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Abstract

We recently developed ‘cellular’ reagents–lyophilized bacteria overexpressing proteins of

interest–that can replace commercial pure enzymes in typical diagnostic and molecular biol-

ogy reactions. To make cellular reagent technology widely accessible and amenable to local

production with minimal instrumentation, we now report a significantly simplified method for

preparing cellular reagents that requires only a common bacterial incubator to grow and sub-

sequently dry enzyme-expressing bacteria at 37˚C with the aid of inexpensive chemical des-

iccants. We demonstrate application of such dried cellular reagents in common molecular

and synthetic biology processes, such as PCR, qPCR, reverse transcription, isothermal

amplification, and Golden Gate DNA assembly, in building easy-to-use testing kits, and in

rapid reagent production for meeting extraordinary diagnostic demands such as those being

faced in the ongoing SARS-CoV-2 pandemic. Furthermore, we demonstrate feasibility of

local production by successfully implementing this minimized procedure and preparing cel-

lular reagents in several countries, including the United Kingdom, Cameroon, and Ghana.

Our results demonstrate possibilities for readily scalable local and distributed reagent pro-

duction, and further instantiate the opportunities available via synthetic biology in general.

Introduction

High cost of molecular biology reagents, need for preserving their cold chain, and long dis-

tance shipping delays and complicated customs regulations often hamper the ability of

researchers and students to freely access and adopt molecular and synthetic biology tech-

niques, especially in low resource settings [1, 2]. Complex procedures and infrastructure

required for preparing these reagents frequently deters local production. The resulting hin-

dered access to reagents often translates to restricted hands-on learning, a dearth of trained

human resource, and inability to meet large scale needs, such as those facing widespread

molecular testing during the ongoing COVID-19 pandemic.
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Advances from the field of synthetic biology and protein purification have the potential to

address some of these needs [3–7]. We previously developed ‘cellular’ reagents–lyophilized

bacteria engineered to overexpress proteins of interest–as an easier and cheaper-to-make alter-

native to commercial enzymes commonly used in diagnostic and molecular and synthetic biol-

ogy procedures, such as PCR, isothermal amplification, reverse transcription and DNA

assembly [8]. Since cellular reagents perform comparably to pure commercial counterparts

but are easier to produce and do not require cold chain during storage, they have the potential

to significantly reduce cost and infrastructure barriers to molecular/synthetic biology research

and education. However, this potential can only be fulfilled if cellular reagents can be freely

and affordably acquired. The best way to ensure unfettered access is to locally produce cellular

reagents at or near sites of consumption.

While our original method for preparing cellular reagents requires considerably less instru-

mentation and expertise compared to production of purified enzymes, it is still impractical for

most people to adopt because it uses a lyophilizer to dehydrate cellular reagents via sublima-

tion. Lyophilizers are complex, expensive machines that need dependable infrastructure and

regular maintenance for operation. Most typical molecular biology laboratories are not

equipped with these instruments. Moreover, cellular reagents must be frozen prior to lyophili-

zation, which requires additional infrastructure in the form of either a -80˚C freezer or a dry

ice or liquid nitrogen vendor. As a result, local production of lyophilized cellular reagents,

especially in resource poor settings, remains difficult.

We have now overcome this limitation, and demonstrated a considerably easier approach

for preparing cellular reagents that requires only a bacterial incubator to grow protein-

expressing bacteria and to subsequently dry them into cellular reagents by simply incubating

the bacteria at 37˚C in the presence of inexpensive chemical desiccants (Fig 1). Similar to their

lyophilized counterparts, and unlike most commercial preparations of purified enzymes, dried

cellular reagents are stable at ambient temperature for several months–a crucial attribute in

low resource settings with infrastructure limitations. Furthermore, simple substitution of com-

mercial enzymes with rehydrated cellular reagents allow existing molecular biology protocols

to be readily and accurately performed. In fact, by drying cellular reagents on paper discs that

can be directly added to molecular reactions, we demonstrate an even more facile reagent-

dispensing system that is both easy to manufacture and use. Overall, this method proved suit-

able for preparation of an expansive set of dried cellular reagents, including DNA polymerases,

such as Taq and Bst-LF, reverse transcriptases, such as MMLV and RTX, restriction enzymes,

such as BsaI, and ligases, such as T7 DNA ligase. These dried cellular reagents performed com-

parably to commercial enzymes in common nucleic acid amplification and DNA assembly

techniques, including PCR, RT-qPCR, LAMP, and Golden Gate cloning, and enabled assem-

bly of inexpensive and easy to use testing kits. Most importantly, dried cellular reagent tech-

nology proved amenable to local implementation in diverse settings. Researchers based in the

United Kingdom, Cameroon, and Ghana successfully produced OpenVent DNA polymerase

cellular reagents and used them in a sickle cell PCR diagnostics workshops. These results not

only demonstrate the possibilities of readily scalable local and distributed reagent production,

an important step towards building local scientific capacity [9], but further instantiate the

opportunities available via synthetic biology in general.

Material and methods

Chemicals and reagents

All chemicals were of analytical grade and were purchased from Sigma-Aldrich (St. Louis,

MO, USA) unless otherwise indicated. Bacterial growth media were purchased from Thermo
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Fisher Scientific (Waltham, MA) and Athena Enzyme Systems (Baltimore, MD, USA).

Competent E. coli protein expression strains, purified enzymes, and related buffers were pur-

chased from New England Biolabs (NEB, Ipswich, MA, USA) unless otherwise indicated. The

EndA- RecA- BL21(DE3) E. coli strain was purchased from EdgeBio (San Jose, CA, USA).

KlenTaq1 DNA polymerase was purchased from DNA Polymerase Technologies (St. Louis,

MO, USA). All oligonucleotides and gene blocks (S1 Table in S1 File) were obtained from

Integrated DNA Technologies (IDT, Coralville, IA, USA). SARS-CoV-2 N gene armored RNA

was obtained from Asuragen, Austin, TX, USA. SARS-CoV-2 virions were obtained from

American Type Culture Collection.

