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Long-term dry storage of enzyme-based reagents for 

isothermal nucleic acid amplification in a porous matrix for 

use in point-of-care diagnostic devices 

Sujatha Kumar* Ryan Gallagher, Josh Bishop, Enos Kline, Joshua Buser, Lisa Lafleur, Kamal Shah, 

Barry Lutz, and Paul Yager

Abstract:

Nucleic acid amplification test (NAAT)-based point-of-care (POC) devices are rapidly growing for use 

in low-resource settings. However, key challenges are the ability to store the enzyme-based reagents in 

dry form in the device and the long-term stability of those reagents at elevated temperatures, especially 

where ambient temperatures could be as high as 45 °C. Here, we describe a set of excipients including a 

combination of trehalose, polyethylene glycol and dextran, and a method for using them that allow long-

term dry storage of enzyme-based reagents for an isothermal strand displacement amplification (iSDA) 

reaction in a porous matrix. Various porous materials, including nitrocellulose, cellulose, and glass fiber, 

were tested. Co-dried reagents for iSDA always included those that amplified the ldh1 gene in 

Staphylococcus aureus (a polymerase and a nicking enzyme, 4 primers, dNTPs and a buffer).  Reagents 

also either included a capture probe and a streptavidin-Au label required for lateral flow (LF) detection 

after amplification, or a fluorescent probe used for real-time detection. The reagents showed the best 

stability in a glass fiber matrix when stored in the presence of 10% trehalose and 2.5% dextran. The 

reagents were stable for over a year at ~22 °C as determined by lateral flow detection and gel 

electrophoresis. The reagents also exhibited excellent stability after 360 h at 45 °C; the assay still detected 

as few as 10 copies of ldh1 gene target by lateral flow detection, and 50 copies with real-time fluorescence 

detection. These results demonstrate the potential for incorporation of amplification reagents in dry form 

in point-of-care devices for use in a wide range of settings.

Keywords: Isothermal NAAT; porous matrix; enzyme preservation; low resource setting (LRS); lateral 

flow detection; real-time fluorescence; POC diagnostics 
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Introduction

Point-of-care (POC) devices that are accurate, robust, low cost, rapid, easy-to-use, equipment-free and 

disposable are in great demand for the diagnosis of diseases, especially in low-resource settings (LRS) 1 
2. However, the COVID-19 crisis has brought into sharp focus a great need to universally apply our 

tremendous gains in knowledge in molecular methods toward better POC diagnostics within the 

developed as well as developing worlds with high disease burden. Nucleic acid amplification tests 

(NAATs) are extremely sensitive methods for detecting DNA or RNA from pathogens and have relatively 

rapid turnaround times (getting results on the same day) compared to microbiological cultures or ELISA 
3 4 5 6 7 8. Unfortunately, while NAATs aimed at POC for bacterial and viral infectious disease diagnosis 

have been developed, they are instrumented and expensive because they either require thermal cycling 

and/or complicated optics for fluorescence readout 9 10 11 12. Examples of commercial POC instrumented 

diagnostic NAAT platforms include Cepheid GeneXpert, Abbott ID NOW, Credo Biomedical VitaPCR, 

Mesa Biotech Accula system, and Rapid Diagnostics Rapid MiniLab. They provide dry storage of 

reagents in cartridges, are rapid, and have high sensitivity but require trained users, need electricity, and 

are not affordable, limiting their use in low-resource settings.

There has been progress towards developing isothermal amplification systems in miniaturized 

microfluidic devices that are easy to use and suitable for LRS, but often at high prices and with varying 

levels of automation 13 14 15 16. A low-cost cartridge system with fluidic controls that executes isothermal 

amplification with lateral flow (LF) detection has recently been reported, but still requires a (portable) 

instrument 17. Paper fluidic devices have also been used for NAAT based testing as an inexpensive 

alternative to instrumented systems 18 19 20. All these systems, however, required fresh NAAT reagents to 

demonstrate the capability and did not address the dry storage of the reagents. 

One of the key technical requirements for truly LRS-compatible NAAT-based POC systems is the 

ability to store dry reagents on the device. There are two main challenges. The first is the long-term 

stability of enzymes at elevated temperatures, especially for use in places where the ambient 

temperature could be as high as 45 °C. The most promising approach is to store all reagents except 

simple buffers in dry form in a way that limits exposure to oxygen. The subsequent challenge is uniform 

rehydration of the reagents within the device to achieve optimal performance. Overcoming these 

challenges would circumvent the need for the “cold chain” (continuous refrigeration from the point of 

manufacture to the point of use), which is inconvenient in any diagnostic product, and maybe too 

expensive and even unavailable in many LRS settings.
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Methods for stabilizing proteins and enzymes in dry form using sugars and sugar alcohols are widely used 

in the pharmaceutical industry. The most common method of making solid proteins is lyophilization 21. 

Trehalose, a non-reducing disaccharide, can form protein-stabilizing glass and is the most common sugar 

used in the dry preservation of biomolecules 22 23 24. There have been a few reports on dry storage of PCR 

and isothermal amplification reagents, but they did not address long-term stability 25 26 27 28 29 30. A 

lyophilization method using Biolyph’s patented technology for long-term dry storage for loop-mediated 

isothermal amplification was reported but did not include the primers 31. A direct blood dry LAMP system 

(CZC-LAMP) was applied to the diagnosis of malaria with different reagents dried separately in the lid 

and tube 32.  In all the above studies, the dry reagents were in a tube, and the reactions carried out using 

an instrument. Short-term stability studies were reported for helicase dependent amplification (HDA) 

reagents in Whatman 1 chromatography paper stored at room temperature 33. Similarly, reagents for 

isothermal reverse transcriptase recombinase polymerase amplification (RT-RPA) were freeze-dried onto 

cellulose pads and stored at room temperature 34. Recently an autonomous microfluidic device with 

vitrified reverse transcription loop-mediated isothermal amplification reagents was reported with reagents 

stored dry up to three weeks at room temperature 35. A sample-to-result integrated paper-based device 

with short-term reagent stability was also reported 36. However, the stability of the reagents at elevated 

temperatures was not undertaken in any of these studies. 

