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Abstract We present a monolithic mid-infrared lab-on-a-chip for sensitive and selective real-time 

spectroscopy of liquids. Beyond state-of-the-art operation of our fingertip-sized sensor devices is 

demonstrated by in-situ reaction monitoring experiments of thermally-induced protein-conformational 

changes and by dynamical residual-water analysis in a solvent.  ©2022 The Author(s) 

Introduction 

Sensors are an important element of our daily life, 

addressing e.g. medical, environmental, security 

or telecommunication applications [1-4]. Mid-

infrared (mid-IR) spectroscopy is a sensitive and 

selective technique for assessing the 

fundamental fingerprint absorption of gaseous or 

liquid molecules and thus realize high-

performance optical sensors.  

     However, in particular mid-IR liquid-phase 

spectroscopy is still limited to bulky detection 

systems, often requiring time-consuming offline 

analytics [5-6]. Therefore, the realization of 

highly-sensitive and -selective sensors for real-

time monitoring of dynamic processes in liquids 

in analytical chemistry and bio-medical 

applications is still hampered by the lack of 

suitable concepts that can be matched with 

existing cutting-edge technology.  

In this paper, we address the challenging task 

and present a solution by demonstrating a next 

generation mid-IR chemical sensor that is 

exploited in monitoring dynamical analytical 

processes in real time. Based on pioneering 

quantum cascade (QC) technology, that is 

combined with monolithic integration strategies 

exploiting novel mid-IR plasmonic concepts, we 

realize a fingertip-sized photonic integrated 

circuit (PIC) in the form of a robust lab-on-a-chip 

device. Based on finite-element simulations, that 

confirm its suitable operation in liquid 

environment, it is designed to address time-

resolved sensor operation by real-time 

monitoring of two different types of experiments: 

thermally-induced protein-conformational 

changes and residual water analysis in a solvent. 

Both settings display relevant situations in 

analytical chemistry, requiring real-time analysis. 

Monolithic PIC geometry  

Our on-chip sensor combines a spectrally 

optimized QC laser (QCL) and QC detector 

(QCD) with similar emission and detection 

wavelength [7] into a single chip. Such a device 

is also referred to as QCLD. As displayed in Fig. 

1, both devices are realized in a ridge geometry, 

separated by a gap on the order of 10s to 100s of 

micrometres. For suitable mode-guiding between 

laser and detector, we use novel mid-IR 

plasmonic waveguides, based on dielectric-

loaded surface plasmon polaritons (DLSPPs) 

[8,9].  

     They consist of a SiN-slab placed on top of a 

gold plasmonic layer. The dielectric material on 

top is responsible for much better confining the 

plasmonic mode as compared to a bare gold-

based plasmonic waveguide. Their remarkable 

advantages include the before mentioned highly 

efficient mode propagation with propagation 

lengths on the order of 100s of micrometres to 

even millimetres along the chips surface, 

 
 

Fig. 1: Sketched QCLD-based sensor including labeling of its 

relevant layers. For clarity, the liquid sample is only displayed on top 

of the plasmonic interaction section. 
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together with simultaneously guiding the mode 

mainly within the surrounding medium (typically 

>95% of the mode are guided outside).  

The particular device dimensions are given in 

Fig. 1, while the device active region (AR) design 

addressing the 1600 – 1700 cm-1 spectral range 

can be found in [8]. This range is known as the 

amide I   band and is suitable for addressing 

various proteins and solvents.    

 

Liquid analyte and background matrix 

For calibrating the sensor in a first set of 

experiments, we selected to analyse the 

dynamically changing water content in an 

isopropyl alcohol (IPA) matrix. In quality control 

of solvents as part of chemical processes, e.g. in 

drug production, residual water content is one 

parameter for the quality of solvents, often 

defining the optimum productivity and 

performance of the final product.  

     We investigate H2O in IPA matrix at around 

1650 cm-1, where water shows high and IPA low 

absorption. We directly submerged the whole 

sensor chip into the beaker with the sample for 

demonstrating its capabilities in in-situ real-time 

monitoring. By continuously increasing the water 

concentration in the sample, we measured the 

remaining optical signal on the on-chip QCD. 

     In the second set of experiments, we monitor 

the thermal denaturation process of the model 

protein bovine serum albumin (BSA) in a D2O 

matrix. BSA irreversibly unfolds from an -helix 

structure at around room temperature to 

antiparallel -sheets typically between 50°C – 

70°C and above, depending on the BSA 

concentration (see Fig. 2 for temperature-

dependent BSA-spectra). Due to the strong water 

absorptions in the protein amide I region, we 

substitute it with its counterpart D2O. It has much 

lower absorptions in this range, thus allowing us 

to fully analyse our sensor in its low concentration 

rage, distinguish accurately its limit of detection 

(LOD) and demonstrate its long propagation 

length of the plasmonic mode way beyond the 

typically used 10-25 µm [10,11] of existing mid-IR 

spectroscopic systems. We want to further 

stress, that the actual denaturation process as 

displayed by its spectral changes when heating 

the sample from 30°C to 90°C in Fig. 2, is very 

similar in D2O and H2O, with the main difference 

of a changing transition temperature [12]. Thus, 

measuring in heavy water comes close to native 

protein conditions.  

