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Abstract
Advancements in column technology resulted in smaller particles and more efficient phases. In parallel, the use of columns 
with reduced dimensions is becoming more common. This means the effective column volume is also decreased, thereby 
making the systems more susceptible to effects of band broadening due to extra-column volume. Despite these trends and the 
fact that a growing number of miniaturized liquid chromatography systems are being offered commercially, manufacturers 
often stick to the modular concept with dedicated units for pumps, column oven, and detectors. This modular design results 
in long connection capillaries, which leads to extra-column band broadening and consequently prevents the exploitation of 
the intrinsic efficiency of state-of-the-art columns. In particular, band broadening post column has a considerable negative 
effect on efficiency. In this study, mass flow and concentration-dependent detectors were examined for their influence on 
band broadening using a micro-LC system. A mass spectrometric detector, an evaporative light scattering detector, two 
UV detectors, and a previously undescribed fluorescence detector were compared. The influence on efficiency is compared 
using plate height vs linear velocity data and peak variance. It is shown that an increase in the inner diameter after the 
post-column transfer capillary leads to significant loss in plate height. Comparing the UV detectors, it could be shown 
that the dispersion was reduced by 38% by the reduction of the post-column volume. The largest variance was found for 
the evaporative light scattering detector, which was 368% higher compared to the variance of the detector with the least 
effect on band broadening.
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Introduction

Miniaturized LC systems are increasingly gaining both rel-
evance and acceptance in industry [1, 2]. In addition to the 
increasing availability of commercial systems, this is mainly 

due to the increased environmental awareness of the users 
and factors of profitability [3, 4]. Above all, the benefits 
of high ionization efficiencies, reduced matrix influence, 
and the capability to analyze the smallest sample volumes 
make miniaturized LC coupled to mass spectrometry the 
main driving force behind the spread of the technology [1, 
2, 5–7]. The modular design of classical HPLC systems is 
based on the “HiFi Tower” principle and offers above all 
the advantage of high flexibility. However, in the context of 
microflow systems, adherence to this concept has one major 
drawback. Due to the modular design, longer flow paths are 
required that inevitably lead to a high extra-column volume. 
As a consequence, the intrinsic efficiency of modern sub-
2-µm separation phases cannot be fully utilized [8, 9]. How-
ever, in current research, it can be observed that the trend 
is moving further toward miniaturized compact systems. 
Such a compact design results in a reduction of the extra-
column band broadening (ECBB). A growing number of 
these “suitcase systems” with focus on reduction of ECBB 
have been presented by several research groups [10–12]. 
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Also, first approaches for ultra-low-cost miniaturized HPLC 
“for everybody” have already been proposed [13]. The rapid 
development of 3D printing will further accelerate this trend 
[14, 15].

While ECBB already has a significant effect on the 
resolving power of a separation in modern UHPLC 
systems using 2.1-mm-ID columns, the effect is even more 
pronounced when using micro bore columns with an ID of 
300 µm as employed in micro-LC systems [16, 17]. The 
mismatch will become particularly relevant in the light 
of ongoing improvements in the field of chromatographic 
separation phases, where new standards of efficiency are 
being set with increasingly smaller particle diameters 
and narrower particle size distributions [18]. Overall, 
the ECBB can be divided into three parts: the injection 
volume and injection method, tubing and connectors, and 
the detector.

