
INEXTRICABLY BOUND:
MEASUREMENT
AND THE BIOECONOMY

Synthetic biology has been described as the design and construc-
tion of biological devices and systems for useful purposes [1]. The
synthesis of DNA is a critical part of this construction. Advanced
measurements have been both enabling and motivating for
advances in DNA synthesis chemistry. Building on decades of deve-
lopment of chemical synthesis of DNA [2] and the development of
DNA microarrays [3], additional careful attention to minimizing
rare side reactions and very small non-idealities in reaction yields

has enabled unprecedented levels of synthesis perfection and throughput
[4]. The industrialization of this advanced chemistry has been shown to
serve as a robust and economical basis for highly sensitive and specific
hybridization assays [5]. It has also been shown to serve as a robust and
economical source of user defined DNA oligonucleotides of sufficient quali-
ty to be used for synthetic biology [6]. The availability of high quality DNA
oligonucleotides, coupled with analogously industrialized processes for
combining them into larger constructs, opens up the possibility of wides-
pread adoption of synthetic biology methods. New measurement modalities
are being developed as a consequence. These examples, along with others
elaborated elsewhere in this journal, illustrate the close and sometimes
unpredictable interplay amongst measurement, science, and biotechnology,
and the foundational role of measurement in advancing the bio-economy.
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MEASUREMENT MOTIVATES AND ENABLES HIGH
QUALITY DNA OLIGONUCLEOTIDE SYNTHESIS

The function of synthetic DNA in the laboratory, like
naturally occurring DNA, is determined by its
sequence, or order in the polymer chain, of the bases
(A, C, G or T). Over the years, a number of
chemistries have been developed for the serial addi-
tion of bases to synthesize DNA, most notably the
method developed by Marvin Caruthers [7]. In this
approach, the synthesis of DNA is performed by the
serial addition of bases (A, C, G or T) onto an attach-
ment linker on a solid support. The incoming base is
created to be a highly reactive moiety, which couples
onto a particular chemical site, a hydroxyl group, on
the growing DNA chain. The bond created between
the two bases is an unnatural phosphite (PIII oxida-
tion state), which is subsequently oxidized into a nat-
ural phosphate (PIV oxidation state) bond. Following
oxidation, the terminal end of the newly added base,
previously protected by a Di O-Methyl Trytil (DMT)
group, is de-protected to create a hydroxyl end. This
step, called de-block, creates the attachment point for
the next base addition. The combination of the cou-
pling, oxidation, de-block steps is called DNA syn-
thesis cycle, and as many cycles as necessary are per-
formed to synthesize a DNA strand of a given length.
This chemistry was advanced to an unprecedented
level in the course of pursuing high performance
DNA microarray assays [4].
By enabling complete flexibility of the synthesized
sequences, chemical synthesis of DNA is also essential
for synthetic biology applications. At the same time,
many synthetic biology applications require longer
lengths of DNA than can yet be achieved with chem-
ical synthesis. These demands require a balance
between chemical synthesis and subsequently combin-
ing the chemically synthesized oligonucleotides into
longer constructs with enzymes. The longer and more
perfect the initially chemically synthesized materials,
the more universal and practical is the entire process.
The overall length of the synthetic DNA strand is
limited by the chemical efficiency of the DNA syn-
thesis cycle, as any error in any step will result in a
failed DNA synthesis. For each cycle, there is, even in
the best chemistries, a small probability of failure. The
overall yield of the synthesis is determined by com-
pounding the errors in each cycle. The overall yield,
then, is the yield of each cycle raised to the power of
the length. Small effects become compounded very
quickly. As an example, a cycle yield of 99% results in
an overall yield of only 36% after 100 cycles, or 13%
after 200 cycles. Typically, cycle yields of 99.8% and
better are necessary to obtain synthetic DNA suitable
for widespread application. To achieve high yields
after two-hundred or three-hundred cycles required
the development of creative chemistry and imagina-

