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Abstract

The interaction between biological macromolecules (proteins, nucleic acids, lipids and 
other biomolecules in the cell) and environmental water is an important determining 
factor in their conformational properties, stability and function. The hydration processes 
of biopolymers have been extensively studied in the past 20 years with reference to a 
considerable variety of models and concepts. In all recent works, a distinction is made 
between intracellular water that maintains the ordinary liquid state (bulk water) and 
water ordered in extended hydrogen‐bonded lattices at the surface and structured in the 
internal grooves of macromolecules (hydration water) in dependence on the chemical 
properties of the macromolecule surface. FTIR spectroscopy has been implemented in 
this field both for the sensitivity in the conformational analysis of biological macromol‐
ecules and the reliability in the investigation of the water network. A perturbation tech‐
nique such as dehydration‐rehydration treatment modifies the macromolecule structure 
and water distribution. It was applied to two structurally different proteins: lysozyme, a 
globular (α + β) protein and collagen, a fibrous protein characterized by the triple helix 
structure. Submitted to the treatment both of them display irreversible conformational 
changes.

Keywords: FTIR spectroscopy, biological macromolecules, hydration, adsorption 
isotherms, lysozyme, collagen

1. Introduction

Water controls and affects in large extent structure and function of biological macromolecules 
[1]. This unique molecule has had an essential role in the evolution of living systems, and its 

functions are manifold. At macromolecular level, very small water amount or small aggre‐

gates are fundamental both in the determination and maintenance of the biologically active 
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structure of proteins, nucleotides, carbohydrates and other biopolymers. The solvent orga‐

nization around the solute macromolecule structures allows folding to the native and func‐

tional conformation and the development of many biological functions such as for example, 

substrate recognition and binding to an enzyme, protein subunits assembling and to origi‐
nate and stabilize higher order structures such as membranes. A lot of biochemical reactions 
fundamental in metabolism and synthesis are involving water as universal reagent, such as 

hydrolysis, condensation, reduction and oxidation. Despite the great interest in the problem, 

the relationship between the biopolymer conformation and the structure of the water net‐

work cannot still be described with confidence. In the case of proteins, it is well‐known that 
polypeptide molecules are surrounded in the cell by a hydration shell which can be described 

as formed by differently interacting water molecules organized in layers surrounding macro‐

molecule. The simplified description of the hydration shells formed by a uniform layering of 
water molecules around the macromolecule is not realistic: most proteins, for example, offer a 
surface where binding sites, cleft or crevices provide favorable environments for solvent mol‐

ecules. Such water molecules are organized in clusters or patches decorating the macromol‐
ecule surface and are called “bound” water due to the restricted mobility with respect to the 

water molecules in bulk. Orientation changes may be related to structural or conformational 

differences among macromolecules. The bond strength variety of bound water affects mobil‐
ity, reorientation and vibrational properties [2–7].

A variety of experimental techniques were introduced and applied to study the hydration 

properties of biological macromolecules: DSC (differential scanning calorimetry), NMR 
(nuclear magnetic resonance), neutron and X‐ray diffraction, gravimetric techniques, as well 
as UV‐vis and CD spectroscopies have been employed to characterize the extent of water‐ 
biomolecules interaction. In addition, the problem of water interactions was object of theoreti‐

cal analysis and structure prediction as well as molecular dynamics simulations.

Fourier transform IR absorption spectroscopy represents a powerful method to gain struc‐

tural information on hydrated biological macromolecules, alternative to other well‐estab‐

lished techniques whose application presents severe limitation to dry compounds or in the 

first hydration events. It requires a minimal sample amount and preparation, and it can be 
used in a wide variety of conditions and geometries. It enables to study (1) the amplitude 

and position changes of the main absorption bands associated with characteristic functional 

macromolecule groups, as a function of water content; (2) the properties of water structured 

around the biomolecules, using H
2
O molecules as probes to detect conformational changes in 

the macromolecule structure induced by water interactions [8].

H
2
O displays a strong IR spectrum with three main bands corresponding to the OH stretch‐

ing, bending and libration modes. Their contribution can be identified in the spectrum of 
macromolecules and changes in the hydration conditions significantly influence the infra‐

red spectral pattern. The spectral changes observed as a function of water removal may be 
monitored, correlated to the changes in macromolecule conformation and used to identify 

the sites of water sorption. The OH stretching band, in particular, by appropriate mathematic 

manipulation, can be used to build the water adsorption‐desorption isotherms describing the 

hydration processes governing each water population.
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The technique and the related experimental procedures were successfully applied in the 

past on two macromolecular systems very different in chemical composition and structure. 
Melanin and lipid array have been object of past publications [9, 10]. The present work is con‐

cerning two proteins, collagen and lysozyme, and their interaction with water.

2. Infrared spectroscopy of water

Water has a strong absorbance in the infrared [11–13]. The characteristic normal modes of 

the H
2
O molecule are due to vibrating O–H bond whose frequencies are critically dependent 

on the aggregation state of water: gas, liquid and solid. In the medium infrared wave num‐

ber region (MIR), the isolated water molecule (gas phase) has three main normal modes of 
vibration. The symmetric and asymmetric OH stretching vibrations (ν

1
, ν

3
) have band maxi‐

mum at 3656 and 3755 cm−1 and the bending mode, δ(OH), has the band center at 1594 cm−1. 

Upon formation of hydrogen bonds in the liquid phase and because of the broadening of the 

spectral features, ν
1
 and ν

3
 features are collapsing to a diffuse absorption band that appears 

200–400 cm−1 shifted towards high wave number region with respect to the gas phase values. 

