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Atmospheric Solids Analysis Probe commercial ASAP systems. To address this, we present OpenASAP, an open-source ASAP system

Ambient ionization for mass spectrometers that can be fabricated for $20 or less using 3D-printing. Our design is

readily adaptable to instruments from different manufacturers and can be produced with a variety
of additive manufacturing techniques on consumer-grade 3D-printers. The probe allows for rapid
sampling of solid and liquid samples without sample preparation, making it useful for high
throughput screening, investigating spatial localization and function of analytes in biological
samples, and incorporating mass spectrometry in instructional settings. We demonstrate its
effectiveness by obtaining mass spectra of three natural product standards at levels as low as 10
ng/ml in liquid samples, and detecting these metabolites in microbial cultures that are difficult to
analyze due to complex sample matrices or analyte properties. Furthermore, we demonstrate
direct sampling of thin layer chromatography (TLC) spots of these cultures.
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Hardware in context

Mass Spectrometry (MS) has proven to be an indispensable tool in analysis of complex mixtures and trace analytes in the biological
and chemical sciences. [1] However, the most commonly used methods of introducing analytes into the mass spectrometer, including
gas chromatography (GC-MS), liquid chromatography (LC-MS), and direct injection, require time consuming liquid sample prepa-
ration. [2] These methods can also introduce nonvolatile salts and detergents that may interfere with sample analysis [3] or be
deposited in a gas chromatography column or mass spectrometer. [4] These limitations reduce the utility of MS in situations where
rapid sampling of crude materials is desired.

To overcome these limitations, several atmospheric ionization techniques have been developed with varying ranges of applications,
analyte coverage, sample preparation requirements, and cost. [5] These ambient ionization methods involve direct sampling and
ionization of analytes. [5] One of the simplest atmospheric ionization techniques is the Atmospheric Solids Analysis Probe (ASAP), [6]
which is a peripheral device used in MS to allow rapid probe-based sampling of solids and liquids in conjunction with an Atmospheric
Pressure Chemical Ionization (APCI) source. ASAP probes typically consist of a handle into which a thermostable and electrically
insulating single-use sampling capillary can be inserted. [7] A small quantity of solid or liquid sample can be collected on the surface of
the capillary, which can be inserted into a port in the mass spectrometer source housing that positions the capillary between the mass
spectrometer inlet and the APCI source. The position of the capillary enables analytes to be volatilized and ionized by the heated
nitrogen plasma emitted by the APCI source. ASAP-MS has performed favorably in published studies comparing it with DART (Direct
Analysis in Real Time) and conventional LC-MS methods. [8].

While commercial ASAP systems are available as peripheral devices or dedicated instruments, they are costly and limited to specific
instruments. ASAP packages produced by Waters Technology Corporation (Saugus, MA) cost over $10,000 [9] and are only available
for use with their instruments. [10] ASAP add-ons produced by IonSense are available for $5,000-10,000 and can be used with a wider
range of instruments. [11] Dedicated ASAP instruments typically have a lower mass resolution, smaller footprint, and lower purchase
price than high resolution instruments that peripheral ASAP systems are developed for. The Waters (Milford, MA) RADIAN System
costs $62,000, [9] and the Advion (Lansing, NY) Expression with ASAP option costs $75,000 (Kevin Shea, personal communication,
September 14, 2023). These costs may be hard to justify for those investigating the technique. To address these challenges, we present
OpenASAP, an open source ASAP probe for Thermo Scientific instruments that can be manufactured on a wide range of consumer and
industrial 3D-printers. We have validated the OpenASAP system for detecting a variety of complex natural product standards at
concentrations as low as 10 pg/ml. Additionally, we demonstrate the detection of these molecules in unprocessed microbial cultures
with complex matrices and show the utility of the OpenASAP system in downstream processing of microbial extracts through direct
analysis of thin layer chromatography (TLC) spots of these extracts.

3D-Printing has been used to produce a variety of analyte delivery, ionization, and ion manipulation devices for mass spectrometry.
[12] For example, several 3D-printed drift tube designs have been published adding ion mobility separation functionality to an existing
mass spectrometer. [13-15] Ambient ionization has been a particular focus, [16] with the development of 3D-printed devices for paper
[17] and cone spray [18,19] ionization, low temperature plasma ionization, [20] nebulized nanospray devices for single cell analysis,
[21] and an MS interface for digital microfluidics. [22] 3D-printing has also been used to couple ambient ionization techniques with a
motion system for imaging mass spectrometry with commercial Desorption Electrospray Ionization (DESI) sprayers [23] and 3D-
printed low temperature plasma sources. [24].

