
C
v

E
a

b

c

a

A
R
R
A
A

K
D
�
P
V
S
D
B
F

1

s
t
a
o
[
m
d
i
d

f
s
t
m
s
p

0
d

Talanta 85 (2011) 2553– 2561

Contents lists available at ScienceDirect

Talanta

j ourna l ho me  page: www.elsev ier .com/ locate / ta lanta

haracterization  of  BSA  unfolding  and  aggregation  using  a  single-capillary
iscometer  and  dynamic  surface  tension  detector

milia  Bramantia,∗, Carlo  Ferrarib,  Valeria  Angeli a, Massimo  Onora, Robert  E.  Synovecc

National Research Council of Italy, C.N.R., Istituto di Chimica dei Composti Organo Metallici-ICCOM-UOS Pisa, Area di Ricerca, Via G. Moruzzi 1, 56124 Pisa, Italy
National Research Council of Italy, C.N.R., Istituto Nazionale di Ottica, INO – UOS Pisa, Area di Ricerca, Via G. Moruzzi 1, 56124 Pisa, Italy
Department of Chemistry, Box 351700, Center for Process Analytical Chemistry, University of Washington, Seattle, WA 98195, USA

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 11 April 2011
eceived  in revised form 5 August 2011
ccepted 6 August 2011
vailable online 12 August 2011

eywords:
enaturation
-Aggregation
roteins

a  b  s  t  r  a  c  t

A  dynamic  surface  tension  detector  (DSTD)  has  been  equipped  with  an  additional  pressure  sensor  for
simultaneous  viscosity  measurements,  as  a  detector  for  flow  injection  analysis.  The  viscosity  measure-
ment  is  based  on a single  capillary  viscometer  (SCV)  placed  in parallel  configuration  with the DSTD.
The  viscometer  in  the  optimized  conditions  consists  of a PEEK  capillary  (i.d.  =  0.25  mm,  L = 75  cm)  kept
at  constant  temperature  using  a thermostatic  bath, which  leads  on the  two  sides  to  the  two  arms  of  a
differential  piezoelectric  pressure  transducer  with  a range  of  0–35  psi.  The  DSTD,  described  previously,
measures  the  changing  pressure  across  the  liquid/air  interface  of  2 �L drops  repeatedly  forming  at  the
end  of  a capillary.

SCV performance  has  been  evaluated  by  measuring  dynamic  viscosity  of  water/glycerol  mixtures  anal-

iscosity
urface tension
STD
ovine  serum albumin
TIR  conformational analysis

ysed  in  flow  injection  and  comparing  the  results  with  the  values  reported  in  the  literature.  The  detection
limits  of SCV  and  DSTD,  calculated  as  3� of the  blank,  were  0.012  cP and  0.6  dyn  cm−1,  respectively.

The  FI-SCV-DSTD  system  has  been  applied  to  the  study  of temperature-induced  denatura-
tion/aggregation  process  in  bovine  serum  albumin  (BSA).

The results  have  been  supported  and  discussed  with  respect  to BSA  conformational  analysis  performed
using  Fourier  Transform  infrared  spectroscopy.
. Introduction

Reliable and accurate methods for characterizing viscosity and
urface tension changes of proteins caused by the alteration of
heir composition or conformation can have significant clinical
nd biotechnological utility [1,2]. The measurement of viscosity is
ne of the most common and important means of quality control
3,4]. Surface tension, as well, not only determines the quality of

any products resulting from different industries (coatings, paints,
etergents, cosmetics and agrochemicals), but also affects some

mportant steps in production processes (e.g. catalysis, adsorption,
istillation and extraction).

While  most conventional methods determine viscosity and sur-
ace tension in a relative manner with two completely different
ets of experimental instrumentation, very few methods lead to
he simultaneous detection of viscosity and surface tension for
aterials of interest. One of these is based on the surface light
cattering technique [5] and it has been applied to various com-
ounds. Another one is based on the oscillating drop methods

∗ Corresponding author. Tel.: +39 050 3152293; fax: +39 050 315 2555.
E-mail  address: bramanti@pi.iccom.cnr.it (E. Bramanti).