In addition, ν(OH) band width at half‐maximum (FWHM) will broaden as a consequence of 
the H bond pattern formation. In general, the more heterogeneous are the molecular envi‐
ronments of hydrogen‐bonded molecules, the broader the band. For this reason, the liquid 

water spectrum is broader than that found for ice spectrum reflecting the vibrations of more 
selected hydrogen bond energies and configurations. The bending mode shifts towards high 
wave number region as a consequence of formation of hydrogen bonds: liquid water and 
ice display bending absorption bands at 1645 and 1670 cm−1, respectively. Libration modes 

ν
L
 are other vibrational modes of condensed phase water. They appear at 685 cm−1 for liq‐

uid water and shifts at 830 cm−1 for ice. Moreover, an absorption band is observed around 
2200 cm−1, centered at 2100 cm−1 for liquid water and around 2255 cm−1 for different phases of 
ice. It represents a combination band, due to the association of the bending δ and libration 
ν

L
 features.

2.1. OH stretching band (ν(OH))

The IR OH stretching band has been widely studied to investigate the properties of water 

structured around biomolecules. The first pioneering work concerning the study of hydration 
water of globular proteins was performed by Buontempo, Careri and Fasella in 1972 by ana‐

lyzing the differential Infrared band near 3300 cm−1 in the spectrum of Lysozyme and Bovine 
Serum Albumin before and after dehydration under various conditions [14]. The study evi‐
denced the presence of water molecules differently mutually interacting and with the protein 
surface, being possible to distinguish a contribution due to liquid water and a component 

corresponding to the so‐called tightly bound water. In the following years, thanks to the 

implementation of the interferometric spectrophotometers instead of the dispersive one, mea‐

surements were performed with a much better sensitivity and reliability. The enhancement in 
the peak fitting procedures with help of second derivative operation and iteration procedures 
allowed to improve the qualitative picture by fitting the band into component sub‐bands 
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related to different local H bonding structure. In the paper of Onori and Santucci [15] and 
Mallamace et al. [16], the best fit deconvolution of the band was performed in the study of, 
respectively, AOT hydrated micelles and lysozyme at different temperatures to investigate 
structural dynamical transitions.

Pure water ν(OH) band (3800–2800 cm−1) cannot be fitted by a single Gaussian line, but 
can be deconvoluted into components, usually assigned to different sets of molecules. 
Following the central limit theorem stating that the distribution of the sum (or average) of 

a large number of independent, identically distributed variables will be approximately nor‐

mal, regardless of the underlying distribution, the component number could be enormously 

large. However, the structural constraints settled on the basis of the number and strength of 
hydrogen bonds in different arrangements avoids effects of overfitting, allowing the break‐

down of the band up to a maximum of six sub‐bands in dependence on the model assumed 

to describe water system. The structure of ν(OH) band is described in details by Schmidt and 

Miki [17] and directly related to the O‐H bond lengths: variations in the bond lengths are 
caused by the influence of the surrounding hydrogen‐bonded network of water molecules 
and affect position and width of the components bands. According to this view, from the 
higher wave number region towards the lower one, the first peak (3680 cm−1) can be attrib‐

uted to monomer‐like vibration, due to free O–H vibration of H
2
O molecules behaving as in 

the vapor state. The three intermediate components contribute 85% to the total signal, indi‐

cating that the majority of water molecules have a local hydrogen‐bonded network which 

includes 3–7 H
2
O molecules as confirmed by theoretical calculations. Solid clusters (6–10 

H
2
O) is responsible for the envelope of the two low wave number bands. The peak position 

of each band was related to O–H bond length. The values were calculated by transforming 

the frequency and full‐width half‐maximum values of the ν(OH) band components using 

Badger's rule [18].

In recent times, we have developed a technique operating the removal from the spectrum 

of the features due to the spurious vibrational bands unrelated to water by means of the 

operation of subtraction of the “dry sample” spectrum, i.e., the spectrum of the sample gently 

dehydrated to expel as much solvent as possible without affecting the molecule structure [9, 
10, 19]. The cleaned band obtained by such procedure can be treated as a water ν(OH) band 
and therefore compared with the corresponding band of pure water and analyzed by decon‐

volution in component bands, each one related to different hydrogen bond engagements and 
lengths.

3. Experimental section

Infrared spectroscopy is an experimental technique able to detect the absorption of infrared 

radiation by the matter [20]. Characteristic vibrational states may be attained by the mol‐
ecule at the frequencies characteristic for each component molecular group. They can be mea‐

sured as an absorption spectrum, i.e., a plot of the absorbed intensity of the applied radiation, 

expressed as absorbance, as a function of its frequency, measured in terms of wave number 

(cm−1). The infrared spectrum is characteristic for any molecule to such an extent that it may 
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be considered the molecule fingerprint. For a molecule that consists of N atoms, there are 
(3N‐6) ways in which the molecule can vibrate, or (3N‐5), if it is linear, therefore, it is reason‐

able to expect that complex molecules or mixture of substances could originate complex IR 

spectra, difficult to analyze and to interpret. Nevertheless, some moieties of the molecules, 
the so‐called functional groups, display one or more absorption infrared bands at specific 
frequencies, slightly influenced by the surrounding parts of the molecule. In such a way, it is 
possible to identify the chemical groups responsible for such features even though the mol‐

ecule is not known.

FTIR spectrophotometers use the technique of Michelson interferometry to simultaneously 
sample a range of frequencies. The IR beam emitted by the source is collected by a beam split‐
ter and divided into two beams each one of half intensity with respect to the original beam. 