Here, we have validated the OpenASAP system for detecting a variety of complex natural product standards at concentrations as
low as 10 pg/ml. Additionally, we demonstrate the detection of these molecules in unprocessed microbial cultures with complex
matrices and show the utility of the OpenASAP system in downstream processing of microbial extracts through direct analysis of TLC
spots of these extracts. Current 3D-printed devices for mass spectrometry typically do not involve the thermally-demanding conditions
involved in APCI and ASAP sampling, thus the suitability of 3D-printed components for these applications was unclear. Here we have
implemented the OpenASAP system on a large high-resolution instrument. However, our finding that consumer grade materials and
equipment can survive harsh conditions opens the door for further development of peripherals for field-operable instruments and
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Fig. 1. Exploded Diagram of the OpenASAP probe and port.
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lower-cost mass spectrometers in teaching applications.

We hope that the OpenASAP system will facilitate adaptation for a wide range of instruments and increase the accessibility of ASAP-
MS to diverse users. By providing a low-cost alternative to commercial ASAP systems, this technology can be utilized by a broader
range of researchers, potentially leading to new discoveries and advancements in the field.

Hardware description

The OpenASAP system (Fig. 1) builds on the design of published ASAP systems and has similar functionality and sampling time
when compared to commercial ASAP devices. [11,25] Existing ASAP systems can be categorized into two designs. The simplest design,
used by Advion [26] (Lansing, NY), Waters RADIAN, [27] and IonSense [11] ASAP systems, involves the use of a probe to position a
sampling capillary between the MS inlet and APCI source, which facilitates analyte desorption from the capillary by the heated ni-
trogen plasma stream. [25] The more complex design used by Waters ASAP peripheral upgrades involves inserting the probe and
sampling capillary into a channel in the APCI source so that the plasma stream flows past the entire sampling surface. While this
approach may have benefits, such as ensuring the entire sampling surface is exposed to desorption gas, more homogeneous flow
dynamics, and uniform desorption of analytes, it is more technically challenging and cannot be retrofitted to existing APCI sources.
Consequently, the OpenASAP probe is placed in a separate port on the MS source housing rather than in the APCI source itself, as in the
case of the Waters system.

The OpenASAP system is composed of the following three 3D-printed components: a probe port retrofitted to the existing MS source
housing, a probe, and a probe button. Additionally, a 4 x 8 mm metal spring is required for capillary tensioning (Fig. 2). Sampling is
performed using glass melting point capillaries (90 x 1.8 mm). Similar to existing systems, the probe provides an easy consumable
handling mechanism. Existing ASAP systems, such as those produced by Advion, commonly employ a capillary handling system
reminiscent of a micropipette. Due to the lack of additive manufacturing materials with both the flexibility and thermal resistance
necessary for the capillary securing components to be in close proximity to high temperature nitrogen, the OpenASAP probe uses a
spring-loaded locking mechanism on the side of the probe. The chamfered capillary hole in the probe ensures easy insertion of
capillaries.

The OpenASAP system can be produced with a range of additive manufacturing techniques. Prototyping and fabrication was tested
with fused deposition modeling (FDM), stereolithography (SLA), masked stereolithography (MSLA) printers ranging from consumer to
industrial grade. However, it is preferable to use a high-temperature photopolymer resin or FDM filament, such as polyamide/nylon or
polycarbonate. Initial prototyping was performed using PLA + on a consumer-grade FDM printer. The prototype showed only slight
dimensional instability over several hours of testing. Later prototypes were printed in carbon fiber PLA, which was purchased for under
$27/kg and annealed on the print bed to achieve high heat resistance without deformation. [28] Use of carbon fiber PLA followed by
annealing allows the OpenASAP system to be fabricated on any consumer-grade unenclosed FDM printer with a hardened nozzle.

