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Abstract

Cell-free protein synthesis (CFPS) is an established method for rapid recombinant

protein production. Advantages like short synthesis times and an open reaction envi-

ronment make CFPS a desirable platform for new and difficult-to-express products.

Most recently, interest has grown in using the technology to make larger amounts of

material. This has been driven through a variety of reasons from making site specific

antibody drug conjugates, to emergency response, to the safe manufacture of toxic

biological products. We therefore need robust methods to determine the appropriate

reaction conditions for product expression in CFPS. Here we propose a process

development strategy for Escherichia coli lysate-based CFPS reactions that can be

completed in as little as 48 hr. We observed the most dramatic increases in titer were

due to the E. coli strain for the cell extract. Therefore, we recommend identifying a

high-producing cell extract for the product of interest as a first step. Next, we manip-

ulated the plasmid concentration, amount of extract, temperature, concentrated reac-

tion mix pH levels, and length of reaction. The influence of these process parameters

on titer was evaluated through multivariate data analysis. The process parameters

with the highest impact on titer were subsequently included in a design of experi-

ments to determine the conditions that increased titer the most in the design space.

This proposed process development strategy resulted in superfolder green fluores-

cent protein titers of 0.686 g/L, a 38% improvement on the standard operating con-

ditions, and hepatitis B core antigen titers of 0.386 g/L, a 190% improvement.
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1 | INTRODUCTION

Cell-free protein synthesis (CFPS) first emerged in the 1960s as part of

research uncovering the genetic code.1 Subsequently, this in vitro pro-

duction method has been adapted to produce a variety of products

including antibodies, biotherapeutic peptides, fusion proteins, vaccine

candidates, membrane proteins, toxic proteins, and bacteriophages.2

There are broadly two types of CFPS: reconstituted CFPS and crude

lysate CFPS. In reconstituted CFPS, also known as the Protein synthesis

Using Recombinant Elements (PURE) system, purified recombinant pro-

teins and ribosomes are added to the reaction in a bottom-up

approach.3 In crude lysate CFPS, a top-down approach is used in which
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cells are lysed and the extract clarified. In both systems, this extract is

then combined with a concentrated reaction mix containing nucleotides,

amino acids, energy substrates, salts, molecular crowding agents, poly-

merases, and genetic material for the expression of the product of inter-

est. Cell extracts have been generated from a variety of host organisms:

archaea, E. coli, yeast like Saccharomyces cerevisiae and Pichia pastoris,

mammalian cells like Chinese hamster ovary, HEK293, and HeLa, wheat

germ, and tobacco.4-6 In this study, we used E. coli-based CFPS; in addi-

tion to being one of the more economical options, it is the most well-

studied cell extract with dozens of publications to date and several com-

mercial kits available on the market.

Transcription and translation are more streamlined in CFPS reac-

tions because energy resources no longer need to be used to maintain

metabolic activity for cell growth, though the protein synthesis rate is

200-fold slower than the in vivo rate.7 The reactions are much shorter

than in vivo cultivations, typically taking only a few hours. Titers of

2.3 mg/ml deGFP have been achieved with an E. coli-based CFPS sys-

tem in batch mode in 10 hr.8 Also, due to the absence of compartmen-

talized cells, CFPS reactions are open to additional components, like

chaperones and detergents, which can easily be supplemented into the

reaction to assist in protein folding and post-translational modifica-

tions.9,10 When combined with orthogonal transfer RNAs, elongation

factor Tu, and E. coli strains where release factor 1 has been eliminated,

this open environment allows for the incorporation of nonnatural amino

acids while maintaining high protein titers.11 Several different formats

have been used for the CFPS reaction including batch, fed-batch, micro-

fluidic devices, and continuous-exchange reactions.12-15 These reactions

have been demonstrated to scale linearly in batch mode from the sub-

milliliter scale to 100 L, a desirable characteristic for both the scale-up

and scale-down of reactions.12 Currently, Sutro Biopharma Inc. utilizes

CFPS to manufacture an antibody drug conjugate with a nonnatural

amino acid to allow for targeted conjugation to a specific site; the prod-

uct is in clinical trials at present.16 Recent work on lyophilized CFPS

reactions has resulted in the development of “just-add-water” technolo-

gies, portable bioassays, environmental sensors, and paper-based sen-

sors.17,18 CFPS reactions have also been used for metabolic engineering

and to observe gene circuits.18,19

Though CFPS has many advantages and applications, little work

has been done on process development for these reactions. Current

process development strategies for a typical biopharmaceutical in a

mammalian cell host involves lengthy cell line development schemes

that can take 60–90 days.20 While this process may be shorter for

microbial hosts like E. coli and P. pastoris, it is still cumbersome and

requires cloning and selection from several strains. The fact that CFPS

reactions can produce good titers in a shorter timescale and do not

necessarily require any cloning steps, as PCR products can be used,

allows for the use of high-throughput methodologies to design a pro-

cess development strategy.21

We designed a process development strategy by examining the

impact of process parameters, in particular cell extract strain, on prod-

uct titer. Certain E. coli strains that have been engineered to have

more stable mRNA or more eukaryotic tRNAs may result in better

translation and increased yields for certain products. Similarly, we

have observed the impact of induction on product titer in isopropyl

β-D-1-thioglatopyranoside (IPTG)-inducible BL21 Star™ (DE3) E. coli

cells. Induction of the E. coli cells prior to extract preparation should

result in an increased concentration of T7 RNA polymerase, an

enzyme vital to transcription. Adding T7 RNA polymerase into the

CFPS reaction is commonly found in the literature, as T7 RNA poly-

merase is highly selective for its own promoter sequences and it has a

transcription rate that is higher than endogenous E. coli RNA

polymerase.22

Because CFPS reaction conditions are no longer constrained by

the needs of maintaining metabolically active cells, CFPS reaction

parameters can be extended to greater extremes which may aid in the

synthesis of difficult-to-express proteins and self-assembly processes

(e.g., virus-like particles [VLPs]).23-25 By adding more of the potentially

limiting components for example, plasmid DNA or cell extract, the

reaction equilibrium may be shifted to increase product yield. How-

ever, as both plasmid and extract preparation are time-consuming and

labor-intensive processes, it is critical that the system not use more

than what is required for either component. As the reactions are no

longer limited by cell growth, the pH of the concentrated reaction mix

can be decreased or increased far beyond typical physiological levels.

However, pushing the pH of the reaction too far may have an adverse

effect on the molecules required for transcription and translation of

the product (ribosomes, polymerases, enzymes, and so forth) or could

result in the precipitation of other reaction components. Because the

polypeptide elongation rate in E.coli cells is enhanced at higher tem-

peratures, increasing the reaction temperature should increase pro-

duction, though too much of an increase may lead to protein

degradation.26 Additionally, lower temperatures may be beneficial as

CFPS reactions are considered less thermostable than their

corresponding host cells because they are more dilute; lower temper-

atures may also aid in protein folding and prevent aggregation.27 The

length of the reaction should be long enough to allow for the expres-

sion of high titers of protein but should not be so long that inhibitors

like inorganic phosphate saturate the system.28

The work presented here investigates the impact of the afore-

mentioned process parameters on product titer. We examined the

E. coli strain used for the cell extract, two compositions of the concen-

trated reaction mix, and plasmid selection. We used multivariate data

analysis (MVDA) to generate a model based on the titers resulting

from reactions where the plasmid and cell extract concentration, pH

of the concentrated reaction mix, reaction temperature, and length of

reaction were manipulated individually. (We chose to compare two

concentrated reaction mixture rather than investigate the individual

components of the concentrated reaction mixtures because this has

already been examined in some depth elsewhere.29,30) By performing

a multilinear regression (MLR), we predicted which combination of

parameters result in the highest titers within the robust operating

space defined. The process parameters with the largest influence on

titer were further evaluated through a response surface design of

experiments (DoE) approach enabling the operating conditions that

led to a significant increase in product titer to be identified. Several

other groups have used DoE previously to examine multiple

2 of 16 COLANT ET AL.



parameters at once while using a minimal amount of reaction material

in order optimize parts of the CFPS system including extract prepara-

tion, chaperone and salt concentrations for expression of proteins

with disulfide bonds, and the ratio of heavy chain expressing plasmid

to light chain expressing plasmid for antibody expression.12,31-33 Here

we use DoE for titer maximization in a given design space, rather that

optimization, to demonstrate how this process development strategy

might be used with two different proteins.

