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Abstract

Multidimensional analysis of denatured milk proteins is reported using high-performance liquid chromatography (HPLC) combined with
dynamic surface tension detection (DSTD). A hydrophobic interaction chromatography (HIC) column (a TSRH@all-5PW column,
TosoBiosep), in the presence of 3.0 M guanidine hydrochloride (GdmHCI) as denaturing agent is employed as the mobile phase. Dynamic
surface tension is measured through the differential pressure across the liquid—air interface of repeatedly growing and detaching drops.
Continuous surface tension measurement throughout the entire drop growth (50 ms to 4 s) is achieved, for each eluting drop of 4 s length,
providing insightinto both the kinetic and thermodynamic behavior of molecular orientation processes at the liquid—air interface. An automated
calibration procedure and data analysis method is applied with the DSTD system, which allows two unique solvents to be used, the HIC
mobile phase for the sample and a second solvent (water for example) for the standard, permitting real-time dynamic surface tension data to
be obtained. Three-dimensional data is obtained, with surface tension as a function of drop time first converted to surface pressure, which
is plotted as a function of the chromatographic elution time axis. Experiments were initially performed using flow injection analysis (FIA)
with the DSTD system for investigating commercial single standard milk protenecfalbumin,g-lactoglobulin,a-, B-, k-casein and a
casein mixture) denatured by GdmHCI. These FIA-DSTD experiments allowed the separation and detection conditions to be optimized
for the HIC-DSTD experiments. Thus, the HIC-DSTD system has been optimized and successfully applied to the selective analysis of
surface-active casein fractionss(L- andg-casein) in a commercial casein mixture, raw milk samples (cow’s, ewe’s and goat’s milk) and
other diary products (yogurt, stracchino, mozzarella, parmesan cheese and chocolate cream). The different samples were readily distinguishec
based upon the selectivity provided by the HIC-DSTD method. The selectivity advantage of using DSTD relative to absorbance detection is
also demonstrated.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction [4-10]. In addition to lowering interfacial tension, adsorbed

proteins can form a strong viscoelastic film via intermolec-

Proteins exhibit a high propensity to migrate and adsorb ylar interactions which can withstand thermal and mechani-

to air/water and oil/water interfaces and decrease the inter-cal perturbation§l1,12]. The latter property makes proteins
facial tension because of their amphiphilic structfire3]. more desirable than low-molecular-weight amphiphiles as
This property of proteins allows the stabilization of col- surfactants in emulsion- and foam-type food products.
loidal dispersions which are thermodynamically unstable  Proteins differ significantly in their surface activity and
and which otherwise quickly phase separate. Thus, proteinsin their ability to stabilize colloidal systems due to differ-
play a key role in the stabilization of foams, emulsions, ences in structural properties (size, shape, charge distribu-
and composite systems in food products and in cosmeticstion) and stability and flexibility7,13]. The surface activity