In contrast to commercial systems costing several thousand dollars, [9,11] the OpenASAP system can be fabricated for as little as
$2.50 with consumer grade additive manufacturing equipment depending on equipment availability and material choice. It can be
retrofitted to any Thermo Scientific (Waltham, MA) mass spectrometer with an IonMax source housing and APCI source and can be
adapted to other instruments as well. Instrument and ion source housings well suited for adaptation of the OpenASAP system include
those with removable windows for viewing the ion source or for installation of atmospheric pressure photoionization systems. Ionsense
ASAP systems have been developed for Waters micromass instruments [11] however servo-driven lockspray baffle mechanisms on
High Resolution Waters instruments may prove to be an obstacle. We believe adaption for Bruker instruments, Agilent Instruments,
Sciex instruments with Turbo V Ion Sources, and Thermo instruments with the newer IonMax NG sources will be relatively

Fig. 2. Image of the parts required for assembly of the probe. A. Probe port B. Probe handle C. Probe button D. Probe spring spacer E. Probe spring
F. Probe button wrench.
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straightforward by altering the OpenASAP port and/or probe dimensions in CAD software to accommodate different window con-
figurations and clearance.

- Lowers barrier to entry for probe-based sampling

- Allows rapid analysis of solids and liquids with no sample preparation required
- Adaptable to a wider range of instruments

- Easy to use probe using standard melting point capillaries with button release mechanism

- Under 30 s sampling time

Design files summary

Design file name File type Open source license Location of the file

OpenASAP _TonMax_V1.step STEP GNU General Public License (GPL) https://github.com/robertsamples/OpenASAP
Port.stl STL GNU General Public License (GPL) https://github.com/robertsamples/OpenASAP
Button.stl STL GNU General Public License (GPL) https://github.com/robertsamples/OpenASAP
Probe_body.stl STL GNU General Public License (GPL) https://github.com/robertsamples/OpenASAP
Spacer.stl STL GNU General Public License (GPL) https://github.com/robertsamples/OpenASAP
Wrench.stl STL GNU General Public License (GPL) https://github.com/robertsamples/OpenASAP

3D models of the OpenASAP system parts are available in both STL format for 3D-printing and STEP format for modification in CAD

software.

Bill of materials summary

Consumables
Designator Component Number Cost per unit Total cost Source of materials Material
-currency -currency type
4.25 x 18 mm or similar ballpoint pen 1 $0.25-1.00 $0.25-1.00 Metal
compression spring
FDM Material Tinmorry Carbon Fiber PLA 0.0675 $27 $1.82 Amazon/ShenZhen Polymer
Option kg Yaduo Trade Co., Ltd
MSLA Material Siraya Tech Sculpt Ultra or similar 0.07 kg $75 $5.25 Polymer
Option high temperature MSLA Resin
SLA Material Formlabs Form 2 Tough 2000 Resin 0.075 L $200 $15 Polymer
Option
Compercial MJF PA12 GF $68 Shapeways Inc. Polymer
Printing
Service
Equipment
Fabrication Type Equipment Example Cost Source of materials
FDM Printer Elegoo Neptune 3 Pro $200 Shenzhen Elegoo Technology Co., Ltd.
Nozzle Mk8 Hardened Steel Nozzle $10 Amazon
MSLA Printer Elegoo Mars 3 4 k $155 Shenzhen Elegoo Technology Co., Ltd.
Wash and cure system Mercury Plus V2.0 $105 Shenzhen Elegoo Technology Co., Ltd.
Wash solvent Isopropanol 4L $45

We have tested fabrication of the OpenASAP system using FDM, MSLA, and SLA processes and have included the materials and cost for
these options, however only one is required. Total cost of fabrication is estimated to be between $2.50 and $16 depending on material
choice. If FDM printing with PLA is selected we suggest the use of either polycarbonate, PA/nylon, or annealed PLA (preferably a
carbon fiber composite for dimensional stability during annealing) over ABS/ASA, PETG, or unannealed PLA due to the higher heat
deflection temperature of the former materials. Thermal depolymerization of ABS/ASA may additionally increase background in MS
spectra, although this has not been tested. Carbon fiber PLA is an excellent option for newcomers to additive manufacturing as it can be
printed on any unenclosed entry level FDM printer with a hardened nozzle and can be annealed to achieve high heat resistance [28].
Resin printing with SirayaTech or similar resin will yield parts with PEEK-like properties but requires comparatively expensive
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equipment and materials. We provide examples of suitable entry-level equipment suitable for fabrication of the OpenASAP system,
alternatively parts may be purchased from a commercial printing service for $50-100. Total fabrication and installation time is 3-5 h,
most of which is printing and annealing (in the case of CF-PLA).