2 | MATERIALS AND METHODS

All chemical reagents were purchased from Sigma–Aldrich (Dorset,

UK) unless otherwise stated.

2.1 | Extract preparation

The extracts were derived from the BL21 (DE3) (Thermo Fisher Scien-

tific, Paisley, UK), BL21 Star™ (DE3) (Thermo Fisher Scientific), and

Rosetta™ (DE3) E. coli strains using the method outlined previously.34

Briefly, a small volume, approximately 100 μl, of bacterial glycerol

stock was used to inoculate 50 ml fresh Lysogeny broth (LB) medium

(pH 7.4) in a 250 ml baffled shake flask. The cultures were incubated

overnight at 34�C and 250 rpm. The following day, approximately

16 hr later, 25 ml of the overnight culture was transferred to 500 ml

of 2×YTPG medium pH 7.2 (16 g/L tryptone, 10 g/L yeast extract,

5 g/L NaCl, 7 g/L K2HPO4, 4.3 g/L KH2PO4, and 18 g/L glucose;

adjusted pH to 7.2 with potassium hydroxide) in a 2 L baffled shake

flask. The culture was incubated at 34�C and 220 rpm until OD600 ≈ 2

was achieved at which point 500 μl of 1 M potassium hydroxide was

added to prevent acidification of the culture (as recommended by

Hong et al. 2015) and the incubation continued.34 When OD600 ≈ 4

was achieved, the culture was harvested by centrifugation at 5,000 g

and 4�C for 15 min; the cells should be entering stationary phase.

Contrary to popular methods of harvesting during the mid-late log

phase, Failmezger et al. showed that high performing extract can be

produced from E. coli in the stationary phase; as such, we decided to

simplify our workflow and adopt their method of extract produc-

tion.35 The supernatant was discarded and the pellets were kept on

ice whenever possible. Each pellet was washed with ~25 ml of S30

buffer (pH 8.2 10 mM Tris acetate, 14 mM magnesium acetate,

60 mM potassium acetate, and 1 mM dithiothreitol) and resuspended

by vortex. The resuspended cells were pelleted by centrifugation at

9,000 g and 4�C for 10 min. The pellet was washed, resuspended, and

pelleted by centrifugation again. Excess supernatant was discarded.

Pellets were stored at −80�C following this step. Pellets were

resuspended in 1.0 ml of S30 buffer per 1.0 g of pellet. The pellet was

thawed on ice with S30 buffer for at least 1 hr prior to resuspension.

The resuspended cells were homogenized via single pass at 1,000 bar

through an APV Gaulin Micron Lab40 Homogenizer (Lubeck, Ger-

many). The homogenized lysate was clarified by centrifugation at

30,000 g and 4�C for 30 min. The supernatant was recovered and

centrifuged again using the same conditions. The supernatant from

the second centrifugation step was decanted and separated into 1 ml

and 200 μl aliquots. Aliquots were flash frozen with liquid nitrogen

and stored at −80�C until use.

The extract preparation method was not optimized or varied for

different strains, as the authors have seen no evidence of any strain

or product specific impact from extract preparation methods dis-

cussed in the literature. While we chose this protocol based on the

equipment and reagents at our disposal, we recognize that numerous

groups have thoroughly examined the extract preparation protocol

and optimized conditions, such as length of time for cell growth,

length of time for induction, and media for cell culture.31,36-39

In addition to the extracts prepared above, another BL21 Star™

(DE3) extract was prepared following the protocol above with the

addition of 500 μl of 1 M IPTG when the 500 ml shake flask cultiva-

tion had achieved OD600 ≈ 0.6. This induction was done to increase

the amount of T7 RNA polymerase in the extract. Unlike the other

strains, these cells were incubated at 37�C.

A Bradford assay was used to determine total protein concentra-

tion for each extract; all extracts gave values of 30–50 mg/ml as

expected based on the previous literature.40,41 The total protein con-

centrations were as follows: 38 mg/ml for BL21 Star™ (DE3),

35 mg/ml for the BL21 (DE3), 34 mg/ml for Rosetta™ (DE3), and

44 mg/ml for the IPTG-induced BL21 Star™ (DE3).

2.2 | CFPS reaction

A cell-free concentrated reaction mix based on the protocol used by

Kwon and Jewett (2015) was prepared.40 The cell-free reaction

included the following: 1.2 mM ATP, 0.85 mM each CTP, GTP, UTP,

1.5 mM spermidine, 1 mM putrescine, 33 mM phosphoenolpyruvate

(PEP), 4 mM sodium oxalate, 0.27 mM coenzyme A (CoA), 0.33 mM

nicotinamide adenine dinucleotide (NAD), 34 μg/ml folinic acid,

170 μg/ml tRNA from E. coli MRE 600, 90 mM potassium glutamate,

10 mM ammonium glutamate (MP Biomedicals, Eschwege, Germany),

and 12 mM magnesium glutamate.40

Another concentrated reaction mix considered to be a simplified

minimal mix based on the protocol by Cai et al. (2015) was also pre-

pared.29 This mix included the following: 1.2 mM AMP, 0.86 mM each

CMP, GMP, UMP, 1.5 mM spermidine, 4 mM potassium oxalate,

15 mM phosphate buffer pH 7.0, 260 mM potassium glutamate, 8 mM

magnesium glutamate, and 2 mM oxidized glutathione.29 This mix is

based on what is often referred to as the “Cytomim” mix because it

was originally designed to mimic the cytosol environment in E. coli

cells.42 Instead of using expensive phosphorylated energy sources, this

mix relies on oxidative phosphorylation and avoids the accumulation

of inorganic phosphate and dramatic shifts in pH level over the course

of the reaction.42,43 The optimized version of this mix employed by Cai

et al. (2015) reduced reagent costs by 95% while still producing over

1 g/L trastuzumab single-chain fragment variable.29

Each concentrated reaction mix was prepared as a 2.5× concentrated

solution (without amino acids or T7 RNA polymerase). Potassium
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hydroxide was added to the complex concentrated reaction mix to solubi-

lize the components. A volume of 2.5× concentrated reactionmix solutions

were stored at −80�C until use. A 75 mM methionine solution and a

50 mM solution containing the remaining amino acids were prepared sepa-

rately and added to the reaction to a final concentration of 1.25 mM of

each amino acid except methionine for which the final concentration was

1.5 mM. A total of 50 U/μl T7 RNA polymerase (Catalogue number:

18033019) was purchased from ThermoFisher Scientific™ and added to

the reaction to a final concentration 500 U/ml T7 RNA polymerase. Amino

acids solutions and T7 RNA polymerase were stored at−20�C until use.

Reactions were performed in 100 μl volumes in 1.5 ml microce-

ntrifuge tubes from Star Labs (Milton Keynes, UK). In typical reactions,

the concentrated reaction mix was combined with the amino acids

solutions and T7 RNA polymerase as detailed above, 10 μg/ml plasmid

(6.1 nM for superfolder GFP [sfGFP], 2.8 nM for green fluorescent

protien+ (GFP+), and 2.6 nM for Hepatitis B core antigen [HBcAg]),

and 20% vol/vol cell extract, and then incubated at 30�C for 4.0 hr in

an Eppendorf Thermomixer® C (Stevenage, UK) at 1,200 rpm. Reac-

tions were analyzed for titer immediately and then stored at −20�C.

