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1. Introduction

Utilizing Venturi effect for automated
high-throughput droplet-MS from well plates
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High-throughput screening is important in a diverse array of applications including drug discovery, syn-
thetic reaction development, and enzyme engineering. Well plates are often used for sample preparation
and containment in such applications, so analytical methods that are compatible with this format are
required. Mass spectrometry (MS) is an attractive analytical technique for high-throughput analysis due to
its potential for rapid, sensitive, selective, and label-free multiplexed measurements. Here, we present a
method that uses the Venturi effect to withdraw droplet samples from a well plate and infuse them to the
electrospray ionization (ESI) source of a mass spectrometer. The Venturi effect is generated by flow of
nebulizing gas through a constriction at the outlet of the ESI source. The resulting negative pressure
allows sample to be pulled to the ESI source via a sample transfer capillary that is coaxial with the ESI
source at the outlet and can be dipped into sample at the inlet. To keep different samples from mixing,
380 nlL sample plugs flowing at 330 pL min™* are sipped into the source and separated by air gaps result-
ing in segmented flow to the source. The system requires no valves or connections for achieving sample
pick-up and analysis. An x,y,z-positioner is used to move the sample inlet for automated sampling from
different wells. Increasing capillary inner diameter and nebulizing gas pressure increased the throughput
of Venturi droplet-MS by increasing sample flow rate. An interaction of sample plug size and number
within the capillary on overall flow rate was observed and affected the possible throughput. When using
perfluoroalkoxy alkane (PFA) tubing as the transfer capillary, carryover between samples was 0.88 +
0.16%. The method is demonstrated by screening 283 whole cell reactions for enzyme engineering at 0.4
samples per s, while showing good agreement (R? = 0.92) with liquid chromatography-mass spec-
trometry (LC-MS). This work improves upon previous uses of segmented flow for high-throughput MS by
integrating sample generation and transfer in one step. Compared to other high-throughput MS methods
this approach requires no custom MS sources or specialty sample introduction equipment.

free analysis.'®"”

combine high-throughput sample manipulation with MS;

Droplet microfluidics offers one way to
18-20

High-throughput screening is important in a diverse array of
endeavors including diagnostics, drug discovery, organic reac-
tion development, hybridoma selection, and enzyme
engineering.' "> UV-vis- and fluorescence-based assays have
commonly been employed for such screening due to their
potential for high analysis rate,"*"® but mass spectrometry
(MS) has gained importance in high-throughput applications
because of its capability for selective, multiplexed, and label-
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however, the majority of high-throughput experiments are per-
formed using multi-well plates for sample containment.*'™?
Therefore, methods that can transfer samples rapidly from
well plates to a mass spectrometer are needed. In this work, we
explore using the Venturi effect to create and transfer sample
plugs (droplets) segmented by air from a well plate to an elec-
trospray ionization (ESI) source for MS analysis.

A variety of high-throughput (i.e., 1-15 s per sample) MS
methods have been developed that interface with well plates
including fast solid phase extraction-mass spectrometry
(SPE-MS),**"*” acoustic mist ionization-mass spectrometry
(AMI-MS),”*° and open port interface-mass spectrometry
(OPI-MS)*!/acoustic droplet ejection-open port interface-mass
spectrometry (ADE-OPI-MS).** In these examples, sample
transfer to the mass spectrometer is achieved by use of exter-
nal pumps (SPE-MS), acoustic ejection (AMI-MS), or the
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Venturi effect created by a custom open port interface
(OPI-MS/ADE-OPI-MS). These methods provide meaningful
advancements in high-throughput screening, but further
improvements remain of interest due to their requirements for
specialty equipment and high introductory costs.

Sample transfer via self-aspiration (i.e., flow not driven by
external pumps or valves) is an alternative strategy with poten-
tial for low cost. Examples include flow driven by capillary
action,*® by the vacuum created by the mass spectrometer
source,’” and by the Venturi effect created in the mass spectro-
meter source. The capillary action approach is low-cost but not
easily adaptable to rapid, multi-sample analysis. Leveraging
the vacuum created by a mass spectrometer is easily adaptable
to multi-sample analysis but requires custom instrumentation
for analysis of liquid samples while providing moderate
throughput of 0.1 samples per s. However, the Venturi effect
created by the mass spectrometer source can provide high-
throughput analysis of multiple samples without custom
instrumentation or high introductory costs.

Previous work has shown the feasibility of coupling well
plates to MS with Venturi-Easy ambient sonic-spray ionization
(V-EASI).?® In this approach, the Venturi effect, caused by con-
striction of a flowing fluid, is created at the exit of a transfer
tube that interfaces to the mass spectrometer.*® The resulting
pressure differential allows samples to be aspirated from the
well plate to the sonic spray ionization source,** enabling auto-
mated sample generation and infusion from a well plate. This
initial study used a custom-built MS source to aspirate 150 nL
samples segmented by air.>® The use of segmented flow allows
for high-throughput introduction of discrete samples without
dilution from a miscible carrier phase. The method was
demonstrated on 30 purified enzyme samples for interrogation
of inhibitor potency at a throughput of 0.6 samples per s.*
This strategy has the advantage of requiring minimal sample
introduction equipment. It also automates the transition from
well plate to droplet to detection, which has been an issue in
well-plate based droplet-MS."****! Relatedly, robotically auto-
mated vacuum enabled direct-inject mass spectrometry (RAVE
MS) utilized a commercially available sheath flow MS source
and single quadrupole mass spectrometer for analyzing bio-
and chemo-catalytic reactions at 0.1 samples per s.**

