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A B S T R A C T

Styrene is an important petroleum-derived molecule that is polymerized to make versatile plastics, including
disposable silverware and foamed packaging materials. Finding more sustainable methods, such as biosynthesis,
for producing styrene is essential due to the increasing severity of climate change as well as the limited supply of
fossil fuels. Recent metabolic engineering efforts have enabled the biological production of styrene in Escherichia
coli, but styrene toxicity and volatility limit biosynthesis in cells. To address these limitations, we have developed
a cell-free styrene biosynthesis platform. The cell-free system provides an open reaction environment without
cell viability constraints, which allows exquisite control over reaction conditions and greater carbon flux toward
product formation rather than cell growth. The two biosynthetic enzymes required for styrene production were
generated via cell-free protein synthesis and mixed in defined ratios with supplemented L-phenylalanine and
buffer. By altering the time, temperature, pH, and enzyme concentrations in the reaction, this approach in-
creased the cell-free titer of styrene from 5.36 ± 0.63 mM to 40.33 ± 1.03 mM, the highest amount achieved
using biosynthesis without process modifications and product removal strategies. Cell-free systems offer a
complimentary approach to cellular synthesis of small molecules, which can provide particular benefits for
producing toxic molecules.

1. Introduction

Metabolic engineering has enabled the production of commodity
chemicals and valuable small molecules by genetically modifying mi-
croorganisms and overexpressing heterologous enzymes (Keasling,
2010; Liu and Nielsen, 2019; Nielsen, 2001; Stephanopoulos, 1994; Tyo
et al., 2007). Target biochemicals, such as butanol (Shen and Liao,
2008) and artemisinin (Ro et al., 2006), are often selected based on
their utility for society. An important, large-volume commodity che-
mical is styrene, which is produced globally on the scale of 30 million
tons per year; 60% of the product is utilized for molded or foamed
polystyrene and the remainder contributes to industrially important
copolymers, such as styrene-acrylonitrile and styrene-butadiene (James
and Castor, 2011). However, styrene production is an entirely

petroleum-derived process that requires large excesses of steam and is
responsible for over 100 million tons of greenhouse gas emissions each
year (Wu et al., 1981; Zheng and Suh, 2019). Through metabolic en-
gineering of Escherichia coli, biosynthesis of styrene from glucose via the
shikimate pathway was demonstrated as a potential, sustainable alter-
native to traditional styrene synthesis, albeit at low titers up to
~2.6 mM styrene (McKenna and Nielsen, 2011). More recent efforts
utilized genome editing and solvent extraction techniques to increase
styrene titers in E. coli cultures, but the maximum concentration of
styrene was still limited by either the cellular toxicity of styrene (Liu
et al., 2018) or the need to use product removal strategies to increase
styrene recovery (Lee et al., 2019b). Clearly, the cellular toxicity of
styrene as well as the necessity of its removal greatly limit in vivo
biosynthesis titers and the feasibility of commercial styrene
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biosynthesis (Araya et al., 2000). Circumventing cellular toxicity could
prove useful for the biochemical production of styrene.