In our previous work, the influence of the injection 
volume and the injection technique on the chromatographic 
efficiency and the extra-pre-column band broadening was 
investigated. It was found that a fixed loop in combination 
with metered injection generates the highest efficiency [19]. 
Thanks to Taylor and Aris the influence of tubing on the 
flow profile of the mobile phase is well understood and 
described at least for unbent, circular-profiled connection 
tubing under laminar flow conditions [20, 21]. However, 
tubing in real systems is often bent or shows other 
“irregularities.” This can, for example, result in so-called 
racetrack effects [22]. Thus, the determination of all possible 
factors that might cause significant band broadening in 
connecting tubing would have to be determined with, e.g., 
computational fluid dynamics (CFD) simulations [23]. 
Connections between individual HPLC components are 
potential sources for introducing ECBB but can nowadays 
be made with ultra-low dead volume connectors. Due to the 
diversity of detector designs and the associated changes in 
the inner diameters and turns of the flow path, no universal 
mathematical equation can be used for the prediction of the 
influence on the ECBB. The influence of the detector on the 
ECBB can only be determined by elaborate simulations or 
by experiments for each detector independently. Although 
miniaturized LC in combination with mass spectrometry 
is the preferred method for a variety of applications, there 
are no extensive studies on band dispersion using such a 
coupling.

Therefore, the aim of this investigation was to evaluate 
the influence of different detectors on the extra-post-column 
band broadening using sub-2-µm particles in columns with 
an ID of 300 µm. For this purpose, three concentration-
dependent detectors and two mass flow–dependent detec-
tors were investigated. Chromatographic performance was 
assessed by change in band spreading caused by the post-
column connection tubing as well as the specific detector. 

Other variables were kept constant. These comprise the 
injector, the injection method, the injection volume, the pre-
column tubing, and the column itself. Among the concentra-
tion-dependent detectors, two diode-array detectors (DAD) 
and a fluorescence detector (FLD) were included. The mass 
flow–dependent detector was represented by an evaporative 
light scattering detector (ELSD) and an ESI–MS, where the 
influence of the emitter capillary ID on band broadening is 
discussed in detail.

Materials and methods

Chemicals and reagents

Water and acetonitrile of LC–MS grade as well as acetone 
for the determination of the system dwell times were 
purchased from Th. Geyer (Chemsolute, Renningen, 
Germany). Formic acid (Sigma-Aldrich, Seelze, Germany) 
was added to a total volume concentration of 0.1% to the 
mobile-phase solvents. Uracil was used to determine the 
column void time and purchased from Sigma-Aldrich. 
Naproxen (Sigma-Aldrich) was chosen as the model analyte 
because it generated a sufficient signal for all investigated 
detectors.

HPLC setup

All experiments were done on an Eksigent ExpressLC 
Ultra system (Sciex, Dublin, CA, USA). The system can be 
operated up to a maximum pressure of 690 bar. For sample 
loading, an HTS PAL autosampler (CTC Analytics, Zwingen, 
Switzerland) was used. Sample injection onto the column 
was carried out by the integrated six-port-two-position valve 
and via fixed sample loop (PEEKsil™ 75 µm × 10 cm) by 
means of metered injection. A YMC-Triart C18 column with 
a length of 50 mm and an ID of 0.3 mm packed with fully 
porous 1.9-μm particles with a pore size of 120 Å and 1/32″ 
connectors was used and operated at 50 °C (YMC Europe 
GmbH, Dinslaken, Germany).

For connecting tubing, fused silica (FS) capillaries (Post-
nova Analytics, Germany) with an outer diameter of 360 µm 
and an inner diameter of 50 µm were used. The FS capil-
laries were cut to the required length using the Shortix™ 
Tubing Cutter (Supelco, Bellefonte, PA, USA). Furthermore, 
the cutting edges of the capillaries were further processed 
using the Capillary Polishing Station (ESI Source Solution, 
Woburn, MA, USA) using diamond lapping film with a 
1-µm grade to obtain a mirror-smooth surface. Finally, the 
capillaries were rinsed to remove grinding residues. EXP®2 
TI-LOK™ Hand-Tight Adapters (Optimize Technologies, 
Oregon City, OR, USA) were used to guarantee a dead vol-
ume free connection of the system components.
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Detectors

Several detectors were used for comparison of the influence 
on the band broadening. Both DAD studied in this work 
had a U-shaped cell, but still differed in their conceptual 
implementation in some details. The first UV detector (DAD 
1) was the AZURA DAD 2.1L (Knauer, Berlin, Germany) 
equipped with a nano UV flow cell with a volume of 6 nL 
and an effective light path of 3 mm. The cell consisted of 
a single continuous FS capillary with an inner diameter of 
50 μm. The cell can be decoupled and placed directly behind 
the column using light wave guides. Therefore, this detector 
had the smallest post-column volume of about 200 nL. The 
absorbance was recorded with a sampling rate of 20 Hz and 
a wavelength of 275 nm was chosen. A spectral band width 
of 4 nm was selected.