Build instructions

A video of fabrication, installation, and use of the OpenASAP system can be viewed at https://github.com/robertsamples/
OpenASAP.

3D-Printing

SLA/MSLA

Any resin intended for high temperature applications can be used according to the manufacturer’s instructions. Here Siraya Tech
Sculpt Ultra was printed with an Elegoo Mars 3 consumer MSLA printer with an initial resin temperature of 25-30 °C using 50-um layer
height, 2.4 s normal exposure time, 45 s bottom exposure time, and 5 bottom layers. Prints were washed for 10 min in 90 % iso-
propanol, immersed in water, and cured under UV light for 10 min. SLA printing on a Formlabs Form2 3D-Printer was also tested with
Formlabs Tough 2000 resin. Appropriate PPE and safety precautions should be adhered to when using any resin printing process due to
the toxicity of resins. These include adequate ventilation, use of a secondary enclosure around consumer resin printers to reduce VOC
release, and use of an organics respirator when handling resin and uncured parts.

FDM

An FDM printer may be used with a material with an appropriately high heat deflection temperature such as nylon, polycarbonate,
or annealed PLA according to the manufacturer’s instructions. Here Tinmorry carbon fiber PLA (ShenZhen Yaduo Trade Co., Ltd.,
Shenzhen, China) was used on an Elegoo Neptune 3 consumer FDM printer with a 0.4 mm nozzle, 0.2 mm layer height, 4 perimeters,
40 % gyroid infill, and automatic organic supports generated by Prusaslicer 2.6 alpha 5 (Prusa Research, Prague, Czech Republic), was
used. The parts were annealed for thirty minutes at 100 °C prior to assembly. When sanding carbon fiber PLA or similar composites a
respirator must be worn and adequate ventilation used to limit exposure to small carbon fiber particles.

We recommend printing parts in the following orientation when using FDM. Orientation may be changed while using SLA/MSLA
although we recommend printing the probe body in the pictured orientation (Fig. 3) or inverted 180 degrees, as the internal geometry
has been optimized for printing in these directions.

Post-processing and assembly

Remove support material if applicable, removal of supports from the inside of the probe channel carefully using forceps or dental
picks. If carbon fiber PLA is selected. annealing may be done in a laboratory oven, however we annealed parts using the printer heat
bed. This was done by placing the parts on a 1-cm bed of gyroid infill printed with 3 walls and no top layers to allow airflow, covering
the parts with a box made of 1-cm packing foam in which the 3D printer was shipped, and heating the bed to 100 °C for 30 min (Fig. 4).

Fig. 3. Example of sliced parts in PrusaSlicer.
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Parts were allowed to cool slowly to below the glass transition temperature of approximately 50 °C before being removed from the
chamber. Corrections for any contraction and expansion of printed parts were done by printing a 20 mm calibration cube and
measuring the X, Y, and Z dimensions before and after annealing. A 1 % contraction in X and Y dimensions and 2 % expansion in Z
dimension were found and thus parts were scaled prior to slicing to compensate for these modifications. Scaling requirements may be
significantly different depending on material selection and printing parameters.

Verify parts fit together properly. The button wrench should fit on the top of the button and allow it to be inserted into the button
hole (Fig. 5).

When the probe button bottoms out, it should be turned Y turn clockwise to align guide cylinders on the side of the button with the
travel channel (Fig. 6).

The button should move freely within the channel (Fig. 7). After this is tested, disassemble the button and probe. If parts do not fit
together easily confirm all support material has been removed and lightly sand or file if needed. When sanding carbon fiber PLA a
respirator is required due to the risks associated with this material.

Disassemble a retractable ballpoint pen or obtain a 4.25 x 18 mm or similar compression spring (Fig. 8). The spring shown here was
obtained from a PaperMate InkJoy 300RT pen. The exact dimensions are not critical provided the probe button can reach the depth
required to turn into the travel channel. A spring that is longer may be cut to length.

Confirm the spring length is sufficient to provide tension to the probe button while still allowing the button to be locked into the
travel channel. To do this, the spring is placed in the recess of the button and the spring spacer is placed around the spring to prevent it
from bending in the button hole (Fig. 9). The button is reinserted into the probe as before. If it does not bottom out and turn, try a
different pen, or cut the spring to length. Complete the final reassembly of the probe. Although not required, we suggest using a drop of
cyanoacrylate glue around the spring spacer and recess in the probe button to secure these to the spring.

