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Abstract

Purpose — Lab on-a-chip (LOC) may lead to low-cost point-of-care devices for the diagnosis of human
diseases, possibly making laboratories dispensable. However, as it is still an emerging technology, very
little is known about its future impact on the diagnosis of human diseases, and on the laboratory industry.
Hence, the purpose of this study is to foresee possible developments of this technology through a
consultation with researchers in the field in two distinct time periods.

Design/methodology/approach — Based on Technology Foresight, this study addresses this gap by
assessing the opinions of over five hundred LOC researchers and tracking changes in their views on the
future of LOC diagnostic devices. These researchers participated in a two-wave global survey with an
interval of two and a half years

Findings — Although second-wave (2020) respondents are less optimistic than those of the first wave
(2017), the results of both surveys show that LOC diagnostic devices are expected to: move from proof-
of-concept demonstrations to industrial development, becoming commercially feasible worldwide;
integrate all laboratory processes, delivering cheaper, faster and more reliable diagnoses than
laboratories, and provide low-cost point-of-care solutions, improving access to healthcare.

Research limitations/implications — Although it would be desirable to collect and explore the views of
different sets of stakeholders, the method of generating lists of survey respondents shows a bias toward
academic/scientific circles because the respondents are authors of scientific publications. These publications
may as well be authored by stakeholders from other fields but it is reasonable to assume that most of them are
researchers affiliated with universities and research and development organizations. Therefore, this study
lacks in providing an image of the future based on a more diverse set of respondents.

Social implications — The results show that these devices are expected to radically change the
diagnostic testing market and the way laboratories are organized, perhaps moving to a non-laboratory-
based model. In conclusion, in the coming decades, these devices may promote substantial changes in
the way human diseases are diagnosed.

Originality/value — Only a few studies have attempted to foresee the future of LOC devices, and most
are based on literature reviews. Thus, this study goes beyond the existing research by providing a broad
understanding of what the future will look like from the views of researchers who are contributing to the
advancement of knowledge in the field. The researchers invited to take part in this study are authors of
LOC-related scientific publications indexed in the Web of Science Core Collection.

Keywords Technology foresight, Expert opinion, Disease diagnosis devices, Lab-on-a-chip,
Two-wave survey

Paper type Research paper

Introduction

Lack of diagnosis, misdiagnosis and delay in diagnosis are a global public health concemn
(WHO, 2018; Mahumud et al., 2016). These are problems not only to populations living in remote
or inaccessible areas (Path, 2005) but can be a global issue in outbreaks of novel pathogens, as
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in the case of the coronavirus disease 2019 (COVID-19) pandemic (Binnicker, 2020). As known,
these diagnostic-related issues can lead to, e.g. medical malpractice, wrong treatment
(Mahumud et al., 2016), bacterial, virus resistance (Yager et al., 2006), sepsis, hospital adverse
events (Balogh et al., 2015), virus transmission (Zhuang et al., 2020) and deaths (Cheng et al.,
2008). Therefore, putting additional health and economic burden to society (Mahumud et al,
2016). This is even more serious in the case of lower-income countries, where funds, skilled
labor (physicians, nurses, etc.) and healthcare facilities (clinics, laboratories, hospitals, etc.) are
often unavailable (Cheng et al., 2008; Kolluri et al., 2017).

Possible solutions to these diagnostic-related issues include the development of low-cost
laboratories (Cheng et al., 2008) and low-cost diagnostic tools (Path, 2005). In line with that,
there are currently new technologies being developed in research labs that promise to
tackle these problems in the future. Known as lab-on-a-chip (LOC), they are “Microdevices
that combine microfluidics technology with electrical and/or mechanical functions for
analyzing very small fluid volumes” (MeSH: ncbi.nim.nih.gov/mesh/?term=Ilab-on-a-chip).
The diagnosis of diseases is one of its most anticipated applications (Chin et al., 2007;
Mendes et al., 2019).

In the future, LOC diagnostic devices are expected to perform and integrate all laboratory
processes in a single chip (Rios et al., 2012; Romao et al., 2017). When fully developed,
LOC devices will likely provide low-cost point-of-care (PoC) solutions, delivering cheaper,
faster and more reliable diagnoses than laboratories (Rios et al., 2012; Zhu et al., 2020a;
Arshavsky-Graham and Segal, 2020), but without the need for the physical infrastructure,
trained personnel and specialized equipment (Casquillas et al., 2016; Romao et al., 2017).

