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The function, structure, and mechanical properties of protein materials make them well-suited for a range

of applications such as biosensors and biomaterials. Unlike in traditional polymer synthesis, their sequences

are defined and, in the case of recombinant proteins, dictated by the chosen DNA sequence. As DNA

synthesis has rapidly progressed over the past twenty years, the limiting bottleneck in protein materials

development is the empirical optimization of protein expression. Herein, a low-cost, automated, high-

throughput, combinatorial protein expression platform is developed to test permutations of DNA vectors

and Escherichia coli (E. coli) strains in a 96-well plate format. Growth and expression are monitored with

optical density at 600 nm (OD600) to measure growth, Bradford assays to establish the total protein

concentration, and dot blot assays to determine the concentration of the protein of interest. With an eye

toward accessibility for researchers without suites of biosynthetic equipment, automated camera-based

assays are validated for the OD600 assay, via turbidimetry, and the Bradford assay, via colorimetry. High-

yield expression conditions can be determined within a week. Notably, in several cases, previously un-

expressible proteins are expressed successfully in viable yields. Collectively, an efficient approach to

overcoming long-running synthesis challenges in protein materials development is established, which will

expedite materials innovation.

Introduction

With their unique combination of binding, enzymatic, and
structural properties, protein materials have tremendous
promise for a variety of biomaterials applications, including
biosensors and industrial catalysts.1–6 To develop materials

for these types of applications, it is essential to achieve the
necessary mechanical properties,1,7,8 maintain function and
stability of folded proteins,9,10 and manipulate the nanoscale
orientation and morphology of the material.11 Each of these
properties is affected by the protein material's sequence,
molar mass, and processing conditions.12 Inspired by the
Materials Genome Initiative,13,14 rapid, high-throughput
materials development cycles are necessary to synthesize,
discover, and optimize properties to compete with existing
materials such as polymers and catalysts.

As synthetic biology has advanced rapidly, DNA synthesis
cost and time have decreased exponentially,15 positioning
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Design, System, Application

Protein materials provide a deep design space, particularly in the area of sequence-defined macromolecules, but rapid materials design cycles have not yet
been realized. As synthetic biology has rapidly progressed, the bottleneck in the exploration of this area has been the ability to rapidly express a protein
due to almost entirely empirical guidelines for selecting cell machinery. Herein, a combinatorial, low-cost, automated strategy is employed to quantitatively
screen for viable plasmid and strain combinations for a panel of protein materials. In comparison to methods with initial investments in the hundreds of
thousands of dollars, the developed platform requires initial capital investments under 15 000 USD, with each protein costing approximately 600 dollars in
materials and consumables. Additionally, inexpensive camera-based methods were verified to replace costly plate-reader-based assays. All automation and
analysis codes are fully available, and the platform is highly modular to encourage immediate implementation by the community. Together, this platform
promotes the rapid generation of a library of protein expression data, starting with over one thousand data points, to move toward data-driven optimization
methods and more rapid protein materials design cycles.
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protein expression as the key bottleneck in materials
innovation.16 Expression optimization of the protein of
interest requires a largely empirical optimization process,
with automated screening tools accessible but at extremely
high cost.17 A variety of expression hosts, including bacteria,
yeast, and mammalian cells as well as others, are possible for
recombinant protein production.18 The choice of expression
host can affect the final recombinant protein's glycosylation,
post-translational modifications, yield, and ease of
purification; thus, it is essential to match a protein's required
usage to an appropriate host system.19 For many protein
materials, Escherichia coli (E. coli) is the preferred host for
recombinant protein expression due to its fast and high
expression, inexpensive culture, and ease of genetic
manipulation.20 However, because of E. coli's tightly coupled
transcription and translation, many proteins do not properly
fold or are insoluble in non-optimized conditions. In
particular, desirable sequences for protein materials include
many challenging characteristics for soluble protein
expression, including repetitive sequences,21,22 rare
codons,23–25 large protein sizes,26,27 hydrophobicity,22,28,29

toxicity,30 and disulfide bonds.31–33 Currently, methodologies
to enhance solubility include decreased expression
temperatures,34 engineered cell strains,16,25,35 and solubility-
enhancement tags,36 such as glutathione-S-transferase (GST)
or small ubiquitin-like modifier (SUMO).37,38 It is noted that
not all proteins can be made in E. coli, such as proteins with
certain post-translational modifications or glycosylations, so
there is a wealth of opportunities for additional studies to
probe other expression hosts. To leverage the wealth of
achievable sequences, it is essential to establish an
accessible, low-cost, combinatorial screening tool to identify

high yield protein expression conditions suitable for protein
materials in as little time as possible.16

Although there exist general guidelines for matching
proteins to appropriate cell strains and DNA plasmids, there
is currently no widely accessible framework for determining
optimal conditions.16,39 In 2001, Knaust and Nordlund
reported non-automated high-throughput screening of two
constructs in deep-well plates,40 which was transformed to
automated screenings shortly after.41–43 As synthetic biology
has advanced in the last twenty years, new promoter systems,
cell strains, and solubility tags have been developed, but
most automation efforts have focused on novel interfaces
between protocol development and liquid-handling
robots.44–46 Although commercial automated systems exist,
they are typically beyond the reach of academic groups and
even many small businesses.47 Moreover, a framework that
can compile and generate a large database of protein
expression conditions for data-driven approaches, such as
machine learning, is lacking; typically only successful
expression conditions are published in the scientific
literature, which makes it difficult to establish design rules
for expression. Thus, there remains a gap in high-throughput
protein expression screenings to accelerate protein materials
development.