Here, we use a commercially available ESI-MS source to
generate and infuse sample droplets segmented by air using
the Venturi effect. The system is simple to implement as no
user intervention, unions, valves, or connections besides a
single piece of tubing are needed to generate and transfer dro-
plets to the mass spectrometer for detection. This work
expands upon V-EASI (0.6 samples per s),>® OPI-MS (0.5 to
3*13% samples per s),°>"**** and RAVE MS work (0.1 samples
per s)** by demonstrating similar or higher throughput
without specialty equipment. We also address remaining chal-
lenges in application of the Venturi effect to high-throughput
droplet-MS, including limits on throughput, methods of con-
trolling flow, and carryover. Key operation parameters that
affect throughput (e.g., nebulizing pressure, capillary inner
diameter, and droplet size) are described, and their quantitat-
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ive effect on droplet flow rate is evaluated. Carryover is evalu-
ated in different droplet transfer line materials. The system is
demonstrated by screening 283 whole cell hydantoinase reac-
tions producing butyl glufosinate created for a directed evol-
ution campaign at 0.4 samples per s, illustrating the potential
for high-throughput screening by direct-MS wusing this
method.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals were purchased from Sigma-Aldrich (Saint Louis,
MO) unless otherwise noted. The butyl glufosinate standard
was prepared via an enzymatic cascade outlined below.

2.2. Directed evolution and enzymatic cascade

Using a homology model of a hydantoinase from Frigidibacter
mobilis (GenBank accession number WP_066814531), 96 resi-
dues were selected for site-directed mutagenesis (SDM). Single
mutations were made via PCR using a pair of primers with a
randomized codon, and DH5a E. coli were transformed with
the ligated PCR product. After validation of successful muta-
genesis by Sanger sequencing, TG10+ expression strain E. coli
cells were transformed with the resulting library. In later
rounds, top mutations from the previous round were used for
combinatorial SDM to identify synergies between beneficial
mutations, and TG10+ cells were transformed with these
libraries as well. Colonies of this expression strain were then
grown in 96-well plates, alongside template (ie., starting
enzyme that engineering was performed on) and inactive
enzyme controls using variants that previously demonstrated
no activity towards the substrate.

Variants were evaluated in a two-enzyme sequence with
2.5 mM racemic hydantoin butyl glufosinate as a substrate.
The hydantoin is converted to p- and r-carbamoylic acid by the
hydantoinase, and the r-carbamoylic acid is then converted to
the final r-glufosinate product by an r-selective carbamoylase.
The initial hydantoinase was from Frigidibacter mobilis."®
Variant hydantoinase and NCS 1-23 carbamoylase (Uniprot
AO0A535Y1H2) were produced in whole E. coli, with each
enzyme in a different strain under a rhamnose induction
system in a pDHE plasmid. Reactions were carried out in
sealed plates in 100 mM HEPES buffer with 100 mM NacCl and
1 mM MnCl,. As NCS 1-23 cannot hydrolyze butyl
p-glufosinate carbamoylic acid, the ratio of glufosinate to total
product as measured by mass spectrometry was used as a
proxy for r-selectivity of the hydantoinase.

2.3. Liquid chromatography-mass spectrometry analysis of
enzymatic cascade reactions

After 24 h, samples were diluted four-fold to a final solvent
concentration of 20/80 methanol (MeOH)/water containing
0.1% formic acid. Sample plates were centrifuged for 10 min
at 1000g to pellet cells, then aliquots from each well were
diluted 10-fold in 20/80 MeOH/water containing 0.1% formic

This journal is © The Royal Society of Chemistry 2026
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acid and filtered through centrifugal filter plates. Samples
were analyzed by LC-MS on an Agilent 6230 LC-TOF system
with a Phenomenex Kinetex 100 x 2.1 mm C18 column with a
1.7 pm particle size and a 100 A pore size using a 3 minutes
separation method at 0.2 mL min~" and 40 °C with an isocratic
eluent of 20% B. Mobile phase A was 95/5 water/acetonitrile
containing 0.1% formic acid and mobile phase B was 5/95
water/acetonitrile containing 0.1% formic acid. The M + H'
ion was detected using a 140 V fragmentor voltage and used
for quantification. An example chromatogram is shown in
Fig. S1.

The variants with the highest r-selectivity of each round as
determined by LC-MS were then streaked on new plates from
glycerol stocks and used in a validation assay along template
controls. These reactions were analyzed both by achiral LC-MS
as above and by chiral LC-MS with an Astec Chirobiotic-T2 250
x 4.6 mm teicoplanin column with 5 pm particle size to differ-
entiate the 1- and p-enantiomers of butyl glufosinate and car-
bamoylic acid. Chiral LC-MS used the same instrument and
detection parameters as above, but the mobile phase flow rate
was 0.7 mL min~', column temperature was 25 °C, and a
16 min gradient of 90% B to 65% B was used, with mobile
phases A and B being the same as above, followed by a 1 min
gradient back to 90% B and a 5 min re-equilibration at 90% B.

2.4. LC-MS data analysis

The butyl glufosinate peak area was normalized to all analyte
(butyl glufosinate, carbamoylic acid, and hydantoin) peak
areas to help ensure results were reliable (i.e., so that potential
differences in injection volume were accounted for**). Relative
quantification was performed by dividing the normalized butyl
glufosinate peak area in an enzyme variant sample by the
average normalized butyl glufosinate peak area from biological
replicates (n = 7) of template enzyme reactions. All calculations
were performed in Excel.