039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.talanta.2011.08.009
© 2011 Elsevier B.V. All rights reserved.

[6,7]. Both these methods require a complex apparatus and are
not straightforwardly applicable as detectors of flow injection and
liquid chromatographic systems, nor for protein rheological char-
acterization. The third apparatus, named a survismeter, has been
applied to the study of proteins, but it is not suitable as an on-line
detector [8–10]. The simultaneous measurement of viscosity and
surface tension of proteins is of particular interest for two impor-
tant reasons: (i) small amounts of sample are generally available
(0.01–0.1 mg)  and (ii) protein structure changes induced by sev-
eral parameters like temperature may  vary in the minute range,
thus the sequential measure of surface tension and viscosity may
correspond to different structures.

In this work we  propose a simple flow injection system able
to simultaneously measure viscosity and surface tension on small
amounts of proteins (about 1 mg), in a very short time (about 3 min).

In previous studies, we have developed a detector capable of
measuring dynamic surface tension, i.e., a dynamic surface tension
detector (DSTD). The DSTD is a drop-based analyser that, when used
as a chromatographic detector, provides real-time dynamic surface

pressure measurements of components as they elute. The DSTD
has evolved from an optical measurement-based instrument to a
pressure sensor-based instrument, and has been used in conjunc-
tion with flow injection analysis (FIA) and high performance liquid
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hromatography (HPLC) [11–18]. More recently, a novel DSTD cal-
bration procedure has been presented and applied, based on a
ual-mobile phase calibration procedure that allows the analyst
o apply different mobile phases for the analyte (e.g. denatured
rotein) and the calibration standard [19–21].

In this report, the DSTD has been equipped with an additional
ressure sensor for simultaneous viscosity measurements for FIA
nd HPLC. The viscosity measurement is based on a single capil-
ary viscometer (SCV) design, placed in parallel configuration with
he DSTD, similar to that described by Malihi et al. [22]. The vis-
ometer, in the optimized conditions, consists of a PEEK capillary
ept at constant temperature using a thermostatic bath, which
eads on the two stainless steel membrane sides of a differential
iezoelectric pressure transducer. First, in this report, the SCV per-
ormance has been evaluated by measuring dynamic viscosity of
ater/glycerol mixtures analysed in flow injection and the results
ave been compared with the values reported in the literature.

Second,  the FIA-SCV-DSTD instrumental system has been used
o study the effect of viscosity on DSTD signal. Third, this instrumen-
al system has been applied to the study of temperature-induced
enaturation/aggregation process in bovine serum albumin (BSA).
he results are then supported and discussed with respect to
SA conformational analysis performed using Fourier Transform

nfrared spectroscopy (FTIR).

. Experimental

.1. Materials and solutions

Bovine  serum albumin (BSA, A-0281) and sodium chloride
99.5% purity) were purchased from Aldrich–Sigma–Fluka Chem-
cal Co. (Milan, Italy). All materials were used without further
urification. Phosphate buffer solution (PBS, 50 mM pH 7.4 or 6.0)
as prepared from monobasic monohydrate sodium phosphate

nd dibasic anhydrous potassium phosphate (BDH Laboratory Sup-
lies, Poole, England). All solutions were prepared with water
eionized (18.2 M� × cm)  with a Milli-Q system (Millipore, Bed-
ord, MA,  USA). Viscous solutions were prepared with mass ratios
f glycerol (4094, Merck 87%) to water (glycerol:water, mass ratio).
SA was prepared in 25 mM pH 7.4 or 6.0 PBS and injected at the

ndicated times after incubation at 21, 60, or 80 ◦C in a thermo-
tatic bath. Several experiments were performed denaturing BSA in
0 mM pH 7.4, 8 M urea (Sigma–Aldrich U-0631). All sample con-
entrations are given as injected; the protein amounts at the SCV
nd DSTD detector are 42% and 10% of the total injected amount
injected concentration × 100 �L loop volume) due to flow splitting
see below).

