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Abstract: Microfluidic autosamplers for electrospray ionization mass spectrometry (ESI-MS) are of major impor-
tance when using ESI-MS as a high-throughput and low sample consumption analytical method. In this article, 
microfluidic ESI-MS autosampler designs are overviewed and a group-owned prototype is discussed. The so-
called gap sampler is a pin-based sampler for miniaturized flow injection (FI) analysis. To date, it has been used 
in various applications. Following proof of concept applications with FI of small molecules, pin modifications 
were implemented for unspecific and specific extraction for the analysis of complex samples. Most recently, fur-
ther optimization allowed the study of non-covalent protein-ligand interactions for bioaffinity screenings, which 
constitutes a major milestone in the development of this novel high-throughput autosampler. 
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1. ESI-MS Autosampler Miniaturization
Speed, sensitivity and specificity are among a chemist’s main 

criteria when selecting an analytical method. Mass spectrometry 
(MS) is a technique which performs outstandingly well in these 
aspects.[1] In combination with electrospray ionization (ESI), 
complex molecules can be rapidly and gently ionized followed 
by a transfer into a mass spectrometer.[2] Hence, ESI-MS is of-
ten utilized for high-throughput analysis of pharmaceutically rel-
evant molecules, e.g. in metabolic fingerprinting,[3] screening for 
drug discovery[4] or quality assessment of combinatorial librar-
ies.[5] Typically, the sample handling is significantly slower than 
the MS acquisition itself. As a consequence, low speed analyte 
introduction often constrains a method’s throughput.[1] To fully 
exploit the strengths of MS, it is important to rapidly supply the 
instrument with sample, while minimizing the sample consump-
tion. Therefore, developments in the past years were focused on 
an automated microfluidic sample handling upstream to ESI-MS. 
In this article, an overview of microfluidic autosamplers from 
other researchers is provided and our group-owned prototype is 
discussed. 

The classical types of ESI sample delivery are direct infusion 
(DI) or flow injection (FI).[6] For DI, one sample at a time is de-
livered into the ESI capillary at a flow rate of a few microliters 
per minute with a syringe pump. Whereas for FI, a sample plug is 
loaded into a carrier liquid which transports the analytes towards 
the ESI source. Automated FI typically requires a few microliters 
of sample and achieves a cycle time of ≈30 s. By using nanoli-
ter injection valves, the sample volume can be decreased down 
to 4 nl.[7] Likewise, a cycle time down to ≈6 s was reported by 
operating multiple injectors in parallel or series.[8] To improve 
speed and reduce sample consumption, multiple research groups 
tried to miniaturize DI or FI. Felten et al. reported a mini-DI sys-
tem where the sample is aspirated directly from a multiwell plate 
with the ESI capillary.[6] As little as 120 nl of sample were con-
sumed with cycle times of less than 10 s. Somewhat similarly, Pei 
et al. aspirated air-segmented samples from a multiwell plate.[9] 
Partitioned by air, up to hundred 10 nl sample plugs were loaded 
into a capillary. Then, the plugs were pushed towards a nanospray 
source resulting in a 1.5 s cycle time. Jin et al. reported an easy-
to-fabricate mini-FI autosampler[10] in which ≈3–6 nl of sample 
were picked up by spontaneous injection through an opening in a 
bent ESI capillary. Subsequently, the sample plug was transported 
to the ESI emitter by a carrier liquid reaching a ≈21 s cycle time. 

The NanoMate from Advion is a commercial mini-DI 
system. [11] With this device, 1–20 µl of sample are aspirated from 
a microwell plate with a disposable pipette. Next, the sample is 
conveyed from the pipette into an opening of a multi-nozzle nano-
ESI chip at a 50–300 nl min–1 flow rate.[12] This system exhibits 
a cycle time of ≈40 s and is free of carry over because the pipette 
tips and the nozzles are single-use.[13] Another commercial system 
is the RapidFire merchandised by Agilent.[14] It includes a solid-
phase extraction step for purification between the sample pickup 
and the delivery to the ESI-source. This makes the autosampler 
ideal for enzyme inhibition assays, because interfering compo-
nents are removed before introduction into the ESI source. Typical 
sample volumes are 1–5 µl at a 4–5 s cycle time.