The second UV detector (DAD 2) with a cell volume of 
80 nL and an effective light path of 6 mm was a 1260 Infinity 
II DAD WR (Agilent Technologies, CA, USA). The detector 
follows the classical “HiFi Tower” approach. The connection 
is made via a 400-mm × 0.05-mm pre-cut PEEKsil™ capil-
lary, which can be connected to the cell without dead volume 
due to a special conical cut. The ID of the cell increased to 
130 µm, resulting in a total detector post-column volume of 
865 nL. The absorbance was recorded with a data sampling 
rate of 20 Hz and a wavelength of 275 nm was chosen. A 
spectral band width of 4 nm was selected.

As FLD, the NanoFLD (Dr. Licht GmbH, Nümbrecht, 
Germany, Art. LO116) was used. Recording of the signal 
was performed via the integrated single-board computer 
(Raspberry Pi 4) which resulted in sampling rates up to 
10 Hz. For excitation of the sample, a UV-C LED with 
a wavelength of 275 nm was used. The emitted light was 
recorded using a photomultiplier equipped with a wide band 
filter that cuts all wavelengths < 305 nm. The flow cell con-
sisted of a 6-cm-long stripped FS capillary with an ID of 
50 µm which resulted in the largest cell volume of 117 nL 
of the concentration-dependent detectors investigated. Two 
centimeters of the cell, corresponding to 39 nL, was located 
in the so-called Ulbricht sphere for efficient light collec-
tion. The total volume of the assembly is 530 nL without 

the swept volume of the T-pieces. Connection to the opti-
cal fibers and the column outlet is achieved using T-pieces 
(IDEX; U-428; swept volume of 0.57 µL). A description of 
this detector can be found in Supplementary S 2.

For the MS measurements, a QTrap 3200 mass spectrometer 
(Sciex, Dublin, CA, USA) was used. To characterize the band 
broadening, three different emitter capillaries with an inner 
diameter of 65 (MS 65), 50 (MS 50), and 25 µm (MS 25) were 
used. While the 65-µm-ID emitter capillary was made of stain-
less steel, the emitter capillaries with a smaller ID are based on 
a PEEKsil™ capillary with stainless steel tip. The signal inten-
sity of naproxen was recorded by multiple reaction monitoring 
at m/z 229.0 – > 113.0 and a dwell time of 40 ms. The follow-
ing source parameters were used: declustering potential, − 20 V; 
entrance potential, − 10 V; collision energy, − 30 V; collision 
cell exit potential, − 5 V; curtain gas, 10 psi; ion spray voltage, 
4.2 kV; ion source gas 1, 20 psi; and temperature, off.

As an evaporative light scattering detector (ELSD), the 
ELSD 85LT (Knauer, Berlin, Germany) equipped with a 
special nebulizer and glassware chamber for the flow rate 
range of 5 to 40 µL/min was used. A sampling rate of 30 Hz 
with a gain of 12 and a filter time of 1 s was selected.

Since there is no classical cell volume in the mass 
flow–dependent detectors which influences the band 
broadening, it must be clearly differentiated which 
transport mechanism is used for the analytes after 
the transition into the gas phase. For ESI–MS, ions 
are generated from the analyte molecules which are 
subsequently transported through an electric field. An 
optimized ion source design has thus only influence on 
the sensitivity. When using an ELSD, a desolvation step is 
carried out after nebulization. Afterwards, the desolvated 
analyte particles are transported by a gas stream. During 
this process, further band broadening can take place.