We previously reported successful long-term dry storage and stability of various reagents such as 

horseradish peroxidase (HRP) 37 and gold enhancement 38 reagents in a porous matrix and incorporated 

into an automated two-dimensional paper network (2DPN) fluidic devices for malarial antigen detection. 

An autonomous device with a combination of isothermal amplification and paper fluidics for NAAT with 

dry reagents stable at elevated temperatures holds great promise for an inexpensive POC diagnosis, 

especially for LRS settings. We reported an isothermal strand displacement amplification (iSDA) method 

for a Staphylococcus aureus DNA target that uses two enzymes, namely a nicking enzyme and a 

polymerase, in combination with high specificity probes either for real-time fluorescence measurement 

or twin probes for lateral flow detection 39. We have shown that speed, sensitivity, and specificity of iSDA 

make it a powerful method for point-of-care molecular diagnosis. 

In this report, we describe a method for the long-term dry storage of the iSDA reagents, including probes 

with either a gold nanoparticle label for downstream lateral flow detection or a fluorescent probe for real-

time detection in a porous matrix. The dry preservation of amplification reagents in a solid porous matrix 

could have high value for several applications with fluid connectivity especially in paper-based POC 

devices and applicable to low-resource settings, especially in hot climates where the ambient temperatures 

can be in the 40-45 °C range. We have also embodied this amplification method in an integrated 2-
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dimensional paper network (2DPN) sample-to-result device for methicillin resistant Staphylococcus 

aureus (MRSA) detection, the use of which could reduce the cost of diagnosis by eliminating the need 

for expensive instruments 40. 

Experimental

Isothermal amplification in porous matrices

Porous matrices tested for iSDA compatibility included nitrocellulose FF80HP, cellulose CF5, Quartz 

QMA, Fusion 5, and Standard 17 Glass fiber (Std 17 GF). All these materials were purchased from GE 

Healthcare Life Sciences, Pittsburgh, PA. Each material was cut to size with a hole-puncher to hold 25 µl 

of fluid when saturated. Reagents specific for detection of the Staphylococcus aureus ldh1 gene using 

iSDA (as noted in Toley et al. 39) contained 50 mM potassium phosphate buffer pH 7.6, 3.8 mM 

magnesium sulfate, 100 µM of each dNTP, 250 nM extension primer E1, 500 nM extension primer E2, 

50 nM each of bumper primers B1 and B2, 8 units of WarmStart Bst 2.0 polymerase (New England 

Biolabs, Ipswich, MA) and 1.6 units of nicking enzyme Nt.BbvCI (New England Biolabs, Ipswich, MA). 

Primer and probe sequences for ldh1 amplification have been previously published 39. 

To test the compatibility of the porous matrices, about 20 µl of iSDA reagent solution containing 100 

copies of purified methicillin-resistant S. aureus (MRSA) genomic DNA (ATCC, BAA-1556) was added 

to the different porous matrices; the porous matrix was placed in a Secure-Seal hybridization chamber 

(Electron Microscopy Sciences, Hatfield, PA). DNA solutions were replaced with pure water for no-

template controls (NTCs) for each of the materials tested. The samples were incubated in a custom electric 

oven at 49 °C for 30 min, which has been shown to be sufficient for amplification of even single copies 

of the target sequence using iSDA (although a custom oven was used, any device capable of holding 49 

°C for 30 min could be substituted). After amplification, the pads were placed in a 0.2 ml tube with a hole 

at the bottom, which in turn was placed in a 0.5 ml tube, and centrifuged to collect the solution containing 

free amplicons. The amplicons were run on a gel electrophoresis system as described below.

Effect of leachates from porous matrices on iSDA

The effect of possible inhibitors contained in the leachates from the different matrices (listed in the 

previous section) on iSDA was tested. The materials were first incubated in clean water at 49 °C for 30 

minutes and then centrifuged in a 0.45 µM filter spin column. The extracted fluid was used as a 

replacement for water in the iSDA reaction. The reactions were carried out in a tube in a thermocycler 

(CFX96, Bio-Rad Laboratories, Hercules, CA) with 100 copies of the MRSA genomic DNA. The 

amplicons were run on a gel electrophoresis system, as described below.
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5

Lyophilization and long-term storage of iSDA and detection reagents

Several combinations of the formulation containing trehalose (Life Sciences Advanced Technologies, St. 

Petersburg, FL), polyethylene glycol (PEG) (Hampton Research, Aliso Viejo, CA) and dextran (Sigma-

Aldrich, St. Louis, MO) were used for preservation of iSDA reagents (Table 1). The effect of the 

combinations of the excipients on the iSDA was first determined in a conventional tube reaction at 49 ℃ 

with MRSA genomic DNA using the thermal cycler. For lyophilization, the iSDA reagents specific to the 

S. aureus ldh1 target were mixed with the different formulation given in Table 1. The mixtures also 

contained the lateral flow (LF) detection twin probes, including 10 nM of biotin probe (ELITechGroup, 

Bothell, WA) (5′-Biotin Phosphoramidite 10-5950-95, Glen Research, Sterling, Virginia, USA), and 20 

nM of capture probe (ELITechGroup, Bothell, WA). We also included a 40 nm streptavidin-coated gold 

(Au) detection label (Innova Biosciences, Cambridge, UK) into the iSDA reagent mix by premixing one 

microliter of Au label (OD 10) with 10 nM of biotin detection probe for 5 min before adding to the iSDA 

reagents.

Table 1. List of preservation mix used for dry storage and stabilization of iSDA reagents.

