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Abstract 
Science and technology that function as knowledge resources have shown a 
complex relation in the process of innovation, especially in the synthetic bio-
technology industry, an industry bridging biology and engineering where its 
standardized, decoupled and modularized innovation mode has recon-
structed rather than simply spanned the institutions of academic and indus-
trial worlds. Multiple knowledge networks open a new avenue for studying 
the evolution of synthetic biotechnology. This paper first proposes a frame-
work of integrating scientific and technological knowledge networks, then 
utilizes WOS’s Cross Search function to construct the cross-reference be-
tween DII and SCI and SSCI, finally employs the indicators of network struc-
tures and nodes to analyze the multiple knowledge networks in the evolution 
of synthetic biotechnology. Results show that at the emergence stage 
(2000-2003), scientific and technological knowledge are difficult to integrate 
with each other; at the exploration stage (2004-2007), there exist significant 
intersection and symbiosis between scientific and technological knowledge; 
and at the growth stage (2008-2014), scientific and technological knowledge 
give rise to independent logics of growth. 
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1. Introduction 

Synthetic biotechnology originated from the launch of the human genome 
project and the rise of system biology in the 1990s. Life scientists use the concept 
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of electronic circuits in physics for reference to construct gene circuits with spe-
cific functions and logical relationships, and endow cells with new biological 
functions at the functional level [1]. With the great potential to promote the 
transformation of the biotechnology industry and solve the global food and 
energy crisis, the UK and the United States have successively promoted its mo-
nopoly in the global synthetic biotechnology innovation value chain through the 
establishment of synthetic biology research centers, the establishment of syn-
thetic biology research networks, and the formulation of national synthetic bi-
ology development plans [2] [3]. China’s synthetic biotechnology started rela-
tively late. Since 2011, the Ministry of Science and Technology has successively 
approved 10 related 973 projects and 1 related 863 projects. The scope of fund-
ing mainly covers industrial synthetic biotechnology, and the targets of funding 
are mainly microbial systems that are easier to design. It is urgent to study the 
evolutionary model of synthetic biotechnology, especially the innovative features 
at now stage, to provide a theoretical basis for China to catch up with developed 
countries in synthetic biotechnology and other emerging industries. 

Synthetic biotechnology bridges two major disciplines, life sciences and engi-
neering. The subversive innovations it has achieved over the past decade have 
been driven by a number of scientific achievements and technological advances 
[4]. However, scientific knowledge and techno-logical knowledge in the evolu-
tion of synthetic biotechnology present a seemingly contradictory combination. 
On the one hand, technological innovation requires deep integration of discip-
lines such as life sciences, engineering, mathematics, chemistry, and physics. On 
the other hand, the construction of innovative value chains presents standardized, 
decoupled and modularized innovation mode [5]. Building complex networks is 
a hot topic in the research of technological innovation in recent years [6], among 
which knowledge networks have received more and more attention [7] [8]. Be-
cause there is no direct correspondence between organizations/researchers and 
knowledge elements, as the original driving force of innovation, science and 
technology present a mixed state in the process of technological evolution [9]. It 
is difficult to clarify the complex knowledge flow in a single-layer knowledge 
network in the general sense. Although scholars in the field of innovation have 
done a lot of research on biotechnology, the understanding of synthetic bio-
technology has always remained at the general branch of biotechnology. It is ur-
gent to further study the influence of scientific knowledge and technological 
knowledge on the evolution of synthetic biotechnology, so as to provide theoret-
ical basis for formulating scientific and techno-logical policies and planning in-
dustrial layout. Therefore, this paper proposes an analysis framework integrating 
scientific knowledge network and technological knowledge network to decon-
struct the heterogeneous role of science and technology in the evolution of syn-
thetic biotechnology. 

Multiple networks are dynamic, reflecting the variability of individual net-
works and the linkage between networks. Over time, the network may be de-
formed, nested or separated. In some cases, it shows a trend of decline or even 
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disintegration. The existing research mainly focuses on the discussion and anal-
ysis of the network evolution model and its motivation [10]. Cannella and 
McFadyen’s research found that the knowledge creation in the previous stage 
will have an impact on the strength of the connections between knowledge 
nodes in the latter stage of the network [11]. Demirkan and Deeds identified the 
main factors driving the evolution of scientific networks based on the data of 367 
US biotech enterprises from 1990 to 2006, including network size, network 
strength and knowledge quality [12]. These researchers have found the variabili-
ty of individual networks, but little consideration has been given to the linkage 
between networks at different levels. Because of the correlation between scientif-
ic knowledge network and technological knowledge network in the innovation 
path and the innovation resources, this paper uses network structure and node 
index to further open the “black box” of synthetic biotechnology evolution. 