In remote or difficult-to-access areas, LOCs can eliminate the time between collecting a
patient’s sample, transporting it to a laboratory and then delivering and communicating the
diagnosis. As PoC diagnostic devices, LOCs could do the same diagnoses as laboratories
in a much shorter space of time, allowing for the prompt onset of treatment (Giannitsis,
2011; Arshavsky-Graham and Segal, 2020). The time saved could increase the
effectiveness of treatments, such as by avoiding bacterial and virus resistance (Yager et al.,
2006; Casquillas et al., 2016; Kolluri et al., 2017), helping to improve survival rates in these
populations (Rios et al., 2012). Additionally, these devices are expected to be handled by
people with little training (including patients themselves) (Casquillas et al., 2016; Romao
et al., 2017) and perform real-time monitoring of patients’ health (Martin et al., 2017; Zhuang
et al., 2020). Therefore, in the future, LOC diagnostic devices can be of major importance
not only to support public health policies aimed at facilitating access to health care of
populations living in remote or difficult-to-access areas (Rios et al., 2012) but also to help
stem new virus transmission and flatten the epidemic curve (Lee, 2020).

Over the next decades, LOC diagnostic devices are expected to move from research to
industrial-scale production, becoming commercially viable worldwide (Gupta et al., 2016;
Romao et al.,, 2017). This process can lead to radical changes in the diagnostic testing
market, perhaps moving from a laboratory-based model to a non-laboratory one (Figeys
and Pinto, 2000; Romao et al., 2017). However, as most of LOC diagnostic devices are still
at the proof-of-concept stages (Temiz et al., 2015; Kolluri et al., 2017; Arshavsky-Graham
and Segal, 2020), very little is known about its future impact on the diagnosis of human
diseases and on the laboratory industry as a whole. Our study addresses this gap by
assessing the opinions of over five hundred LOC-related researchers and tracking changes
in their views on the future of LOC diagnostic devices. These researchers took part in a two-
wave global survey with an interval of two and a half years. The first survey was conducted
in 2017 and the second in 2020.

As far as we know, only a few studies have attempted to foresee the future of LOC devices,
and most are based on literature reviews (van Merkerk and Robinson, 2006; Kaur and Kaur,
2009; Craighead, 2006; Zhuang et al., 2020; Thilmany, 2005). Thus, our study goes beyond

VOL. 23 NO. 6 2021 | FORESIGHT | PAGE 641

Downloaded from http://www.emerald.com/fs/article-pdf/23/6/640/417234/fs-05-2021-0101.pdf by UFBA user on 08 October 2025



the existing research by providing a broad understanding of what the future will look like
from the views of researchers who are contributing to the advancement of knowledge in the
field. The researchers invited to take part in this study are authors of LOC-related scientific
publications indexed in the Web of Science (WoS) Core Collection.

This study is grounded in Technology Foresight (Martin, 2010; Miles, 2010; Martin, 1995;
Martin and Johnston, 1999), which refers to “the process involved in systematically
attempting to look into the longer-term future of science, technology, the economy and
society with the aim of identifying the areas of strategic research and the emerging generic
technologies likely to yield the greatest economic and social benefits” (Martin, 1995).
Overall, Technology Foresight studies provide strategic information for decision-making
and long-term planning in science and technology, being used to governments,
organizations to prepare for the future (Martin, 2010; Miles, 2010; Martin, 1995; Martin and
Johnston, 1999). As known, expert opinion surveys are one of the most used methods in
Technology Foresight (Georghiou, 2008). Yet, as time goes by, advancements in scientific
knowledge and technology developments may lead to changes in experts’ views.
Therefore, the tracking of changes in expectations about emerging technologies is of great
importance to support decision-making and planning in science and technology. Thus, we
hope the methods we applied can contribute to future studies aimed at tracking changes in
experts’ views of the future.

Technology foresight and decision-making in the health field

The term Foresight started to be used with science and technology in 1983 — at the Science
Policy Research Unit, University of Sussex, UK — to refer to the studies carried out to identify
or foresee the research areas that would probably lead to the greatest social and economic
benefits in the future. Soon the term Technology Foresight started to be used to the
researchers invested in it to mean a new future-oriented approach and also to distinguish it
from Technology Forecasting — a more traditional forward-looking approach developed in
the 1950s in the USA mainly by researchers at RAND Corporation. While the latter approach
would de mainly predictive, the former was intended not only to look into the future of
science and technology but also to shape the desired future (Martin, 2010; Miles, 2010).
This purpose would be achieved not only by providing a common shared understanding of
what the future may look like but by promoting networks of relevant stakeholders of the
innovation systems through Foresight exercises (Martin and Johnston, 1999).