Standard 17 glass fiber (Std 17 GF) was laser-cut (VLS3.60, Universal Laser Systems, Scottsdale, AZ) to 

20 mm × 5 mm strips having a fluid capacity of 40 µl. The Std 17 GF pads were incubated in 1% bovine 

serum albumin (BSA) containing 0.1% Tween 20 for one hour, drained of the solution, and dried 

overnight at 45 °C. An experimental setup for the lyophilization procedure is shown in Supplemental 

Figure S1. The BSA-coated Std 17 GF pads were placed in a sterile 12-well polystyrene plate. The outer 

four wells contained a neodymium magnet. An aluminum plate with neodymium magnets embedded at 

the four corners was placed below the 12 well-plate, serving as a thermal mass to ensure the reagent pads 

in the well-plate remain frozen during lyophilization. The magnets held the aluminum and well plates 

together (Sup. Fig. S1a). About 35 µl of iSDA reagent containing Au label and the preservation mix was 

Preservation mix for dry storage 
(w/v)

T 10% trehalose

TP 10% trehalose 
1% PEG 8000

TD 70 10% trehalose 
2.5% dextran (~70 kDa) 

TD 500 10% trehalose 
2.5% dextran (500 kDa)

Page 6 of 24Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



6

pipetted onto the pads. The entire apparatus, with samples loaded, was flash-frozen in liquid nitrogen, 

placed in a fast-freeze flask (Labconco, Kansas City, MO), and lyophilized overnight in a freeze-drying 

system (FreeZone 2.5 liter benchtop, Labconco, Kansas City MO) operated at a temperature of -51°C and 

vacuum pressure of 0.018 mbar (Sup.Fig. S1b). After lyophilization, each pad was individually transfered 

to 0.5 ml sterile tubes with a hole in the cap. Sets of four tubes along with 1 gram of silica desiccant (Delta 

Absorbents, Roselle, IL) were placed in a moisture barrier foil pouch (Ted Pella Inc., Redding, CA) and 

heat-sealed. The samples were stored at 22, 35, 40, or 45 °C for 360 h or stored at 22 °C for a year.

Amplification assay for iSDA preservation

The Std 17 GF pads containing the dry iSDA and detection reagents stored at varying temperatures for 

360 h were taken out of dry storage and placed in a Secure-Seal hybridization chamber (Electron 

Microscopy Sciences, Hatfield, PA), rehydrated with 33 µl of water containing the MRSA genomic DNA 

template (10-200 copies) and incubated at 49 °C for 30 min in the aforementioned custom oven (Sup. Fig 

S1c.). For long-term storage study at 22 °C, the pads were periodically taken out of dry storage at 1, 2, 3, 

6, and 12 months and iSDA performed with 100 copies of the genomic DNA template. After 

amplification, the pads were placed in a 0.2 ml tube with a hole at the bottom, which in turn was placed 

in a 0.5 ml tube and centrifuged to collect the amplicons and processed for lateral flow detection or gel 

electrophoresis. 

Lateral flow detection of amplicons

Lateral flow detection of iSDA amplicons was by a twin probe method co-developed with our colleagues 

at ELITech Group 39. In short, a 3′-biotinylated detection probe hybridizes to the amplicon and binds a 

streptavidin-coated Au nanoparticle label. A chimeric pyranosyl DNA (pDNA)–DNA capture probe 

hybridizes by DNA independently to the amplicon and hybridizes by pDNA to an immobilized pDNA 

complement. A dipstick-style LF assay format was used for demonstrating the dry preservation of the 

iSDA reagents. Cardboard-backed nitrocellulose FF80HP (GE Healthcare, Waukesha, WI) striped with 

1) a pDNA complement linked to T20 (twenty repeats of thymidine) and 2) a T20-biotin control line 

(provided by ELITechGroup, Bothell, WA), and attached to a cellulose wicking pad, was cut into ~5 mm-

wide strips. For detection, 28 µl of the iSDA reaction mix containing amplicons was mixed with a solution 

of NaCl and Triton-X100 to give final concentrations of 0.6 M and 0.8%, respectively. The mixture was 

added into a 96-well deep well plate (VWR, Radnor, PA) and a detection strip placed into each well for 

20 minutes. The LF strips were then imaged using the procedure described below.
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Lateral flow image capture and quantification

Lateral flow strips were imaged wet using a flatbed scanner (Epson Perfection V700, CA USA) in 48-bit 

RGB mode at a resolution of 600 dpi. The intensities in the region of interest (ROI) were quantified using 

ImageJ 41 by measuring the mean green-channel intensity of each signal band and a background region 

within each strip. The assay signal was calculated as the background-subtracted intensity normalized to 

the full intensity range of the image 42.

Gel electrophoresis

PAGE analysis was conducted under denaturing conditions. A 2.2 μl sample (from a 35 μl reaction) was 

mixed with 6.8 μl gel loading buffer II (Life Technologies, Carlsbad, CA) heated to 95 °C for 5 minutes, 

then kept on a cold block. About 7 μl of this sample mix was loaded into pre-cast 15% Novex® TBE-

Urea gels (Life Technologies). A 10bp ladder (Life Technologies) was used as a marker. Electrophoresis 

was conducted in an XCell SureLockTM Mini-Cell Electrophoresis System (Life Technologies) at 160 

volts for ~40 minutes using a 1× TBE running buffer. The electrophoresis cell was kept in a pre-warmed 

water bath at 70 °C to ensure that denaturing conditions were maintained throughout. After 

electrophoresis, gels were stained with 2× SYBR Gold® Nucleic Acid Gel Stain (Life Technologies) in 

1× TBE for 20 minutes. Stained gels were imaged using a Gel DocTM EZ System (Bio-Rad, Hercules, 

CA).

Real time fluorescence in porous matrix

An in-house method to monitor iSDA amplification in real time in the porous matrix was developed using 

a standard microplate reader (SpectraMax ID3, Molecular Device). Circular Std 17 GF pads with a fluid 

capacity of 13 µl were laser cut to fit the wells of a black flat-bottomed 96 well plate (Greiner Bio-One). 