2. Research Design 
2.1. Conceptual Model 

Building a multiple network is a frontier trend in complex network research, 
such as building a multiple network of social networks and their sub-networks 
[13] [14], as well as the construction of a multiple network of social networks 
and knowledge networks [7] [8] [15] [16]. However, existing re-searches usually 
treat different types of knowledge as homogeneous knowledge [17] [18], neg-
lecting the difference between the two types of heterogeneous knowledge driven 
by science and technology. Therefore, this paper proposes an analytical frame-
work that integrates scientific knowledge net-works and technological know-
ledge networks, and takes synthetic biotechnology as an example for empirical 
research. 

Patent citation information system is an effective way to study knowledge flow 
problems at present, which can link industrial development with related scien-
tific and technological fields [19]. References are often cited in the process of 
patent application and examination by examiners, which can be divided into two 
categories: one is other patents, and the other is non-patent literature, namely 
scientific literature. Although literature and patents as innovation achievements 
cannot clearly point to science-based innovation or technology-based innova-
tion, the original driving force for innovation is the coding of scientific know-
ledge and technological knowledge. Most of the existing researches use the 
backward citation quantity or proportion of focal patents to non-patent litera-
ture and other patents to compare and analyze the dependence of the industry 
on scientific knowledge and technological knowledge [20]. However, the patent 
application process always contains some wrong or invalid citation sources, and 
the process is affected by the technology life cycle. It is limited to study knowledge 
flow only by the number of citations. In recent years, some scholars have pro-
posed optimization models or algorithms to improve the scientificalness of pa-
tent analysis, such as a structural method integrating patent citation information 
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and text mining technology [21]. This paper further develops the patent citation 
system by using text mining technology, retrieves and downloads the title text of 
the focal patent, its cited literature and the cited patents, constructs a scientific 
knowledge network based on the co-occurrence of keywords in the cited litera-
ture and a technological knowledge network based on the co-occurrence of 
keywords in the cited patents, deconstructing the stage innovation characteris-
tics of synthetic biotechnology evolution from the perspective of network evolu-
tion. 

2.2. Data Sources and Retrieval Strategies 

The data in this paper comes from the Web of Science (WOS). WOS is an aca-
demic index platform with great influence worldwide. It includes the Science 
Citation Index (SCIE), the Social Science Citation Index (SSCI) and other litera-
ture index databases, as well as the Derwent World Patent Index (DII). Com-
pared with the USPTO and the EPO, DII covers patent information from many 
countries and has more comprehensive data, which has advantageous for ex-
amining the overall development of emerging technologies. More importantly, 
WOS provides CrossSearch functions. It is possible to capture the flow of scien-
tific and technological knowledge at the same time by building cross-reference 
between DII patent database and SCI, SSCI citation index database with unique 
citation retrieval mechanism and powerful cross-retrieval function. 

Keywords are one of the important tools for searching patents and literature. 
However, the identification of keyword search strategies requires the participa-
tion of experts in various fields of the industry. The scientificalness and timeli-
ness determine the rationality of the research samples. This paper refers to the 
search strategy of synthetic biology keywords proposed by Shapira, Kwon and 
Youtie, downloads 1385 synthetic biotechnology patents from 2000 to 2014 as 
focal patents from WOS, and further downloads 43804 cited literature and 36943 
cited patents of these focal patents [4]. According to Cameron, Basher and Col-
lins's comments in Nature, the evolution of synthetic biotechnology can be di-
vided into the following three stages: 1) The emergence of two key technologies 
in 2000-2003 marks the beginning of synthetic biotechnology; 2) Subversive in-
novation coexisted with major obstacles in 2004-2007, and synthetic biotech-
nology entered a short exploration stage; 3) From 2008 till now, the first-mover 
countries such as Britain and the United States began to reorganize the strategic 
layout of the biotechnology innovation network and enter the growth stage of 
rapid development [1]. Referring to this division, this paper divides the total 
sample into sub-samples for network characteristics analysis: emergence stage, 
exploration stage, and growth stage (Table 1). The data was downloaded in De-
cember, 2017. 