Unscrew the four M2 screws securing the outer housing plate screws on the left side and top of the source housing, as well as the x
alignment adjustment nut. Remove the M4 socket cap screw securing the source housing window side flange (Fig. 10).

Remove the flange and replace the acrylic window with printed port, then reassemble flange and housing plates (Fig. 11).

Install the IonMax source onto the MS interface and confirm that the tip of the capillary aligns with the MS inlet (Fig. 12).

Operation instructions

When operating the openASAP system, it is important to avoid contact with heated or electrically charged source components as
they can reach high voltages and temperatures. We recommend always putting the mass spectrometer in standby mode when handling
the source. Additionally, an electrically insulating material, such as glass, should be used for the sample collecting component of the
probe.

Before using the openASAP system, the APCI source and corona discharge needle must be properly installed in the mass spec-
trometer housing following the manufacturer’s instructions. For Thermo instruments, this involves inserting the APCI source and
connecting the LEMO electrical connectors and fittings for auxiliary and sheath gas flow. The corona discharge needle should be
inserted into the needle hole and the needle grub screw tightened to secure it. High voltage is supplied through a coaxial LEMO
connection on the top of the source housing.

Fig. 4. left. Photo of probe parts on a bed of gyroid infill prior to annealing on the printbed. right. Photo of parts during annealing at 100 °C inside of
an insulting box constructed from the foam used to protect the printer during shipping.
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Fig. 5. Photo of the probe button being inserted.

Fig. 6. Photo of the probe button being locked in place.

Fig. 7. Photo of the probe with button depressed and extended to check part clearance.

The APCI settings may need to be adjusted based on the analyte and instrument being used. For Thermo instruments, we
recommend using the following settings as a starting point: Probe position C, a heater temperature of 325 °C, 5 pA current, and a sheath
and auxiliary gas flow rate of 30 and 10 arbitrary units, respectively.

To load a capillary into the ASAP probe, depress the button and insert the capillary open end first until it reaches the maximum
depth (Fig. 13).

Collect the sample on the probe tip and then insert it into the APCI source after starting a continuous or set duration acquisition
(Fig. 14).

Observe the mass spectra as they are acquired. When the signal intensity diminishes as analytes are desorbed from the probe, end
the acquisition and withdraw the probe from the source housing. Depress the button over a glass waste container to dispose of the
capillary. In some cases where volatile analytes are completely desorbed by the nitrogen stream, the capillary may be reusable.
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Fig. 9. Probe button, spring, and spacer after before final insertion into the probe body.

Fig. 10. Disassembly of the Thermo Scientific lonMax source housing window, with screw locations to be removed highlighted in red. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Validation and characterization
Data collection

Three microbial strains possessing biosynthetic gene clusters for the production of secondary metabolites with a range of different
polarities and molecular weights were selected for validation studies. These included two Antarctic microbial strains, Massilia frigida
strain DJPMO1 [29] and Arthrobacter sp. strain FRX14, [30] which possess prodigiosin and ectoine gene clusters, respectively.
Additionally, Streptomyces alboflavus (NRRL B-1273), a known tetracycline producer, [33] was included. Prodigiosin is a basic and
highly aromatized compound [31] tetracycline is a moderately polar polyketide synthase product, [32] and ectoine is small zwit-
terionic and highly polar compound for which we have been unable to achieve acceptable retention with C18 columns (Fig. 20). These
three strains were cultured for two weeks on solid media. Streptomyces alboflavus (NRRL B-1273) was cultured on ISP2 agar plates and
incubated at 28 °C while the Antarctic strains were cultured on R2A (BD Difco, Franklin Lakes, NJ) agar plates at 15 °C. Diffusible
yellow pigment was evident in Streptomyces alboflavus (NRRL B-1273) plates and non-diffusible red pigment was noted in M. frigida
strain DJPMO1 plates.
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Fig. 12. left. IonMax source housing with APCI source and OpenASAP system installed and mounted on the Q Exactive HF-X. right. View of the MS
inlet and source components showing the capillary in the OpenASAP system positioned between the APCI source and MS inlet.

Fig. 13. Capillary insertion process.