One is falling on the moving mirror and the other one on the fixed mirror. The light beams 
reflected by the moving and the fixed mirrors are combined generating a complex interfero‐

gram, as a function of the position of the moving mirror. The resulting interferogram is sub‐

jected to Fourier analysis to generate a spectrum, i.e., a plot of intensity versus frequency. 

Absorption spectra are obtained by measuring the interferograms with a sample and with the 

empty sample cell (blank) in the beam, being the interferogram intensity

   I  
interferogram

    (  t )    = k   ∫  
−∞

  
+∞

   I  
beam

    (  ν )    e   i2πνt  dν  (1)

where k is a constant, I
beam

 the intensity of the beams and ν the wave number. From the inter‐

ferogram, the intensity of the beams can be calculated by inverse Fourier transforming the 

resulting interferograms

   I  
beam

    (   ν )    = k   ∫  
−∞

  
+∞

   I  
int

    (  t )    e   −i2πνt  dt  (2)

The IR absorption spectrum is calculated as the logarithm of the intensity quotient of blank 

to sample.

3.1. Equipment and materials

Any standard commercial Fourier transform infrared spectrophotometer can be used to per‐

form the experiments described in the present paper. We have used two kinds of equipment: 
BOMEM DA8 and Jasco 420 FTIR spectrophotometers operating in the 4000–400 cm−1 range, 

at temperature close to ambient (290–300 K). Each spectrum was measured by acquiring 128 
scans at 2 cm−1 spectral resolution.

The samples were thin films obtained by depositing aqueous solutions (c = 10–40 mg/ml) on 
CaF

2
 windows and allowing them to dry in air under ambient conditions. The film smeared 

on the calcium fluoride platelets was assembled in a sealed sample cell consisting in a dry box 
equipped with IR transparent CaF

2
 windows. In the box were inserted (1) a vessel containing 

a saturated salt solution suitable to assess the opportune relative humidity (RH) to which the 

sample has to be equilibrated; (2) the sample prepared as a film smeared on a CaF
2
 platelet, 

vertically positioned in such a way as to allow for transmission measurements (Figure 1). The 

box, avoiding any contact of the sample with the external atmosphere, was inserted in the 

sample chamber of the FTIR spectrophotometer.
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Blank measurements were recorded on the sample holder in order to subtract the contribu‐

tion of the CaF
2
 platelet on which the sample was deposited and the spectrum of the dry box 

CaF
2
 windows.

3.2. Experimental procedures and analysis of water sorption

The protein film together with the salt solution suitable to keep it at the desired humidity level 
was assembled in the sample holder for 1–2 days before to submit it to the measurements. 
Table 1 lists the salts employed for preparing salt solutions able to provide in the desiccator 

water activities a
w
 ranging between 0.06 and 0.97.

The change in the hydrating solution was performed in a dry box under a controlled N
2
 atmo‐

sphere. The lowest hydration value was reached by maintaining the sample in an oven at 

about 80°C for 2 h. This sample was called the “dry” sample.

Fitting operation of the OH stretching and Amide bands was performed according to Gaussian 
curves starting from a second derivative analysis [21]. In particular, the OH‐stretching mode 

band (ν ~3400 cm−1) was analyzed following the approach, adopted in the literature to describe 
the solvent role of water and deconvoluted into components, which, in principle, might be 

related to different hydrogen‐bond distances [17]. A twofold analysis was performed on the 
ν(OH) band. First, the spectra of the samples collected by decreasing (desorption run) and 

increasing (adsorption run) the ambient relative humidity were compared and analyzed with 

Figure 1. Sketch of the sample holder employed to attain the desired hydration degree in the samples. The samples 
were obtained as films of macromolecule solution smeared on the vertical CaF

2
 platelet, allowed to dry in air before to 

expose them to the moist ambient in the box. Different relative humidity was achieved in the inner ambient of the box by 
saturated salt solutions put in the vessel placed on the box base and assembled together with the sample.
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respect to the other spectral features (Amide bands). Second, the OH stretching band was 

resolved, by a curve fitting approach, in Gaussian components. The goal in the method is to 
decompose the feature into three component bands which can be assigned to three different 
sets of hydrogen bond strength. The Gaussian component amplitude, converted into water 
amounts, can be used to plot sorption isotherm curves [22]. The relative amounts of water 

in the three different structural forms were expressed in terms of the area of each peak by 
assuming that the sum of the areas of the peaks is proportional to the total amount of water 

in the protein. The corresponding H bond lengths were evaluated by employing Nakamoto 
plots [23].

Water sorption isotherms were obtained as the sorbed water vapor amount versus water 

vapor activity a
w
 at fixed temperature [22]. The water content of the sample was spectropho‐

tometrically determined from the ν(OH) band amplitude subtraction of the spectrum of the 
same sample fully dehydrated (“dry” sample). In this way, any contribution to the band of 

N–H and C–H stretching vibrations, occurring in the same wave number range, was system‐

atically eliminated. Due to the thin thickness of the samples, layered as film and the very low 
water content (0.97–0.06 g

water
/g

dry sample
), the very small change in the optical path produced 

by dehydrating the sample does not affect significantly the spectra intensity. Adaptation of 
Beer's law was successively used to rescale the intensity of the “cleaned” ν(OH) bands, in 

Salt a
w

NaOH 0.06

KOH 0.09

CaBr
2

0.16

CaCl
2

0.29

NaI 0.38

Ca(NO
3
)