Overall, Technology Foresight is a future-oriented approach that aims to support decision-
making, connect research and development (R&D) to innovation and connect the relevant
actors in innovation systems. By addressing such relevant issues, Technology Foresight
gained prominence as early as the 1990s as a means of supporting government decision-
making in science and technology, becoming an important tool to foster the development of
innovation systems (Martin and Johnston, 1999).

Most of the large and long-term government founded studies of the 1990s involved a
combination of prospective studies, participatory orientation and policy-relatedness. For the
most part, these studies — known as Technology Foresight Programmes or fully fledged
foresight studies — gave way to a more limited type of future-oriented studies, in which some
of those elements are missing (Miles, 2010). These studies are mainly “shorter-term
perspectives, more conventional forecasting work, academic research with little policy
engagement and desk-based studies and simulations without networking and broad
knowledge bases” (Miles, 2010). In that sense, most of these studies are probably
prospective exercises without connection with decision-making and planning for the future.

Yet, they have for some time now been predominant over the fully fledged foresight studies.
Thus, it is certainly fair to say that these narrow Technology Foresight studies are
responsible for a large part of the methodological and empirical advances in the field.
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Additionally, their focused nature (covering one or a few main research subjects at a time
instead of many) makes them more suitable for the study of a given technology and more
feasible because they usually require low budgets, few researchers, the use of one or a few
methods, etc. Thus, if the methods used are suitable for the research problem, and the
results made available (e.g. through scientific publications), these studies may well be used
to support decision-making and planning in governments, organizations other than the one
in which they were conducted.

Materials and methods

We conducted a two-wave Web-based survey with an interval of two and a half years. The
respondents of both waves were LOC-related researchers, who were identified from
scientific publications involving LOCs indexed in WoS. To do that, we used the following
search strategy:

TS=("lab* on a chip*” OR “lab* on chip*”))
Indexes = SCI-EXPANDED Timespan = 2010-2017 (Wave 1) and 2015-2020 (Wave 2)

The search strategy covered the two most common LOC descriptors: lab-on-a-chip and
lab-on-chip. In the WoS advanced search mode, we used the tag Topic (TS) to broaden the
scope of the results because it searches in the title, abstract and keywords of publications.
As the target respondents were researchers from the natural sciences, we used only the
Science Citation Index Expanded (SCI-EXPANDED). The publication years were limited to
2010-2017 in Wave 1 (W1) and 2015-2020 in Wave 2 (W2).

The W1 search was carried out in July 2017 and retrieved 2,788 records of publications. We
performed the W2 search in March 2020 and obtained 2,107 records of publications. All the
records were imported into the software VantagePoint 10.0, where we retrieved 3,205 (W1)
and 2,930 (W2) authors’ emails. Then we linked about 80% of the emails to their account
owners using in-house Python code. The list of respondents of W1 and W2 was uploaded to
the online survey platform SurveyMonkey, where we prepared the questionnaire and
managed the survey. After the upload, the number of emails was reduced to 2,470 (W1)
and 2,839 (W2) due to bounced emails and previously opted out contacts in SurveyMonkey.

The questionnaire was based on a literature review of LOC technology, focusing on
diagnostic. It was structured into three parts and asked respondents to consider 2017-2037
(W1) and 2020-2037 (W2) as a future time horizon. The first part asks if respondents have
knowledge of LOC applications in clinical analyses and diagnostic testing. Those who
reported having no knowledge were disqualified from the survey and did not answer the
rest of the questionnaire. The second part asks whether LOCs are still a window of
opportunity for R&D organizations. The third section presents nine literature-based
statements about the future of LOCs, whose likelihood and expected time of occurrence the
respondents were asked to indicate (whether before or after 2037). Overall, the statements
refer to the likelihood of LOCs: reaching industrial-scale production and being commercially
viable worldwide; performing and integrating laboratory processes; providing low-cost PoC
solutions and real-time monitoring of patients’ health; and radically changing laboratories
and their market. We did not include demographic questions because the demographics of
the respondents (e.g. age, gender, ethnicity, employment, location) are not expected to
influence the results (Cabral et al., 2019a; Mota et al., 2020; Cabral et al., 2020). We also
adjust the questionnaire to be answered within 2-3min to avoid respondents’ fatigue,
skipped questions and dropout rates.