.2.  Instrumental set-up

The  DSTD is based upon a repetitive growing drop method,
mplementing a pressure sensor (P305D-20-2369, diaphragm 3-
6, Validyne Northridge, CA, USA) where the pressure signal is
ependent upon surface tension properties of a given sample. The
ressure sensor, mounted in the sidearm off the main flow of a cap-

llary, measures the internal pressure of the growing drops relative
o atmospheric pressure. The flow passes through a short capil-
ary, forming drops at a specially designed sensing capillary tip.
he drops are detached by an air burst supplied by a solenoid valve
pneumatic detachment) at a preset rate [11–18].
A detailed schematic of the FIA-SCV-DSTD system is shown in
ig. 1A. A Jasco PU2085 Plus microbore isocratic pump (Milan, Italy)
as operated at a flow rate of 450 �L/min. Samples were intro-
uced via a Rheodyne 7125 injector (Rheodyne, Cotati, CA, USA).
5 (2011) 2553– 2561

A  poly(etheretherketone) (PEEK) injection loop of 100 �L of tubing
(Upchurch, Oak Harbor, WA,  USA) was used for all experiments.

The  DSTD configuration is identical to that detailed in our pre-
vious work [20,23]. Pneumatic detachment of DSTD drops was
performed at a rate of 0.5 Hz, corresponding to 1.5 �L drops at
45 �L/min (resulting in 2-s drop times), using a Skinner solenoid
valve (MBD002, Skinner Valve, New Britain, CT, USA).

The  viscometer in the optimized conditions consists of a PEEK
capillary (i.d. = 0.25 mm,  L = 75 cm)  kept at constant temperature set
by a thermostatic bath. The pressure drop is measured between the
two ends of the PEEK capillary by another differential piezoelectric
pressure transducer (P305D-20-2369, diaphragm 3-36, Validyne
Northridge, CA, USA) with a range of 0–35 psi. The connection
between each end of the PEEK thermostated capillary and the two
sides of the pressure transducer membrane was performed by PEEK
tubing (Fig. 1B).

Calibration of the SCV pressure sensor was  performed by con-
necting a burette filled with distilled water with one arm of the
differential pressure sensor. The second arm of the sensor was
equilibrated relative to atmospheric pressure. Three clusters of
measurements (signal averaged for 1 min) were performed at three
different levels with respect to the pressure sensor (199, 508 and
995 mm).  Pressure sensor signal in volts was plotted as a function of
the pressure calculated on the basis of the height of water column.
Fitting of data was  linear (slope = −0.195 V/kPa, intercept = −0.123,
R = 0.999) with a difference between the fitting curve and exper-
imental data <3 mV,  which corresponded to 0.015 kPa or 1.5 mm
H2O.

A  polynomial fitting equation (−0.5998 − 4.9417V + 0.21416V2 +
0.068501V3, where V is the signal in volts of the transducer) was
employed to convert the differential pressure sensor signal in volts
into differential pressure values (P, kPa).

All data were collected at 20 kHz with a personal computer
(850 MHz  Pentium, Intel, Santa Clara, CA, USA) equipped with
a data acquisition card (AT-MIO-16XE-50, National Instruments,
Austin, TX, USA). The data were averaged from 20,000 points/s to
50 points/s prior to saving and subsequent analysis. Data collection
was completed using LabVIEW (version 6.0, National Instruments)
with programs written in-house. Subsequent data analysis was
performed using Origin 8.0 (OriginLab, Adalta, Arezzo, Italy).
Water/glycerol mixtures (1–50% w/w)  were injected in various con-
ditions, varying L, r and temperature, where L and r are the length
and radius of the measure PEEK tubing, respectively. Dynamic
viscosity of the injected analyte solution was calculated using a
written-in house LabVIEW program (LabVIEW 6.1, National Instru-
ments, Milan, Italy) on the basis of integrated area of flow injection
peak (A) and the Hagen–Poiseuille law:

� = A�r4

8VinjL
(1)

where Vinj is the injected volume. Accuracy of viscosity mea-
surement was  performed by correlating viscosity values found
by injecting water/glycerol mixtures (1–50%, w/w) in the system
with values known from the literature (see Supplementary Data,
Fig. S1 and Table S1) [24]. The detection limit calculated as 3� of the
blank was  0.012 cP. Repeated experiments showed good repeata-
bility (CV% < 1%).