2.3 | Adjusting continuous process parameters

Each of the following process parameters was examined in isolation in

order to determine their impact on titer: plasmid concentration, amount

of extract, temperature, pH of the concentrated reaction mix, and length.

Plasmid concentration was adjusted by adjusting the volume of concen-

trated plasmid added to each reaction. Final concentrations of 1.0, 5.0,

10, 20, and 50 μg/mL (0.61, 3.1, 6.1, 12.2, and 30.5 nM for sfGFP and

0.26, 1.3, 2.6, 5.1, and 12.8 nM for HBcAg) were prepared. Amount of

extract was likewise adjusted by volume. Reactions with 5% vol/vol,

10% vol/vol, 15% vol/vol, 20% vol/vol, 25% vol/vol, 30% vol/vol, and

35% vol/vol extract were prepared. The pH level of 2.5× Kwon concen-

trated reaction mix was adjusted using small volumes of 18 M

hydrochloric acid or 12 M sodium hydroxide. Below pH 5.5, the compo-

nents began to fall out of solution. The following pH levels were tested:

5.0, 5.5, 6.0, 6.5, 6.8, 7.0, 7.5, 8.0, 8.5, and 9.0. Temperature was

adjusted on each thermomixer; reactions at 15, 20, 25, 30, 32, 35,

37, and 40�C were tested. The following reaction lengths were assessed:

0.5, 1, 2, 4, 6, 8, 12, 22, and 24 hr. For sfGFP, the typical reactions condi-

tions were 6.1 nM (10 μg/ml) plasmid, 20% vol/vol non-induced BL21

Star™ (DE3) extract, complex concentrated reaction mix at pH 6.8, 20�C,

and 4 hr. Reactions adjusting the parameters were performed in triplicate

and a total of 105 reactions were performed: typical reactions conditions

(9 reactions), plasmid concentration at 4 levels (12 reactions), amount of

extract at 6 levels (18 reactions), pH at 8 levels (24 reactions), tempera-

ture at 7 levels (21 reactions), and reaction length at 7 levels (21 reac-

tions). Based on the sfGFP results, some reaction conditions were

omitted for HBcAg. For HBcAg, the typical reaction conditions were

2.6 nM (10 μg/ml) plasmid, 20% vol/vol non-induced BL21 Star™ (DE3)

extract, complex concentrated reaction mix at pH 6.0, 20�C, and 4 hr.

Reactions were performed in duplicate and a total of 48 experiments

were performed: typical reaction conditions (2 reactions), plasmid

concentration at 4 levels (8 reactions), amount of extract at 5 levels

(10 reactions), pH at 4 levels (8 reactions), temperature at 4 levels (8 reac-

tions), and reaction length at 6 levels (12 reactions).

2.4 | Design of Experiments

Following the “one-variable-at-a-time” analysis detailed in the previous

section, a response surface DoE study was performed for each product

to better understand the interactions between different process param-

eters and the subsequent impact on titer. This exercise was done to

demonstrate how titer might be maximized using response surface DoE

and validate its use as part of this process development strategy. It is

not the intention to optimize titer, though that could be done by expan-

ding the design space in subsequent DoE studies. A different DoE

approach was used for each of the two products. For sfGFP, a face-

centered central composite design consisting of nine runs with two

center points was used. The following conditions were chosen: temper-

ature of 32, 34, and 36�C; pH of concentrated reaction mix of 5.5, 6.0,

and 6.5. BL21 Star™ extract was used with 6.1 nM (10 μg/ml) plasmid

and 20% vol/vol cell extract for 4.0 hr. For HBcAg, a face-centered cen-

tral composite design consisting of 27 runs with 2 center points was

used. The following conditions were chosen: temperature of 32, 34,

36�C; plasmid concentration of 3.8, 7.7, 11.5 nM (15, 30, 45 μg/ml);

amount extract of 15% vol/vol, 20% vol/vol, 25% vol/vol. These reac-

tions were performed with an induced BL21 Star™ extract with pH 7.0

concentrated reaction mix for 4.0 hr.

2.5 | GFP plasmids

Commercial CFPS kit suppliers recommend using a plasmid which has

been optimized for cell-free expression though plasmids typically

employed for cell-based expression can be used as well.44 Two GFP

plasmids were selected: pJL1, a superfolder GFP plasmid, pJL1 was a

gift from Michael Jewett (Addgene plasmid # 69496; http://n2t.net/

addgene:69496; RRID:Addgene_69,496), and pET14b-GFP, a plasmid

developed by Martin Warren's group at the University of Kent used

for E. coli expression of GFP+ with a 6xhistidine tag. Plasmid pJL1 has

been optimized for CFPS. It is a much smaller plasmid (2,486 bp) that

contains only the gene of interest (sfGFP in this case), the T7 pro-

moter, the T7 terminator, a gene for kanamycin resistance and an ori-

gin of replication. The pET14b-GFP plasmid has not been optimized

for cell free and has not been codon-optimized for E. coli. It is also

somewhat large compared to the pJL1 plasmid, 5,389 bp.

2.6 | GFP analysis

For GFP analysis, it is assumed that all GFP proteins that have been

produced are correctly folded and emit with the characteristic fluores-

cence intensity for that GFP variant. Titer was measured through fluo-

rescence intensity measurement on a BMG Labtech (Aylesbury, UK)
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FLUOStar OPTIMA spectrophotometer at an excitation wavelength of

485 nm and an emission wavelength of 520 nm and compared to a

standard curve of rTurbo GFP from Evrogen (Moscow, Russia). The

range of the standard curve was 80–1.6 μg/ml. To dilute into this range,

all CFPS reactions were diluted 10-fold (20% vol/vol non-induced BL21

Star™ cell extract diluted in reverse osmosis water) For different GFP

variants, fluorescence intensity was scaled based on quantum yield and

extinction coefficient using the following equation where “F” is the mea-

sured fluorescence of a sample, “φ” is the quantum yield for that variant,

“I0” is the intensity of the incident light, “ε” is the extinction coefficient

for that variant, “l” is the optical path length, and “c” is the concentration

of a sample.

F =φI0 1−10−εlc
� �

The quantum yields for rTurbo GFP, sfGFP, and GFP+ are 0.53,

0.65, and 0.72, respectively.45-47 The extinction coefficients for rTurbo

GFP, sfGFP, and GFP+ are 70,000, 83,300, and 82,400 M−1 cm−1,

respectively.45-47

CFPS GFP samples were also analyzed via sodium dodecyl sulfate

polyacrylamide gel electrophoresis (SDS-PAGE). Samples were

reduced with NuPAGE Sample Reducing Agent (Thermo Fisher Scien-

tific) and NuPAGE MES Sample Buffer (Thermo Fisher Scientific). The

samples were not boiled because that would completely denature the

protein and destroy fluorescence; previous groups have used this

method to visualize fluorescent proteins in SDS-PAGE gels.48 Samples

were diluted four-fold with reverse osmosis water and the appropriate

buffers and then applied to the lanes of a NuPAGE 12% Bis-Tris gel

(Thermo Fisher Scientific) at 200 V for 50 min. Gels were imaged

under blue fluorescent light (460 nm) on the GE Amersham™ Imager

600 (Pittsburgh, PA). The gels were then stained with InstantBlue™

Coomassie Protein Stain and imaged again under white light.