2.3. Network Characteristic Index System 

Empirical analysis based on network characteristic index system includes two  
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Table 1. Descriptive statistics of patents in different evolution stages. 

Evolution Stage of Synthetic 
Bio-technology 

Focal patents Cited literature Cited patents 

Emergence stage (2000-2003) 456 20,467 15,891 

Exploration stage (2004-2007) 336 9077 9706 

Growth stage (2008-2014) 593 14,260 11,346 

Total 1385 43,804 36,943 

 
parts: 1) Analyze the structural characteristics of multiple knowledge networks 
by using network structure indicators, including network density, network de-
gree distribution, connectivity of the networks, the pattern of clustering; 2) 
Analyze the characteristics of multiple knowledge network nodes by using Term 
Frequency-Inverse Document Frequency (TF-IDF), which is a network node 
index. 

2.4. Multiple Knowledge Networks 

After multiple screening and cleaning of the sample data, we use the visual text 
analysis tool CiteSpace to generate the keyword co-occurrence map, and then 
extract the literature and patent title keyword data, and use the complex network 
analysis integration software Ucinet to draw a clearer large-scale keyword 
co-occurrence network, thus obtaining the keyword co-occurrence network of 
focal patents, cited literature and cited patents at different research stages. In the 
overall network structure, the larger the node, the more the keyword appears in 
the title of the literature or patents’ report, and the higher the co-occurrence 
frequency with other keywords. It is not difficult to find that there are many 
component networks (a group of related knowledge clusters) in the focal patents 
and cited literature and post-introduction patent keywords in each period. 
What’s more, there are reachable paths between keywords in the component 
networks, but there is no connection between different component networks. It 
can be seen that secondary aggregation is formed within the network, and the 
evolution of the overall network can be decomposed into the evolution of each 
secondary network, which implies that even within the same network, there are 
still multiple technological subject development paths. At the same time, with 
the continuous development of synthetic biotechnology, the focal patents key-
word network has been deepened, and the cited literature and the cited patent 
keyword network have presented different network characteristics. Therefore, it 
is helpful to deconstruct the evolution of synthetic biotechnology to analyze the 
multiple knowledge network from two dimensions: overall network structure 
and knowledge element network node characteristics. 

3. Analysis of Structural Characteristics of Multiple  
Knowledge Network 

3.1. Emergence Stage 

According to the co-occurrence network of focal patents and its cited literature 
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and patents at the emergence stage (Figures 1-3), we found that, firstly, from the 
perspective of network density, the network density (0.015) of the cited literature 
is basically the same as the focal patents network density (0.016), which is lower 
than the cited patents (0.025). It shows that scientific knowledge is loose and 
technological knowledge is close at the emergence stage, and the distribution of 
innovation in synthetic biotechnology has high randomness. Secondly, from the 
perspective of network degree centrality, there are great differences between dif-
ferent knowledge networks. The degree centrality of the focal patent network, 
the cited literature and the cited patent network are 0.037, 0.649, and 0.175 re-
spectively. This shows that the core node of scientific knowledge is prominent at 
the exploration stage, the core node of technological knowledge appears but has 
not yet been completely formed, and the distribution of synthetic biotechnology 
innovation is highly discrete. Thirdly, from the point of view of network diame-
ter, the network diameter (3.5) of cited literature is slightly larger than that of 
cited patents (3.1), and both are much larger than that of focal patents (1.2). This 
trend is determined by the active knowledge flow of synthetic biotechnology. 
Fourthly, according to the network cohesive subgroups, the cited network (40) is 
slightly smaller than the cited patent network (49), which is much larger than 
the focal patent network (3). This shows that although the degree of differentia-
tion between the post-cited literature network and the post-patent network 
reaches a certain level, the diversity of synthetic biotechnology innovation is ex-
tremely limited. This also implies that there is a certain obstacle in the know-
ledge fusion between scientific knowledge and technological knowledge at the 
emergence stage. Professor Endy (2005), the founder of the discipline, classified  
 

 
Figure 1. Focal patent co-occurrence network at emergence stage. 
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Figure 2. Cited literature co-occurrence network at emergence stage. 

 
it into two major categories: at the scientific level, little is known about biological 
systems; at the technological level, the engineering level at that time was not suf-
ficient to control the complex microscopic biological system. Although the ger-
mination of synthetic biology bridges biology and engineering, the development 
of the two types of disciplines stems from the independent process of institu-
tional, social structure and background shaping [9]. 