Analytic standards of prodigiosin, ectoine, and tetracycline were purchased (Sigma-Aldrich; St. Louis, MO) and standard solutions
ranging from 1 x 102-10'* g/mL were generated in 10-fold dilutions, 1 x 102 and 1 x 10" g/ml concentrations were excluded for
prodigiosin as insufficient material was available. To determine the approximate limit of detection for these analytes, the ASAP
capillary was inserted into 900 pl of each standard in a microcentrifuge tube and inserted into the probe port while data was acquired
with the source parameters listed in the operation section, a SIM scan range from the exact mass of the M + H ion of the standard + 2.5
Da, 30,000 resolution, 1e6 AGC target, and 50 ms max injection time. Extracted ion chromatograms for the precursor ion were
generated using Thermo Scientific Freestyle software and the peak in the chromatogram view was integrated to determine the quantity
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Fig. 14. left. Direct sampling of Arthrobacter sp. strain FRX14 on agar right. Insertion of the probe following sampling.

of standard detectable at each concentration and to generate a standard curve. In order to evaluate reproducibility, 1 x 10> g/ml
solutions of each standard were sampled five times each and coefficient of variation calculated for each compound.

ASAP identification of these compounds in microbial cultures was conducted by by touching the probe to the surface of a colony
then inserting the probe into the port as before using a SIM method. Sampling of the prodigiosin producer M. frigida strain DJPMO01 was
conducted in full scan mode with a 50-750 Da scan range as prodigiosin’s m/z 324 for the [M + H] adduct was the base peak. After
desorption was complete, a standard of a known concentration was collected on a new capillary and inserted to provide a reference
within the same raw acquisition file. The experiment was repeated to acquire full scan MS spectra with a 50-750 Da scan range and
MS/MS data with a 0.9 Da isolation window, 35 V NCE, and MS/MS mass range of 50-750 Da. These data were visualized in Thermo
Freestyle. Extracted ion chromatograms for the targeted precursor masses were generated to view the quantity of analyte detected
during insertion of the probe with microbial samples and standards.

To determine the volume of sample retained on the capillary, we used a spectrophotometer to measure the absorbance of the
tetracycline standard curve. We sampled a concentrated tetracycline stock with the OpenASAP system and desorbed material from the
capillary into 1 ml of methanol so that a dilution factor and sampling volume could be calculated. A standard curve of tetracycline from
3.125 to 100 pg/ml in methanol was prepared by serial dilution. One milliliter of a 10 mg/ml methanolic solution of tetracycline was
directly sampled with the OpenASAP system and the collected material desorbed in 1 ml of methanol. Each standard (200 pl) and the
desorbed solution were transferred to a 96-well plate in triplicate and the absorbance was measured at 300 nm. The tetracycline
concentration of this solution was used to calculate the dilution factor from the sampled stock and thus the volume added.

To evaluate the OpenASAP system in downstream processing of samples or reaction mixtures and in screening, TLC was run on
ethyl acetate extracts of M. frigida strain DJPMO1 grown for 10 days on R2A media at 15 °C. [29] The ethyl acetate extract of M. frigida
strain DJPMO1 and prodigiosin were separately spotted on TLC plates, (10 x 10 cm aluminum backed 60 mesh Fs4 silica plates, Beijing
Laikensi Technology Development Co. Ltd., Beijing, China) which were run with a 90:10:1 chloroform:methanol:formic acid mobile
phase. The open end of the melting point capillary was used in the OpenASAP probe to scrape a small quantity of selected TLC spots and
MS data was acquired as previously described with a full scan method (50-750 Da). Depending on the consistency of the stationary
phase, spraying the plate with a small quantity of solvent or water prior to scraping helped at times. Previous work has used a similar
procedure in which the TLC plate is scraped and a wetted probe dipped in the stationary phase. [34].

Results and discussion

The 3D-printed atmospheric analysis sampling probe (ASAP) peripheral was successfully integrated with a mass spectrometer to
directly detect three microbially produced small molecule natural products, ectoine, prodigiosin, and tetracycline. Without requiring
large quantities of microbial cultures and sample preparation, metabolites were directly detected in solids (i.e., TLC and agar plates)
and liquids. The high flexibility and sensitivity of this technique is especially notable in light of the low cost of the OpenASAP system.
Ectoine (143.0818 m/z, 1.76 ppm error), prodigiosin (324.2072 m/z, 1.19 ppm error), and tetracycline (445.1620 m/z, 2.04 ppm
error) were successfully identified in Arthrobacter sp. strain FRX14, M. frigida strain DJPMO1, and S. alboflavus (NRRL B-1273),
respectively. (Figs. 15-17) In addition, the MS/MS spectra obtained for all three compounds in the microbial strains were consistent
with the fragmentation patterns obtained from the standards (Figs. 15-17).

