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Abstract
This study introduces a novel design for a microfluidic element used in a high-throughput screening mass spectrometer 
autosampler. The original design of the sampler consists of a liquid bridge formed in a micrometer gap between two capil-
laries. This liquid bridge is used to receive the sample, which is later ionized and analyzed by mass spectrometry. However, 
this liquid bridge is difficult to establish and maintain for long time periods, making the screening of large libraries of 
compounds a tedious task. The improvement described here consists in replacing the liquid bridge by a single pierced capil-
lary, called “semi-open capillary”. The fabrication of semi-open capillaries is explained. To achieve an optimum structure, 
two different machining methods were tested, laser ablation and electro-discharge micromachining. The advantages of this 
design over the previous one include reduction of the dead volume and that of the sample dilution, as well as higher stability. 
Characterizations of the repeatability and the limit of detection (LOD) show that the optimized semi-open capillary leads 
to nearly twofold lower LOD when compared to the original liquid bridge.
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Keywords High-throughput screening · Capillary gap sampler · Semi-open capillary · Laser ablation · Electro-discharging 
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1 Introduction

The path from studying and understanding a disease to intro-
ducing a potent treatment in the market is a long, complex, 
expensive, and high-risk process. Drug discovery and pre-
clinical stages consume a lot of time (and money) during 
this process. It takes years of research to study huge libraries 
of chemical compounds. High-throughput screening (HTS) 
allows researchers to quickly conduct millions of chemical, 
genetic, or pharmacological tests within a short time; hence, 
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HTS is in great demand (Ma et al. 2005). Therefore, high-
throughput screening is a key step in drug discovery, due 
to the immense savings in time and money which it offers 
(https ://www.stati sta.com/stati stics /76553 5/drug-disco very-
marke t-world wide-by-segme nt-globa lly/; Bleicher et al. 
2003).

HTS coupled with Mass Spectrometry (MS) is a powerful 
tool to analyze a large number of compounds. During the 
last decades, the development of high-throughput samplers 
for MS got a lot of attention. Most of them are based on 
microfluidic technology (Sun and Kennedy 2014; Chen et al. 
2005, 2012; Mao et al. 2013). First, microfluidics allows 
a better control of fluids and physical parameters. Second, 
using very a small amount of sample allows one to consid-
erably decrease the screening cost. Finally, the possibility 
for automation and parallelization increases the throughput. 
Well-established microfluidic devices with a good level of 
maturity already provide rapid and high-throughput com-
pounds analysis (van Reenen et al. 2014; Strohmeier et al. 
2015; Ducrée et al. 2007; Gorkin et al. 2010; Keller et al. 
2015). However, there remains room for improvement, for 
example, by decreasing even more the sample volume, 
increasing the speed and the robustness of the experiment, 
and developing multitasking approaches in terms of sample 
preparation.

When it comes to high-throughput drug screening of 
complex biological samples, an extra step of separation is 
often needed. Conventionally, MS is combined with gas or 
liquid chromatography (Sreekumar et al. 2009; Fiehn et al. 
2000; Chen et al. 2009; Stark et al. 2011) or capillary elec-
trophoresis (Wan et al. 2003; Chu et al. 1996) to extract the 
compounds of interest. However, such methods are often 
incompatible with HTS needs and can be expensive. In 2014, 
Jin et al. introduced the Swan-probe as an inexpensive tool 
for electrospray ionization (ESI)-MS HTS. It consists of a 
U-shaped capillary with a horizontal emitter tip. The probe 
is vertically grounded at the bottom of the U-shaped section, 
such that a hole of about 100 µm forms as sample inlet. The 
sample is infused inside the capillary and later mixed and 
sprayed to ESI–MS by pumping the carrier solution through 
the capillary and placing the inlet on the droplet arrays on a 
multi-well plate. This probe can be dipped into an array of 
samples and, therefore, provides continuous sample screen-
ing. The sampling speed is of about 21 s per sample. The 
main drawback of this autosampler is the lack of precision 
in the fabrication method of the hole (Jin et al. 2014). In 
2004, Ozbal et al. (2004) developed an ESI-APCI technique 
and hardware for HT discovery applications. In this method, 
an integrated microfluidic system is designed in a way that 
1–5 µL of sample gets delivered to a chromatography system 
for purification. The purified sample is then directed to a 
mass spectrometer for analysis. One injection cycle takes 5 s 
and the sample carryover issue is addressed using materials 