If we let �0 be the viscosity of the pure solvent and � be the
viscosity of a solution using that solvent, specific viscosity, �sp, is
defined as:

�sp = � − �0 = �r − 1 (2)

�0

where  �r is the relative viscosity (�/�0).
According  to the Huggins equation [25], in dilute solution �sp is

proportional to the concentration of macromolecules in solution,
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Fig. 1. (A) FIA-SCV-DSTD instrument configuration. The HPLC pump transfers the sample from the injector to the SCV and DSTD. The flow splitter delivers 45 �L/min of the
t atic d
[ bing 

fl  40 ◦C

c
[

�

r

[

d
f
w

2

t
a
t
e
s
s

otal  flow (0.45 mL/min) to the DSTD and 190 �L/min to the SCV detector. A schem
19,20,23]. Operating conditions for SCV detector were the following: measure tu
ow = 15, 30,45, 60, 80, 100 �L/min; temperature of measure tubing = 3, 5, 20, 22.5,

, and the proportionality constant is called the intrinsic viscosity
�]:

sp ∼= [�] c (3)

The  intrinsic viscosity, molecular weight, M, and hydrodynamic
adius, Re, are related as follows:

�] = 10�NA

3M
R3

e (4)

Since  NA is the Avogadro number, if M is known, Re can be
erived from [�] measurement. Re measurement is especially use-
ul for protein characterization. For large random coils Re ∼= 0.88 RG,
here RG is the radius of gyration of the molecule [25].

.3. FTIR spectroscopy

Infrared spectra were recorded by using a Perkin-Elmer Spec-
rum One FTIR spectrophotometer, equipped with a universal ATR
ccessory and a TGS detector. After recording the background spec-

rum on 20 �L of PBS, sample spectra were obtained on 20 �L of
ach protein solution before and after thermal treatments. For each
ample, 128 interferograms were recorded in order to obtain a
uitable S/N ratio, averaged and Fourier-transformed to produce a
iagram of the DSTD and operating conditions for it have been previously reported
length 20, 40, 75 cm (i.d. = 0.25 mm), 30 cm (i.d. = 0.17 mm), 50 cm (i.d. = 0.5 mm);
. (B) Schematic of SCV pressure sensor.

spectrum with a nominal resolution of 4 cm−1. The typical vapour
band did not appear either in the spectra or in the second derivative.

Spectrum software (Perkin-Elmer) and a written-in house Lab-
VIEW program for peak fitting were employed to run and process
spectra, respectively. The LabVIEW program for peak fitting was
based on a previous work [26,27]. Prior to curve processing,
a straight baseline passing through the ordinates at 1800 and
1480 cm−1 was  subtracted and spectra were normalized in the
1700–1600 cm−1 region. This approach was taken in order to avoid
artefacts in absorptions near the limits of the region examined
(1700–1600 cm−1). Then, the second derivatives of the amide I band
of the spectra examined (1700–1600 cm−1 region) were analysed in
order to determine the starting data (number and position of Gaus-
sian components) required for the deconvolution procedure. The
choice of the amide I band for structural analysis is due to the very
low contribution of the amino acid side chain absorptions present
in this region [28], and to its higher intensity with respect to other
amide modes. On the basis of the infrared assignment of amide
components, assuming that the extinction coefficient is the same

for all the secondary structures, the secondary structure compo-
sition can be obtained from the FTIR spectra. The values for the
percentages of the different secondary structures were estimated
by expressing the amplitude value of the bands assigned to each of
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ig. 2. (A) Viscosity values found (� − �0) using on line SCV at 20 ◦C vs. glycerol co
iterature are indicated as an asterisk [30] and filled diamond [29]. (B) Correlation b
ine  with the SCV detector.

hese structures as a fraction of the total sum of the amplitudes of
he amide I components. While the general validity of the assump-
ion above made about the extinction coefficients remains to be
ested, the good correlation found between the secondary struc-
ure results obtained by FTIR approaches and X-ray crystallography
ndicated that this is a reasonable assumption [27].