of proteins has been shown to vary with changes in these
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with denaturing agent§l7—22] by chemical modification  tained from the same experimental [@6]. More recently, a
(e.g., succynilation, disulfide reduction, enzymatic hydrol- novel DSTD calibration procedure is presented and applied,
ysis) [23], or by interaction with other compounds (e.g., based on a dual-mobile phase calibration procedure that al-
sugars)24]. lows the analyst to apply different mobile phases for the
Milk proteins in soluble and dispersed form are widely analyte (e.g. denatured protein) and the calibration standard
valued as food ingredients with excellent surface-active and[39]. This is a very important achievement in the evolution
colloid-stabilizing characteristidé—27]. Caseins represent of the DSTD technique. The dual-mobile phase calibration
about 80-85% of milk proteins, and they play a key role in permits more types of samples to be examined in compli-
human nutrition, in dairy industry and as additives in food, cated or unusual sample matrices, while utilizing a conve-
paints and glues because of their emulsifying properties nient standard. Further details on the data processing using
[6,26,27—-29] Caseins are classified agi-, as>-, B- and the dual-mobile phase calibration procedure are reported in
k-caseins, representing about 38, 10, 36 and 13%, respecSection 2
tively, of the casein fraction. The B variant of;-casein The aim of this manuscript is to report the DSTD system
is predominant, containing 8 mol phosphate/mol protein, as a specific detector for hydrophobic interaction chromatog-
and it is characterized by largely hydrophobic amino acidic raphy (HIC) for the selective detection and identification of
residueg30]. as>-Casein is characterized by a high content proteins based on their surface-active properties. The unique
of phosphate (about 10-13 mol of phosphate/mol protein) form of chemical selectivity provided by DSTD enables one
and by two —SH groups, being the most hydrophilic of to obtain analyte-specific information, with potential use in
the a-casein fractiorf30]. The most common A variant of  formulation science and quality control applications. Despite
B-casein is characterized by 5mol phosphate/mol protein, the various studies reported in the literature regarding the
all located in the hydrophilic N-terminal region of 47 amino surface activity and properties of casein at interfdd8s41],
acids, and by a hydrophobic tail. This division of two func- no data have been reported for the hyphenation between a
tional domains confers t@-caseins surfactant properties. separation technique and a surface activity-based detector
k-Casein is characterized by 1 mol phosphate/mol protein, afor selective protein analysis. In a previous paper, in fact,
hydrophilic C-terminal peptide with a high negative charge DSTD coupled to hydrophobic interaction chromatography
density and a predominantly hydrophobic remainder that haswas utilized for the selective measurement and analysis of
a small positive charge at near-neutral pH. The reciprocal surface active impurities in protein formulations, where pro-
ratio between these four fractions strongly affects micelle teins were not surface actiy@5].
size, size distribution and, in general, the chemical-physical In this paper, instead, the HIC-DSTD technique is ap-
properties of milk. It is known, e.g., that the proportion plied for the direct measurement of the surface activity of
of k-casein increases as the average size of the micelleseluting caseins in milk and diary samples. Denaturants both
decreases, as well as the proportiorwgf-casein increases  for the solubilization of dairy raw samples [3.0 M guanidine
significantly with ease of sedimentati§80]. hydrochloride (GdmHCI)] and in the eluent buffers of HIC
As many of these properties are fundamental in milk separations (3.0 M GdmHCI) are employed, based on previ-
processing and in the dairy-food industry, development of ous successful applications of denaturants in H12-45]
methods for fast separation and determinationQf, aso-, First, experiments were performed using the FIA-DSTD
B- andk-casein fraction is of interest. In addition, the de- system for investigating and optimizing the surface activity
velopment of novel instrumental devices for the knowledge of commercial single standard milk proteirslactalbumin,
of the surface active properties of milk proteins associated B-lactoglobulin,a-, B-, k-casein and a casein mixture) de-
to specific fractions separated by high-performance liquid natured by GAmHCI. Thus, the HIC-DSTD system has been
chromatography (HPLC) is critically important in funda- optimized and successfully applied to the selective determi-
mental as well as applied problems. nation and quantitation of the detectable surface active casein
In previous studies, we have developed a detector cap-fractions (xs1- andp-casein) in a commercial casein mix-
able of measuring dynamic surface tension, i.e., a dynamicture, raw milk samples (cow’s, ewe’s and goat’s milk) and
surface tension detection (DSTD) system. The DSTD sys- other diary products (yogurt, stracchino, mozzarella, parme-
tem has evolved from an optical measurement-based instru-san cheese and chocolate cream). The HIC-DSTD configu-
ment to a pressure sensor-based instrument, and has beemration provides additional analyte selectivity over traditional
used in conjunction with flow injection analysis (FIA) and detection methods such as absorbance detection. The advan-
HPLC [31-38] Most recently, we have shown that real time tage of the HIC-DSTD configuration in the food analysis
dynamic surface pressure values are easily obtained wherapplication is illustrated.
the calibration process is utilized in conjunction with pneu-
matic drop detachmeri86,37] The initial version of the
calibration procedure utilizes the differential pressure sig- 2. Theory
nals from three drop profiles, namely the solvent (water
or the eluent buffer of HPLC, standard in the solvent, and DSTD is based upon a growing drop method, implement-
sample solution containing the analyte in the solvent) ob- ing a pressure sensor where the pressure signal is dependent
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upon surface tension properties of a given sample. The presEqgs. (1) and (2)A similar equation can be derived for the
sure sensor, mounted in the side arm off the main flow of calibration standardS in mobile phase one.
a capillary, measures the internal pressure of the growing

drops relative to atmospheric pressure. The mobile phaser(Ha m1 = —[P(t)Ml — P(t)a,m1] (3)
flows through a short capillary, forming drops at a spe-

cially designed sensing capillary tip. The drops subsequently ., r(® PO — P(t 4
formed either can be blown off via an air burst supplied by PBsm = 2 [P (Dsmil )

a solenoid valve (pneumatic detachment) or fall off when By combiningEgs. (3) and (4)the dynamic surface pres-
the force of gravity overcomes the attractive forces between syre of the analyte in the denaturing agent is given by:

the tip and the drop (gravity detachment). During pneumatic POwt — P()
detachment mode, drops are blown off the sensor tip at ar(Ha w1 = 7(Hsm [ M1 A’Ml} (5)
preset rate, well before the drops would fall due to grav- P(H)m1 — P(Dsm1

ity, resulting in a higher data density than the gravity de- where a standard value far(t)s m1 would need to be ob-
tachment mode (generally about a five-fold faster drop rate tained from literature or measured in the laboratory. How-
in this work). In addition, using pneumatic detachment, the ever, the surface pressure of the standard in mobile phase
data is much easier to process into a usable form, i.e., sur-one (GdmHCI-phosphate buffer) is not readily available and
face pressure or surface tension. Because all the drop presz measurement in the laboratory is undesirable. Therefore it
sure data profiles are the same length in time, the start ofwould be advantageous to have the standard in a water sam-
drop growth is easily determined, objectively arranged, and ple matrix for which a literature value is easily obtained. To
easily and quickly processed via the following procedure. optain the surface pressure of the standard in the denaturing
Pressure measurement is made throughout the growth ofagent {(t)s.m1), from Eq. (5) the following theory is useful
each drop forming at the capillary tip. The liquid—air sur- and readily applied.
face tension,y, for a drop of radiusr, is related to the Using a standard in a water mobile phase (M2), the surface

pressure signaP (pressure relative to atmospheric pres- pressure(t)sm2) can be defined as the following,
sure), described bq. (1) a time dependent Young—Laplace

equation[36]. T(Hsm2 = %[P(I)Mz — P(Hsm2] (6)
P(Ox.Mi = m + Pc.vi (1) _ CombiningEg. (6)with Eq. (4)and solving forr(t)s m1,
r(?) yieldsEq. (7)

where theP, y, andr are all a function of timet, during
drop growth, the X represents sample, Mi mobile phase and
Pc accounts for the viscosity-based pressure drop in the
capillary tubing and the relative position of the sensor from
the capillary tip and is essentially time independf3a].
TheP(t) are simply the individual drop profile pressure data
measured by the pressure sensor in the DSTD. The dynamlc
surface pressure of a given sample in mobile phagx wmi,

can be defined as the surface tension of the sample in mobile
phase,y(t)x mi, Subtracted from the surface tension of the
mobile phase itselfy(t)wm;-