2.7 | HBcAg plasmid

The plasmid for the HBcAg dimer was obtained from iQur Ltd.49 It is a

plasmid for monomeric HBcAg subtype ayw under the T7 promoter in

a pETDuet-1 backbone. Its exact sequence is unknown, but it is

~5,900 bp long. This plasmid has been used previously in vivo; it was

not optimized for CFPS.

2.8 | HBcAg analysis

For HBcAg analysis, western blots and enzyme-linked immunosorbent

assays (ELISAs) were used. For the western blots, samples were reduced

with NuPAGE Sample Reducing Agent and NuPAGE MES Sample

Buffer and boiled at 90�C for 10 min. Samples were diluted two-fold

with reverse osmosis water and the appropriate buffers and then

applied to the lanes of a NuPAGE 12% Bis-Tris gel at 200 V for 50 min.

Proteins were transferred from the gel to a nitrocellulose membrane

using the Bio-Rad Trans-Blot® Turbo™ Transfer System (Hercules, CA).

The membrane was blocked in TBST-M before incubation with the pri-

mary antibody: anti-hepatitis B virus core antigen antibody [10E11]

(Abcam, Cambridge, UK). The membrane was washed with tris-buffered

saline with Tween 20 (TBST) and then incubated with the secondary

antibody: goat anti-mouse horseradish peroxidase (HRP)-conjugated

antibody [HAF007] (R&D Systems, Abingdon, UK). The membrane was

washed with TBST. A final wash with tris-buffered saline (TBS) was per-

formed before applying the Thermo Fisher Scientific Pierce ECL West-

ern Blotting Substrate. The membrane was imaged under

chemiluminescent light on the GE Amersham™ Imager 600.

For the ELISAs, the QuickTiter™ Hepatitis B Core Antigen

(HBVcAg) ELISA Kit from Cell Biolabs (San Diego, CA) was used

according to the recommended protocol.

The particles were also purified via ammonium sulfate precipitation.

The soluble fraction obtained from the reaction was incubated with 1.9 M

ammonium sulfate for 5 min. After the particles were pelleted by centrifu-

gation at 15,000 g for 10 min, they were resuspended in 0.1 M Tris buffer

pH 8.7, 1 mM EDTA, 0.15 M NaCl. The samples were filtered using

0.22 μm Costar® Spin-x® centrifuge tube filters from Corning (Flintshire,

UK). The samples were applied to a carbon/formvar-coated copper

300 mesh grids purchased from Generon (Slough, UK) for 1 min. The grid

was washed with water for 5 s and then negatively stained with 2% uranyl

acetate in water for 30 s. The grids were imaged under a JEOL JEM-1010

transmission electron microscope (TEM) (Welwyn Garden City, UK) and

imaged under a Gatan Orius camera (Abingdon, UK).

2.9 | Multivariate data analysis

MVDA was used to evaluate the results from the reactions detailed in

Materials and Methods (Section 2) to determine which combination of

conditions would maximize titer and to gain a better understanding of

each variable's contribution on titer for both products investigated.

Data manipulation and analysis for the MLR model was performed

using MatLab R2019b (MathWorks, Inc., Natick, MA). MLR was used to

predict a single dependent variable—titer—from a series of independent

inputs—plasmid concentration, amount of E. coli extract in the reaction,

pH of concentrated reaction mix, temperature of reaction, and length

of reaction. In this manner, the contribution of each independent

parameter on titer can also be determined. The variables of importance

were found by creating multiple MLR models that studied the influence

of each parameter that was removed during the development of

models that considered linear, quadratic, polynomial (squared terms

and cubed terms), and interactions. Separate models were created for

sfGFP and HBcAg titers. The prediction performance of the MLR was

quantified using the coefficient of determination, which is calculated as:

R2 =

P byi−�yð Þ2P
yi−�yð Þ2

where, yi is the product concentration for run i, �y is the product con-

centration mean, and ŷi is the predicted product concentration for run
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i. The MLR model terms were chosen based on a stepwise regression

approach implementing both forward addition and backward elimina-

tion of terms based on their p-value which ensured a robust and sta-

tistically valid model. The selection criteria for the finalized model was

based on maximizing the coefficient of determination between the

model predictions and the experimental product concentrations.

3 | RESULTS AND DISCUSSION

3.1 | Establishing a working CFPS system

In order to increase titer in our CFPS system, we first need to design a

CFPS system to establish a baseline. We considered three major com-

ponents of system: plasmid selection, the concentrated reaction mix-

ture composition, and the E. coli strain of the cell extract. We trialed

two plasmids: pJL1, a CFPS-optimized plasmid created by the Jewett

Lab at Northwestern University for sfGFP production, and pET14b-

GFP, a plasmid design for in vivo expression of GFP+ with a 6×histidine

tag originally developed by Martin Warren's group at the University of

Kent. Both plasmids were used in CFPS reactions at a concentration of

3 nM where all other conditions were the same. The non-induced BL21

Star™ (DE3) extract and the complex concentrated reaction mix based

on the protocol in Kwon and Jewett (2015) were used. The reactions

were analyzed based on sfGFP and GFP+ production.

The reactions with the pJL1 plasmid achieved over double the

titer achieved with the reactions using the pET14b-GFP plasmid: an

average of 227 μg/ml compared to an average of 106 μg/ml

(Figure 1a). This demonstrates that traditional plasmids may not per-

form as well as a plasmid optimized for CFPS. Care should be taken,

however, not to assume that this is generally true.50-53 The pJL1 plas-

mid expresses sfGFP, which folds more readily and is brighter than

the GFP+ produced using the pET14b-GFP plasmid.54,55 Though we

have corrected for this, the fluorescence readings for sfGFP are

generally stronger. In addition, using plasmid preparation kits, we are

usually able to produce more pJL1 plasmid (~400–500 ng/μl, ~240–

300 nM) than pET14b-GFP plasmid (~150–250 ng/μl, ~40–55 nM).

We chose to use the pJL1 plasmid for the subsequent experiments

involving GFP for the sake of easier detection and easier plasmid

preparation. The value in first screening alternative plasmids comes

also from the need to confirm the quality of the plasmids and their

suitability for in vitro transcription and translation before undertaking

the more extensive range of experiments which follow; it has been

seen for example, that plasmid purification may have a substantial

effect on subsequent in vitro reactions.56

Next we prepared two concentrated reaction mixes, a complex

mix based on the work shown in Kwon and Jewett (2015) and a mini-

mal mix based on the work shown in Cai et al. (2015).29,40 For the

CFPS reactions, these concentrated reaction mixes were combined

with the non-induced BL21 Star™ (DE3) extract and 6.1 nM (10 μg/ml)

of the pJL1 plasmid. The reactions were analyzed based on sfGFP pro-

duction. The complex mix gave titers over three times greater than

the minimal mix, an average of 497 μg/ml compared to an average of

146 μg/ml (Figure 1b). This may be due to a depletion of energy

F IGURE 1 CFPS Escherichia coli plasmid, concentrated reaction mix, and extract comparison (a) 3 nM of the pJL1 plasmid and the pET14b-
GFP plasmid combined with the BL21 Star™ (DE3) extract and the complex concentrated reaction mix based on the protocol in Kwon and Jewett
(2015).40 (b) The complex concentrated reaction mix and a minimal concentrated reaction mix based on the protocol in Cai et al. (2015)29 were
prepared and combined with the BL21 Star™ (DE3) extract and the pJL1 plasmid. (c) Extracts were prepared from four different strains and
combined with concentrated reaction mix based on Kwon et al. (2015)40 and the pJL1 plasmid. Error bars represent plus or minus one SD for
n = 3 biological replicates, each represented as a single data point. In typical reactions, the concentrated reaction mix was combined with 6.1 nM
(10 μg/ml) pJL1 plasmid and 20% vol/vol cell extract and then incubated at 30�C for 4.0 hr. CFPS, cell-free protein synthesis
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sources in the minimal mix; the complex mix contains more energy

sources, in particular PEP, CoA, and NAD+, that may allow for pro-

longed ATP regeneration.30 The complex mix also utilizes nucleotide

triphosphates instead of nucleotide monophosphates, as used in the

minimal mix, which may allow for better ATP regeneration as well as

higher rates of transcription and translation, especially when paired

with additional E. coli tRNAs, which are also absent from the concen-

trated minimal mix. However, it is worth noting that CFPS reactions

have been shown to be able to generate nucleotide triphosphates

from nucleotide monophosphates in both crude cell lysate CFPS and

the PURE system.29,57 Based on these results, the complex concen-

trated reaction mix was used in subsequent screening studies.