.  Results and discussion

.1.  Simultaneous measurement of DSTD and viscosity signal of
lycerol  solutions

Fig.  2A shows the dynamic viscosity values, represented as
� − �0), found using on line SCV at 20 ◦C as a function of glyc-
rol concentration at SCV detector (i.e. corrected considering the
ow splitting). The values found are in good agreement with
ata available from the literature [29,30]. Fig. 2B shows the cor-
elation between surface pressure values processed from DSTD
ignals and relative viscosity measured on line with SCV detec-

or. For glycerol/water solutions with relative viscosity higher
han 0.04 cP we observed a linear decrease of surface pres-
ure (slope = −30.3 ± 0.75 dyn/(cm × cP), R2 = 0.9957), in agreement
ith previous observations [31].
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ig. 3. Representative plots of the flow injection viscosity signal in volts from pressure 

5 mM PBS, pH 6.0 were injected at t = 0 (a) and after 60 min  incubation at 80 ◦C (b).
ration at SCV detector (R2 = 0.9985, polynomial equation). Data available from the
n surface pressure values processed from DSTD signals and viscosity measured on

3.2.  Denaturation study of BSA: rheological properties and
conformational changes

Serum  albumin is the one of the most important blood proteins,
and it is characterized by an overall oblate shape, and it consists of
three domains (I, II, and III), each stabilized by an internal network
of disulfide bonds and each bearing a number of ionizable groups
with opposite signs [32]. Bovine serum albumin (BSA), molecular
mass 66,500 Da, is built from 583 amino acid residues containing
20 Tyr and 35 cysteine residues, 34 of which are involved in 17
S–S bridge [32]. The secondary structure of native BSA is composed
of 67% helix, 10% turn, and 23% extended chain, and no �-sheet
is contained [32]. Modifications in the secondary as well as ter-
tiary structures of BSA occur in dependence of pH, temperature, and
various kinds of denaturants [33]. Foster reported BSA has several
isomeric forms at different pH media that correspond to different
�-helix contents. Conformers are classified as E (extended at pH
2.7, 35% �-helix), F (fast migration at pH 4.5, 45% �-helix), N (nor-
mal dominant form at neutral pH, 55% �-helix), B (basic form at pH
10, 48% �-helix) and A (aged at pH 10, 48% �-helix) [34].

The FIA-SCV-DSTD instrument was applied to the study of
temperature-induced denaturation/aggregation process of BSA at

physiological pH (pH 7.4) and at pH 6.0, a value closer to BSA iso-
electric point (pH 4.5–5.0) at whom albumins are characterized by a
maximum surface activity [21]. The choice of this pH value allowed
us to study the trend of viscosity and surface tension as a function
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sensor (A) and the �mean signal processed from DSTD raw (B). Ten mg/mL BSA in
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ig. 4. Specific viscosity value (A and C) and DSTD peak area (B and D) of 10 mg/mL
he  three selected temperatures 21 (filled circles), 60 (open circles), and 80 ◦C (aste

f heat denaturation getting closer to isoelectric pH, avoiding the
rawback of DSTD saturation, which easily could occur at the pI.

t is well established in the literature that for temperatures higher
han 333 K (60 ◦C), the hydrodynamic diameter of BSA increased
ignificantly, suggesting the appearance of large aggregates, due to
he denaturation process. The temperature at which denaturation
ccurs is often referred to as the protein melting point, denoted by
M. Previous literature data indicate that TM for BSA is 63 ◦C [35].

Fig. 3 shows, as example, the flow injection peak of viscosity sig-
al in volts from pressure sensor and the �mean signal processed

rom DSTD raw data, as previously reported [19]. The first peak in
ig. 3A is due to the pressure spike caused by the injection. The
econd peak is the analyte signal: absolute viscosity value is calcu-
ated on the basis of the peak area, as reported in Section 2. As far as
STD data concern (Fig. 3B), in brief, ˘mean represents the surface
ressure signal averaged over the last 25 points (0.5-s equivalent)
t the end of the 2-s drop (average values from 1.5 to 2 s from each
urface pressure plot).