(7)

(P(tH)m1 — P(I)S,Ml)]
(P(Om2 — P(Hsm2)

Substitution ofz(t)s m1 from Eq. (7)into Eq. (5) followed
by factoring out P(r)m1 — P(f)s.m1) Yields:

(P(OMm1 — P(t)A,Ml)]
(P(OMm2 — P(DsM2)

where the time-dependent surface pressure of an analyte
(e g., protein) in mobile phase one, a denaturing agent sys-
tem, is determined using the surface pressure reference value
of a standard in water utilizing the fodR(t) drop profiles
at)x.mi = YOMi — YOXMi (2) in Eq. (8) This calibration procedure allows the proteins

to be chemically modified with various denaturing agents

The subtraction of the two surface tension values removes(mobile phase one) and a typical standard to be run in wa-
the pressure offseP¢) from the surface pressure term, with  ter (mobile phase two) and permits the DSTD system to
Pc assumed to be constant for a given mobile phase. Forbe easily implemented on-line. Thus, the surface pressure
the current work, the sample mobile phase will be the de- of the standard in water;(t)s m2, is then readily available
naturing agent GdmHCI in phosphate buffer and the mobile from the literature and is independent of time and a con-
phase for the standard will be water. The following will de- stant at a given concentration. This derivation is an impor-
rive the calibration procedure used in the current study uti- tant step in the evolution of DSTD; it allows samples to be
lizing these two distinct mobile phases for the sample and utilized in many solvent matrices, i.e., HPLC mobile phases,
standard. without changing the standardization step of the calibration,

First, the dynamic surface pressure of an analyte (A) in utilizing a standard in a water sample matrix. In fact, it
mobile phase one (M1), GdmHCI-phosphate buffer, can be guarantees a correct calculation of the analyte surface pres-
expressed as function of the drop radius and pressure sigsure whatever elution buffer is used in the chromatographic
nals of mobile phase and the sample via the combination of experiment and during gradient elution in which analytes

w(Hs,m1 = m(Hsm2 [

(8)

m(HaML = T(H)s M2 |:
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are eluted in a mobile phase with continuous changes in3.2. Working solutions
composition.

Native protein solutions were prepared by dissolving
lyophilized powder in PBS at the concentration indicated.
Denatured protein working solutions were prepared freshly
by dissolving protein lyophilized powder in PBS, containing
GdmHCI at the indicated concentration. The concentrations
of stock solutions of proteins were determined spectropho-

B-Lactoglobulin (L-3908) and-lactalbumin from bovine  tometrically[46,47] Samples were injected at- 1 h after
milk (L-6010) were purchased from Sigma (St. Louis, preparation, without significant variations of their surface
MO, USA). a-, B- and k-caseins and a casein mixture tension value during the working day. Unprocessed milk
(product No. 22078) were purchased from Fluka (Buchs, samples from cow, goat and ewe were obtained from a
Switzerland) (22084x-caseins>90% M, 23500, 22086  farmer in Toscany (ltaly), diluted in PBS, 3.0M GdmHCI
B-caseins>80% M; 24000, 22 087«x-caseins>70% M; and injected. Parmesan, mozzarella and stracchino cheese
19000). The buffer solutions were prepared from mono- stock solution was prepared solubilizing chopped cheese in
basic monohydrate sodium phosphate, dibasic anhydrousPBS, 3.0M GdmHCI, centrifuged and diluted in the same
sodium phosphate (BDH, Poole, UK), ammonium sulfate buffer before the injection. Chocolate cream was prepared
(Bio-Rad Labs., Hercules, CA, USA) and guanidine hy- using the same procedure, centrifuged, diluted and injected.
drochloride, abbreviated as GdmHCI (Sigma). The buffer Yogurt was diluted 1:1 in PBS, 3.0 M GdmHCI and injected.
solutions contained 0.1 M phosphate at a pH of 7.2 (PBS).
Water deionized with a Milli-Q system (Millipore, Bed-
ford, MA, USA) was used throughout and degassed prior
to use. A TSK-GE? Phenyl-5PW column (TosoBiosep, A detailed schematic of the DSTD configuration with

Stuttgart, Germany), porosity 1000 A, with dimensions of pneumatic detachment is shown filg. 1 A narrow bore
7.5cmx 7.5mm i.d. was used for all the experiments.