Herein, a high-throughput, combinatorial E. coli
expression platform has been developed using a low-cost
liquid handling robot and open-source software and tested
on 17 constructs of interest to demonstrate its wide
versatility, as demonstrated in Fig. 1. Specifically, the genes
of interest were inserted into a small library of different DNA
plasmids commonly used for biomaterial expression, which
include a variety of inducible promoter systems, and further

Fig. 1 Combinatorial protein materials expression design. After a protein is designed, it is subcloned into a panel of six vectors using a common
protocol for the whole panel. Once cloning is validated, an automated protocol transforms the vector panel into eleven different E. coli strains,
which are directly carried forward into protein expression (monitored by OD600) and harvest. After clarifying the lysate, the total protein
concentration and concentration of the protein of interest are quantified via Bradford assay and dot blot, respectively.
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transformed into different cell strains to form a
combinatorial expression library that can be tested in well-
plate format. Cell growth was monitored by tracking the
optical density at 600 nm (OD600), and a protocol with a
simple automated camera was developed and validated such
that the platform can be operated without a
spectrophotometer. Post-expression, the yield of total protein,
via Bradford assay, and of the protein of interest, via dot blot,
were quantified to identify promising cell-plasmid
combinations that can be further optimized with changes to
media, temperature, and time. High yield expression
conditions can now reliably be found within a week, and
conditions for previously un-expressible proteins have been
identified in several cases. Initial startup costs are under US
$15 000, with each protein's expression optimization totaling
just over US $600, making this process significantly more
accessible than previous expression optimization schemes
with similar throughput levels. Compiled data is stored in a
database-format to enable further data-driven approaches to
optimizing the expression of protein materials moving
forward. This work establishes an efficient approach to
overcoming long-running synthesis challenges in protein
materials development at a 100-fold lower capital cost than
commercial systems, expediting innovation in this space.

Materials and methods
DNA cloning and preparation

Seventeen genes of interest were chosen, detailed in the ESI,†
section A. Eight (047A, 047B, Catcher, CC43, PPxY, Tag, ZE,
and ZR) were designed and purchased from GenScript as
BamHI-NdeI-DNA sequence of interest-SpeI-XhoI-HindIII in
pET-15b. An additional four (mCherry, hNup50, hNup62,
hNup98) were purchased from GenScript as BamHI-NdeI-DNA
sequence of interest-XhoI-HindIII-BglII in pUC57. The ELP
series E10, E20, E40, and E80 were designed and cloned as
detailed previously,48 with a final design of NdeI-NheI-DNA
sequence of interest-SpeI-HindIII-BamHI in pET-15b. P4 was
designed and cloned as detailed previously,49 with a final
design of BamHI-NheI-DNA sequence of P4-SpeI-HindIII. Gene
designs flanked by NdeI on the 5′- and XhoI on the 3′-end
were directly subcloned into the custom-designed pGEX-4T-
(1H) vector (complete sequence in ESI,† section B). Gene
designs lacking these restriction sites were subcloned via
restriction digest cloning with other restriction sites into
vectors that did contain these flanking sites and
subsequently cloned into pGEX-4T-1(H). To subclone into the
remaining vectors, the following pairs of restriction sites were
used: pET-15b (NdeI/XhoI), pET-22b(+) (NdeI/XhoI), pQE-9
(BamHI/HindIII), pQE-60 (BamHI/BglII), pGEX-4T-(1H) (NdeI/
XhoI), and pET-SUMO (BamHI/XhoI). All sequences were
confirmed via Sanger sequencing (Genewiz, USA).

Competent cell preparation

BL21, T7 Express, T7 Express lysY, and T7 Express lysY/Iq were
purchased from New England Biolabs, USA. Rosetta 2™

(DE3) was purchased from Millipore-Sigma, USA. BL21(DE3),
BL21*(DE3), Tuner(DE3), C41(DE3), C43(DE3), NiCo21(DE3),
and SG13009 were prepared from existing lab stocks. The
Zymo Mix & Go! Kit was used to prepare large stocks of all
competent cells, and cells were aliquoted in 430 μL aliquots
and stored at −80 °C. Competency was tested with 0.05 ng
μL−1 pUC19, and only cells with transformation efficiencies
>106 transformants μg−1 were used (competent cell
efficiencies are reported in ESI,† section K).

Protein expression and cell lysis

All expressions were manipulated with an OpenTrons OT-2
pipetting robot in 96 shallow- and deep-well plates. Shallow
well plates were 330 μL, clear, sterile, flat-bottom, untreated
polystyrene plates. Deep-well plates were 2 mL, sterilized,
square-shaped, cone-bottom polypropylene plates (PlateOne
#1896-2110). Combinations of each plasmid/competent cell
were transformed in a 96 shallow-well plate according to the
designed plate layout using 45 μL of cells and 45 μL DNA at a
concentration of 5 ng μL−1. After sitting on a cold plate for 30
minutes, 60 μL of cell/DNA solution was added to 200 μL of
SOC broth in a deep well plate with glass beads and
incubated for 60 min at 300 rpm at 37 °C (VWR 89232-904).
Successful transformants were selected by subculturing 60 μL
of the transformation into 600 μL of LB supplemented with
the appropriate antibiotic for each vector/strain combination
(100 μg mL−1 for ampicillin, 50 μg mL−1 for kanamycin, and
34 μg mL−1 for chloramphenicol) at 37 °C for 20 h in a
ThermoScientific MaxQ 4000 Refrigerated Shaker. OD600