A minor-groove-binding (MGB) fluorescent Pleiades probe 43, which has previously been described 39, 

was used to monitor amplification in real time. In short, the DNA probe has fluorophore and a minor 

groove binder at the 5′ end and a quencher at the 3′ end. The fluorophore is quenched in the unbound state 

and fluoresces when hybridized to the target amplicon. About 200 nM red-emitting Pleiades probe 

(ELITechGroup, Bothell, WA) was mixed to the iSDA reagents with the excipients (Table 1) and added 

to the Std 17 GF pads placed in a black flat-bottomed 96 well-plate and lyophilized as previously 

described. The samples were stored at 22 or 45 °C for 360 h and reagents were rehydrated with water 

containing the MRSA genomic DNA (50-1000 copies). The well-plate was sealed with a PCR plate sealer 

(Bio-Rad, Hercules CA) and placed in the microplate reader set at 50 ℃. Real-time kinetic measurement 

used the 593/650 nm excitation/emission setting, and fluorescence signals were acquired at 2-minute 

intervals.

Page 8 of 24Analyst

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



8

Enzyme activity assay

The nicking enzyme Nt.BbvCI and WarmStart Bst polymerase 2.0 were separately lyophilized with the 

same formulations listed in Table 1, and tested for their activity after dry storage at different temperatures 

using enzyme-specific assays. The assays use reagent mixes of two components: an enzyme mix and a 

substrate/probe mix.

For the nicking enzyme activity assay, the 20 µL enzyme mix contained 1.6 units of Nt.BbvCI, 100 µM 

of each dNTPs, 50 mM potassium phosphate buffer pH 7.6, 3.75 mM magnesium sulfate, and one of the 

preservative mix (Table 1); and the 20 µL substrate/probe mix contained 50 mM potassium phosphate 

buffer, the same preservative mix, and 188 nM substrate/probe. For this assay, the substrate/probe was a 

DNA hairpin labeled with a quencher and a fluorophore with a minor groove binder (MGB), provided 

courtesy of ELITechGroup. The substrate/probe mix, always freshly prepared, and enzyme mix, either 

freshly prepared or extracted from pads as described below, were added to alternating rows of a 96-well 

microplate. The plate was loaded onto a real-time thermal cycler (CFX96, Bio-Rad Laboratories, 

Hercules, CA) and equilibrated to 49 °C for 10 min. Each row of enzyme mixes was combined with the 

adjacent row of substrate/probe mixes using a twelve-channel pipette, and then the plate was immediately 

read for fluorescence in the FAM channel about every 17 s for ~25 min.

For the polymerase activity assay, the 20 µL enzyme mix contained 8 units of WarmStart Bst 2.0 

polymerase, 50 mM potassium phosphate buffer pH 7.6, 3.75 mM magnesium sulfate, and one of the 

preservative mix (Table1); and the 40 µL substrate/probe mix contained 50 mM potassium phosphate 

buffer pH 7.6, the same preservative mix, and 333 nM substrate, 333 µM dNTPs, 1.25 µM probes. For 

the polymerase activity assay, the substrate was a 90-nt, single-stranded DNA template (GCA CCG ATT 

TCC ACA GTT CTC CCG ACA CGC CCC TCA TAA ACA CAA TAC CAC CCA TTC ATT CCA 

AGC CAT ACC GAT TCC CAC AAA GCA TCT) with a 25-nt DNA primer (AGA TGC TTT GTG 

GGA ATC GGT ATG G), which were synthesized by Integrated DNA Technologies (Coralville, IA), and 

the probe was EvaGreen (Biotium). The substrate/probe mix was added to every other row of a 96-well 

microplate. The plate was loaded onto a real-time thermal cycler (CFX96, Bio-Rad Laboratories, 

Hercules, CA), and the template/primer substrate was annealed by heating to 95 °C for 2 min, then cooling 

to 25 °C. The enzyme was then added to interstitial rows, and the plate was equilibrated to 50 °C for 10 

min. Each row of enzyme mixes was combined with the adjacent row of substrate/probe mixes using a 

twelve-channel pipette, and then the plate was immediately read for fluorescence in the FAM channel 

about every 22 s for ~25 min.
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9

Enzyme mixes were either freshly prepared or rehydrated from lyophilized Std 17 pads with water and 

extracted by centrifugation in a 0.45 µM filter spin column at 10,000 ×g for 8 min. Enzyme activities 

were assayed in each preservative mix (Table 1.); with fresh reagents, from pads with dry reagents on the 

day of preparation; and from pads with dry storage at RT, 35 °C, 40 °C, and 45 °C after day 1 and day 15. 

For the nicking activity assay, freshly prepared standard conditions used enzyme concentrations of 0×, 

0.1×, 0.5×, 1.0×, and 2.0× the nominal amount of enzyme. For the polymerase activity assay, freshly 

prepared standard conditions used enzyme concentrations of 0×, 0.2×, 0.5×, 1.0×, and 2.0× the nominal 

amount of enzyme.

For analysis, a line was fit to the initial linear region of each curve while maintaining an R2 value of 

greater than 0.985. The slope of this fit line was plotted vs. concentration to construct a kcat vs. 

concentration calibration curve. A line was fitted to each data point in the same manner, and the slope 

was used to calculate the kcat using the calibration curve. The 100% activity was determined by the 

calibration curve, which uses fresh reactions in the plate. The relative activity for each condition was 

calculated using three technical replicates, each from 5 dried pads.

Imaging of dried reagents in porous matrix

Std 17 GF pads containing iSDA reagents, 10% trehalose and 2.5% dextran and Au label were lyophilized 

as previously described. The lyophilized pads were set on a flatbed scanner (Epson Perfection V700, CA 

USA) either dry or rehydrated with water, and scanned in 48-bit RGB mode at a resolution of 600 dpi. 

For scanning electron microscopy, Std 17 GF pads with iSDA reagents containing 10% trehalose were 

either lyophilized or dried under vacuum using a centrifugal evaporator for 4h (Genevac Inc, Gardiner 

NY). All samples were Au/Pd sputtered (SPI Module Control, Structure Probe, Inc., West Chester, PA, 

USA) for 103 seconds, at a ~7 nm/minute deposition rate, leaving an estimated 12 nm Au/Pd coating. A 

FEI Sirion scanning electron microscope with a 5 kV beam and a spot size of 3 was used for imaging.