3. Experimental

3.1. Materials

3.3. Instrumentation

HPLC Gradient Pump @ 0.14- T
a
= 0.13- i
>
| S 0.11- K
i ‘ 8
HPLC column g0 ' : @ 0.101 &
. i : '
(optional) splitter 60 pL/min | / \
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Fig. 1. HPLC-DSTD instrument configuration. The flow splitter delivers Time, Seconds
60wl/min to the DSTD system and 340/min to the diode array ab-

sorbance detection (DAD) system. The differential pressb(®, across

(B)

Fig. 2. (A) Raw pressure data observed from the DSTD system. Injection

the liquid—air interface of each eluting drop, is measured with respect to
the atmospheric pressurBy by a pressure transducer on a side arm of
the DSTD capillary sensor tip. A small capillary directs short burst of
air regulated to 25 psi at45° angle via a computer-controlled solenoid
valve and pneumatically detaches the eluent from the sensor tip.

plug shown is 5% acetic acid sample withuKhdrops (i.e., 4s each)
controlled via pneumatic detachment. (B) The steady-state region of the
injected sample plug is shown for clarity. Inspection reveals reproducible
drops and no observable disturbance due to the pneumatic detachment
process.
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HPLC gradient pump (P2000, ThermoQuest) equipped with (850 MHz Pentium, Intel, Santa Clara, CA, USA) equipped
a mechanical degassing system (SC1000, ThermoQuest) wawiith a data acquisition card (AT-MIO-16XE-50, National
connected to a Diode Array Detector (UV6000, Thermo- Instruments, Austin, TX, USA). The data were averaged
Quest). A total flow of 0.4 ml/min was split in order to pro- to 50 points/sec prior to saving. Data collection was com-
vide 340ul/min to DAD and 6Qul/min to DSTD. Samples  pleted using LABVIEW (Version 5, National Instruments)
were introduced via a ten-port injection valve (Rheodyne with programs written in-house. Subsequent data analysis
PR700-102-1 Cotati, CA, USA). A poly(etheretherketone) was performed using MATLAB 5.0 (MathWorks, Natick,
(PEEK) injection loop of 8l of tubing (Upchurch, Oak MA, USA). The DSTD configuration is essentially identical
Harbor, WA) was used for all experiments. The pneumatic to that detailed in previous worf86—39,48] Absorbance
detachment apparatus for the DSTD, showifig. 1, con- measurements for the determination of protein concentration
sists of a small capillary directing a repeated short burst were performed using a Varian DMS 300 spectrophotometer
of in-house air at 45 angle to the capillary sensing tip (Varian, Palo Alto, CA, USA).

via a computer controlled solenoid valve to detach drops

from the sensor tip capillary at controlled time intervals. 3.4. Calibration procedure

Pneumatic detachment was performed at a rate of 0.25Hz,

corresponding to 4l drops at 6Qul/min, using a solenoid Typical raw pressure data from the DSTD are shown in
valve (MBDO002, Skinner Valve, New Britain, CT, USA). Fig. 2 Inspection ofEq. (8) reveals four drop profiles are
The pressure sensor (Validyne P305D-20-2369, Northridge, necessary in the dual-mobile phase calibration to obtain the
CA, USA) was configured with a sensing membrane (Vali- dynamic surface pressure of a protein sample in GdmHCI:
dyne diaphragm 3-36) that was optimized for the responseP(t)m1, P(t)a.m1, P(t)m2 andP(t)s m2. The drop profiles are
time of the DSTD measurements of interfacial kinetics. The extracted from data such as kig. 2 Fig. 3A shows drop
sensor capillary tip was made from a short piece of polyether profiles of 6.0 M GdmHCIR(t)m1) and 1500 mg/l commer-
ether ketone (PEEK) tubing, 4%/ i.d. x 635um o.d. cial casein mixture in 6.0 M GdmHCP(t)a m1), upper and

All data were collected at 20 kHz with a personal computer lower profiles, respectively. Similarlyig. 3B shows drop

T T T 0.15 T T T
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2 9 0.14] ]
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Fig. 3. The dual-mobile phase calibration procedure is demonstrated using four drop profiles alofmgwi@ (A) Drop profiles for 6.0 M GdmHCI

(P(t)m1) and 1500 mg/l commercial casein mixture in 6.0 M GdmHRtYa m1). (B) Drop profiles for waterR(t)v2) and 5% acetic acid standard in water
(P(t)sm2). (C) Analyte and standard drop profiles subtracted from their respective mobile phases, with drop profiles shown in (A) and (B), respectively.
(D) The resulting dynamic surface pressurg plot for 1500 mg/l casein mixture in 6.0 M GdmHCI utilizirieg. (8) ITmeanrepresents the surface pressure
signal averaged over the last 50 points (1s equivalent) at the end of the 4s drop (average values from 3.0 to 4.0 s from each surface pressure plot).
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profiles of water P(t)u2) and the standard, 5% acetic acid
in water P(t)sm2), upper and lower profiles, respectively.
Fig. 3Cshows the result of the subtraction of the two pair
of drop profiles in the denominator and the numerator of
Eq. (8) P(Om1 — P(t)am1 and P()mz — P(H)sm2, respec-
tively. The resultant dynamic surface pressure pt@a M1,

for 1500 mg/I casein mixture in 6.0 M GdmHCI/0.1 M phos-
phate buffer at pH 7.2 is seen Kig. 3D. The four drop
profiles fromFig. 3A and Band the surface pressure of the

5% acetic acid standard in water (10.3 dyn/cm) were applied

usingEg. (8)to obtainFig. 3D. In Fig. 3Dis also indicated

E. Bramanti et al./Journal of Chromatography A, 1023 (2004) 79-91

(peak area), dynes min cm™

mean

the [Tmeanvalue, defined as the surface pressure signal aver- - 0 1 2 3 4 5 &
aged over the last 50 points (1 s equivalent) at the end of the A) GdmHCI, mol dm?
4 s drop (average values from 3.0 to 4.0 s from each surface
pressure plot). -
'g B-LG
3.5. Chromatographic conditions c 20. —
grap £ 20 /§ i\
In all the experiments, 3.0 M GdmHCI was kept constant § 154 . o-lac
in the mobile phase in order to prevent casein aggrega- = N o
tion. The elution conditions were the following: 3 min iso- < 10- /
cratic elution followed by 25 min linear salt gradient from % /§
100% high salt buffer (PBS, 1.8 M ammonium sulfate, 3.0 M X 54 /§ q
GdmHCI) to 100% low salt buffer (PBS, 3.0 M GdmHCI) g . I — %
at 20+ 1°C. A flow rate of 0.4 ml/min in the column was T 0l ¢ =t
used. The mobile phase was filtered by a Quibcellulose EE 0 1 2 3 4 5 6

acetate filter (Millipore) and degassed (10 min) before using.