Plasmids and cloning

Taq, KlenTaq, Bst-LF, T4 DNA ligase, T7 DNA ligase, and MMLV-RT were expressed from

the anhydrotetracycline inducible pATetO 6xHis plasmid [8, 10]. RTX expression was driven

from a T7 promoter-containing pET vector (Addgene; Plasmid #102787). Br512 was also

expressed from a T7 promoter in an in-house E. coli expression vector, pKAR2 (Addgene;

Plasmid #16187). Geobacillus stearothermophilus methyltransferase, BsmAIM (UniProtKB—

Q6UQ63) was expressed from a constitutive pLac promoter. Geobacillus stearothermophilus
restriction endonuclease (BsaIR; UniProtKB—Q6SPF4) was expressed from an Isopropyl

β- d-1-thiogalactopyranoside (IPTG)-inducible T7 promoter in bacteria expressing BsmAIM.

OpenVent, the off-patent DNA polymerase from Pyrococcus sp., was cloned in the custom

built IPTG-inducible pOBL plasmid. All assembled plasmids were verified by Sanger

Fig 1. Schematic depicting protocol for preparation and use of evaporated cellular reagents.

https://doi.org/10.1371/journal.pone.0252507.g001
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sequencing. Construction of plasmids is detailed in Supplementary Materials and methods

in S1 File.

Production of evaporated cellular reagents

Evaporated cellular reagents were prepared in the following E. coli strains–Taq, KlenTaq, Bst-

LF, and MMLV-RT in BL21; T4 DNA ligase, T7 DNA ligase, BsaIR/BsmAIM, and for some ex-

periments, Bst-LF in the Acella (BL21 DE3 derivative ΔendA ΔrecA) strain; and RTX and Br512

in BL21(DE3). For all single transformants, overnight cultures were grown at 37˚C in 3–5 mL

Superior broth (Athena Enzyme Systems) containing appropriate antibiotics (100 μg/mL ampi-

cillin). These were used to grow 50 mL 1:200 sub-cultures in Superior Broth with antibiotics in

250 mL conical flasks at 37˚C and 225 rpm. Logarithm phase (typical A600 = 0.4 to 0.7) cultures

were induced as follows– 3 h induction at 37˚C with 20 ng/mL anhydrotetracycline (aTC) for

Taq, KlenTaq, Bst-LF, MMLV-RT, T4 DNA ligase, and T7 DNA ligase; 16–18 h at 18˚C with

1 mM IPTG for RTX; and 18 h at 18˚C with 1mM IPTG and 100 ng/mL aTC for Br512. BsaIR/

BsmAIM co-transformants were recovered at 37˚C for 1 h without antibiotics and then for 1 h

with 50 μg/mL kanamycin followed by 18–24 h growth at 30˚C on LB agar containing both

ampicillin and kanamycin. Individual transformants were cultured for 24 h at 30˚C in 3 mL

Superior broth containing both antibiotics. Subsequently, 50 mL Superior broth subcultures

grown at 30˚C till log phase were induced overnight at 16˚C with 1 mM IPTG.

Four to six aliquots of 1.2 mL induced cultures were placed in 1.7 mL microcentrifuge

tubes. Bacteria were collected by centrifugation at room temperature and 9000 x g for 1 min,

washed twice in 1 mL cold 1X PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM

KH2PO4, pH 7.4) and resuspended in cold 1X PBS at a density between A600 ~ 6.0–7.0. Some

2 x 107 or 2 x 108 of these induced bacteria (estimated from the A600 value using the relation

0.5 optical density = 5x108 bacteria/mL) were then aliquoted into 8 x 0.2 mL microtube strips.

In some cases, 2 x 107 bacteria were aliquoted directly onto 3 mm paper discs made of cellulose

(CL, Catalog number CFSP173000, Millipore, Burlington, MA, USA), glass fiber (161, Catalog

number 1610–0210, Ahlstrom, Finland; 691, Catalog number 28297–976, VWR, Radnor, PA,

USA; 693, Catalog number 28297–500, VWR), glass fiber conjugate paper (PTR5, Catalog

number R-1805/1683, Advanced Microdevices (Mdi), India; GF800, Catalog number

GFCP000800, Sigma-Aldrich), or polyethersulfone (PES, Catalog number GPWP04700, Milli-

pore, Burlington, MA, USA) placed individually inside 0.2 mL microtubes. A single hole was

punched in each microtube cap using an 18-gauge needle. Two to three 8-tube strips were

then placed inside 118 mL lidded plastic jars filled halfway with calcium sulfate desiccant pel-

lets to facilitate evaporation. In some experiments, evaporation was performed in the absence

of any desiccant. After capping, the jars were placed in a small personal-sized 37˚C bacterial

incubator for 1–2 days, unless otherwise indicated, to allow all the liquid to dry up. In some

experiments, the capped jars were placed in a -20˚C freezer, in a 4˚C refrigerator, or on a 25˚C

lab countertop for indicated durations. In some cases, cellular reagents were lyophilized as

described previously [8], either directly in microtubes or on 3 mm paper discs placed inside

0.2 mL microtubes or stuck on strips of self-adhesive laminating plastic sheet (Fellowes

5221502, Itasca, IL, USA). Once the cellular reagents were visibly dry, the hole in each micro-

tube cap was plugged with hot glue and the desiccant jars with dry cellular reagents were stored

in a cabinet at room temperature.

Preparation of OpenVent cellular reagents in Ghana and Cameroon. A single BL21

(DE3) pOBL1 transformant selected with kanamycin on Luria Bertani (LB: 10 mg/mL tryp-

tone, 5 mg/mL yeast extract and 10 mg/mL NaCl in distilled water) agar and cultured over-

night in 5 ml LB broth at 37˚C was used to grow a 1:200 sub-culture in 50 mL LB broth
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supplemented with 100 μg/mL Kanamycin. Manual agitation of the culture flask was per-

formed every 15 min to ensure appropriate aeration of the medium. After ~3 h of incubation,

at 0.4 OD600 bacterial cell density (evaluated using McFarland turbidity standards; see Supple-

mentary Material and methods, S1 Fig and S2 Table in S1 File), the culture was induced

with IPTG (1mM final concentration) for four hours with manual agitation every 15 min. The

cell density at the time of harvest was around OD600 2. Bacteria were collected by centrifuga-

tion, washed, resuspended in 1X PBS, and aliquoted in 8-strips of 0.2 mL PCR tubes as

described above. With the lids left opened, the strips were placed in an air-tight container (S2