measurements were taken to determine the transformation
success rate by transferring 200 μL of culture into a 96
shallow well plate and measuring on a plate reader (Tecan
Infinite® 200 PRO). Protein expression was performed in 96
deep-well plates containing one glass bead per well to
increase mixing. Two replicate plates were prepared for each
expression experiment. 900 μL of LB supplemented with the
appropriate antibiotic was inoculated with 30 μL of the
overnight culture, and these cultures were grown at 37 C for
2.5 h with orbital shaking at 300 rpm in a VWR 1585 Orbital
Shaking Incubator and a ThermoScientific MaxQ 4000
Refrigerated Shaker. OD600 measurements were taken to
monitor the optical density at induction by transferring 200
μL of culture into a 96 shallow well plate and measuring on a
plate reader. After the initial 2.5 h growth, expression was
induced with 1 mM IPTG, and cultures were allowed to grow
for an additional 20 h at 25 °C with orbital shaking at 300
rpm. OD600 of the cultures at harvest was measured by
transferring 200 μL of culture into a 96 shallow well plate
and measuring absorbance on a plate reader. The cells were
harvested via centrifugation (3488 × g, 20 °C), and the
supernatant was removed via multichannel pipetting. Plates
containing cell pellets were frozen overnight at −20 °C;
subsequently, pellets were resuspended in 200 μL of MENT
lysis buffer (3 mM MgCl2, 1 mM ethylenediaminetetraacetic
acid (EDTA), 100 mM NaCl, 10 mM trizma, 0.5 mg mL−1
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lysozyme, 0.1 mg mL−1 DNase I, pH 7.5) and incubated at 37
°C for one hour to initiate lysis. The lysate was transferred to
96 shallow-well plates and subjected to two additional freeze–
thaw cycles before being clarified by centrifugation (4816 × g,
4 °C). Clarified lysates were stored in a −20 °C freezer until
assays were run.

Bradford protocol

For each expression plate, 200 μL of Quick Start™ Bradford
1X Dye Reagent (Bio-Rad, USA) was added to each well of a
96 shallow-well plate (250 μL, flat bottom, untreated), and
the absorbance at 595 nm was measured via plate reader.
Bovine serum albumin (BSA) was dissolved in MENT buffer
at 1 mg mL−1, 0.25 mg mL−1, 0.0625 mg mL−1, and 0 mg
mL−1 for use as standards. Using the OT-2 robot, 20 μL of
clarified lysate was added to each well and mixed 5 times by
automated pipetting. BSA controls were added to wells E12–
H12 in place of the negative controls on the initial plate.
After all wells were filled, the plate was allowed to develop for
3 min, flamed to remove any bubbles, and measured at 595
nm on the plate reader.

Dot blot protocol

Previously-expressed and purified 6×His-tag-containing P4
was used as a control and diluted to 1 mg mL−1, 0.25 mg
mL−1, 0.0625 mg mL−1, and 0 mg mL−1 in MENT buffer.50

Using the OT-2 robot, 10 μL of clarified lysate was added to
each well of a 200 μL PCR plate; P4 controls were added to
wells E12–H12 in place of the negative controls. Plates were
sealed with aluminum sealing film and stored overnight. The
PCR plates were heated to 95 °C for 5 min in a Bio-Rad T100
Thermal Cycler (Bio-Rad, USA) before cooling to 4 °C. Plates

were kept at 4 °C for at least 10 min and up to 1 h before 3
μL of each solution was transferred to a 0.45 μm
nitrocellulose membrane cut to 7.5 cm × 12.5 cm (Bio-Rad,
USA) with a filter paper backing. Membranes were allowed to
dry for at least 5 min, at which time liquid spots were no
longer visible. The blotting procedure followed existing
chromogenic methods with anti-tetra-His mouse antibody
(Qiagen, USA) used as the primary antibody and anti-mouse
IgG-alkaline phosphatase (Sigma, USA) used as the secondary
antibody.51 Blots were imaged with a ChemiDoc XRS+ system
(BioRad, USA) and processed using the ImageJ Background
Subtraction and Gel Analysis tool.

Results and discussion
Platform development

The combinatorial design of this platform is built upon the
96-well plate format, allowing a library of 66 trials plus
controls per plate for each gene of interest. Vectors were
varied down the rows, and strains were varied across the
columns. To ensure reproducibility and accuracy, thirty wells
were reserved for positive and negative controls, as shown in
the plate design in Fig. 2. Row G of the plate contained an
empty pUC19 vector as a positive control for transformation
and cell growth. Row H contained only 100 mM CaCl2 buffer
to serve as a negative control for the transformation to ensure
antibiotic resistance. These two transformation controls are
necessary for each cell strain. In the twelfth column, the first
four wells served as positive controls with protein (mCherry
in A12 and B12 and P4, a disordered structural protein that
has been widely expressed in the Olsen group,49,50,52 in C12
and D12)/vector/cell combinations that are known to
successfully express;49,53 the final four wells acted as media

Fig. 2 Plate layout for combinatorial protein expression platform including controls. Light and dark gray wells represent the test conditions, red
wells designate negative controls, light green well denote positive expression controls, and dark green wells correspond to pUC19 transformation
controls.
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and antibiotic-only negative controls. No edge effects were
noted due to a multicomponent shaking insert to ensure
even orbital shaking across the entire plate. The entire plate
was rerun if either the negative or positive expression
controls failed.