tive engineering translatable to high precision, robust
manufacturing processes, quality control, and quality
assurance.
As with the manufacturing of DNA microarrays, the
DNA synthesis cycle may be controlled spatially to
enable the simultaneous synthesis of tens of thou-
sands of different DNA sequences on a flat solid sup-
port, typically glass or silicon, enabling high through-
put downstream applications [3]. One approach for
such spatial control is the use of inkjet printing tech-
nology to print fluids containing coupling phospho-
ramidite derivatives of the four DNA bases: A, C, G
and T; analogous to the four standard color inks:
black, magenta, cyan, and yellow. Since only one step
of the synthesis cycle needs to be spatially controlled,
the other steps, oxidation and de-block, may be per-
formed in a non-spatially controlled manner in a flow
cell. In addition to a printing module and flow cell
module, a DNA synthesis instrument would also con-
tain an automation module to transfer the solid sup-
port to and from the printing and flow cell modules,
as well as an inspection module to image the printed
drops and detect any misprinting. 
Engineering controls during DNA synthesis on an
automated instrument are essential to achieve the
high quality and robustness required for routine com-
mercial operation. For example, during printing, the
solid support is maintained at sub-millimeter dis-
tances from the print heads and displaced at speeds of
about one meter per second (m/s) over more than a
meter during printing of drops at millions of discreet
locations and densities up to 1,000 features per mm2.
Since the droplets of all four bases must always be
printed at the same location, relative alignment of the
print heads is essential. This is achieved by three-
dimensional, piezo-assisted precision movements of
each print head, along with precision timing of the
signals initiating delivery of ink from the print head
nozzles. Similarly, in the flow cell, the thickness must
be tightly controlled over the dimensions of the solid
support to ensure uniform flow of the reagents.
The fluid or “ink” formulation is a key aspect of this
technology.  The ink composition must be optimized
to ensure efficient 1. jetting, i.e. ejection of droplets
from the print heads of uniform volume, speed and
trajectory, 2. printing, i.e. landing of the droplets on
the solid support without splashing or spreading, and
3. coupling, i.e. the chemical attachment of the
incoming base onto the growing DNA chain. The
surface tension and viscosity of the ink are the two
examples of parameters affecting the droplet forma-
tion at the print head and the absorption of the
droplet kinetic energy at impact, and are among those
that must be tightly controlled. The chemical compo-
sition of the ink must also be controlled to ensure
high reaction rates, low side reactions and the physi-
cal integrity of the reaction area despite the large
hydrodynamic forces accompanying the process.
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The solid support used during the synthesis also has key
characteristics that must be tightly controlled, such as its
dimensions, to ensure reproducible and effective move-
ment by transfer robots and to avoid even slight bowing
in flow cells. The active surface must have an optimum
and reproducible loading of DNA attachment points
where DNA synthesis is initiated. To that end, glass, or
a silicon oxide layer on silicon, is treated to achieve a
durable attachment of a monolayer of a material with
optimized physical and chemical properties. Its quality
must be carefully measured to insure utility.
High quality DNA synthesis writers must be fully auto-
mated. An efficient and automated machine that can
process twelve wafers simultaneously has a printing
capacity of 1Giga bases per day. To balance printing
and flow chemistry, such a machine is composed of one
printing module linked to twelve flow cell modules so
that there is always one wafer ready to print as soon as
printing of a previous wafer is completed. The instru-
ment can be run asynchronously where a wafer can be
added or removed from the synthesis instrument, and
scheduler software can be used to optimize the transfer
of wafers from module to module in order to minimize
waiting times, similarly to logistics software optimizing
the inventory of goods between a warehouse and stores.
Finally, each module can be driven by an independent
logic center, which interfaces with the scheduler to
exchange status, and with a central data storage to cap-
ture log information for future traceability. After syn-
thesis, the wafers are de-protected in basic solution, to
finalize the synthetic DNA into its natural structure,
and washed. Each wafer can then be diced, for exam-
ple, into approximately 25 mm by 75 mm slides using
non-contact laser dicing, after each slide has been indi-
vidually labeled. 
Multiple layers of quality control of the synthetic
DNA are critical to ensure accurate and reproducible
results for downstream applications. First, during
incoming inspection, the DNA synthesis reagents are
tested analytically and functionally prior to use in
manufacturing to ensure that they contain the intend-
ed active ingredients at the appropriate concentration,
and that they do not contain any known detrimental
contaminants. Second, during in-process quality con-
trol of the synthesis on the instrument, the instru-
ment checks the correct execution of the process by
measuring reaction times, reagent pressures and tem-
peratures, as well as by imaging every printed droplet
to ensure its correct location and volume. If any devi-
ation is observed, the instrument is stopped and cor-
rected immediately, ensuring that a minimal, if any,
quantity of product has to be discarded. Third, dur-
ing destructive testing, a portion of each wafer is ana-
lyzed in a way similar to downstream use to ensure
that the synthesized DNA meets specification. This
test usually involves the hybridization of the synthet-
ic DNA with a mixture of simple and complex labeled
targets to measure background signal, linearity of

binding, lower level of detection and the extent of any
side reaction such as de-purination. Fourth and final-
ly, all the manufacturing and QC parameters are stud-
ied using statistical process control methodologies to
detect any drift from standard behaviors. This ensures
ongoing and continuously improving control of the
processes and provides early warning of any quality
control issues. All data acquired for each reagent lot,
wafer and slide can be stored to provide a device his-
tory file that can be queried later, if needed, in the
course of routine or special troubleshooting.