Fig.  4 shows the specific viscosity value and DSTD peak area
˘mean × min) as a function of incubation time of 10 mg/mL  BSA in

5 mM PBS pH 7.4 and 6.0 at the three selected temperatures (21,
0, and 80 ◦C).

In  order to discuss and correlate the surface tension and viscos-
ty changes of BSA solutions with its temperature-induced changes
n 25 mM PBS pH 7.4 (A and B) and 6.0 (C and D) as a function of incubation time at

in  secondary structure, FTIR spectra were collected by sampling
protein solutions at various incubation times and the conforma-
tional analysis was  performed analysing the amide I region of FTIR
spectra.

The detailed information on structural variations from the
temperature-dependent IR spectra were obtained by employing a
curve fitting method applied to the deconvolution of the amide I
band mainly due to the C O stretching vibration [26].

Fig.  5 shows some representative results of curve fitting for the
FTIR spectra of BSA in the amide I region at pH 6 and 7.4 at 21 ◦C
and after 150 min  incubation at 80 ◦C.

The IR spectra of native BSA show a broad amide I band between
1700 and 1600 cm−1 that consists of overlapping component bands
arising from different secondary structure elements (not shown for
brevity). The second derivative spectra of BSA at 21 ◦C at pH 7.4
before heating is dominated by five bands at 1681, 1676, 1653, 1634
and 1623 cm−1 in the amide I region. The band at 1654 cm−1 is due
to �-helical structures and around 1674 cm−1 is associated with
turn structures [36]. The band at 1630 cm−1 is assigned to short-
segment chains connecting �-helical segments of BSA. The bands

−1
at 1681 and 1623 cm are assigned to anti-parallel �-sheets, and
parallel and anti-parallel �-sheets, respectively [37,38].

By  applying the curve deconvolution method we found that BSA
at pH 7.4 showed 65 ± 1% �-helix (peak at 1656 cm−1), 18 ± 1%
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sheets is diagnostic for intra-peptide chain aggregation [40–42]. At
80 ◦C (Fig. 6B) this phenomenon was  more evident, and gave also a
shift of peak frequencies (Fig. 6B, inlet) toward higher values, which
is consistent with a more hydrophobic environment: from 1681 to

Table 1
Intrinsic viscosity values found in this study and reported in the literature. The
effective  spherical radius (Re) is also reported.

Intrinsic
viscosity
[�] (mL/g)

Intrinsic
viscosity [�]
(mL/g)

Re
a (nm)

This work Literature

BSA in 1 M PBS pH
7.4 (native)

3.18 ± 0.90 3.7–4.5 [49,50,51] 3.23  (this work)
3.42  [52]

BSA  in 25 mM PBS
pH 7.4 (native)

2.86  ± 0.56 3.71–4.12 [53] 3.11 (this work)
3.37  [53]

BSA  denatured in
8  M urea, 50 mM
PBS pH 7.4

25.7 ± 3.80 25.4 [54] 6.47  (this work)
6.27  [4]
7.53  [52]

BSA  incubated at 3720  ± 550 – 34.0 (this work)
ig. 5. FTIR spectra in the amide I region of 10 mg/mL  BSA in 25 mM PBS, pH 6.0 o
econstructed (bold dotted line). The single Gaussian components are also shown.

arallel � sheets (peak at 1623 cm−1), 25 ± 1% turn structure and
 ± 1% anti-parallel �-sheets. These percentages changed at pH
.0. FTIR spectra showed a peak at 1609 cm−1due to the vibra-
ions of Gln and the aromatic side chain [39], representing 22%,
he peak at 1633 cm−1 (23%), 1656 cm−1 (44%), 1675 cm−1 (3%) and
695 cm−1 (6%). BSA did not show any structural change if incu-
ated at room temperature (21 ± 1 ◦C) at pH 6.0 and 7.4 for a time
ested of 150 min. The amide I band becomes broader after incuba-
ion at higher temperature, and additional bands due to aggregated
nd/or denatured species appeared.

