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ABSTRACT: Protein sensing in biological fluids provides 
important information to diagnose many clinically relevant 
diseases.   Mid-infrared (MIR) absorption spectroscopy of 
Bovine Serum Albumin (BSA) is experimentally demonstrat-
ed on a germanium on silicon (GOS) waveguide in the 1900-
1000 cm-1 (5.3-10.0 µm) region of the MIR. GOS waveguides 
were shown to guide light up to a wavelength of 12.9 µm.  
The waveguide absorption spectrum of water, showing mo-
lecular bending vibrations, was obtained experimentally and 
compared with a theoretical model showing good agreement. 
Measurement of a concentration series of BSA protein in 
phosphate buffered saline (PBS) from 0.1 mg/ml to 100mg/ml 
was performed on the waveguide using filter paper as a flow 
strip and the amide I, II and III peaks were observed and 
quantified. Key words: mid-infrared, waveguide, germani-
um, absorption spectroscopy, protein, amide  

 

Mid-infrared (MIR) absorption spectroscopy is widely used 
for qualitative and quantitative analysis of biochemical spe-
cies. The MIR wavelength region corresponds to wave-
numbers between 4000 cm

-1
  and 400 cm

-1
 (wavelengths be-

tween 2.5 µm and 25 µm), where fundamental vibrations of 
molecules take place. These MIR absorptions are much 
stronger than those due to overtones or combinations of 
fundamental vibrations and rotation modes which occur in 
the near-infrared region (NIR) which corresponds to wave-
numbers between 12500 and 4000 cm

-1 
(wavelengths 800 nm 

to 2.5 µm). MIR absorption features are orders of magnitude 
stronger than those in the NIR and provide unique absorp-
tion ‘fingerprint’ spectra resulting from each IR active vibra-
tion of a molecule, providing inherent molecular selectivity. 
The MIR absorption in proteins predominantly occurs due to 
vibrations of the polypeptide backbones also referred as am-
ide bands. The most important amide bands are the amide A 
band between 3450-3650 cm

-1
, associated with NH stretching 

vibrations, the amide I band between 1600-1700 cm
-1
, result-

ing from C=O stretching, the amide II band between 1500-
1600 cm

-1
, due to CN stretching and NH in plane bending and 

the amide III band between 1300-1400 cm
-1
, related to CN 

stretching, NH bending and CO in plane bending [1, 2]. 
While all proteins contain these bonds, the secondary struc-
ture or conformation of the protein, which controls protein 
function, results in differences in the line-shapes due to 
shifts in the vibrational frequencies due to changes in the 
hydrogen bonding environment. MIR spectroscopy is in-
creasingly used for the analysis of secondary structure of 
proteins to identify biomarkers for early diagnosis of neuro-
degenerative diseases and cancer. The amide I band is the 
most investigated as its peak shape is sensitive to this sec-
ondary structure, the absorption is strong and it is not influ-
enced by the protein side chains [2]. The amide III band is 
more weakly absorbing but is in a region of lower water ab-
sorption, making it attractive for measurements in aqueous 
media, and its line-shape is more sensitive to secondary 
structure, raising its potential for structural studies [3]. Anal-
ysis of the line-shape of the amide bands requires extraction 
of multiple overlapping spectral features, corresponding to 
different types of secondary structure, using double-
derivative, fitting and deconvolution techniques, placing a 
premium on high-resolution, low noise spectra. Proteins 
have been studied extensively using Fourier transform infra-
red spectroscopy (FTIR) [4] with globar light sources. Using 
deuterated solutions and sample filtration, dilute protein 
solutions (0.2 mg/ml) were characterized with a CaF2 flow 
cell of path length 55 µm [5]. However, absorption spectros-
copy in aqueous solution is attractive for rapid detection of 
proteins in their normal environment with little sample 
preparation. Recently, quantum-cascade lasers (QCLs) emit-
ting in the MIR have been used for protein spectroscopy in 
aqueous media with a 38 µm long flow cell made of calcium 
fluoride and shown to yield improved signal-to-noise ratio 
(SNR) with appropriate noise-reduction measures [1]. This is 
principally due to the higher power spectral density and 
brightness of QCLs, allowing longer measurement path-
lengths in the presence of an absorbing aqueous background. 
Attenuated total reflection spectroscopy has been employed 
with conventional FTIR instruments, bringing the ad-
vantages of reduction in scattering for turbid media, surface-
selective spectroscopy and short effective path-length with-
out the need for narrow (10-20 µm) cuvettes or flow-channels 
which can cause problems with sample clogging [2]. Low-
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concentration studies of aqueous solutions of proteins have been achieved 