2
0.51

NaBr 0.58

KI 0.69

NaNO
3

0.74

NaCl 0.75

NH4Cl 0.79

KBr 0.81

KCl 0.84

BaCl
2

0.90

KNO
3

0.92

K
2
SO4 0.97

Table 1. Salts employed for saturated salt solutions necessary to accomplish the controlled activities a
w
 in the box where 

the macromolecule films were equilibrated before FTIR measurements.
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accordance with the approach proposed in the literature to study various hydrated biomate‐

rials [24]. To quantify the integrated absorbance in terms of water surface coverage, we can 
assume a modified form of Beer‐Lambert’ law

   A ˜   =     ∫  
band

  
 

   A dν = ε  (ν  
MAX

   )  c ¯  d  (3)

where   A ˜    is the integrated absorbance of the component band,  ε  (ν  
MAX

  )  is the molar absorp‐

tivity at wave number   ν   
MAX

    corresponding to the peak of the band (L mol−1 cm−1),   c ¯    is the 

concentration of the absorbing species (mmol/cm3 or, equivalent mol/L) and d is the average 

thickness of the absorbing species film, that is, adsorbed water, in centimeters [9].

For water, it is possible to evaluate the molar absorptivity ε(ν) at fixed wave number [24]: for 
example, one can evaluate ε (3600 cm−1) = 1.647 L mol−1 cm−1. By assuming the path length d as 

the thickness of a film of water, the corresponding amount of the water content can be con‐

verted in concentration   c ¯    of water, assumed as only absorbing species. The concentration   c ¯    in 

each sample prepared at each hydration degree can be evaluated and employed to normalize 
the amplitude of the subcomponents in the ν(OH) band. The desorption‐adsorption branches 
of the isotherm curves were therefore obtained for each Gaussian component. As a rule, the 
desorption experiments were performed by starting from the highest a

w
 value (a

w
 = 0.97) and 

accomplished before the adsorption one, to avoid possible damages in the samples produced 

by dehydration treatments.

4. Collagen

Collagens are a large protein family forming a characteristic triple helix of three polypep‐

tide chains giving rise to supramolecular structures in the extracellular matrix: their size, 
function and tissue distribution vary considerably [25]. So far, 26 genetically distinct collagen 

types have been described. It is the main fibrous component of skin, bone, tendon and carti‐
lage, accounting in particular for three‐quarters of the dry weight of skin, and representing 

the most prevalent component of the extracellular matrix. The collagen molecule is a rigid 

rod‐like structure able to resist stretching. It is composed of three polypeptide left‐handed 

α chains coiled around each other to form a typical right‐handed rope‐like triple helical rod 
(approximately, 1.5 nm in diameter, 300 nm in length). The triple helical sequences are com‐

posed of Gly‐X‐Y repeats, X and Y being frequently proline and hydroxy‐proline, respec‐

tively [26]. Stabilization of the triple helix is assured by a lot of structural conditions as the 
presence of glycine as every third residue, a high content of imino acids with a rigid cyclical 

structure (proline and hydroxy‐proline) and electrostatic interactions involving lysine and 

aspartate [27]. Both in the structural and functional properties, a key role is undoubtedly 

played by water, which provides inter‐chain hydrogen bonds and water bridges and coats 

triple helix by a cylinder‐like of hydration [28, 29]. Moreover, water critically regulates chain 
flexibility and assures the water mediated H‐bonds favoring fiber recognition and alignment. 
Water lacking is a very dangerous process for the protein, damaging the structure in irrevers‐

ible way. Water depletion, caused by tissue maturation, exposition to UV light and/or some 
pathological processes, such as diabetes, triggers detrimental conformational rearrangements 
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due by  nonenzymatic glycation reactions between the protein and the complex carbohydrates 
present in the matrix, leading to the formation of oxidation products, known as Advanced 

Glycation End‐products (AGE) [30, 31] having the effect to modify the collagen fibers physi‐
cal properties, inducing an increase in stiffness and breaking load, denaturation temperature, 
solubility and a decrease in resistance to degradative enzymes [32].

Despite the great amount of studies [33], the explicit relationship between protein and hydra‐

tion water structure is still an open question and the detailed dehydration scheme of collagen 

and the structural implications are not yet completely elucidated.

4.1. Hydration structure of collagen: FTIR spectroscopy and water sorption isotherms

Complementary FTIR measurements on collagen prepared at very low hydration level (a
w
 

in the range 0.06–0.97) and adsorption isotherm technique have put in evidence the critical 
hydration level which induces an irreversible conformational change in the protein, respon‐

sible for the first ageing step.

In Figure 2, the spectra of collagen extracted from rat tail tendon (type I collagen) are shown 

during the dehydration run.

In order to study the role of water interacting with collagen, FTIR spectrum was analyzed 
in the OH stretching region by changing the hydration content of the sample following the 

method described above (Section 3.2).

Figure 2. FTIR spectra of rat tail tendon collagen, recorded at different water activities during dehydration treatment 
from a

w
 = 0.97 to a

w
 = 0.06.
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OH stretching band (wave number range 4000–3000 cm−1) was analyzed after subtraction of 
the “dry” spectrum and decomposed into four components (Figure 3) whose frequencies 

were related to different O‐H bond lengths as listed in Table 2.

The ν(OH) feature composition in Gaussian sub‐bands in such a way can be correlated to the 
hydrogen bond network around the protein and provides information about the structural 

modifications induced by changing the hydration level. The four Gaussian components are 
peaking, for the sample at the maximum hydration, at 3598, 3467, 3295 and 3115 cm−1, follow‐

ing the procedure of the second derivative analysis. They are corresponding to four classes 

of water molecules bound to the protein, different in vibrational energies and each one char‐

acterized by a single average H‐bond distance (H···OH length): 0.31, 0.29, 0.28 and 0.25 nm, 
respectively [18, 23].

