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ABSTRACT: Sample carryover is a common problem in hydrogen-deuterium exchange mass spectrometry, particularly because immobilized protease columns cannot withstand the high organic solvent concentrations typically used in liquid chromatography mass spectrometry (LC-MS) for cleaning. Conventional cleaning methods using injections of guanidine HCl still suffer from carryover and may require four blanks after each sample run to fully remove carryover. We have implemented an additional LC pump to deliver customized wash solutions to protease and enzyme columns and the associated LC capillaries to eliminate carryover. Pump-based washing using the protease-safe wash solutions tested herein were able to fully remove carryover with only one blank run. FOS-choline-12 was found to be the most effective component in wash solutions and even performed well alone at 0.1 % volume concentration. Since the protease column washing is performed concurrently during the analytical gradient within a sample run, subsequent blank runs could be reduced from four to one and total run time could be reduced by up to 60 %. Savings in total run time could more than double the productivity of data acquisition, which is imperative for pandemic preparedness and for acceleration of biotherapeutics development. 
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INTRODUCTION
Hydrogen-deuterium exchange mass spectrometry (HDX-MS) has proven valuable for studying protein interactions, conformations, and folding dynamics. Advancements in HDX-MS methods, instrumentation, and software have continued to improve precision, yet common challenges still need to be addressed.1 Back-exchange of H for D during sample processing and analysis reduces the apparent deuterium content, and poor regulation of the instrumentation can cause variations in back-exchange that increase uncertainty. Back-exchange during chromatography can be minimized using recent developments in subzero temperature chromatography and temperature can be tightly regulated with advancements in “cold box” apparatus design.2–4
Another common problem affecting precision is sample carryover. Sample from a previous run that remains in the system undergoes more back-exchange during the time until the next injection. In the next injection, a carryover peptide will have an isotopic distribution with lower mass due to more back-exchange than the coeluting peptide from the current sample injected. This results in a bimodal distribution that is often not resolved and isotopic distributions from both the carryover and current injection are inadvertently combined into a single centroid measurement, resulting in a %D value reduced proportionally by the increase in amount of carryover. This can easily be observed in triplicate runs where the first run will show the greatest %D and %D will decrease in the second and third replicates. This effect from carryover was observed in the NIST-led interlaboratory comparison with 15 well-trained labs where the main effects study showed significant loss of deuterium between the first and third replicates across peptides, which lowered the average %D reported for the triplicate measurements and increased the uncertainty.5 Additionally, carryover can be mistaken for EX1 kinetics.6
Most HDX-MS studies are performed using a bottom-up approach where deuterated proteins are digested into peptides using non-specific proteases before LC-MS. For efficiency, immobilized protease columns are typically used. Protein and peptides can adhere to surfaces on the protease columns and slowly release during subsequent runs, and this sample carryover can corrupt measurements.7,8 Strategies to identify locations and sources of carryover on LC-MS systems has been well documented.9,10 While the injector, sample loop, trap column, analytical column, and most LC lines and valves can be sufficiently cleaned with organic solvent, protease columns are not able to be cleaned with high percentages of organic solvents without degradation. The widely used approach to cleaning protease columns is injecting a wash solution, typically 1.5 mol/L guanidine HCl (GdnHCl). The volume of wash solution for each injection is limited by the capacity of the sample loop and many repeated injections are needed to sufficiently reduce sample carryover. To reduce carryover while trying to minimize time and number of injections of wash solution, a harsh wash solution containing 10 % organic solvent and 20 % acetic acid by volume was evaluated by Majumdar et al. and still found to be ineffective at eliminating carryover of an IgG1 antibody.11
A method to remove carryover efficiently using gentle cleaning solutions that will prolong the activity of protease columns has proven necessary to meet the high-throughput demands for HDX-MS laboratories. We developed a chromatography apparatus that has four LC valves and includes a dedicated wash pump to supply wash solutions to immobilized protease columns. A range of gentle wash solutions delivered with a pump were evaluated for their effectiveness at removing sample carryover of the IgG1 antibody NISTmAb.