Table 1 summarizes the most important dimensions and 
volumes of the individual detectors. The calculations were 
based on the nominal inner capillary diameters as specified 
by the manufacturers.

Figure  1 shows the schematic of the cell detector 
geometries. Care was taken to maintain the ratio of the 
capillary diameters to each other.

Table 1  Summary of the 
dimension and volume of 
additional connectors needed 
of the studied detectors and 
their acronym in the further 
document

Detector Acronym Tubing Cell/emitter/desolvation Union/T-pieces Total
mm × mm (nL) mm × mm (nL) Amount (nL)

AZURA DAD 2.1L DAD 1 100 × 0.05 (196) 3 × 0.05 (6) 0/0 202
1260 Infinity II DAD WR DAD 2 400 × 0.05 (785) 6 × 0.13 (80) 0/0 865
NanoFLD FLD 210 × 0.05 (412) 60 × 0.05 (117) 0/2 (570) 1169
QTrap 3200 MS 25 µm 210 × 0.05 (412) 215 × 0.025 (105) 1/0 517

MS 50 µm 210 × 0.05 (412) 215 × 0.05 (422) 1/0 834
MS 65 µm 210 × 0.05 (412) 215 × 0.065 (713) 1/0 1125

ELSD 85LT ELSD 250 × 0.05 (490) – (2570) 1/0 3060
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Determination of plate height and peak variance

For the determination of the plate height and peak variance 
( �2 ), the peak widths were measured at half height. This pro-
cedure is only valid if the peaks are symmetrical. Depending 
on the flow rate, a peak symmetry between 1.2 and 0.9 could 
be determined for all detectors investigated apart from the 
ELSD. To prevent peak dispersion due to volume overload, 
100 nL of a 150-µg/mL naproxen sample was injected into 
the system. The mobile phase was set to 47% B to adjust the 
retention factor ( k ) of naproxen to 2. A retention factor of 
2 was chosen because extra-column band broadening has a 
significant effect on weakly retained analytes. The flow rate 
was varied between 2 and 25 µL/min. All measurements 
were performed in triplicate.

Software and data processing

The micro-HPLC was controlled via Eksigent Control Soft-
ware Version 4.2 Build 151,019–1321 (Sciex, Dublin, USA). 
Data acquisition for the Agilent detector was performed 
using Open LAB CDS Rev.C.0107.SR3 (Agilent Technolo-
gies, CA, USA). The detectors from Knauer were operated 
with Clarity Chrome® version 8.1.0.87 Build Mar 28 2019 
(Knauer, Berlin, Germany). The FLD was controlled by 
means of a python script (Dr. Licht GmbH, Nümbrecht, Ger-
many), and the MS data was acquired using Analyst® 1.6.3 
Build 5095 (Sciex, Dublin, USA). Further data processing 
was performed using OriginPro 2019b (64-bit) 9.6.5.169 
(OriginLab, MA, USA) and Microsoft Office Excel 2010. 

The peak widths were determined using the Peak Analyzer 
from OriginPro.

Results and discussion

Comparison of the influence of the detectors 
on extra‑post‑column band broadening

The visualization of the influence of the investigated detec-
tors on the extra-post-column band broadening was done by 
volume peak dispersion [19, 24]. Here, the time-dependent 
peak widths are transformed into volume-dependent dis-
persion. The transfomation was done using the following 
equation:

where �2 is the peak variance; w
h
 , the full width at half max-

imum (FWHM) of the peak; and F , the flow rate.
Figure 2 shows the comparison of the different detectors 

on the efficiency of the system. Additionally, plate height 
( H ) vs linear velocity ( u