Recent advances in cell-free technologies have showcased their
utility for studying biological processes and engineering biological
systems (Bogorad et al., 2013; Chen et al., 2020; Garenne and Noireaux,
2019; Jaroentomeechai et al., 2018; Karim et al., 2019a; Kightlinger
et al., 2019; Lee et al., 2019a; Martin et al., 2018; Schwander et al.,
2016; Silverman et al., 2019, 2020; Thavarajah et al., 2020). For ex-
ample, several studies have shown that crude extracts contain native
metabolic enzymes and cofactor regeneration responsible for robust
cell-free protein synthesis (Caschera and Noireaux, 2014; Des Soye
et al., 2019; Jewett et al., 2008; Jewett and Swartz, 2004) and activa-
tion of key metabolic reactions in the cell-free environment (Dudley
et al., 2015; Jewett and Swartz, 2004; Karim and Jewett, 2018; O'Kane
et al., 2019). In fact, cell-free systems have been used for biosynthesis of
a wide variety of molecules, including 2,3-butanediol (Kay and Jewett,
2015), mevalonate (Dudley et al., 2016), natural products (Goering
et al., 2017; Liu et al., 2019; Zhuang et al., 2020), n-butanol (Karim
et al., 2019a; Karim and Jewett, 2016; Krutsakorn et al., 2013; Reisse
et al., 2016), 3-hydroxybutyrate (Karim et al., 2019a), terpenes (Dudley
et al., 2019; Korman et al., 2017), and polyhydroxyalkanoates (Kelwick
et al., 2018) using processes with purified enzymes or crude cell ex-
tracts (Claassens et al., 2019; Rollin et al., 2018). Cell-free systems
provide an open reaction environment and rapid design-build-test cy-
cles to reconstitute biosynthetic pathways in vitro to compliment and
inform metabolic engineering efforts in cells (Bundy et al., 2018;
Dudley et al., 2015; Gregorio et al., 2019; Hodgman and Jewett, 2012;
Karim et al., 2019a). Equally important, cell-free systems have shown
improved tolerance to toxic small molecules compared to living systems
(Kay and Jewett, 2019), providing evidence that cell-free biomanu-
facturing platforms may be advantageous when cellular systems prove
impractical.

In this work, we established a cell-free platform for styrene bio-
synthesis to increase the achievable titer in biological systems by cir-
cumventing the toxicity limits of styrene in vivo. We constructed this
system in two parts. First, we used cell-free protein synthesis in E. coli
crude extracts to independently express the two non-native enzymes
required to convert L-phenylalanine (L-Phe) to styrene: phenylalanine
ammonia lyase 2 (PAL2) from Arabidopsis thaliana and ferulic acid
decarboxylase 1 (FDC1) from Saccharomyces cerevisiae (Liu et al., 2018;
McKenna and Nielsen, 2011). Next, we combined these extracts en-
riched with biosynthetic enzymes with L-Phe and buffer to produce
styrene in vitro (Fig. 1). We further optimized the cell-free system by
tuning enzyme ratios, reaction temperature, and reaction pH to reach

styrene titers over 40 mM, more than a 2-fold improvement over pre-
viously attempted cellular efforts without the use of elaborate recovery
techniques, but less than a reported in vivo system utilizing in situ
product recovery (Lee et al., 2019b). We anticipate this work will ex-
pand the application space of cell-free systems and spur new research
efforts in the metabolic engineering of toxic chemicals.

2. Materials and methods

2.1. Bacterial strains and plasmids

Plasmid propagation was performed in E. coli DH5α (NEB), and in
vitro enzyme expression was performed in cell extract prepared from E.
coli BL21 Star (DE3) (Life Technologies). Plasmid pSpal2At, containing
the PAL2 gene from Arabadopsis thanliana, was a gift from David
Nielsen (Addgene plasmid 78286). This gene was cloned into the pJL1
plasmid (Addgene plasmid 69496) using Gibson Assembly after PCR
amplification with oligonucleotides from IDT (5’-tttaagaaggagatatacat
ATGGATCAAATCGAAGCAATG-3’ and 5’-tttgttagcagccggtcgacTTAGCA
AATCGGAATCGG-3’). The FDC1 gene from Saccharomyces cerevisiae
was synthesized and cloned into the pJL1 plasmid for expression by
Twist Biosciences. Sequences are provided in Supplementary Table 1.
Propagated plasmids were purified using the ZymoPURE Plasmid
Midiprep Kit (Zymo Research).

