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I n the first half of this two-part 
article (1), we introduced the 
physical principle behind infrared 
(IR) absorptions and experimental 

setups used for investigating protein 
samples. This second part concludes 
by focusing on the use of IR 
spectroscopic data in formulation 
stability studies and for characterizing 
protein secondary structures and 
related changes (e.g., resulting from 
protein–excipient interactions). We 
also examine IR’s use in screening 
protein formulations.

BAND ASSIGNMENTS

As the structural repeat units of 
proteins, the peptide bond exhibits a 
number of IR-active amide bands 
(Table 1). Nine characteristic bands 
are termed amide A, B, and I–VII. 
Current understanding of IR spectra 
of proteins with regards to those 

amide bands is largely based on 
normal coordinate analysis, which was 
pioneered by Miyazawa and associates 
in their milestone work on N-
methylacetamide (2, 3) and 
subsequently extended to more 
complex systems. 

The amide A (located at about 
3400 cm–1) and B (about 3090 cm–1) 
bands originate from a Fermi 
resonance between the first overtone 
of amide II and the N–H stretching 
vibration (Figure 3 in Part 1 of this 
article). Amides I and II are the major 
bands in the protein IR spectrum. 
Amide I absorption originates from 
the C=0 stretching vibration (70–
85%) of the amide group (coupled to 
in-phase bending of the N–H bond 
and stretching of the C–N bond), 
which gives rise to IR band(s) in the 
region between ~1600 and 1700 cm–1. 
That vibrational mode is directly 
related to the protein “backbone” 
conformation. Amide II comes from 
the N–H bending (40–60%) and C–N 
stretching vibrations (18–40%) and is 
conformationally sensitive. Amides III 
and IV are very complex bands 
resulting from mixtures of several 
coordinate displacements. Out-of-
plane motions are found in amides V, 
VI, and VII.

Because of technical and theoretical 
limitations, only amide bands I–III 
are used for investigating protein 
secondary structure (4–7). Of all the 

peptide amide modes, however, the 
most extensively used in such studies 
is amide I. Major factors responsible 
for conformational sensitivity include 
hydrogen bonding and couplings 
between transition dipoles (6, 7)  
(see Figure 2 in Part 1). 

Transition dipole coupling that 
leads to splitting of the amide I mode. 
The magnitude of such splitting 
depends on the orientation of and 
distance between interacting dipoles. 
Thus it provides information about 
the geometrical arrangements of 
peptide groups in a polypeptide chain. 
Exact frequencies of amide I and II 
absorptions are influenced by the 
strength of hydrogen bonds involving 
amide C=O and N–H groups, as 
depicted by the equation in Figure 2 
of Part 1 (1, 6, 7). Each element of 
secondary structural conformation 
(e.g., alpha helix or beta sheet) is 
associated with a characteristic 
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hydrogen bonding pattern between 
those groups. So each type of 
secondary structure gives rise to 
different frequencies at which amide 
bond vibrations occur, thus producing 
characteristic overall amide I and II 
vibrations (Figure 1). Such separation 
of subcomponent bands (Figure 2) for 
an overall amide I absorption forms 
the basis of protein structure analysis 
and quantification from vibrational 
spectroscopic data (8–10). 

The relationship between amide I 
band position and type of secondary 
structure is best recognized by 
analyzing IR spectra of simple 
homopolypeptides that fold into well-
defined and often homogeneous 
(purely alpha-helical or beta-sheet) 
structures. By contrast with such 
homopolypeptides, proteins usually 
fold into complex three-dimensional 
structures that include a variety of 
domains containing polypeptide 
segments folded into different types of 
secondary structures. Because each 
conformational entity contributes to 
the molecule’s IR spectrum, observed 
amide I band contours are complex 
composites. They consist of many 
overlapping component bands that 
represent different structural elements, 
e.g., alpha helices, beta sheets, turns, 
and nonordered or irregular structures 
(Figure 2). A fundamental difficulty 
encountered in analyzing such 
composite band contours arises from 
the fact that the width of each 
contributing component band is 
usually greater than the separation 
between the maxima of adjacent peaks 
(Figure 2). So individual bands cannot 
be resolved and/or identified in the broad  
contours of experimentally measured 
spectra. Extraction of structural 
information encoded in those IR 
bands requires extensive mathematical 
analysis of experimental data. 

In analyzing the amide I band, we 
must consider that some absorptions 
arising from buffer components may 
absorb between 1600 and 1700 cm–1, 
thus perturbing analysis of the amide I 
protein absorptions. The most common 
interference is an absorption band of 
water in that region, but contributions 
of amino acid side chain absorptions 
must also be considered (11). 