DNA cloning and design. As detailed in the Materials and
methods, a strategy to readily subclone genes into a panel of
vectors was developed. Genes were purchased with the
following design: BamHI-NdeI-DNA sequence of interest-XhoI-
HindIII-BglII, in which the DNA sequence of interest is in
frame with the restriction digest sites. With this design, each
gene was subcloned into the panel of vectors in Table 1. In
selecting vectors for this panel, there were several
requirements for later steps in the platform: expression
needed to be inducible, and the synthesized proteins needed
to contain a polyhistidine tag (6×His). Isopropyl β-D-1-
thiogalactopyranoside-based (IPTG) induction was chosen, as
it is widely compatible with existing protocols developed
previously. The 6×His tag was chosen for its ability to be used
in the future for large-scale purification via Ni-NTA
chromatography; however, it should be noted that 6×His tags
can cause problems in some constructs with protein
solubility.54 Though it was not tested in this iteration of the
protocol, any tag that is detectable by a primary antibody
could be used in place of the 6×His tag. Additionally, a range
of origins, promoters, and tags were desired to maximize the
potential for expression, including GST and SUMO tags. All
vectors selected had high copy numbers, which promoted
facile cloning and high concentrations of DNA for
transformations. This process can be completed within

approximately five days of work spanning 20 researcher-
hours including 10 digestion reactions and 6 ligation
reactions.

E. coli strain panel design. The cell panel shown in
Table 2 includes eleven commercially available variations of
E. coli strain BL21, which is a widely used host for
recombinant protein expression; commercial strains were
chosen to enable high accessibility, though due to the
modular nature of the protocol, any E. coli strain could be
substituted to match a user's preference.55,56 BL21 and its
derivatives are protease-deficient and IPTG-inducible cell
strains. BL21 in particular is routinely used for non-T7
expression systems, so this strain serves as an additional
negative control for expression from plasmids carrying T7-lac
promoters. The remaining ten strains carry a chromosomal
gene for T7 RNA polymerase, which is required for expression
using T7-containing plasmids. All of the strains are also
compatible with non-T7 expression. Most of the selected
strains require no additional antibiotic supplements, with
the sole exception of Rosetta™ 2 (DE3), which contains a
pRARE2 plasmid with chloramphenicol resistance.

The cell panel evaluates a variety of features related to
regulation of protein expression levels, tolerance to toxic
proteins, and sensitivity to plasmid copy number. BL21 (DE3)
and T7 Express serve as general purpose derivatives of BL21
that provide baseline expression levels for each construct.
BL21 Star™ (DE3) promotes mRNA stability, which is
advantageous for expression of low copy-number plasmids.57

Tuner™ (DE3) promotes uniform IPTG uptake in a cell
culture, allowing further tuning of concentration-dependent

Table 1 Plasmid design and sub-cloning sites for panel design

Vector
Origin of
replication Promoter

Antibiotic
resistance Tag(s)

Preferred sites
for subcloning Supplier Cat. no.

pET-15b pBR322 T7-lac Ampicillin N-term 6×His NdeI + XhoI Novagen 69661-3
pET-22b(+) pBR322 T7-lac Ampicillin C-term 6×His NdeI + XhoI Novagen 69744-3
pQE-9 ColE1 T5-lac Ampicillin N-term 6×His BamHI + HindIII Qiagen 32915
pQE-60 ColE1 T5-lac Ampicillin C-term 6×His BamHI + BglII Qiagen 32903

N-term GST
pGEX-4T-1(H) pBR322 tac Ampicillin BamHI + XhoI Custom

C-term 6×His
N-term SUMO

pET SUMO pBR322 T7-lac Kanamycin BamHI + XhoI Custom
N-term 6×His

Table 2 E. coli strains chosen for panel design

Strain Features Vendor Cat. no.

BL21 General purpose; negative control for T7-lac plasmids NEB C2530H
BL21 (DE3) General purpose Thermo Scientific EC0114
BL21* (DE3) Enhanced mRNA stability Thermo Scientific C601003
Tuner (DE3) Homogeneous IPTG concentration Novagen 70623-3
C41 (DE3) Enhanced toxic protein tolerance Sigma-Aldrich CMC0017
C43 (DE3) Enhanced toxic protein tolerance Sigma-Aldrich CMC0019
NiCo21 (DE3) Reduced metal affinity chromatography contaminants NEB C2529H
T7 Express NEB derivative of BL21(DE3) NEB C2566H
T7 Express lysY Reduced basal expression (lysY expresses T7 lysozyme) NEB C3010I
T7 Express lysY/Iq Lowest basal expression (T7 lysozyme + lacIq) NEB C3013I
Rosetta™ 2 (DE3) Additional plasmid for rare codon expression Novagen 71400-3
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induction.58 OverExpress™ C41 (DE3) and C43 (DE3) strains
include mutations that prevent cell death in response to toxic
recombinant proteins.59 NiCo21 (DE3) is engineered to
minimize basal E. coli proteins that contaminate immobilized
metal affinity chromatography steps used in downstream
purification.60 T7 Express lysY inhibits T7 RNA polymerase
and reduces basal levels of potentially toxic recombinant
proteins before expression is induced.61 T7 Express lysY/Iq

further tightens the control of expression by producing a lac
repressor.62 The final strain of interest is Rosetta™ 2 (DE3),
which carries a chloramphenicol-resistant plasmid that
supplies cell machinery for rare codon expression (arginine:
AGG, AGA, CGG; isoleucine: AUA, leucine: CUA, proline: CCC,
and glycine: GGA).58 Rosetta™ 2 (DE3) was specifically
chosen because artificially engineered protein polymers such
as elastin-like polypeptides are commonly enriched in these
rare amino acids.

