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For synthetic biology to mature,
composition of devices into func-
tional systems must become rou-
tine. This requires widespread
adoption of comparable and repli-
cable units of measurement. Inter-
laboratory studies organized
through [95_TD$DIFF]the International Geneti-
cally Engineered Machine (iGEM)
[96_TD$DIFF]competition show that fluores-
cence can be calibrated with sim-
ple, low-cost protocols, so
fluorescence should no longer be
published without units.

Synthetic Biology’s Evolving
Measurement Needs
One of the less-often-appreciated differ-
ences between science and engineering
is that engineering typically has much
more stringent requirements for curation
and replicability than science does. This is
no criticism of scientific practice, simply a
difference in goals and requirements. A
scientific publication needs only to have
data well enough curated to convince an
expert human reader that observations
and conclusions made with regard to a
particular collection of experiments are
likely to be valid. Effective engineering,
however, has much stricter requirements
for curation: typical engineering work-
flows require that many different sets of
measurements taken by a variety of orga-
nizations be directly comparable, so that
their informational and physical products
can be reliably and predictably combined
to create new artifacts.

Synthetic biology has been, in large part,
a revolution driven by the application of
the principles of engineering to the design
of living organisms. Following the vision
laid out early in its development [1], syn-
thetic biology engineering can be thought
of in terms of four layers of abstraction
(Figure 1):
� production of DNA sequences with
specified content;

� identification and design of DNA
sequences to implement genetic parts
such as promoters, ribosome entry
sites, coding sequences, and
terminators;

� composition of genetic parts into func-
tional devices, such as sensors, logical
operations, and actuators; and

� composition of devices to implement
systems that achieve some engineering
goal.

At this point, the ability to produce DNA
sequences has become routine, sup-
ported by a competitive industrial market
for DNA synthesis [2] and a sequence of
improving methods for assembly (e.g[97_TD$DIFF].,
[3,4]), at least for sequences of moderate
size and content. The identification and
specification of parts is also well estab-
lished: it is routine to identify and engineer
promoters, coding sequences, recombi-
nation sites, terminators, etc. as well as to
compose these parts into devices, as
attested by the continued rapid growth
of major public repositories such as
Addgene and the iGEM registry of stan-
dard parts.

The synthetic biology community is now
accumulating thepreconditions formaking
the final step, to the routineandpredictable
engineering of systems: devices with
strong signals, such as well-separated
‘high’ and ‘low’ outputs (e.g[97_TD$DIFF]., [5–7]), meth-
ods to reduce the uncertainty in device
composition (e.g[97_TD$DIFF]., [8–10]), andmodels that
can quantitatively predict certain compo-
sitions of devices (e.g[97_TD$DIFF]., [6,11,12]). Such
predictive models, however, remain quite
limited and few if any systems have been

built that use them outside the laboratories
that developed them.

The limited application of these models is
diagnostic of a larger need for compara-
ble and replicable measurements. Engi-
neering of synthetic biology systems
requires good quantitative models, and
quantitative models cannot be effectively
exchanged between organizations and
applied unless those organizations use
comparable and replicable units of
measurement. Thus, the engineering of
synthetic biology systems can never
be routine until measurements are
exchanged as freely and reliably between
organizations as DNA, parts, and devices
are now. In short, it is time to get serious
about measurement in synthetic biology.

Comparable Measurements in the
iGEM Community
Towards this end, the iGEM competition
has been conducting interlaboratory
studies on the measurement of fluores-
cence for the past 5 years. As an organi-
zation, iGEM is in a unique position to
organize such studies: several thousand
people, largely undergraduates and high-
school students, participate in the com-
petition each year and many have been
eager to volunteer to help execute experi-
ments in hundreds of institutions around
the world. The iGEM interlaboratory
[98_TD$DIFF]studies also present a unique educational
opportunity through which many of the
graduate students, faculty, and industrial
researchers of tomorrow can gain experi-
ence with the importance of comparable
units and good measurement practices.

When we began the iGEM interlaboratory
[99_TD$DIFF][100_TD$DIFF]studies in 2014, we decided to focus on
fluorescence as a critical problem area,
since fluorescent reporters are widely
used for quantification but are typically
reported in noncomparable arbitrary or
normalized units. To obtain a baseline
for the degree of variation and replicability
across laboratories, the 45 participating
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teamswere instructed tomeasure the fluo-
rescenceof three testdevicesaccording to
a supplied protocol and their laboratory’s
best practices, in absolute units if possible.
What came back was a remarkable mél-
angeof different numbers and approaches
to measurement, many not even qualita-
tively comparable due to the degree of
differencebetweenapproachesandnearly
all in arbitrary or relative units.