2.5. Sample preparation for Venturi droplet-MS/MS analysis

Quenched enzymatic reactions were stored in 96-well plates
covered with an adhesive foil seal at —80 °C until needed.
Thawed enzymatic reaction mixtures were diluted 15-fold by
adding 6.9 pL of sample to 97 pL of dilution solvent, which
was composed of 20/80 MeOH/18 MQ water containing 0.1%
formic acid (v/v) and 2.7 uM acetylcholine, in a 96-well plate.
The diluted enzymatic reaction mixtures were mixed by pipet-
ting up and down three times with a P100 multichannel
pipette set to 50 pL.

20 pL of diluted enzymatic reaction mixture was transferred
from the 96-well plate to a Grenier 384-well plate (Monroe, NC)
for droplet generation. The contents of only one 96-well plate
were placed in a 384-well plate at a time, so droplets were
created from a 384-well plate but only a 96-well plate was
screened at a given instance. Each well plate contained a set of
calibration standards covering the following concentrations:
0.0, 0.7, 1.3, 2.0, 2.7, and 3.3 uM (concentration after 15-fold
dilution) butyl glufosinate. Marker droplets, which were com-
posed of 2.7 puM acetylcholine in 20/80 MeOH/18 MQ water
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containing 0.1% formic acid (v/v), were inserted into the train
of sample and calibration droplets to help ensure sample regis-
try with wells.

2.6. Venturi droplet-MS/MS

Air-segmented droplets were formed by alternately dipping the
inlet end of 150 um inner diameter (i.d.) x 360 pm outer dia-
meter (0.d.) x 70 cm long perfluoroalkoxy alkane (PFA) tubing
from Idex (Lake Forest, IL) between solution in wells and
ambient air with the outlet end of tubing threaded through an
Agilent capillary electrophoresis-mass spectrometry (CE-MS)
source for enzyme reaction screening. 150, 200, and 250 pm i.
d. x 360 um o.d. x 70 cm long fused silica capillary was also
tested for droplet generation and infusion. Solution is aspi-
rated when the tubing is dipped into a solution and the source
MS nebulizing gas is at a sufficient pressure. Unless otherwise
noted, the nebulizing gas pressure was set to 60 psi. The
tubing was moved across a well plate using an x,y,z-computer
numerical control (CNC) machine operated by G-code. To
create droplets, the tubing inlet was lowered 7 mm into the
well and held there for 0 s before returning to 1.5 mm above
the well (zero position) in air where it is held for 2 s, unless
otherwise noted. All wells were sampled in triplicate. When
analyzing a sequence of droplets, three wells were sampled in
triplicate before and after the start of calibration standard and
sample infusion to keep flow rate stable during analysis. PFA
tubing was positioned so that it was approximately 0.1 mm
beyond the end of the MS source. Tubing was consistently
placed in the same approximate location (by eye) based on
where stable spray of the droplets is achieved. A sheath liquid
(20/80 MeOH/18 MQ water containing 0.1% formic acid (v/v))
was delivered at 0.1 mL min~" by an Agilent 1290 binary pump
and flowed coaxially with nebulizing gas and droplets through
the CE-MS source.

Droplets were analyzed using an Agilent 6410 QQQ operated
in multiple reaction monitoring (MRM) mode acquiring the
following analyte fragmentation pairs: 238.2 — 136 for butyl
glufosinate and 146.1 — 87.1 for acetylcholine. The fragmentor
voltage was 75 V for butyl glufosinate and 70 V for acetyl-
choline. For both analytes, dwell time was 0.5 ms, collision
energy was 13 V, and MS1 and MS2 were operated at unit
resolution. MS source settings were: capillary voltage = 3500 V,
drying gas flow rate = 10 L. min~", nebulizing pressure = 60 psi,
drying gas temperature = 350 °C, unless otherwise noted.

2.7. Droplet-MS data analysis

Analyte specific MRM traces were used for relative quantifi-
cation. The MRM traces were examined in the Agilent
Qualitative Navigator software, exported into a .csv or .Xls file,
and then analyzed in Excel. Droplet signal was separated from
baseline by using an Excel IF function to copy the ion intensity
value to a new column if the acetylcholine ion intensity was
above a user-set threshold. These values were then averaged
using a combination of COUNT, AND, and AVERAGE functions
in Excel. The averaged droplet signal was used for further ana-
lysis. Since each well was sampled in technical triplicate, this

Analyst


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6an00065g

Open Access Article. Published on 16 March 2026. Downloaded on 4/6/2026 6:18:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

droplet average was then averaged with the other two replicate
droplet averages from a given well to yield the butyl glufosinate
signal that was used for relative quantification. The averaged
value of n = 3 droplets was then divided by the butyl glufosi-
nate droplet signal from the average of n = 7 biological repli-
cates (each biological replicate was also sampled in technical
triplicate for droplet analysis) of the template enzymatic reac-
tion, yielding the fold-improvement of an enzyme variant rela-
tive to the template enzymatic reaction.

2.8. Volume, flow rate, and throughput analysis

Droplet volume and flow rate were measured at approximately
the halfway point between the tubing inlet (at the well plate)
and outlet (in the MS source) using recorded videos and
Image]. If flow stopped prior to this point, droplet volumes
were measured after the generation process using a ruler and
microscope. Flow rate was calculated by dividing the volume
traversed by the leading edge of a droplet over ~6 cm of length
(exact length depended on the specific droplet flow rate being
measured) and dividing this value by the time it took the
droplet to traverse that length. For flow rate measurements
where only a single droplet was present in the tubing at a time,
flow rate was calculated as the volume of the entire transfer
tubing divided by the time it took the droplet to traverse that
volume. Aqueous and air segments were assumed to have a
cylindrical shape for volume calculations. The cylindrical
shape was verified under a microscope. Dimensionless droplet
lengths were calculated as droplet length divided by radius,
given by radius of the droplet tubing.