Fig. 6 shows the temperature-dependent variations of the peak
eight intensity percentages of individual Gaussian components
ssociated with the different secondary structures observed at pH
.4 and 6.0 as a function of the incubation time at 60 and 80 ◦C.

At  pH 7.4 BSA incubated at 60 ◦C (Fig. 6A) showed a decrease of
-helix peak at 1653 cm−1 from 65 to around 45%, an increase of

urns at 1676 cm−1, that reached 20%, and a decrease of anti-parallel
-sheet peak at 1681 cm−1. These conformational changes, likely
ssociated with pre-denatured states of BSA, were responsible for
he increase of protein surface tension (Fig. 4B). At 80 ◦C (Fig. 6B) the
-helix peak decreased down to 20%, the peaks at 1634 cm−1 and
676 cm−1 assigned to turn structures increased until 60 min  incu-
ation time. For longer incubation times (150 min) turn structures
witched into parallel �-sheet structures (peak at 1623 cm−1), and

e observed an increase of “nominal” �-helix that shifted toward

660 cm−1.
On  the basis of these results we can suggest that the increase of

STD plateau signal (Fig. 4B) from 100 (DTSD peak area obtained at
analysed at t = 0 and after 150 min  incubation at 80 ◦C, compared with the spectra

21 ◦C) to 400 and 500 observed after more than 10 min  incubation
at 60 and 80 ◦C, respectively can be due to the BSA thermal denat-
uration with the increase of protein flexibility and the exposure
to the solvent of protein hydrophobic patches. The increase of �-
80 ◦C for 150 min 21–29  (heat-induced
aggregates, various
conditions)  [55–57]

a Re has been calculated on the basis of Eq. (4).
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Fig. 6. Temperature dependences of the peak height intensity percentages of individual Gaussian components associated with the different secondary structures observed
at  pH 7.4 and 6.0 as a function of the incubation time at 60 and 80 ◦C: peak at 1615 cm−1 (at pH 6)/1623 (at pH 7.4) (filled circle); peak at 1634 cm−1 (open circle); peak at
1656 cm−1 (at pH 6)/1653 (at pH 7.4) (asterisk); peak at 1676 cm−1 (filled square); peak at 1687 cm−1 (at pH 6)/1681 (at pH 7.4) (open square); peak at 1646 cm−1 (filled
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riangle). Inlet plots show the shift of �-helix and turn structure peaks.

690 cm−1 for anti-parallel �-sheets, from 1653 to 1660 cm−1 for
-helix peak. The frequency of turn structures at 1634 cm−1 shifted

o 1645 cm−1, a frequency typical of random structure [43].
No significant changes of BSA solution viscosity observed at

0 ◦C nor 80 ◦C at pH 7.4 (Fig. 4A). At pH 7.4 denaturation occurs,
ut inter-peptide protein aggregation phenomena are absent or
odest. Surface activity increases because BSA molecules do not

orm big aggregates and maintain a good diffusion rate toward the
rop surface. At pH 6.0, instead, a pH closer to the BSA isoelectric
oint (pI = 5.4), BSA molecules are more “sticky”. All the albumins
re indeed characterized by a maximum surface activity at acidic
H, with a peak around their isoelectric point (pH 4.5–5.0) [21].
he peak in correspondence with the pI can be attributed to the
ecreased electric barrier for adsorption, decreased repulsion in
he interfacial layer, and minimum solubility of the protein in the
ulk phase [44,45]. At high temperatures (80 ◦C) this property could
avor an inter-molecular aggregation process and the formation of

ig aggregates that increase solution viscosity, but cannot diffuse
o the drop surface (low surface tension value).

At pH 6, BSA incubated at 60 ◦C (Fig. 6C) showed a decrease of
-helix peak at 1656 cm−1 from 48 to about 20%, an increase of the
peak  at 1634 cm−1, reaching 60% after 30 min  incubation and a tran-
sient peak of a peak at 1646 cm−1, assigned to random structure,
after 10 min. Both peaks assigned to �-sheet structures decreased
after incubation at 60 ◦C.