2.2. Cell extract preparation

E. coli extracts were prepared as previously described (Karim and
Jewett, 2018; Kwon and Jewett, 2015). In brief, BL21 Star (DE3) cells
(Life Technologies) grown in 1 L of 2xYTPG media in full-baffle shake
flasks at 37 °C. At an OD600 of 0.4, 1 mM of IPTG was added to induce
T7 RNA polymerase production. Cells were harvested at an OD600 of
3.0. Cells were pelleted via centrifugation at 5,000g for 10 min at 4 °C,
washed three times with cold S30 buffer (10 mM tris acetate, pH 8.2;
14 mM magnesium acetate; 60 mM potassium acetate; and 1 mM di-
thiothreitol), flash-frozen with liquid nitrogen, and stored at −80 °C.
For lysis, cells were thawed on ice and resuspended in 1 mL of S30
buffer per gram wet cell mass and then lysed in an EmulsiFlex-B15
homogenizer (Avestin) in a single pass at a pressure of 20,000-25,000
psi. Cellular debris was removed by two rounds of centrifugation at
12,000g for 30 min at 4 °C, and the final supernatant was flash-frozen
with liquid nitrogen and stored at −80 °C until use.

Fig. 1. Enzymatic conversion of L-phenylalanine to styrene. (A) A two-step conversion is catalyzed by phenylalanine ammonia lyase (PAL2) and ferulic acid
decarboxylase (FDC1) to produce styrene with ammonia and carbon dioxide as byproducts. (B) The enzymes were synthesized with E. coli cell extract and mixed with
phenylalanine in quantifiable proportions.
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2.3. Cell-free protein synthesis (CFPS) reactions

CFPS reactions for in vitro production of enzymes were assembled
with 6 nM template DNA, 10 mg/mL E. coli extract, and the cofactors
and crowding agents in 57 mM HEPES buffer. These reactions con-
tained 8 mM magnesium glutamate; 10 mM ammonium glutamate;
130 mM potassium glutamate; 1.2 mM adenosine triphosphate;
0.85 mM each of guanosine, uridine, and cytidine triphosphates;
0.034 mg/mL folinic acid; 0.171 mg/mL transfer RNAs; 33.33 mM
phosphoenolpyruvate; 2 mM of all 20 canonical amino acids; 0.40 mM
nicotinamide adenine dinucleotide; 0.27 mM coenzyme A; 1 mM pu-
trescine; 1.5 mM spermidine (Jewett and Swartz, 2004). The expression
level of each enzyme was quantified using radioactive leucine in-
corporation assays as previously described (Jewett et al., 2008). All
reagents and chemicals were purchased from Sigma-Aldrich unless
otherwise specified.

2.4. Styrene biosynthesis reactions

Styrene biosynthesis reactions contained 8 mM magnesium gluta-
mate, 10 mM ammonium glutamate, 134 mM potassium glutamate,
100 mM BisTris buffer, 0.5 mM kanamycin, varying concentrations of
PAL2 and FDC1 enzymes from CFPS ranging from 0.05 to 1 μM, and 25
or 50 mM L-Phe. A layer of dodecane was placed atop the reaction to
capture volatile styrene (Dudley et al., 2019; Lee et al., 2019b).

2.5. Metabolite analysis

Styrene was quantified by diluting 20 μL of dodecane overlay into
200 μL of ethyl acetate containing 0.5 mM trans-caryophyllene (Sigma)
as an internal standard. 1 μL of this mixture was injected into an Agilent
7890A Gas Chromatograph with 5977A MSD (Agilent, Santa Clara, CA)
using an Agilent HP-5MS (30 m length x 0.25 mm i.d. x 0.25 μm film)
column with helium carrier gas at constant flow of 1 mL·min-1. The
inlet temperature was 70 °C and initial column temperature held at
70 °C for 1 min, increased at 25 °C·min-1 to 250 °C, and maintained at
250 °C for 3 min. The injection volume was 1 μL with a split ratio of
20:1. Extracted ion chromatograms (EIC) for 104 m/z (styrene, peak at
2.97 min) and 133 m/z (caryophyllene, peak at 6.34 min) were in-
tegrated using Agilent MassHunter Quantitation Analysis software.
Concentrations were determined by use of a standard curve

(Supplementary Fig. S1) generated by comparison to styrene (Sigma)
standards mixed in dodecane with mock cell-free reactions containing
green fluorescent protein in place of the biosynthetic enzymes that were
incubated for 24 h (Dudley et al., 2019).

