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Effect of acetonitrile on the hydration of human serum albumin films:
a calorimetric and spectroscopic study
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Abstract

A new experimental approach based on the combination of calorimetric and FTIR spectroscopic measurements was proposed to study
simultaneously the sorption of water and organic solvent, and corresponding changes in the structure of protein films in the water activity
range from 0 to 1.0. Enthalpy changes (�Htot) on the interaction of water with the dried human serum albumin (HSA) in the presence and
absence of acetonitrile (AN) have been measured using a Setaram BT-2.15 calorimeter at 298 K. Spectroscopic data on water and organic
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solvent vapor sorption by the HSA films and the corresponding changes in the protein secondary structure were determined by m
Bruker Vector-22 FTIR spectrometer. By using a water activity-based comparison we characterised the effect of acetonitrile on the h
and structure of the HSA films. Acetonitrile (AN) sorption isotherm resembles a smooth curve. HSA film binds about 250 mol AN/mol p
at the lowest water activities. As the water activity increases from 0 to 0.8, the sorption of AN gradually decreases from 250 to 1
AN/mol HSA. At aw > 0.8, the sorption of AN sharply decreases to zero. Acetonitrile decreases markedly the water content at a givenaw. This
behavior suggests that the suppression in the uptake of water is due to a competition for water-binding sites on the HSA films by ace
Changes in the secondary structure of HSA were determined from infrared spectra by analyzing the structure of amide I band. Ac
increases the intensity of the 1654 cm−1 band that was assigned to the�-helix structure. Changes in the intensity of the 1654 cm−1 band agree
well with the decrease in water uptake in the presence of AN. An explanation of the acetonitrile effect on the hydration and structur
HSA films was provided on the basis of hypothesis on water-assisted disruption of polar contacts in the initially dried protein.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

It is well known that the interaction of water with proteins
plays a key role in determining the structure and functions of
proteins[1–3]. Knowledge of processes occurring upon hy-
dration or dehydration of proteins is very important in various
practical applications of proteins such as their use as biocat-
alysts[4–6], biosensors[7,8] and selective adsorbents[9,10]
in low water organic solvents or as thin films in bionanotech-
nology [11]. Hence, for a better understanding of the inter-
molecular interactions and conformational rearrangements
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that occur upon hydration of solid proteins in various env
ronments there is a clear need of the experimental meth
by which both the thermodynamic and structural properti
of the hydration process in the presence of some additiv
including organic solvents, may be obtained simultaneous

The interaction enthalpies of proteins with th
water–organic mixtures might be a very informativ
property of the intermolecular interactions in the abov
mentioned systems. Calorimetry is a reliable method
determine quantitatively this thermodynamic property. F
example, based on the calorimetric measurements t
different mechanisms of the interaction of the hydrate
human serum albumin with organic solvents were propos
[12–14]. It was found that in low water pyridine, dioxane
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1-propanol and 1-butanol, the water sorption is the only
process contributing to the heat effects of interaction of
solid HSA with water–organic mixtures. The additional
exothermic process was observed when some critical water
content was reached. This process was considered to include
the rupture of the protein–protein contacts in the solid phase
induced by protein–organic component or/and protein–water
interactions. On the immersion of the hydrated HSA
into binary mixtures of water with acetonitrile, dimethyl
sulfoxide, methanol or ethanol, these two processes occur
simultaneously over the whole water activity range.

Infrared spectroscopy is one of the effective methods
for analyzing the structure of proteins in various environ-
ments, including aqueous and non-aqueous media[15]. This
method has been successfully used in studying the secondary
structure of proteins in various states[16–21], including
protein films with various degrees of humidity and solid pro-
tein preparations immersed into pure organic solvents and
water–organic mixtures. Infrared spectroscopy is also effec-
tive in studying the hydration of proteins[1,2,21]. The re-
lationship between hydration and dioxane sorption by the
human serum albumin films was recently studied by IR spec-
troscopy[22].