The sub‐band peaking at the highest wave number region is corresponding to H‐bond dis‐

tances characteristic of vapor‐like state. Similar features, detected for different biological 
macromolecules [9, 10, 16], were assigned to the non‐H‐bonded or weakly H‐bonded O–H 
groups. It is reasonable to suppose that in collagen prepared at very low hydration levels, as 

in our case, they could be originated by the dangling most external water molecules sitting 
on the outer hydration layer coating the macromolecule. The inability for these molecules 

to establish active H‐bonds with surrounding water molecules, accounts for the high mobil‐

ity and the large vibrational energy comparable with those of free water molecules in the 

vapor state. They represent about the 5% of the total amount of water hydrating collagen 

at the relative humidity settled for the experiment, being the percentages calculated as the 

Figure 3. Gaussian deconvolution of FTIR spectrum of collagen (a
w
 = 0.38) in the ν(OH) region, by means of four 

component bands, as obtained by means of second derivative method. The sum of the fitted curves is shown as the red 
line, closely overlapping the experimental data trace, which is shown as a full black line.
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ratio A
i
/A

tot
 of the single component area (A

i
) with respect to the total band area (A

tot
). The 

two component bands peaking at the intermediate wave numbers may be related to H
2
O 

molecules coordinated by two or three, more or less distorted or strained, H bonds. They 

may be identified with H
2
O molecules deeply located inside the protein helix, acting as water 

bridges within a single peptide chain and/or interconnecting the different α‐chains in the 
triple helix. They constitute the 19% and the 31%, respectively, of the total water amount. 
The corresponding H‐bond distances suggest that they could represent the solvation mol‐

ecules involving C=O groups belonging to glycine (d(C=O···W) = 0.295 nm) and hydroxypro‐

line (Hyp) (d(C=O···W) = 0.284 nm) hydroxyl moieties [29]. The component at 3180 cm−1 may 

be attributed to water molecules located near to the protein surface and hydrogen bonded to 
polar and charged groups exposed to the macromolecule surface: they originate some ice‐like 
tetrahedral structures more or less distorted. The corresponding average H bond length is in 

fact characteristic for arrangement of H
2
O molecules as in small solid water clusters, assum‐

ing the length O···O of hydrogen bonds in ice as 0.276 nm [34]. The broad profile of such a 
band, extending on a wide wave number range, testifies for the large distribution of water 
vibrational states in a configuration variety, concurring to the feature. Such a sub‐band repre‐

sents the main hydration fraction at the highest settled humidity, corresponding to the 45% of 
the total amount of hydration water.

The dehydration treatment at a
w
 = 0.06 followed by a subsequent rehydration up to the origi‐

nal relative humidity (a
w
 = 0.92) reveals a pronounced hysteresis effect in the ν(OH) band 

amplitude and a remarkable modification of the profile, as shown in Figure 4.

The difference spectrum is peaking at ν ∼3400 cm−1; therefore, it is roughly filling the position 
of the third component of the overall ν(OH) band. Moreover, it exhibits a shoulder on the low 
wave number side (ν ∼3000 cm−1). This finding suggests that dehydration treatment causes in 
collagen the loss of a considerable amount of H

2
O molecules truly involved in the internal water 

bridges, probably coordinated by glycine C=O, and a fraction of molecules coating the polypep‐

tide surface, bound to the Hyp hydroxyls. This water portion once desorbed, only partially can 

be re‐adsorbed. It accounts for the 21% of the total water amount initially hydrating the sample.

With the aim to better investigate this topic, the peak areas of the two intermediate sub‐bands, 
peaking at ν = 3467 cm−1 and ν = 3295 cm−1, detected in the spectrum of the sample at the high‐

est hydration level, were plotted as a function of the activity a
w
 during the desorption and 

the subsequent adsorption processes to build the corresponding isotherm curves. Figure 5 

summarizes the isotherm curves related to the two component bands highlighting the large 
differences occurring in sorption mechanisms of the two related water sets.

Molecule Stretching frequency (cm−1) H‐bond distances (nm)

ν
1

ν
2

ν
3

ν
4

d
1

d
2

d
3

d
4

Pure water 3570 3434 3322 0.30 0.29 0.28

Collagen 3598 3467 3295 3115 0.31 0.29 0.28 0.25

Lysozyme 3539 3315 3008 0.29 0.28 0.24

Table 2. Hydrogen bond distances estimated from the vibrational frequencies following Nakamoto et al. [23].
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Figure 4. OH stretching bands measured for collagen at a
w
 = 0.97, before (curve a) and after (curve b) dehydration at 

a
w
 = 0.06. Curve c represents the difference between a and b bands and the subtended area (pink dashed area) can be 

related to the water amount desorbed by the sample during dehydration and no more recovered along rehydration.