EXPERIMENTAL SECTION
Reagents and Materials. The protein sample used for these experiments was the NIST monoclonal antibody reference material RM8671 (NISTmAb). Immobilized pepsin column (P/N PDX.PP01-F32) was purchased from Trajan Scientific Americas Inc. LC-MS grade water with 0.1 % formic acid (FA) by volume was purchased from Honeywell Burdick & Jackson and acetonitrile with 0.1 % FA by volume from Fisher Scientific. Urea (PlusOne, Cytiva), guanidine HCl (P/N 24110, Thermo Scientific), TCEP HCl (P/N 20491, Thermo Pierce), formic acid (Optima LC-MS grade, Thermo Scientific), and FOS-choline-12 (P/N F308S, Anatrace) were used. PPM1A was obtained from a previous study.12
System Design. The HDX system consists of a fluidic circuit cold box apparatus, herein called the NIST cold box, joined with a commercial robotic rail (Trajan Scientific Americas Inc., Morrisville, NC) that handles sample preparation and schedules HDX experiments. The NIST cold box interior has distinct, insulated compartments that house the valves and columns maintained at selected temperatures within ±0.058 °C. For this study, both the preparation and analytical compartments were held at 0 °C and the pepsin column compartment was held at 4 °C. Construction details and performance specifications of this apparatus are documented elsewhere.2–4
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Figure 1. Abridged configuration of valves and fluidics of chromatography system with protease wash pump.
Figure 1 and Table S1 in the Supporting Information show abridged diagrams of the NIST cold box chromatography apparatus in the configuration used in this study and Figure S1 shows the unabridged diagram. Table S1 describes the valve states and their actions during analysis and cleaning steps. In all apparatus figures, state “A” for an N-port (N = 6, 8, 10) valve indicates that the rotor connects port 1 to port N, port 2 to port 3, port 4 to 5, …. State “B” indicates that the rotor connects port 1 to port 2, port 3 to port 4, … port N-1 to port N. A dedicated UHPLC pump connects to Valve 4 for delivery of protease wash solutions and column washing is controlled by the position of Valve 4. The protease column is backflushed during washing with the configuration used. The NIST cold box features two enzyme column compartments with solvent connections to Valve 4 (Figure S1). Based on the design, one enzyme column can be used while the other is simultaneously being cleaned with the wash pump, reducing downtime for cleaning. For this study, only one protease column was used and placed in the Protease A compartment while a solvent capillary bypassed the Protease B compartment. More details about using two columns for optimal cleaning with the shortest downtime between sample runs are presented in the Results and Discussion section.
[bookmark: _Hlk183960794][bookmark: _Hlk179890997]Protease Column Washing. A series of protease wash solutions and wash durations were tested. 50 µL of a wash solution of 1.5 mol/L GdnHCl with 0.1 % FA by volume was injected twice per run (Winj) using the robotic syringe to demonstrate a conventional protease column wash condition. For the wash solutions delivered by the HPLC wash pump, seven different wash solutions (W1 to W7) including different amounts of urea, methanol, acetonitrile, FOS-choline-12, and FA all adjusted to pH 3 were evaluated, as shown in Table 1. To control the duration of wash solution passing through the protease column, Valve 4 was actuated after the digest time to have the wash pump in line with the protease column and then actuated again after 5 min or 15 min to end washing. The wash pump used a flow rate of 200 µL/min, thereby providing 14.5 or 43.5 column volumes of wash solution to the 69 µL capacity protease column for the 5 min or 15 min wash durations, respectively. Short wash times of 5 min are denoted with S subscript and long wash times of 15 min are denoted with L subscript in the wash condition name, e.g., W2S, W2L. An additional condition for W6L was performed with the quench buffer containing an additional 4 % ACN by volume. Adding FOS-choline-12 to the quench buffer was not explored to avoid FOS-choline-12 collecting on the trap and analytical columns. When the wash pump was not in line with the protease column, the flow rate was reduced from 200 µL/min to 10 µL/min to conserve wash solution. Since FOS-choline-12 was effective when delivered by wash pump, an additional injection condition (W7inj) was performed to evaluate effectiveness of 50 µL of 0.1 % FOS-choline-12 with 0.1 % FA injected twice for each run.
Table 1. Wash solutions and conditions evaluated.
	Condition
	Column volumes
	Wash solution composition