The combination of the calorimetric and IR spectroscopic
data has a great potential in understanding factors govern-
ing the state and structure of solid proteins in the presence
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the molecular basis of the phenomenon of ‘molecular mem-
ory’ in organic solvents[9,10]. Besides, serum albumin and
acetonitrile were the subjects of our previous thermochemi-
cal studies of protein behavior in non-aqueous solvents and
water–organic mixtures[12,23,26].

2. Experimental

2.1. Materials

Human serum albumin (Sigma, Product No. A 1887, es-
sentially fatty acid free) was used without further purification.
Acetonitrile (reagent grade, purity > 99%) was purified and
dried according to the recommendations[27] and was stored
over molecular sieves (3̊A) for at least 24 h prior to use. Water
used was doubly distilled.

2.2. Calorimetric measurements

The enthalpy changes on the immersion of the dried HSA
into pure liquid water or binary water–organic mixtures were
measured at 298 K with a Setaram BT-2.15 calorimeter ac-
cording to the described procedure[14,27]. Typically, the
sample of 5–10 mg of HSA contacted with 4.0 ml of a sol-
vent in the calorimetric cell. Calorimeter was calibrated using
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f organic solvents. By means of the combined calorim
nd FTIR spectroscopic measurements the structure an
ility of the dehydrated chymotrypsin and HSA films w
ecently examined in a series of anhydrous organic liq
ncluding hydrocarbons, alcohols and hydrogen bond ac
ng solvents[23,24]. It was shown that solvent potential
orm hydrogen bonds appears to be an important factor
rolling the stability of dehydrated protein films in orga
edia. However, no attempt has been made to study s

aneously both the hydration of protein films in the prese
f organic solvent and the corresponding structural cha
ver the whole range of water activity.

In the present work the water and organic solvent
or sorption on protein films were investigated by IR sp

roscopy in the water activity range from 0 to 1.0 at 298
he sorption data were compared with the correspon
tructural and enthalpy changes that occur on the int
ion of solid protein with water and organic molecules.
im of this combined calorimetric and IR spectroscopic s

s to elucidate the effect of organic solvent molecules on
ydration, structure and thermochemical properties of
rotein.

Acetonitrile (AN) was selected as a probe organic c
ound because it is capable of forming strong hydrogen b
ith various hydrogen donors. However, in contrast to

er, it has no evident hydrogen bond donating ability. Se
lbumin is the most abundant in blood serum and pla
umber of important biological roles, including the dival
ation transport, fatty acid and drug complexation and tr
ort [25]. Serum albumin is also widely used in study
-

he Joule effect and tested with dissolving sodium chlo
n water according to the recommendations[28].

The dried protein preparation (zero hydration level)
btained by drying under vacuum using a microthermo

yzer ‘Setaram’ MGDTD-17S at 298 K and 0.1 Pa until
onstant sample weight was reached. Water content o
ried protein was estimated as 0.003± 0.002 g of water/g o
rotein by the Karl Fischer titration method according to
ecommendations[14,27].

Solid protein samples for the determination of the inte
ion enthalpies of HSA with water in the absence of acet
rile were equilibrated at 298 K for 1 week in tightly clos
esiccator over saturated salt solutions (CaCl2, Mg(NO3)2,
aCl, BaCl2, K2Cr2O7). Water activity over saturated s
olutions was taken from[29]. Water content of the sampl
fter equilibration was measured by drying under vacuum

ng a microthermoanalyzer ‘Setaram’ MGDTD-17S at 29
nd 0.1 Pa until the constant sample weight was reached

or the conditioning of the samples were of analytical p
rade. The conditioned samples were then taken from
esiccator and equilibrated in the calorimetric cell at 29
efore the experiment.