such as Teflon, PEEK, and fused silica in the microfluidic 
circuits, as well as chemically modified surfaces. In addi-
tion, the entire system is flushed with aqueous and organic 
buffers between different samples, which, however, increases 
the analysis time. Screening of different inhibitors for ace-
tylcholinesterase was performed as a proof of concept, and 
several potent inhibitors were identified. In 2012, Chen et al. 
(2012) developed an isotope labeling method performed in 
a microfluidic chip that is coupled to ESI-MS (SIL-chip-
ESI-MS) for HT online analysis of cell metabolism. This 
platform combines a cell culture chamber and on-chip sam-
ple clean-up methods, including a micro-SPE column, con-
nected via a microfluidic network. Such an integration fol-
lowed by ESI–MS provides a multifunctional chip-based MS 
platform that has been used for qualitative and quantitative 
analyses of the metabolism of drug and cell interactions. 
In addition, there are several commercially available non-
chip-based platforms that can be coupled to mass spectrom-
eters. The best known ones are the Rapidfire from Agilent 
and the Nanomate from Advion (Jian et al. 2011; Zhang 
and Pelt 2004) In brief, using an automated sample uptake 
system, the Rapidfire reduces the injection cycle to 6–13 s 
per sample. A robot scans and moves the microwell plates 
automatically, so that a large number of samples can be ana-
lyzed without human supervision. In addition, it provides an 
automated online solid-phase extraction by injection of sam-
ple volumes > 10 µL into cartridges. On the other hand, the 
Nanomate enables the analysis of various samples without 
cross-contamination, using an automated pipette to deliver 
a few microliters to the mass spectrometer. Pneumatically 
assisted spraying through nano-electrospray nozzles can last 
up to several minutes. 400 independent nozzles are fabri-
cated on one chip. Each nozzle is used only once to prevent 
any cross-contamination.

Finally, Roche has developed an autosampler, called 
Capillary Gap Sampler (Neu et al. 2013) (shown schemati-
cally in Fig. 1), a miniaturized sampling device that can be 
used as a platform for direct and fast uptake or extraction 
(Ghiasikhou et al. 2017) of a few nL of sample. A solid 
stainless-steel pin is used as sampling tool and the sample 
is desorbed in a micrometer-sized liquid bridge formed 
between two capillaries, one of them acting as an electro-
spray emitter. The bridge of 10–40 nanoliters of solution 
provides a continuous and clean medium for the sample to 
be introduced to the mass spectrometer. This design allows 
the system to be constantly ready for receiving new sam-
ples. The device allows fast (9–11 s), automated, and com-
prehensive analyses of various samples. The main applica-
tion of the instrument is the direct online high-throughput 
readout of chemicals. The most highlighted advantages 
of such an autosampler over the conventional borosilicate 
emitters are that it allows high-number of low-volume 
samples to be introduced to MS orifice with high speed. In 

https://www.statista.com/statistics/765535/drug-discovery-market-worldwide-by-segment-globally/
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addition, microfluidic capillaries are reusable for hundreds 
of injections, whereas, in the conventional version, each 
borosilicate emitter can only be used once. Exchanging the 
emitters for each sample is time consuming and costly, and 
can introduce errors. The second important advantage of 
such a concept for sample delivery is its ability to perform 
online reaction and solid-phase microextraction. Despite 
of all these advantages of the sampler over the borosili-
cate emitters, the current system is not easy to operate. 
The main reason is that the formation and stability of the 
liquid bridge depends on different factors such as the sur-
face tension of the solution, the spray capillary voltage, 
the solution flow rate, the distance between the capillar-
ies, the overpressure inside the chamber, and the surface 
composition of the capillaries and their geometries (Neu 
et al. 2016). The optimization of these parameters to keep 
the liquid bridge stable can be tedious, especially in the 
case of using high surface tension liquids.