4. Results and discussion

Experiments were initially performed using a FIA-DSTD
system for investigating and optimizing the surface activity
of commercial single standard milk proteins]actalbumin,
B-lactoglobulina-, -, k-casein and a casein mixture, dena-
tured by GAmHCIFig. 4 shows the surface pressure data at
the end of the 4l drop (ITmean Of a-, B-, k-casein (1000,
500 and 1000 mg/l, respectively) and their commercial mix-
ture (500 mg/l) (A) and the two major whey proteins (B),
a-lac (1000 mg/l) ang-LG (1000 mg/l) solutions as a func-
tion of the GAmHCI concentration in PBS 0.1M pH 7.2
employed for dissolving the sample (denaturation curves).

®) GdmHCI, mol dm®

Fig. 4. Surface pressure of milk proteins as a function of increasing
concentration of guanidine hydrochloride. The peak area of FIA-DSTD
data is reported after processing the three-dimensional dalthnas, vs.
elution time plot. (A) Milk caseins in PBS and GdmHCI: (a)casein
1000 mg/l; (b)B-casein 500 mg/l; (ck-casein 1000 mg/l; (d) casein mix-
ture 500 mg/l. (B) Milk whey proteins caseins in PBS and GdmHCI:
B-lactoglobulin 1000 mg/I and.-lactalbumin 1000 mg/l. In both the plots
the data obtained by the injection of the denaturant GdAmHCI in PBS, are
reported (d curve).

greater than fok-casein. This is in agreement with several
studies that indicat@-casein is more surface active than
asi-caseinpgi-casein representing the 80—-85%wtasein
fraction[49,50] No data are available regarding the surface
activity of k-casein. From the literature it is known that

In the same figures the trend of surface pressure signal ofboth a- andp-casein are random-coil type flexible proteins

GdmHCI (d) as a function of its concentration is shown.

with few elements of &- andp-structurg[51] and that they

The surface-active behavior of the two denatured globular experience no conformational constraints to unfold/spread
whey proteins, as the concentration of GdmHCI increases, isat the liquid/air interface. However, the differences in sur-

substantially different than observed for, B- andk-casein.

As the denaturant concentration increasetac andp-LG
increase their surface activity at liquid/air interface. These
data are consistent with literature dftd. As denaturation

of proteins is more effective, typical events occur which
increase their surface activity: unfolding, increased flexibil-

face activity between the two caseins have been ascribed to
different structures, net charge, and mean residue hydropho-
bicity [52]. a-Casein is considered to be more ordered
(~10% a-helix and 20%B-sheet) thanp-casein £7%
a-helix and 13%3-sheet), and whereas it has a net charge
of —21 at pH 7.083-casein is only about13.9 net charge.

ity, exposure of hydrophobic patches. For the caseins, while Also, the mean residue hydrophobicity @fcasein is lower
taking in account their concentration, in the absence of the (1170 cal/mol) than that g8-casein (1330 cal/molp3].

denaturant (native conditions) the surface pressure signal

for B-casein is about twice that af-casein and 8-fold

As the GdmHCI concentration increases, Beasein
surface pressure signal is independent of denaturant



E. Bramanti et al./Journal of Chromatography A, 1023 (2004) 79-91 85

concentrationa- and k-casein show, instead, an increase H'E 20

of their surface pressure signal, reaching a plateau value o

for GAMHCI concentrationsg2.0 M. In the GdmHCI con- § 15

centration range of 2.0-6.0 M the surface pressure signal of Z

a-casein is about the same@gasein; in the same range the g

k-casein surface pressure is one-half of that orf& césein. 2 10+ ]
In Fig. 4B the experimental results obtained for the com- g

mercial casein mixture are reported and compared with g 5+ .

the theoretical trend (dotted line) resulting from the linear 8

combination of thelTnean vValues of the pure milk casein S ol i

constituting the mixture, taking into account that the mix- @ . . . .

ture contains about 49%-casein, 45%3-casein and 6% 0 1 2 3 4
k-casein[44]. It is worth noting that the experimental and
the theoretical curves do not differ significantly, showing an
additive effect ofx-, B- andk-casein to the surface pressure
signal both in native and denaturant conditions.

Following the DSTD calibration procedure described by
Eq. (8)in Section 2the dynamic surface pressure responses
for a-, B-, k-casein and casein mixture solutions were de-
termined.Fig. 5shows the adsorption and diffusion kinetics
at the water/air interface of caseins during the drop time in
native fig. 5A) and denatured conditions (6.0 M GdmHCI,
Fig. 5B), observed at identical sample concentrationy (85
injected).Fig. 5 shows also the kinetics of the commercial
casein mixture (m curve, continuous line) compared with - - - -
the theoretical trend resulting from the linear combination 0 1 _ 2 3 4
of the Mmeanvalues of the pure milk casein constituting the ®) Drop Time, Seconds
mixture, taking into account the mixture composition (dot- rig. 5. pynamic surface pressure plots focaseing-caseinx-casein and
ted line). Again, the good agreement of the two trends shows casein mixture (1000 mg/l) in (A) 0.1M PBS pH 7.2 (native conditions)
an additive effect of the surface pressure of the single ca-and (B) PBS, 6.0M GdmHCI (denaturing conditions).
seins in the mixture.