Expression optimization. Each of the traditional steps in
E. coli protein expression were translated into this
combinatorial platform, as detailed in the Materials and
methods, using an OpenTrons OT-2 robot for liquid handling
protocols and an OpenTrons OT-1 robot for automated
imaging protocols. Briefly, chemically competent cells were
transformed with the DNA of interest in a 96 well plate, and
selection for plasmid uptake was achieved by transferring
into antibiotic-containing Miller's LB broth, termed selection
plates. Chemically competent cells were prepared using the
Zymo Mix & Go! E. coli transformation kit and pipetted into
430 μL aliquots, which eliminated the need for a heat shock
step during a well-plate based transformation.63 It was found
that keeping each component used for the transformation as
close to 4 °C as possible was essential to obtain high
transformation efficiencies across all cell and vector types,
which was achieved by holding competent cells in an ice-
filled Eppendorf tube holder, keeping the DNA in a 4 °C
refrigerator until addition, and placing the mixture of DNA
and cells on a Peltier-cooled stage. Because transformation is
inherently a stochastic process in which DNA either
penetrates the cell successfully or the cell dies upon addition
to antibiotic-containing broth, each transformation plate was
split across three selection plates, resulting in a total of three
replicates; successful transformation was defined as
significant growth (OD600 > 0.5 after 20 h) in the antibiotic-
containing broth. Generally, transformation efficiencies were
higher than 80% for at least one of the three selection plates
and above 70% for two or more selection plates, which
provided reasonable statistics. BL21*(DE3) exhibited low
transformation efficiency even after extensive optimization
(accounting for many of the untransformed samples) despite
having comparable transformation efficiencies using the
traditional heat shock method (transformation efficiencies in
ESI,† Table S4). It is suggested to replace this with strain
SG13009 for future panels, which contains the plasmid
pREP4 that expresses the lac repressor and pairs well with T5
promoter systems. Alternatively, in the case of genes of
interest with high-GC or high-AT content, replacement of

BL21*(DE3) with CodonPlus-RP or CodonPlus-RIL,
respectively, would be beneficial. Throughout the rest of this
manuscript, transformants of BL21*(DE3) will not be
included in the presented statistics due to persistent low
transformation efficiencies.

mCherry, a pink fluorescent protein, was used to validate
the protocols. Across the three Selection plates, 93% of the
viable cultures grew in at least one of the plates, 93% grew in
at least two plates, and 92% grew in all three replicates
(Fig. 3a). Selection plates were grown for 20 h at 37 °C and
300 rpm to produce a saturated culture, which was then
subcultured 1 : 100 (v : v) into fresh antibiotic-containing
media, termed growth plates. These cultures were grown for
2.5 hours, to reach log phase growth, at which point the
OD600 was measured (Fig. 3b). Most of the cultures (68% of

Fig. 3 a) Histogram of number of transformed mCherry cultures for
each vector/strain combination (total of 60 combinations), b)
histogram of average OD600 for each vector/strain combination for
mCherry cultures at induction (2.5 h after subculture), with cultures in
the log phase boxed in grey c) histogram of average OD600 values for
each vector/strain combination at harvest, 20 h post-induction, binned
into 0.5-unit increments. BL21* (DE3) samples are not included in
these plots. The four samples that did not successfully transform in
panel (a) are the same wells in panels (b) and (c) with low OD600

values.
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transformed cultures) reach the desired OD600 range (0.6–1.0
in LB media) at this point, though there are populations that
are under- or overgrown, which could affect final protein
yield. All cultures were induced at 1 mM IPTG and allowed to
grow at 25 °C for an additional 20 h, reaching OD600 values
spanning 1.5–4.0 (Fig. 3c). Cultures were harvested as
described in the Materials and methods.64

Low-cost, camera-based OD600 and Bradford assay
measurements. A central goal of this work was to facilitate
adoption of this platform by materials scientists who may
not have a complete biological laboratory. In particular, key
protocols for tracking cell growth and quantitating total
protein concentration were replicated using a robotic camera
system to obviate the need for a plate reader. For OD600

measurements, a turbidometry-based assay was developed
using a simple printed black-and-white background placed
underneath a 96 shallow well plate with 200 μL of media in
each transparent well (Fig. 4a). An inexpensive camera was
attached to a robot arm of an OpenTrons OT-1 robot and
calibrated to center images over each well. Each well was
photographed, and the image was converted to grayscale
using an automated Python script to more easily process
color values. The average contrast between the regions above
black and white quadrants was calculated as the difference
between the mean grayscale intensities; the relative contrast
(RC) is defined in eqn (1) by comparing samples to blank
media.