In this paper, we present a comparative study between 
different configurations of the sample receptor in the Capil-
lary Gap Sampler. We present a new design, where instead 
of injecting the sample into a liquid bridge between two 
different capillaries, it is injected into a semi-open capillary. 
The stability of the device is enhanced, which increases the 
robustness of the method. In addition, by optimizing the gap 
shape, we could minimize the dead volume of the system, 
which allows the sample to be less diluted, which, therefore, 
increases the limit of detection (LOD). The advantages of 
the new liquid connector shapes and the production of a 
semi-open capillary are discussed in the following sections.

2  Experimental section

2.1  Chemicals and Materials

Acetonitrile ≥ 99.9% (LC–MS CHROMASOLV), water 
(LC–MS grade), acetazolamide, and leucine enkephalin 
were purchased from Sigma-Aldrich (St Louis, MO, USA). 
In addition, diazepam, diazepam-d5, and nordiazepam 
were obtained from Sigma-Aldrich (The Woodlands, TX, 
USA) and stored at 4 °C. Methanol (LC–MS grade) was 
purchased from Fisher scientific (Loughborough, U.K). 
Formic acid (98–100%) and rhodamine B were purchased 
from Merck (Darmstadt, Germany). The stainless-steel 
capillaries for three different configurations have 320 µm 
O.D. and 50 µm I.D. (New Objective, Woburn MA, USA) 
with the same opening at the end, only different lengths 
for Gap 1 (50 mm) and Gap 2 and 3 (150 mm).

2.2  Equipment for detection (Mass Spectrometer), 
software, and buffer delivery

A synapt G2-S high definition (Waters, Manchester) mass 
spectrometer operated in positive mode was used for the 
experiments. The source temperature was set to 30 °C and 
the capillary voltage was set to 3.2 kV. The Masslynx 4.1 
software was used for acquiring data. Buffer delivery was 
performed via a syringe pump (neMesys, Cetoni, Korbuss, 
Germany).

Fig. 1  Key parts of the Capil-
lary Gap Sampler: sampling 
tool held by the robot arms (1), 
liquid bridge (2), ESI spray tip 
(3), capillary gap named “Gap 
1” (4), semi-open capillary 
(fabricated by laser ablation) 
called “Gap 2” (5), and semi-
open capillary (fabricated by 
EDM) introduced as “Gap 3” 
(6) sample receptors
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2.3  Sampler design

The heart of the setup is shown in Fig. 1. The sampler itself 
is compact and light (4.5 kg), and comprises a robot with 
three arms, a sampling tool, a sample storage plate, optics 
and a stand to be screwed to the mass spectrometer. The 
sampling tool is held and moved by the arms of a light 
microrobot (model PocketDelta, Asyril, Villaz-St-Pierre). 
The fast, pulsation free operation of the robot has a move-
ment precision of 3 µm. The sampling tool moves with a 
constant speed into the different wells of the microwell plate 
to perform the different steps of the pre-defined sampling 
process. Finally, the pin held by the robot is pushed into 
a pressurized chamber to deliver the sample to the liquid 
bridge. The pressurized chamber (V = 0.65 ml) is made of 
PEEK and held under a controlled overpressure. A ceramic 
injection port with a bore (which rotates by 90° between the 
open and close positions) acts as a valve for pressure seal-
ing. Two capillaries inside the pressure chamber are posi-
tioned with a small gap of 300 µm to form the liquid bridge. 
The first capillary is made of fused silica (360 µm O.D.; 
50 µm I.D., Polymicro, Phoenix AZ, USA) and connected 
to a syringe pump. The solution is pumped through the cap-
illaries at a controllable flow (discussed in the text). The 
second capillary with a tapered tip is made of stainless steel 
(320 µm O.D.; 50 µm I.D.; 50 mm length; New Objective, 
Woburn MA, USA). By applying a high voltage between the 
MS orifice and the stainless-steel capillary, the solution is 
sprayed. To monitor the shape of the liquid bridge, a CCD 
camera (model µ-eye, VS Technology Cooperation, Tokyo, 
Japan) is placed in front of the chamber (Fig. 1). A feedback 
loop by adjusting the pressure in the chamber and the flow 
rate of the solution allows to maintain a stable bridge. Telo-
centric optics (VS Technology Cooperation) are also used 
for optical process control. More information and details 
can be found in a previous publication by Neu et al. (2013).