.3. FTIR spectroscopic measurements

The infrared spectra were measured at 298 K with a
or 22 FTIR spectrometer (Bruker) at 4 cm−1 resolution a
escribed previously[22–24]. The infrared spectra were o

ained with glassy like protein films casted from 2% (w
ater solution onto the CaF2 window at room humidity an

emperature. After mounting the window in the sample
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the films were dehydrated by flushing air dried over P2O5
powder. Water activity over P2O5 at 298 K does not exceed
0.01 [30]. The protein films were flushed until no further
spectral changes were detected in the 3450 cm−1 water ab-
sorbance region and amide. A contour in this side represented
a smooth line without any visible shoulders. The spectrum of
this sample was used as a reference spectrum for calcula-
tion of the difference spectra. The difference spectra were
obtained according to the criteria described previously[31].

Then, the sample was in situ exposed to pure water vapor
or water–organic vapor mixtures. In the first case, pure wa-
ter vapor consecutively flowed through the saturator and cell
containing the protein sample. The water activity (aw) in va-
por phase was adjusted by changing the difference between
the temperature of the saturator and cell. Data on the water
vapor pressure at various temperatures were taken from[32].

In the second case, the air (dried over P2O5) flowed
through the saturator filled with water–organic mixture and
then through the measuring cell. The temperature of the cell
and saturator was 298 K. The relative pressure of water va-
por was adjusted by changing the water activity in the liquid
water–organic mixture.

Water sorption by human serum albumin films was con-
trolled in the region of OH stretching vibration band at
3450 cm−1. Acetonitrile sorption by protein films was con-
trolled at 2252 cm−1 (stretching vibration band of the nitrile
g
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aw = γwxw (2)

wherexw is the mole fraction of water in the solution and
γw is the activity coefficient of water (in mole fractions; the
standard state is pure water). Water content in acetonitrile
(xw) was measured using Karl Fisher method according to
the recommendations[27,34].

Water activity coefficients in organic solventsγw were
calculated from the published data on the vapor–liquid equi-
librium [32] by Eq.(3):

γw = ywPt

xwP0
(3)

whereyw is the measured mole fraction of water in vapor
phase,Pt is the total pressure,P0 is the saturated vapor pres-
sure of pure water at the same temperature andxw is the mole
fraction of water in the liquid phase.

3. Results and discussion

3.1. Acetonitrile and water sorption

Fig. 1 (curve 1) shows the acetonitrile vapor sorption
isotherm for human serum albumin. The initial state of the
protein film (zero hydration level) was obtained by drying in
air at water activity less than 0.01 (film A). On maintaining
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Supposing that during water sorption the protein

wells predominantly due to increasing thickness, the pr
ydration and sorption of acetonitrile vapor were calcul

rom Eq.(1):

= 2.3SsolvεP

BsolvDP
(1)

hereA is the protein hydration or sorption of organic sorb
mol/mol protein),Ssolv is the area of water or organic solve
bsorbance band (cm−1), εP is the protein molar extinctio
t the maximum of amide I band (mol−1 cm−1), Bsolv is the
ater or organic solvent integral molar extinction coeffici
P is the optical density at the maximum of amide I band.
ure water, it was taken thatBw = 96,000± 1000 mol−1 cm−2

33]. The integral absorption extinction coefficient for a
onitrile (BAN) was calculated from the area of the abs
ion band of the pure substance in a cell with layer thick
f 10�m:BAN = 887± 8 mol−1 cm−2. The molar absorptio
xtinction coefficient of HSA was determined measuring
mide I spectra of protein solutions in heavy water. The

ar absorption extinction coefficient of human serum albu
εP) is 237,600± 300 mol−1 cm−1. The molecular weight o
uman serum albumin was taken as 66,000 Da.

.4. Thermodynamic activity of water in organic solven

Water activitiy (aw) in organic solvent was calculated u
ng Eq.(2):
his ‘dry’ sample in equilibrium with a vacuum of 0.1 Pa a
t 298 K for 3 h, it lost about 0.3% of its weight, which
uman serum albumin implies that at the zero hydration

here are about 11 water molecules strongly bound to
rotein molecule.

