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Abstract 14 

Cell-free systems offer a powerful way to deliver biochemical activity to the field without cold 15 

chain storage. These systems are capable of sensing as well as biosynthesis of useful molecules 16 

at the point of need. So far, cell-free protein synthesis (CFPS) reactions have been studied as 17 

aqueous solutions in test tubes or absorbed into paper or cloth. Embedding biological 18 

functionality into broadly-used materials, such as plastic polymers, represents an attractive 19 

goal. Unfortunately, this goal has for the most part remained out of reach, presumably due to 20 

the fragility of biological systems outside of aqueous environments. Here, we describe a 21 

surprising and useful feature of lyophilized cell-free lysate systems: tolerance to a variety of 22 

organic solvents. Screens of individual CFPS reagents and different CFPS methods reveal that 23 

solvent tolerance varies by CFPS reagent composition. Tolerance to suspension in organic 24 

solvents may facilitate the use of polymers to deliver dry cell-free reactions in the form of 25 

coatings or fibers, or allow dosing of analytes or substrates dissolved in non-aqueous solvents, 26 

among other processing possibilities. 27 

 28 
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Cell-free systems are a collection of techniques for activating cellular machinery outside of 32 

living cells. Key cell-like functionalities in these systems include cell-free protein synthesis 33 

(CFPS)(1–4) and complex metabolism that can both provide energy to the system and produce 34 

small molecules of interest (5–9). In these reactions there is no need to maintain cell growth or 35 

viability, and removal of the cell membrane facilitates direct addition or measurement of 36 

molecules like DNA. These systems have been used for a wide range of applications, including 37 

sensing, manufacturing, genetic prototyping, and education (10). There are two main 38 

approaches to reconstitute cellular activity in vitro (Figure 1A). One approach is the use of crude 39 

cell lysates, where cells are broken open and additional building blocks and buffers are added 40 

to allow the proteins and other components in the lysate to retain much of their native function 41 

(3, 11). Since many undefined components from the cell are still present, there is limited 42 

control over biochemical activity. Another approach is the PURE system, where the protein 43 

components essential for transcription, translation, and energy cycling are purified before the 44 

mixture is reconstituted with energy and substrate solutions (12). This system is much better 45 

defined, though it is more expensive to implement and lacks any metabolic enzymes present in 46 

lysate that are not individually identified and purified to be included in the reaction. 47 

 48 

A major emerging application of CFPS reactions is rapid field-deployed sensing (13–17) or 49 

molecule production at the point of need (17, 18) with minimal required equipment. Though 50 

many biological reagents are normally stored frozen or refrigerated, CFPS reactions may be 51 

lyophilized for room temperature storage and retain high levels of protein synthesis activity 52 

upon rehydration (19–21). CFPS may be used to quickly prototype and implement gene circuit 53 

designs that can sense analytes via a variety of mechanisms and produce human readable 54 

outputs such as a colorimetric, fluorescent, or even electrochemical reporters (22). Drying CFPS 55 

reactions onto paper tickets or cloth has greatly broadened the scope of applications for cell-56 

free techniques (13, 14, 16, 23, 24). Paper-based reactions retain activity, enabling formats 57 

similar to pH paper that are less cumbersome for field use. One draw-back to CFPS reactions is 58 

that short reaction lifetimes of a few hours make these systems one-use only. A second draw-59 

back is the need to manually add water to activate the lyophilized reaction. Turning to material 60 

science to once again redesign the reaction environment could alleviate these issues. 61 

 62 

There is great potential to leverage materials to modulate hydration, and therefore control 63 

activation of cell-free systems. Polymers have been widely used to control release timing for 64 

cargos that include anything from pharmaceuticals to fertilizers (25, 26). The same principle 65 

may be used to extend the lifetime of activity of a detection device. For instance, continual 66 

activation of fresh bio-active cargo, such as enzymes, embedded in a material may be achieved 67 

by polymer erosion (27, 28). However, this type of formulation requires the biological molecule 68 

to be cast into polymers that have low solubility in water, likely necessitating the application of 69 

heat or organic solvents. These treatments have a deleterious effect on the activity of most 70 

enzymes unless their structure can be protected in some way (29). For a complex mixture like 71 