To determine the droplet volume and flow rate for the
screening experiment, n = 6 droplets were measured at three
evenly spaced intervals over the course of 10 minutes for a
total of 18 measurements. Air spacing was not measured as it
was larger than the camera frame used to measure droplet
volume and flow rate.

Throughput of a 96-well plate was calculated by counting
the number of droplets detected by MS in a 0.2 min period.
This value was averaged with the throughput observed for two
other 96-well plates yielding an average of 0.4 samples per s.

2.9. Droplet carryover

Droplet carryover was calculated as analyte signal in the first
blank droplet immediately following a sample (analyte con-
taining) droplet divided by the analyte signal in the sample
droplet.

To modify a fused silica capillary with fluorinated silanes,
the capillary was first rinsed with 10 volume equivalents of iso-
propyl alcohol. Then, the capillary was rinsed with 2% (v/v) tri-
chloro(1H,1H,2H,2H-perfluorooctyl)silane in perfluorodecalin
(PFD) by infusing this solution at a flow rate of 1 uL min™" for
400 min. After the infusion was complete, the solution was left
to sit for another 48 hours. Then, the capillary was rinsed with
20/80 MeOH/18 MQ water containing 0.1% formic acid at a
flow rate of 40 puL min~" for 10 min. The capillary was used
immediately after completing this protocol. Capillary was
250 pm i.d. x 360 pm o.d. by 70 cm long.
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3. Results and discussion

3.1. Control of flow rate

An Agilent CE-MS source, a type of sheath-flow ESI source
(Fig. 1), was used to create and infuse droplets using the
Venturi effect. In the source, sample flows through a central
channel that is coaxial with flows of sheath liquid and nebuliz-
ing gas (N,). The Venturi effect in this system can be attributed
to the constriction of nebulizing gas at the end of the MS
source. The decrease in pressure at the end of the source
creates a differential that is sufficient to aspirate liquid
through the tubing threaded through the source. In this way,
flow can be achieved without external pumps or valves. In pre-
liminary experiments, flow could be established regardless of
whether the sheath liquid was flowing or not, so long as the
nebulizing pressure was sufficiently high (Fig. S2A). In con-
trast, sample flow could not be achieved while only the sheath
liquid was flowing (Fig. S2B). These results demonstrate that
the nebulizing gas is critical to the establishment of Venturi-
induced flow.

We investigated the effect of capillary inner diameter, nebu-
lizing pressure, and sample phase composition on Venturi-
induced flow and droplet signal (Fig. 2 and Table 1). For study-
ing droplet-MS signal, we used droplets composed of 2 pM
butyl glufosinate (target analyte of screen), 2 pM acetylcholine,
and 2 pM glufosinate in 20/80 MeOH/water containing 1%
blue food dye. Glufosinate was tested as an internal standard
due to its structural similarity to butyl glufosinate but ulti-
mately not used due to its markedly lower MS response (i.e.,
butyl glufosinate/glufosinate signal = 20). As such, butyl glufo-
sinate signal was divided by acetylcholine signal to compare
MS results across different experimental conditions.
Measurements of flow rate under these conditions largely con-
formed to expectations. Increasing the capillary inner diameter

FLOW >

PFA tubi
Droplet Air ubing

Sheath liquid

XYZ Positioner

Nebulizer gas

Sheath flow MS source
(+0 kV)

Well plate ®

MS Inlet (+3.5 kV)

Fig. 1 lllustration of Venturi droplet-MS/MS method. Droplets segmen-
ted by air are generated from a well plate and flow directly into the mass
spectrometer for analysis using the sheath-flow MS source. Tubing inlet
is moved from well-to-well using an x,y.z-positioner. The Agilent
sheath-flow MS source allows for threading of a 360 pm o.d. piece of
tubing through the center of the source. A sheath liquid, illustrated in
blue, and a nebulizing gas, illustrated in light orange, flow coaxially to
the tubing. Illustration is not to scale.
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Fig. 2 Effect of transfer tubing inner diameter and nebulizing gas pressure on (A) flow velocity, (B) droplet size, and (C) resulting MS/MS signal of
droplets generated and infused using Venturi effect. Y axis in (C) is butyl glufosinate divided by acetylcholine signal. Droplets contained 2 pM butyl
glufosinate and acetylcholine in 20/80 MeOH/water containing 0.1% formic acid. Flow velocity values are plotted as average of n = 5 droplets,
volumes are average of n = 10, and MS signals are average of n = 25. Error bars represent + 1 SD. One droplet was in tubing at a time. Droplet size
data was not collected for capillary i.d. = 250 pm, nebulizing pressure = 40 psi, and nebulizing pressure = 50 psi because droplets were longer than

width of the camera frame (10 cm) used to measure droplet size. Fused silica capillary (70 cm long) was used to generate and infuse droplets.