Sensitivity and analyte specific behavior

Sensitivity varied significantly for each compound, with an approximate limit of detention for ectoine being 10 pg/ml, prodigiosin
at 10 ng/ml, and tetracycline at 100 ng/ml. Within the range of linear detector response RZ was found to be between 0.958 and 0.997
for the compounds tested (Fig. 18). The sensitivity correlated with volatility and inversely correlated with molecular weight, which
was unsurprising given our use of an atmospheric pressure chemical ionization (APCI) ionization source. The coefficient of variation
with five replicate measurements of 10 pg/ml solutions was 0.113, 0.243, and 0.282 for ectoine, prodigiosin, and tetracycline,
respectively. We found that the sampling volume was approximately 7.3 pl. (Fig. 19) which places the absolute limit of detection at 7 fg
for ectoine, 7 pg for prodigiosin, and 70 pg for tetracycline. This sampling volume is high due to the relatively large surface area of the
capillary that was immersed in standard solutions to generate standard curves and sampling volume calculations. Sampling of solids,
trace materials, or microbial colonies may result in a lower sampling volume and thus require a higher concentration to meet the
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Fig. 15. ASAP data for sequential sampling of Arthrobacter sp. strain FRX14 and ectoine standard. SIM scan masses and matching MS/MS spectra for
ectoine (143.0821 theoretical m/z) confirm its presence in FRX14.

absolute limit of detection for a given analyte. The relatively high variation among technical replicates as well as the possible variation
in sampling volumes when using a capillary for sampling limits the precision of quantitation. Further study is needed to evaluate
whether improvements are possible.

During heating of the high concentration tetracycline standards by the APCI source, formation of pyrrolized material was noted.
Similarly, we found that ASAP is not suitable for peptidic analytes, such as desferrioxamine, which was observed to completely degrade
(data not shown). Despite the observed pyrolysis of tetracycline at high concentrations the limit of detection is similar to that pre-
viously reported for quantitation of tetracycline on the QE HF-X in a traditional LC-MS workflow (20 ng/g in samples after extraction
and concentration, the next concentration below 100 ng/ml used in this study was 10 ng/ml). [35].

By contrast, ectoine is very challenging to detect in environmental samples with LC-MS using conventional C18 stationary phases
due to its high polarity (Fig. 20), but very easy using ASAP. The high polarity of ectoine is particularly problematic for samples that
contain nonvolatile salts as ectoine may be lost during desalting with SPE cartridges, and the use of a divert valve to protect the mass
spectrometer will also divert ectoine. (Fig. 20) In cases where analysis with a HILIC column is not possible or desirable, ASAP may be
an attractive alternative. We observed a very large difference between the limits of detection (based on the presence of an integrable
peak and S/N > 10) and quantitation (based on the region of linearity). It is unclear why this behavior occurs. Adsorption of analytes to
LC-MS vials is a well-known confounder in trace analyte analysis [36] and it is conceivable that a similar phenomenon occurs in which
analytes are adsorbed and concentrated on the capillary until saturation of surface sites occurs at approximately 100 ng/ml for ectoine.
If this is the case, then the effect may be advantageous for some applications. However, it should not be relied upon as adsorption may
be matrix dependent.

The limits of detection and quantitation for prodigiosin appear to be similar as no integrable peak was present under 10 ng/ml and
the detector response was linear over the entire concentration range tested with R? > 0.99. Interpretation of ASAP data may be
complicated as no orthogonal separation method is employed, as such spectra can be complex. Thus, it may be more appropriately used
in targeted workflows where standards are available. Prodigiosin was a notable exception to this as in both the standard and microbial
sample m/z 324.2072 was the base peak in MS1 spectra; thus, we presented MS1 spectra obtained with a full scan method in Fig. 16.
The mass of the prodigiosin analogue 2-methyl-3-butyl prodiginine (m/z 310.1915) is conspicuous in these spectra and we have
previously documented the production of this compound by M. frigida strain DJPMO01.[29].