Other bands such as amide II have 
been used for the elucidation of 
structural information of proteins. 
Inclusion of that band with amide I 
has been reported by some authors 
using multivariate data analysis 
techniques to provide improved 
prediction accuracy (4, 12). Moreover, 
the amide II band has been used for 
monitoring hydrogen–deuterium 
exchange in proteins, providing 
information on subtle structural 
changes in protein secondary 
structure. Some authors have also used 
amide III band data to derive 
information with respect to protein 
secondary structure (7, 13, 14).

Figure 1 represents exemplarily 
different protein IR spectra obtained 
in transmission at protein 
concentrations of ~10 mg/mL in pure 
water at 25 °C. As can be deduced 
from the shape of the amide I 
absorption, secondary structural 
elements are different for these 
proteins. Hemoglobin shows a more or 
less symmetrical amide I absorption, 
whereas a broad amide I absorption is 
observed for alpha-lactalbumin and 
alcohol dehydrogenase. Such 
differences in overall amide I band 
shape come from different amounts of 
secondary structural elements in a 
protein structure.

ANALYSIS AND APPLICATIONS

Within the 1600–1700 cm–1 IR 
spectral range, where the amide I 
absorption is detected, regions have 
been identified as being sensitive to 
particular secondary structural 
conformation. The “Band 
Assignments” box summarizes these 
structure sensitive regions within the 
amide I band. Hydrogen–deuterium 
exchange among amide hydrogen 
atoms causes a difference in band 
positions from those characteristically 
recorded in H2O and D2O. 

Characterizing Protein Structure: 
Extraction of single-subcomponent 
bands is achieved using curve-fitting 
approaches to assign each 
subcomponent to a particular protein 
secondary structure. The principle of 
such procedures is to resolve an 
original protein structure into 
individual bands that fit its overall 

spectrum. To estimate the range and 
positions of discrete subcomponent 
absorption bands, band-narrowing 
techniques are applied. Based on this 

Table 1: Band assignments of the main 
infrared active vibrations of biomolecules

Frequency 
Range (cm–1) Assignment

3490 and 
3280

Asymmetric and symmetric 
H–O–H stretching

3250–3300 Amide A (N–H stretch in 
resonance with amide II 
overtone)

3080 Amide B

3010 =C–H stretching of alkenes

2957 Asymmetric CH3 stretching

2920 Asymmetric CH2 stretching

2872 Symmetric CH3 stretching

2851 Symmetric CH2 stretching

1738 C=O stretch

1600–1700 Amide I (mainly C=O strech)

1645 H–O–H bending

1480–1575 Amide II (N–H bend in 
plane and C–N stretch)

1468 CH2 scissoring

~1395 C=O stretch of COO– 

1378 CH3 symmetric bend

1343 CH2 wagging

1230–1330 Amide III (N-H bend in 
plane and C-N stretch)

1240 Asymmetric PO2
– stretch

1170 Ester C–O asymmetric 
stretch

1080 Symmetric PO2
– stretch

1047 C–OP stretch

980 Choline asymmetric stretch

625–770 Amide IV (mainly O=C-N 
deformation)

720 CH2 rocking

Figure 1: FTIR spectra of various proteins in 
liquid formulation
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1 α-Lactalbumin 4 Alcohol dehydrogenase
2 Hemoglobin 5 Human serum albumin
3 α-Chymotrypsin 6 α-1-Proteinase inhibitor
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procedure, secondary structure 
elements can be quantified. 

One approach to extracting 
information on protein secondary 
structure from IR spectra is Fourier 
self-deconvolution, often referred as a 
“resolution enhancement” or “band 
narrowing” technique (1, 15–17). This 
procedure is based on an assumption 
that absorption bands are broadened 
(convoluted) in liquids by a certain 
function that causes a band overlap.  
A consequence is that the individual 
subcomponent bands cannot be 
distinguished in the overall amide  
I band. Fourier self-deconvolution 
decreases band widths, allowing 
separation of overlapping component 
bands that underlie a composite band’s 
contour (16). This is also called 
deconvolution (17). The exact shape of 
the convolution function has not been 
determined. But it is assumed that 
Lorentzian and/or Gaussian functions 
are appropriate. 

Two parameters are important for 
deconvolution: full width at half-
height (FWHH) and a resolution 
enhancement factor. In most cases, 
experienced operators determine these 
two parameters. Their selection 
determines the number and peak 
maximum of resulting subcomponent 
bands. It is a critical operation that 
determines the quality of results for a 
curve fitting procedure.