Results and discussion 

The goal of this study was to develop a method for the long-term dry preservation of amplification 

reagents used in iSDA in a porous matrix that could be easily implemented in a POC NAAT platform for 

LRS settings. Porous materials were chosen as a matrix for drying the reagents since they are convenient 

to handle during drying and provided a format appropriate for integration with our 2D paper network-

based POC MAD NAAT device, which has porous material connectivity for fluidic operations 40, and a 

fluorescence-based MD NAAT device (Shah et al., submitted). We included LF detection probes, and the 

Au-label in the iSDA reagent dry-down matrix itself, which could be applicable for an inexpensive 
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colorimetric readout in POC device 40. We also used real-time fluorescence kinetics as a tool to monitor 

iSDA performance after dry storage. Reagents for an iSDA reaction that targeted the S. aureus ldh1 gene 

were selected for dry storage, and the limit of detection determined after rehydration.

We first tested iSDA assay compatibility with a variety of porous matrices. After the selection of a porous 

matrix, we tested a suitable drying and storage method. We then tested the stability of dry iSDA reagents, 

including the detection labels, in various preservation formulations by performing amplification in the 

porous matrix itself, followed by dipstick-style LF detection and gel electrophoresis. We also used a real-

time fluorescence measurement in the porous matrix to assess the iSDA reagent stability. Furthermore, 

we separately tested the stability of the two enzymes (nicking enzyme and the polymerase) in dry storage 

in the porous matrix by using enzyme-specific activity assays. A range of temperatures of storage (22-45 

°C) was studied for applicability to LRS, especially in hot climates where the ambient temperatures can 

be in the 40-45 °C range.

Porous matrix selection for iSDA assay

To select porous matrices that are compatible with iSDA, we first added the iSDA reagents directly to the 

native porous materials without any pre-treatment. We used a variety of porous matrices, including 

nitrocellulose (FF80), cellulose (CF5), quartz (QMA), Fusion 5, and Std 17 GF, and tested for the ldh1 

iSDA with 100 MRSA genomic copies in a custom oven. We found that, of this set, only Std 17 GF 

supported iSDA, and had sensitivity comparable to in-tube assay, as seen by gel electrophoresis (Fig. 1a). 

The target amplification products (100 and 120 bp) and the primer-dimer side products, as seen on the 

gel, are an indication of a successful iSDA. The other materials (nitrocellulose, cellulose, Fusion 5, and 

quartz) inhibited iSDA, as neither the ldh1-specific products nor the inevitable primer-dimer side products 

could be seen on the gel. We speculated two reasons for the failure of amplification in these materials; 1) 

that the materials had assay inhibiting compounds, or 2) the interaction of the enzymes with the surface 

of the materials rendered them inactive. To investigate the failure of amplification with those matrices, 

we tested the leachate from incubation of these materials in water in an in-tube iSDA with 100 MRSA 

genomic copies. We found that the leachate from the nitrocellulose, cellulose, and Fusion 5 significantly 

inhibited the assay, as seen by the very faint product-specific bands, compared to the strong control bands 

in the condition with clean water (Fig. 1b). Interestingly, for the quartz material, the leachate did not 

inhibit iSDA in the in-tube assay (Fig. 1b) compared to the in-material testing in Figure 1a, possibly 

indicating that the surface of the quartz material inactivated or immobilized some or all of the reagents. 

These porous materials could support iSDA after washing away the inhibitors and/or blocking surfaces 

with protein coating, although we did not pursue these efforts. We used Std 17 GF as our material of 

choice for all the reagent dry storage studies.
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Figure 1. a) Denaturing PAGE image showing products of the ldh1 iSDA assay in a few selected porous materials. Only Std 

17 GF showed the targeted amplification product bands at ~100 and 120 nucleotides (green arrow) comparable to the assay as 

performed in-tube (conventional polypropylene tube). The inevitable primer dimer side products are indicated with a red arrow. 

Quartz (QMA), nitrocellulose (NC-FF80), and Fusion 5 totally inhibited amplification, including the primer-dimer side 

reactions. b) Gel image showing the effect of leachate from porous materials on iSDA as performed in a tube. Leachate from 

NC-FF80, Fusion 5, and cellulose significantly inhibited iSDA as seen by very faint product-specific products, whereas the 

leachate from QMA did not affect the iSDA assay. 

Dry storage of iSDA reagents

Several formulations of preservatives involving combinations of trehalose, PEG, and dextrans (Table 1) 

were considered for stabilizing the iSDA reagents for dry storage. It was assumed that the most unstable 

components of the amplification “master mix” would be the proteins: the nicking enzyme and the 

polymerase. The preservative formulations were initially tested for any adverse effect on iSDA by real-

time amplification using a red-emitting fluorescent target-specific MGB probe in an in-tube assay with 

fresh reagents. The lift-off time of the reaction and the fluorescence levels serve as an indication of the 

performance of iSDA 39. In the literature, PEG and dextran have been reported to act as crowding agents 

that enhance loop-mediated isothermal amplification (LAMP)44 45 and also to provide protein stabilization 

by volume exclusion 46. We found that neither trehalose alone, nor in combination with moderate 

concentrations of the polymers, dextran and PEG, had any negative effect on iSDA when tested at 250 

input copies of MRSA genomic DNA (Fig. 2). The lift-off time of the reaction (~7 minutes) and the 

fluorescence levels were comparable to the control sample without preservatives. 
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Figure 2. Effect of combinations of preservatives on ldh1 iSDA with 250 copies of MRSA genomic DNA measured by real-

time fluorescence using the target-specific probe. The control sample was without any preservatives. Curves are mean of 3 

replicates, and error bars are standard deviation. The preservatives did not have any negative effect on iSDA. The lift-off times 

of the reactions were nearly identical (~7 min), and the peak fluorescence levels were similar for all the formulations. (T=10% 

trehalose, TP=10% trehalose +1% PEG, TD70= 10% trehalose +2.5% dextran (~70 kDa), TD500 = 10% trehalose + 2.5% 

dextran (500 kDa) and NTC was a no-template control).