To validate the questionnaire, get feedback from respondents and assess the study
protocol, we conducted a pilot study in W1 with an aleatory sample of about 11% (275)
of the authors’ emails. The 19 respondents who participated in the pilot study did not
suggest any changes. Thus, neither the questionnaire nor the study protocol was
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modified. Their answers were then included in the results. The formal surveys took
place in August and October 2017 (W1) and March 2020 (W2). The respondents were
informed about the study during the data collection period, first in an invitation and then
in reminder emails. The questionnaire was available for completion for eight days
after the invitation was sent. During this time, up to three reminders were sent to
non-responders. The participation was voluntary, no personal or sensitive data
were asked, and the data collected were anonymized in the results. Overall, the
procedures adopted in this study are in line with part of the specialized Web-based
survey literature (Sauermann and Roach, 2013). The methods applied to identify and
collect respondents from scientific publications in WoS, and the design and conduction
of the Web-based survey are based on recent future-oriented studies (Cabral et al.,
2020; Cabral et al., 2019b; Mota et al., 2020; Cabral et al., 2019a).

Results

The response rate of W1 and W2 were, respectively, 10.36% and 12.47%. Of the 256 (W1)
and 354 (W2) researchers who accepted to participate in this study, 12 (W1) and 16 (W2)
were disqualified because they declared no knowledge of LOC applications in clinical
analyses and diagnostic testing. A total of 549 individual qualified researchers participated in
this study, 33 of them in both waves. The descriptive statistics of data collected in W1 and W2
are depicted along with the results of non-parametric tests of marginal homogeneity with a 5%
significance level. Confidence levels and margin of errors were calculated for each question.
At a 95% confidence level, the margin of error for the W1 sample was between 6.0% and
6.2%, and for the W2 was between 5.0% and 5.3%. The frequency distribution of the medians
is described only in cases where there were changes in the results of W2 compared to W1. All
statistical analysis of the study is available as Supplementary Material.

According to the respondents’ emails’ internet protocol, researchers from 46 countries
participated in W1 and 49 in W2 (Figure 1). In W1, the highest proportion of respondents
was from the USA (15.63%), followed by lItaly (10.55%), India (6.64%) and France (5.86%).
In W2, the largest share of respondents was also from the USA (14.69%), followed by Italy
(9.32%), India (9.04%) and China (9.04%).

In W1 and W2, respectively, 96.22% and 97.31% of the respondents reported that LOCs still
represent a window of opportunity for R&D organizations (Figure 2). The non-parametric test
suggests that W1 and W2 responses are homogeneous at a 5% significance level. The
probability of supporting the homogeneity was 49.6%, meaning that there was no
statistically significant change in respondents’ expectations between W1 and W2.

According to 90.83% of the respondents of W1 and 85.99% of W2, LOC devices will likely
move from bench research and proof-of-concept demonstrations to industrial-scale
production before 2037 (Figure 3). In W1, less than 10% of respondents believed that this
result would not occur until after 2037, against 12.42% in W2. The non-parametric test of W1
and W2 responses shows that there was no statistically significant change in respondents’
expectations, as the probability of supporting the homogeneity hypothesis was 19.9%.

LOC devices will likely be successfully commercialized worldwide before 2037 according to
83.91% of W1 respondents (Figure 3). In W2, the percentage dropped to 71.34%. On the other
hand, the percentage of respondents who believe that it would be successfully commercialized
after 2037 increased from 16.09% (W1) to 26.75% (W2). This change in the perception of the
respondents is confirmed by the non-parametric test of marginal homogeneity, which shows that
the probability of accepting the homogeneity hypothesis is 0.3%. In other words, it can be said
that, in 2020, the respondents expect that more time will be needed for LOCs to be successfully
commercialized globally. The heterogeneity of the results of the two waves was also verified in
the analysis of the frequency distribution of the median. While in W1 the frequency distribution of
the median is the same in the three quartiles analyzed (1/4, 1/2 and 3/4), it is observed that in
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Figure 1 Global distribution of respondents

W1 (2017)

Figure2 Likelihood of LOCs still being a window of opportunity for R&D organizations

Are Lab-on-a-chip technologies still a window of opportunity for research and development organizations?
69.33%
Highly likely] - .
68.95%
26.89%
Likelyf — ———————————— <
28.36%
3.78%
Somewhat likelyf - e T e e L T TR ERt: SELERLS e L L ELLEEY SRR
2.39%
0.00% H
1 R e e T R
0.30%
0% 25% 50% 75% 100%
[0 2017 [0 2020

W2 this distribution changes. Sorting in increasing order, the first 25% of the distribution goes
from likely before 2037 in W1 to likely after 2037 in W2.

