
both internal and external elements; therefore, the
exploitation of basic scientific discoveries requires
an organization to continuously learn from beyond
its boundaries.

Ž .Recent research Narin et al., 1997 has shown
that, for US industry, relying on external sources of
knowledge centers on public science. Public science
is defined as scientific research performed in and
supported by governmental, academic and charitable
research institutions. Narin et al. found that during
1993–1994, 73% of the scientific papers cited by US
industrial patents were from public science sources,
while only 27% were authored by industrial scien-
tists. Clearly, this finding is strong evidence for the
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continued support of basic research by the various
public organizations.

The purpose of this current research effort is to
narrow the focus of this analysis to a smaller yet
very important section of the US economy: the bio-
technology industry. Biotechnology is a new industry
that is knowledge-based and predominantly com-
posed of new small firms with close ties to univer-

Ž .sity scientists Audretsch and Stephan, 1996 . More
importantly, recent research has found that biotech-
nology companies play a key role in transferring
knowledge from university laboratories to the mar-
ketplace. The sixth annual licensing survey by the
Association of University Technology Managers es-
timated that sales of products developed from inven-
tions produced by academic research and licensed to
industry amounted to US$20.6 billion in 1996, and
that nearly two-thirds of these licenses were to small
firms, including biotechnology companies. Thus,
from their genesis in academic institutions to their
current capacity in licensing ventures, biotechnology
companies are critical in commercializing the bene-
fits of academic research, and although the above
survey illustrates how much biotechs depend on
academic institutions for their licensing products, no
research project has quantitatively analyzed how
much they depend on public science for their own
inventions; it is in this area we seek to make a
contribution.

2. A brief history of biotechnology

Although biotechnology in the form of the cross-
breeding of animals and the development of hybrid
plants has existed for many years, the biotech revolu-
tion that this study examines began in 1973. In that
year, Stanley Cohen of Stanford and Herbert Boyer
of University of California-San Francisco discovered
the basic technique for recombinant DNA, which

Žbecame the basis for genetic engineering Cohen et
.al., 1973 . New companies followed quickly with

Žsome forming as early as 1975 and 1976 Zucker and
.Darby, 1997a,b .

ŽRecent research Patel and Pavitt, 1991; Patel,
.1995 has focused on the localized nature of technol-

ogy production. Both efforts found that large manu-

facturing firms focused their technological efforts in
their home countries, leading to a case of ‘non-
globalization’ of technology. Interestingly, the bio-
technology industry is even narrower geographically.
The development of biotechnology companies was
centered around prestigious universities, primarily in
the Boston and San Francisco areas, as other re-
search scientists saw the tremendous personal finan-
cial success that the biotech industry offered. Many
multi-millionaires have been created when their
start-up biotech companies have gone public. Today,
over one-third of the public biotechnology compa-
nies are in either the San Francisco Bay Area or New

Ž .England Ernst and Young, 1998 .
Even with the tremendous growth in US biotech

Ž .1274 public and private companies in 1998 and the
millions made by investors and scientists, it is still
somewhat unclear exactly what biotech’s contribu-
tion to the worldwide pharmaceutical industry will

Ž .be. According to Zucker and Darby 1997a , the
bioscience revolution is not complete, however,
biotech is certainly making an accelerating contribu-
tion in the production of biological agents and meth-
ods to evaluate different compounds. However, re-
turning to the 1998 Ernst and Young Biotechnology
Industry Annual Report, there are approximately
2200 biotechnology products currently in develop-
ment, with 234 pending approval, suggesting as the
report says that ‘‘the pipeline has never been more

Ž .robust’’ p. 10 . This is one of the most important
reasons that biotech continues to be an important
industry to analyze and examine.

There have been a number of studies of the
biotechnology industry with some surprising, and

Ž .some not so surprising, findings. Deeds et al. 1997
found that the publication record of a biotech’s
scientific team and the firm’s physical location were
positively correlated with the amount of capital the
company could raise in its initial public offering
Ž . Ž .IPO . Zucker and Darby 1996 showed the critical
role of ‘star’ scientists in when and where biotech
companies appeared, and how successful those com-
panies became. Also, confirming Patel and Pavitt
Ž .1991 , they found that much of the intellectual
scientific base for biotechnology is located in Cali-
fornia and the Boston area. These geographic issues
and relationships in the biotechnology industry were

Ž .also examined by Audretsch and Stephan 1996 .
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They found that geographic proximity was important
in the university–biotech relationship, even with e-
mail, faxes and other electronic communications, and
that the specific role played by the university scien-
tist dictated the geographic necessities.