Fig in S1 File) filled halfway with desiccant silica beads (Silica gel, 2–5 mm, Merck

CAS-No:7631-86-9) and incubated overnight in a 37˚C DIY incubator (S3 Fig in S1 File; for

assembly instructions see Supplementary Materials and methods in S1 File). In some cases,

living bacteria were deactivated by incubating the cellular reagents at 50, 60 or 70˚C for 10 or

20 minutes prior to drying. The dryness of the sample was inspected by eye and the activity of

the cellular reagent was assayed by PCR (S4 Fig in S1 File). To assess the stability over time,

dried OpenVent cellular reagents were sealed in plastic bags (Antistat metal shielding ziplock

bags, Rapid Electronics Ltd) containing 7g of desiccant silica beads and stored in three condi-

tions: at room temperature, at 4˚C and at 37˚C. The viability of prepared enzymes was assessed

by performing PCR reactions to amplify the 400 bp polymorphic portion of a synthetic human

β-globin gene.

PCR using evaporated cellular reagents

All assay mixes were assembled and kept on ice prior to initiation of amplification. PCR reac-

tions were assembled in 25 μL (CT16S) or 50 μL (TtgR and HF183) volumes containing 10 ng

or indicated amounts of plasmid templates along with compatible forward and reverse primers

(HF183 assays for colorimetric detection received fluorescein-labeled reverse primers along

with 100 nM of biotinylated probe), deoxyribonucleotides, and an indicated enzyme source–

3 μL (2 x 107 cells) of Taq or KlenTaq cellular reagents freshly rehydrated in 30 μL water, one 3

mm diameter paper disc containing 2 x 107 dried Taq or KlenTaq cellular reagents directly

added to and kept immersed in the PCR reaction, or pure Taq or KlenTaq DNA polymerase.

Endpoint PCRs were analyzed after 20–30 cycles of amplification by agarose gel electrophore-

sis or by using fluorescein/biotin-specific colorimetric lateral flow dipsticks (Milenia HybriDe-

tect 1, Milenia Biotec GmbH). Quantitative PCRs included 1X EvaGreen intercalating dye

(Biotium, Freemont, CA), whose fluorescence was measured using a real-time PCR machine.

Additional details of PCR protocols are described in the Supplementary Materials and meth-

ods in S1 File.

LAMP-OSD

All assay mixes were assembled and kept on ice prior to initiation of amplification. Human

glyceraldehyde-3-phosphate dehydrogenase (gapd), HF183, and multiplex SARS-CoV-2

LAMP-OSD reaction mixtures were prepared in 25 μL volumes containing indicated DNA or

RNA templates in appropriate reaction buffers supplemented with compatible LAMP primer

mixes, deoxyribonucleotides, betaine, MgSO4, OSD probes, and one of the following DNA

polymerase sources– 16 units of Bst 2.0 (NEB), 3 μL of Bst-LF-expressing BL21 (gapd) or

Acella (HF183) cellular reagents hydrated in 30 μL water, a 3 mm paper disc containing

2 x 107 evaporated Bst-LF cellular reagents (gapd), or 3 μL of Br512-expressing BL21(DE3)

cellular reagents rehydrated in 30 μL water and pretreated at 65˚C for 30 min prior to use

(SARS-CoV-2). Gapd LAMP-OSD fluorescence was measured in real-time at 65˚C. HF183

assays were incubated at 60˚C for 90 min while SARS-CoV-2 assays were kept at 65˚C for 1 h
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followed by 1 min incubation at 95˚C. Presence or absence of endpoint OSD fluorescence at

room temperature was read visually and imaged using a ChemiDoc camera (Bio-Rad,

Hercules, CA, USA). Colorimetric readout was performed using U-Star (Ustar Biotechnolo-

gies, Zhejiang, China) or Milenia HybriDetect 1 (Milenia Biotec GmbH) fluorescein/biotin

lateral flow dipsticks. Additional details of LAMP-OSD protocols are described in the Supple-

mentary Materials and methods in S1 File.

DNA assembly using cellular reagents

DNA assembly reactions were prepared in 20 μL volume containing 1X T4 DNA ligase buffer

(NEB; 50 mM Tris-HCl, 10 mM MgCl2, 1 mM ATP, 10 mM DTT, pH 7.5 @ 25˚C), 50 ng of

plasmid vector bearing two BsaI restriction sites downstream of a constitutive pLac promoter,

110 ng of a PCR amplicon encoding the pink chromoprotein FP595 [11] flanked by two BsaI

restriction sites (S5 Fig in S1 File), and an enzyme source– 400 units of pure T4 DNA ligase

(NEB), 20 units of pure BsaI-HF-V2 (NEB), a combination of both pure enzymes, 2 x 107 BsaI

cellular reagents, 2 x107 T4 DNA ligase cellular reagents, 2 x 107 T7 DNA ligase cellular

reagents, or a combination of 2 x 107 each of BsaI and either T4 or T7 DNA ligase cellular

reagents. All cellular reagents were hydrated in water immediately prior to use. All reactions

were subjected to 15 cycles of 5 min at 37˚C followed by 5 min at 16˚C, a final 20 min at 65˚C,

and transformation of 1 μL reaction into 50 μL of chemically competent Top10 E. coli. Trans-

formants were recovered for 1 h in a 37˚C shaker and then grown overnight on Superior broth

agar plates containing chloramphenicol. Individual colonies were inoculated in 1 mL superior

broth with chloramphenicol and grown overnight in 96-well grow blocks incubated in a 37˚C

shaker. Bacterial pellets were collected by centrifuging at 3000 x g for 10 min at 4˚C, imaged

using a cellphone camera, and extracted for plasmids that were Sanger sequenced using vec-

tor-specific primers flanking the insert.

Results

Transport and use of lyophilized cellular reagents in Africa

Previously we reported the development and in-house validation of lyophilized cells as

reagents for a variety of molecular biology and molecular diagnostics applications, such as the

polymerase chain reaction (PCR), reverse transcription (RT) PCR, and loop-mediated isother-

mal amplification (LAMP) [8]. We also demonstrated that cellular reagents could be used to

fabricate DNA constructs via the Gibson assembly [12] of as many as three separate DNA

parts. The lyophilized cellular reagents proved stable at ambient temperature for extended

periods, and therefore potentially provided ready access to reagents for researchers in resource

poor settings.