CFPS reactions, it would be reasonable to suspect that such effects on any of the numerous 72 
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enzymes and other constituent components could result in reduction or elimination of overall 73 

protein production. 74 

 75 

Non-aqueous enzymology is the study of protein behavior in non-aqueous organic solvents. 76 

Over the past few decades, researchers in this field have shown that a subset of purified 77 

proteins can, under certain circumstances, maintain their fold and even activity when 78 

suspended in organic solvents (30, 31). An important factor influencing protein behavior in 79 

organic solvents is the amount of water present in the mixture. Too much water will allow the 80 

protein to change conformations, leading to irreversible folding and inactivation. This has been 81 

seen in studies titrating organic solvents into aqueous bio-mixtures such as a CFPS reaction (32, 82 

33). Therefore, freeze-drying or spray-drying is necessary to carefully remove water from an 83 

enzyme sample before solvent addition to better maintain enzyme activity. Indeed, a crystal 84 

structure obtained for subtilisin in pure acetonitrile demonstrates that protein structure in this 85 

solvent is very similar to the native aqueous structure (31). Tolerance to non-aqueous solvents 86 

has been studied for a small subset of purified proteins, but has never before been explored for 87 

a complex bio-mixture like a CFPS reaction in which many proteins, nucleic acids, and 88 

metabolites must be preserved to maintain transcription and translation activity. 89 

 90 

In this work we describe the effects of exposing lyophilized CFPS reactions to organic solvents. 91 

We find that CFPS activity is recovered upon rehydration after exposure of the dried reaction to 92 

a variety of organic solvents, though some polar solvents such as ethanol reduce activity. 93 

Screens of CFPS reaction recipes, reagent mix components, and solvent removal methods 94 

indicate that tolerance to certain solvents is dependent on the presence of additives. Further, 95 

we discuss how solvent tolerance of CFPS systems may open the door to new applications by 96 

embedding dried CFPS components in new types of polymer materials via solvent casting or 97 

sensing analytes in non-aqueous samples. 98 

 99 
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 100 
Figure 1. (A) Illustration of the composition of a CFPS reaction and variation in published 101 

protocols among lysis methods, purity of active enzyme components, and buffer ingredients. 102 

(B) Treatment sequence for CFPS reactions includes lyophilization, suspension in an organic 103 

solvent, removal of the organic solvent, rehydration, and assessment of CFPS activity via 104 

monitoring the appearance of GFP. 105 

 106 

Results and Discussion 107 

Solvent screen 108 

Initial experiments exposing CFPS reactions to organic solvents utilized an E. coli lysate system 109 

closely mimicking the recipe constructed by Jewett et al. (11) and referred to as PANOx-SP. A 110 

panel of solvents including acetone, acetonitrile, chloroform, dichloromethane (DCM), 111 

dimethylformamide (DMF), dimethylsulfoxide (DMSO), ethanol, ethyl acetate, methanol, and 112 

tetrahydrofuran (THF) were used to challenge both the E. coli lysate component lyophilized 113 

alone, and the complete lyophilized CFPS reaction mixture. The treatment sequence is 114 

summarized in Figure 1B. Solvent properties are summarized in Supplementary Table S1. Each 115 

solvent was mixed with the dry cake in microplate wells to form a suspension, then incubated 116 

for 1 hour at room temperature. The dried CFPS cake material is largely insoluble in all the 117 

organic solvents tested, with insoluble particulates settling quickly after mixing. The solvents 118 

were removed by aspiration after brief centrifugation to settle the CFPS material into a pellet. 119 

Residual solvent was removed by evaporation at reduced pressure. Then, the reactions were 120 

rehydrated with water to reach the desired reaction volume. For samples in which only the 121 

lysate is dried and exposed to solvent, the other components of the CFPS reaction were added 122 

in the form of aqueous solutions at the rehydration step to initiate protein synthesis activity. 123 