Ž .Liebeskind et al. 1996 explored biotech compa-
nies from a social network perspective. They uncov-
ered that companies who engaged in joint research
and publishing with academic institutions were more
effective at sourcing new scientific knowledge than
those who did not have joint activities. In short,
being part of the social network was important.

Ž .And finally, Zucker and Darby 1997a; b ex-
plored how an incumbent pharmaceutical firm

Žadopted a biotechnology approach drug design vs.
.random testing in its research and development

efforts. Some other biotechnology ‘characteristics’
the pharmaceutical company was exhibiting included
a movement to encourage more publication, more
professor–firm collaborations and numerous collabo-
rations with new biotechnology companies in lieu of
other large incumbent firms.

3. The role of public science in innovation

Kenneth Arrow, in his 1962 article concerning the
economics of information, discussed the properties
of knowledge that make it a public good. These
properties include: it is not depleted when shared,
once it is made public others cannot easily be ex-
cluded from its use, and the incremental cost of an
additional user is nearly zero. More recently, there

Ž .have been sequels to Griliches 1990 seminal analy-
sis that quantified the economic spillovers or unap-
propriated social benefits that might accrue to soci-
ety at large from public science-based innovation
Ž .Dasgupta and David, 1994 . However, though the
value of public science has seldom been questioned,
its characteristics and properties as well as the appro-
priate amount to be supplied has received consider-
able attention of late.

A fundamental premise of economic theory is that
competitive markets provide poor incentives for the
production of public goods, mainly because the
providers cannot appropriate the economic benefits
to their creation. However, this explication assumes

only a market-based reward structure. Recently, soci-
ologists have extended the market-based approach
into a model that illustrates the non-market incen-
tives for scientists to engage in socially responsible

Žactivity Dasgupta and David, 1994; Audretsch and
.Stephan, 1996 .

Much of these non-market incentives focus on the
issue of priority and emanate from the writings of

Ž .Merton 1973 . Merton argued that the goal of scien-
tists is to establish priority of discovery by being
first to announce an advance in knowledge and that
the rewards to priority are the recognition awarded
by the scientific community for being first. Thus,

Žscientists should engage in a norm of openness dis-
.closure with information, fuelling an ever-expan-

ding body of public science.
Ž .More recent research Dasgupta and David, 1994

extended the Mertonian arguments to include in-
sights from such analytical literature as agency the-
ory and optimal contract as well as the dynamics of
racing and waiting games. Their analysis illustrates
that the collegiate reputation-based reward system
functions rather well in satisfying the requirement of
social efficiency in increasing the stock of reliable
knowledge, which supports the Mertonian view.
However, a more fine-grained analysis they con-
ducted suggests that the unending quest for priority
may cause inefficiencies in the allocation of basic vs.
applied resources. More importantly, Dasgupta and
David could uncover no economic forces that auto-
matically operate to maintain the efficiency of
knowledge transfers from university-based open sci-
ence and commercial science. Part of this ineffi-
ciency emanates from the constant friction between
academic institutions who desire publication and the
establishment of priority, and corporate research
sponsors who wish to defer disclosure until appropri-

Ž .ate mechanisms i.e., patents, etc. can be employed
to protect the future economic returns of an innova-
tion. 1

1 However, though many companies bemoan the ‘academic’
approach to research, they report that they rely on it quite heavily.

Ž .Mansfield 1998 found that drug and medical product companies’
reliance on academic research went from 27% of their new
products in the 1975–1985 period to 31% in 1986–1994.
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Numerous authors have asserted that private firms
Žshould invest in basic research either directly or

.through sponsorship of academic efforts even though
the economic returns to those investments may not

Žbe protected Rosenberg, 1990; Cohen and Levinthal,
. Ž .1990 . Interestingly, Liebeskind et al. 1996 re-

cently argued that the social norms of science, in-
cluding the emphasis on priority, may actually pro-
vide more protection to innovations than legal meth-
ods such as patenting and trade secrets. Yet, these
arguments for private research in no way diminish
the need and demand for public science, and in fact
they suggest that companies should engage in their
own research to make better use of the publicly
available knowledge. Thus, we set out to explore the
reliance on public knowledge that exists in the bio-
technology industry.