Next, we developed a freeze-drying method to store all the iSDA reagents in a Std 17 GF porous matrix. 

In addition, we were able to include the target-specific detection probes and the streptavidin-coated Au 

label into the iSDA reagent mix itself. The iSDA reagents, the detection probes, and the Au label in 

various preservation formulations (Table 1) were lyophilized in 5 mm × 20 mm Std 17 GF pads and stored 

at a range of temperatures (22-45 °C) for 360 hours. The pads were rehydrated, and iSDA assay performed 

within the matrix with 100 copies of MRSA genomic DNA followed by dip-stick style LF detection. The 

lateral flow detection of the iSDA amplicons was by a twin probe method co-developed with our 

colleagues at ELITech Group and previously published 39. In this paper, we used Au label instead of the 

blue latex beads for colorimetric detection. In this LF detection method, the twin probes hybridize with 

the amplicon and are captured by the test line via the complementary pDNA on the nitrocellulose. Any 

free probe will flow downstream and bind to a biotin control line via streptavidin on the Au label. 

An example of an LF detection strip with either a strong, medium, weak or negative amplification signal 

at the test line for the dry storage conditions with 100 genomic copy numbers is shown in Figure 3a. Under 

the condition of the biotin probe and the streptavidin-Au label concentrations we used, a robust 

amplification gave us an intense test line signal with a very weak control line, and a negative amplification 

showed only an intense control line. Based on the stability of the iSDA reagents in different dry storage 

conditions, we saw a range of varying intensities for the test and the control line in an inverse relationship.
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Figure 3. Performance of ldh1 iSDA of reagents stored dry in Std 17 GF for 360 h with different preservative formulations 

(Table1), and range of temperatures. a) Example of images of lateral flow (LF) detection strips showing strong, medium, weak, 

and negative amplification signal for ldh1 iSDA with 100 genomic copies. b) & c) Normalized intensities of LF test line and 

control line, respectively. Excellent stability was achieved for formulations that contained both trehalose and dextran (TD 70 

and TD 500), and at all temperatures of storage as indicated by strong signal intensities for the test line and a weaker control 

line. With trehalose alone (T), target amplification failed with storage at 45 °C, and amplification was weaker for 22, 35, and 

40 °C (when compared to TD 70 and TD 500) as indicated by weaker signal intensity for the test line and stronger intensity 

for the control lines. Samples with both trehalose and PEG (TP) performed only slightly better than trehalose alone. 

The signal intensities for the test and control line were measured for all conditions of dry storage (Fig. 3b 

&c). For formulations in which both trehalose and dextran were included, excellent stability was achieved 

at all temperatures of storage, including 45 °C, as indicated by strong signal intensities of the test line and 

a very weak control line. The test line signal intensity was comparable to iSDA with a fresh reagent for 

the 100 genomic copy number (Sup Fig. S2). With trehalose alone, target amplification failed for storage 

at 45 °C, and amplification was weaker for 22, 35, and 40 °C (when compared to samples with trehalose 

and dextran) as indicated by weaker signal intensity for the test line and stronger intensity for the control 

lines. Samples with both trehalose and PEG performed only slightly better than trehalose. This inverse 

relationship of the control and test line intensities served as a qualitative measure for screening for iSDA 

reagent stability under different storage conditions. A similar relationship was seen when a LOD for ldh1 

iSDA using fresh reagents was performed with varying genomic copy numbers (Sup. Fig. S2b). At lower 

copy numbers, the signal intensity of the control line is stronger than the test line, and vice versa with 

increasing copy number. While the method for LF detection is very robust and sensitive, it gives us only 

a qualitative measure of reagent stability. Testing the stability of the reagents with real-time kinetics in 
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terms of lift-off time and fluorescence levels gave us more quantitative results without the influence of 

excipients in lateral flow detection.

We included a target-specific red-emitting fluorescent probe instead of LF probes to monitor iSDA in real 

time after rehydration in the porous matrix using a plate reader to compare the performance of different 

formulations at 22 ℃ and 45 ℃ storage. We found that the lift-off time of the iSDA assay for almost all 

conditions was within 15-18 minutes and comparable to fresh reagents in the porous matrix using 250 

copies of MRSA genomic DNA (Fig. 4).

Figure 4. Real-time fluorescence of iSDA in Std 17 GF for the ldh1 target measured by plate-reader after rehydration in the 

porous matrix with different preservative formulations stored for 360 h. a) with fresh reagents b) with reagents stored at 22 ℃ 

and c) with reagents stored at 45 ℃. Curves are mean of 3 replicates, and error bars are standard deviation. The lift-off time of 

the reaction was within 15–18 minutes for all combinations of the preservatives. The peak fluorescence levels varied for 

different formulations with the highest signal for the formulation with trehalose and dextran. Trehalose only formulation did 

not amplify at 45 ℃ and performed poorly at 22 ℃. (T=10% trehalose, TP=10% trehalose +1% PEG, TD70= 10% trehalose 

+2.5% dextran (~70 kDa), TD500 = 10% trehalose + 2.5% dextran (500 kDa)).

The peak fluorescence levels, however, varied for different formulations with the highest signal for 

formulations with trehalose and dextran. The trehalose only formulation did not amplify at 45 ℃ storage 

and performed poorly at 22 ℃. Our results with fluorescence measurement directly matched the LF 

detection data presented in Figure 3 for the formulations used for dry storage of iSDA reagents.