Then, we examined three different E. coli strains: BL21 (DE3), BL21

Star™ (DE3), and Rosetta™ (DE3) (Table 1).58 The BL21 (DE3) strain is a

widely used, high expression strain that allows for expression of recom-

binant genes under the T7 promoter. The BL21 Star™ (DE3) strain is a

derivative of the BL21 (DE3) strain with reduced levels of endogenous

RNases resulting in more stable mRNA and enhanced protein expres-

sion. The Rosetta™ (DE3) strain is a variation on the BL21 (DE3) strain

that supplies tRNAs that are not naturally expressed at high levels in

E. coli to allow for increased production of eukaryotic proteins.

The extracts were used in CFPS reactions with the concentrated

reaction mix based on Kwon and Jewett (2015) and 6.1 nM (10 μg/ml)

of the pJL1 plasmid. The reactions were analyzed based on sfGFP pro-

duction. The highest titers, an average of 497 μg/ml sfGFP, were

achieved with the BL21 Star™ (DE3) extract (Figure 1c). The BL21

(DE3) and Rosetta™ (DE3) extracts produced significantly less,

283 and 131 μg/ml, respectively. This suggests that mRNA stability

plays a key role in protein production via CFPS, though significant

protein production can still be achieved without the mutated RNAse E

found in BL21 Star™. The inclusion of eukaryotic tRNAs has an

adverse effect on protein production, as seen with the Rosetta™

(DE3) extract. However, this extract may be useful for the production

of other proteins of eukaryotic origin in future. Overall, the varied

sfGFP titers achieved with the different strains suggests that choosing

the appropriate strain for the product of interest is important to

achieving high titers. Due to the high performance of the BL21 Star™

(DE3) extract, it was used in the subsequent screening studies.

The BL21 (DE3) Star™ strain, as with all the DE3 strains used in

this study, can be induced with IPTG to produce T7 RNA polymer-

ase.59 We therefore investigated the impact of IPTG induction during

cell cultivation on cell extract performance. While constitutive pro-

moters like σ70 promoter can be used in CFPS, the gene of interest is

under the T7 promoter in all the DNA plasmids used in this study.35,60

Thus, T7 RNA polymerase results in the expression of the target gene.

T7 RNA polymerase is an essential component in the CFPS reaction;

by increasing the concentration present in the crude cell extract, the

amount of this expensive reagent added to the reaction may be signif-

icantly decreased. An induced extract was prepared using the BL21

Star™ (DE3) strain and compared to the non-induced BL21 Star™

(DE3) strain, with and without additional exogenous T7 RNA polymer-

ase in the reaction. The reactions were analyzed based on sfGFP pro-

duction as measured based on fluorescence (Figure 2a) and further

verified with a fluorescent-image of an SDS-PAGE (Figures 2b). It was

demonstrated that induced strains do not require additional T7 RNA

polymerase, but non-induced strains do require additional T7 RNA

polymerase. However, induced strains, with and without the addi-

tional T7 RNA polymerase, gave somewhat lower titers—an average

of 357 μg/ml with additional T7 RNA polymerase and 379 μg/ml

without additional T7 RNA polymerase—than the non-induced with

additional T7 RNA polymerase— an average of 497 μg/ml. It is impor-

tant to be aware, however, of the substantial batch-to-batch variabil-

ity which may be seen in extract production,56,61 as shown by the

three additional batches of IPTG-induced extract in Figure 2a. While

the batch-to-batch variation is not unreasonable by current standards

in the art, it is still substantial relative to the titer difference. Conse-

quently, for the pJL1 plasmid the difference in titer between the

induced and non-induced extract with addition of T7 RNA polymerase

is not statistically significant. The non-induced BL21 Star™ (DE3)

extract was used in subsequent experiments with the pJL1 plasmid.

3.2 | Comparison to a commercial CFPS system

Overall, the combination of extract, concentrated reaction mix, and

plasmid that gave the highest average titer of sfGFP was the BL21

Star™ (DE3) extract, the complex concentrated reaction mix based on

the protocol in Kwon and Jewett (2015) and 6.1 nM (10 μg/ml) of the

pJL1 plasmid. This CFPS platform was compared to the commercial

kit sold by ThermoFisher Scientific™, the Expressway™ Mini-Cell Free

Expression System.44 The reactions were analyzed based on sfGFP

production. We found this platform, which gave an average titer of

497 μg/ml, performed as well as the commercial kit, which gave an

average titer of 493 μg/ml (data not shown).

3.3 | Confirming the choice of extract for the
second product: HBcAg

Now that we have established our CFPS system, we can manipulate

various process parameters to improve product concentration and use

TABLE 1 Escherichia coli strains for extract preparation55

Bacterial
strain Features

BL21 (DE3) Contains T7 polymerase upon IPTG induction;

deficient of lon and omp-t proteases; suitable for

expression of non-toxic genes

BL21 star™

(DE3)

Contains T7 polymerase upon IPTG induction;

contains a mutated RNAse E to reduce RNAse

degradation and boost protein expression

Rosetta™

(DE3)

Contains T7 polymerase upon IPTG induction;

supplies tRNA for the codons AUA, AGG, AGA,

CUA, CCC, and GGA to enhance expression of

eukaryotic proteins

Abbreviation: IPTG, isopropyl β-D-1-thioglatopyranoside.
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this analysis to inform our process development strategy. We have

chosen to demonstrate this strategy with two products, sfGFP and

HBcAg VLPs. We have already determined the appropriate E. coli

strain for the cell extract for sfGFP production, and before we can

employ our process development strategy, we will need to do the

same for HBcAg.

HBcAg production was observed in CFPS reactions with the four

previously mentioned cell extracts (Figure 3a). We found that an

induced extract is required for the production of consistent and

strongly detectable titers of HBcAg. In fact, when non-induced and

induced BL21 Star™ (DE3) extracts were used both with and without

additional T7 RNA polymerase, two very different outcomes were

observed (Figure 3b). Little to no expression was observed with the

non-induced extract regardless of whether or not additional T7 RNA

polymerase was used in the reaction. In reactions with the induced

extract, HBcAg expression was easily detectable—again, whether or

not additional T7 RNA polymerase was used in the reaction. Induced

extracts should have a higher concentration of T7 RNA polymerase

than non-induced extracts and would contain residual IPTG that

would be found within the homogenized cell cytosol. This may be crit-

ical because the HBcAg gene is expressed from a pETDuet-1 plasmid

and this plasmid contains the lac operator and the lac repressor gene

(lacI) which normally inhibits transcription of the gene of interest.

However, the inhibition is relieved when IPTG binds to LacI, and the

gene of interest can be expressed. Alternatively, induction may result

in other changes to the cellular components (ribosomes, elongation

factors, initiation factors, release factors, and so forth) that may inher-

ently improve protein expression, but that will depend upon the rate

limiting step for a given protein/plasmid. Subsequent process parame-

ter analysis was based on the results achieved using the IPTG-induced

BL21 Star™ extract. The purified particles were observed under TEM

and demonstrated self-assembly (Figure 3c).