No  significant variation of BSA solution viscosity was  observed
at 60 ◦C (Fig. 4C), but a transient increase of surface tension signal
was observed after 10 min  (Fig. 4D), correlated with the formation
of the random coil.

At  pH 6, BSA incubated at 80 ◦C (Fig. 6D) showed a decrease
of �-helix (from 48 to 30%) accompanied by an increase in inter-
molecular �-sheets from 14 to about 30%, characteristics of the
aggregation process [46]. The peak position at 1615 cm−1 suggests
the formation of the �-sheet structures with very strong hydrogen
bond interactions leading to irreversible aggregation of the protein
(named �-aggregation). The peak at 1634 cm−1 assigned to turns
showed a decrease up to 30 min, but it increases for longer incuba-
tion time shifting toward 1642 cm−1, frequency typical of random

structures (Fig. 6 D, inlet). The �-helix peak shifted, as well, from
1654 cm−1 toward 1660 cm−1, as observed also at pH 7.4.

The mechanism by which gels are formed when proteins such as
BSA are heated has been established [47]. This thermally induced
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elation is a two-stage sequential process. The first phase involves
eat-induced conformational changes in the protein with unfold-

ng of some polypeptide segments [48]. Exposure of hydrophobic
roups results in hydrophobic interactions that are preliminary to
he subsequent phase of protein–protein interactions. This pro-
ess results in a progressive buildup of a cross-linked gel network
49,50].

These conformational changes help to explain the increase of
SA solution viscosity (Fig. 4C), due to �-aggregation, as well as
he disappearance of DSTD signal (Fig. 4D), due to the slow diffu-
ion of large aggregates to the drop surface during the drop time
“analytical window”).

.3.  Determination of the molecular size of denatured and
ggregated species

Intrinsic  viscosity of native and denatured BSA measured using
he SCV was used for the calculation of the molecular size of
enatured and aggregated species. Table 1 summarizes intrinsic
iscosity data and the effective spherical radius (Re) for native BSA
nd BSA denatured by 8 M urea and heat (150 min  incubation at
0 ◦C) obtained in this work, compared with the literature data.

The  good agreement of the values found in this work with
hose reported in the literature suggests a reliable employment of
STD-SCV device also for the characterization of proteins in clinical

amples and biotechnological processes.

. Conclusions

The SCV detector presented herein is easily constructed, gives
ccurate and reliable measurements over a wide range of viscosi-
ies and provides an added value for the DSTD measurements.
he SCV detector, as well as DSTD, uses a small volume of ana-
yte (50–200 �L loop depending on the application considered). It
an be easily cleaned and employed for materials with biological
azard.

We envision this approach can be used for the study of pro-
ein aggregation processes and of the effects of substances affecting
ggregation (e.g. metal ions, sugars or polyphenols) [51–53]. These
rocesses are of particular interest in food technology and bioma-
erials [54].

In  the specific application to BSA, the simultaneous measure-
ent of surface tension and viscosity allowed us to observe that

emperature-induced denaturation of BSA has different effects
epending on the pH of solution. In summary, at pH 7.4 BSA
howed an increase of surface tension with small variation of solu-
ion viscosity, accompanied by structural changes (at 80 ◦C more
ignificant than at 60 ◦C), which include a decrease of �-helix struc-
ure and an increase of �-sheets and turns. These results suggest
he formation of denatured protein molecules and/or small aggre-
ates, rich of �-sheet structures and of surface hydrophobic patches
esponsible for the increase of surface activity. However at this pH
he repulsion forces due to the positive net charge of the protein
voids the formation of big aggregates. At pH 6, a pH which is closer
o BSA isoelectric point, it is likely to hypothesize that the increase
f surface hydrophobicity due to temperature-induced denatura-
ion is accompanied also by inter-peptide electrostatic interactions
hat favor the formation of larger �-sheet structured aggregates.
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