3.2. Exploration Stage 

According to the co-occurrence network of focal patents and its cited literature 
and patents at the exploration stage (Figures 4-6), we found that, firstly, from 
the perspective of network density, the focal patent network density (0.030) is 
the same as the cited patent network (0.030), which is much larger than the cited 
literature network (0.004). The network density of scientific knowledge and 
technological knowledge at the exploration stage maintained the trend of the 
emergence stage and further deepened. The connection of scientific knowledge 
becomes scattered and the connection of technological knowledge becomes 
closed. However, the innovation of synthetic biotechnology was different from 
the previous stage and shows a higher sustainability. It shows that the synthetic  
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Figure 3. Cited patent co-occurrence network at emergence stage. 

 

 
Figure 4. Focal patent co-occurrence network at exploration stage. 
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Figure 5. Cited literature co-occurrence network at exploration stage. 

 

 
Figure 6. Cited patent co-occurrence network at exploration stage. 
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biotechnology innovation has changed during the exploration period. Secondly, 
from the perspective of network degree centrality, the degree centrality of the 
cited literature (0.665) and the cited patents (0.175) both maintain the aggrega-
tion degree of the aggregation of knowledge nodes from the absolute number or 
the relative number, but the degree centrality of the focal patents (0.149) has 
been greatly improved. This shows that the innovation of synthetic biotechnol-
ogy was no longer too discrete, the core areas were gradually determined during 
the exploration stage. Thirdly, from the point of view of network diameter, the 
network diameter of the focal patent, the cited literature, and the cited patent are 
1.4, 3.2, and 3.8 respectively, fluctuating but basically consistent with the pre-
vious stage. Fourthly, according to the network cohesive subgroup, compared 
with the previous stage, the differentiation degree of the focal patent network 
(20), the cited literature network (194) and the cited patent network (76) is 
greatly improved. Explain that the scientific knowledge and technical knowledge 
have merged during the exploration period and jointly promoted the innovation 
of synthetic biotechnology. Life science and engineering began to merge rapidly. 
Technological advances such as gene synthesis, deletion and editing have made 
it possible to connect theoretical research and applied research of synthetic bio-
technology. The top-down research method based on the redesign of existing 
gene sequences intersects with the bottom-up research method based on 
non-living components to construct life systems. More and more scientific re-
search teams attached importance to the two-way extension of synthetic biology 
to engineering and molecular biology, not only the molecular components re-
quired for complex gene circuits, but also the technical methods for adapting 
gene circuits. 

3.3. Growth Stage 

According to the co-occurrence network of focal patents and its cited literature 
and patents at the growth stage (Figures 7-9), we found that, firstly, from the 
perspective of network density, the density of knowledge networks at all levels 
showed a significant decline. The focal patent network and the cited literature 
network were highly dispersed: the focal patent network density was 0.002, the 
cited literature network density was 0.002, and the cited patent network density 
was 0.015. Further comparing the total number of nodes and the number of 
connected edges of nodes in the network density index, it is found that the scale 
of each layer of knowledge network has an exponential transition. Secondly, 
from the perspective of network degree centrality, compared with the previous 
stage, the focal patent network degree centrality, (0.125) decreased slightly but 
remained basically the same, while the cited document network (0.375) and the 
cited patent network (0.072) decreased significantly. It can be seen that the 
scientific knowledge and technical knowledge elements at the growth stage were 
gradually enriched, and the research fields and topics were scattered. However, it 
has not caused great changes in the level of innovation. Thirdly, from the point  
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Figure 7. Focal patent co-occurrence network at growth stage. 

 

 
Figure 8. Cited literature co-occurrence network at growth stage. 
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Figure 9. Cited patent co-occurrence network at growth stage. 