	Winj
	1.4
	1.5 mol/L GdnHCl, 0.1 % FA

	W1S
	14.5
	[bookmark: _Hlk174720694]2 mol/L urea, 1 % FA

	W2S
	14.5
	2 mol/L urea, 0.1 % FOS-choline-12, 1 % FA

	W2L
	43.5
	2 mol/L urea, 0.1 % FOS-choline-12, 1 % FA

	W3S
	14.5
	2 mol/L urea, 2 % ACN, 0.1 % FOS-choline-12, 1 % FA

	W4S
	14.5
	2 mol/L urea, 2 % MeOH, 1 % FA

	W5S
	14.5
	2 mol/L urea, 2 % MeOH, 0.1 % FOS-choline-12, 1 % FA

	W6S
	14.5
	3 mol/L urea, 4 % ACN, 0.1 % FOS-choline-12, 1 % FA

	W6L
	43.5
	3 mol/L urea, 4 % ACN, 0.1 % FOS-choline-12, 1 % FA

	W6L*
	43.5
	3 mol/L urea, 4 % ACN, 0.1 % FOS-choline-12, 1 % FA

	W7S
	14.5
	0.1 % FOS-choline-12, 0.1 % FA

	W7inj
	1.4
	0.1 % FOS-choline-12, 0.1 % FA


*Quench buffer also included 4 % ACN by volume. Wash solutions Winj and W7inj are the wash solutions delivered by syringe injections. Wash solutions delivered with a pump are labeled W1-7 with either short (S) 5 min or long (L) 15 min durations, which equates to 14.5 or 43.5 column volumes, respectively.
Sample Preparation and LC-MS. Sample processing was conducted on a HDX PAL3 extended rail robotic system (Trajan Scientific Americas Inc., Morrisville, NC) coupled to the NIST cold box apparatus. The NIST cold box apparatus was operated at 0 °C for the preparation and analytical chambers, and the pepsin column was held at 4 °C.
Each LC-MS sample run was performed by mixing 5 µL of 6.7 µmol/L protein with 25 µL of water and then transferring 25 µL to a quench vial containing 26 µL of 8 mol/L urea, 1 mol/L TCEP, and 0.1 % formic acid by volume in water (pH 3). 50 µL of the denatured protein sample was injected into the NIST cold box apparatus with a 50 µL sample loop. Total quench/denaturation time was 3 min. A loading pump with a flow rate of 100 µL/min transferred sample through the pepsin column. The peptides were trapped on a C18 column (Phenomenex, Inc.; Torrance, CA; Model Kinetex EVO C18, 100 Å pore, 2.6 μm particle size, 20 mm long x 2.1 mm dia.) and separated on an analytical column (Thermo Fisher Scientific; Waltham, MA; Accucore C18, 80 Å pore, 2.6 μm particle size, 30 mm long x 2.1 mm dia., Cat# 17126-032130). The analytical pump (Vanquish H, Thermo Fisher Scientific) used 0.1 % formic acid by volume in water for Solvent A and 0.1 % formic acid by volume in acetonitrile for Solvent B. Solvents A and B combined for a 50 µL/min flow rate to deliver the following gradient reported by volume percent: 4 % to 10 % B for 0.2 min, 10 % to 30 % B for 24.8 min, 30 % to 95 % B for 1 min, 95 % B for 4 min, 95 % to 10 % B for 1.5 min, 10 % to 95 % B for 1.5 min, 95 % for 10.5 min, and 95 % to 4 % for 1.5 min.
[bookmark: _Hlk179891077]Once the digest time was completed and valves switched to add the trap column in line with the analytical column, Valve 4 was switched to have the protease wash pump in line with the protease column. Switching Valve 4 to state A allows wash solutions to backflush the protease column concurrently with the ongoing analytical separation. The injection port was washed twice with ACN and twice with water. The sample loop was washed by filling twice with ACN and twice with water containing 0.1 % FA. Three full system, true blanks without protein were performed after each digest run.
Mass spectra were measured by a hybrid LTQ Velos Pro Orbitrap Elite (Thermo Fisher Scientific; Waltham, MA). The instrument settings were as follows: spray voltage, 3.5 kV; sheath gas flow rate, 15 (arbitrary units); capillary temperature, 300 °C. Full scan MS1 in the Orbitrap was acquired with the resolution set at 60000 and peptides were fragmented with CID and measured in the LTQ.
Data Processing. Xcalibur (Thermo Fisher Scientific) was used for extracted ion chromatograms (XICs) of peptides and to measure each peak intensity. Peptide identifications were performed with Mascot (v2.2, Matrix Science) using a peptide tolerance of ±6 ppm and MS/MS tolerance of ±0.5 Da and identified fragment ions were manually validated. Peptides were limited to 4 to 30 amino acids in length, which is common practice for HDX-MS. A list of conserved peptide sequences found in all digest replicates for a condition was used to report the total number of peptides for the digest run for each wash condition. XICs for peptides were made for each blank to confirm and quantify by peak intensity the amount of carryover. Peptides identified in the blank runs were averaged for triplicate measurements and reported with standard deviation. Grand average of hydropathy (GRAVY) scores were calculated using ProtParam (https://web.expasy.org/protparam/).
RESULTS AND DISCUSSION
