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Abstract: We present a fingertip-sized mid-IR lab-on-a-chip for selective and sensitive
time-resolved spectroscopy of liquids. Breakthrough beyond state-of-the-art operation of
our monolithic sensor is demonstrated by real-time in-situ reaction-monitoring of confor-
mational changes in a protein solution. © 2022 The Author(s)

1. Introduction

The mid-infrared (mid-IR) spectroscopy of molecules in liquid phase was long time limited to bulky detection
systems like Fourier-Transform Interferometer (FTIR-)based sensors. They were often posing stringent limitations
on sample preparation and demanding for time-consuming offline analytic. Nevertheless, the mid-IR is the ideal
spectral range for selective and sensitive probing of molecules, by addressing their fundamental absorptions.
For this purpose, we present a novel monolithic high-performance mid-IR QC laser and detector (QCLD) device,
enabling the next generation of liquid sensing. It is based on pioneering work in quantum cascade (QC) technology
together with monolithic integration techniques exploiting novel mid-IR plasmonic concepts (Fig. 1(a)) [1–3].
The result is an ultra-compact fingertip-sized optical sensor, which is highly suitable for liquid sensing [4, 5]. In
contrast to typical state-of-the-art systems, it allows real-time analysis of dynamical processes in liquids including
inline and in-situ measurements. We demonstrate its breakthrough level of performance in analytical chemistry
by extending previous results [4], through novel on-chip measurements of the time-dependent conformational
changes of the model-protein bovine serum albumin (BSA, Fig. 1(b)) [5].

Fig. 1. (a) Sketch of the QCLD-based sensor including all relevant layers and dimensions labeled in
the figure, when submerged in the protein solution (blue layer covering the whole chip) (b) Spectral
changes of BSA when heated from 30◦C to 90◦C.
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2. Experimental Results

The time-resolved measurement is conducted by combining our sensor with a custom-made 60-µl flow cell for
inline measurements of the temperature-induced BSA conformational changes at 1620 cm−1 (Fig. 1(b)). We use
for all experiments a D2O matrix for reduced background absorption. For BSA an (irreversible) unfolding process
from α-helix to antiparallel β -sheet structure occurs when heating the solution from 20◦C to 90◦C, joined by
shifting absorption bands in the molecule spectrum.
In our experiments we measure the typical protein denaturation curves, following a sigmoidal Boltzmann equation
(”S-shaped”) with increasing temperature (Fig. 2)). In good agreement with literature, we observe a decreasing
transition temperature with increasing BSA-concentration [6]. This is a significant step forward, since we are able
to obtain those results in a much more compact and real-time configuration.
By additionally directly submerging the sensor into a beaker with the protein-analyte and monitoring its ab-
sorbance vs concentration curve (calibration line), we can extract the important figures-of-merit of our on-chip
detector. A following comparison with a state-of-the-art attenuated total reflection (ATR-)FTIR reference system
reveals the superior performance of our ultra-compact sensor by having: a 55-times higher absorbance value, a
120 times lower LOD (LODQCLD ∼75 ppm) and a coverage of more than three orders of magnitude of BSA
concentrations from 0.0075 % to 9.23 %.

Fig. 2. Normalized concentration-dependent sigmoidal Boltzmann curves for increasing tempera-
ture, measured with our on-chip sensor at 1620 cm−1. An increasing BSA-concentration in the liq-
uid solution shows the typical decreasing transition temperature [6].
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