 
of view of network diameter, the diameter of the cited literature network (2.9) 
and the cited patent network (3.3) have not changed substantially compared 
with the exploration stage, but the diameter of the focal patent network has in-
creased greatly, reaching 4.1. Fourthly, according to the network cohesive sub-
group, the network cohesive subgroup of the focal patent, the cited literature, 
and the cited patent are 34, 611, and 117 respectively, all of which are greatly 
improved, especially the scientific knowledge shows a trend of highly differen-
tiation. After a short period of co-evolution, major common scientific and tech-
nological problems hindering industrial innovation have been effectively solved. 
Science and technology have reached such a level that they can break through 
the structural dilemma of mutual restriction and basically realize the standar-
dized, decoupled and modularized innovation mode [21]. Since the year of 2008, 
the United States, Britain, the European Union and other countries and regions 
have begun to adjust their strategic layout and reorganize the global synthetic 
biotechnology map, consciously placing science and technology on a relatively 
separate development track to meet the relatively independent growth logic, so 
as to maximize innovation output. Taking the United States as an example, 
judging from the scale of government funding, the amount of U.S. government 
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funding for synthetic biology research was less than 2 million U.S. dollars before 
2008, and reached 200 million U.S. dollars by 2014. From the perspective of 
government-funded institutions, the relevant funding in 2008 was basically pro-
vided by the National Institutes of Health. In 2014, public funding sources in-
cluded the US Defense Advanced Research Projects Agency, the Ministry of Na-
tional Defense, the National Science Foundation, the Department of Energy, and 
the Department of Health and Human Services, Ministry of Agriculture, etc. 
From the perspective of government funding model, the US Department of De-
fense has formed a clear classification of funding in the field of synthetic biology, 
from a single category of funding for army research in 2014 to a parallel category 
of funding for navy, army, chemistry, biological select agents and toxins and na-
tional defense secrets in 2018. 

4. Analysis of Network Node Characteristics of  
Multiple Knowledge Network 

4.1. Emergence Stage 

At the emergence stage of synthetic biotechnology, the comparison of TF-IDF 
values of multiple knowledge network keywords shows (Table 2): 1) In the focal 
patents keyword co-occurrence network, the top five keywords of TF-IDF value 
are nucleic acid, amino acid, amino acid sequence, TF technology focus and gene 
therapy. 2) In the co-occurrence network of cited patents keywords, the high 
TF-IDF values are nucleic acid, gene therapy, amino acid and amino acid se-
quence, etc. Compared with the co-occurrence network of focal patent key-
words, the core research fields and themes of the two networks are basically the 
same. 3) In the network of cited literature, the TF-IDF values ranked higher in 
gene expression, binding protein, monoclonal antibody, amino acid and binding 
domain, etc. Compared with the focal patents keyword co-occurrence network, 
the core research field of the cited literature/patents is mainly focused on protein 
engineering and genetic engineering, but the core research themes are quite  
 
Table 2. TF*IDF of multilevel knowledge networks at the emergence stage. 

Focal Patent TF*IDF Cited Patent TF*IDF Cited Literature TF*IDF 

Nucleic acid 108.13 Nucleic acid 148.07 Gene expression 87.63 

Amino acids 96.71 Gene therapy 138.43 Binding protein 64.27 

Amino acid 
sequence 

82 Nucleic acids 121.3 
Monoclonal  

antibody 
62.19 

TF technology 
focus 

72.09 Host cell 54.77 Amino acid 82.92 

Gene therapy 56.44 
Nucleic acid  

sequence 
54.77 Binding domain 48.43 

… … … … … … 

Acetyl  
coenzyme 

14.87 
Antimicrobial 

agent 
17.85 

Bacillus  
thuringiensis 

12.78 
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different. In particular, the nucleic acid ranked first in TF-IDF value in the basic 
patent keyword co-occurrence network is ranked lower in the post-citation 
keyword co-occurrence network, which shows that it is not the focus of synthetic 
biotechnology research in the emergence stage. From the core research field and 
core research themes, the similarity between the cited literature and the focal 
patents is low in the emergence stage of synthetic biotechnology, but the similar-
ity between the cited patents and the focal patents is high, innovation mainly 
depends on technical knowledge. 

4.2. Exploration Stage 

At the exploration stage of synthetic biotechnology, the comparison of TF-IDF 
values of multiple knowledge network keywords shows (Table 3): 1) In the 
co-occurrence network of focal patents keywords, the high TF-IDF values are 
nucleic acid, amino acids, amino acid sequence, synthetic gene, nucleotide se-
quence and DNA sequence, etc. 2) In the co-occurrence network of cited patents 
keywords, the high TF-IDF values are nucleic acid, new nucleic acid, nucleic acid 
sequences, rheumatoid arthritis and DNA sequencing, etc. Compared with the 
focal patents keyword co-occurrence network, although some research themes 
have differences, the core research field and themes are basically the same. 3) In 
the co-occurrence network of cited literature keywords, the high TF-IDF values 
are amino acids, nucleic acid, fusion protein, nucleic acids and gene product, etc. 
Compared with the co-occurrence network of focal patent keywords, the core 
research fields and themes of the two networks are basically the same. It can be 
found that the core research field and the core research theme of the keyword 
co-occurrence networks of focal patents and those focal patents’ cited litera-
ture/patents are basically the same, and the research field and research theme are 
also basically the same among the interval multiple knowledge networks with  
 
Table 3. TF*IDF of multilevel knowledge networks at the exploration stage. 