4. Methodology

As part of another research effort, we requested
the IPO prospectuses of the 220 US biotechnology
companies that were public traded as of 1993; 119
responded and formed our sample. Our examination
of their reliance on public science began with the
date of their IPO through 1997, i.e., all patents they
acquired since going public. Of course, by using this
demarcation in general the longer a company had
been public, the more patents it had.

There were two reasons for our approach. First,
most previous research on biotechs focused on their
pre-IPO links to universities, geographic areas, and

Ževen individual scientists Zucker et al., 1995; Au-
.dretsch and Stephan, 1996 . Yet, little has been done

Fig. 1. Distribution of patent citations to the biotechnology patent
set.

Fig. 2. Distribution of patent citations from the biotechnology
patent set.

regarding post-IPO analysis. In essence, the previous
research around the public science issue ended at the

ŽIPO. Second and this was clearly a very practical
.reason , most of the biotechs had few pre-IPO

patents, which we found somewhat surprising. Thus,
we were limited to patents that had been granted
post-IPO. The 119 companies in our sample were
granted 2334 patents from their respective IPO dates
through 1997; some of the larger ones were Chiron
Ž . Ž .408 since 1982 , Mycogen 138 since 1986 and

Ž .Genetic Institute 123 since 1986 .
In our sample, the total number of patent-to-patent

references was 10,335, of which 841 cited patents
Žoriginated at public institutions see Figs. 1 and 2 for

.distributions of the total patent-to-patent references .
In addition to the patent references, on each US
patent’s front page a number of non-patent refer-

Ž .ences NPRs are listed as ‘other references cited.’
NPRs, as they appear on the front pages of US
patents, are references to scientific journal papers,
meetings, books, technical disclosures and many
other types of published material. Our research effort
focused solely on scientific journal papers, and more
specifically, those that could be matched to papers

Fig. 3. Distributions of citations per paper for papers cited in the
biotechnology patent set.
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Table 1
Reliance of biotechnology on US public science: citation distribu-
tion to US authors and papers

Author institution Citations Percentage
type to institution type of total

Public 8568 71.6%
Private 1971 16.5%
Public and private 1422 11.9%
Total 11,961 100.0%

published in the 4000 or so journals covered by the
Ž . Ž . 2Science Citation Index SCI Fig. 3 .

5. Results

Our 2334 biotechnology patents had 23,286 NPRs
Žon their front pages patentrnon-patent reference

.ratio of 10,335r23,286 or 44.38% , which yielded
20,752 science citations representing 12,477 scien-

Ž .tific papers papers could be cited more than once .
Of these citations, we were not able to classify 2745
Ž .13% , usually because a reference might be incom-
plete, an author’s name misspelled, or a wrong vol-

2 An anonymous reviewer correctly highlighted that prior art
references can originate from either the applicant or the examiner,
and that examiner-based background ‘noise’ should be examined
separately. This issue is quite complicated to address since infor-
mation regarding applicant vs. examiner sourcing is not provided
on the front page of patents. Two studies of which we are aware

Ž .have explored this issue. Carpenter and Narin 1982 examined
399 prostaglandin patents and found that 94% of the science

Ž .references originated with the applicant. Collins and Wyatt 1988
studied genetics patents and found that 65% of the science refer-
ences were from the applicant. They argue that though examiners
may use the same set of citations by rote, and that some citations
are included to demonstrate the examiner’s diligence in searching,
‘‘these difficulties, singly or together, are not so grave as to
invalidate the thesis that papers cited in patents, by examiners or
by applicants, are to a considerable extent directly and positively

Ž .relevant to those patents’’ p. 67 . More directly related to our
Žstudy, we explored thanks to the suggestion of another anony-

.mous reviewer the distribution of the citations per paper. We
found that only seven individual papers were cited more than 13
times each, and that the most frequently cited paper was only cited

Ž .28 times out of over 11,000 citations see Fig. 3 . This finding
would seem to ameliorate any significant concern regarding either
background ‘noise’ or ‘boilerplate’ citation patterns.

ume or page number given. The remaining 18,007
citations were matched with the SCI-based Science