0
 ) plots are shown to further discuss 

the observed effects [17, 25].
As Fig. 2a shows, a significant increase in peak variance 

at the highest investigated flow rate of 25 µL  min−1 was 
observed when the ESI–MS emitter capillary with an ID of 
65 µm, the ELSD, or the FLD was used. The system con-
figurations have in common that after the transfer capillary 

(1)�
2
=

(

w
h

2.355
∗ F

)2

Fig. 1  Schematic representa-
tion of the investigated detector 
configurations. Ratios of the 
capillary IDs were retained. A 
detailed explanation of the cell 
design of the FLD can be found 
in Supplementary S1
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with an ID of 50 µm connecting the column outlet to the 
detector, there is a change to a larger ID of 65 µm for the 
ESI–MS emitter capillary and 500 µm for the T-piece of the 
FLD. When laminar flow occurs in a capillary, diffusion 
in the radial direction counteracts band spreading. When 
the ID of the capillary is increased, the linear flow veloc-
ity decreases. In addition, areas of stagnant mobile phase 
form at the transition to the larger ID. The molecules migrate 
into and out of the stagnant regions by diffusion. At high 
linear flow velocities, the analyte molecules near the center 
of the capillary move so fast in the longitudinal direction 
that the time for rediffusion is no longer sufficient and band 
broadening occurs. This has the consequence that an unfa-
vorable flow path geometry can lead to significant losses in 
efficiency, especially at high linear flow velocities. These 
observations are consistent with the study of Filip et al. who, 
using CFD, were able to simulate similar effects on the peak 
broadening when changing to higher IDs at high linear flow 
velocities [23].

The lowest peak variance was found for DAD 1, with 
an overall increase from 0.018 to 0.025 µL2 (43%) in the 
observed flow rate range. The highest dispersion was 
found for the ELSD at a flow rate of 25 µL   min−1 with 
0.117 µL2. The influence of the cell volumes for DAD 2 and 
the ESI–MS emitter capillaries with an ID of 25 µm and 
50 µm on the variance is comparable. The highest increase 
in peak broadening at a flow rate of 25 µL/min was found for 

the detectors with an increase of the inner diameter of the 
flow path after the transfer capillary. For the FLD and the 
ESI–MS emitter capillary with an ID of 65 µm, the increase 
was 290% and 225%, respectively.

The peak variance can be correlated with the post-column 
volume when the detectors are separated into concentration-
dependent detectors and mass flow–dependent detectors. In 
the case of the FLD, the large change in variance can be 
explained by the significant increase in the inner diameter 
from 50 to 500 µm (see Fig. 1). In conclusion, it can be 
stated that a constant diameter of the flow path after the 
column as well as the reduction of the ID after the transfer 
capillary had no negative influence on the band broadening. 
By changing to a larger ID, deviations from the expected 
data patterns could be identified at high flow rates. For DAD 
2, where the change to the larger ID only occurred within the 
detector cell, this effect was not observed.

Comparing the H  vs u
0
 plots for the concentration-

dependent detectors in Fig. 2b, there is no significant influ-
ence on H

min
 . The lowest H

min
= 4.9�m was achieved with 

DAD 1. Considering all data points, an H
min

= 4.7�m was 
calculated for the FLD, which is explained by the overes-
timation of the C-term by the fit function. Examining the 
dotted plot line of the FLD, an intersection with the plotline 
of DAD 2 is observed at 2.2 mm  s−1. Excluding the last 
data point results in an H

min
= 5.0�m . When using DAD 

2, an H
min

= 5.5�m was achieved. With increasing the ID 

Fig. 2  Comparison of the influence of the studied detectors on the 
extra-post-column band broadening in two visualizations. a Depend-
ence of the peak variance at different flow rates. b Comparison of the 
resulting H vs u

0
 plots. Solid lines represent the fit calculated by the 

residual sum of squares method for the experimental values. The dot-
ted lines represent the fit if the last data point is omitted. Error bars 
indicate the standard deviation calculated for n = 3
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of the ESI–MS emitter capillary, the post-column volume 
increases and the linear flow velocity in the emitter capillary 
decreases. As a result, due to spray instabilities, it was not 
possible to represent H

min
 when using the ESI–MS emitter 

capillaries with an ID of 50 µm and 65 µm, and the ELSD. 
When using the ESI–MS emitter capillary with an ID of 
25 µm, an H

min
= 6.2 was observed.