Additionally, there are microfluidic autosamplers which do 
not classify as miniaturized DI or FI. Shimadzu commercialized a 
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prevents flooding. By applying a high voltage to the drain capil-
lary, the liquid is constantly electrosprayed. 

The liquid bridge is used as an introduction system for FI. 
This is realized by a 356 µm diameter metal pin held by a robot 
arm. The pin picks up a few nanoliters of sample from a multi-
well plate, enters the pressure chamber through a sealing port 
and injects the nanodroplet into the liquid bridge as schemati-
cally shown in Fig. 1c. Subsequently, the pin is washed with two 
solvent mixtures, dried by nitrogen and reinitialized for the next 
injection. In a first study by Neu et al., the FI characteristics were 
studied using cortisone (1) as a model analyte and a 50:50 MeOH/
H

2
O V/V carrier liquid as shown in Fig. 2a.[18] Cycle times down 

to 15 s and ≈10 nl injection volumes were reported. Additionally, 
less than 1% sample carryover was determined. Moreover, a lin-
ear response between injected analyte concentration and detected 
signal was demonstrated as shown in Fig. 2b for 1. Importantly, 
a major finding was that the liquid bridge exhibits a certain self-

probe ESI (PESI) system which can pick up ≈3 pl of sample every 
≈ 0.4 s with a solid pin from a multiwell plate.[15] Subsequently, 
the liquid is electrosprayed by application of a high voltage di-
rectly to the pin. Yet another approach is based on the ionization 
of droplets originating from an acoustic mist generator.[16] This 
setup achieves a ≈0.4 s cycle time and consumes ≈15 nl of sample. 

2. The Gap Sampler as a Mini-FI Autosampler
The autosampler shown in Fig. 1a was originally developed by 

Hoffman La-Roche AG.[17] In a collaboration, our group refined 
the device and developed novel applications.[18] The key compo-
nents of the autosampler are two linearly arranged consecutive 
feed and drain capillaries embedded inside a pressure chamber as 
shown in Fig. 1b. A few microliters per minute of carrier liquid are 
supplied by the fused silica feed capillary via a syringe pump. The 
liquid bridges a ≈400 µm gap between the feed and the stainless 
steel drain capillary. A ≈30 mbar overpressure inside the chamber 

Fig. 1. Overview of the gap sampler and its applications. a) representation of the autosampler; b) schematic zoom into the pressure chamber during 
injection; c) flow injection: a sample is picked-up with the pin from a well and injected into the carrier liquid; d) unspecific extraction: analytes are ex-
tracted with a C18 solid-phase on the pin and eluted by the carrier liquid. e) specific extraction: one analyte is specifically extracted with an immobi-
lized protein and eluted by the carrier liquid. f) bioaffinity screening: a ligand is injected into a stream of protein target. Detection of the ligand–protein 
complex indicates binding.
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regime. This allows extraction within 5 min which results in a ≈15 
min cycle time including washing and conditioning of the solid-
phase. For demonstration purposes, the method was applied to ex-
tract compound 2 as well as oxazepam and diazepam from human 
plasma. Their limits of quantification were about 500 ng ml–1 and 
the relative standard deviation around 20%.

In a follow-up study, Ghiasikhou et al. immobilized bovine 
carbonic anhydrase II (CAII) on the pin of the gap sampler using 
epoxy-modified beads followed by an epoxy-amine reaction.[22] 
CAII can be used for specific extraction for sulfonamide bear-
ing analytes which bind non-covalently with a high affinity. The 
bound analytes can be desorbed by immersion of the CAII modi-
fied pin into a 50:50 ACN/H