At low water activities, HSA binds about 250 mol AN/m
rotein. As the water activity increases from 0 to 0.8, the s

ion of AN gradually decreases from 250 to 150 mol AN/m
SA. At aw > 0.8, the sorption of AN sharply decrease
ero. This sharp decrease agrees well with the coope
hange in the state of water in the presence of aceton
Fig. 1) that was investigated by means of IR spectrosc
n [33]. It was found that water molecules in acetonitrile

ig. 1. (1) Sorption of acetonitrile vapor by human serum albumin film
unction of water activity; (2) fraction of H-bond-associated water molec
s a function of water activity in acetonitrile. Modified data from[33].
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Fig. 2. (1) Water sorption isotherm for human serum albumin in the absence
of acetonitrile; (2) water sorption isotherm for human serum albumin in the
presence of acetonitrile. Solid lines were fitted by a set of polynomials.

exist either as associated (H-bonded) molecules or as single
molecules complexed with organic molecules that depends
markedly on the thermodynamic activity of water. A cooper-
ative transition between these states occurs within a relatively
narrow range of water activity from 0.8 to 0.9.

Fig. 2shows the water sorption isotherms for human serum
albumin in the presence and absence of acetonitrile. The ini-
tial state of HSA for studying the water sorption was a film
A. As can be seen fromFig. 2, the water sorption isotherms
resemble sigmoid shaped curves. This result is in accordance
with those for serum albumin and other proteins[1,3].

The presence of organic molecules markedly affects the
ability of HSA to bind water. The effect of acetonitrile on the
water sorption was characterised by the difference (�h) in
water uptake in the presence and absence of organic solvent
(Fig. 3). As can be seen fromFig. 3, a considerable decrease
in the uptake of water was observed over the whole range
of water activity. This behavior suggests that the suppres-
sion in the water uptake is due to a competition for water
binding sites on HSA by acetonitrile molecules. The most
pronounced suppression was observed in the water activity

F herms
i

Table 1
Parameters of water sorption by serum albumin estimated by Eq.(4)a

hm (mol water/mol protein) K s0b

In the absence of acetonitrile
174.3 (3.1) 12.1 (4.3) 3.3

In the presence of acetonitrile
149.7 (4.0) 4.0 (0.8) 7.1

The values of confidence interval of the parameters calculated by Eq.(4) are
given in parentheses.

a The water activity range of applicability is 0–0.6.
b s0 is the residual standard deviation.

range from 0.6 to 0.8. A sharp increase in the�h values was
found ataw > 0.8. This increase agrees well with the cooper-
ative increase of the fraction of the H-bond-associated water
molecules in the presence of acetonitrile (Fig. 1).

The BET model [35] is widely used for describing
the sorption ability of various solids, including proteins
[1,3,36,37](Eq.(4)):

h = hm

[
Kaw

1 + Kaw
+ aw

1 − aw

]
(4)

whereh is the hydration of solid protein (mol water per mol
protein),hm is the number of water binding sites (mol wa-
ter per mol protein) andK is the equilibrium water sorption
constant.

It was found that the BET equation (Eq.(4)) describes
the isotherms displayed inFig. 2 up to a water activity no
more than 0.6. This result is in close agreement with the
data obtained in previous studies on serum albumin and other
proteins[1,3,36,37].

The water sorption parameters estimated from Eq.(4) are
presented inTable 1. As can be seen fromTable 1, the value
of sorption constantK is markedly smaller in the presence of
acetonitrile than in the absence of organic sorbate. This im-
plies that acetonitrile molecules suppress markedly the water
sorption on the HSA films.
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ig. 3. Differences in the water uptake between the water sorption isot
n the presence and absence of acetonitrile.
.2. Analysis and band assignment of protein infrared
pectra

The infrared spectra of HSA films (Section3.1) in the
onformationally sensitive amide I region, which is due
redominantly to the CO stretching vibration of the pro

ein backbone, are presented inFigs. 4 and 6. Fig. 4A and
shows the absorbance and second-derivative spec