To proof this conjecture, we sent ready-to-use lyophilized cellular reagents for Taq DNA

polymerase to our collaborators at the University of Cambridge (UK), who in turn traveled to

the Mboalab in Yaoundé, Cameroon and the Hive Biolab in Kumasi, Ghana. The cellular

reagents travelled for a total of 2 weeks, by FEDEX courier, and then in a luggage to the final

destination. During this time the reagents were kept in a closed container in the presence of

desiccant (Drierite, W. A. Hammond DRIERITE Co. LTD, Xenia, OH, USA) and the storage

temperature was uncontrolled. In both the Mboalab and the Hive Biolab, researchers were

able to successfully use cellular reagents in a molecular biology workshop in place of commer-

cial pure polymerases for demonstration of a molecular diagnostics workflow such as PCR

amplification of the polymorphic portion of a synthetic human β-globin gene containing sickle

cell disease variants (Sickle Cell Genetics Lab: Diagnosing Baby Marie™, MiniPCR bio, Cam-

bridge, MA, USA, S6A Fig in S1 File).
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The cellular reagents were then tested for stability while stored in an air-tight container, in

the presence of desiccant, at 4˚C. Stability tests were performed with the synthetic β-globin

gene in the following months and revealed that the freeze-dried Taq DNA polymerase main-

tained its activity for at least 11 months (S6B Fig in S1 File). It is worth noting that in both

locations hours of electricity blackouts were routine, preventing any continuous cold chain.

Simplifying cellular reagent production by eliminating the lyophilization

step

While lyophilized cellular reagents could be shipped, this was still a limitation for scaling local

applications, as lyophilizers are often not available in resource-poor settings. We therefore

sought to determine whether an even simpler method, evaporation, could be used for the

dehydration and storage of protein-expressing cellular reagents. We hypothesized that since

many prokaryotes are tolerant to desiccation and evaporation is commonly used to dehydrate

and preserve bacteria (e.g., probiotic preparations), it might also be suitable for drying cellular

reagents while preserving their functionality [13].

In particular, we wished to create an entirely new reagent-dispensing system based on

paper disks that could be used in molecular reactions, such as PCR, by simply immersing the

disk in the reaction mix. To this end, we suspended Taq DNA polymerase-expressing E. coli
bacteria in 1X PBS and distributed 3 μL (2 x 107 CFU) of this suspension into four sets of 0.2

mL PCR tubes whose lids had been punched with an 18-gauge needle to make a single hole.

We had previously observed that cellular reagents could be lyophilized on different types of

paper discs or on laminated plastic, including glass fiber conjugate paper (S7 Fig in S1 File).

Therefore, some tubes were loaded with the cellular reagent suspension directly, while the

remaining ones were pre-loaded with 3 mm discs of varying glass fiber papers to soak up the

3 μL liquid and thereby provide larger surface area for expedited evaporation.

We placed the sets of tubes in 118 mL lidded plastic jars filled halfway with calcium sulfate

desiccant pellets to facilitate evaporation. We then carried out overnight evaporation at four

different temperatures, incubating the jars in a -20 ˚C freezer, a 4 ˚C refrigerator, a 25 ˚C coun-

tertop, or a small personal-sized 37 ˚C bacterial incubator. Lyophilized cellular reagents served

as positive controls for these preparation methods. Cellular reagents were completely dry after

overnight incubation at 25 ˚C or 37 ˚C. After 4 days, cellular reagents kept at 4 ˚C were fully

dry when visually inspected, but cellular reagents at -20 ˚C still retained moisture.

We compared the activity of the evaporated versus lyophilized cellular reagents by perform-

ing PCR amplifications of a standard DNA template (S1 Table in S1 File) followed by gel elec-

trophoretic analysis of the PCR amplicons. We observed that cellular reagents completely dried

by evaporation either directly in tubes or on PTR5 and GF800 glass fiber conjugate papers at 4

˚C, 25 ˚C, or 37 ˚C generated a single prominent PCR amplicon of the expected size in amounts

comparable to those generated by cellular reagents lyophilized directly in tubes or on PTR5

paper discs (Fig 2). Cellular reagents that had been kept at -20˚C also performed well in PCR.

In contrast, cellular reagents evaporated on 691, 693, and 161 glass fiber paper matrices were

poorly- or non-functional. Overall, these results suggested that it was possible to prepare paper-

based cellular reagents simply by evaporation and directly add them to reactions.

To confirm and extend these findings, we prepared new batches of evaporated cellular

reagents for Taq DNA polymerase as well as for two additional DNA polymerases–KlenTaq

and Bst-LF. All three cellular reagents were evaporated either directly in tubes or on GF800

glass fiber conjugate paper discs. We used the GF800 paper matrix as a solid support because it

was more absorptive and sturdier than PTR5 paper. The reagents were allowed to evaporate

inside lidded jars containing desiccant pellets for 4 days at -20˚C or 4 ˚C or for overnight at 25
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˚C or 37 ˚C. The jars of dried reagents from 4 ˚C, 25 ˚C and 37 ˚C and the slightly wet reagents

from -20˚C were then kept in a dark cabinet at room temperature for 2–2.5 months prior to

functional testing.

Even after extended storage at ambient temperatures, all preparations of evaporated Taq

and KlenTaq DNA polymerase cellular reagents (including the initially wet -20˚C reagents

that subsequently dried during storage), were active and yielded the expected PCR amplicon

when rehydrated in assay buffer and templates (S8 Fig in S1 File). Real-time PCR amplifica-

tion kinetics measured by EvaGreen dye intercalation revealed that evaporated KlenTaq cellu-

lar reagents produced a similar time-to-signal and a product with similar melting

temperatures when compared to the fresh, pure enzyme (Fig 3). A two-way ANOVA test of

Cq values did not show statistically significant effect of temperature or drying format (direct

versus on paper) on performance of cellular reagents (P-value = 0.996).