2.4  Preparation of semi‑open capillaries

Two different micromachining methods, laser ablation and 
electro-discharge machining, were used to drill a hole into 
the stainless-steel capillaries. The process and optimiza-
tion will be discussed in detail in the Results and discussion 
section.

3  Results and discussion

3.1  Design of the semi‑open capillary

Long stainless-steel single capillaries (total length of 15 cm) 
were pierced using two different machining methods: laser 
ablation and electro-discharge machining (EDM).

First, to produce a semi-open capillary with an opening 
angle of approximately 90°, hereafter called Gap 2, we used 
laser ablation. In laser ablation, by irradiating the surface 
with a laser beam, material evaporates. The amount of mate-
rial removed by the laser depends on the laser wavelength, 
the pulse length and duration, as well as the material’s opti-
cal properties. This method was chosen, since the laser pulse 
can be precisely controlled over a wide range of time (from 
milliseconds to femtoseconds) (Laser ablation 2018). Laser 
ablation was performed at CSEM (  Neuchâtel, Switzerland) 
using a TRUMICRO 5350 instrument with a 343 nm laser 
wavelength and 10 W mean power. The result of this fabrica-
tion method is shown in the following SEM images (Fig. 2a). 
They show redeposited material from the laser ablation. The 
tilted image displays the open channel. The other method 
used to make a hole was EDM, whereby a desired shape is 
obtained by rapid sparks on a surface. The sinker EDM pro-
cess uses an electrically charged electrode that is configured 
to a specific shape to burn the geometry of the electrode 
into a metal component (http://www.edmma chini ng.com/
sinke r_edm.htm). EDM is a useful method to achieve such 
a configuration without residues left on the surface. For 
optimization of the hole geometry, we used the results from 
Neu et al. (2016) who described the influence of the capil-
lary dimensions on the sample flush-out profile at the liquid 
bridge and along the spray capillary. They concluded that a 
reduction in the capillary wall thickness causes a significant 
decrease in peak width. The reason is the large dead zones 
in the liquid junction between two thick-walled capillaries. 
Clearly, smaller capillary inner diameter allows less sample 
dilution due to a smaller dead volume in the liquid connec-
tor. Therefore, the optimum configuration should provide 
the smallest dead zone possible. Accordingly, the structure 
of the hole was optimized. Using wire EDM, a part of the 
surface is then removed to reduce the thickness of the wall, 
and by sinker EDM, a hole was then machined in the center. 
The SEM image of such a structure is presented in Fig. 2b 
and called hereafter Gap 3.

Initially, a 115 µm section of the capillary was removed 
by wire EDM followed by sinker EDM for making a hole 
(r = 115 µm) into it. Although surface roughness of the open-
ings did not have any influence on the performance of the 
system, the fabrication quality improved a lot using EDM 
method compared to laser ablation.

To prevent spilling of the liquid, the outer surface of the 
stainless-steel capillaries was coated with a hydrophobic 
protein repelling agent [perfluoro-alkyl-nitro dopamine 
(PFAND)] (Rodenstein et al. 2010). Success of the coating 
procedure was evaluated by comparing X-ray photoelectron 
spectra before and after coating (Figure 1S supplementary 
information). In case of major fluctuations in pressure or 
flow rate, the liquid junction can be controlled by altering 
the flow rate or over pressure inside the chamber.

http://www.edmmachining.com/sinker_edm.htm
http://www.edmmachining.com/sinker_edm.htm
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In the forthcoming sections, we will describe the advan-
tages of the semi-open capillary over the classical double 
capillary configuration.

3.2  Increased liquid junction robustness 
with the semi‑open capillaries

To characterize the robustness of the gap sampler, we 
sprayed different solutions with different surface tensions 
using the different capillaries. For each capillary, various 
combinations of flow rates and pressures were applied. Two 
different buffer compositions were tested: a relatively high 
(water: methanol 1:1, surface tension of 48 J/m2) and a low 
(pure acetonitrile, surface tension of 22 J/m2) (Wohlfarth 
2008) surface tension liquid. Experiments were performed 
under different chamber pressures (0, 12, 25, 100 mbar). 
The flow rate of the buffer inside the capillary was set to 
1 µL/min and increased by 1 µL/min every 100 s. Usually 
100 s is long enough to collect an acceptable spectrum, and 
empirically, if a spray can stay stable for 100 s, then it can 
be considered stable for a long time.