Interestingly, the peak fluorescence levels for dry stored conditions, especially for TP TD 70 and TD 500 

(Fig. 4b & 4c), were higher than for iSDA with fresh reagents (Fig. 4a) in the porous matrix. We believe 

that this is due to non-uniform rehydration of reagents in the porous matrix, causing a concentration 

gradient. As a result, some areas in the matrix might have had robust amplification resulting in higher 

fluorescence measured locally, compared to the fresh reagents which are homogenous throughout the 

matrix. The result also agrees with additional unpublished data which suggests that the iSDA reaction is 

tolerant of a wide concentration range (0.5×-2.5× fold). While we do not get the spatial information of the 

amplification using the plate reader, support for this hypothesis has been addressed by fluorescence 

imaging in a submitted publication (Shah et al.).
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Based on these results, we conclude that the addition of dextran to trehalose preserved the iSDA reagents 

better than other formulations at elevated temperatures in the Std 17 GF. In the literature, dextran has been 

reported to provide protein stability during freeze-drying 47. 

Enzyme activity

Another way to address the performance of iSDA at different storage conditions is to assess the stability 

of the two enzymes individually because they are likely the components of the amplification mixture most 

vulnerable to degradation. We, therefore, stored the nicking and the polymerase enzymes separately in 

Std 17 GF porous matrix under the same dry storage conditions as the iSDA reagents and used enzyme-

specific assays to test the stability. 

The results of the enzyme activity assays are shown in Figure 5. The activity of polymerase does not 

appear to decrease appreciably over storage temperatures for all formulations except trehalose + PEG. 

The activity of the nicking enzyme does appear to decrease significantly over time at elevated 

temperatures. PEG was observed to be an overall detriment to storage for enzymes. The preservation of 

polymerase activity at 45 ℃ over time was expected as the optimal working temperature for the enzyme 

is listed as 65 ℃. Loss of nicking enzyme activity during storage at 45 ℃ appears the likely candidate for 

the decrease of performance of iSDA over time. The decrease in activity at the elevated temperature over 

time of nicking enzyme was expected because the reported optimal temperature of the enzyme is 37 ℃.

Figure 5. Enzyme activity after dry storage in Std 17 GF with different preservation formulations (Table 1) and temperatures. 

The results are mean of 5 replicates, and error bars are standard deviation.  a) Nicking enzyme assay showed decreased activity 
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at elevated temperatures of storage after 15 days. b) Polymerase activity does not seem to decrease appreciably over storage 

temperatures except for formulation with trehalose and PEG. PEG was overall detrimental to the storage of both the enzymes.

Limit of detection with dry stored iSDA reagents

Next, the limit of detection (LOD) for the iSDA reagents stored dry in Std 17 GF at 22 °C and 45 °C for 

360 h with various formulations was determined by LF detection. From the LOD with fresh iSDA reagents 

(Sup Fig. S2a), we determined that the linear range of the normalized signal intensity of the test line was 

below 100 copies. We, therefore, tested the ldh1 iSDA performance in the range of 10–200 genomic 

copies for all the formulations stored at 22 ℃ and 45 ℃. The normalized test line signal intensities for 

varying copy numbers are given in Figure 6. We found that the samples stored in the presence of both 

trehalose and dextran showed excellent stability down to 10 copies of genomic DNA for both at 22 ℃ and 

45 ℃ and comparable to fresh reagents (Sup Fig S2a). For samples with trehalose only, or with trehalose 

and PEG, the test line signal intensities were lower below 50 genomic copies at 22 ℃ storage compared 

to TD 70 and TD 500 (Fig. 6a), and near zero for samples stored at 45 ℃ indicating poor stability (Fig. 

6b).

Figure 6. LOD of ldh1 iSDA with reagents stored dry in Std 17 GF at 22 ℃ and 45 ℃ for 360 h in different formulations of 

the preservatives. a) Normalized intensity of the LF strip test line for samples stored at 22 °C. Samples with trehalose and 

dextran (TD 70 & TD 500) in the iSDA mix showed excellent stability down to 10 genomic copies. Samples with either 

trehalose only (T) or trehalose and PEG (TP) in the iSDA mix had diminishing signal intensity with decreasing genomic copy 

numbers. b) Normalized intensity of the LF strip test line for samples stored at 45 °C. Excellent stability down to 10 copies 

was achieved for samples with trehalose and dextran (TD 70 & TD 500), whereas samples with trehalose (T) only or trehalose 

and PEG (TP) showed poor stability. 

We also tested the LOD for the ldh1 iSDA by real-time fluorescence for the reagents stored in Std 17 GF 

with both trehalose and dextran (TD 500) at 22 ℃ and 45 ℃ for 360 h. We found that the lift-off time for 

all copy numbers (50–1000) was ~15 mins (Sup Fig. S3). The fluorescence peak intensities were a little 

higher for samples stored at 22 ℃ than 45 ℃ indicating slightly lower amplification efficiency at the 

higher storage temperature.
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Long-term stability of iSDA reagents

To study the long-term stability in dry storage, the iSDA reagent mix and the Au label with 10% trehalose 

and 2.5% dextran (~70 kDa) were stored in Std 17 GF at room temperature (~22 °C) for one year. They 

were periodically tested by performing iSDA assay within the porous matrix with 100 copies of MRSA 

genomic DNA, and the amplicons detected by LF and gel electrophoresis. We found excellent stability of 

the iSDA reagents after one year of dry storage by LF detection and by gel electrophoresis (Fig. 7). The 

test line signal intensities on the LF strips were comparable to those with fresh reagents.

Figure 7. Long-term iSDA reagent stability in the Std 17 GF. a) Normalized intensity of the LF test line after dry storage at 

22 °C at different times. b) Images of lateral flow detection strips at various time points. “C” indicates the control line, and “T” 

is the test line for ldh1 assay on the detection strips. c) Corresponding gel images of the ldh1amplicon products (indicated by 

arrow) at various time points. NTC is no template control. The iSDA reagents in the presence of 10% trehalose and 2.5% 

dextran performed well after 12 months of dry storage, with signal intensities similar to that observed with fresh reagents.