The type of LOC device expected to integrate the totality of laboratory processes is
generally known as Micro Total Analysis Systems (uTAS). According to 66.20% of W1
respondents, uTAS will likely integrate the totality of laboratory processes before 2037
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(Figure 4). In W2, the percentage dropped to 50.00%. The respondents that believe that this
outcome would occur only after 2037 increased from 24.54% (W1) to 38.54% (W1). From
2017 to 2020, the number of respondents who disbelieve that this outcome would happen
at any point in the future also increased, from 9.26% (W1) to 11.46% (W2). The responses
indicate a change in researchers’ expectations regarding the ability of these devices to
integrate all laboratory processes, whether concerning feasibility or the time required. This
is confirmed by the non-parametric test of marginal homogeneity, which shows that the
probability of accepting the hypothesis of homogeneity of responses in both waves is 1.2%.
This change in perception is also observed in the frequency distribution of the median.

Figure 3 Likelihood of LOCs reaching industrial-scale production and being commercially

viable worldwide

The field of lab-on-a-chip will move from bench . : <
research and proof-of-concept demonstrations Lab_on_iﬁ:;ﬁ,gg:f;:w ;ijjvt:ggessfully
to industrial-scale production
90.83% 83.91%
Before 2037 ‘
85.99% 71.34%
8.73% ' 16.09%
After 2037 '
12.42% : 26.75%
0.44% § 0.00%
Unlikel, :
1.59% § 1.91%
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
[ 2017 [0 2020

Figure 4 Likelihood of LOCs performing and integrating laboratory processes

Lab-on-a-chip devices will Lab-on-a-chip devices will perform similar
integrate the totality of laboratory processes processes currently carried out in laboratory yet
(Micro Total Analysis Systems — uTAS) cheaper, faster and with better results
66.20% : 84.21%
Before 2037 ‘
50.00% 71.57%
24.54% ' 13.60%
After 2037 d
38.54% ! 23.00%
9.26% ' 219%
Unlikely
11.46% 5.43%
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
[ 2017 [0 2020
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While in W1 the frequency distribution of the median is the same in the three quartiles
considered (1/4, 1/2 and 3/4), this distribution changes in W2. Ranking in ascending order,
the first 25% of the distribution change from likely before 2037 in W1 to likely after 2037 in
W2. Therefore, it can be said that, compared to W1, the respondents of W2 believe that
more time will be needed for LOC devices to fully integrate all laboratory processes.

In 2017, 84.21% of the respondents expected that, before 2037, LOC devices would perform
similar processes to those carried out in laboratories, but more quickly, at a lower cost and with
more reliable results (Figure 4), while in 2020 the percentage was reduced to 71.57%. On the
other hand, the percentage of respondents who believe that this result would only be achieved
after 2037 or that it would never be achieved has increased. In the former case it grew from
13.60% (W1) to 23.00% (W2), and in the latter case from 2.19% (W1) to 5.43% (W2). The
probability of accepting the hypothesis of homogeneity of responses in both waves is 2.2%,
confirming a change in respondents’ expectations. The heterogeneity of the results of both waves
can also be seen through the frequency distribution of the median. While in W1 the frequency
distribution of the median is the same in the three quartiles examined (1/4, 1/2 and 3/4), it changes
in W2. Sorting in ascending order, the first 25% of the distribution changes from likely before 2037
in W1 to likely after 2037 in W2. Thus, compared to W1, respondents in W2 consider that more
time will be needed for LOC devices to perform similar processes currently performed in
laboratories but cheaper, faster and with better results.

According to 72.07% of W1 respondents, LOC devices will likely provide low-cost PoC
solutions before 2037, increasing access to health care in developing countries (Figure 5).
From 2017 to 2020, however, expectations for such an outcome have significantly reduced,
as only 34.19% of respondents chose this option. The percentage of respondents who
believe that outcome may be seen only after 2037 or that it is unlikely to happen has also
grown significantly between surveys. In 2020, 49.36% of W2 respondents reported that this
is likely only after 2037, compared to 25.68% of W1 and 16.45% that it will not occur,
compared to 2.25% of the first survey. The perception that there has been a change in
expectations regarding feasibility or the time needed is confirmed by the marginal
homogeneity test, which shows that the probability of accepting the hypothesis of
homogeneity of responses in both waves is 0.0%. The analysis of the frequency distribution