2
O V/V carrier liquid as shown in 

Fig. 1e. To evaluate the extraction’s specificity, acetazolamide (3), 
diazepam (4) and monomethyl auristatin E (5) were used as mod-
el compounds in PBS. In a first experiment, they were extracted 
with the epoxy-modified beads only. In a second experiment, the 
CAII-modified beads were used. As shown in Fig. 4, 330% more 
sulfonamide-bearing 3 was extracted by the CAII phase. In con-
trast, sulfonamide-absent 3 and 4 were less efficiently extracted 
highlighting the specificity. No CAII deterioration was observed 
even after 40 extractions. Furthermore, the method was applied to 
analyze an anti-tumor small molecule–drug conjugate (SMDC) in 
a blood sample. The SMDC is composed of 3 and 5 derivatives 
joined by a valine-citrulline (ValCit) dipeptide linker and is re-
ferred to as 3-ValCit-5. The drug’s mode of action is based on the 
specific binding of 3 to human CAIX which is overexpressed in 
many cancer cells. Subsequently, ValCit is cleaved by Cathepsin 
B and releases the cytotoxic structure 5.[23] Using the gap sampler 
for the specific extraction of 3-ValCit-5, the drug was extracted 
from a 2.5 µg ml–1 human plasma sample. Undoubtedly, this high-
lights that even complex samples can be analyzed in a very short 
time without manual sample preparation prior to ESI-MS.

 
4. The Gap Sampler for Bioaffinity Screenings

ESI-MS is a suitable technique to measure the bioaffinity of 
a small molecule towards a biological target, e.g. a protein.[24] 
Under soft ionization and transfer conditions, the non-covalent 
protein–ligand complex can be detected directly via ESI-MS.[25] 
Thus, the gap sampler can be used as a high-throughput bioaffinity 
screening device. However, an aqueous carrier liquid is required 
to maintain the native protein structure. Modifications on the gap 
sampler’s capillaries, as suggested by Ghiasikhou et al., made this 
possible.[26] The drain and feed capillaries were replaced with one 
single capillary bearing an upwards oriented hole.

stabilizing effect under a regime of defined pressure, flow rate 
and gap distance. 

In a follow-up study, Neu et al. benchmarked the gap sam-
pler’s FI characteristics with a 10 nl microvalve.[19] In terms of 
flush-out profiles, the gap sampler and the microvalve perform 
equally well. The cause of the gap sampler’s peak broadening of 
the flush-out profiles was attributed to laminar flow dead-zones 
and longitudinal diffusion. However, by using larger inner diam-
eter feed and drain capillaries, narrower flush-out profiles were 
achieved and the microvalve was outperformed.

3. The Gap Sampler for Automated Extraction
In analytical chemistry, a common kind of sample preparation 

prior to analysis is solid-phase microextraction (SPME). In this ex-
traction process, analytes are enriched in a small volume of a solid-
phase extractant material and subsequently desorbed for analysis.[20] 

SPME is particularly helpful to remove ESI incompatible constit-
uents. The gap sampler can be utilized to automate this process. 
Instead of using the bare solid pin for injection, it can be functional-
ized with a solid-phase extraction material. Ghiasikhou et al. func-
tionalized the pin by immobilizing octadecyl (C

18
) modified silica 

particles.[21] Thus, automated SPME extraction was performed by 
(I) immersing the pin for a defined time into the sample solution, 
(II) quickly washing off unspecific analytes from the wetted sur-
face and (III) immersing the pin into the liquid bridge as shown in 
Fig. 1d. By using 80:20 ACN/H

2
O V/V + 0.1% V/V formic acid as 

a carrier liquid, the analytes are desorbed in less than 25 s. To as-
sess the extraction’s performance, 500 ng ml–1 nordazepam (2) in 
phosphate-buffered saline (PBS) was extracted. Fig. 3 shows how 
the signal intensity increases with longer extraction time. A ≈9-fold 
signal rise is observed when the extraction equilibrium is reached 
after ≈30 min. To keep the analysis time short, it is advantageous to 
stir the pin in the sample and to extract under a kinetically limited 
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the pin allows unspecific and specific extraction which is particu-
larly useful in the fast and automated separation free analysis of 
complex samples. On the other hand, the flush-out characteristics 
inside the capillaries enable mixing of protein targets with ligands 
inside the ESI-capillary and thus open the possibility for bioaf-
finity screenings. Therefore, the major strengths of the gap sam-
pler lie in its broad range of applications from FI over bioaffinity 
screenings to automated extractions.