SYNTHETIC BIOLOGY MOTIVATES AND ENABLES
NEW MEASUREMENTS

Single celled organisms such as bacteria have long been
the focus for synthetic biology because of their simplic-
ity: They are easy to manipulate genetically and envi-
ronmentally. By growing large populations of identical
cells under defined conditions, a wealth of RNA, pro-
tein, and metabolite data has been collected and ana-
lyzed using in vitro measurements. Interestingly, mea-
suring the number of RNA or protein molecules in a
single cell often shows a population average which is an
incomplete description of an individual cell. Part of the
discrepancy is due to how RNA is produced from
DNA: RNA messages are not always churning out con-
stantly from a DNA template like a smooth-running
printing press. Instead, many are produced in discreet
bursts of activity [8]. Thus, the concentration of a given
message will spike and decline over time due to bursts
of synthesis followed by degradation and dilution. This
dissonant production schedule is further confounded by
the fact that many RNAs exist at very low copy number.
A burst may produce 10 copies of RNA, which can
decline to zero before the next burst of synthesis. Low
copy numbers lead to high stochastic variation, espe-
cially during cell division. If a cell contains only a hand-
ful of molecules of a particular RNA, when it divides it
can often give birth to one cell with the entire handful
and a second cell with none. These variations in RNA
levels can also be compounded during their translation
into protein, which can exhibit the same burst-like
mode of synthesis. The end result is wide cell-to-cell
variation of these molecules within a population. These
variations in molecular components translate into dif-
ferences in phenotype. The fact that genetically identi-
cal cells can behave so differently can profoundly affect
our ability to predict the outcomes of modifications
such as introducing new metabolic systems or genetic
circuits. Measuring the phenotypic probability distribu-
tions of individual RNAs, proteins and metabolites in
single cells has become an important source of data
needed to accurately model gene expression, systems-
level interactions, and even whole cell behavior [9].
Indeed, the understanding of basic biology has been
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changed by the results of single-cell measurements on
populations of genetically identical cells grown in the
laboratory. Dramatic differences are seen between the
DNA instructions (the genotype, identical in each cell)
and the products of those instructions (the phenotype,
or resulting behaviors) [10]. These differences have not
only changed the implications of genetic inheritance,
they have also contributed significantly to the refine-
ment and success of synthetic biology. The realization
that phenotype is not a simple value derived from the
product of genetics and environment, but is better
described as a probability function derived from these
inputs, has led to more robust predictive modeling of
systems and even whole cells [11].
If a given phenotype is derived from a probability dis-
tribution of certain RNAs and proteins, what set of
measurements should be made to determine pheno-
type at the single-cell level? Predictive approaches first
identify all of the RNAs and proteins that contribute
to a particular phenotype and then measure them all
to predict the phenotypic outcome. While becoming
more tractable over time as measurement and compu-
tation advance, both making and fully interpreting
more than a few measurements on a single cell
remains slow and expensive.
At the other extreme, if the phenotype can be defined
by a single molecule, a single measurement would suf-
fice. If that single molecule is an RNA or protein, it is
already known how to genetically encode fluorescent
reporters for most such molecules. But if the molecular
phenotype of interest is best represented by a metabo-
lite, there is not yet a systematic method for generating
reporters for these chemically diverse molecules. Here,
using synthetic biology as a means for generating new
tools shows great promise for developing precise mea-
surement devices, or biosensors, to measure metabolite
levels in single cells. Biosensors are genetically encoded
molecules that provide two functions: An input func-
tion accomplished by binding to the molecule of inter-
est and an output function comprising the generation
of a measureable signal. Many modular outputs have
been developed for biosensors, but a predictable way to
generate a desired input for any molecule of interest is
still lacking. Inputs have been appropriated on an ad
hoc basis from natural sources, for example a protein
known to bind to a particular metabolite. With the
advent of high throughput sequencing, many DNA
sequences encoding potential binding proteins have
never actually been physically isolated. Synthetic biolo-
gy now enables the testing of such a large number of
candidate inputs from natural sources by enabling their
construction and testing. Moreover, synthetic biology
approaches can be used to generate large libraries of
variations on a theme: to create new candidates based
on variations of a single natural source that can be
screened for new functions. Ultimately, libraries of
completely novel protein sequences can be screened for
new functions [12]. In this way, advanced synthesis

provides an opportunity to overcome a lack of prior
knowledge, accelerating the development of com-
pelling new measurements.
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