Figure 5 Likelihood of LOCs providing low-cost point-of-care solutions, real-time

monitoring of patients’ health and be handled by people with little training

Lab-on-a-chip devices will provide Lab-on-a-chip devices will allow
low cost point-of-care solutions, real-time monitoring of patients’ health  Lab-on-a-chip devices will be handled
increasing access to healthcare in outside hospitals, doctors’ offices and by people with little training
developing countries. laboratory settings
72.07% 70.85% 70.98%
Before 2037
34.19% 55.19% 40.72%
25.68% 25.56% 21.43%
After 2037
49.36% 34.42% 42.67%
2.25% 3.59% 7.59%
Unlikely
16:45% 10.39% 16.61%
0% 25% 50% 75% 100% 0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
[ 2017 [0 2020
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of the median also points to a change in the perception of respondents. Dividing the sample
into two parts, the predominant result in W1 is that LOC devices will provide low-cost PoC
solutions likely before 2037, while in W2 it changes to likely after 2037.

Overall, the results for the other two statements on the future of LOC devices depicted in
Figure 5 follows the same pattern as above, including changes in researchers’ expectations
regarding feasibility and time needed. Between 2017 and 2020, there was a reduction in the
percentage of respondents who believe the suggested outcome would occur before 2037,
whereas there was an increase of those who believe it would occur only after 2037 or it would
never happen in the future. The perception of changes in expectations from W1 to W2 is
confirmed by the marginal homogeneity tests. The probability of accepting the hypothesis of
homogeneity of responses in both waves was 0.0% for the statement that LOC devices would
be handled by people with little training and 0.2% for the statement that LOC devices would
allow real-time monitoring of patients’ health outside hospitals, doctors’ offices and laboratory
settings. As for the frequency distribution of the median, dividing the sample into two parts, the
predominant result is that LOC devices will likely be handled by people with little training
before 2037 in W1 and after 2037 in W2.

By 2037, LOC devices will likely radically change the organizational structures, routines and
size of laboratories according to 61.19% (W1) and 70.89% (W2) of the respondents (Figure 6).
From 2017 to 2020, the percentage of respondents who believe this outcome would only
happen after 2037 was slightly reduced, from 28.77% (W1) to 27.53% (W2). For its part, the
percentage of those who disbelieve in such an outcome was significantly reduced, from
10.04% to 1.58%. Comparing the responses of both waves, it can be seen that the 2020
respondents are more optimistic about the speed at which such changes may occur. This is
confirmed by the non-parametric test, as the probability of accepting the hypothesis of
homogeneity was 0.0%.

As for the statement of LOC devices leading to a laboratory-free model in the future
(Figure 6), the results of 2017 and 2020 are quite similar, with the majority of respondents
reporting that this outcome may happen before 2037 — 62.27% (W1) and 60.71% (W2). The
most marked change occurred among those who consider the transition to a non-laboratory
based model unlikely, dropping from 8.18% (W1) to 4.87% (W2). Although the results seem
to suggest that the respondents of 2020 are more optimistic than those of 2017, the non-

Figure 6 Likelihood of LOCs radically changing laboratories and their market

g = . Lab-on-a-chip devices will radically change
Lab-on-a-chip devices will P f = : 5
radically change oranizaticnaI structure. clinical anfalyss Tng dlatgnoztlc tle;stmgdnlwitarket,
g : Fa moving from a laboratory-based model to a
routines and the size of laboratories non-laboratory one
61.19% 62.27%
Before 2037
70.89% 60.71%
28.77% 29.55%
After 2037-
27.53% 34.42%
10.04% 8.18%
Unlikely
1.58% 4.87%
0% 25% 50% 75% 100% 0% 25% 50% 75% 100%
[ 2017 [0 2020
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parametric test indicates that there is no statistically significant difference in their
perceptions of the future, as the probability of accepting the homogeneity hypothesis was
28.7%.

Discussion

Overall, the respondents of both waves consider that LOCs are still a window of opportunity for
R&D organizations interested in investing in this technology. This is perhaps because LOCs are
in the early stages of development (Arshavsky-Graham and Segal, 2020). In other words, an
emerging technology at the beginning of its life cycle. As known, the life cycle of a technology is
usually divided into four phases: introduction, initial growth, final growth and maturity. Due to
relatively low entry requirements, the introduction phase would be the best moment for an
organization to enter in a new technological system. In this phase, much of the knowledge
required for entry is public and the skills to deal with the technological novelty need to be
created through learning-by-doing (Freeman and Soete, 1997; Perez and Soete, 1988).