 

 

Figure 1. (a) Experimental apparatus, b) Infrared camera image of the GOS waveguide output at λ = 12.9 µm.

by combining ATR/FTIR for diagnosis and segregation of 
dementia [6], a calcium fluoride immuno-IR sensor was used 
to detect the structural changes in amide I peak [7], a new 
method of immobilization of proteins on Ge ATR is present-
ed to monitor enzymatic activity using MIR spectroscopy of 
amide peaks [8] and a Ge ATR crystal was used to study BSA 
protein by electrophoresis where a voltage is applied across 
the sensor to enhance the accumulation of proteins on the 
sensor surface [9].Optical waveguide approaches to ATR 
spectroscopy offer (i) enhanced sensitivity over conventional 
ATR crystals because the effective number of “bounces” per 
unit length is greatly increased, (ii) improved stability and 
path-length selection due to the continuous field at the 
waveguide surface, and (iii) advantages of low-cost and mul-
tisensor integration arising from the mass manufacturing 
approaches of microelectronics used in waveguide fabrica-
tion. There have been a few demonstrations of waveguide 
spectroscopy of biochemical species, including proteins, in 
the MIR region. These include the use of a 14 µm thick and 
500 µm wide diamond waveguide to study the secondary 
structure within the amide I peak of BSA at a concentration 
of 10 mg/ml [10].  

In this work, absorption spectroscopy of Bovine Serum Al-
bumin (BSA) in phosphate buffered saline (PBS) is demon-
strated using the evanescent field of a germanium on silicon 
(GOS) waveguide operating between 1900-1000 cm

-1 
(5.3-10 

µm) in the MIR. All three of the amide I, II and III peaks are 
observed for the first time on a waveguide platform. In order 
to introduce the liquid analyte into the waveguide evanes-
cent field, a simple flow-strip using filter paper was used. It 
has been established that the presence of filter paper on the 
surface of waveguide does not itself significantly alter the 
optical transmission of the waveguide [11]. Paper-based fluid-
ics is widely used for biochemical assays and its integration 
with waveguide evanescent spectroscopy offers the potential 
for improved quantification.  

Measurements were carried out using the apparatus shown 
in Fig.1 a). A quantum cascade laser system (QCL) (Block 
Engineering Inc.) tunable from 1900-800 cm

-1
 that has four 

coupled chips, was used as a source, and two zinc selenide 
(ZnSe) objective lenses were used for input and output cou-
pling to the waveguides. A thermoelectrically (TE) cooled 
mercury cadmium telluride (MCT) detector (VIGO System) 
was used to collect the signal from the ZnSe collection objec-
tive. The signal from the MCT detector was recorded on a 
computer which also controlled the QCL wavelength scans, 

and a software package (LaserTune), was used to process the 
spectra. 

Straight 3 µm thick and 20 µm wide GOS were used. Six inch 
GOS wafers were bought commercially from IQE Silicon 
Compounds Ltd. The fully etched channel waveguides were 
fabricated using lithography and ICP etching with fluorine 
chemistry. Waveguide facets of optical quality were prepared 
using a dicing saw [12]. The GOS waveguides used in this 
work were designed using COMSOL to ensure guidance at 
wavelengths up to λ = 12.9 µm. The theoretical spot sizes for 
the fundamental TM mode were found to be 10.62 µm in the 
width (x) direction and 2.7 µm in the depth (y) direction. At 
this wavelength the waveguides were predicted to be mono-
mode in the y direction but multimode in the x direction. 
Simulations of mode profiles of GOS waveguides in water 
were not significantly different in shape than when in air due 
to the high refractive index contrast between Ge and 
air/water. 

 

Figure 2. Experimental and simulated waveguide absorption 
spectra of water of 3.5 mm path-length. 