Figure 5. Desorption and adsorption curves for two sub‐bands (ν = 3467 cm−1 and ν = 3295 cm−1) of OH stretching band 

measured for collagen, during dehydration (black symbols) and re‐hydration (red symbols) treatments. Blue triangles 

represent the desorption data obtained by means of the gravimetric experiment. The lines are a guide for the eye.
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The band at 3295 cm−1 displays a type II‐like desorption and adsorption behavior [22]. The 

band amplitude completely recovers at the end of the process; therefore, such component 

only partially participates to the lacking of recover in amplitude of the total ν(OH) band, 
the weak hysteresis effect being probably due to the reassessment of the interchain water 
bridges as a consequence of the perturbation induced by water subtraction. Concerning the 
band at 3467 cm−1, the mechanism of dehydration is very different than that of rehydration. 
The desorption branch correlates well with the curve gravimetrically measured by weighing 

the sample after equilibration at each different humidity level, as shown in Figure 5 (blue full 

triangles): the two desorption curves show the same trend. They are as type II curve, where 
three phases can be distinguished: a starting rapid dehydration step from a

w
 = 0.92 to about 

a
w
 = 0.80, a second one in the a

w
 range 0.80–0.40, where water desorption occurs more slowly 

with the decrease in ambient relative humidity and a third phase at low water activities, 

extending from a
w
 = 0.40 to a

w
 = 0.06, describing a characteristic “knee” [2]. The first phase 

may be assigned to the removal of water molecules forming hydrogen‐bonded clusters, the 

second one to subtraction of H
2
O molecules from weakly interacting surface regions and the 

third branch to the dehydration of strongly bound water molecules by Hyp hydroxyl moi‐

eties exposed at the surface. The result suggests that the whole protein desorption process is 

mainly concerning the dehydration of the external water layer.

Water uptake exhibits a very different behavior with respect to the dehydration, resulting in a 
large hysteresis loop, extending over the whole activity range. Adsorption isotherm displays 

features not conform to any isotherm type in the Brunauer classification [22]. From a
w
 = 0.06 to 

a
w
 = 0.40, the amount of water adsorbed is rather negligible. The activity a

w
 = 0.40 represents a 

threshold activity above which a sudden water uptake occurs attaining a saturation hydration 
value, lower than the moisture content of the freshly prepared sample.

Water deprivation and restitution has considerable consequences on the macromolecule struc‐

ture. The changes in the high wave number region of the IR spectrum can be correlated with 

the secondary structure analysis carried out on Amide I band which was resolved in Gaussian 
components. Qualitative and quantitative information about the conformational composition 

of the protein prepared in the different hydration states were obtained. Amide I band in fact 
was decomposed in sub‐bands whose position and area were related, respectively, to the dif‐

ferent types and to the amount of secondary structures (Figure 6). The sum of the areas of the 

peaks represents the total amount of secondary structure in the protein.

The curve fitting procedure [8, 21] allowed determining the secondary structure composi‐
tion in the freshly prepared sample (a

w
 = 0.97), as displayed in Figure 6A: β‐turn (1695 cm−1), 

β‐sheet (1680 cm−1), α‐like helix (1660 cm−1), unordered structure (1644 cm−1), triple helix 

(1628 cm−1), β‐sheet (1615 cm−1), side chains (1607 cm−1). The multipeak decomposition of the 

band measured in the sample rehydrated at the original activity, after dehydration at a
w
 = 0.06 

(Figure 6B), revealed the modification occurred in the secondary structure, the most signifi‐

cant change concerning the increase in the broad sub‐band peaking at ν ∼1670 cm−1 largely 

spanning the high wave number region of the Amide I band and the parallel decrease in the 

component bands at 1695 and 1660 cm−1. The formation of such structures may be related 

to the relative increase in β components (antiparallel β‐sheet and aggregated strands) with 
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respect to the α‐helix contribution in the Amide I envelope. Such effect may be explained by 
assuming the formation of bridges among near collagen molecules laterally associating by 

forming chain structures side by side interacting, involving Hyp residues [35], spectroscopi‐

cally mimicking β‐sheet structures [36].

These results would be consistent with the physiologic behavior of collagen and may be corre‐

lated to the changes in the structural properties of collagen fiber assembly as a consequence of 
dehydration. The spectroscopic data are consistent with specific binding of water molecules 
to collagen chains stabilizing the collagen triple helix by Hyp residues through intramolecu‐

lar water bridges. The difference in interfacial surface water may be the physical reason for 
the hysteresis phenomena observed in water adsorption isotherms. As a consequence of the 

removal of water down to water activity a
w
 <0.40, the association of the collagen molecules 

takes place and once water is restituted, the assembled fibers are no more able to re‐adsorb all 
the water available during the rehydration phase. This arrangement, responsible for the lack‐

ing in the hydration recover of protein, may be considered one of the main causes of collagen 

maturation and ageing.

5. Lysozyme

Lysozyme is a small globular protein shaped as an approximate ellipsoid of dimension 
45 × 30 × 30 Å composed of 129 residues, acting as an enzyme causing lysis of Gram posi‐
tive bacteria by hydrolyzing the β‐(1–4) glycosidic links in the cell wall peptidoglycan [37]. 
Lysozymes have been isolated from a great variety of sources. Lysozyme from hen egg white 
(HEWL, MW 14600) is an α + β protein with 30% helical residues and 13% β‐sheet content. As 

for the majority of protein molecules, lysozyme structure and stability are largely determined 
by the interaction between the protein and the aqueous surroundings [38–40]. Investigation of 
the structural changes occurring during the change in the activity of water was important for 

understanding the mechanism of this interaction. In particular, Careri et al. [41] suggested a 
connection between the water‐induced onset of enzymatic activity and some water  triggered 

Figure 6. Amide I band deconvolution for collagen at a
w
 = 0.97 before (A) and after (B) dehydration at a

w
 = 0.06. The set of 

Gaussian components can be related to the secondary structure composition of the protein. The full blue lines highlight 
the component bands related to the antiparallel β‐sheet/aggregated strand motif. The dotted red lines represent the sum 
of the components.
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physical properties of the protein system, i.e., heat capacity, diamagnetic susceptibility, IR 

absorption, percolation threshold for proton conduction, recognizing that the hydration 
threshold for lysozyme, occurred at 0.22 g of water/g of protein.