The direct and on-paper versions of evaporated Bst-LF cellular reagents were also active

and demonstrated similar performance to commercial Bst 2.0 enzyme (New England Biolabs),

an engineered improvement of Bst-LF, in loop-mediated isothermal amplification (LAMP) of

a DNA template followed by signaling via oligonucleotide strand displacement (OSD) probes

(Fig 4) [14, 15]. A two-way ANOVA test of time-to-signal did not reveal statistically significant

effect of temperature or drying format (direct versus on paper) on performance of Bst-LF cel-

lular reagents (P-value = 0.961).

To confirm that evaporation can be universally used to prepare cellular reagents, even for

non-thermostable proteins, we prepared direct and on-paper versions of Molony murine leu-

kemia virus reverse transcriptase (MMLV RT) by overnight evaporation at 37˚C. When tested

in TaqMan reverse transcription qPCR assays, both types of evaporated MMLV RT cellular

reagents decreased the Cq of amplification by ~8-fold when compared to assays performed

without any added reverse transcriptase (Supplementary Materials and methods and S9 Fig

in S1 File). These results suggest that cellular reagents are an effective delivery system not only

Fig 2. Comparison of lyophilized and evaporated Taq DNA polymerase cellular reagents prepared with or

without solid support. Activities of cellular reagents were compared by performing 20 cycle PCR amplification of 10

ng CT16S plasmid templates using either 3 μL of rehydrated evaporated or lyophilized cellular reagents prepared

without solid support (‘Liquid’) or a single 3 mm paper disc containing evaporated cellular reagents added into the

PCR reaction mix (PTR5 and GF800: two types of glass fiber conjugate pad paper; 691, 693, 161: three types of glass

fiber filter paper). Agarose gel electrophoretic analysis of resulting PCR amplicons is depicted. Expected product size is

indicated by an asterisk. Data shown are representative of eight biological replicates.

https://doi.org/10.1371/journal.pone.0252507.g002
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for thermostable enzymes but also for mesophilic reagents. This is likely because desiccation

and drying in the absence of external protectants, such as trehalose, starch, or skimmed milk,

render bacterial membranes leaky, especially upon rehydration [13, 16]. Furthermore, we pre-

viously found that cellular reagents dried in the absence of protectants and in the presence of

phosphate buffered saline appeared hollow upon Gram staining and disintegrated readily

when heated [8]. These observations suggest that cellular reagents may have porous walls that

Fig 3. Activity of evaporated KlenTaq cellular reagents. KlenTaq DNA polymerase cellular reagents evaporated at

the indicated temperature with (GF800) or without (None) solid support were tested after 2 months of preparation by

performing qPCR reactions with or without CT16S plasmid templates. Quantitative PCR reactions performed using

commercially obtained pure KlenTaq enzyme served as control. Amplification curves observed in real-time by

measuring increase in fluorescence of intercalating EvaGreen dye are depicted in panel A. Melting temperature

analysis of resulting PCR amplicons is shown in panel B. Data shown are representative of three biological replicates.

https://doi.org/10.1371/journal.pone.0252507.g003
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allow mingling of cellular and external reaction components upon rehydration; for reactions

carried out at higher temperatures, cells would also undergo further thermal lysis [17].

Overall, these results strongly support that evaporation without a cold chain can be used for

the local preparation of cellular reagents for almost any enzyme. Indeed, cellular reagents evap-

orated without aid of desiccants are also active, albeit to a lesser degree compared to reagents

dried in the presence of desiccants (S10 Fig in S1 File).

Preparation of evaporated cellular reagents for international distribution

and for local production in Africa

In order to appropriately distribute the evaporated cellular reagents to other laboratories they

should not contain living E. coli, as these would be classified as Genetically Modified Organ-

isms (GMOs). This is particularly important in an international context as many countries,

including the UK, require all labs working with GMOs to undertake a form of registration and

adhere to additional guidelines compared to labs undertaking only in vitro assays such as PCR.

The ability to deactivate cells while maintaining enzymatic activity is therefore crucial for safe

and regulated distribution. Unlike the freeze-dried preparations of cellular reagents that do

not retain viability due to lack of excipients (such as trehalose) during lyophilization [2], the

evaporated cellular reagents retained viable cells for 5 months. To further deactivate the evapo-

rated cellular reagents, a heat treatment was added prior to the evaporation step. As shown in

S4 Fig in S1 File, a heat treatment for 10 minutes at 60˚C was enough to completely kill the

cells while nonetheless maintaining DNA polymerase activity.

Fig 4. Activity of Bst-LF evaporated cellular reagents. Bst-LF DNA polymerase cellular reagents evaporated at the

indicated temperature with (GF800) or without (None) solid support were tested after 2 months of preparation by

performing LAMP-OSD reactions with or without human gapd plasmid DNA templates. LAMP-OSD reactions

performed using commercially obtained pure Bst 2.0 enzyme or with lyophilized Bst-LF cellular reagents (Lyo CR)

served as controls. Amplification curves observed in real-time by measuring increase in fluorescence of OSD probes

are depicted. Data shown are representative of three biological replicates.

https://doi.org/10.1371/journal.pone.0252507.g004
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The new preparation method also enables local manufacture that should conform to a vari-

ety of regulatory structures. In collaboration with partners in both Mboalab (Cameroon) and

Hive Biolab (Ghana), we attempted to manufacture a DNA polymerase cellular reagent that

should have improved characteristics relative to Taq DNA polymerase. The DeepVent™ poly-

merase is an off-patent DNA polymerase sold by New England Biolabs which has 5 times

higher fidelity, higher thermostability (with a half-life of 23h at 95˚C) and better performance

with difficult templates (such as GC-rich sequences) relative to Taq DNA Polymerase. To

enable transfer of materials to Cameroon and Ghana under the Open Material Transfer Agree-

ment [18], we built pOBL1, an open source pUC-based expression vector which carries the

gene to express DeepVent™ (renamed and hereafter called OpenVent) under a T7 IPTG-induc-

ible promoter (S11 Fig in S1 File). pOBL1 was then constructed, sequenced and transformed

into the BL21(DE3) E. coli strain by the Cambridge research team, emphasizing the possibili-

ties for open source engineering, and then shipped to Hive Biolab and Mboalab.