The QCL was tuned to a wavelength of 12.9 µm and its out-
put was launched into the waveguide in TM polarisation. The 
waveguide output was imaged using an infrared camera 
(Xenics-Gobi 640) placed after the output objective lens and 
is shown in Fig. 1 b). The QCL was then tuned across the full 
wavelength range down to 5.3 µm and the waveguide output 
was clearly visible across the full range, showing that these 
waveguides guided continuously from 5.3 µm to 12.9 µm.  In 
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order to confirm the calibration of the system for absorbance 
and wavenumber, the MIR absorption spectrum of deionized 
(DI) water was measured on the waveguide and compared 
with the published spectra. In order to introduce the analyte 
into the waveguide evanescent field and to define the path-
length of the analyte, a 180 µm thick strip of filter paper 
(Fisher) 3.5 mm wide and 4 cm long was placed on the wave-
guide and a cover of parafilm about 5-6 mm wide was placed 
over it to reduce evaporation, as shown in Fig. 1 a).  

The output power spectrum of the waveguide with filter pa-
per and parafilm alone was first recorded as a reference spec-
trum, by sweeping the QCL frequency between 1000 cm

-1
 and 

1900 cm
-1
 to include the regions of water and amide band 

absorption and recording the waveguide output power using 
the MCT detector. Drops of DI water were then pipetted 
onto the exposed tail of the filter paper and allowed to travel 
to the waveguide. The waveguide output power spectrum in 
the presence of DI water (sample spectrum) was then rec-
orded. The absorption due to the presence of water was de-
duced by dividing the sample spectrum by the reference 
spectrum, and the resultant DI water absorption spectrum is 
plotted in Fig 2. The frequency resolution of all scans was 1 
cm

-1
 and their duration was 10 s. The COMSOL model used 

for the mode field distributions was used to determine the 
complex modal effetive index of the fundamental mode vs 
wavelength and hence the theoretical waveguide absorption 
spectrum, which is also shown in Fig 2. The model takes into 
account the published optical constants of water [13]. The 
broad absorption peak of water which is due to H-O-H bend-
ing vibrations is observed at 1635 cm

-1
. The simulated and 

experimental graphs plotted in Fig. 2, which have not been 
normalized, show good agreement, confirming the wave-
number and absorbance calibration. However, the experi-
mental graph deviates slightly from theory for wavenumbers 
above 1400 cm

-1 
due to the noise of the system and low scat-

tering losses of the waveguides at longer wavelengths. The 
discontinuity in experimental data around 1300 cm

-1
 is due to 

the low laser power and the switching from one QCL chip to 
another.   

BSA was used to demonstrate waveguide protein spectrosco-
py. A phosphate buffer solution (PBS) of 0.01 M concentra-
tion with pH 7.0 was used to prepare the protein solutions. A 
stock solution of 10% BSA with concentration 100 mg/ml 
(Sigma Aldrich) was obtained and solutions of lower concen-
tration were made from this by diluting it in PBS solution of 
the same molarity. Solutions with concentration ranging 
from 0.1 mg/ml to 100 mg/ml were prepared. For the wave-
guide measurements, a filter paper strip 3 mm wide and 4 cm 
long was placed on the waveguide and a transmission spec-
trum with PBS alone was recorded as a reference spectrum. 
The waveguide surface was cleaned and a solution of 10 
mg/ml was pipetted on a fresh filter paper strip on the wave-
guide. The parafilm cover was not used here and the BSA 
solution was left to evaporate. The waveguide output power 
spectrum was then recorded at 1 to 2 minute intervals. The 
frequency resolution of all scans was 1cm

-1
 and had a dura-

tion of 10 s. To calculate the absorption due to protein alone, 
the transmitted power spectra from the BSA sample were 
divided by the transmitted power spectrum from the pure 
PBS reference. The resultant BSA absorption spectrum with 
respect to time is shown in Fig. 3, showing increasing absorp-

tion with time mainly due to water evaporation. The ob-
tained spectra were smoothed by performing adjacent aver-
aging of 10 data points around each data point in the data 
and replacing that point with a new filtered point. The origi-
nal unprocessed data is shown in the Supplement as Figure 
S1. The BSA absorption spectra in Fig. 3 show all the three 
amide I, II and III peaks at 1645, 1545 cm