Table 1 Droplet size and flow rate as a function of droplet composition
(n = 6 droplets) using sheath liquid (20/80 MeOH/water containing 0.1%
formic acid) flow rate = 0.1 mL min~! and nebulizing pressure = 60 psi.
PFA tubing (150 pm i.d. X 70 cm long) was used to generate and infuse
droplets

Average droplet  Average flow rate

Droplet composition size (nL) (ML min™")
10% formic acid in water 976 + 11 159+ 6
Water 940 + 26 163 + 4
100 mM HEPES (reaction matrix) 778 £ 18 149+ 3
Quenched reaction matrix 818 + 30 138+ 8
Diluted quenched reaction matrix ~ 842 + 20 141+ 3
50/50 MeOH/water 825+ 25 128 + 4
MeOH 1213 £ 22 216 +4

from 150 to 200 to 250 um led to an increase in flow velocity
and droplet size due to lower fluid resistance, with no signifi-
cant effect on MS signal of the droplets (Fig. 2). Increasing the
nebulizing pressure, which increases the pressure gradient,*?
resulted in greater Venturi-induced flow velocities and droplets
sizes (Fig. 2A and B). This result is in agreement with a pre-
vious study on Venturi-induced flow in an ESI system.’> A
~20% decrease in MS signal was observed when going from 20
to 50 psi (Fig. 2C). This is likely because the ESI conditions at
50 psi are not ideal for analyte ionization. These results indi-
cate a compromise between sensitivity and flow velocity is
required. Based on these trends, i.e., an increase in velocity
with a decrease in signal as nebulizer pressure increased, we
elected to use the maximal nebulizing pressure available
(60 psi) for screening, as analyte concentrations were expected
to be high enough that sensitivity would not be limiting. This
condition proved satisfactory for screens.

Sample composition affects Venturi-induced flow rate as
well (Table 1). Lower viscosity samples (e.g., methanol)*>*®
had larger droplet sizes and flow rates than those with higher
viscosity (e.g., water), as expected for Poiseuille flow. Based on
pilot experiments, a sample composition of 20/80 MeOH/water

This journal is © The Royal Society of Chemistry 2026

containing 0.1% formic acid (v/v) was chosen for screening.
Air was chosen as the segmenting phase since it has a lower
viscosity compared to the perfluorinated oils that are normally
used to segment droplets in microfluidics. Indeed, an earlier
report asserted that a perfluorinated liquid decreased through-
put of a Venturi droplet method.?®

Positioning of the droplet tubing within the sheath-flow
source can also affect the observed flow rate and therefore the
resulting throughput of the method. For these experiments,
the tubing exit was normally positioned 0.1 mm beyond the tip
of the source. If the PFA tubing is extended 0.5 mm beyond
the typical placement, flow is briefly observed before it comes
to a stop (Fig. S3). Lack of stable flow is likely because the
tubing is no longer in an area where the suction force created
by the Venturi effect is powerful enough to sustainably aspirate
liquid.

Other parameters were investigated that did not affect or
only moderately affected the Venturi-induced flow rate includ-
ing: capillary length (54, 70, 90 cm) and sheath flow rate (0.0,
0.1, and 0.2 mL min~'). Decreasing transfer line length has
been shown to affect Venturi-induced flow rate at short lengths
(<50 cm),*” but we did not observe any effect over 54 to 90 cm
when generating and infusing ~800 nL plugs (Fig. S4).
Decreasing the sheath liquid flow rate from 0.2 to 0.1 to
0.0 mL min~" led to a slight decrease in Venturi-induced flow
velocity, from 4.2 + 0.1 cm s to 3.8 + 0.1 cm s™' to 3.4 +
0.1 cm s, respectively (Fig. S4). The sheath flow was main-
tained at 0.1 mL min~" for analysis of samples to aid in ioniza-
tion of the analytes,'® as well as to perform online dilution of
the samples.

3.2. Multi-droplet flow

The above experiments were conducted so that only one
droplet was in the tubing at a time. At the highest observed
flow rate of 200 pL min~" with a 250 pm i.d. X 70 cm long
capillary, 20 s was required to clear a droplet from the capil-
lary, thus limiting throughput to 0.05 samples per s. Closer
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spacing of droplets would allow higher throughput but also (region 2 of Fig. 3) with a stable flow rate (82.8 + 3.4 uL min™"),
require multiple droplets in the tubing at one time. Because stable droplet length (102 + 12 dimensionless length), and
the Venturi system is a constant pressure system, rather than even spacing between droplets in the MS trace. During this
constant flow, the number and volume of droplets in the capil- time, ~9 droplets are in the capillary, and they are entering the
lary will influence the Venturi-induced flow rate. In particular, mass spectrometer every 1.7 s. At the end of the sequence, dro-
it has been shown that pressure drop is linearly proportional plets are no longer being loaded into the capillary. In this
to the plug length and that small plugs (i.e., dimensionless phase the capillary begins to fill with air, and the flow rate
plug length <30) will have a larger plug resistance coefficient increases as fluidic resistance gradually decreases. As such,
(C¢) than longer plugs (i.e., dimensionless plug length the droplets flow out of the capillary in narrow pulses and
>30).*7*® We therefore investigated the potential for flowing close together (region 3 of Fig. 3). The droplets detected in
multiple droplets stably through the transfer line. region 3 of Fig. 3 were formed using flow rates observed in
Fig. 3 shows how flow rate and droplet signal change as a region 2, so only the infusion flow rate, and not droplet nor
sequence of droplets are analyzed with multiple droplets spacing length, is affected by the increased flow rate observed
present at once in the capillary. A set of 25 droplets was in region 3. These results show that a stable period can be
infused such that a droplet was introduced to the capillary reached once nine droplets are present in the capillary under
every 2.6 s using a constant dwell time in sample (0.2 s) and these conditions. Given these observations, two sets of 9 dro-
air (2 s). At the beginning of the experiment, the capillary is plets were used to bookend the sample droplet sequence so
filled with air, which has less fluidic resistance than the that samples would be formed and sprayed under a constant
droplet solution. As such, the flow rate during droplet for- flow condition.
mation is high and the resulting droplet is the longest (270 The consistency observed in region 2 is not guaranteed
dimensionless length) of the experiment. The second droplet when using the Venturi effect for multi-droplet flow and likely
is introduced while the first droplet is still in the capillary. As occurs in this case because the number of droplets in the
a result, the flow rate decreases to 94 uL. min~" and the second capillary at any given moment is high enough that a relatively
droplet is shorter with 210 dimensionless length. (Flow rates small (<15%) change in segmented fluid volume occurs when
reported here represent the flow rate observed over ~6 cm of a droplet exits the capillary. With 9 droplets of equal volume in
tubing at the halfway point between well plate inlet and mass the capillary at a time, each has a relatively small effect (11%
spectrometer outlet.) The spacing detected between the dro- change) on total volume of segmented liquid in the capillary
plets (as indicated by spacing in the MS trace) is at its highest so that when one droplet exits the flow rate change is not large
because of the relatively high flow rates during formation i.e., and stable flows are maintained.
the droplets move quickly down the tube before the next Changing the space between droplets also affected the flow
droplet is formed. Droplet size, flow rate, and gap between dro- rate. Fig. 4 shows the effects of altering the time spent in the
plets continue to decrease as more droplets are loaded into the = segmenting phase from 2 s (Fig. 4A and B) to 1 s (Fig. 4C and
capillary and fluidic resistance correspondingly increases D) to 0.5 s (Fig. 4E and F). At 2 s spacing, oscillations in flow
(region 1 of Fig. 3). Eventually a stable period is achieved rate and droplet length in the middle of infusion (ie., from