2.6. pH measurements

Samples were analyzed with a Thermo Scientific™ Orion™ ROSS
Ultra™ Refillable pH/ATC Triode™. Reactions for which a pH was set
prior to reaction start were measured with a mixture of all components
except the enzyme-enriched CFPS reactions to avoid premature reaction
initiation. Reaction pH was adjusted with glacial acetic acid or 5 N KOH
as necessary. Measurements of pH over time were taken after sampling
reactions for metabolite analysis.

3. Results & discussion

To establish a cell-free platform for styrene biosynthesis, we took a
two-pronged approach: first establishing enzyme synthesis and pathway
assembly, and second optimizing physiochemical conditions for im-
proved production.

3.1. Enzyme synthesis and styrene pathway assembly

We first demonstrated the ability to express functional enzymes for
the styrene biosynthesis pathway in vitro and to reliably capture the
volatile styrene product. Cell-free protein synthesis (CFPS) enables
rapid production of the enzymes for styrene biosynthesis, PAL2 and
FDC1 (Fig. 2A-B). Using CFPS, we produced 4.99 ± 0.36 μM soluble
PAL2 and 5.93 ± 0.47 μM soluble FDC1 over the course of a 20-h
reaction at 30 °C. In an attempt to express greater soluble fractions of
PAL2 and FDC1, we decreased the temperature of the reactions from
30 °C to 16 °C. The decreased temperature increased enzyme solubility
at 6 h from ~70% to ~80% for PAL2 and from ~60% to ~67% for
FDC1. For both temperatures, a majority (~80%) of the soluble protein
made during the reaction is produced by 6 h. Therefore, we chose to run
CFPS reactions at 16 °C and stop reactions at 6 h to accelerate the
workflow while still obtaining sufficient concentrations of soluble en-
zymes for all subsequent reactions.

To test for activity, we ran several reactions measuring phenylala-
nine conversion and styrene production. We confirmed that cell-free

Fig. 2. Expression and activity of the styrene biosynthetic pathway. Expression of PAL2 (A) and FDC1 (B) was assessed by radioactive leucine incorporation, and
soluble enzyme fractions were used for subsequent quantification of enzyme concentrations. (C) Combining 0.5 μM PAL2 and FDC1 enabled styrene production, and
the maximum titer of 5.36 mM was produced after 48 h at 30 °C. Error bars represent standard deviation of 3 technical replicates.
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expressed PAL2 alone converts L-Phe to trans-cinnamic acid
(Supplementary Fig. S2A) and PAL2 combined with FDC1 produces
styrene (Supplementary Fig. S2B) without the addition of typical me-
tabolic cofactors as determined by HPLC. This result also suggests that
the extract environment contains or can make sufficient components
and cofactors for PAL2 and FDC1 activation (Jun et al., 2018). Ad-
ditionally, no styrene is produced in cell-free reactions lacking the
exogenous enzymes and supplemental L-Phe (Supplementary Fig. S3).
Accurate quantification of styrene can be difficult due to its volatility
and lack of solubility in aqueous media; therefore, we ran our reactions
with a dodecane overlay to capture styrene and detect it by GC-MS. This
approach is often used to extract volatile compounds from both in vivo
(Lee et al., 2019b; Liu et al., 2018) and in vitro (Dudley et al., 2019)
systems. We found that larger ratios of overlay to reaction volume
enabled greater styrene recovery relative to the trans-caryophyllene
internal standard without inhibiting biosynthesis (Supplementary Fig.
S4), likely by reducing styrene evaporation.

After demonstrating enzyme activity and the ability to measure
styrene, we investigated the optimal temperature during the biosynth-
esis segment of the reaction for producing styrene. To do so, we mixed
PAL2 and FDC1 after cell-free expression in a second pot reaction at a
final concentration of 0.5 μM each. We then incubated reactions con-
taining 25 mM L-Phe at 16, 22, 30, and 37 °C (Fig. 2C). The rate of
styrene production was highest at 30 °C and produced a maximum titer
of 5.36 mM styrene after 48 h. This titer demonstrates a ~1.5-fold in-
crease over the observed inhibitory concentration of styrene for E. coli
(Liu et al., 2018), confirming the potential for this cell-free platform to
outperform in vivo production of toxic compounds.