-1 
and between 1200-

1350 cm
-1
 respectively. While evaporation will not be used in 

normal operation of this sensor for protein quantification, 
these data allow observation of amidepeak positions and the 
ratio between amide I, II and III peaks as a function of con-
centration without changing any other parameters. The spec-
tra are in good agreement with the literature suggesting that 
the BSA does not denature or significantly change secondary 
structure at the waveguide surface [5, 9, 14]. The absorption 
spectra in Fig. 3 also shows the CH bending absorption peak 
at 1455 cm

-1
, COO

-
 symmetric stretching peak at 1402 cm

-1
 

and in-plane CH bending absorption between 1000 and 1100 
cm

-1
 [ 15]. 

 

Figure 3. Waveguide absorbance of 10 mg/ml BSA in PBS 
solution with respect to time 

To determine the concentration dependence of the wave-
guide absorption measurements, a dilution series of BSA in 
PBS was performed with concentrations of 0, 0.1, 1, 10, 25, 50 
and 100 mg/ml. In order to avoid the evaporation observed in 
Figure 3, parafilm was again used to cover the filter paper as 
shown in Figure 1(a). For each concentration a fresh filter 
paper with parafilm over-layer was used and Figure 4 (a) 
shows the protein absorption spectrum (referenced to PBS) 
for each concentration of BSA. The graph shows a systematic 
increase in the three amide peak heights with increasing 
concentration of BSA, as expected. The peak absorption for 
the amide I and II band at a wavenumber of 1645 cm

-1
 was 

plotted versus concentration of BSA and is shown in Figure 4 
(b) and S2 respectively. The error bars were estimated from 
the standard deviation of six measurements at 1880 cm

-1
, 

away from the BSA absorption absorption and we believe 
these errors to be dominated by input coupling and laser 
fluctuations. The absorbance for 10 mg/ml BSA concentra-
tion was compared with the absorbance for 10 mg/ml BSA 
plotted in Fig. 3 for t = 0 min and was found to be consistent. 

This is the first reported measurement of all three amide 
peaks I, II and III on a thin film waveguide and the first sys-
tematic study of waveguide absorption spectroscopy of a 
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dilution series of BSA in PBS. Absorption spectra have been 
obtained for a concentration of 0.1 mg/ml and more dilute 
solutions will be accessible with improvements in stability 

and SNR engineering. The strong absorption of water over 
the entire MIR region and an overlapping OH and the Amide 
I peak in the region of 

 

Figure 4. (a) Waveguide absorption spectra of BSA in PBS at different concentration and (b) Amide I peak height with respect to 
BSA concentration, for a waveguide path-length of 3 mm.

1600-1700 cm
-1
 severely limits the useable path-length in any 

MIR approach and hence the sensitivity to protein absorp-
tion, but the combination of QCL sources and optical wave-
guides allows high signal, precise optimization of the path-
length, and avoids the problems of turbid media and the 
need for narrow cells which clog easily. Waveguides can pro-
vide a precisely controlled interaction length to match the 
absorption of a specific analyte and this could be maximized 
in a small on-chip footprint by introducing engineered bends 
and spirals [16]. The waveguide approach has all the ad-
vantages of conventional ATR techniques, being particularly 
well-suited to studies of interactions in monolayers at surfac-
es but with the added benefits of lower cost, more compact 
design and potential integration of reference channels, for 
example. In the present work, 3 µm thick GOS waveguides 
have been used, but the sensitivity and detection limit can be 
tailored according to the wavelength range of interest by 
using waveguides of different thickness.  
The demonstration of present work that combines thin film 
waveguides and QCL operating in the MIR finger print re-
gion allows new possibilities of sensing important bio-
molecules for point of care diagnostics by utilizing high se-
lectivity of MIR signatures. 
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Supporting Information 

The following files are available free of charge. 
S1: Waveguide absorbance of 10 mg/ml BSA in PBS solution 
with respect to time, without smoothening the peaks. 
S2: Amide II peak height with respect to BSA concentration.  
 

Data supporting this Letter are openly available from the 

University of Southampton repository at 

https://doi.org/10.5258/SOTON/D0940  
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