With this information, we designed the
2015 study, in which 85 teams partici-
pated, to focus on the most commonly
available instruments (plate readers and
flow cytometers) with positive and nega-
tive control devices andwith amuchmore
precisely defined protocol for measure-
ment and reporting. By the end of this
study, we still lacked comparable units,
but we had discovered two significant
and unexpected results [13]. First, ratios
of fluorescence between highly
expressed genetic constructs were quite
precise (only approximately 1.5 times
standard deviation in the ratios measured
by different laboratories), while ratios of

high-expression to low-expression fluo-
rescent constructs were highly imprecise
(nearly sixfold standard deviation). Sec-
ond, the dominant component of variation
in measurement was not biological but
tied to instruments: measurements of
replicates were quite precise but instru-
ment-to-instrument variation in ratios
within a laboratory was much higher. In
short, the challenges of reproducibility
appeared to be rooted in problems with
data acquisition and handling more than
in difficulties with the cells themselves.

We viewed this result as good news, since
problems in measurement should be eas-
ier to correct than some fundamental deli-
cacy of biology. Thus, the 92 participating
teams in the 2016 study were asked to
calibrate measurements to comparable
units against stable and affordable inde-
pendent referencesubstances:fluorescein
and LUDOXcolloidal silica to calibrate fluo-
rescence and absorbance in plate readers
and SpheroTech rainbow calibration
beads for flowcytometers (Figure 2). Given
this calibration tocomparableunits,control

values could be used to systematically
identify and exclude data sets suffering
from protocol problems and the precision
increased notably, even over ratiometric
correction. The 2017 study replicated this
successwithmore than200 teamsand the
2018 study focuses on refining the popu-
lation estimates from absorbance using a
bead calibrant to convert plate readers to
the same MEFL units that flow cytometers
arecalibrated towith rainbowbeads.Many
challenges remain, but the interlaboratory
study has moved the iGEM community
from a condition of massive variation and
incoherence in even the definition of fluo-
rescence measurements to one in which
hundreds of institutions can reliably obtain
measurements with comparable units and
less than twofold standard deviation.

The main goal of the iGEM measurement
committee this year, however, is helping
research groups at iGEM and elsewhere
exploit these new measurement capabili-
ties so they can more readily exchange
data, debug protocols and systems, and
advance the state of the art in synthetic
biology engineering. Now that fluores-
cence measurements can be made reli-
ably, one of the clear next questions is
what measurements should be taken to
enable routine composition of compo-
nents. For devices in biological circuits,
for example, at least the following need
to be known: the maximum and minimum
levels of steady-state gene expression, the
input–output transfer curve (i.e., the
expression level of the ‘output’ gene pro-
duced at varying levels of device ‘input’),
and the signal-to-noise ratios (i.e., how
large the difference between outputs
expression levels is compared with the
amount that expression levels vary
betweencells) [14].Furthermore,mostcur-
rent devices do not have particularly good
signal-to-noise characteristics, which
means it is difficult to build circuits with
well-distinguished output levels and that
small changes in device behavior are likely
to have large impacts on overall circuit
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Figure 1. Synthetic Biology Engineering Can Be Viewed in Terms of Four Layers of Abstraction. As
adapted from [1]: production of DNA, identification and design of genetic parts (e.g., promoters, coding
sequences), composition of genetic parts into functional devices (e.g., a logical ‘NOT’ device where the
production of a protein from one coding sequence represses the promoter that regulates another), and
composition of devices to implement engineered systems (e.g., a genetic regulatory network comprising
connected sending, logic, and actuation genetic devices).
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behavior [14]. As a consequence, much
information is also likely to be needed on
devices’ interactionswith their cellular con-
text and one another. Many open ques-
tions remain,but theywill bemucheasier to
address with comparable and replicable
measurements than without.

Building the Future of Biological
Engineering
Given the state of the field and the results
demonstrated in the iGEM interlaboratory
studies,weconclude thatmeasurementwill
become a primary frontier in synthetic biol-
ogy development. Major advances in sys-
tems design are likely to emerge from
interactions between organizations that
produce and exchange data in replicable
units, as more stringent curation and repli-
cation enable better debugging, better
models, more effective devices, and engi-
neeringworkflows joining the capabilities of
disparate contributing organizations. The
iGEM interlaboratory studies have shown
that fluorescence canbecheaply andeasily
calibrated to comparable units andwe plan
to continue refining, applying, and dissemi-
nating thatcapability. If undergraduatesand
high-school studentscanmakeprecisecal-
ibrated fluorescence measurements, there

is no reason that graduate students, post-
docs, and professional technicians cannot
do at least as well. Likewise, there is an
important role for journals, editors, andpeer
reviewers to play, demanding fluorescence
be reported in calibrated comparable units.
Finally, fluorescence assays on plate read-
ers and flow cytometers are only two of
manymeasurement challenges facing syn-
thetic biology, and as more are addressed
the engineering capabilities of the field are
likely to grow even faster.
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Figure 2. iGEM Interlaboratory Studies Gather Data on Several Devices from Mean Teams Worldwide. (A) Fluorescence from Escherichia coli cultures
transformedwith positive control, negative control, and three test devices for the International Genetically EngineeredMachine (iGEM) 2016 interlaboratory study (image
supplied by iGEM 2016 team Macquarie Australia). (B) The iGEM 2017 study involved participants from 218 teams in 35 countries.
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