- —.—
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Fig. 3 Effect of tube filling with droplets on ESI-MS/MS signal for Venturi-generated samples. Droplets contained 3.3 uM butyl glufosinate, 2.5 uM
acetylcholine, and 1% blue food dye in diluted reaction matrix. (A) MS/MS trace of droplets generated and infused using Venturi effect. The red trace
represents acetylcholine and the black trace represents butyl glufosinate. The plot is divided into three regions, referred to as 1, 2, and 3, to represent
different flow rate regimes observed while using the Venturi effect to drive flow. Region 1 occurs at start of droplet generation with the tubing
empty. Region 1 is characterized by large initial droplet length that decreases as droplets enter the tube. Region 2 occurs when tubing is filled with
droplets and is characterized by stable (<12% RSD) droplet lengths and flow rates. Region 3 occurs when droplets are no longer being introduced to
the tubing and the tubing is being emptied. Region 3 has the same droplet lengths observed in region 2 but increasing flow rates as fluidic resistance
decreases. (B) Dimensionless droplet lengths (black trace) and flow rates (blue trace) of the droplets generated and infused during the droplet-MS/
MS trace in (A). The three regions (1, 2, and 3) in (B) correspond to the same regions and droplets in (A). Droplet spacing is >1000 nL in all cases. The
x axis represents droplet order, meaning that an x value equal to ten corresponds to the tenth droplet that was generated and infused, etc.
Nebulizing pressure = 20 psi. Fused silica capillary (250 pm i.d. X 70 cm long) was used to generate and infuse droplets.

Analyst This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6an00065g

Open Access Article. Published on 16 March 2026. Downloaded on 4/6/2026 6:18:51 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Analyst

— Acetylcholine

A 1.5%10% B

1.0%10%

5.0x10%

Intensity (a.u.)

0.0
0.0 0.5 1.0 15
Time (min)

C 1.5%10%+ D

1.0%10%

5.0x10°

Intensity (a.u.)

0.0
0.0 0.3 0.6 0.9

Time (min)

1%10% F

m

8x103
6x10°

4x%103

Intensity (a.u.)

2x%103

0.0 0.3 0.6 0.9
Time (min)

View Article Online

Paper

-o- Dimensionless plug length -# Flow rate (uL/min)

£ 800+ — 300
£
o
c -
o I
o 600 o
2 200 =
oy 3
@ 400 B 3
K =
S F100 5
@ 200 E
8 L £
£
Q o+ Ragaazasy e e 0

0 10 20 30 40

Droplet order

£ 800 —200
s
o
[ 1 I m
o2 =)
= 600 150 2
= =
S 1 B 2
» (]
3 400+ —100E
s ] [ 2
@ 200 50 5
H 20000°
£ 1 I
o 0t 0

0 10 20 30 40

Droplet order

£, 800 g 150
5 ] :
K] o 120 a
8 600 3 g
s 8
5 % 7
@ 400 L R =
°© ] Droplet order 60
S E
-2 200+ 3
] 30
8 ]
& O 0

0 10 20
Droplet order

Fig. 4 MS/MS traces, dimensionless droplet lengths, and flow rates of droplets generated and infused using Venturi effect at the following dwell
times in the segmenting phase: (A, B) 2 s (2—-3 droplets in tubing at a time), (C, D) 1 s (9 droplets in tubing at a time), and (E, F) 0.5 s. Droplets con-
tained 2.7 pM acetylcholine and 5% blue food dye in 20/80 MeOH/water containing 0.1% formic acid. (A, C, E) Droplet-MS/MS traces. (B, D, F)
Dimensionless droplet lengths (black trace) and flow rates (blue trace). A total of 14 wells were sampled in triplicate, yielding an expected 42 droplets
per run. Nebulizing pressure = 60 psi. PFA tubing (150 ym i.d. X 70 cm long) was used to generate and infuse droplets.