5.1. Hydration structure of lysozyme: FTIR spectroscopy and water sorption isotherms

Lysozyme from hen egg white was used without further chemical purification and submitted 
to FTIR investigation following the experimental method above described (Section 3.2). The 

solvent architecture around the protein was correlated to the macromolecule conformation by 

means of two different procedures:
By monitoring secondary structure from the inspection of the changes occurring both in 

Amide I and Amide III features by changing the protein hydration level. Amide I band analy‐

sis in fact suffers from the extensive overlap of the underlying water H–O–H bending band, 
lying in close proximity (~1645 cm−1), the line broadening making quantitation arduous. The 

secondary structure assignments can be reinforced by taking into account Amide III, attrib‐

uted to N–H deformation coupled with the C–N stretching motion and ranging in the wave 
number region 1220–1340 cm−1. It occurs out of any water absorption region and its behav‐

ior, monitored along secondary structure changes of the protein, may be correlated with the 

changes suffered by the enzyme structure to provide a consistent picture of the hydrated 
protein conformational properties [8].

By studying the evolution of the broad ν(OH) feature along the protein hydration and dehy‐

dration processes. The OH stretching bands, recorded at each activity value, were decomposed 

into three Gaussian components, corresponding to the three main water fractions hydrating 
lysozyme, different in structure and clustering order. By appropriate analysis of the data, sorp‐

tion isotherm curves were built, able to provide information on relationship between the water 

content and the different protein structural features. The water amount bound to Lysozyme 
was deduced from the ν(OH) band area after subtraction of the spectrum of the “dry” sample.

Figure 7A and B shows ν(OH) bands recorded for the protein prepared at different hydration 
degree along the dehydration and the rehydration runs.

Figure 7. OH stretching bands measured for lysozyme along dehydration (A) and rehydration (B) treatments between 
a

w
 = 0.97 and a

w
 = 0.06.
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Following the decomposition of the band in Gaussian components, three sub‐bands were 
detected (Figure 8, left side): their positions and the corresponding OH···O distances, mea‐

sured for the sample at the highest hydration degree, are listed in Table 2. First component 

band (I) (Figure 8A) peaking at the higher wave number (3539 cm−1) may be attributed to 
surface water molecules easily adsorbed on the most external hydration layer. They show the 

dangling OH vibrational frequency typical for free‐like H
2
O molecules at the interfaces water‐

air. The sub‐band at ν = 3315 cm−1 (II) (Figure 8B) may be related to water molecules directly 

interacting with protein backbone, particularly engaged in hydrogen bonding with peptide 

carbonyl moieties (C=O···W). The broadband at ν = 3008 cm−1 (III) (Figure 8C), representing 

the most prevalent component, corresponds to water molecules forming the hydration shells 

around the protein, interacting with neighboring adsorbed water molecules. The position of 

the feature is indicative of the intermolecular hydrogen bond distances matching the average 

Figure 8. Gaussian deconvolution of FTIR spectrum of lysozyme (a
w
 = 0.84) in the ν(OH) region, by means of three 

component bands (dashed areas). For each component band, the isotherm curves were plotted: black symbols represent 
the desorption data and red symbols represent the adsorption data. The lines are a guide for the eye.
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characteristic lengths typical for tetrahedral ice structure but the large bandwidth reveals that 

it is suffering lengthening and distortions in the distances and orientation.

Figure 8, right side, displays the isotherm curves obtained by monitoring the areas of the 

three component bands as a function of the moisture of the sample, both during the sequen‐

tial decrease in the water content of the sample and during the opposite treatment, rehydra‐

tion at RT. Sub‐band I gives rise to a desorption isotherm classified as Type IV, characteristic 
for the evaporation process of water at the interface water‐air. In the converse process of 

condensation, the underlying liquid surface acts as to nucleate the adsorption, therefore, the 

isotherm is quite different, showing the shape of a Type III curve, characteristic for coopera‐

tive interactions. The loop desorption‐adsorption gives rise to a hysteresis because evapora‐

tion and condensation do not take place as exact reverse of each other. The hysteresis effect 
indicates that between a

w
 = 0.40 and a

w
 = 0.80, the amount of water desorbed is greater than 

that adsorbed, suggesting a change or an assessment of the condensation surface, as a conse‐

quence of dehydration, until the highest moisture degree is achieved. Sub‐band III originates 

a hysteresis loop as well, although the isotherm curves are not easy to be classified accord‐

ing to the literature [22]. The intermediate component (sub‐band II) reveals an anomalous 

behavior reflecting an irreversible structural modification of the protein. Water desorption 
describes a Type IV‐like isotherm but the adsorption branch is a flat line up to a

w
 = 0.80, 

showing a small increase for the highest hydration values attained, but unable to completely 
recover the original amplitude. It notifies the inability of the macromolecule to re‐adsorb in 
a reversible manner the water phase originally coordinated by the polypeptide backbone, 

once desorbed.