The stability of the system can be directly assessed by 
the stability of the spray. Therefore, this evaluation was 
done based on the total ion current (TIC) chromatogram as 
a function of time. Experiments were stopped when flooding 
of the liquid out of the hole was observed by the real-time 
monitoring. The times reported in Fig. 3 correspond to the 
times during which the spray was stable (Fig. 2S and 3S in 
supplementary information present experimental results).

Fig. 2  SEM images of the different holes in the stainless-steel capillary made by a laser ablation (300 µm * 200 µm) (Gap 2) and b a combina-
tion of wire and sinker EDM method (Gap 3). 115 µm of the thickness is removed by wire EDM and a hole (r = 115 µm) is made inside

Fig. 3  Pressure dependence experiment for Gap 1 and Gap 3, a Gap 
1 (low surface tension solution). b Gap 3 (high surface tension solu-
tion). c Gap 3 (low surface tension solution). Different colors corre-
spond to the liquid connector stability (green = stable, yellow = short-
term stability, and red = not possible to make liquid connector) (color 
figure online)
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Using the original system with an optimized gap distance 
(300 µm), the liquid bridge is mostly stable between 27 and 
29 mbar for low surface tension solutions. Using the semi-
open capillary, the pressure and flow rate range at which 
the signal is stable and the liquid connector is not flooding 
are significantly increased. Indeed, for low surface tension 
solutions, almost any combination of pressure (0–100 mbar) 
and flow rate (< 10 µL/min) tested were giving stable signals 
(Figure 3).

In addition, for high surface tension solutions, where it 
was almost impossible to get a stable spray with the previ-
ous design, the Gap 3 gives very good results. For example, 
depending on the flow rate, overpressures from almost 0 
to 100 mbar can be used with flow rates of 1–4 µL/min. In 
general, the results show that the system is compatible with 
a significantly wider range of flow rates at high chamber 
pressures. This can be explained by the fact that the back 
pressure caused by the high flow rate can be compensated 
by a high chamber pressure.

At flow rates lower than 1 µL/min, broad peaks were 
observed, and with flows higher than 4 μL/min, the back 
pressure needed exceeded the system tolerance back pres-
sure compensation (max 400 mbar).

We believe the higher stability of Gap 3 compared to Gap 
1 to be due to the fact that, in Gap 1, the liquid junction is 
entirely made up by liquid (called a “liquid bridge”). For 
Gap 1, if we assume formation of a liquid cylinder with a 
diameter of 320 µm (= capillary diameter) and a length of 
300 µm (= gap distance), then roughly an area of 6.03 × 10−7 
 m2 is exposed to atmosphere, which is, therefore, very 
sensitive to small fluctuations in pressure and flow rate. 
More effort and control are required to build and maintain 
such a liquid bridge, whereas the liquid in Gap 3 is flow-
ing over a metal surface, which supports the uniformity of 
the liquid surface against variations in flow rate, pressure 
or voltage. The open surface area of the liquid in Gap 3 is 
4.15 × 10−8 m2, i.e., 14.5 times smaller than that the exposed 
area for Gap 1.

3.3  Repeatability of sample infusion using 
semi‑open capillaries

To illustrate the robustness of the new injection system 
using Gap 3, we performed 27 injections of rhodamine B 
[1.5 μM, in acetonitrile/water 80:20 (v:v) + 0.1% formic 
acid], as shown in Fig. 4. The extracted ion chromatogram 
(XIC) of rhodamine B is recorded at m/z 443.4 ± 0.3. The 
experimental conditions a, b, and c are described in Fig. 4. 
The capillary voltage, the flow rate, and the chamber pres-
sure were varied for each part of the experiment.

The repeatability was evaluated from the relative standard 
deviation (RSD) of the peak intensities. For 27 injections 
at different experimental conditions using Gap 3, the RSD 

was less than 7%. This is an acceptable RSD and illustrates 
the repeatability of the experiments performed with Gap 3. 
The variations in the relative signal intensities in Fig. 4 are 
mainly coming from variations in the sample volume taken 
up by the sampling tool. This variation in volume uptake 
cannot be easily reduced. However, its effect on the signal 
intensity can be corrected using an internal standard directly 
mixed with the sample.