Ž .Literature Indicators Database SLID maintained at
CHI Research for the National Science Foundation.
For papers with at least one US author, the SLID
includes author address information; for our sample,
11,961 citations met this criterion. An analysis of

Ž .these citations found that 8568 71.6% were to
papers originating solely at public science institu-

Žtions universities, medical schools, research insti-
. Ž .tutes , 1422 11.9% cited joint efforts by public and

Ž .private institutions, and only 1971 16.5% cited
papers emanating entirely from private companies
Ž .see Table 1; Fig. 4 . These findings indicate that the
biotechnology industry is even more public science
linked than other industries. Even compared to only
drugs and medicine patents, the biotechnology indus-
try is slightly more public science linked. In their
1997 study, Narin et al. determined that of the US
papers cited, drug and medicine patents cited public
science 79% of the time.

The next level of analysis was to determine the
degree to whether the cited public science research
was more basic or more applied. Much research has
been done on the role public science plays in basic

Ž .scientific research Arrow, 1962; Nelson, 1990 . It is
commonly assumed that public science organizations
are conducting basic scientific research while private
companies are engaged in more applied efforts. Yet,
part of Cohen and Levinthal’s absorptive capacity
model assumes that companies, particularly high-tech
ones, need an internal basic research ability to effec-
tively leverage public science. Though it is beyond
the scope of this paper to examine this phenomenon,
the potential desirability of this internal capability is
highlighted by the following findings.

The National Science Foundation and CHI Re-
search of Haddon Heights, NJ jointly developed a
classification scheme for the journals covered by the

Ž .SCI Pinski and Narin, 1976; Narin et al., 1976 .

Fig. 4. Institutional source of cited US science references.
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Table 2
Field of journals where US authored papers appeared

Field Number of papers Percentage

Biomedical research 3975 57.8%
Clinical medical 2268 33.1%
Chemistry 402 5.8%
Biology 189 2.7%
Engineering 31 0.4%
Physics 11 0.1%
All others 8 0.1%
Total 6884 100.0%

Their classification scale ranges from 1 to 4 with 1
being the most applied research journal and 4 being
the most basic. Our base of 11,961 science refer-
ences that we classified appeared in 6884 different

Žpapers some papers were cited in more than one
.patent . Of these, 3975 appeared in biomedical re-

search journals and 2268 were in clinical medicine
Ž .journals see Table 2 . In addition, of the 6884, 4432

Ž .64% were in level 4 journals, the most basic re-
Ž .search outlets, and 1749 25% appeared in level 3

Ž .journals see Table 3 . By comparison, of all 1994
US papers published in either biomedical research or
clinical medicine, only 37 and 24% were in levels 4
and 3 journals, respectively. Thus, our findings high-
light the degree to which biotechnology firms rely on
very basic research, and may indicate their need for a
continued internal capability to evaluate these exter-
nal sources.

The importance of public science to commercial
biotechnology is demonstrated further by the in-
volvement of prestigious universities and laborato-
ries in the cited papers. For example, as illustrated in

Table 3
Level of journals where US authored papers appeared

Level of journal Number of papers Percentage

Unknown 12 0.3%
1 150 2.1%
2 541 7.9%
3 1749 25.4%
4 4432 64.3%
Total 6884 100.0%

Level 1 is most applied, level 4 is most basic. A few cited journals
did not have level assignments.

Table 4
Top 10 identified US author institutions

Institution names Number of papers
aŽ .National Institutes of Health Total 646

Harvard University 510
aNational Cancer Institute 296

UC-San Francisco 208
Stanford University 181
US Veterans Administration 177
University of Washington 163
Massachusetts Institute of Technology 163

aŽ .National Institutes of Health unspecified 137
Massachusetts General Hospital 127

a The top figure includes the papers for the top 10 locations of the
National Institutes of Health. This 646 includes the 296 from the
National Cancer Institute and the 137 from the National Institutes

Ž .of Health unspecified , as well as eight others.

ŽTable 4, Harvard University located in a biotech-
.nology hotbed, Boston was one of the author affilia-

tions mentioned in 510 cited articles. In addition, the
Silicon Valley-based University of California-San
Francisco and Stanford University ranked third and
fifth in total number of cited papers. This finding is
quite consistent with the ‘localized’ predictions of

Ž . Ž .Patel and Pavitt 1991 and Patel 1995 . Finally, it
is no surprise that the National Cancer Institute
Ž .NCI tops the list as the NCI has a very large
intramural research program.