At the time of the OpenVent cellular reagents production trials, both laboratories lacked

a photometer and a shaker incubator. Therefore, a DIY incubator was built from locally

sourced materials (S3 Fig in S1 File) and culture density was assessed using McFarland

standards [19–21] (Supplementary Material and methods, S2 Table and S1 Fig in S1

File). The OpenVent expression strain was incubated at 37˚C in the DIY incubator and

shaken manually every 15 minutes. IPTG induction was initiated at around 0.4 OD600, and

the culture was harvested after 4 hours of expression. The cellular reagents were aliquoted

in PCR tubes, placed with open lids in an air-tight container half-filled with silica gel desic-

cant, and evaporated overnight at 37˚C (S2 Fig in S1 File). OpenVent activity was then

tested using the β-globin synthetic gene as a template. The OpenVent preparation was not

only active for at least 7 months at 4˚C, but its concentration could be decreased by a factor

of four from a previous protocol developed for Taq DNA polymerase cellular reagents [8]

and still successfully amplify a target template (Fig 5A). Moreover, the evaporated Open-

Vent cellular reagents were able to amplify up to 7.5 kb amplicons, starting with a complex

template, the bacteriophage lambda genome (Fig 5B).

Rapid response to diagnostic needs using evaporated cellular reagents

By reducing the time and instrumentation needed for reagent production, evaporated cellular

reagents can considerably reduce response times when there are emergent reagent needs, such

as those encountered in the current COVID-19 pandemic. In this regard, we have previously

developed a thermostable reverse transcriptase / DNA polymerase, RTX, that can support one-

enzyme dye-read RT-qPCR assays [22, 23], and a novel Bst DNA polymerase variant, Br512,

with improved capabilities for isothermal amplification assays [10]. We wished to determine

whether these enzymes could be dried for rapid distribution for the execution of SARS-CoV-2

specific RT-qPCR and RT-LAMP assays.

To proof RTX rapid response reagents, we set up CDC SARS-CoV-2 N1 RT-qPCR assays

(https://www.cdc.gov/coronavirus/2019-ncov/lab/rt-pcr-panel-primer-probes.html) using

evaporated RTX cellular reagents and seeded them with different amounts of armored SARS-

CoV-2 N gene RNA (Asuragen, Austin, TX, USA). The N1 assay amplifies a 72 nt long region

from position 28287 to 28358 of the SARS-CoV-2 viral genomic RNA (GenBank Accession

No. MN985325.1). Real-time measurement of amplification kinetics using EvaGreen interca-

lating dye followed by melt curve analysis of resulting amplicons revealed that the RTX cellular

reagent operated N1 RT-qPCR assays could specifically identify as few as 5000 copies of

SARS-CoV-2 RNA and generated amplicons with distinct melting temperature (Supplemen-

tary Materials and methods and S12 Fig in S1 File).
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We similarly set up a SARS-CoV-2 isothermal amplification assay using Br512 cellular

reagents in a multiplex RT-LAMP-OSD assay that amplifies regions in viral N and ORF1AB

genes, resulting in strand displacement of amplicon-specific fluorogenic OSD reporters

([24–26]). The ensuing fluorescence in this assay can be observed directly or it can be con-

verted to a colorimetric signal by using biotinylated primers and fluorescein/biotin-specific

lateral flow dipsticks. When seeded with as few as 500 SARS-CoV-2 virions, assays with Br512

as a cellular reagent generated visible endpoint fluorescence as well as red test lines on lateral

flow dipsticks indicative of successful viral detection (Fig 6). Assays lacking specific analytes

remained dark and did not lead to color accumulation at test lines of lateral flow strips.

While these detection limits are higher than those that have been achieved with either pure

RTX [23] or Br512 RT-LAMP-OSD assays that also contained a dedicated reverse transcriptase

[10], they nonetheless show that cellular reagents can potentially allow rapid scale-up in a vari-

ety of locales, especially during crises when such rapid testing may be crucial for containing

viral spread [27].

Fig 5. Activity and stability assays of evaporated OpenVent cellular reagents produced in Ghana and Cameroon.

(A) Left panel: OpenVent evaporated cellular reagents were used to amplify the synthetic beta-globin human gene.

OpenVent is functional down to 25% of the standard concentration (2μL of reagent in 20μL PCR reaction). Right

panel: OpenVent evaporated cellular reagents are stable for at least 7 months stored at 4˚C in an airtight container in

the presence of silica desiccant beads. (B) OpenVent evaporated cellular reagents amplify DNA fragments up to 7.5 kb

from lambda genome. The shorter amplicons seen along with the 7.5 kb PCR product is due to unintended

mispriming of lambda DNA. No amplicons were observed in the negative controls lacking lambda DNA templates.

MW: molecular weight (A: 100bp DNA ladder, Newmarket Scientific, B: 1Kb plus DNA ladder, Beneficial Bio; C-:

negative control).

https://doi.org/10.1371/journal.pone.0252507.g005
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Evaporated cellular reagents for Golden Gate DNA assembly

Having successfully developed a method to produce cellular reagents with only a bacterial

incubator/shaker, microcentrifuge, and desiccant, we sought to expand the evaporated cellular

reagent toolset to encompass enzymes used in DNA assembly technologies, thereby further

enabling local biotechnology approaches [28] in resource-poor settings. We have previously

demonstrated that Gibson assembly is possible using cellular reagents and now sought to

extend that demonstration to Golden Gate cloning [29], which is far more compatible with

Fig 6. Detection of SARS-CoV-2 using Br512 polymerase evaporated cellular reagents and multiplex

RT-LAMP-OSD assays. Multiplex RT-LAMP-OSD assays for viral N and ORF1AB genes were operated using only

Br512 polymerase cellular reagents and indicated amounts of inactivated SARS-CoV-2 virions. Images of endpoint

OSD fluorescence representative of five biological replicates (A) and colorimetric readout using fluorescein/biotin

lateral flow dipsticks representative of three biological replicates (B) are depicted.

https://doi.org/10.1371/journal.pone.0252507.g006
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parts kits and approaches that can be utilized in a modular and scalable way throughout the

world. In particular, we sought to express BsaI restriction endonuclease and T7 DNA ligase as

evaporated cellular reagents and demonstrate basal Golden Gate DNA assembly of plasmid

constructs from individual parts.