3.2. Optimization of enzyme ratios and starting substrate concentration

We subsequently stepped through a series of optimizations to im-
prove cell-free styrene synthesis by exploiting the open reaction en-
vironment which enables precise control over enzyme concentrations
and physiochemical conditions (Karim et al., 2018; Karim and Jewett,
2016; Silverman et al., 2019). Consistent with our previous work, we
first normalized the total volume of CFPS added to a biosynthesis re-
action by supplementing with CFPS mixtures without plasmid. By doing
this, we minimize detrimental effects that additional CFPS volume,
specifically the additional small molecules, tends to cause (e.g., de-
creased final titers of the desired product) (Karim et al., 2018). How-
ever, we also wanted to test whether this is universally true or poten-
tially specific to previously studied pathways. We found that styrene
biosynthesis reactions with increasing amounts of CFPS fraction result
in increased styrene production (Supplementary Fig. S5). Our reactions
are less inhibited by the CFPS mixtures likely because we are observing
a two-step biosynthesis from L-Phe rather than longer pathways that
take advantage of glycolysis that are known to have competition with
several pathways branching from pyruvate and acetyl-CoA. Residual L-
Phe from added CFPS volume (Supplementary Fig. S3) as well as trace
amounts of enzyme factors, such as manganese for FDC1, may con-
tribute to this positive effect. These results suggest that the impact of
CFPS reagents should be investigated for each new biosynthetic
pathway tested in vitro.

We next decided to tune the biosynthetic enzyme ratio by mixing
different volumes of cell-free expressed PAL2 and FDC1 in the reac-
tions. We ran 36 unique reaction conditions varying the final PAL2 and
FDC1 concentrations from 0 to 1 μM (Fig. 3A). The best condition
produced up to 18.03 ± 2.34 mM styrene from 25 mM of added L-Phe.
As hypothesized, styrene titer generally increased with increasing en-
zyme concentrations. However, the best 8 enzyme ratios all produced
16-18 mM styrene, which suggested substrate limitation may prevent
higher titers. We doubled the initial concentration of added L-Phe to
50 mM and ran reactions using the top eight enzyme combinations in an
attempt to further increase styrene yield. The best reaction condition
produced 24.83 ± 0.66 mM styrene with 0.25 μM PAL2 and 1 μM

FDC1 (Fig. 3B). Increasing the substrate concentration enabled differ-
entiation between the best conditions with 25 mM L-Phe in Fig. 3A, but
the modest 6-7 mM increase in product from 25 mM additional sub-
strate indicated diminishing biosynthetic potential; thus, L-Phe con-
centrations greater than 50 mM were not examined.

3.3. Optimization of physiochemical conditions

To further optimize the reaction environment for styrene bio-
synthesis, we explored a range of acidic and alkaline conditions due to
the dramatic changes that pH can cause in cell-free systems (Calhoun
and Swartz, 2005; Karim et al., 2019b). We tested six different initial
pH conditions in reactions for styrene synthesis ranging from pH 5.6 to
pH 9.5. Our initial condition began at pH 7.5-7.8 and ended near pH 8
(Fig. 4; dark blue). We observed a strong pH dependence for styrene
biosynthesis across the broad pH range, with a maximum titer of
40.33 ± 1.03 mM styrene, indicating ~80% substrate conversion,
after 72 h recorded at pH near 7 (Fig. 4A). The most alkaline reaction
(pH 9.5) produced less than 1 mM styrene, whereas the most acidic
reaction (pH 5.6) produced 3.27 ± 2.85 mM styrene – still greater
than the toxicity limit of styrene in vivo (Liu et al., 2018; McKenna and
Nielsen, 2011). Reaction rates remained steady over 3 full days, which
was slower than the reported catalytic rates of purified PAL2 and FDC1
(Fig. 4B) (Cochrane et al., 2004; Payne et al., 2015). Although enzyme
behavior can differ in vitro between purified systems and our crude cell
extracts, the observed pH optimum for styrene biosynthesis lies within a
reasonable range based on reported pH optima of 8.4-8.9 and 6.5 for
PAL2 and FDC1, respectively (Cochrane et al., 2004; Lin et al., 2015).
Additionally, the reaction pH did not significantly change over time
when glycolysis was less active (less acetate and lactate), which pro-
vided a stable reaction environment without the need for a strong
buffer (Fig. 4C).