droplets 4 to 39) were observed (Fig. 4B). At this spacing, only
2-3 droplets were in the tubing at a given time, meaning that a
33% change in segmented liquid volume occurs if a droplet
does not exit the tubing at the same time another is intro-
duced. As a result, relatively large fluctuations in flow rate and
droplet length were observed. In contrast, at 1 s gaps (Fig. 4C
and D), 9 droplets were present yielding the same stable result
as Fig. 3. With 0.5 s gaps (Fig. 4E and F), neither stable flow
nor length was observed. Further, only 23 of 42 attempted
droplet formations were detected. Likely, the droplet signals in
Fig. 4E are inconsistent in terms of both signal maxima and
width because of the changes in flow rate shown in Fig. 4F.
Even smaller gaps (0.2 s) resulted in smaller droplets and sub-
sequent flow stoppage (Table S1). This result is rationalized
based on the finding that small droplets can require greater
pressure than longer droplets to maintain a given flow rate; it
has previously been demonstrated that a rapid, nonlinear
increase in the plug resistance coefficient (C¢) is observed with
biphasic air/water plug flow systems when the dimensionless
plug length (L) is <30 as L — 0.*”*® The pressure drop associ-
ated with these plugs is linearly dependent on Cp, so a higher

This journal is © The Royal Society of Chemistry 2026

pressure drop will be required for systems possessing larger C¢
values. Therefore, if enough droplets with L < 30 are intro-
duced to a capillary, the pressure required for flow will become
greater than what can be generated by the Venturi effect and
flow will stop.

Taken together, these results show that the Venturi effect
can be used to create a consistent flow; however, the effect is
limited by the effects of friction of multiple droplets within
the capillary. Based on these experiments, we used 380 nL
droplet size and 330 pL min~' flow rate for all screening
experiments.

3.3. Figures of merit

Low carryover or cross-talk between adjacent samples is impor-
tant to enable relative quantification. We evaluated carryover
in PFA, fused silica, and fused silica with inner surface modi-
fied by 2% trichloro(1H,1H,2H,2H-perfluorooctyl)silane*’
transfer tubing (Fig. 5). Although PFA tubing was expected to
have the lowest carryover, fused silica was of interest because it
is available in larger i.d., potentially allowing higher flow
rate and throughput. For carryover evaluation, fused silica
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Fig. 5 Carryover of butyl glufosinate observed in fused silica capillary (FS capillary), fused silica that was treated with 2% silane in PFD (silanized FS),
and PFA tubing. (A) Droplet-MS/MS trace of hit droplets (containing 3.3 uM butyl glufosinate and 2.5 uM acetylcholine in diluted reaction matrix) and
blank droplets (containing 2.5 pM acetylcholine in diluted reaction matrix) generated and infused using Venturi effect with FS capillary. Droplets
were 1210 + 56 nL and flowed at 454 + 7 pyL min~%. (B) Droplet-MS/MS trace of hit and blank droplets generated and infused using Venturi effect
with silanized FS. Droplets were 1190 + 130 nL and flowed at 578 + 4 pL min~% (C) Droplet-MS/MS trace of hit and blank droplets generated and
infused using Venturi effect with PFA tubing. Droplets were 344 + 25 nL and flowed at 168 + 11 uL min~. In (A), (B), and (C), the black trace rep-
resents acetylcholine, and its intensity is plotted on the left y-axis. The red trace represents butyl glufosinate, and its intensity is plotted on the right
y-axis. (D) Percent carryover observed with FS capillary, silanized FS, and PFA tubing. Bars are plotted as average of n = 12 droplets and error bars
represent + 1 SD. Nebulizing pressure = 60 psi. ? PFA tubing had an inner diameter = 150 uym and droplet analysis throughput = 0.5 samples per s,
while FS capillaries had inner diameters = 250 um and droplet analysis throughput = 1 sample per s. Other dimensions (360 pm o.d. X 70 cm long)

were the same.

capillaries were 250 um i.d. and PFA tubing was 150 pm i.d.
All capillaries/tubing had 360 um o.d. and were 70 cm long.
Modifying the fused silica surface led to a decrease in butyl
glufosinate carryover from 77 + 6% to 8.4 + 1.3% in the first
blank droplet infused immediately after a droplet containing
the analyte. The PFA tubing offered the lowest carryover at 0.88
+ 0.16% (Fig. 5). This low carryover may be due to the surface
chemistry and the lower rate of infusion®® (0.5 samples per s
compared to 1 sample per s with fused silica) caused by its
smaller inner diameter. PFA tubing was selected moving
forward despite it offering a lower flow rate compared to capil-
laries with larger inner diameters, as it was anticipated that
the lower carryover would make quantification easier and
more accurate.

The detection limit for butyl glufosinate was 0.5 pM, as
determined by the limit of the blank method,* measured in
381 + 24 nL droplets composed of diluted reaction matrix

Analyst

flowing at 329 + 70 uL min~". Calibrations were linear between
0.7 to 3.3 uM butyl glufosinate (Fig. S5), which is the expected
range of concentrations in the samples. Signal was consistent
(7% RSD) across a mock screen of wells (n = 96) containing
3.3 pM butyl glufosinate standard in the screening matrix
(Fig. S6).