Relative contrast ¼ Iblack − Iwhiteð Þsample

Iblack − Iwhiteð Þblank
(1)

The relative contrast was subtracted from unity to obtain
an absorbance value (termed relative intensity), which was
correlated to OD600 obtained with a traditional
spectrophotometer to apply a linear correction (Fig. 4b).
OD600 values below 0.2 and above 1.4 fell out of the linear
regime and were reported as “<0.2” and “>1.4”; this
limitation did not tremendously affect the platform's
performance as highly concentrated cell cultures could be
diluted before measurement, and the values close to the
lower limit are not important for protein expression. OD600

values were taken at three points in the protocol: 20 h after
transformation when cells were seeded into new growth
plate, 2.5 h after seeding (before induction), and 20 h after
induction.

After expression and clarification of the lysate, the total
protein concentration was evaluated with a Bradford assay,
as detailed in the Materials and methods. The Bradford assay
uses a Coomassie Brilliant Blue G-250 dye in aqueous
solution that has a maximum wavelength at 465 nm, which
visually appears a yellow-tan color.65 If a protein that has
basic and aromatic side chains is added, the absorption
maximum shifts to 595 nm within two minutes to a solution

Fig. 4 a) Photograph of wells measured via turbidometry-based automated OD600 measurements; b) OD600 measured on a traditional
spectrophotometer (1 cm path length) vs. intensity measured by OT-1 robot (purple) and plate reader (green), corrected for path length; c)
photograph of Bradford assay well with variable amounts of proteins; d) Bradford assay absorbance as a function of bovine serum albumin (BSA)
concentration measured via least squares regression of photography-based assay from weighted red-green-blue (RGB) sums (purple) and by plate
reader (green). Error bars represent the standard error across three replicates.
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that visually appears blue as shown in Fig. 4c.65 This color
change has been harnessed to develop a protocol to quantify
the protein concentration based on a robot-controlled camera
instead of a spectrophotometer to measure absorbance. The
camera was used to image each of the wells individually
(filled with 200 μL of Bradford reagent) of a clear-bottomed
96-shallow well plate backlit by a tablet with a white screen.
Cell lysate (20 μL) was added to each well, and the plate was
reimaged after 3 min to allow for complete development of
the dye. The red, green, and blue channels were separated
with a facile Python code and the absorbance for each
channel was calculated in eqn (2).

Absorbance ¼ log10
Isample

Iblank

� �
(2)

The plot of these values is for a control set with bovine
serum albumin (BSA) (ESI†). As expected, the absorbance of
the blue channel decreases while the absorbance of the red
channel increases in the visual shift from tan to blue. To
correlate these values, a least-squares fit weighted by the
standard deviation of the camera absorbance values to data
obtained on the plate reader with a 595 nm absorbance was
calculated (Fig. 4d). There is good agreement between the

Fig. 5 a) Scatterplot of final OD600 vs. concentration of mCherry as quantified by dot blot, sorted by vector; b) scatterplot of final OD600 vs.
concentration of mCherry as quantified by dot blot, sorted by cell strain; c) visualization of dot blots of mCherry. Dot area and color are
normalized against the highest average concentration of 6×His-tagged protein; d) concentration obtained via dot blot vs. measured absorbance at
586 nm (A586). A best fit line is included to guide the eye. Outliers are circled in red and green for ease of discussion. Final concentration is based
on 200 μL of lysate, generated from 570 μL of culture. Error bars reflect the standard error across transformed replicates.
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weighted sum of the absorbances and the plate reader,
illustrating that this camera-based assay is sufficiently
accurate for assessing the overall protein content in cell
lysates. It is noted that the Bradford assay is nonlinear at
higher protein concentrations, but this non-linearity is an
effect of the chemistry of the assay and can be elucidated in
the colorimetric assay just as it is by absorbance
spectroscopy.

Dot blot verification. A dot blotting procedure was used to
determine the concentration of protein of interest in the
clarified lysate, as detailed in the Materials and methods.
The combinatorial data are visualized in Fig. 5a as a function
of the plasmid and Fig. 5b as a function of the cell strain.
For mCherry, the maximum yield was found with the
combination of pET-22b(+) as the vector and Tuner (DE3) as
the cellular strain, though there were several combinations
that showed expression levels over 100 mg L−1 of culture. Also
notable is that the vector seemed to play a larger role in the
expression yield than the cell strain as evidenced by the data
clustered by color in Fig. 5a and the horizontal trends,
particularly in pET-15b and pQE-9 in Fig. 5c. Although the
clustering was not strong in either case, the adjusted Rand
index for clustering with vectors was 0.095 (with 6 clusters)
and with cell strain was 0.050 (with 11 clusters), as further
detailed in the ESI.†

To further validate this protocol, the absorbance at 586
nm (A586), which is the maximum absorbance for mCherry,
was assessed for all clarified lysate plates (Fig. 5d). Most of
the samples fall on a single line, though there are some
notable outliers. Falling significantly above the line, circled
in red, implies that there is a protein in the lysate that does
not show strong signal in the dot blot but absorbs at 586 nm.
Although there are several possible explanations for this
behavior, it is likely that these examples are mCherry
truncation products in which the 6×His tag was either never

synthesized or was degraded before the dot blot was run (see
Fig. S89 in the ESI† for SDS-PAGE gels of the clarified
lysates). Alternatively, some of these proteins could have a
population of exceptionally well-folded protein that promote
a high value of A586. Products below the line, circled in green,
had strong dot blot signal but weaker absorbance, which
could be a result of improper folding of the β-barrel or a limit
of detection in the case of the highest concentration sample.
Interestingly, all of the circled outliers are in the pET-22b(+)
vector, which contains a C-terminal 6×His-tag and suggests
that the green-circled points are not indicative of truncation
products. In this context, any of the combinations with a
high dot blot concentration would perform reasonably with
sufficient optimization of temperature, media, and time,
which indicates that the dot blot is a good metric for
candidate selection.