4. Conclusion

In this study, we demonstrated a substantial increase in styrene titer
using a cell-free system compared to in vivo biosynthesis through the
optimization of reaction temperature, enzyme ratios, and pH. We first
determined that PAL2 and FDC1 expressed by E. coli CFPS were soluble
and active in vitro and that, in combination, these enzymes produced
the most styrene at 30 °C. Second, we found that cell-free styrene bio-
synthesis was maximized by combining a low concentration of PAL2
with a high concentration of FDC1, which would maximize conversion
of trans-cinnamic acid to styrene. Third, we highlighted the pH sensi-
tivity of in vitro styrene biosynthesis and found that reactions main-
tained at a neutral pH produced the highest concentration of monomer.
These cell-free reactions achieved a maximum styrene titer of
40.33 ± 1.03 mM (4.20 ± 0.11 g/L). To our knowledge, this re-
presents the highest reported value without process modifications for
the continuous removal of accumulated product (Lee et al., 2019b; Liu
et al., 2018; McKenna et al., 2015; McKenna and Nielsen, 2011)
(Table 1). However, coupling styrene biosynthesis in vivo in liter-scale
batch reactions with solvent removal processes has led to increased
styrene recovery and productivity, achieving ~5 g/L (Lee et al., 2019b).
With the demonstrated success of our cell-free styrene biosynthesis
platform, implementing more advanced recovery and gas stripping
techniques with in vitro biosynthesis could result in comparable, or even
superior, styrene productivity.

The high titers of the biologically toxic styrene monomer achieved
in vitro are possible due to the lack of viability constraints in a cell-free
system and the ability to finely tune the reaction environment.
Although the optimal pH for styrene biosynthesis was within a range
consistent with the optima for the PAL2 and FDC1 homologs used, the
overall reaction rate appeared much slower than expected (Cochrane
et al., 2004; Payne et al., 2015). Despite the apparent decrease in ac-
tivity of these enzymes in vitro, the potential impact of this
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environmentally friendly, cell-free styrene synthesis approach deserves
consideration as an alternative styrene production process. Currently,
the primary petroleum-based method of styrene production relies on
the catalytic dehydration of ethylbenzene, which requires large
amounts of steam and energy (Wu et al., 1981; Zheng and Suh, 2019).
While that process itself does not directly produce greenhouse gasses,
the process to obtain ethylbenzene requires benzene and ethylene,
creating CO2, CH4, or other side products during their production from
petroleum. We note that CO2 is released in the biological synthesis
pathway as a side-product of FDC1 activity in a 1:1 ratio with styrene.
However, the benefits of using much less energy, reduced toxicity of

intermediate products, and potentially reduced greenhouse gas emis-
sion could make the biochemical production of carbon products like
styrene a promising alternative.

Despite the high styrene titer achieved using a cell-free system, the
microscale cell-free reactions used in this study cannot feasibly produce
styrene in large enough quantities to meet existing needs (James and
Castor, 2011). However, with modifications, the high productivity and
inherent modularity of this system may make it economically compe-
titive with in vivo styrene biosynthesis (Supplemental Fig. S6). Pre-
viously developed economic models indicate that styrene can be af-
fordably biosynthesized in a situation where, among other things, (i)

Fig. 3. Modulating enzyme concentrations enhances styrene biosynthesis. (A) Increasing the concentration of each enzyme increased the final titer, as expected.
(B) All conditions producing more than 16 mM styrene from 25 mM L-Phe were run with 50 mM L-Phe to identify the optimal enzyme ratio – 0.25 μM PAL2 with
1 μM FDC1. Error bars represent standard deviation of 3 technical replicates.