The amount of sample carryover is dependent not only on LC method conditions but also on the protein itself. Membrane proteins and proteins containing more hydrophobic regions may adhere to LC surfaces or aggregate on protease column frits leading to significant carryover, but even soluble proteins have proven difficult to clear from the LC system between sample runs. IgG1s are notoriously prone to carryover during HDX-MS analysis, and they are a common analyte in biopharma. NISTmAb, an IgG1, is a widely used reference material that was chosen to demonstrate the application of removing sample carryover with the wash conditions evaluated in this study.
Identifying Source of Sample Carryover. Others have documented that the sample carryover measured in conventional automated HDX-MS systems is primarily from the online digestion with an immobilized protease column.8 Automated robotic sample handling instruments, such as the Trajan/LEAP PAL, have not only simplified data collection and improved precision through automation, but they also provide for numerous cleaning steps. Syringes, injection ports, sample loops, and non-protease LC capillaries can all be washed with both organic solvent and water by the robotic rail system for as many iterations as set by the user. Trap and analytical columns can be washed with organic solvent using the LC gradient pump. Users can confirm the source of sample carryover on their system by running a few simple tests.
To test the contribution of carryover from trap and analytical columns, users can run an additional gradient with solvents from the analytical pump passing through the trap and analytical columns immediately after a sample run without performing another injection. We performed this test, and no peptides were detected, verifying that our carryover did not come from the trap and analytical columns or associated capillaries and electrospray ionization source. If a user identifies trap and analytical columns as a source of carryover, more columns volumes with high organic and another short gradient may be necessary to sufficiently clean the columns.
Once the trap and analytical columns are clean, the protease column can be removed and a full system blank can be performed. We also detected no peptides from carryover in the blank after the pepsin column was removed, confirming carryover was coming from our pepsin column.
[bookmark: _Hlk184156153]Protease Column Washing. Protease wash solutions were designed to be safe for long-term use with an immobilized protease column and an HPLC pump. Organic solvents, ACN and MeOH, were kept at concentrations below 4 % by volume. FOS-choline-12 at 0.1 % volume concentration was selected based on recommendation by Hamuro and Coales, though they provided no data to demonstrate effectiveness.8 Urea was preferred over GdnHCl because it is less corrosive to stainless steel in LC systems. Preliminary testing with 2 mol/L GdnHCl not only caused corrosion, but it was also prone to crystallization in valves at 0 °C and pressure spikes when pumped continuously into the system. Urea solutions were free of these problems. Additionally, wash solutions were tested on a commercial Trajan pepsin column with pepsin immobilized on POROS (Thermo Fisher Scientific, Inc.) resin. Users may need to further optimize wash conditions for different enzyme column and resin properties.
[bookmark: _Hlk184135899]Two different wash durations of 5 min and 15 min were tested to see if longer wash times provided any benefit. The total wash duration is limited by the combined duration of the trap wash, analytical gradient, and analytical column equilibration if the wash step is to occur concurrently with other steps and not add additional time to each run. Results of the longer 15 min wash conditions were similar to the 5 min wash conditions, as shown in Figure 2, and we found no benefit of using wash durations greater than 5 min. Durations shorter than 5 min were not explored because analytical gradients are generally longer than 5 min and the wash step can be performed in parallel. Shorter wash durations may be sufficient for carryover reduction depending on the system. Users can determine the minimum wash duration necessary for their flow rate, columns, and system components. 
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Figure 2. Number of NISTmAb peptides detected in digest and blank runs. Wash condition names follow those presented in Table 1. Left to right for each wash condition, digest runs are shown in black, first blank in red, second blank in green, and third blank in magenta. For digest runs, values are reported for the number of conserved peptide sequences found in triplicate runs. For blanks, the average number of peptides is shown above each bar and error bars represent the standard deviation of triplicate measurements.