3.4 | Examining process parameters with two
products: sfGFP and HBcAg

The influence of varying the following process parameters on sfGFP

and HBcAg titers were examined: plasmid concentration, amount of

extract, temperatures, pH of the concentrated reaction mix, and reac-

tion lengths (Figure 4). Each parameter was initially examined in isola-

tion. The initial values were chosen based off the recommendations

made in the ThermoFisher Scientific™, the Expressway™ Mini-Cell

Free Expression System handbook.44 For a standard reaction produc-

ing sfGFP, the following conditions were used: 6.1 nM plasmid for

sfGFP (10 μg/ml plasmid), 20% vol/vol extract, 30�C, a concentrated

reaction mix at pH 6.8, and 4 hr long reaction. The BL21 Star™ (DE3)

extract without IPTG induction, the complex concentrated reaction

mix, and the pJL1-sfGFP plasmid were used. For a standard reaction

producing HBcAg, the following conditions were used: 2.6 nM

(10 μg/ml) pETDuet-1 plasmid for the expression of HBcAg monomer

proteins, 20% vol/vol extract, 30�C, a concentrated reaction mix at

pH 6.0, and 4 hr long reaction. The IPTG-induced BL21 Star™ (DE3)

extract, the complex concentrated reaction mix, and the pETDuet-1

plasmid for HBcAg expression were used.

Commercial CFPS kits recommend 10 μg/ml plasmid and 20%

vol/vol extract.44 However, the processes for plasmid and extract

preparation are laborious, time-consuming, and expensive. Therefore,

minimizing the amount used in each reaction would enable more

experimental conditions to be evaluated faster and more

F IGURE 2 IPTG-induced and non-induced BL21 Star™ (DE3) extracts with and without additional T7 RNA polymerase (a) A non-induced and
an induced BL21 Star™ (DE3) extract were combined with the pJL1 plasmid and the reaction based on the protocol by Kwon and Jewett (2015)40

with and without additional T7 RNA polymerase. Error bars represent plus or minus one SD for n = 3 biological replicates, each represented as a
single data point. Four different batches of induced BL21 Star™ (DE3) extract with additional T7 RNA polymerase are shown in the different
patterned bars to illustrate batch-to-batch variation. (b) Image under fluorescent light of an SDS-PAGE analysis of non-induced BL21 Star™ (DE3)
extract with and without additional T7 RNA polymerase and induced BL21 Star™ (DE3) extract with and without additional T7 RNA polymerase.
Reactions were performed with the concentrated reaction mix based on the protocol from Kwon and Jewett (2015)40 and the pJL1 plasmid. CFPS
reaction samples were diluted 1:3 in reverse osmosis water, NuPAGE Sample Reducing Agent, and NuPAGE MES Sample Buffer. CFPS, cell-free
protein synthesis; IPTG, isopropyl β-D-1-thioglatopyranoside; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis
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economically. If reactions with higher plasmid or extract concentra-

tions resulted in significantly higher yields, this would be beneficial

knowledge for process development. With that in mind, plasmid con-

centration ranges applied were from 0.61 nM (1 μg/ml) to 30.5 nM

(50 μg/ml) for sfGFP reactions, and 0.26 nM (1 μg/ml) to 12.8 nM

(50 μg/ml) for HBcAg reactions. For both products, the highest titers

are achieved when a plasmid concentration of over 5 nM (10 μg/ml

for sfGFP, 20 μg/ml for HBcAg) is used; the product concentrations

plateau or decrease at higher plasmid concentrations (Figure 4a). A

few research groups have examined plasmid concentration with a sin-

gle product and determined that increasing the plasmid concentration

can boost product concentration to a certain point, but other species

involved in transcription and translation need to be replenished after

that, namely tRNAs and T7 RNA polymerase.34,62,63 It would seem

that 5 nM of plasmid, regardless of the product, is the maximum

amount our system can accommodate before other components must

be manipulated to increase product concentration. Also, aside from

the choice of using an induced extract over a non-induced extract,

plasmid concentration was the process parameter which had the

greatest impact on monomeric HBcAg titer, which may suggest the

typical amount of plasmid used in the reaction (2.6 nM) is limiting.

Amount of extract from 5% vol/vol to 35% vol/vol was examined with

sfGFP and 5% vol/vol to 30% vol/vol with HBcAg. Titers were rela-

tively consistent (~450 μg/ml sfGFP and ~175 μg/ml HBcAg) when

amount of extract was above 20% vol/vol (Figure 4b). It is likely that

other resources (polymerases, amino acids, nucleotides, and so forth)

are depleted and plasmid or extract is no longer the limiting reagent

or that inhibitors like inorganic phosphate have accumulated.

Commercial kit suppliers recommend reaction temperatures

between 30 and 37�C.44 We expanded this range testing reactions at

temperatures from 15 to 40�C for sfGFP and 20 to 35�C for HBcAg.

Titers peaked with a reaction temperature of 32–35�C for both products

(Figure 4c). Though 32–35�C may maximize sfGFP and HBcAg produc-

tion, other products may require higher or lower temperatures. Lower

temperatures might be preferable for more complex molecules with solu-

bility issues as this tends to reduce the formation of inclusion bodies.64

Previous studies have indicated that pH is one of the most critical

process parameters in CFPS reactions.41,65 In sfGFP production, we

also observed this to be true; as the pH of the concentrated reaction

mix decreased, the product concentration increased (Figure 4d). Titers

of over 700 μg/ml were achieved with a concentrated reaction mix of

pH 5.5. This is likely because the other components in the CFPS

F IGURE 3 Extract strain effects on HBcAg monomer titer. (a) Induced BL21 Star™ extract results in a higher product concentration of HBcAg
monomer compared to other non-induced extracts. For each extract, the left lane is the CFPS reaction and the right lane is the soluble fraction
from that reaction. (b) No production of HBcAg is observed in non-induced BL21 Star™ (DE3) extract regardless of whether or not additional T7
RNA polymerase is added to the reaction; production is observed with and without additional T7 RNA polymerase in reactions with an IPTG-
induced BL21 Star™ (DE3) extract. The reactions run in (b) are separate from the ones run in (a) and the IPTG-induced BL21 Star™ (DE3) extract
used in (b) is a different batch than the one used in (a) therefore representing biological replicates. (c) Assembled HBcAg VLPs imaged under TEM
from the reaction with the following conditions: 2.6 nM (10 μg/ml) plasmid, 20% vol/vol extract, concentrated reaction mix pH 6.0, 30�C, and
4 hr. CFPS, cell-free protein synthesis; HBcAg, Hepatitis B core antigen; IPTG, isopropyl β-D-1-thioglatopyranosideVLPs, virus-like particles; TEM,
transmission electron microscope
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system are basic in nature, in particular the concentrated solution of

amino acids that is added separately to the reaction, which must be

kept at pH 12 in order to remain soluble.61 By using the concentrated

reaction mix to decrease the overall pH, the reaction as a whole was

closer to a more neutral pH which may be ideal for the transcription

and translation machinery in the extract. Reactions at even lower pH

values might be achieved in the future by preparing the extract with

an acidic buffer and minimizing the addition of base required to keep

the amino acids in solution. Also, it is important to note in interpreting

these results that while sfGFP is a pH sensitive protein, it has been

demonstrated to display negligible differences in fluorescence inten-

sity in the pH 5.3–9.4 range and the reaction is diluted 10-fold with

20% extract before measurement which should minimize the effects

of the slight differences in overall pH between the reactions.66,67

Unlike sfGFP, HBcAg titers were not greatly affected by a change in

pH of the concentrated reaction mix (Figure 4d). For HBcAg, the titers

all lie within 100 μg/ml of each other. This might indicate that reac-

tions expressing HBcAg are limited by a component that is not partic-

ularly pH sensitive.