Our method of dry storage of isothermal amplification reagents in the porous matrix has several useful 

features. First, reagents stored in a glass fiber pad can be easily implemented for several applications with 

porous material fluid connectivity, especially in paper-based POC integrated systems. An image of the 

Std 17 GF pad with iSDA reagents lyophilized in the presence of 10% trehalose and 2.5% dextran before 

and after rehydration is shown in Supplementary Figure S4a. The glass fiber provides physical support 

during lyophilization, allowing passive spreading of the reagents across the matrix that allows rehydration 
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and amplification function without excessive variation in reagent concentration throughout the volume of 

the pad.  We also compared scanning electron micrographs of reagents dried in Std 17 GF in the presence 

of 10% trehalose, either by vacuum drying or by lyophilization. In the lyophilized sample, the reagents 

migrate to the small features of the Std 17 GF and appear as dry sheets stretched across the void with high 

surface-area-to-volume ratio compared to the vacuum dried samples, were reagents appear as large 

clumps (Sup Fig. S4b). Differences in freezing rate, handling time, vacuum, and time-temperature profiles 

could all contribute to the differential distribution of the reagents once dry. These two different drying 

conditions could be expected to perform differently in both how well reagents are preserved, along with 

how the dry structures enable imbibition and eventual dissolution once wet. We observed differences in 

wetting: the lyophilized pads tended to wet faster and more uniformly than the vacuum-dried pads (data 

not shown).

Second, we included all the detection reagents, including LF probes and Au label, with the amplification 

reagents mix for dry storage. This is an advantage when implemented in an inexpensive POC device 

with colorimetric LF readout, as it alleviates the need to store the detection label separately, and the 

complexity necessitated by subsequent rehydration and mixing detection chemistry with the amplicon. 

Third, we were also able to include the target-specific fluorescent probe in the dry pads in our study: 

this facilitates real-time fluorescence imaging of amplification using mobile phone in POC integrated 

systems (Shah et al.). One potential disadvantage of our method is that scale-up requires creation of a 

specialized production facility for a specialized lyophilization procedure for the dry pads. 

This method of dry storage of iSDA reagents along with the LF detection probes in the same mix has 

been incorporated into a sample-to-result instrument-free MAD NAAT device for the detection of 

MRSA from nasal swabs 40. A modification of this device with a USB-powered printed circuit board, 

the MD NAAT device, with dry reagents including fluorescence detection with mobile phone imaging 

has been described in a submitted publication (Shah et al.). Our future publications will describe our 

progress in adapting this dry-down method to include reverse transcriptase for isothermal amplification 

methods for detection of RNA viruses such as SARS-CoV-2.  

Conclusions

We developed a method for dry preservation of all reagents necessary for iSDA amplification and 

detection of DNA targets in a porous matrix. The reagents also included either fluorescence probes or 

Au-label probes for detection, thus eliminating the need to store them separately. We showed that the 

iSDA reagents retained a high level of activity after dry storage in a glass fiber matrix with trehalose 

and dextran at temperatures up to 45 °C. Lateral flow readout of iSDA produced consistently 
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detectable colorimetric signals at 10 copies or above (visual readout by eye or by scanner), while 

fluorescence readout was reliably measurable at 50 copies or greater (fluorescence measurement in a 

plate reader). We demonstrated long-term stability of reagents up to one year at 22 °C. Our method for 

drying the reagents onto a glass fiber pad has the benefit of easy incorporation into POC devices, 

including conventional microfluidic or paper-based devices, especially in places where the ambient 

temperatures are in the 40-45 ℃ range. Further, we have demonstrated iSDA in a fully integrated 2DPN 

MAD NAAT device with dry reagents and successfully validated with real patient samples 40. Dry 

preservation of amplification reagents in porous matrices could be used for a variety of applications and 

has particular advantages for use in POC devices with LF detection or real-time fluorescence readout, 

portability, and ease-of-use in low resource settings. 
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Supplementary Information

Supplemental Figure S1. Experimental setup for lyophilization, and amplification in a porous matrix. a) 12-well plate 

containing iSDA reagent pads and magnets (red arrows) is placed over an aluminum (Al) plate with four magnets embedded 

in the corners (red arrows). The magnets hold the plates together during flash-freezing in liquid nitrogen. b) Lyophilizer with 

well plates inside a fast-freeze flask c) custom-built oven for performing iSDA in the Secure-Seal hybridization chamber.

Supplementary Figure S2. Limit of detection (LOD) for ldh1 iSDA with fresh reagents in Std 17 GF. a) Chart showing signal 

intensities of the LF strips test line for a range of MRSA genomic copies and shown below, b) corresponding LF strip images 

at varying genomic copy number. Note the signal intensities of control line increasing with decreasing copy number.
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Supplementary Figure S3. LOD of ldh1 iSDA with reagents stored in Std 17 GF for 360 h storage in the presence of trehalose 

and dextran (TD 500) measured by real-time fluorescence at a) 22 ℃ and b) 45 ℃. Curves are mean of 3 replicates, and error 

bars are standard deviation. The lift-off time for all copies was ~15 minutes; however, the peak fluorescence for 22 ℃ was 

higher than 45 ℃, indicating lower amplification efficiency at higher temperature storage. 

Supplemental Figure S4. a) Flatbed scanned images of Std 17 GF. Lyophilized reagents in Std 17 GF appear uniform across 

the glass fiber pad. Rehydrated pad shows reagent spread without excessive variation in reagent concentration as visualized 

by the Au label. b) Scanning electron micrographs of Std 17 GF (scissor-cut cross-section) as received from the 

manufacturer, iSDA reagents in Std 17 GF dried by vacuum centrifugal evaporator and by lyophilization.  Pore features in 

Std 17 GF are observable over a large length scale (~1-50 µm) with a range of fiber diameters. Reagents dried by vacuum 

appear as large clumps and seem to have a low surface area to volume ratio. In the lyophilized sample, the reagents migrate 

to the small features and appear as dry sheets stretched across the void with high surface area to volume ratio compared to 

the vacuum-dried sample.
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