Overlapping band separation can 
also be increased by calculating the 
second derivative (Figure 3) of an 
absorption spectrum, either in the 
frequency domain or through 

mathematical manipulations in the 
Fourier domain (15, 18). Note that 
spectral derivation does not preserve 
the relative intensities of absorption 
bands. They depend on the width of 
each absorption in an original 
spectrum, so narrow bands will be 
enhanced at the expense of broader 
bands. A distinct advantage of the 
Fourier self-deconvolution method is 
that it introduces less distortion. 
Particularly, it does not affect the 
integrated intensities (areas) of 
individual component bands. So the 
effect is not to increase instrumental 
resolution, but rather the extent to 
which individual component bands 
can be separated.

The degree of band narrowing 
(described by the resolution 
enhancement factor in Fourier 
deconvolution and the degree of 
derivation in derivative spectroscopy) 
is limited by a spectrum’s signal/noise 
ratio. So analysts should avoid 
“overdeconvolution” or using higher 
derivatives, because noise will also be 
amplified and can be easily 
misinterpreted as a real band (10). 

Another challenge can arise from the 
presence of atmospheric water vapor, 
which gives rise to narrow absorption 
bands especially in the region 
overlapping the main protein bands. 
Although the overlapping bands are 
often very weak in an original spectrum, 
their relative sharpness makes them 
disproportionally amplified upon either 
Fourier deconvolution or derivation. 
They may appear in a resolution-
enhanced spectrum as artifacts that are 
indistinguishable from the real 
components of a protein band. This 
problem can be elegantly eliminated by 
technical solutions such as purging 
spectrometers with dry air. If necessary, 
residual water vapor absorption may be 
compensated for by spectral subtraction. 

Figure 2 shows determination of 
secondary structural elements for a 
chemokine at a 1 mg/mL concentration 
in PBS buffer at pH 7.4 (H2O, 25 °C). 
A Gaussian, Lorentzian, or mixed 
Gaussian–Lorentzian shaped curve is 
determined that best fits the original 
protein spectra (the black curve 
represents the original spectrum, and 
the magenta curve represents overall 

fit). To get initial parameters (band 
height, width, position, and baseline) 
for starting a fitting procedure for the 
individual subcomponent bands, 
Fourier self-deconvolution was used 
here. The best fit was obtained by a 
root mean-square analysis determining 
the optimal set of curve-fitting 
parameters, then the corresponding 
subcomponent band was determined. 
The area of each individual band is 
used to calculate its relative 
contribution to a particular protein 
secondary structure in relation to the 
overall area of the original spectrum. 

In the example, the overall amide I 
band was fitted assuming just three 
secondary structural elements: alpha-
helical, beta-sheet, and random coil 
structures. Analysis revealed that the 
protein structure is about 45% alpha-
helical, 39% beta-sheet, and 16% 
random coil structures. Those results 
are in accordance with X-ray data. 
Our procedure assumes that the 
carbonyl molar absorption coefficient 
is equal for each individual structure. 

Other possibilities for the 
determination of secondary protein 
structure are based on pattern 

Figure 2: An example of an amide I band 
with its underlying band subcomponents: 
alpha-helix (blue), beta-sheet (red), random 
coil (green)
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Figure 3: α-Lactalbumin in the respective 
presence and absence of magnesium ions; 
(TOP) IR spectra, (BOTTOM) second derivative of 
the amide I region 
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recognition. These methods use 
calibration matrices of IR spectra for 
proteins of known secondary structure 
(usually determined by X-ray 
crystallography). One matrix consists 
of target secondary structure fractions 
for proteins in a reference set; the 
other consists of their absorption data. 
The combined matrices serve as a 
calibration set. Based on that 
“training” set, a multivariate regression 
model is derived for predicting 
secondary structure elements of a 
“new” protein. The most widely used 
regression methods include factor 
analysis, principal component analysis, 
and singular value decomposition (17–
22). Partial least-square methods and 
the methodology of factor analysis and 
multiple linear regressions are both 
routinely used, being implemented in 
commercially available software. In 
recent years, neural network analysis 
and two-dimensional correlation 
spectroscopy have become more 
important (23–26). 

Testing Formulations: A number  
of excipients are known to bind to 
proteins or affect their stability. 
Protein–excipient interactions can 
easily be investigated using IR 
spectroscopy. For example, divalent 
magnesium cations interact with 
alpha-lactalbumin (Figure 3). Figure 3 
TOP shows the original spectra  
(10 mg/mL, phosphate buffer, pH 6.2, 
25 °C), and Figure 3 BOTTOM shows 
second-derivative spectra. The 
presence of magnesium cations induces 
a distortion of the amide I band, as 
illustrated by the appearance of a 
“shoulder” at about ~1630 cm–1. It is 
clearer in the second derivative 
(Figure 3 BOTTOM). IR spectroscopic 
analysis of the amide I absorption 
revealed magnesium binding to the 
protein and inducing changes to its 
secondary structure.