 124 

CFPS activity was assessed by tracking GFP production from a plasmid DNA template with a T7 125 

promoter (Figure 2, Supplementary Figure S1). We note here that variability of some 126 
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experimental replicates in this study are higher than in other recent CFPS works that report 6.8-127 

11% variability for individually mixed replicates (34–36). We attribute this difference to either 128 

variable loss of some particulate during solvent aspiration or variable penetration of the solvent 129 

into particulates during exposures. GFP productivity after organic solvent exposure clearly has 130 

some dependence on both the properties of the solvent and the components included during 131 

drying and solvent exposure. When the complete reaction is exposed to organic solvents, 132 

acetonitrile and ethyl acetate exposure did not result in any loss of activity; acetone, THF, 133 

Chloroform, and DCM caused partial loss in activity; and ethanol, DMF, DMSO, and methanol 134 

caused total or near total loss of activity. When lysate alone is exposed to solvents, a different 135 

pattern emerges: acetonitrile and ethyl acetate again show no loss of activity; acetone, ethanol, 136 

chloroform, DMF, methanol, and DCM all yield varying levels of activity; and DMSO and THF 137 

completely deactivate the un-supplemented lysate. It is notable that, depending on the solvent 138 

type, activity may only be lost for the complete reaction (DMF, Methanol, Ethanol) or only for 139 

the lysate (THF), suggesting multiple mechanisms for CFPS inactivation are present. 140 

 141 

There are several possible ways treatment with an organic solvent might impact the 142 

productivity of a CFPS reaction. First, the solvent could cause protein unfolding in the lysate or 143 

supplemented polymerase and RNase inhibitor protein components in the dry state. Second, 144 

the solvent could extract critical resource molecules from the dried cake into solution and 145 

cause them to be removed from the system when the solvent is aspirated away. Third, residual 146 

solvent not sufficiently removed by evaporation could cause protein unfolding or other 147 

inhibition when water is re-introduced (32). Depending on the properties of each solvent, a 148 

different combination of these effects may have an impact. 149 

 150 

 151 
Figure 2 (A) Endpoint concentration of GFP in reaction mixtures after lyophilized lysate (grey 152 

bars) or complete CFPS reactions (black bars) were exposed to an organic solvent and 153 

rehydrated. In the “no solvent” control the dried reactions were rehydrated without solvent 154 

exposure. Error bars represent the 95% confidence interval. (B) Activity post-solvent exposure 155 

and evaporation at ambient conditions. 156 

 157 
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We investigated whether specific solvent properties correlated with CFPS productivity results 158 

(Supplementary Figures S2 and S3, and Supplementary Tables S2 and S3). Statistically significant 159 

correlations were observed for complete reaction exposures but not for lysate alone. These 160 

correlations could prove informative for selection of additional solvents. For example, low 161 

solvent hydrogen bonding propensity correlated well with higher productivity. Still, due to the 162 

complexity of potential solvent interactions with the components of the CFPS reaction, 163 

prediction of the compatibility of different solvents or solvent blends is difficult without 164 

experiment. Thorough discussion of correlation results may be found in the supplementary 165 

information.  166 

 167 

Further experiments were designed to investigate the impact of solvent removal method and 168 

lyophilization at larger scale. For some applications, it may not be possible to apply a vacuum to 169 

evaporate solvent at reduced pressure. We found that application of a vacuum was 170 

unnecessary for maintenance of complete CFPS reaction activity after exposure to acetonitrile 171 

or acetone (Figure 2B). Further, washing with volatile acetonitrile did not improve activity after 172 

exposure to less-volatile DMSO (Supplementary Figure S4). These experiments indicated that 173 

solvent tolerance was not very sensitive to solvent removal method, at least for the subset 174 

tested. Applications such as casting dried CFPS into a material may require much larger 175 

quantities of lyophilized CFPS powder than the microplate scale used for screening. We 176 

lyophilized larger (250 µL vs 15 µL) batches of PANOx-SP CFPS reactions and exposed them to 177 

acetone. We found that CFPS activity was maintained (Supplementary Figure S5). 178 