On the other hand, a technology that reaches the market and proves commercially viable is
at a later stage of its life cycle (OECD, 1992). The later stages usually involve higher barriers
to entry, especially knowledge-related barriers. This is because much of the scientific,
technological and industrial knowledge will already have been appropriated by the
organizations that entered the new technological system earlier in its life cycle (Freeman and
Soete, 1997; Perez and Soete, 1988). Thus, in the later phases, late entry R&D organizations
will likely not be able to take advantage of LOC technologies. Although it may remain after
2037 for about 30% of W2 researchers, our results suggest that this window of opportunity
for R&D organizations to enter the LOC technological system may close before 2037. In any
case, R&D organizations willing to enter the LOC technological system may have the chance
of benefiting from a growing market that is expected to reach a little over USD 9bn by 2024
(Market Data Forecast, 2020).

Yet, moving from bench research and proof-of-concept demonstrations to the industrial
phase is a major challenge that needs to be overcome before LOCs can reach the
market (Casquillas et al., 2016; Abdul Aleem Baig, 2020). For most of W1 and W2
researchers, LOCs are expected both to move from research to industrial-scale
production and be successfully commercialized worldwide before 2037. So far,
companies such as Abbot Laboratories, Bio-Rad Laboratories, Agilent Technologies,
Fluid Corporation and Thermo Fischer Scientific are the leading players in this market
and most of its efforts have been geared toward the North American market (Mordor
Intelligence, 2020). This comes from its quick adoption of technological developments,
whereas in Europe and Asia the driving force is the rise in investments by governments in
hospitals (Market Data Forecast, 2020).

There was, however, an increase of researchers reporting that moving from research to
production and achieving global commercialization would be likely only after 2037,
which may mirror challenges not yet overcome, related, e.g. to the scalability of
complex microfluid structures (Arshavsky-Graham and Segal, 2020). Nevertheless, the
expectation is that 3D printing technology will solve these problems soon, as it can print
plastic-based microfluidics (Arshavsky-Graham and Segal, 2020). There are also some
concerns with high initial purchasing cost and with the lack of awareness regarding
LOC devices among the middle-income countries (Data Bridge Market Research,
2020).

The greater the number of processes performed on a chip, the greater the number of
circuits and electrical connections required, which increases the complexity of LOCs and
the risk of failure (Trietsch et al., 2011). Today, the full integration of laboratory processes
into a single device (uTAS) is still a goal not achieved (Mariut a et al., 2020), as well as the
development of low cost, highly effective and fast LOC devices (Zhu et al., 2020a; Zhuang
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et al., 2020). Yet, although respondents were less optimistic in W2 than in W1, our results
indicate that, before 2037, LOCs are expected to both integrate all laboratory processes
and perform similar processes to those currently carried out in laboratories, but at a lower
cost, more quickly and with more reliable results.

One of the most anticipated applications of LOC technologies is the development of low-
cost PoC diagnostic devices. Having lower costs is a prerequisite for them to become a
feasible alternative to diagnostic laboratories, otherwise they will probably not be widely
adopted (Kraft et al.,, 2011). Their PoC feature could also be particularly relevant for
diagnosing patients living in remote or difficult-to-access areas (Rios et al., 2012),
facilitating access to health care where clinics, laboratories and hospitals are usually
unavailable. In part, that is why developing countries are expected to become a major
market for these devices (Kaur and Kaur, 2009). In W1 most researchers suggested that,
before 2037, LOC devices would provide low-cost PoC diagnostics, facilitating the
diagnosis of patients living in remote or difficult-to-access areas. Thus, helping to
improve access to healthcare, especially in developing countries. In W2, most of them
suggested that this would occur only after 2037 and 16.45% of them opted for “unlikely”.
This change in expectation may be related to the fact that, for LOCs to be considered
PoC devices, they should be user-friendly and equipment free in addition to other
attributes like low cost, fast speed and robustness (Zhuang et al., 2020). Yet, a device
with all these attributes has not succeeded in becoming commercially available (Abdul
Aleem Baig, 2020).