Evaporated cellular reagents were prepared in an endA-, recA- BL21(DE3) strain of E. coli.
The BsmAIM methyl transferase was expressed from an E. coli promoter, and the BsaI restric-

tion endonuclease was inducibly expressed from a T7 promoter in bacteria co-transformed

with both expression plasmids. Despite the co-presence of the methyl transferase, the BsaI cel-

lular reagents could cut added plasmid DNA bearing two BsaI sites to release a 745 bp long

superfolder GFP-encoding insert, albeit less efficiently than a commercial pure engineered ver-

sion of the enzyme termed BsaI-HF-V2 (S13 Fig in S1 File).

To evaluate the feasibility of Golden gate DNA assembly using cellular reagents, some

2 x 107 of BsaI-expressing, evaporated cells were rehydrated and added to a mixture of the vec-

tor (a protein expression plasmid bearing two BsaI recognition sites downstream of a constitu-

tive Lac promoter) and the insert (a PCR amplicon encoding the pink chromoprotein, FP595

[11], flanked by BsaI recognition sites) (S5 Fig in S1 File). The restriction enzyme cellular

reagents were also sometimes supplemented with cellular reagents for T4 DNA ligase or T7

DNA ligase, while control reactions received only T4 or T7 ligase cellular reagents. Following

restriction digestion and DNA ligation, vector insert mixtures treated with only BsaI cellular

reagents, or with both BsaI and ligase cellular reagents, yielded pink-colored transformants

indicative of successful Golden Gate assembly of the FP595 chromoprotein gene into the pro-

tein expression plasmid (Fig 7). We further confirmed that the FP595 coding sequence had

been accurately inserted via Sanger sequencing. Assemblies performed using only BsaI cellular

reagents tended to yield more correct clones compared to reactions containing 3 μL each of

two types of cellular reagents (BsaI + T4 ligase or BsaI + T7 ligase) suggesting that presence of

too much cellular material might hinder accurate assembly perhaps due to crowding and/or

activity of nucleases. We had observed a similar caveat during our previous work with Gibson

assembly using cellular reagents [8]. The absence of pink colonies from vectors treated with

pure BsaI-HF-V2 enzyme suggested that DNA assembly with cellular reagents containing only

restriction enzymes might be due to the activity of endogenous E. coli DNA ligases. Further

optimization of assembly conditions and perhaps co-expression of BsaI and ligase in the same

cellular reagent strain may improve assembly.

Fig 7. DNA assembly using evaporated cellular reagents. Pure enzymes (NEB) or evaporated cellular reagents (CR)

for BsaI, T7 DNA ligase, and T4 DNA ligase were used to assemble a PCR product comprising the coding sequence of

pink chromoprotein FP595 flanked by two BsaI restriction sites into a chloramphenicol resistant plasmid bearing two

BsaI restriction sites downstream of a constitutive lac promoter. Cellphone image of pellets of individual

FP595-expressing (pink) and non-expressing (white) transformants grown overnight in chloramphenicol-containing

growth media is depicted. Data are representative of four biological replicates.

https://doi.org/10.1371/journal.pone.0252507.g007
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Using evaporated cellular reagents to build molecular testing kits

The ease of production and opportunities for portability without a cold chain make evaporated

cellular reagents attractive candidates for assembling molecular testing kits. As a proof, we

sought to use evaporated cellular reagents to build prototype kits for PCR and LAMP, two

common nucleic acid amplification methods. Two criteria were invoked in the design of these

prototype test kits–first, that they should address real-world issues; and second, they should

require minimum ancillary instruments. To address the first criteria, we built a kit around the

human-associated Bacteroides HF183 marker, a globally-validated diagnostic target for moni-

toring human fecal contamination in environmental and drinking water [30–33]. Our PCR

testing kit employs evaporated Taq DNA polymerase cellular reagents and is based on the Taq-

Man qPCR assay approved for HF183 detection by the US Environmental Protection Agency.

With respect to the second criteria, since qPCR machines are expensive, we reengineered this

assay for qualitative endpoint readout using colorimetric lateral flow dipsticks (Fig 8) thereby

allowing the kits to be used with inexpensive thermocyclers, such as the miniPCR (miniPCR

bio, Cambridge, MA, USA), and completely replacing more complex readout instruments,

such as agarose gel electrophoresis apparatus or fluorimeters.

We enabled dipstick-based readout of PCR by making two changes to the HF183 TaqMan

qPCR assay–first, we replaced the TaqMan probe with a shorter probe labeled with biotin and

second, we labeled the reverse primer (that is extended by the DNA polymerase to form the

Fig 8. PCR-based molecular testing kit using Taq DNA polymerase evaporated cellular reagents. (A) Schematic

depicting design of probe-based colorimetric detection of PCR using fluorescein/biotin-specific lateral flow dipsticks.

(B) HF183 PCR performed using evaporated Taq cellular reagents and analyzed by agarose gel electrophoresis. M: 100

bp molecular weight ladder; (-): no template; (+): with 10 ng plasmid template. (C) Indicated amounts of HF183

plasmid templates were PCR amplified using pure Taq DNA polymerase or Taq DNA polymerase evaporated cellular

reagents and analyzed using lateral flow dipsticks. Cellphone images of the dipsticks taken after development of red

colored control and test lines are depicted. Data are representative of three biological replicates.

https://doi.org/10.1371/journal.pone.0252507.g008
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strand complementary to the probe) with a fluorescein moiety (S1 Table in S1 File). The bioti-

nylated probe was also engineered to avoid hybridization to amplicons during primer anneal-

ing and extension, thus preventing its degradation by Taq DNA polymerase. Instead, we

programmed the thermocycler with a final step of heat denaturation and cooling, denaturing

the amplicons and allowing probe-amplicon hybridization. The amplicon-probe complexes

should juxtapose fluorescein and biotin moieties and allow their colorimetric detection using

commercially available fluorescein/biotin-specific lateral flow dipsticks (Fig 8A). In the

absence of target templates, probe-amplicon complexes should not form and no detectable sig-

nal should be generated.