TLC-MS with OpenASAP
TLC analysis (Fig. 21) revealed the presence of two red pigmented compounds, prodigiosin (m/z 324.2076, Rf 0.8) and another
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Fig. 16. ASAP data for sequential sampling of M. frigida strain DJPMO1 and prodigiosin standard. MS1 full scan spectra and matching MS/MS
spectra for prodigiosin (324.2075 theoretical m/z) confirm its presence in M. frigida strain DJMPO1.

compound we have yet to conclusively identify (Rf 0.71), in the ethyl acetate extract of M. frigida strain DJPMO1. Two other orange
pigmented compounds were observed which likely represent short-lived decomposition intermediates as one was observed in the
authentic standard. These proved very unstable on silica and likely in storage as they could not be observed when TLC was repeated.
The Rf value of prodigiosin present in the microbial extract was identical to that of an authentic standard. Work to refine TLC plate
sampling is ongoing.

OpenASAP applications and future directions

3D-printers are now common shared resources at academic institutions, enabling this technology to be more accessible. However, if
such resources are not available, the system can be printed on even very low-cost consumer-grade 3D printers with the addition of an
affordable hardened steel nozzle. We estimate that an investigator with no tools or consumables could reasonably purchase these and
fabricate the system for under $200.

ASAP can facilitate the detection of compounds in complex sample matrices that are undetected by traditional ionization methods.
As evidenced by our detection of ectoine, including directly from microbial colonies, which was not tractable using conventional LC-
MS methods, the flexibility and high sensitivity of ASAP is desirable for its detection. This can be beneficial for analytical analyses of
extreme environments, which are subject to extreme ranges of chemical and physical variables, including hypersaline ponds, metal
contaminated sites, or locations with extreme pH [37]. These locales are considered to be edge cases in terms of analytical chemistry,
where analytical methods may be more challenging or less thoroughly validated [37], and ASAP is useful for these applications as no
specialized LC or sample preparation methods need to be employed. Although we validated the OpenASAP system on a high-resolution
Orbitrap instrument, we have demonstrated that 3D-printed components can survive the demanding APCI environment and thus
adaptation of this approach to develop peripherals for smaller field operable instruments is feasible.

ASAP has the potential to accelerate or enhance other techniques. The use of the OpenASAP system coupled with TLC to detect
prodigiosin and another closely eluting compound in the ethyl acetate extract of M. frigida strain DJPMO1 demonstrates the potential of
this system for downstream processing of complex mixtures. TLC remains a widely used technique for separation of complex mixtures,
[38] and the ability of OpenASAP to detect compounds of interest directly from the TLC plate can greatly expedite screening and
analysis of these mixtures. Furthermore, the use of OpenASAP in bioassay-guided fractionation of natural products may be highly
beneficial, particularly in conjunction with bioautography as bioactive TLC spots on a plate could be directly sampled to assign pu-
tative identifications during dereplication of known compounds. Similarly, the system can be used to monitor the products of synthetic
reactions, where it can quickly identify the presence and purity of target compounds, eliminating the need for time-consuming
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purification steps.

While ASAP has many advantages, researchers should be cognizant of the low stability of some compound classes under APCI
ionization conditions. Future studies could adapt ASAP to ionization sources more appropriate for larger compounds or those with
poor thermal stability, such as desorption electrospray ionization (DESI), [39] dielectric barrier discharge ionization (DBDI), [40] or
low temperature plasma ionization (LTP). [20].
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Conclusions

The OpenASAP system increases the accessibility of affordable, ambient ionization and sampling techniques to researchers. While
we have validated this system to detect low-abundance secondary metabolites in microbial cultures, OpenASAP can be used in many
other applications as ASAP and other ambient ionization techniques, such as DART, have been used in diagnostic medicine, forensic
science, chemical ecology, and for environmental monitoring. The lack of solvents and noble gasses required for operation make the
OpenASAP system an attractive option for mass spectrometry in remote locations where resources are limited. Future studies could
further optimize the OpenASAP system for different applications and investigate its potential use in field testing, where a small linear
ion trap instrument, a portable nitrogen concentrator, and an ASAP system could be utilized. Overall, the OpenASAP system presents a
promising, inexpensive platform for the rapid and sensitive detection of a wide range of analytes in various fields.
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