The general assumption that the dispersion is a function 
of the post-column volume only reflects reality to a limited 
extent. The 25-µm-ID emitter capillary yields a comparable 
post-column volume as the detection cell of the FLD, and 
the emitter capillary with an ID of 50 µm has a comparable 
volume as the cell of the DAD 2, but the band broadening 
is clearly different. However, with increasing post-column 
volume, a correlation to an increase of the slope of the H vs 
u
0
 plot at higher flow rates can be observed. As a result, only 

a small optimal flow rate range can be used despite the use 
of sub-2-µm particle packed stationary phases. The specific 
choice of the detector can thus prevent the use of methods 
with a high flow rate if the chromatographic resolution needs 
to be optimized.

Comparison of sensitivity and signal‑to‑noise ratio

To allow a direct comparison between the different detectors, 
the concentration of the model analyte was chosen to gener-
ate a signal with a signal-to-noise ratio > 5. The resulting 
normalized chromatograms of the concentration-dependent 
detectors are compared in Fig. 3.

Only under the assumption that turbulent mixing takes 
place in the detector cell can it be concluded that the 
square of the cell volume is equal to the peak variance 

[16]. In contrast, the inlets and outlets as well as the 
already discussed dead zones have a significant influence 
on the peak broadening. Based on the cell length of DAD 
1 being only half as long compared to that of DAD 2, 
the signal intensity should be half as large. However, the 
resulting signal of DAD 1 is 8 times smaller, but at the 
same time, the signal-to-noise ratio is only 1.5 times lower 
(16 versus 24). On the other hand, the total dispersion of 
the system is reduced by 38% at a flow rate of 25 µL  min−1.

According to Lambert–Beer’s law, the sensitivity of 
the UV detectors depends largely on the path length of 
the light beam through the sample. Nevertheless, other 
factors such as the light throughput play a decisive role. 
By increasing the ID of the cell, light coupling can be 
facilitated, but this increases the cell volume. Thus, 
while increasing the cell diameter has a positive effect 
on the detection limit, increasing the extra-post-column 
volume has a negative effect on band broadening and 
thus on the efficiency of the entire separation system. 
It is crucial to find the best balance between dispersion 
and sensitivity.

For the FLD, an S/N of only 6 was calculated under 
the same conditions. Comparing the total volumes 
of the concentration-dependent detectors in Table 1, 
the retention time of naproxen using the FLD should 
be higher than for DAD 2. This only allows the 
conclusion that not the entire swept volume of the 
T-piece contributes to the total volume of the detector. 
The chromatogram of the FLD clearly shows the issue 
of the low data sampling rate at higher flow rates.The 
undersampling that occurs because of the lower data 
acquisition rate of the FLD can lead to electronic peak 
broadening. To eliminate the described weaknesses 
regarding sensitivity while maintaining portability, an 
active cooling of the LED by means of a heat sink and 
fan should be implemented. These modifications should 
substantially increase the utilizable intensity of the LED, 
thus increasing the detection limit and significantly 
reducing the noise. In addition, the installed T-pieces 
must be replaced by more suitable ones with a smaller 
bore to reduce the swept volume. The normalized peaks 
for the mass f low–dependent detectors are shown in 
Fig. 4.