The kit was tested with both synthetic HF183 amplified with pure enzymes, and similar

reactions that utilized evaporated Taq DNA polymerase cellular reagents. The PCR products

were analyzed both by conventional agarose gel electrophoresis and by lateral flow dipsticks.

Agarose gel analysis revealed that, as expected, Taq DNA polymerase cellular reagents gener-

ated the correct-sized PCR product only in the presence of HF183 templates (Fig 8B). This

result was accurately mirrored by dipstick readouts, as evident from the red colored test line

only when PCR reactions had received HF183 templates (Fig 8C).

We further simplified the opportunities for testing kits via LAMP-OSD, which has no

need of thermocycling equipment. We have previously reported on a visually-read isothermal

LAMP-OSD assay that targets the same HF183 region as the qPCR test, but needs only a single

temperature for amplification, which can be provided with a simple heat block, water bath, or

even chemical hand warmers [34]. If correct amplicons are produced, the OSD probes gener-

ate high amplitude fluorescence that can be excited using inexpensive LEDs and observed visu-

ally with a cellphone camera and simple gel lighting filters (Reference [34] and S14 Fig in S1

File). Alternately, by including a biotinylated LAMP primer along with the fluorescein-labeled

OSD probe a positive signal can be read by simply applying the reaction to anti-fluorescein/

biotin dipsticks [35], similar to what was done with PCR products.

To test the LAMP-OSD kit, reactions were performed using synthetic HF183 targets and

evaporated Bst-LF cellular reagents prepared in a BL21(DE3) endA-, recA- strain. As shown in

Fig 9, in the presence of HF183 templates, the LAMP-OSD cellular reagent kit generated a

bright visual fluorescence signal and a red test line on the dipstick. In the absence of specific

templates, both visual fluorescence and colorimetric signals remained at background level.

Discussion

We have demonstrated an uncomplicated method that requires only a 37˚C bacterial incuba-

tor and a tabletop microcentrifuge to prepare functional enzymes in evaporated cellular

Fig 9. LAMP-OSD based molecular testing kit using Bst-LF evaporated cellular reagents. 80,000 (+) or 0 (—)

copies of HF183 plasmid templates were amplified using HF183 LAMP-OSD assays operated with either Bst-LF

cellular reagents (CR) or with pure Bst 2.0 enzymes. Endpoint image of OSD fluorescence (A) and colorimetric

readout on lateral flow devices (B) are depicted. Data are representative of three biological replicates.

https://doi.org/10.1371/journal.pone.0252507.g009
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reagents. The evaporated reagents are stable for long periods (many months) without a cold

chain. The method we have developed is broadly applicable and yielded an extensive cellular

reagent toolkit that could be used to execute a variety of molecular biology, diagnostic, and

synthetic biology protocols, such as PCR, isothermal amplification, and DNA assembly. More-

over, usage in most cases simply required substitution of pure enzymes with evaporated cellu-

lar reagents in otherwise standard protocols. To make this system even more user friendly and

implementable, it might be useful to explore cellular reagent production with protein expres-

sion systems that do not require antibiotic selection and/or employ cheaper or easier induction

mechanisms [36, 37]. Additionally, expansion of this technology to other types of cells (other

prokaryotes, such as Bacillus spp as well as eukaryotes, such as Saccharomyces), could expand

the range, type, and compatibility of delivered reagents.

The development of evaporated cellular reagents has parallels with a trend towards cell free

biology that has also proven that biological activity can be preserved in dried crude cell

extracts, which is extremely enabling for research [38], diagnostics [39, 40], and teaching [4].

The ability to prepare and use cell-free extracts has allowed the construction of genetic cir-

cuitry that can function wholly in vitro, with individual components being transcribed and

translated as needed. For example, cell-free biosynthetic systems can be used to program the

introduction of non-canonical amino acid analogs and genetic code modifications much more

readily than engineered cells [41, 42]. Cell-free biosensor circuits have been used to measure

small molecule and metal contaminants in water, ultimately transcribing easily read fluores-

cent reporters [39]. Evaporated cellular reagents could potentially be substituted for many of

these applications. Elements from the new cellular reagent manufacturing process may also be

adaptable to produce cell extracts at lower cost and with wider diversity of use.

The minimal requirement for instruments, infrastructure, and labor practically facilitated

implementation of this methodology for the local production of cellular reagents. Starting with

a protein expression plasmid, a bacterial strain suited for protein production, and a DIY bacte-

rial incubator built from locally sourced parts we successfully produced and applied cellular

reagents in both Cameroon and Ghana. The breadth of the cellular reagent tool kit and its

crossover with DIY efforts implies that evaporated cellular reagents could be useful in imple-

menting educational kits and curricula [43], an especially important application given that a

large body of research suggests that hands-on learning experiences are significantly more

impactful than observation-based approaches [44, 45]. Cellular reagents should have an ease of

use similar to teaching tools that rely on rehydration of freeze-dried cell-free reaction systems

[4], but as they require much less instrumentation and expertise to produce compared to cell-

free extracts, they could further enhance the flexibility of curriculum design through enabling

adaptation and customization by educators.

Besides making local implementation feasible, the minimized process of producing evapo-

rated cellular reagents at source also cuts down the expense and time required for larger scale

reagent production. As a result, evaporated cellular reagents can potentially make widespread

public health molecular testing programs, such as those employed in surveillance of arthro-

pod-borne diseases and microbial contamination of water bodies, more affordable. In addi-

tion, urgent large scale reagent needs, such as those being encountered currently to meet the

demand for Covid-19 diagnostics, might be met more readily and in a cost-effective and logis-

tically feasible manner. The quality of these reagents can be ascertained by functional assess-

ment of enzyme activities (e.g., measuring qPCR Cq values, a reliable batch-to-batch property;

S15 Fig in S1 File). While, other metrics commonly applied to the quality control of pure

reagents, such as determining the levels of nucleases and other cellular contaminants, may be

more difficult to apply to cellular reagents, it is really the preclinical assessment and qualifica-

tion of performance that are most important for any reagent. In this regard, cellular reagents
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with reproducible properties may find application in regulated clinical diagnostics similar to

diagnostic methods approved for direct analysis of crude, impure samples, such as

SalivaDirectTM.
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