Table 5
Top 10 identified funding sources for US authored papers

Funding source Total number
of acknowledgments

National Cancer Institute 1127
National Institute of General 669
Medicine Sciences
National Institute of Allergy 594
and Infectious Diseases
National Heart, Lung and 500
Blood Institute
American Cancer Society 321
National Institute of Arthritis 270
and Musculoskeletal Skin Diseases
National Science Foundation 269
American Heart Association 138
National Center for Research 123
Resources
US Universities and Medical 118

Ž .Schools internally supported
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Having determined that public science clearly
plays a critical role in the biotechnology field, we set
out to determine the funding sources for this ‘public
science.’ As part of a larger research project, involv-
ing a search of Philadelphia-area libraries for the
research papers published in 1987–1988 and 1993–
1994, 3833 US authored papers were examined for
funding source acknowledgments. These papers ac-
knowledged over 70 different sources of external
support. As described in Table 5, the top two fund-
ing sources identified were the NCI and National
Institute of General Medicine Sciences with 1127
and 669 acknowledgments, respectively.

Next, we explored the country of origin for the
Ž .cited papers. Previous research Narin et al., 1997

uncovered a very strong national bias in the citation
patterns for industrial patents. For example, Japanese
companies’ patents cite Japanese papers three times
as often as expected after adjusting for the size of the
Japanese publication base. This result was not sur-
prising, but had not been previously tested. Our
research effort also confirmed a very strong national
bias in the US biotechnology industry. Of the 13,192

Ž .total citations including 1231 without a US author ,
Ž .64% 8415 were of US origin; the next highest

country of origin was the United Kingdom at 7%
while Japan was the country of origin for 5% of the

Ž .papers see Fig. 5 . These results suggest that the
national bias is stronger in biotechnology than in the
overall US industrial base, possibly due to biotech-
nology’s genesis and continued growth being pre-
dominately a US-oriented phenomenon.

Our final analysis compares the linkage to sci-
ence, and more specifically to public science, of our

Ž .sample of dedicated biotechnology firms DBFs and
Ž .a group of diversified companies DCs , in an effort

to explore differences between the two. We deter-

Fig. 5. Country of origin of cited science.

Table 6
Ž .Comparison of diversified firms DFs and DBFs

Pharmaceutical DBFs
companies

a aScience linkage—number 5.8 13.8
of science references

bPercent of science references 79.1% 83.5%
originating in public science

a From CHI Research’s Tech-line Group Scoreboard for the 5
years ending 1997.
b Ž .From Narin et al. 1997 .

mined it would be inappropriate to compare the
DBFs with all DCs, so we instead focused on the

Ž .large pharmaceutical companies see Table 6 . Inter-
estingly, the DBFs are much higher in the overall

Žscience linkage i.e., number of science references
.on the front page of their patents , but the percentage

of the two groups’ science references that originate
in public science are very similar. Nevertheless, it
seems clear that one reason DCs may act as bottle-

Žnecks in the product development process between
.themselves and the biotechnology companies is that

they rely less on science than the biotechnology
companies do.

6. Conclusions and implications

We believe that our research findings are impor-
tant for a number of reasons. First, they confirm the
previous findings of Narin et al. that public science
plays a very important role in US industry. In fact,
our results indicate that the biotechnology industry is
even more reliant on public science, and more specif-
ically, basic public science than the pharmaceutical
industry. These findings provide strong support for
continued public support of basic research, and since
biotechnology is widely viewed as having the poten-
tial to revolutionize not only the pharmaceutical
industry but also the chemical and agricultural indus-
tries, this public funding is strategically important to
the US economy.

Second, our findings highlight the potential bene-
fits of the Cohen and Levinthal model of absorptive
capacity and the need for an internal capability to
evaluate external knowledge. Future research should
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examine the internal capabilities and competencies
of biotechnology companies who clearly rely a great
deal on external knowledge as part of their innova-
tion processes.

Finally, our results reinforce the findings of Patel
Ž . Ž .and Pavitt 1991 and Patel 1995 concerning the

localization of the production of technology. Though
this finding was not unexpected, it offers an opportu-
nity for further research on how knowledge is trans-
ferred from a university setting to a private firm, and
given that companies are increasingly relying on
university alliances for their basic research, this area
holds much promise for continued study.
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