Fig. 4. Styrene biosynthesis is pH dependent. Cell-free reactions containing 0.25 μM PAL2 and 1 μM FDC1 were set with several initial pH values and
produced a large range of styrene titers. (A) Endpoint titers after 72 h indicate a clear optimum for reactions starting at neutral pH. (B) The rate of styrene
synthesis diminished as the pH deviated from neutral. (C) pH changed little over the course of the reactions. Error bars represent standard deviation of 3 technical
replicates.

Table 1
Overview of styrene biosynthesis systems. Styrene production based on E. coli highlights strategies for overcoming cytotoxicity and product volatility. Studies are
listed in order of increasing styrene titer.

Study System Modifications Titer (g/L) Reaction Length (h) Productivity (mg/L-h)

McKenna and Nielsen, 2011 E. coli batch culture None 0.260 ± 0.004 29 8.97 ± 0.15
Liu et al. (2018) E. coli batch culture Isopropyl myristate overlay 0.350 48 7.29
McKenna et al. (2015) E. coli batch culture Dioctyl phthalate overlay 0.836 ± 0.064 48 17.42 ± 1.33
Lee et al. (2019b) E. coli batch culture Dodecane overlay 1.7 ± 0.1 50 34 ± 2
This work Batch E. coli cell-free reaction Dodecane overlay 4.20 ± 0.11 72 58.33 ± 1.53
Lee et al. (2019b) E. coli fed-batch culture Dodecane overlay and gas stripping 5.3 ± 0.2 60 88.33 ± 3.33
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the toxicity limit to E. coli is overcome, (ii) small-scale biomanu-
facturing benefits from an economy of scale, and (iii) the feedstock is
glucose (Claypool et al., 2014). At the scale of this method, the cost of a
cell-free protein synthesis reaction is currently higher than the cost
needed to synthesize proteins in vivo (Bundy et al., 2018; Carlson et al.,
2012; Silverman et al., 2019). However, larger scales are possible with
cell-free protein synthesis scaling linearly up to 100 L (Zawada et al.,
2011), and efforts to further reduce the cost of cell-free reactions are
ongoing. In addition to the increased styrene productivity as compared
to processes without continuous removal of accumulated product re-
ported here, the cost of cell-free styrene biosynthesis could be reduced
by lowering the cost of the current feedstock. Alternative approaches
could include using native metabolism to convert cheaper and more
sustainable substrates such as glucose (McKenna and Nielsen, 2011) or
waste streams to the final product, as successfully achieved for limo-
nene (Dudley et al., 2019), or by sourcing the bacterial extract from a
strain that overproduces L-phenylalanine. These strategies would re-
duce the high cost of our current feedstock and potentially increase
productivity. Previous work has investigated alternative energy sources
for cell-free metabolic pathways (Karim et al., 2018), optimization of
energy mix components for cell-free systems (Caschera et al., 2018;
Jewett et al., 2008; Jewett and Swartz, 2004), and minimal cell-free
energy mixes (Cai et al., 2015) to reduce the cost associated with using
phosphoenolpyruvate (PEP) as an energy source. These works, together
with future exploration from the cell-free community, will aid in
making this and future cell-free systems economically viable.

In summary, the laboratory example of high-titer styrene bio-
synthesis described here demonstrates the potential of cell-free systems
for the production of toxic compounds that are currently produced by
petroleum-based processes. Expanding the cell-free approach to pro-
ducing more value-added chemicals, such as other plastic precursors
and biofuels, and increasing the scale of these reactions could spear-
head the development of economically viable alternatives to fossil fuel-
derived chemicals. Future research utilizing a cell-free approach for
styrene biosynthesis should focus on further process modifications to
increase product recovery, such as gas stripping or in situ product re-
moval, reducing the current cost-per-reaction by investigating alter-
native feedstocks, and generating usable styrene monomer for future
applications like polymerization.
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