SA film in the absence of acetonitrile in the amide I
ion. The assignment of individual components to secon
tructure was performed as described earlier[16–21]. As can
e seen fromFig. 4A and B, the most dominant band com
ent of the HSA spectra is the band at 1654 cm−1, which is
sually attributed to�-helix structure[18,20,21]. The band
t 1630 cm−1 and in the 1680–1695 cm−1 region were as
igned to�-sheet structure[20,21]. Minor component in th
675–1665 cm−1 region was assigned to irregular second
tructures (�-turns, random coil and extended chains).
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Fig. 4. (A) Absorbance spectra of human serum albumin in the amide I
region at water activity of: (1) 0.01; (2) 0.78; (3) 0.98. (B) Second-derivative
spectra of human serum albumin in the amide I region at water activity of:
(1) 0.01; (2) 0.78; (3) 0.98. All the spectra were normalised to the amide I
band intensity of film A at water activity of 0.01.

As can be seen inFig. 4A and B, the infrared spectra of
human serum albumin are grossly altered relative to that for
the initial dried protein. There are increases in bandwidths
and shifts in band positions and relative absorbances, which
are indicative of protein conformational changes.

The hydration in the absence of acetonitrile markedly
alters the secondary structure of HSA as revealed by the
changes in relative intensity at 1654 cm−1 (Fig. 5, curve
1). At low water activities (h< 0.1 g/g protein), the hydra-
tion process induces pronounced structural rearrangements
TheD1654/D0 curve reaches a plateau at water activity of
0.5 (h> 0.1 g/g protein), indicating that the conformational
changes are largely completed. These results are in agree
ment with previously published results[1,2].

Fig. 6A and B shows the absorbance and second derivative
spectra of HSA in the presence of acetonitrile in the amide

Fig. 5. Absorbance at 1654 cm−1 as a function of water activity: (1) in the
absence and (2) in the presence of acetonitrile.D0 is the absorbance value
at 1654 cm−1 for a film A at water activity of 0.01.

I region. As can be seen fromFig. 6A and B, the spectra
of HSA are very different from those in the absence of ace-
tonitrile. Acetonitrile increases markedly the intensity of the
1654 cm−1 band.

The effect of acetonitrile on the HSA structure was char-
acterised by the changes in the relative intensity at 1654 cm−1

(Fig. 5, curve 2). TheD1654/D0 function obtained in the pres-
ence of AN has been compared with that determined for HSA
in the absence of AN. This comparison can show any effects
of the organic solvent molecules on the protein structure. The
differences between theD1654/D0 values obtained in the pres-
ence and absence of AN are presented inFig. 7. As can be
concluded fromFig. 7, the�D1654/D0 function is consistent
with the changes in the�h values (Fig. 3). This result indi-
cates that the effect of AN on the protein secondary structure
is due to a competition for water binding sites on HSA by
organic solvent molecules.

At the lowest water activity values, the�D1654/D0 values
are close to zero (Fig. 7). Hence, it may be concluded that the
presence of AN has little effect on the structure of the initially
dried protein film. This result agrees well with previously
published results[23].

The most pronounced effect of AN on the structure was
observed for the hydrated HSA (h> 0.1 g/g protein) in the
water activity range 0.6–0.8 (Fig. 7). It is well known that at a
hydration level between 0 and 0.1 g/g, water is strongly bound
t
t and
c f the
a

t
a rease
i les,
s e
i

.

-

o charged and polar groups on the protein[1,2]. This implies
hat the primary hydration process (the hydration of polar
harged protein groups) is sufficient for the expression o
cetonitrile-induced structural rearrangements.

A sharp decrease in the�D1654/D0 values was found a
w > 0.8. This decrease agrees with the cooperative inc

n the fraction of the H-bond-associated water molecu
harp decrease in acetonitrile sorption (Fig. 1) and increas
n the� values (Fig. 3).
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Fig. 6. (A) Absorbance spectra of human serum albumin in the amide I
region at water activity of: (1) 0.01; (2) 0.79; (3) 0.98. (B) Second-derivative
spectra of HSA in the amide I region at water activity of: (1) 0.01; (2) 0.79;
(3) 0.98. All the spectra were normalised to the amide I band intensity of a
film A at water activity of 0.01.

Fig. 7. Differences between theD1654/D0 values obtained in the presence
and absence of acetonitrile as a function of water activity.