Thermogravimetric analysis (TGA) was a useful technique to confirm a water content of less 179 

than 3% (wt/wt). Further discussion of these results may be found in the supplementary 180 

information. 181 

 182 

CFPS reaction component screen for acetone tolerance 183 

The observation that the complete dried CFPS reaction performed better than the lysate alone 184 

after exposure to acetone, chloroform, or THF suggested that some component of the resource 185 

mix might act as a protective additive. To test this hypothesis, components of the resource mix 186 

were combined with lysate individually and screened for protective effects upon exposure to 187 

acetone and removal of the solvent without a vacuum. In this experiment, three “components” 188 

are themselves aqueous mixtures. “10xSS” contains magnesium, potassium, and ammonium 189 

glutamate. “15xMM” contains ATP, GTP, UTP, CTP, folinic acid, and tRNA. “20AA” is a mixture of 190 

all 20 canonical amino acids. For experimental expediency, samples were rehydrated with a 191 

reagent mix containing all reagents, resulting in doubled final concentrations for the individual 192 

component screened. Interestingly, only the 15xMM and PEP resulted in statistically significant 193 

difference in the productivity due to increased concentration without acetone exposure (Figure 194 

S6). Activity decreased in both cases, either because of the change in final concentration or 195 

because the component has some negative effect on the lysate during the lyophilization 196 

process. After acetone treatment, CFPS ingredients each have varying relative effects on GFP 197 

productivity (Figure 3). Plasmid DNA and HEPES buffer both significantly stabilize the lysate. 198 
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Remarkably, the 10xSS component alone is sufficient to stabilize the lysate to acetone exposure 199 

as well as the complete reaction mixture. This experiment is the first confirmation that altering 200 

the composition of the lyophilized CFPS reaction mixture greatly impacts tolerance to organic 201 

solvent exposure. 202 

 203 

 204 
Figure 3 Screen of CFPS components for protective effect during acetone exposure. Black bars 205 

are results from controls without solvent exposure. Grey bars refer to a 1 hr acetone exposure. 206 

Acetone is evaporated under ambient conditions in this experiment. Each set of bars is labeled 207 

with the CFPS ingredient used to supplement the lysate sample during drying. The negative 208 

control labeled “None” is lysate without any supplemented additive. The positive control 209 

labeled “Complete” includes all CFPS ingredients. The red reference line coincides with the 210 

mean fraction of GFP productivity of an un-supplemented lysate control exposed to acetone, 211 

with lighter red shading representing the 95% confidence interval. GFP levels are normalized to 212 

the no solvent control treatment for each component. Figure S6 depicts the data without 213 

normalization.  214 

 215 

Comparing the solvent tolerance of different published CFPS styles 216 

The clear dependence of solvent tolerance on the composition of the reaction led us to 217 

investigate solvent tolerance across different published CFPS systems. We tested the 218 

performance of three systems: the commercial PURExpress system based on the PURE 219 

approach described above (12), the PANOx-SP system used in all experiments above (11), and 220 

the 3-PGA system which uses a different strain of E. coli, lysis method, and recipe for reaction 221 

additives (3, 37). Supplementary Table S4 is a side-by-side comparison of the composition of 222 

the CFPS reaction for each recipe. In each case, the reactions are lyophilized and exposed to 223 

solvent as described above, with four solvent conditions tested: acetone, acetonitrile, 224 

chloroform, or no solvent. 225 

 226 

The GFP productivity results confirm that alternate CFPS recipes respond to solvents in different 227 

ways (Figure 4, Supplementary Figure S7). Compared to the lysate-based CFPS reactions, the 228 

PURExpress formulation has less starting productivity but also minimal sensitivity to treatments 229 

.CC-BY-NC 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted June 12, 2020. ; https://doi.org/10.1101/2020.06.11.121418doi: bioRxiv preprint 

https://doi.org/10.1101/2020.06.11.121418
http://creativecommons.org/licenses/by-nc/4.0/