3.4  Less sample dilution and dead volume

To figure out the influence of the gap shape on the sam-
ple flush-out, we injected a mixture of cortisone, leucine 
enkephalin, and rhodamine B (1.5 µM each) inside the liquid 
bridges formed between two capillaries and in the liquid 
connectors formed in the semi-open capillaries. To ensure 
that the liquid connector volume difference in three different 
gap shapes is only due to the different gap shapes, we kept 
the gap length (distance between two capillaries) the same as 
the lengths of the holes (~ 300 µm). All other experimental 
parameters including flow rate and capillary voltage were 
kept constant for both experiments.

Figure 5 shows representative elution peaks for cor-
tisone for the three tested configurations. In Fig. 5a, the 

Fig. 4  Representative injection sequence of Rhodamine B [1.5 µM], 
used for determining the repeatability of injections in different experi-
mental conditions (CV capillary voltage, F flow rate, P chamber over-
pressure, S.I. signal intensity, RSD relative standard deviation).*A 
data point was excluded in the RSD and mean value calculations in 
part due to instrumental error. Considering that point RSD and the 
average are 9.9% and 9,055,738, respectively
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normalized intensities of the extracted ion current are 
shown. These represent the normalized signal intensity of 
the ions reaching the detector as a function of time. The 
total ion current (TIC) sums the intensity of the entire 
mass range being detected at every point in the analysis, 
whereas an extracted ion current (EIC or XIC) shows the 
intensity of a certain m/z value versus time. An interest-
ing result is that, with the semi-open capillaries, the peak 
widths are smaller compared to the dual capillary setup. 
In addition, there is a significant tailing with the latter that 
can be avoided using semi-open capillaries.

A mixture of three different compounds was injected 20 
times and the results are shown in Fig. 5b. The average peak 
width for cortisone for the dual capillary system (Gap 1) and 
the semi-open capillary (Gap 3) is 27.7 and 7.7 s, respec-
tively. Gap 2 gives intermediate peak widths. A similar effect 
is observed for leucine enkephalin and rhodamine B. In con-
clusion, using Gap 3, the peak width decreases by about 70% 
in comparison to Gap 1.

To explain why the peak elution widths are affected by 
the gap shape, we performed 3D COMSOL Multiphysics 
simulations for the different configuration (Fig. 6). These 
show the elution of an analyte from the gap to the outlet of 
the capillary. The legend is from dark red to blue, with dark 
red for the highest and blue for the lowest sample concentra-
tion, and is identical for all three gaps. At t = 0, the sample is 
uniformly dispersed in the liquid junction. For all designs, 
the liquid flows from left to right with a 1 µL/min flowrate. 
The flow is assumed to be laminar.

Different junction volumes and shapes yield to vari-
ous dead zone sizes. This affects the distance along which 
the sample has to diffuse to reach the main stream. Com-
pared to the gap sampler with two capillaries, both mono-
lithic designs have much smaller dead volumes. A rough 
calculation shows the volume for Gap 3 hole to be about 
1.5 nL, which is much less than the volume in the liquid 
bridge of the original capillary gap sampler (25 nL). More 
importantly, after removing a 115 µm of the capillary wall, 

Fig. 5  Comparison of different sample peak widths for three configurations

Fig. 6  a Flow COMSOL simulation for Gap 1, 2, and 3 at different 
times. Color code is from dark red to blue, with dark red for the high-
est and blue for the lowest sample concentration, and is identical for 

all three gaps. b Normalized extracted ion current for small molecules 
(color figure online)
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and considering the capillary’s outer and inner dimeter of 
320 and 50 µm, respectively, the diffusion distance for the 
analyte to reach the main flow is only 20 μm. Already at 
t = 0.2 s, the difference in performances is clear: Gap 3 is 
almost empty, whereas Gap 1 still contains the majority of 
the sample. Gap 2 is similar to Gap1, but its volume is only 
25% of that of Gap1. Thick capillary walls cause large dead 
zones. Using Gap 1, it takes more time for the analyte to 
reach and diffuse into the main stream of the flow. Some 
molecules are trapped inside the dead zone in the liquid 
bridge and remain there for more than 30 s.