Protein expression platform verification

Verification protein panel. The platform was tested with a
total of 17 different proteins of interest (Table 3). The panel
spanned a variety of protein material classes, including 8
elastin-like protein (ELP)–globular protein (GP) pentablock
copolymers (each containing the same ELPs but different
functional proteins in an ELP–GP–ELP–GP–ELP architecture),
4 different molar masses of tyrosine (Y)-containing ELPs, 3
different human nucleoporin proteins (hNups) (codon-
optimized for expression in E. coli), P4, and mCherry
controls. Many of these proteins had previously been difficult
to express through the typical empirical optimization
schemes, such as the higher molar mass ELPs48 and the
human nucleoporin proteins. The proteins spanned from
13.6 to 96.4 kDa in molecular weight and had pI values
ranging between 4.16 and 11.74. Rare codon percentages
were below 5% due to codon optimization for E. coli balanced

Table 3 Proteins of interest used for platform verification. Vector, cell strain, and yield reflect the maximum protein concentration obtained via dot blot.
Yield is calculated per liter of culture and reflects the mean of all transformed replicates

Protein Class Molar mass (kDa) pIa Rareb codon% Vector Cell strain Yield (mg L−1)

047A ELP–GP pentablocks 65.7 4.55 1.78 pGEX-4T-1(H) C41 (DE3) 19.6
047B ELP–GP pentablocks 30.5 8.87 1.75 pET-22b(+) C41 (DE3) 62.3
Catcher ELP–GP pentablocks 62.6 4.73 1.85 pET-15b BL21 36.6
CC43 ELP–GP pentablocks 37.5 8.12 2.98 pET-SUMO Rosetta 2™ (DE3) 7.2
PPxY ELP–GP pentablocks 29.5 6.35 3.55 pET-22b(+) Rosetta 2™ (DE3) 311.6
Tag ELP–GP pentablocks 29.7 9.57 3.53 pQE-9 T7 Express lysY/Iq 10.1
ZE ELP–GP pentablocks 40.1 4.66 2.79 pET-22b(+) C41 (DE3) 39.98
ZR ELP–GP pentablocks 40.8 11.74 2.79 pET-SUMO T7 Express lysY 14.6
E10 Y-containing ELP 13.6 7.80 2.78 pET-SUMO Rosetta 2™ (DE3) 33.5
E20 Y-containing ELP 24.7 7.71 3.01 pET-SUMO Rosetta 2™ (DE3) 33.3
E40 Y-containing ELP 46.9 7.60 3.14 pET-SUMO Tuner (DE3) 2.2
E80 Y-containing ELP 91.3 7.46 3.21 pET-15b Tuner (DE3) 4.8
hNup50 hNup 50.6 6.38 0 pET-22b(+) Rosetta 2™ (DE3) 104.2
hNup62 hNup 53.7 5.12 0 pET-SUMO Rosetta 2™ (DE3) 3.4
hNup98 hNup 96.4 6.92 0 pGEX-4T-1(H) Rosetta 2™ (DE3) 1.8
mCherry Fluorescent protein 31.2 6.02 4.68 pET-22b(+) Tuner (DE3) 337.3
P4 Disordered protein 62.3 4.16 0 pET-22b(+) C41 (DE3) 21.9

a Calculated from ref. 66. b Determined using the eight codons calculated in Zhang et al.67
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with codon scrambling for repetitive ELP sequences.21 Most
of the proteins chosen do not have significant secondary
structure; the current iteration of the platform is not ideal for
probing function or morphology, and assay development for
individual proteins was outside the scope of this work.

DNA and amino acid sequences for all constructs are
detailed in section A of the ESI,† and all constructs were
cloned into the vector panel detailed above. Once cloned,
each panel (thus, one combinatorial expression of a single
gene of interest in 60 plasmid/strain combinations) was
completed within 7 working days to ensure that the protocol
can be a component of an envisioned one-month protocol
from purchased gene to purified protein model to enable
rapid protein materials synthesis. Across all panels, 83% of
wells were successfully transformed and 91% of all vector/cell
combinations were successfully tested with at least one
replicate; of the most effective examples, 3 panels probed all
possible combinations.