The change in the surface pressure signal (kinetic sigha-
ture) over the growth of a single drop is attributed to the of differences in their structure, net charge and hydropho-
finite time required for diffusion, adsorption and molecu- bicity [30]. GdmHCI, by breaking hydrogen bonds of the
lar arrangement of the protein at the liquid—air interface, as secondary structures and by the specific binding of Gdm
has been discussed in another st(f¥4]. Despite the sim-  cations[55], changes significantly the characteristics of the
ilar molecular masses af-, 3- andk-casein of 23.5, 24.0  DSTD kinetics due to the flexible polypeptide chainsxef
and 19.0kDa, respectively, the kinetic responses are veryB- andk-casein[56]. An overall increase in detection sen-
different for the three caseins in native conditions, becausesitivity for a- andk-casein is observed.
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Table 1
Results of FIA-DSTD calibration experiments for standard solutions-t#ctalbumin, -lactoglobulin, a-, B-, k-casein and casein mixture in native
(0.1M PBS, pH 7.2) and denatured conditions (0.1 M PBS, pH 7.2, 6.0 M GdmHCI)

Protein Sensitivity (dyn minlecmtmg=1) &+ DS N R Dynamic linear range (mg/l)
B-LG in PBS 0.0016+ 0.0002 5 0.9861 500-1600
B-LG in PBS, 6.0M GdmHCI 0.020@ 0.0005 6 0.9989 300-1000
a-Lac in PBS 0.002°A 0.0003 5 0.9860 800-1800
a-Lac in PBS, 6.0M GdmHCI 0.0112 0.0006 5 0.9950 200-800
«-CN in PBS 0.018+ 0.0003 4 1 300-800
«-CN in PBS, 6.0M GdmHCI 0.01% 0.0004 6 0.9990 300-1200
B-CN in PBS 0.034+ 0.003 6 0.9867 300-1000
B-CN in PBS, 6.0M GdmHCI 0.034- 0.0019 7 0.9923 300-1000
k-CN in PBS 0.007+ 0.0005 4 0.9963 500-1000
k-CN in PBS, 6.0 M GdmHCI 0.026- 0.001 4 0.9970 500-800
CN mixture in PBS 0.03H 0.0007 4 1 300-800
CN mixture in PBS, 6.0M GdmHCI 0.034 0.0012 4 0.9987 400-1000
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45- of detection (LOD) ranges between 0.05-Qdof injected
401 o proteins and 8—30 ng of protein at the DSTD. The mass LOD
35.] g values were calculated as the concentration corresponding
T 30] ? to three times the standard deviation of the background, on
T 25] § the basis of the sensitivity factors reportedTiable 1 On
§ 20 the basis of these results, we can assess that the employ-
2 5] ment of DSTD coupled with GdmHCI as denaturant offers
§ 101 a novel tool for a sensitive detection of proteins utilizing
E 5] 4 surface activity.
ol s The DSTD system has been optimized and success-
0 500 1000 1500 2000 2500 fully coupled to HPLC, specifically HIC, for the selective
) ) determination of surface active proteins in a commercial
(A) B casein concentration, ppm

casein mixture, milk raw samples (cow’s, ewe’s and goat’s
milk) and other diary products (yogurt and stracchino,

54 N mozzarella and parmesan cheese and chocolate cream). A
22 . TSK gel Phenyl HIC column was employed in the presence
. %g ) of 3.0M GdmHCI in the mobile phase buffer. A 3.0M
% 161 GdmHCI concentration was chosen in order to enhance
x 144 . ’ . surface activity while avoiding a substantial increase in
o %(2): viscosity, adsorption phenomena and salt crystallization at
= 8] the capillary tip.Fig. 7A shows a three-dimensional (3D)
I:E 2 plot of the separation of the commercial casein mixture
2] (297.5n0 injected) in a TSK Gel Phenyl HIC column by
0 X , , , , the HIC-DSTD apparatus. In the plot the surface pressure
0 500 1000 1500 2000 2500 values are reported as a function of the drop time and the
(B) o casein concentration, ppm elution time. The data oFig. 7 have been obtained after

_ o _ the subtraction of the baseline 3D data matrix (chromato-
Fig. 6. Calibration plot for surface pressure datapstasein (A) and . . L .
a-casein (B) in PBS (native conditions) (solid circles) and PBS, 6.0 M graphlc run_WIthOUt sa_m_ple m]e_Ctlon)‘ The Same sepgratlon
GdmHCI (denaturing conditions) (open circles). A significant enhancement Of the caseins shown iRig. 7A is presented irFig. 7B in
of the surface pressure ef-casein due to the denaturant is observed. the form of a topographical contour plot. In the contour plot
The peak area of FIA-DSTD experiments is reported after processing thethe higher surface pressures values are depicted as darker
three-dimensional data @3mean vS. elution time plot. shades; the baseline due to the mobile phase is the white

background.