Figure 6b shows the simulated normalized extracted ion 
current of a small molecule representing (cortisone, leucine 
enkephalin, or rhodamine B) for different gap configurations. 
The EIC was stimulated by considering small molecule dif-
fusion coefficients and a flow rate of 1 µL/min. The results 
from Fig. 6a explain the tailing of the peaks for Gap 1 in 
Fig. 6b. Gap dimensions are explained in Fig. 2. The elution 
peak width results from the simulations are in good agree-
ment with those obtained from the experiments. Replacing 
two capillaries with a single capillary, thus, benefits from 
less dead volume and, therefore, less memory effects.

3.5  System sensitivity

For the same amount of sample delivered to the gap, 
the signal is more intense for the semi-open capillaries. 

Linearity and sensitivity of the system were investigated 
using diazepam, rhodamine B, and acetazolamide. Diaz-
epam d5 was used as internal standard. Nordiazepam was 
used in the buffer line to account for changes in ionization 
efficiency. The compounds were chosen based on current 
applications of the sampler. For instance, acetazolamide 
and diazepam are two compounds of interest for perform-
ing solid-phase microextraction using the sampler. A dilu-
tion series of the mixture was injected into Gap 1 and Gap 
3, four times each. Figure 7 shows the corrected mean 
signal intensities versus sample concentration for each 
analyte for the two capillary configurations.

Replacing Gap 1 (Fig. 7b) with Gap 3 (Fig. 7a), the 
LOD values for diazepam, rhodamine B, and acetazola-
mide changed from 50, 28, and 87 nM to 27, 12, and 
50 nM respectively, which corresponds to nearly a factor 
of 2. LOD values were calculated based on the signal-to-
noise ratio of 3:1 in extracted ion chromatograms for each 
analyte. As Fig. 7 presents, a nice linearity was achieved 
for all of the compounds using Gap 3. By performing more 
tests for low concentrations, the sensitivity was improved 
by 40–60% for the three compounds. By comparing the 
results, one can conclude that the semi-open capillary pro-
vides a better sensitivity for the system due to less sample 
dilution at the injection spot, which is very important for 
low concentration sample screening.

Fig. 7  Corrected signal intensity (a.u) versus concentration (nM) of diazepam, rhodamine B, and acetazolamide using a Gap 3 and b Gap 1



Microfluidics and Nanofluidics (2019) 23:60 

1 3

Page 9 of 10 60

4  Conclusions and outlook

In this paper, a new sample receptor design based on semi-
open capillaries was introduced for the gap sampler technol-
ogy. This design brings several advantages over the original 
configuration. Gap 3 shows a higher stability, and it is easier 
to build and maintain the liquid junction as compared to Gap 
1. It also exhibits higher stability: the system is less dependent 
on the chamber overpressure and flow rate fluctuations. Not 
only the sampler is more robust to operate with Gap 3, but also 
quicker and almost user independent. The repeatability of the 
sample introduction under different conditions was tested and 
calculated. The calculated RSDs illustrate the higher repro-
ducibility of the sampling process. Less sample dilution prior 
to ESI–MS results in higher sensitivity, which is crucial for 
analyzing low concentrations. The peak widths of individual 
analytes are compared for different configurations. A reduc-
tion of about 70% in peak width and about 50% in LOD prove 
the advantages of the new design. Using the new design, less 
peak tailing is observed as predicted by COMSOL flow simu-
lations. After 0.2 s, there is almost no sample remaining in the 
liquid junction, whereas, in the conventional design, the sam-
ple is trapped close to the capillary walls and edges even 30 s 
after the injection. Improving this sampler to be more useable 
and stable for high surface tension solutions opens the doors 
toward many new applications. Screening non-covalent inter-
actions which is mostly performed in aqueous solution can be 
done using the semi-open capillary. Being able to change the 
flow rate over a boarder range provides variety of sample resi-
dence times and makes it feasible to perform kinetic studies. 
Reagent mixing time inside the capillary can be easier to con-
trol by defining the hole position as well as altering the flow 
rate. Compared with the original capillary gap sampler, much 
less time is needed for the capillary alignment, and almost no 
time for building the liquid connection. On that account, this 
system is also quicker to operate.
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