Focal Patent TF*IDF Cited Patent TF*IDF 
Cited  

Literature 
TF*IDF 

Nucleic acid 57.15 Nucleic acid 203.98 Amino acids 60.68 

Amino acids 52.78 
New nucleic 

acid 
78.42 Nucleic acid 19.32 

Amino acid 
sequence 

48.16 
Nucleic acid 
sequences 

64.47 Fusion protein 13.39 

Nucleotide 
sequence 

36.25 
Rheumatoid 

arthritis 
60.87 Nucleic acids 13.43 

Synthetic 
gene 

36.25 
DNA  

sequencing 
60.87 Gene product 8.40 

… … … … … … 

Androgen 
response 
sequence 

13.79 
Therapeutic 

agent 
17.05 

Nucleotide 
sequences 

4.73 
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intermediate TF-IDF value. From the core research field and core research 
themes, compared with the g emergence stage, a significant feature is that the 
research field and the core research of the cited literature and the focal patent 
keyword co-occurrence network have high consistency. It indicates that the si-
milarity among the focal patents and those focal patents’ cited literature/patents 
at the exploration stage of synthetic biotechnology is high, and innovation de-
pends on new scientific and technological knowledge at the same time. 

4.3. Growth Stage 

At the growth stage of synthetic biotechnology, the comparison of TF-IDF val-
ues of multiple knowledge network keywords shows (Table 4): 1) In the 
co-occurrence network of focal patents keywords, the high TF-IDF values are 
nucleic acid, nucleotide sequence, synthetic gene, amino acids, amino acid se-
quence and host cell, etc. 2) In the co-occurrence network of cited patents key-
words, the high TF-IDF values are nucleic acids, nucleic acid sequence, treating 
cancer, gene therapy, host cell and acetic acid, etc. Compared with the focal pa-
tents keyword co-occurrence network, although some research themes have dif-
ferences, the core research field and themes are basically the same. 3) In the 
co-occurrence network of cited literature keywords, the high TF-IDF values are 
gene expression, nucleic acid, amino acids, breast cancer, tumor cell and plant 
genes, etc. Compared with the focal patents keyword co-occurrence network, 
although some research themes have differences, the core research field and 
themes are basically the same. It can be found that when the cited litera-
ture/patents keyword co-occurrence network and the focal patent keyword 
co-occurrence network are compared respectively, the core research field and 
themes are basically the same. However, when we compare the keyword 
co-occurrence network of the cited literature with the keyword co-occurrence 
network of the cited patents, we found that the core research themes are quite  
 
Table 4. TF*IDF of multilevel knowledge networks at the growth stage. 

Focal Patent TF*IDF Cited Patent TF*IDF 
Cited  

Literature 
TF*IDF 

Nucleic acid 117.43 Nucleic acids 183.49 
Gene  

expression 
133.68 

Nucleotide 
sequence 

88.72 
Nucleic acid 

sequence 
125.68 Nucleic acid 78.93 

Synthetic 
gene 

85 
Treating  
cancer 

118.67 Amino acids 53.65 

Amino acids 79.5 Gene therapy 111.47 Breast cancer 46.60 

Amino acid 
sequence 

62.62 Host cell 104 Tumor cell 28.94 

… … … … … … 

Artificial cell 
membrane 

15.49 Acetic acid 20.18 Plant genes 10.47 
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different. From the point of view of the core research field and themes, com-
pared with the exploration period, the similarity between the later cited litera-
ture or the cited patents and the basic patents has been improved, but the simi-
larity between the cited literature and the cited patents shows a decreasing trend. 
Synthetic biotechnology innovation relies on relatively independent scientific 
and technological knowledge pathways. 