8 
 

with the three solvents tested. Chloroform was the only solvent that significantly reduced GFP 230 

productivity in the PURExpress system. On the other hand, the two lysate-based CFPS recipes 231 

have very different susceptibility to the organic solvents. 3-PGA is much more susceptible to 232 

inactivation by solvent exposure across all three solvent types compared to PANOx-SP.  233 

 234 

To learn what components of the CFPS reaction are responsible for increased solvent 235 

sensitivity, the E. coli extract and reagent mix components of PANOx-SP and 3-PGA CFPS recipes 236 

were swapped so that PANOx-SP extract and 3-PGA reagent mix were combined in the “Hybrid 237 

A” mixture and 3-PGA extract and PANOx-SP reagent mix were combined in the “Hybrid B” 238 

mixture. These hybrid CFPS recipes were then lyophilized, treated with solvent, and rehydrated 239 

as before. The results of this test clearly show that samples containing 3-PGA reagents are more 240 

susceptible to solvent inactivation than samples containing PANOx-SP reagents. When 241 

combined with PANOx-SP reagent mix, 3-PGA extract performed very similarly to PANOx-SP, 242 

indicating that differences in the cell extract were not the primary factor contributing to solvent 243 

sensitivity. While our focus here was on differences in solvent tolerance and not relative 244 

productivity of each system, the hybrid mixtures offer an interesting opportunity to interpret 245 

productivity trends in the no solvent cases. It is first worth noting that our yields here are lower 246 

than those in the literature for each case, which could be a result of the lyophilization step, 247 

unintentional differences in protocol execution, DNA construct, reaction conditions, etc. 248 

Nonetheless, we observed that despite no significant difference for the base PANOx-SP and 3-249 

PGA systems, we saw a significant decrease from PANOx-SP to Hybrid A, and a significant 250 

increase from 3-PGA to Hybrid B. This result indicates that, at least for our specific 251 

implementation and conditions, the PANOx-SP reagent mix yields more protein than 3-PGA 252 

reagent mix. Among many differences in the supplemented reagents, a major difference is the 253 

type of energy source. PANOx-SP makes used of phosphoenolpyruvate (PEP) to regenerate ATP 254 

in the reaction, while 3-PGA utilizes maltodextrin to energize the reaction through substrate 255 

phosphorylation and glycolysis. Further experimentation is needed to elucidate specific 256 

components leading to solvent sensitivity. 257 
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 258 
Figure 4 Comparison of different CFPS recipes challenged with organic solvents. Endpoint GFP 259 

concentrations are compared for five CFPS recipes after exposure to organic solvents. Error 260 

bars represent the 95% confidence interval. Recipe labeled “Hybrid A” is a CFPS reaction mixing 261 

PANOx-SP E. coli extract and 3-PGA reagent mix. “Hybrid B” is a mixture of 3-PGA extract and 262 

PANOx-SP reagent mix. 263 

 264 

Summary 265 

The study of the interaction between cell-free reaction components and organic solvents 266 

revealed several new findings. Lyophilized CFPS reactions tolerate exposure to a variety of 267 

organic solvents without loss or with only partial loss of transcription and translation activity. 268 

The degree to which activity is lost by solvent exposure depends on the type of solvent and the 269 

ingredients in the lyophilized mixture. Experiments comparing different CFPS recipes indicate 270 

that differences in the cell extract preparation are less important for solvent tolerance than the 271 

composition of the other ingredients in a CFPS reaction. For acetone exposure, 10xSS alone was 272 

sufficient to provide solvent tolerance to the E. coli lysate, and DNA and HEPES buffer 273 

components provided partial protection.  274 

 275 

These newly-discovered characteristics of cell-free systems open the door to many previously 276 

elusive applications and directions of study. For instance, the ability to process the biological 277 

components of cell-free systems in organic solvents without loss of activity is likely to enable 278 

casting these systems into polymeric matrices such as polyurethane that do not dissolve in 279 

water. It may also be possible to dose a cell-free sensor system with non-aqueous substrates or 280 

analytes. Further study of cell-free systems’ interactions with organic solvent could lead to 281 

fundamental insights in non-aqueous enzymology and protein folding. The tolerance of CFPS to 282 

solvent when lyophilized raises the question of whether complex systems like the ribosome can 283 
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maintain activity in an organic solvent either naturally or through engineering. The ability to 284 

study these processes in a non-native context is an advantage unique to cell-free systems. 285 