[bookmark: _Hlk184153328][bookmark: _Hlk184153715]The conventional protease washing method using an injection syringe to deliver a wash solution of 1.5 mol/L GdnHCl with 0.1 % FA (Winj) was, as expected, the worst at removing carryover and unable to remove carryover after three blank runs, demonstrating the need for more effective wash methods. In the first blank, 56 ± 3 peptide sequences were present and 28 ± 5 and 24 ± 1 peptide sequences in blanks 2 and 3, respectively. An HPLC pump was used to deliver the rest of the wash solutions. A simple solution of 2 mol/L urea, 1 % FA delivered for 5 min (W1S) performed slightly better than the Winj injection method, but still had 17 ± 5 peptides remaining in the third blank. Addition of 2 % MeOH (W4S) did not show significant differences. All wash solutions containing 0.1 % FOS-choline-12 showed significant reduction in carryover in the first blank and no carryover was detected in the second blank except for 2 peptides in condition W5S. Even using 0.1 % FOS-choline-12 without urea or organic solvent (W7S) was efficient at removing all carryover after the first blank. This was the softest and simplest washing condition because no organics or denaturants were used and it was determined they were not necessary for efficient cleaning. MeOH versus ACN and 2 mol/L versus 3 mol/L urea did not show significant differences. Since 0.1 % FOS-choline-12 delivered by a pump (W7S) was effective, the same wash solution was tested using an injection method (W7inj). W7inj was slightly better than the conventional Winj, but W7inj did not perform nearly as well as pump-based W7S. W7inj had 35 ± 2 peptides in the first blank, 21 ± 3 peptides in the second blank, and 18 ± 4 peptides in the third blank, while W7S only had 11 ± 4 peptides in the first blank and no peptides thereafter.
[bookmark: _Hlk175152447][bookmark: _Hlk175152107][bookmark: _Hlk175820773]Two peptide sequences consistently seen in the carryover of all wash conditions were FLYSKL and VTHQGLSSPVTKSFNRGEC. Figure 3 shows XICs of both peptides in NISTmAb digest run and following blanks using the conventional injection condition Winj and using the wash pump with 0.1 % FOS-choline-12 and 0.1 FA (W7S). For peptide FLYSKL, the first blank contained 4.04 % carryover, relative to the digest run, using condition Winj and only 0.46 % carryover using W7S. W7S had no carryover starting in the second blank, while Winj continued to have 1.40 % carryover even in the third blank. Similar results occurred for peptide VTHQGLSSPVTKSFNRGEC with Winj having 4.84 % carryover in the first blank and still 2.61 % carryover in the third blank while W7S had 0.94 % carryover in the first blank and no detectable carryover in the second blank. XICs for both peptides for all other wash conditions are shown in Supporting Information Figures S2 and S3. Percent carryover for all peptide sequences is presented in Supporting Information Tables S2-S13.
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Figure 3. Extracted ion chromatograms for peptides FLYSKL and VTHQGLSSPVTKSFNRGEC. Peptide FLYSKL from digest and blanks using conventional injection wash condition Winj (a) and wash condition W7S (b). Peptide VTHQGLSSPVTKSFNRGEC from digest and blanks using conventional injection wash condition Winj (c) and wash condition W7S (d).
The percentage of carryover for all peptides varied by peptide sequence and the distribution is presented in Figure 4 for all three blank runs using wash condition Winj. Several peptides were outliers with very high carryover in the conventional injection wash condition, which would have to be excluded from a study using three or fewer blanks because their carryover would corrupt centroid measurements for peptides in digest runs. For peptides seen in all replicates for wash condition Winj, the first blank had a median carryover of 5.50 % and the median carryover was 2.33 % and 1.85 % for blanks two and three, respectively. As previously stated, Winj not only represents the conventional wash condition used by the HDX-MS community, but it also performed the worst and demonstrates the need for developing improved wash methods as we provide herein.
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Figure 4. Percent carryover and hydrophobicity of peptides in carryover for wash condition Winj. Percent carryover (a) is presented using average values for peptides measured in all replicates and outliers are shown as dots above boxes. Hydrophobicity (b) was measured using GRAVY values, where positive values are hydrophobic and negative values are hydrophilic, for all peptides detected in carryover.  Median values are indicated by a horizontal band in the middle of the box. Box limits are for 25th and 75th percentiles and whisker bars are for maximum and minimum, excluding outliers.