6. Outlook: What the Gap Sampler Could Analyze  
in the Future

What has been learned from the gap sampler so far can be 
implemented in device modifications or novel applications in the 

Our current research focuses on implementing this new capil-
lary for an automated bioaffinity screening. The concept is depict-
ed in Fig. 1f. The carrier liquid contains a constant concentration 
of the protein target, while potential ligands are picked up from 
the multiwell plate and injected into the liquid bridge. In case of 
binding, the resulting non-covalent complex can be detected by 
ESI-MS. For a proof of concept experiment, CAII (P) was used 
as a model target. A P solution in 10 mM NH

4
OAc was fed into 

the capillary and a furosemide (6) solution was injected. A few 
seconds after injection, the complex [P+6] was observed in the 
extracted ion chromatogram (XIC) of [P+6]+10 as shown in Fig. 
5a. Meanwhile, the unbound protein was depleted, i.e. the P+10 
XIC decreased in Fig. 5b. Thus, the binding of the sulfonamide-
bearing compound 6 was confirmed. Likewise, Fig. 5c shows the 
spectrum before the complex was detected. Different charge states 
and acetate (Ac) adducts of P were observed. Fig. 5d shows the 
spectrum during complex detection when the dominant peaks ap-
peared from [P+6] complex species. If the concentrations of P 
and 6 are known during ESI, the binding affinity can be quantified 
based on the observed ratio of bound to unbound P. Integrating all 
the adduct signals for all the charges states, a dissociation constant 
K

D 
= 2.69 µM was computed for the example in Fig. 5.[27] This 

compares well with values reported in literature for surface plas-
mon resonance (SPR) data which determined K

D 
= 2.38 µM.[28] 

The exact protocols and the complete results, including a com-
parison with the ‘gold standard’ technique SPR, will be subject 
of an upcoming article.

5. Conclusion: the Gap Sampler is a Versatile 
Autosampler

Looking at the performance characteristics, the gap sampler 
can compete with the commercial and prototype systems in terms 
of cycle time and sample volumes. The pin-based sampling, the 
sample transfer and the FI into a carrier liquid with substantial 
mixing makes the autosampler relatively difficult to operate. 
However, this also opens opportunities for applications beyond 
the simple FI analysis. On the one hand, surface modification of 
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future. For future hardware modifications, it might be advanta-
geous to replace the overpressure chamber with a subatmospheric 
pressure region towards the MS. This would allow easier and fast-
er sample deposition into the liquid bridge. In fact, other autos-
amplers rely on an aspiration, e.g. the mini DI sampler described 
by Felten et al. uses a subatmospheric chamber.[6] This would al-
low sample injection without inserting the pin into the pressure 
chamber. Consequently, mechanical control of the pin would be 
easier and faster. 

The full potential of the gap sampler has not been utilized 
yet and many future applications can be envisioned. Particular 
attention should be given to the gap sampler’s characteristics and 
strengths, i.e. the pin-based sampling and the mixing characteris-
tics during FI. Hence, the gap sampler could be used for surface 
sampling. For instance, the pin could pick up an extraction sol-
vent followed by a solid–liquid extraction on top of a surface. 
Extractant absorption is a known problem when sampling from a 
wettable surface.[29] However, the gap sampler might be ideal for 
sampling from a tissue section where the liquid extractant nor-
mally would be absorbed. For example, the pin could be precondi-
tioned by a hot drying gas and then be held against a tissue section 
kept at < 0 °C. The melted water containing analytes would be 
transferred for FI. Using the gap sampler’s mixing characteristics 
during FI, another application might involve rapid derivatization 
of analytes inside the ESI-capillary. Similar to other studies, a 
cyanide-containing sample could be injected into a carrier liquid 
containing a dialdehyde reagent.[15c] This would allow the detec-
tion of the low mass cyanide analyte, for example in blood after 
intoxication, at increased sensitivity and specificity. Furthermore, 
the gap sampler’s mixing characteristics could allow ligand ex-
change experiments when, for example, an inhibitor is injected 
into a stream of substrate incubated protein. Consequently, we 
could perform bioaffinity screenings based on reporter ligands or 
bioactivity screenings based on inhibition experiments.
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