5. Conclusions and Future Directions 

From the perspective of global evolution, after more than ten years of develop-
ment, synthetic biotechnology has completed the symbiosis of resources at the 
emergence stage and the exploration stage, and entered a new strategic pattern 
of radiation to the world centered on the UK and the United States. In order to 
provide theoretical basis for formulating scientific and technological policies and 
planning industrial layout, this paper proposes an analysis framework integrat-
ing scientific knowledge network and techno-logical knowledge network to de-
construct the heterogeneous role of science and technology in the evolution of 
synthetic biotechnology. At the same time, this paper also has the following 
shortcomings: this paper uses coded patents and literature to explain the rela-
tionship between science and technology. Although it captures the dominant 
knowledge flow to a large extent, it ignores the interactive relationship between 
science and technology as tacit knowledge, for example, the interaction through 
industry-university-research cooperation, technology licensing, business con-
sulting and cross-border cooperation. The main conclusions of this paper are as 
follows. 

First, scientific knowledge and technological knowledge are difficult to inte-
grate at the emergence stage of synthetic biotechnology. There are obvious in-
tersections and symbiosis at the exploration stage. What’s more, scientific 
knowledge and technological knowledge differentiate into independent growth 
logic in the growth period. The analysis of structural characteristics of multiple 
knowledge networks in the evolution of synthetic biotechnology indicates: 1) At 
the emergence stage (2000-2003), scientific knowledge is relatively loose, core 
nodes are prominent. But technical knowledge is relatively close, and there is a 
certain tendency to focus on core nodes. There are certain obstacles in the inte-
gration of knowledge, it is manifested that there is little knowledge of biological 
systems at the scientific level, and the technical level is not enough to control 
complex microscopic biological systems. Synthetic biotechnology innovations 
have high randomness and dispersion. 2) At the exploration stage (2004-2007), 
technological advances such as gene synthesis, deletion and editing made it 
possible to connect theoretical research and applied research of synthetic bio-
technology. The connection of scientific knowledge is looser and the connection 
of technical knowledge is closer, but the innovation of synthetic biotechnology is 
different from the situation of the previous stage, which is too discrete, showing 
a high degree of continuity. It can be indicated that scientific knowledge and 
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technical knowledge have some form of convergence during the exploration pe-
riod, and jointly promote the innovation of synthetic bio-technology. 3) At the 
growth stage (2008-2014), the elements of scientific knowledge and technical 
knowledge are gradually enriched. In addition, the research fields and themes 
are scattered, major scientific and technological problems that hindering indus-
trial innovation have been effectively solved, and relatively independent growth 
logic has been differentiated to promote the exponential transition of network 
scale. 

Second, the emergence stage of synthetic biotechnology evolution mainly de-
pends on technological knowledge. The exploration stage mainly relies on scien-
tific knowledge and technical knowledge with high similarity. The growth stage 
mainly relies on scientific knowledge and technical knowledge with low similar-
ity. The analysis of the characteristics of multiple knowledge network nodes in 
the evolution of synthetic biotechnology indicates that: 1) At the emergence 
stage (2000-2003), the similarity between scientific knowledge and innovation 
network is low, while the similarity between technological knowledge and inno-
vation network is high. Synthetic biotechnology innovation mainly depends on 
technical knowledge. 2) At the exploration stage (2004-2007), the similarity 
among scientific knowledge, technological knowledge and innovation network is 
at a high level, suggesting that synthetic biotechnology innovation relies on both 
scientific and technological new knowledge. 3) At the growth stage (2008-2014), 
Both scientific knowledge and technical knowledge have high similarities with 
innovation networks, but the similarity between the two types of knowledge 
networks is low, indicating that synthetic biotechnology innovation relies on 
relatively independent scientific and technological knowledge paths.  

We believe that future research can be further extended from a synthetic bio-
technology scenario to a more general emerging technology scenario. In recent 
years, emerging technologies such as artificial intelligence and digital manufac-
turing often span the two categories of science and technology, involving mul-
tiple research fields. Moreover, disruptive innovation triggered by these emerg-
ing technologies is closely related to the interaction between science and tech-
nology. So, the research on the evolution of multiple knowledge networks based 
on the technology life cycle has research prospects and research values. In addi-
tion, stage evolution research can be extended to dynamic evolution research. 
Relevant studies published in top international journals of management science 
in recent years have proved the dynamic nature of network indicators and the 
heterogeneity between cooperative networks and knowledge networks. However, 
insufficient attention has been paid to the dynamic evolution of “core relation-
ships” between multiple networks, especially multiple knowledge networks. The 
relevant conclusions are likely to provide some important innovation manage-
ment inspiration for the complex network field. 
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