     We perform two experiments: a calibration line 

measurement by submerging the whole chip into 

the BSA+D2O sample with varying analyte 

concentrations and the thermal denaturation 

experiments, using a custom-made 60-µl cell. 

Experimental Configurations 

In the direct submersion geometry, the 

experimental setup consists of a beaker, initially 

only containing the low absorbing liquid matrix 

(i.e. either the IPA for the water analysis or heavy 

water, when performing the experiments with 

BSA). Using a multi-channel peristaltic pump, we 

continuously pump the analyte, i.e. water or BSA, 

into the beaker with the sensor under operation, 

and monitor its detector signal.  

     When using the 60-µl liquid flow cell together 

with the on-chip sensor, we start by pumping the 

pure analyte through the cell, while overtime 

either adding increasing amounts of water (solve 

analysis) or starting to pump the BSA-D2O stock 

solution at a fixed concentration through the cell 

and continuously increasing its temperature from 

30°C to 90°C. The measurement of the BSA 

unfolding process is conducted at about 21°C, 

after quickly cooling down the microliter-scale 

liquid back to the measurement temperature 

within a few seconds only.  

     For all experiments in beakers, stirring 

magnets are used, for a homogeneous 

distribution of the analyte in the background 

matrix. 

Dynamical Analysis of Solvent Quality 

The measurements of the residual water content 

in IPA are performed by adding little amounts of 

deionized (DI-) water at a rate of ~200 µl/min to 

the beaker filled with IPA into which our QCLD 

sensor is submerged. The increasing absorption 

from the added water is monitored using the on-

 
Fig. 2: Thermally induced spectral changes of the BSA protein, 

when heated from 30°C to 90°C. 
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chip QCD and translates into the actual water 

concentration in the beaker. Applying an 

additional temperature correction by using an on-

chip temperature probe (basically monitoring the 

change in resistance of a neighbouring QCL 

device on the same chip), helps to further 

improve the measured signal. Figure 3 shows the 

results for two QCLD sensors from the same 

chip, both addressing the wavelength-range 

around 1650 cm-1 and in comparison to the 

theoretical curve. The good overlap between 

theory and measurement holds up to about 19% 

of water and we obtain a limit of detection of 

about 150 ppm. This is comparable to state-of-

the-art offline chemical analysis techniques like 

Karl-Fischer titration as probably the most 

prominent among them [13]. 

Thermal Denaturation of BSA in real time 

[14,15] 

Next, we characterized a similar sensor but 

addressing 1620 cm-1 for its capabilities in the 

dynamical monitoring of the BSA denaturation 

process, when using a 60-µl liquid flow cell 

together with the QCLD chip. As shown in Fig. 4, 

we measure the typical s-shaped denaturation 

curves, known from previous experiments and 

also other proteins. Moreover, we can 

additionally confirm the trend of decreasing 

transition temperature with increasing BSA 

concentration in the D2O matrix. This is another 

important confirmation of the validity of the 

results. From additional submersion 

measurements we obtain the calibration line of 

our sensor for BSA in D2O. We can further extract 

important figures-of-merit which go beyond state-

of-the-art (e.g. LOD). They include a 55-times 

higher absorbance value, LOD of 75 ppm and a 

coverage of more than 3 orders of BSA-

concentrations between 0.0075% and 9.23%. 

     Those results are remarkable, since our 

sensor is also much more compact and can be 

used for real-time measurements in in-situ 

configuration. 

  

Conclusions 

In conclusion, we showed a novel mid-IR PIC 

devise based on mid-IR plasmonic concepts and 

QC technology, suitable for pushing the 

boundary in analytical chemistry of liquids much 

beyond the current state-of-the-art. By enabling 

dynamic reaction monitoring experiments in real-

time, it unlocks a previously inaccessible type of 

measurements.  

 

Outlook 

After achieving our fundamental results, we will 

further extend the mid-IR plasmonic platform 

towards on-chip heterodyne detectors for mid-IR 

telecommunication applications. Exploiting 

similar concepts as presented above, they allow 

on-chip beam guiding and directing on the 

millimetre-scale, enabling monolithic heterodyne 

detectors. They facilitate the measurement of low 

optical signal through beating with an on-chip 

local oscillator, which are typical from optical free-

space telecommunication experiments.  
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Fig. 3: Water concentration curve as function of time when 

submerging the QCLD in-situ into the sample beaker. The blue 

and black line correspond to two QCLDs at 1650 cm-1 in 

comparison to the theoretical water curve in green. The 

observed “spikes” correspond to the impact of the water droplets 

into the beaker with the QCLD and the H2O-IPA mixture. 

 
Fig. 4: Normalized concentration-dependent denaturation 

curves at 1620 cm-1, when increasing the temperature up to 

90°C. With increasing concentration, we observe the typical 

decreasing transition temperature [av].  
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