Considering the mCherry dot blot concentration vs. A586
results discussed in the dot blot verification, the dot blot
concentrations were used as the determining metric of
optimal vector/strain combination. As a benchmark, yields
(mass of protein per volume of culture) above 15 mg L−1 are
defined to be a reasonable protein expression condition for a
recombinant protein of interest; of the 17 tested constructs,
10 achieved that metric with at least one vector/strain
combination (Fig. 6a). Of these 10, 4 proteins showed yields
over 45 mg L−1, which could be expressed without requiring
significant (or any) additional optimization. Outside of these
particularly high performers, the platform requires a second
round of screening to optimize variables such as media
formulation, IPTG concentration, expression time or
temperature, and oxygenation, so these values are likely a
lower limit of the expected yields of these protein materials.
It is envisioned that the specifics of this secondary
optimization would be protein-dependent, but likely would
use 60 mL cultures and monitor growth post-induction to
determine high yield conditions. The metric of 15 mg L−1 is
chosen because it is expected that a 5 L fermenter-based
culture could express at least 100 mg of protein for advanced
materials testing after an optimization process that increases
yield by at least 33%, as has been seen previously with
optimizations of IPTG concentration, post-induction
temperature, and post-induction time.68 In addition to the
high yields, an additional 3 constructs achieved yields
between 5 and 15 mg L−1, which, though less desirable, are
likely able to be optimized to reach reasonable expression
levels. Of the four constructs (E40, E80, hNup62, and
hNup98) with very low (<5 mg L−1) yields, E40 did show faint
dots on the dot blot, which could be used as a starting point
for testing alternate expression systems, such as cold shock
expression vectors like pCOLD,69 because it is expected that
E40 exhibits molecular-weight-dependent lower-critical
solution temperature (LCST) behavior. For these low-
expressing proteins, panels containing alternate vectors that
include different solubility tags or promoter systems will be

required to enable robust expression. To extend this platform
to functional globular proteins, such as enzymes, different
vectors with tighter regulation or alternative tags can be
incorporated into the vector panel. Additionally, specific
colorimetric assays could be developed for each protein, and
the combined activity and titer can be used to select the best
expression conditions. Generally, as shown in Fig. 6b, this
process is robust across a wide span of pI and Mn, though
high molar mass proteins have difficulty, as expected.
Nonetheless, with a relatively high success rate and fast
return of results, this platform has been validated as a vector/
strain screening tool.

With the development of a high-throughput platform to
scan protein expression conditions, data-driven approaches
can be used to begin to establish guidance for machinery
used in expression. These initial results suggest a demand
for collection of data on wider varieties of protein materials
to span the physical and chemical space and to adequately
describe the complexity of E. coli protein expression.
Although simple correlations were attempted to be
established between physical properties, the intricacy of the
protein expression system requires more advanced analytics
and large, unbiased data sets to achieve enhanced
understanding of the problem. Along this same line,
translation of categorical descriptors, such as vector, cell
strain, and gene sequence, into features for machine learning

Fig. 6 a) Histogram of maximum yield of protein of interest as
determined by the dot blot. Colors of the bars reflect the yield sorting
criteria discussed in the text: very high (dark green), high (green),
acceptable (yellow) and low (red). b) Scatter plot of molar mass vs. pI
for the protein panel, with colors reflecting the protein yield.
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and other data-driven statistical approaches will continue to
require refinement. With these challenges in mind, it is
important to note that the establishment of experimental
techniques that are able to supply organized databases is one
of the key technological obstacles toward achieving these
goals. Alone, this work has generated over one thousand
unique data points (60 vector/strain combinations for 17
proteins of interest = 1020 test conditions) toward this grand
challenge with the ability to continue to produce 66
combinations per week by a single worker, largely dictated by
the time necessary for E. coli growth as well as the outlined
replication strategy (a Gantt chart for the process is included
in the ESI,† section I). These data are stored in a database
structure, keeping track of the protein, vector, strain, and
data collected for all replicates (OD600 values, overall protein
concentration, and concentration of protein of interest),
which can be readily assembled using an automated MATLAB
script that is available in the ESI,† section F. The throughput
could be further enhanced by modifying the replication
strategy and/or building out more incubators and robots to
enable more runs to be run in parallel; theoretically, with
unlimited incubator space, a run could commence every 4
hours, allowing up to 12 runs (792 combinations) per week.
In comparison to many other existing high-throughput
approaches, this system reflects the upstream batch
production very closely. Most current high-throughput
approaches generate new targets via synthetic biology70,71 or
screen large libraries,72 which would be highly
complementary to this new approach. By making this system
widely available to the protein materials community with
limited initial investment (a complete cost table for the
platform is available in the ESI,† section J), this system
represents a first step toward rapid protein materials design
cycles.

Conclusions

Using a low-cost liquid handling robot and open-source
software, a modular, high-throughput platform for E. coli vector
and strain selection was developed and validated to optimize
the expression of protein materials. A simple, robust cloning
strategy was used to clone genes of interest into a small library
of DNA vectors commonly used for biomaterial expression,
including a suite of inducible promoter systems and solubility
tags. Once cloned, the genes were transformed into eleven
different E. coli strains to form a combinatorial expression
library that was assessed in a well-plate format. Protocols using
a simple automated camera were developed to measure the
OD600 and verified such that the platform can be operated
without a spectrophotometer. Post-expression, the yield of total
protein, via Bradford assay, and of the protein of interest, via
dot blot, were quantified to identify promising strain-plasmid
combinations that can be further optimized with changes to
media, temperature, and time. This expression optimization
protocol was validated first with mCherry and then extended to
a panel of 17 protein materials. Of these, expression yields >15

mg L−1 were attained for 10 of the proteins. Reasonable
expression conditions can now reliably be found an order of
magnitude faster, and conditions for previously un-expressible
proteins have been elucidated in several cases. Compiled data is
stored in a database-format to enable further data-driven
approaches to optimizing the expression of protein materials
moving forward. Together, this work established an efficient
and modular approach to overcoming protein materials
synthesis challenges, which will expedite continued
development and innovation in this growing space.
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