3.4. Evaluating hydantoinase activity with high-throughput
screening

The method was tested on hydantoinase variants developed
during a directed evolution campaign to generate a biocatalytic
route to enantioselective production of t-butyl glufosinate. The
engineering goal was to increase r-selectivity of the hydantoi-
nase for more efficient r-butyl glufosinate production, and
Scheme 1 shows the dual enzyme strategy used for the reac-
tion. In this scheme, a hydantoinase that shows p-selectivity
acts on a racemic mixture of hydantoin butyl glufosinate to

This journal is © The Royal Society of Chemistry 2026
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Scheme 1 Use of the hydantoinase process to selectively produce L-amino acids. As both enzymes retain stereochemistry at the a-carbon, the
enantioselectivity of the hydantoinase is important in determining the overall conversion of hydantoin to L-amino acid.

produce both p- and r-carbamoylic acid butyl glufosinate. The
L-carbamoylic acid is then converted by an r-selective carba-
moylase to produce the final r-butyl glufosinate product.
Therefore, any increase in butyl glufosinate detected in screen-
ing is assumed to be 1-butyl glufosinate and is attributed to an
increase in r-carbamoylic acid production by the hydantoinase.
L-Selectivity is defined as butyl glufosinate peak area divided
by the sum of carbamoylic acid and butyl glufosinate peak
areas determined by achiral LC-MS. Selected enzyme reactions
(n = 36) were validated with chiral LC-MS to verify that >99%
L-butyl glufosinate was produced and >81% p-carbamoylic acid
(area % of enantiomer divided by i- and p-enantiomers)
remained.

Fig. 6A shows an MS trace for screening 96 variants in tripli-
cate. A total of 369 droplets were infused over 15 min. The
experiment included calibration standards and marker dro-
plets, containing a higher concentration of acetylcholine than
samples, to ensure sample registry with wells. (Another 9 dro-
plets were infused at either end for stable flow as described

above). Droplets were 381 + 24 nL and flowed at 329 + 70 uL
min~". To test the accuracy of the method, fold improvement
of butyl glufosinate production by the enzyme variants relative
to template enzyme (i.e., starting enzyme that was modified)
was compared to that determined by achiral LC-MS (Fig. 6B)
showing good agreement. Extending the analysis to a total of
283 enzyme reactions from 3 separate 96-well plate screens, a
high correlation between the droplet-MS and achiral LC-MS
methods is observed (R*> = 0.9185) (Fig. 6C). This result indi-
cates that the Venturi method provides comparable results to
LC-MS but is 67-fold faster (0.4 samples per s droplet infusion
rate compared to 0.006 samples per s analysis rate of 3 min
achiral LC-MS method). Additionally, four enzyme variants
from the plate shown in Fig. 6A were also screened by chiral
LC-MS and were confirmed as having increased r-selectivity,
with the top performing variant that was also identified as a
hit by droplet-MS showing an increase from 20 to 25%
-selectivity. As such, it is thought that this method could be
useful for performing enzyme engineering via directed evol-
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Fig. 6 Enzyme variant screen with Venturi droplet-MS/MS. (A) MS/MS signal trace of calibration standards and 96-well plate of enzyme variant
reactions producing butyl glufosinate. The red trace represents butyl glufosinate. The trace for acetylcholine, which was used to mark droplets, is
not shown for better viewing of the butyl glufosinate trace. Droplets were 381 + 24 nL and flowed at 329 + 70 pL min~™. (B) Fold improvement
values obtained for a 96-well plate of enzyme variants analyzed in (A), which corresponds to 84 variants and 12 control reactions. Data is arranged in
descending order of droplet-MS fold improvement values. The x-axis represents all enzyme variant reactions in a 96-well plate, and the fold
improvement values determined by droplet-MS (black bar) and achiral LC-MS (gray bar) are plotted side by side for a given x position, which rep-
resents a single enzyme variant reaction. (C) Plot of droplet-MS vs. achiral LC-MS fold improvement and resulting regression for 283 enzyme reac-
tion samples. The equation describing the regression line is y = 0.90x + 0.04 with R? = 0.9185. Nebulizing pressure = 60 psi. PFA tubing (150 pm i.d.
X 70 cm long) was used to generate and infuse droplets.
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ution, since it may reduce time associated with analyzing thou-
sands of enzyme variants.

3.5. Further improvements

Droplet sample introduction is a simple way to achieve high-
throughput MS analysis with low sample consumption. The
use of the Venturi effect for generating flow facilitates oper-
ation by combining droplet generation and infusion steps.
Nevertheless, there are some limitations that may be
addressed. If samples were not sufficiently filtered, then debris
buildup in the tubing resulted in inconsistent flow. Given that
filtering and other sample preparation steps can be performed
in batches at high throughput, this would not be a limitation
in many cases. Alternatively, rinse protocols may be developed
at the expense of some throughput. The throughput was
limited by the ability of the Venturi effect generated within
this source to overcome flow resistance of multiple small dro-
plets. Higher flows may be possible with a custom source or
larger i.d. tubing, which would allow for higher throughput.

4. Conclusion

We show a high-throughput, well plate-based droplet-ESI-MS
method with an automated droplet generation to infusion
component. Up to 0.4 samples per s analysis was achieved
with this system. The setup is simple as it only requires a well
plate, an x,y,z-positioner, tubing, and an MS source capable of
creating the Venturi effect. This work builds upon V-EASI (0.6
samples per s),>® OPI-MS (0.5 to 3*'*? samples per s),>!3>3°
and RAVE MS work (0.1 samples per s)** by demonstrating
similar or higher throughput without the requirement of speci-
alty equipment (ie. custom source®’?® or open port
interface®***%), Additionally, we detail important variables for
changing the throughput of the Venturi droplet-MS method,
such as droplet tubing inner diameter, nebulizing pressure,
sample phase composition, and droplet size. The system was
demonstrated by screening enzyme variants but should be
applicable to other high-throughput MS applications from
multi-well plates.
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