While the growing drop technique is key for the observa-  In Fig. 7Cthe two-dimensional plot of7mean processed
tion of the kinetic response of proteins at air/water interfaces, from three-dimensional data, as a function of the elution
the overall increase in detection sensitivity provided by the time is shown and compared with the typical UV absorbance
employment of protein denaturing agents is a very important chromatogram at 280 nm simultaneously acquired by the
finding for the analytical applications and employment of the diode array absorbance detectbi(. 7D). In particular, the
DSTD as an HPLC detectdrable 1shows the results of cal-  Fig. 7Cwas obtained by averaging along the drop time axis
ibration experiments performed by the FIA-DSTD system the surface pressure over the last 50 points (1s equivalent)
on standard solutions of milk whey proteins and caseins in at the end of each 4s drogTfean defined inFig. 3D)
native (0.1 M PBS, pH 7.2) and denatured conditions (0.1 M and by plotting thelTmean Value versus elution time. De-
PBS, pH 7.2, 6.0 M GdmHCI). Calibration curves have been spite the complex UV chromatograrki¢. 7D) due to the
obtained by plotting the surface pressure data at the end ofco-elution of casein fractions with other unknown inter-
the 4l drop (ITmean (peak area of FIA experiments) as a ferences, both the 3D and the 2D surface pressure plots
function of the concentration of untreated (native) and 6.0 M (Fig. 7A-Q selectively indicate two surface-active compo-
GdmHCI denatured caseirBig. 6 shows, for example, the  nents readily discernible. The two peaks have been assigned
calibration curves o&- andB-casein. From the ratio of the  to - andB-casein by injecting in the same operating con-
slopes of the calibration curves it can be calculated that theditions the standard solutions of the two proteikgCasein
GdmHCI denaturation enhances sensitivity by about 12.5- was not detectable in this mixture due to being at a low
and 4.1-fold for nativgs-LG anda-lac, respectively. Forthe  concentration[43,44] As with the surface pressure plots
caseins, a significant enhancement of 3.7-fold is observed(Fig. 5B) obtained from individual drop profiles, the differ-
only for k-casein. For-casein, however, the employment of ence in surface pressure response between the two caseins is
GdmHCI improves the dynamic linear range. Taking in ac- readily discernible. As discussed above, the measurable sur-
count the flow splitting in the apparatuseify. 1, with only face pressure difference is due to the kinetics of the protein
15% of the effluent delivered to the detector, the mass limit interaction at the liquid—air interface.
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Fig. 7. HIC-DSTD separation of the commercial casein mixture (29d@.Bjected). (A) Surface pressure three-dimensional plot: surface pressure values

are reported as a function of drop time and elution time. (B) Topographical contour plot of the same separafibfea(@¥. elution time plot processed

from three-dimensional data. (D) UV absorbance chromatogram at 280 nm of the same separation acquired simultaneously by diode array detector.
Chromatographic conditions: 3 min isocratic elution followed by 25 min of linear gradient from PBS, 1.8 M ammonium sulphate, 3.0 M GdmHCI to PBS,
3.0M GdmHCI. Flow= 0.4 ml/min.

In addition to the information obtained from eluting well, the two surface active components assigned-tand
chromatographic peaks (i.e., concentration and retentionB-casein. In all the real samples examined both whey pro-
volume), the dynamic surface pressure is obtained for teins anck-casein are not detectable in the surface pressure
each of the eluting analytes. This added selectivity of the chromatogram because of their low concentrafé44]
HIC-DSTD configuration is one of the advantages char- The application of the HIC-DSTD method to diary
acteristic of a good hyphenated system. The selectivity of products clearly shows how this approach provides the
DSTD with respect to UV absorbance detection, for exam- analyst a selective view of the surface-active components,
ple, can provide unique information (i.e., surface activity) of that differ significantly for each sample examined. It is
individual analytes in complex protein mixturdsgs. 8—10 worth noting, e.g., that the number and the concentration
show the HIC-DSTD chromatograms (part A) of cow’s, of surface-active proteins in cow’s, ewe’s and goat’s milk
ewe’s and goat’s raw milk samples, respectively, compared samples Figs. 8-10 are substantially different. In goat's
with the UV absorbance chromatogram at 280 nm (part milk, a-casein component is absent and the eventual detec-
B). HIC-DSTD chromatograms of the other diary products tion of this component in the HIC-DSTD chromatogram of
examined (yogurt, stracchino, mozzarella, parmesan chees@ caprine cheese sample could be directly correlated with
and chocolate cream), not shown here for brevity, present, ashe fraudulent addition of cow’s milk to the more expensive
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Fig. 8. HIC-DSTD of the cow’s milk (diluted 1:10 with PBS, 3.0 M GdmHCI). (Ajmean VS. €elution time plot processed from 3D data. (B) UV
absorbance chromatogram at 280 nm of the same separation acquired simultaneously. Chromatographic conditions: 3 min isocratic elution followed by
25 min of linear gradient from PBS, 1.8 M ammonium sulphate, 3.0 M GdmHCI to PBS, 3.0 M GdmHCI.=Fwml/min.