In a number of cases during 
biopharmaceutical development, 
analysts may be interested only in 
recording differences between various 
protein formulations. The idea of such 
analysis is to compare an initial state 
of the protein product with its 
structures in a selected formulation — 
e.g., after being stressed by 
temperature or pH. Various 

approaches have been described, with 
“visual” comparison of IR spectra in 
the 1700–1200 cm–1 spectral region 
(amide I, II, and III absorptions) often 
used to identify spectral deviations. 
However, it is still unclear what 
constitutes “large” or “small” 
differences. In most approaches, 
correlation coefficients are calculated, 
which express the common features 
and similarities of the two compared 
spectra (27–29). A correlation 
coefficient for identical spectra can be 
set to 1, with the correlation 
coefficient at 0, when both spectra 
have nothing in common. The area 
overlap method implemented by 
several different groups uses the 
integrated difference between two 
area-normalized spectra (Figure 4). 
Each approach uses both raw and 
resolution-enhanced spectra.

Another useful method for detection 
of small changes in protein structure is 
difference spectroscopy, which involves 
subtracting a protein absorbance 
spectrum in one state from that of the 
same protein in another state. For 
example, the FTIR spectrum of a 
sample is obtained before and after 
being triggered by a particular effect 
that induces two different states of the 
protein (e.g., pH change, light, heat, or 
addition of an interaction partner). 
This approach reduces the complexity 
of interpreting conformational protein 
changes induced by the trigger, and the 
difference spectrum reflects only those 
groups that undergo a specific change 

in their structure or environment 
(Figure 5). 

Figure 5A shows the results from a 
FTIR–HATR experiment 
representing thermal-induced 
denaturation of an antibody at a 
concentration of 50 mg/mL. Up to a 
temperature of 60 °C, amide I changes 
are marginal (data not shown). Above 
60 °C, however, clear changes are 
seen: The overall band intensity 
increases considerably. More 
important are changes in the band 
shape, indicating formation of 
intermolecular beta-sheet structures. 
Using the spectrum taken at 25 °C as 
a reference, derivative spectra could be 
calculated. These are plotted in Figure 
5B, showing changes induced by 
thermal stress. The area of those 
changes can be calculated and plotted 
as a function of temperature. 

Such protocols are used for fast 
screening of protein formulations as a 
function of temperature. The 
experiment is especially suited for 
analyzing highly concentrated protein 
formulations. Figure 6 shows 
denaturation curves for a 60-mg/mL 
protein solution at three different pH 
values. Denaturation temperature can 
be determined from the curve’s 
sigmoidal shape. In the example, a 
formulation at pH 4.0 considerably 
increases thermally induced stability 
of the protein. Data are somewhat 
different when you compare the same 
formulations at much lower protein 
concentrations. IR spectroscopy thus 
allows direct investigation of highly 
concentrated protein formulations in 
their original protein concentration. 
Using highly sensitive calorimetric 

Figure 4: Example of an area overlap of two 
raw spectra. The area overlap of the two 
spectra (90 %) is indicated in yellow.
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methods, protein concentration is 
usually limited to 0.1–10 mg/mL 
(depending on the protein involved).

IR spectroscopy is very helpful for 
a number of other applications of 
elucidating structural protein changes 
in formulation. Information 
concerning formation of protein 
aggregates can also be derived from 
FTIR measurements (30–33). 
Appearance of strong absorption 
bands below 1620 cm–1 often 
correlates with aggregation — usually 
associated with formation of strong 
beta-sheet structures. However, 
absence of such features in the amide 
I region does not indicate an absence 
of protein aggregates (34). 

A FORMULATOR’S COOL TOOL

Fourier-transform IR spectroscopy is a 
powerful technique for structural and 
conformational characterization of 
proteins because of its ability to test 
samples under different physical 
conditions: aqueous and nonaqueous 
solutions as well as dry samples. 

Measurements can be done for liquid 
formulations containing 1 to at least 
100 mg/mL protein.

FTIR is well suited for studying 
protein stability in the development of 
protein formulations. It finds 
application for

• fast determination of protein 
secondary structure in solution or dry 

• biopharmaceutical quality control
• biomolecular interactions 

(protein–ligand binding) monitoring
• protein determination and 

concentration measurements 
• study of aggregation and 

fibrillation processes
• detection of conformational 

changes (e.g., due to altered pH or 
ionic strength) 

• investigation of temperature and 
buffer influence

• formulation screening for highly 
concentrated protein formulations.
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Figure 6: Formulation screening of a protein 
solution at 60 mg/mL in water at different pH 
values (temperature dependence of the 
amide I)
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