In the future, LOC devices are also expected to perform real-time monitoring of patients,
transmitting their health status via, e.g. mobile devices (Martin et al., 2017). This would
enable the diagnosis of a disease to be known even before the patient presented clinical
symptoms, allowing the early onset of treatment (Kraft et al., 2011). Despite the reduction in
optimism in W2, our results suggest that LOCs providing real-time monitoring of patients’
health would be likely before 2037. Thus, in the coming years, we may expect LOC devices
to be integrated into peoples’ daily lives. For example, to control their glucose and lactic
acid levels (Martin et al., 2017). A recent advance includes a wearable microfluidic device to
detect the Zika virus (Zhuang et al., 2020), this same device, which is similar to a bandage,
could be adapted for tumor diagnosis in the future (Yang et al., 2019). After the COVID-19
pandemic, the need for PoC devices that could provide rapid and robust diagnosis has risen
(Arshavsky-Graham and Segal, 2020; Binnicker, 2020). The motivation of researchers and
the willingness of companies to invest in the development of these technologies has also
increased (Zhu et al., 2020b), which may accelerate the development of diagnostic LOC
devices.

It is expected that people with little to no training will be able to use LOC devices
(Casquillas et al., 2016), including the patients themselves (Yager et al., 2006). In W1,
most of the respondents suggested that people with little training would use LOC
diagnostic devices before 2037, but in W2 most of them opted for after 2037.
“Unlikely” also increased. Although it is an expected feature in the future, especially
with the awaited integration between LOCs and smartphones (Zhu et al., 2020a),
currently, the use of LOCs still depends on specific knowledge and skills (Abdul
Aleem Baig, 2020).

Finally, LOC devices are expected to change laboratory routines (Rios et al., 2012), as in the
case of the “chip in a lab” (Jung et al., 2015), where microfluidic devices are used on the
laboratory bench to replace part of the laboratory processes (Mohammed et al., 2015). LOC
devices are also expected to compete with the diagnostic laboratories in the market or even
replace them. In this case, the market would move from a laboratory-based to a non-
laboratory-based model (Figeys and Pinto, 2000). In line with that, our findings suggest that,
before 2037, LOCs may radically change not only laboratories as we know them today, but
the whole diagnostics market, perhaps moving to a non-laboratory-based model. This
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perception of the respondents may be related to the fact that microfluidic chips are already
being used in research laboratories before they even become commercial (Nascetti et al.,
2019). Additionally, there is a tendency to shift from the traditional lab-centralized
diagnostics to PoC settings, which was accentuated by the COVID-19 outbreak (Arshavsky-
Graham and Segal, 2020).

Final remarks

This study presented the results of a two-wave global survey of researchers about the future
of LOC diagnostic devices and assessed changes in researchers’ expectations between
Waves 1 (2017) and 2 (2020). Comparing the results of both waves, one can see a reduction
in respondents’ optimism about the future of LOCs. In part, the reduction in optimism may
be related to the fact that most of the challenges faced by scientists in 2017 are still present
in 2020. At present, e.g. scientists are still pursuing a material that is suitable for the
complexity of LOC devices, which is both scalable and low cost (Arshavsky-Graham and
Segal, 2020). Some examples are the use of polydimethylsiloxane (PDMS), which is suitable
for the complexity of the devices but not yet scalable, and the use of paper, which is
scalable and low-cost but not as suitable as PDMS for the complexity of LOC devices
(Arshavsky-Graham and Segal, 2020).

In most statements, the rate of researchers who chose “after 2037” and “unlikely” increased
in W2. However, for none of the questions did the “unlikely” option outperform the “likely”
options, either before or after 2037. Moreover, in almost all questions, more researchers
chose “before 2037” than “after 2037.” This means that although W2 researchers are less
optimistic compared to W1 researchers, they can be considered optimistic about the future
of LOC diagnostic devices. Thus, taken together, the results of 2017 and 2020 suggest that
LOCs diagnostic devices are still a window of opportunity for R&D organizations; they may
integrate all laboratory processes and perform similar processes to those currently carried
out in laboratories, but at a lower cost, more quickly and with more reliable results; they may
provide low-cost PoC diagnostics, facilitating the diagnosis of patients living in remote or
difficult-to-access areas, improving access to healthcare; and they may change not only
laboratories as we know them today but the whole diagnostics market, perhaps moving to a
non-laboratory-based model.

In summary, our findings seem to confirm several expectations about the future of LOC
diagnostic devices, as pointed out in the reviewed literature, suggesting that they may
lead to substantial changes in the way human diseases are diagnosed and health
conditions are monitored. Preparing for the future is, therefore, a necessity, but
especially for those involved in diagnostic testing, health-care provision, public health
interventions.
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