The hydrophobicity, as measured by the GRAVY values, of peptides in the carryover ranged from hydrophobic to hydrophilic with the median being only slightly hydrophilic. Figure 4 shows plots of GRAVY values for the conventional injection wash condition Winj, which was similar for all wash conditions (box plots not shown). The median hydrophobicity did not significantly change with additional blank runs and it does not appear that hydrophobicity alone can be used to predict the likelihood of carryover. Majumdar et al were also not able to differentiate between peptides carried over and not carried over on the basis of hydrophobicity or on the basis of pI, MS response, or mass.11 GRAVY values for all peptide sequences in carryover are presented in Supporting Information Tables S2-S13.
Pepsin Activity after Washing. Pepsin activity was monitored by comparison of the number of peptides and peptide intensities from digests of NISTmAb and comparison of the number of peptides and percent sequence coverage for digests of PPM1A across all replicates and all conditions to assess any negative impact from wash solution conditions. PPM1A was selected as an additional control for pepsin activity because it does not contain disulfide bonds and, therefore, its digest is not affected by TCEP activity or disulfide reduction. For each condition, 4 NISTmAb digest runs with 3 carryover runs each followed by a PPM1A digest with 3 carryover runs were performed, which amounts to 20 pepsin washings per condition. This corresponds to 290 total column volumes for the 5 min wash conditions and 870 total volumes for the 15 min wash conditions. The total number of NISTmAb peptides and their intensities did not decrease in replicates during the same wash condition or across all wash conditions. The total number of conserved peptides in triplicate digests did not decrease overall from the first to the last wash condition tested, as shown in Figure 2, during the ≈5000 column volumes used in the study. The number of peptides and percent sequence coverage for PPM1A digests also did not decrease from the first to last wash condition tested (data not shown). Additionally, extensive preliminary testing including running the wash pump for extended periods was performed with wash solutions and pepsin column activity remained unaffected.
Alternative Setups and Applications. An alternative to using an additional dedicated pump to supply the wash solution is using a binary loading pump that can both load and wash protease columns. A binary loading pump could deliver 100 % Solvent A (water with 0.1 % FA) during sample loading and proteolysis and then switch to 100 % Solvent B (protease wash solution) with the protease column effluent going to waste. One disadvantage of using a binary loading pump to do both steps is that the transition between loading solvent and washing solution is not as rapid as switching a valve position to another pump to immediately deliver wash solution to the protease column. Another disadvantage is it limits the system to one protease column because the loading pump cannot run another sample in parallel while it is washing the protease column. This approach could be useful for current commercial cold boxes limited by the number of valves and ports.
Since the NIST cold box has two enzyme column compartments, it is able to run (i) two different types of enzyme columns for a greater diversity of peptides that can be combined into an overlapping peptide map with greater amino acid level resolution, (ii) two of the same protease column and lot to allow alternative between running one while cleaning the other, or (iii) an immobilized glycosidase column in one compartment and protease column in the other with a line directly connecting the compartments for digestions in series. For case ii, using two identical protease columns offers the most efficient cleaning because the wash pump can continuously wash one protease column for entire duration the sample run using the other protease column. Then with a valve switch, the cleaned column can be used in the next sample run. This would avoid any downtime for cleaning and every run would be a sample run.
CONCLUSION
Carryover was greatly reduced by using a dedicated protease wash pump to deliver a relatively gentle wash solution of 0.1 % FOS-choline-12 with 0.1 % formic acid in water. Since only the first blank run contained carryover for the best wash conditions tested, the number of blank runs was able to be reduced from four to one. This results in a 60 % reduction in total runtime, thereby improving throughput and reducing costs. Wash solutions delivered by a pump are easily adaptable using existing two and three valve cold box systems, but optimal performance with greater flexibility in chromatography schemes can be achieved using the NIST-designed cold box apparatus with four valves to enable two protease columns for simultaneously washing one protease column while performing digests with the other. With our optimized washing method, data acquisition productivity could more than double, which is imperative for pandemic preparedness.
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