Fig. 8. The interaction enthalpy changes of water with HSA in the absence
(1, 2) and presence (3) of AN.

3.3. Enthalpy changes on the interaction of water with
HSA in the absence and presence of acetonitrile

The interaction of water with HSA in the presence as well
as in the absence of AN was characterised by the�Htot values
(Fig. 8) which were defined as follows:

• The initial state (zero hydration level) for this thermochem-
ical parameter was the protein obtained by drying in air at
water activity less than 0.01.

• The final state was the protein immersed into water–
organic liquid with the varied water activity or the protein
equilibrated with water vapor (with the varied water
activity) that was taken from pure liquid water at the
atmospheric pressure and at 298 K. This enthalpy change
(�Htot) represents the difference between the partial
molar enthalpy of a protein in the system with the varied
water activity (H̄P) and in the dried state (̄H0

P) (Eq.(5)):

�Htot = H̄P − H̄0
P (5)

Two types of calorimetric data were used to determine the
�Htot values in the absence of acetonitrile:

(1) The�Htot values were calculated using the water va-
por sorption enthalpies for bovine serum albumin (the
�Hhydr, J/mol water) which were taken from[38] (Fig. 8,

a-
lpy
f

( h
of
s

were
Data set N.1) (Eq.(6)):

�Htot = (�Hhydr − �Hcond)h (6)

whereh is the water content of serum albumin (mol w
ter/mol protein) at which water vapor sorption entha
(�Hhydr) was measured and�Hcond is the enthalpy o
condensation of water (−43.7 kJ/mol water).

2) Enthalpy changes (�Htot) on the interaction of water wit
HSA (Fig. 8, Data set N.2) were derived from the data
immersion calorimetry (Table 2) where the HSA sample
equilibrated at a number of salt saturated solutions
dissolved in pure liquid water at 298 K using Eq.(7):
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Table 2
Heat effects on immersing the HSA preparations equilibrated over salt saturated solutions into pure liquid water at 298 K and atmospheric pressurea,b

No. Salt Water activity Water content, % (g water/g protein) Immersion heat effect,�Himm (kJ/mol protein)

1 CaCl2 0.31 8.1 (0.5) −3175 (139)
2 Mg(NO3)2 0.52 10.1 (0.6) −2090 (250)
3 NaCl 0.76 22.1 (1.2) −1921 (165)
4 BaCl2 0.88 28.9 (2.5) −871 (145)
5 K2Cr2O7 0.97 50.5 (3.7) −330 (125)

a The data are presented as the average of 3 independent determinations.
b The values of the standard errors are given in the parenthesis.

�Htot = �H0
sol − �Hsol (7)

where�H0
sol is the enthalpy change on the solution of the

dried HSA in pure liquid water at 298 and atmospheric pres-
sure (J/mol protein). This enthalpy change was earlier mea-
sured in[23]: −91.8 (2.8) J/g of HSA or−6059 (185) kJ/mol
HSA; �Hsol the enthalpy change on the solution of the HSA
preparation equilibrated over the salt saturated solutions in
pure liquid water (J/mol protein).

Fig. 8(Data set N.3) shows the�Htot values determined on
the interaction of the dried HSA with the water–acetonitrile
mixtures. Calorimetric curve shows a smooth dependence
on the water activity in acetonitrile. Similar calorimetric de-
pendencies were previously obtained on the interaction of
hydrated (10% of water) HSA preparation with the binary
mixtures of water with acetonitrile, ethanol and methanol
[12,13].

At low water activities, the�Htot values are close to zero.
This result is in close agreement with the data obtained in
[23] where no significant heat evolution and structural rear-
rangements were found on the interaction of dehydrated HSA
with anhydrous acetonitrile.

At high water activities the�Htot values reach a level,
which is close to the solution enthalpy of the dried HSA in
water (−6.019 kJ/mol HSA). This�Htot value is in good
agreement with the previously obtained result[23].
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Fig. 9. The differences in the interaction enthalpies (�Htot) between the
calorimetric data measured in the presence and absence of AN.

increase in the content of�-helix structure (the ordered struc-
ture with strong hydrogen bonds) (Fig. 7) is accompanied by
the excess exothermic heat effects compared with that for
pure water (Fig. 9).