Reaction length is highly variable amongst previous studies: batch

reactions from 2 to 24 hr have been examined.28,68 In our own

studies, we observed a visible green tint to the CFPS reactions pro-

ducing sfGFP after only 0.5 hr of incubation; therefore, we examined

reaction lengths from 0.5 to 22 hr for sfGFP and 0.5 to 24 hr for

HBcAg. In observing the length of the reactions, titers stabilized after

4 hr for both products (Figure 4e). However, as the length of the reac-

tion increases, the variability in titer becomes much greater. There-

fore, when possible shorter reaction times are recommended. Also,

sfGFP is known to fold efficiently with good folding kinetics.54 Other

products with known assembly issues may require longer reaction

times. Alternatively, certain amino acids and nucleotides may be

depleted after 4 hr of reaction. To replenish these reagents, a concen-

trated solution of amino acids and nucleotides could be fed into the

reaction or continuous reactions could be used instead of the batch

method employed here.69

3.5 | MVDA to maximize product titer

It was difficult to quantify the influence of each variable on product

concentration due to the complex interactions between all process

parameters. Therefore, to quantify the relative importance of each

F IGURE 4 Process parameter effects on sfGFP and HBcAg titer. Titers for sfGFP are shown in green and titers for HBcAg are shown in blue.
(a) Product concentration increases with increasing plasmid concentration until 6.1 nM (10 μg/ml) for sfGFP and 5.1 nM (20 μg/ml) for HBcAg.
(b) Likewise, product concentrations increase with increased amount of extract until 20% vol/vol for sfGFP and 15% vol/vol for HBcAg. (c) The
highest product concentrations are seen at temperatures between 30 and 35�C for both products. (d) Product concentration increases with
decreasing pH of the concentrated reaction mix for sfGFP and product concentration is not significantly affected by pH for HBcAg; pH 5.0 could
not be achieved due to precipitation of the concentrated reaction mix components. (e) The maximum product concentration is achieved after 4 hr
of reaction. For (a) through (d), error bars represent plus or minus one SE for n = 3 biological replicates for sfGFP and n = 2 biological replicates for
HBcAg, each represented as a single data point. For (e) error bars represent plus or minus one SE for n = 3 biological replicates for sfGFP and
n = 2 biological replicates for HBcAg. HBcAg, Hepatitis B core antigen; sfGFP, superfolder GFP
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variable and their ability to predict the product concentration, four

different types of MLR models were generated.

MVDA was selected to evaluate the screening design based on its

proven ability within the biopharmaceutical sector to leverage useful

information from complex data sets and uncover useful correlations

that are not always obvious from univariate analysis.70 The DoE meth-

odology implemented is a systematic approach enabling the

relationship between process operation and process output to be

determined while reducing the required number of experiments to

understand these key relationships. The face-centered composite

DoE was selected as it is the most appropriate design when factors

investigated cannot be extended beyond the factorial points which

was the case in this experiment. It also enables linear, interactive, and

quadratic terms to be evaluated as it contains center points in addition

F IGURE 5 Multivariate data analysis of process parameters. The MLR models for sfGFP and HBcAg titers, respectively, are shown in (a) and
(b), where each bar represents the product concentration from an experimental run (the experimental runs are the same ones shown in Figure 4
and detailed in Table 2 and Table 3). The contributions of each parameter to titer is shown in (c) and (d), where “Time” is the length of the reaction
“Plas” is the plasmid concentration, “Ext” is the amount of extract in the reaction, “pH” is the pH of the concentrated reaction mix, and “Temp” is
the temperature of the reaction. (e) and (f) show these contributions as normalized values. HBcAg, Hepatitis B core antigen; MLR, multilinear
regression; sfGFP, superfolder GFP
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to identifying the process conditions to maximize product concentra-

tion. To assess the relative importance of each variable and their abil-

ity to predict the product concentration, four different types of MLR

models were generated. These included linear, quadratic, interactions,

and squared relationships. The linear models considered an intercept

and a linear term for each predictor. The squared model additionally

accounted for squared terms. The interaction model considered the

intercept term, linear relationships and all product pairs of distinct

predictors. The quadratic model was similar to the interaction model

and additionally accounted for squared terms of each predictor.

The relative importance of each variable was assessed by initially

building each of these MLR models using all the predictor variables

(Time, Plas, Ext, pH and Temp) and then building a separate model

with one of these predictor variables removed. The difference in the

prediction ability of each of these models enables the relative impor-

tance of each variable to be defined. This systematic approach was

performed for the four different MLR models (linear, quadratic, poly-

nomial, and interactions). Evaluating the difference in the root mean

square error between these models enabled the relative contribution

of each variable on titer to be quantified. An example of a quadratic

model to predict the titers for sfGFP is shown in Figure 5a while the

one for HBcAg is shown in Figure 5b. The exact experiments used for

Figure 5a are shown in Table 2 and those for Figure 5b are shown in

Table 3. The MLR inputs used all predictor variables and were

converted to coded factors to enable easier comparison of the coeffi-

cients shown in Figure 5c,d. The relative importance of each input

variable for this MLR model is determined by the magnitude of the

coefficient with sign indicating where there is a positive or negative

relationship between the input variable and product concentration.

Within the univariate analysis, the coefficient of determination, R2

was 0.78 for sfGFP and 0.70 for HBcAg. Equations for the MLR

models shown in Figure 5 A–D of each product are shown below:

sfGFP concentration�0:45+0:63Time+0:92Plas + 0:33Ext−0:54pH

+0:28Temp−0:13Time2−0:17Plas2−0:09Ext2 + 0:06pH2

−0:12Temp2

HBcAg concentration�0:65+0:34Time+1:40Plas + 0:38Ext

+ 0:16pH+0:12Temp−0:12Time2−0:36Plas2−0:10Ext2−0:09Temp2

A summary of the averaged contributions of each variable on

product concentration calculated as previously described is shown in

Figure 5e,f for the sfGFP and HBcAg, respectively. The pH of the con-

centrated reaction mix and temperature were shown to have the larg-

est influence on the final concentration of the sfGFP and the plasmid

concentration, temperature and amount of extract were found to

have the largest influence on the HBcAg.

To validate the importance of the interactions of these parame-

ters, a face-centered response surface DoE was performed varying

these selected variables. For the sfGFP, the pH was varied between

5.5 and 6.5 and the temperature between 32�C and 36�C. The titers

generated by this DoE resulted in similar high sfGFP concentrations

to those shown in Figure 4 and validated that low pH (5.5) and higher

temperatures (34–36�C) resulted in maximal titers. These new condi-

tions gave a titer of 686 μg/ml, a 38% increase from the typical reac-

tion conditions (pH 6.8, 30�C, 6.1 nM (10 μg/ml) plasmid, 20% vol/vol

non-induced BL21 Star™ (DE3) cell extract, and 4 hr) which resulted

in titers of 497 μg/ml. The design of this set of experiments and the

resulting contour plot based on interpolating the experimental prod-

uct concentration between the experimental pH and temperature

ranges can be seen in Supplementary Figure 1. The contour plots

shown are generated by interpolating the experimental product con-

centration between the experimental pH and temperature ranges

investigated. For the HBcAg, the three variables manipulated by the

DoE were the plasmid concentration (3.8–11.5 nM [15–45 μg/ml]),

amount of extract (15–25% vol/vol) and temperature (32–36�C). The

experiments generated by this DoE resulted in significantly higher

titers than previous experiments with the maximum found at a tem-

perature of 32�C, a plasmid concentration of 45 μg/ml and an extract

concentration of 25% vol/vol. This titer was almost triple the previous

highest titer and demonstrates the importance of performing such a

titer improvement exercise. Here we see a titer of 386 μg/ml, a 190%

increase in titer from 133 μg/ml, which is achieved with the typical

reaction conditions (pH 6.0, 30�C, 2.6 nM (10 μg/ml) plasmid, 20%

vol/vol IPTG-induced BL21 Star™ (DE3) cell extract, and 4 hr).