goat's milk. In more general applications, the detection of instead 4.0 M GdmSCN as in the previous studiEs-45]
the number and concentration of surface active proteins inand that elution buffers contain 3.0 M GdmHCI instead of
real samples can be fundamental for the quality control dur- 8.0 M urea. Since GdAmSCN is the most effective denaturant
ing all the steps of food processing (from the raw materials and solubilizing agent for proteins, it is possible that the
to the processed foodstuff), in pharmaceutical industry and yield of casein extraction from raw samples is lower in this
in environmental chemistry. study with respect to the previous ones. For this reason, the
On the basis of the peak area of the two-dimensional sur- recovery values have to be considered indicative. The effect
face pressure plotdimeanversus elution timekig. 70 and of the denaturant employed in the sample solubilization is
the calibration data reported Fg. 6 andTable 1, the quan- described by the results obtained on ewe’s milk sample for
titative analysis ofx- andp-casein in the commercial casein  which the recovery is higher in the milk sample solubilized
mixture and in the examined real samples was performed.in 4.0M GdmSCN (c sample) instead of 3.0M GdmHCI
Table 2shows a summary of the quantitative results. Re- (b sample). In the particular case of complex food samples
coveries ofa- andB-casein, calculated taking into account such as several diary products (mozzarella, parmesan cheese
their quantitation in the same samples performed in previ- and chocolate cream), the effect of the low recovery of ca-
ous studies by HIG42-45] range between 74 and 105% sein due to the minor solubilization effectiveness of 3.0 M
and 70 and 113%, respectively. It should be noted that the GdmHCI with respect to 4.0 M GAmMSCN is more important,
raw samples in this study are solubilized in 3.0 M GdmHCI showing a recovery of- and 3-casein of about 10%. At
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Fig. 9. HIC-DSTD of the ewe’s milk (diluted 1:10 with PBS, 3.0M GdmHCI). (A)nean VS. €elution time plot processed from 3D data. (B) UV
absorbance chromatogram at 280 nm of the same separation acquired simultaneously. Chromatographic conditions: 3 min isocratic elution followed by
25min of linear gradient from PBS, 1.8 M ammonium sulphate, 3.0 M GdmHCI to PBS, 3.0 M GdmHCI.=F#ml/min.

Table 2
Quantitative results performed by HIC-DSTD, using the peak area values @1 thg, signal vs. elution time and the calibration data frdable 1
Sample BCNJinj [CNIinj [BCN] [«CN] BCN aCN
(mg/)@ (mg/)@ found (mg/l) found (mg/l) recovery (%) recovery (%)
Casein mixture 1334 1554 1276.47 1440 96 93
Cow’s raw milk 915 809 848.53 595.26 93 74
Goat's raw milk 2685 0 1877.65 - 70 -
Ewe’s raw mill® 1761 1608 1525.88 1331.58 87 83
Ewe’s raw mil€ 1761 1608 1985.29 1694.74 113 105
Yogurth 1568 1056 1655.88 900 106 85
Stracchino cheese 2174 2536 2247.06 2363.16 103 93

Chromatographic conditions: HIC TSK Gel Phenyl 5PW columécm x 7.6 mm; 3min isocratic elution followed by a 25min linear gradient from
100% PBS 0.1M pH 7.2, 3.0M GdmHCI, 1.8 M ammonium sulfate to 100% PBS 0.1M pH 7.2, 3.0M GdmHCI.

a Recoveries ofx- and B-casein have been estimated on the basis of the data available in previous studies obtained by HIC analysis in denatured
conditions of the same samplg&3—45]

b The stock solution of the ewe’s milk sample is diluted in 3.0M GdmHCI.
¢ The stock solution of the ewe’s milk sample is diluted in 4.0 M GdmSCN.
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Fig. 10. HIC-DSTD of the goat's milk (diluted 1:10 with PBS, 3.0M GdmHCI). (H)nean Vs. €elution time plot processed from 3D data. (B) UV
absorbance chromatogram at 280 nm of the same separation acquired simultaneously. Chromatographic conditions: 3 min isocratic elution followed by
25min of linear gradient from 0.1 M PBS pH 7.2, 1.8 M ammonium sulphate, 3.0M GdmHCI to PBS, 3.0 M GdmHCI=Rahml/min.

present, the employment of GAmSCN in the mobile phase identification and concentration of surface-active proteins
buffer for HIC-DSTD experiments is in progress. in complex real matrices. This represents a potentially use-
ful approach for the quality control in all steps of food
processing, in the pharmaceutical industry, as well as in
5. Conclusions environmental chemistry.
Although a chromatographic separation is often essential
The DSTD coupled to HIC provides for the selective to solve many analytical problems, the straightforward ap-
determination and quantitation of surface active proteins, plication of FIA-DSTD can in principle give reliable infor-
a- andp-caseins, in complex food mixtures (raw milk and mation, thanks to the selectivity of DSTD, once suitable op-
cheeses). In the specific case of caseins, as they play a kegrating conditions are chosen for the analysis. In the specific
role in dairy industry and as additives in food, paints and case of milk proteins in diary samples, the analysis of the
glues because of their emulsifying properti€s26—29] samples in native conditions, where only caseins are surface
this technique has promise to assist in the evaluation of active, and in denaturing conditions (e.g., 5.0 M GdmHCI),
important properties of raw and processed samples. In morewhere caseirand whey proteins are surface active, could
general applications, in addition to the information obtained provide a fast, quantitative measure of the casein/whey pro-
from eluting chromatographic peaks (i.e., concentration and tein ratio, a fundamental parameter in the basic process of
retention volume), the selective nature of DSTD allows the the preparation of infant formulae from cow’s mil&7].
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The calibration procedure reported herein is an important
step in the evolution of the DSTD, allowing samples to be
utilized in many solvent matrices, using gradient elution,
without changing the standardization step of the calibration.
This improvement makes the hyphenation of DSTD poten-
tially applicable to other HPLC techniques and promising

for the study of surface-active proteins, as well as other sur-

face compounds.
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