In the chromatogram of the ELSD, in addition to the 
peak broadening, a considerable tailing of the peak is 
evident. Using ESI–MS detection, it can be assumed 
that after the spraying of the mobile phase, the analyte 
peak does not experience any further dispersion [26]. In 
contrast to MS, in which ions are generated in the ion 
source and then transported through an electric field, 
in ELSD after nebulization in the microflow chamber, 
molecules are transported through a gas stream in a 
heated spiral to get fully desolvated and subsequently 

Fig. 3  Normalized chromatogram of naproxen at k = 2 for the 
concentration-dependent detectors. Column: YMC-Triart C18, 
50 × 0.3 mm, 1.9 μm; temperature, 50 °C; injection volume, 100 nL; 
F = 25 µL min.−1
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detected. Because of the nature of the technology, it is 
not enough to modify only the periphery to utilize an 
ELSD for miniaturized applications; the components 
from nebulization to the optical detector must also be 
optimized. For the ELSD, an S/N of 169 was achieved.

For the different ESI–MS emitter tip capillaries, an S/N 
of 2.7 ∗ 10

3 , 2.5 ∗ 10
3 , and 3.0 ∗ 10

3 was determined with 
decreasing ID. Normally, at a constant injection volume 
and constant concentration of the analyte, the S/N should 
decrease with increasing emitter ID due to a higher extra-
post-column volume and the resulting additional band 
broadening. This is not the case here and can be explained by 
the different surface roughness of the emitters. The ESI–MS 
emitter with an ID of 65 µm is completely made of stainless 
steel while the other two emitters are made of PEEKsil™, 
and only the tip of these emitters is made of stainless steel. 
This in turn can lead to flow turbulences which influence the 
laminar flow at the wall region and have a negative effect 
on dispersion [16, 23]. In direct comparison of the ESI–MS 
emitter configurations, no influence on the peak symmetry 
could be observed.

As expected, the mass flow–dependent detectors are 
superior in direct S/N comparison to the concentration-
dependent detector. It should also be noted that by simple 
modifications such as changing the nebulizer chamber of the 
ELSD or the simple change of the emitter tip ID of the ESI 
source, a successful coupling of conventional scale detector 
systems with MicroLC was achieved. This can contribute 
to the accelerating of the spread of miniaturized systems.

Conclusion

The assumption that only the cell volume of concentration-
dependent detectors needs to be considered when determining 
the efficiency is a misconception. Due to the variety of detec-
tor designs, cell geometries, and the associated changes in the 
inner diameters and turns of the flow path, it can be concluded 
that there is no linear relationship between band broadening 
and extra-post-column volume. The comparison of the two UV 
detectors used in this study demonstrates that even if the mod-
ular design is retained, a reduction of the extra-post-column 
volume is possible using optical waveguides. If the volume is 
set in relation to the signal-to-noise ratio, it becomes clear that 
the efficiency gain outweighs the lower volume. In addition, 
it could be shown that a change to a larger capillary ID after 
the transfer capillary behind the column has a negative effect 
on the efficiency. This effect occurred especially at high flow 
rates as shown for the FLD and the ESI–MS emitter tip with 
an ID of 65 µm. In addition, the usable flow rate range can be 
shifted to lower flow rates by reducing the emitter tip ID. No 
negative influence was observed with a reduction of the diam-
eter after the post-column transfer capillary ID. As assumed, 
the comparison of the MS setups clearly shows that by simply 
changing the ESI–MS emitter capillary, a conventional ion 
source can be used for miniaturized LC. This does not apply 
to the ELSD where, despite the use of a micro nebulizer, the 
evaporation area should also be optimized for the benefit of 
higher chromatographic efficiency. The investigated detector 
concepts also underline that the classical approach of “HiFi 
Tower” HPLC systems is no longer appropriate to fully utilize 
the intrinsic efficiency of sub-2-µm particle packed columns. 
Especially in the field of miniaturized HPLC, where the reduc-
tion of the extra-column volumes is of particular importance, 
systems should be used in which the individual components, 
e.g., pumps, valves, connecting tubing, and transfer capillaries, 
are fine-tuned to each other.

Supplementary Information The online version contains supplementary 
material available at https:// doi. org/ 10. 1007/ s00216- 022- 04170-9.
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