 286 

Materials and Methods 287 

Reagents 288 

The vendor and catalog number for each organic solvent used in this study is provided in 289 

Supplementary Table S1 describing solvent properties. Unless otherwise noted, all other 290 

reagents were purchased from Millipore Sigma, St. Louis, MO. Commercial PURExpress kits 291 

were purchased from New England Biolabs, Ipswich MA. The plasmid template for expression 292 

of GFP via CFPS is PY71sfGFP with genbank accession number MT346027 (38). Plasmid DNA was 293 

purified from transformed E. coli using a Promega PureYield plasmid midiprep kit, followed by 294 

ethanol precipitation to further concentrate and purify the DNA. DNA is stored in RNase and 295 

DNase-free water at -20°C until reaction assembly. 296 

 297 

CFPS reaction preparation 298 

PANOx-SP cell extract is prepared from shake flask cultures of E. coli BL21 Star (DE3) according 299 

to the growth and sonication protocol detailed previously by Kwon and Jewett (11). 3-PGA cell 300 

extract is prepared from shake flask cultures of E. coli BL21 Rosetta2 and lysed by pressure with 301 

a Microfluidizer cell homogenizer. The growth and lysis methods were based closely on 302 

protocols published previously by Noireaux et al (3, 37).  303 

 304 

Lysates were aliquoted, flash frozen in liquid nitrogen, and stored at -80°C until use in CFPS 305 

reaction assembly. To assemble reactions, CFPS components including PURExpress kit solutions, 306 

cell lysates, and reagent stock solutions, were thawed on ice, then combined with DNAse free 307 

water to reach the final concentrations listed in Supplementary Table S4. Reaction mixtures 308 

were well mixed and distributed 15 µL per well into 96 well, v-bottom, polypropylene plates 309 

(Costar 3357). Further details on the preparation of CFPS lysates and reagent mixes for PANOx-310 

SP and 3-PGA recipes, as well as lyophilization methods are described in the supplemental 311 

information. 312 

 313 

Solvent treatment and rehydration of CFPS reactions 314 

All solvent treatments are performed in a chemical fume hood. 100 µL of each solvent was 315 

added to the lyophilized CFPS reaction mixture in designated wells. No solvent was added to 316 

lyophilized control reactions. Wells were sealed with a flexible polypropylene mat (Costar 3080) 317 

to prevent evaporation. Reactions were incubated with solvent for one hour at room 318 

temperature. Following solvent incubation, plates were briefly spun at low speed in a 319 

centrifuge to settle the insoluble CFPS reaction components, then solvents were removed by 320 

aspiration with a pipette without disturbing the pellet. The residual solvent was removed by 321 

evaporation. This was achieved either by allowing the plate to sit uncovered in the fume hood 322 

for ambient evaporation, or applying a vacuum at room temperature using a vacuum oven with 323 

the heating element turned off for 20 minutes. After solvent removal, all reactions were 324 
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rehydrated with 15 µL of DNase free water to return CFPS reaction components to their original 325 

aqueous concentration. Reaction assembly and solvent treatment methods for the PANOx-SP 326 

CFPS component screen are described in the supplemental information. 327 

 328 

Monitoring GFP formation via microplate reader  329 

Immediately after rehydration, plates were sealed with a polypropylene mat, transferred to a 330 

BioTek Synergy H1 microplate reader, and incubated at 30°C for 8 hours. Formation of GFP 331 

fluorescence e was monitored with ex/em: 485/528 nm with a gain of 100. GFP readings in RFU 332 

were converted to µM GFP using fluorescence measurements of purified GFP standards. 333 

 334 

Abbreviations 335 

CFPS = cell-free protein synthesis 336 

GFP = green fluorescent protein 337 

DCM = dichloromethane  338 

DMF = dimethylformamide 339 

DMSO = dimethylsulfoxide  340 

THF = tetrahydrofuran 341 

 342 
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