The process can be explained by assuming that water subtraction modifies the structural 
properties of the macromolecule which would tend to narrow down the crevices where water 

molecules were inserted, by establishing intrachain bonds difficult to reverse. As discussed 
in the literature, in the absence of water, the protein molecule tends to fill the voids left by 
water by adopting structures that can continuously fill the space [38]. The hysteresis effect is 
confirmed by the difference in amplitude between the ν(OH) band of the native sample and 
the rehydrated one after dehydration, as shown in Figure 9. The difference band centered at 
ν ≈ 3300 cm−1 corresponds to the water fraction desorbed during the dehydration run and no 

more re‐adsorbed during the subsequent hydration process.

In Figures 10 and 11, the spectral windows related to the two polypeptide secondary struc‐

tures, i.e., 1700–1550 cm−1 and 1300–1230 cm−1 corresponding to the Amide I and III ranges 

are shown for the two samples prepared at the highest hydration degree. The Gaussian 
decomposition of the native lysozyme Amide I band (Figure 10) was carried out in four major 

components, in agreement with previous studies performed on lysozyme and other kinds of 
proteins [42, 43]. The band fairly asymmetric and peaking at ~1656 cm−1, is mainly due to the 

contribution of α‐helical structure (75%), in agreement with the literature [44]. The β‐sheet 
content is lower and can be measured from the two components around 1618 and 1684 cm−1. 

The component centered at 1635 cm−1 can be attributed to unordered structures.

Figure 11 displays Amide III bands for the sample at a
w
 = 0.97 and after dehydration down 

to a
w
 = 0.06. The curve fitting analysis for lysozyme in the native hydrated form reveals three 
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main sub‐bands peaked at 1338, 1320 and 1300 cm−1, which can be categorized as being α‐ helical 
with a total relative band strength of 40%. The relatively sharp band at 1230 cm−1 is assigned to 

β sheet structure for 21% and two broadbands at 1260 and 1285 cm−1 indicate the presence of 

unordered structures for 35%. Dehydration induces modifications of the bands with respect to 
the spectrum of the native hydrated sample: they can be related to changes in the secondary 
structure composition.

Figure 9. OH stretching bands measured for lysozyme at a
w
 = 0.97, before (black curve) and after (blue curve) dehydration 

at a
w
 = 0.06. The red curve represents the difference of the two curves and the subtended area (red dashed area) can be 

related to the water amount desorbed by the sample during dehydration and no more recovered along rehydration.

Figure 10. Amide I band deconvolution for lysozyme at a
w
 = 0.97. The component bands can be related to the structural 

contribution of α‐helix (green line), β‐sheet (blue line) and unordered (orange line) structures.
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In Figure 12, the percentage amount of each component band corresponding to each secondary 

structure element was plotted as a function of the increasing water activity a
w
 settled in the dry box.

It appears that dehydration treatment induces small but significant conformational changes 
involving the increase in the β structure fraction. Interestingly, the plot points out as the α‐  helix 

Figure 11. Amide III band measured for lysozyme at a
w
 = 0.97 (black line) and a

w
 = 0.06 (pink line). The deconvolution 

in Gaussian components is related to the spectrum of the sample at the higher hydration degree. The main components 
band are as follows: α‐helix at 1338, 1320 and 1300 cm−1, β sheet at 1230 cm−1 and unordered structures at 1260 cm−1 and 

1285 cm−1.

Figure 12. Evolution of the amount of secondary structures in lysozyme, monitored by the deconvolution of Amide III 
band, along the dehydration treatment, plotted as the relative area peak A

i
/A

tot
 as a function of the activity a

w
. The color 

code is related to component bands in Figure 11.
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portion of the protein is heavily affected by water subtraction. The two bands peaking at 1320 
and 1300 cm−1, related to this conformational motif, reveal a mutual amplitude interconver‐

sion following a stepped trend, similar but specular, as a function of water content changes. 

The observed effect could be related to small conformational changes, as a result of hydration 
changes, involving different fractions of α‐helices which could be affected by mutual conforma‐

tional fluctuations. The observed conformational modification may be due to the change in the 
orientation of two α domains monitored by the Amide III component bands. Water depriva‐

tion could affect intermolecular distances making different helix structure more or less con‐

sistent with hydrogen bond. Although this result could not be considered as definitive proof, 
however, it is important in the understanding the dynamical equilibrium of protein structure, 

crucial for many biological processes involving the enzyme.

The different response to hydration change of the different polypeptide regions at different 
secondary structure may be interpreted on the light of the crystallographic studies revealing 

relatively rigid and flexible regions in the macromolecule [45]. The interdomain dynamics 
modulated by water interaction could be related to the mechanisms involving the active‐site 

cleft dynamics of the protein needed for the enzymatic activity, whose onset appears over a 
threshold hydration level and causing the irreversibility of functionality if a critical dehydra‐

tion threshold is exceeded [41].

6. Concluding remarks

The present study amply demonstrated the sensitivity of FTIR technique in the association of 

biomacromolecule vibrational frequencies to relatively small conformational changes induced 

by hydration. The critical dependence of the structural properties on the water content may be 

related to the shape of isotherm curves obtained for ν(OH) component bands and in particu‐

lar to the isteretic behavior of sub‐bands. Water molecules set up very intimate interactions 

with biological macromolecules. Their structural rearrangement induced by water depriva‐

tion would provide local restructuring of the molecule and modification in the exposition of 
the side chain groups. The first effect, portrayed by ν(OH) stretching band, affects the second 
one, monitored by changes in fingerprint characteristic features. The critical interrelations 
between the hydration shell and the relative mobility of different regions of the molecule 
allows considerable progresses in this field accounting for the loss of enzymatic activity and 
functionality for proteins [41], phase transition in lipid assembly [10] and change in physical 
properties for melanins [9], in conditions of extreme dehydration.
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