3.4. Effect of acetonitrile on the hydration and structure
of HSA

An explanation of the acetonitrile effect on the hydra-
tion and structure of HSA may be provided on the basis
of earlier hypothesis of the water-assisted disruption of the
dehydration-induced polar contacts in the solid protein phase
[22].

Like for many proteins, dehydration of HSA leads to the
formation of protein–protein contacts due to proton-transfer
phenomena and hydrogen bonding between polar and ioniz-
able protein groups. These processes result in a rigid, con-
densed structure in the dried state. Therefore, certain moieties
of the dried protein are unavailable for sorption due to strong
interactions between them resulting in sorption hysteresis (for
e.g.[22]).

It was previously shown that the potential of a solvent to
form hydrogen bonds is an important factor that controls the
state and structure of dehydrated proteins at room tempera-
ture[23,24]. Hence, H-donating and H-accepting properties
o ssi-
b and
h otein
The effect of acetonitrile on the interaction enthalpie
ater with the dried HSA was characterised by the di
nces in the�Htot values obtained in the presence and
ence of organic solvent at a givenaw (Fig. 9). The�Htot
unction obtained in the presence of AN has been comp
ith the �Htot values determined for HSA in the abse
f AN. This comparison can show any effects of the org
olvent molecules on the interaction enthalpies of HSA
ater. The differences between the�Htot values obtained i

he presence and absence of AN (��Htot) are presented
ig. 9. As can be concluded fromFig. 9, the��Htot function

s consistent with changes in the�h (Fig. 3) and�D1654/D0
Fig. 7) values.

At the lowest water activity values, the��Htot values
re close to zero (Fig. 9). Hence, it may be concluded th

he presence of AN has little effect on the hydration of
nitially dried protein film.

The most pronounced effect of AN on the thermoch
cal and structural properties of HSA was observed in
ater activity range from 0.6 to 0.8. The acetonitrile-indu
f AN are expected to be important for estimating the po
le effect of organic molecules on the protein structure
ydration. When a hydrogen-bond-mediated protein–pr
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contact is disrupted, sorbate molecules (water or acetoni-
trile) may differentiate between H-donating and H-accepting
fragments of the disrupted contact. Water (H-donor and H-
acceptor) is able to solvate both H-accepting and H-donating
groups. An H-accepting acetonitrile molecule is expected
to prefer H-donating groups, while the remaining H-bond
of H-accepting partner will be solvated by water more ef-
fectively. Hence, it is expected that acetonitrile molecules
are not effective in disrupting the dehydration-induced
protein–protein contacts alone. Therefore, no acetonitrile-
induced structural rearrangements (Fig. 7) and additional heat
effects (Fig. 9) were observed at the lowest water activity
values.

According to this model, by penetrating into the initial
dried protein, water molecules hydrate the polar groups of
protein–protein contacts and create new sorption sites at
the hydrated (disrupted) contacts. There is a competition
between water and acetonitrile molecules for these water-
binding sites. This competition results in considerable differ-
ences in water sorption, structure and heat effects compared
with that for pure water.

Cooperative increase in the fraction of the H-bond-
associated water molecules in the presence of acetonitrile
occurs in a narrow water activity range from 0.8 to 0.9. This
cooperative transition results in sharp changes in sorption
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(Figs. 1 and 3), structural (Fig. 7) and thermochemical (Fig. 9)
properties of human serum albumin at water activity abo
0.8.

4. Conclusions

• The combined study based on the calorimetric and IR sp
troscopic measurements provides an informative too
monitoring the molecular processes that occur on hyd
tion of solid protein in the presence of organic solvent.

• The obtained results demonstrate that the hydration
structure of the human serum albumin films depe
markedly on how protein films has been hydrated
whether in the presence or in the absence of organic sol
vapor.
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