Another group used a modified A19 extract and 12 nM plasmid

(where the gene of interest was in a pET24a backbone) to generate

similar titers.24 The face-centered central composite DoE and results

can be seen in Supplementary Figure 2.

TABLE 2 Experimental conditions for reactions producing sfGFP used for MVDA in Figure 5(a)

Experiment
Reaction
length (hrs)

Plasmid
concentration
(μg/ml)

Plasmid
concentration
(nM)

Extract (%
vol/vol)

pH of concentrated
reaction mixture

Temperature
(�C)

Product
concentration
(μg/ml)

1–24 4 10 6.1 20 6.8 15–40 16–673

25–51 4 10 6.1 20 5.5–9.0 30 96–757

52–72 4 10 6.1 5–35 6.8 30 30–555

73–87 4 1–50 0.61–30.5 20 6.8 30 100–482

88–105 0.5–22 10 6.1 20 6.8 30 141–523

Abbreviations: MVDA, multivariate data analysis; sfGFP, superfolder GFP.
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TABLE 3 Experimental conditions for reactions producing HBcAg used for MVDA in Figure 5(b)

Experiment
Reaction
length (hr)

Plasmid

concentration
(μg/ml)

Plasmid

concentration
(nM)

Extract (%
vol/vol)

pH of concentrated
reaction mixture

Temperature
(�C)

Product

concentration
(μg/ml)

1–10 4 10 2.6 20 6.0 20–35 48–167

11–18 4 10 2.6 20 5.5–7.5 30 111–209

19–28 4 10 2.6 5–30 6.0 30 3–190

29–36 4 1–50 0.26–12.8 20 6.0 30 37–221

37–48 0.5–24 10 2.6 20 6.0 30 70–178

Abbreviations: HBcAg, Hepatitis B core antigen; MVDA, multivariate data analysis.
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Step 2: Screening Design using 
MVDA to examine key parameters 

concentration of plasmid

amount of extract
temperature

pH of reaction mixture
length of reaction

concentration of DsbC (disulfide bonds)

Identify primary 
parameters

influencing titer 
through MVDA

Select operating 

conditions 
yielding highest 

titer

Take the highest 
performer

forward

Step 3: Perform a DoE to further 

evaluate influence of selected 

variables on titer

Process

START

(Base case: 497 μg/mL)

686 μg/mL 
(38% increase)

Step 1 (extracts explored): 
BL21 (non-induced)

Rosetta (non-induced)

BL21-Star (non-induced)

BL21-Star (IPTG-induced)

Step 2 (ranges explored): 
Plasmid: 0.61-30.5 nM (1.0-50 μg/mL) 

Extract: 5-35% v/v extract
Temperature: 15-40°C 

pH: 5.5-9.0 

Length: 0.5-22 hours
(no DsbC)

temperature
pH

BL21-Star

(non-induced)

Step 3 (face-centered DoE):
Temperature: 32-36°C 

pH: 5.5-6.5 

sfGFP

START

(Base case: 133 μg/mL)

386 μg/mL
(190% increase)

Step 1 (extracts explored): 

BL21 (non-induced)

Rosetta (non-induced)

BL21-Star (non-induced)
BL21-Star (IPTG-induced)

Step 2 (ranges explored):
Plasmid: 0.26-12.8 nM (1.0-50 μg/mL) 

Extract: 5-30% v/v extract

Temperature: 20-35°C 
pH: 5.5-7.5 

Length: 0.5-24 hours
(no DsbC)

BL21-Star

(IPTG-induced)

Step 3 (face-centered DoE):
Temperature: 32-36°C

Plasmid: 3.8-11.5 nM (15-45 μg/mL)

Extract: 15-25% v/v

HBcAg

temperature

plasmid concentration
amount of extract

Temperature: 32°C

Plasmid: 11.5 nM (45 μg/mL)
Extract: 25% v/v

Temperature: 34°C

pH: 5.5

F IGURE 6 Flow chart of recommended process development strategy for Escherichia coli CFPS reactions. CFPS, cell-free protein synthesis
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The maximum titer for both products is located at the edge of the

design space suggesting titer could be further improved and optimized

by widening the experimental design space considered in this work.

However, it is not our intention to optimize titer in this work, merely

to demonstrate the advantages of our systematic process

development approach, as summarized in the following section, and

to maximize titer within a given design space. It is also important to

mention that expanding the design space could have other

unintended consequences. For example, the optimum titer of HBcAg

expression may be achieved with increased amounts of plasmid and

extract, but significantly increasing the presence of these components

in the reaction also increases the cost of the reaction.

3.6 | Recommended process development method

Based on our findings, we have created a recommended process

development strategy for the maximization of titer in CFPS reactions

(Figure 6). We suggest determining the appropriate cell extract first

before considering any other parameters. The cell extract has the

most significant impact on product titer. While the use of the BL21

Star™ (DE3) extract resulted in high titers for the two products we

examined, other groups have used a variety of other extracts—

including BL21 (DE3) and Rosetta (DE3)— to successfully express pro-

tein.71,72 In addition, depending on the protein of interest, there are a

number of other strains that might have properties that would be ben-

eficial for the protein, for example, the use of amber-less strains when

producing proteins with non-natural amino acids. Also, optimization

of the concentrated reaction mix for a particular product was not

explored in this work, but based on previous examples, may also be

beneficial for significantly increasing product titers.29,30,73,74 Next, we

recommend evaluating the influence of process parameters, changed

in isolation, on titer and the application of MVDA to quantify the

impact of those parameters. Subsequently the parameters with the

highest influence on titer can be further investigated through a DoE

approach. With proper planning, this process development strategy

can be completed in under 48 hr.

4 | CONCLUSION

CFPS allows for recombinant protein production over short reaction

times in small reaction volumes; we are therefore able to deploy a

process development strategy that could be completed in under

48 hr. We determined that the most critical parameter is the E. coli

strain chosen for the cell extract. Beyond that, titer can be incremen-

tally increased by manipulating other process parameters. This

method can be easily applied to new or difficult-to-express products

in addition to efficiently testing a wide range of reaction conditions.

We recommend first examining a series of extracts from different

E. coli strains and observing the effects of IPTG-induction where pos-

sible before conducting further experiments on other parameters

(Figure 6). Subsequently, MVDA modelling should be applied to

determine the influence of process parameters on production. Then, a

DoE study should be used to identify the process conditions that

result in the highest titer in the design space. Using this strategy, we

were able to increase sfGFP and HBcAg titers by 38 and 190%,

respectively, beyond the standard conditions.

We recommend this method over an initial scouting DoE due to

the multitude of parameters that can be manipulated in CFPS reac-

tions. Here we examined extract strain, concentrated reaction mix

composition, plasmid selection, plasmid concentration, amount of

extract, pH of the concentrated reaction mix, reaction temperature,

and length of reaction. Depending on the product, other parameters

like chaperone concentration, agitation rate, T7 RNA polymerase con-

centration, osmolality of the concentrated reaction mix, or protease

inhibitor addition could also be critical for improving titer. While an

initial DoE study to examine all these parameters could easily be per-

formed given the high-throughput nature of CFPS, many parameters

would not be critical to improving titer and the CFPS reactions in

which those parameters are manipulated would be a waste of time

and resources. By using MVDA to determine the parameters with the

highest influence on titer, we can rule out other parameters and take

a DoE approach that focuses only on the most critical parameters.
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