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Front-Face Fluorescence Spectroscopy Study of Globular
Proteins in Emulsions: Influence of Droplet Flocculation
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Measurement of the intensity (/uax) and/or wavelength (Auax) of the maximum in the tryptophan (TRP)
emission spectrum using front-face fluorescence spectroscopy (FFFS) can be used to provide
information about the molecular environment of proteins in nondiluted emulsions. Many protein-
stabilized emulsions in the food industry are flocculated, and therefore, we examined the influence
of droplet flocculation on FFFS. Stock oil-in-water emulsions stabilized by bovine serum albumin
were prepared by high-pressure valve homogenization (30 wt % n-hexadecane, 0.35 wt % BSA, pH
7). These emulsions were used to create model systems with different degrees of droplet flocculation,
either by changing the pH, adding surfactant, or adding xanthan. Emulsions (21 wt % n-hexadecane,
0.22 wt % BSA) with different pH (5 and 7) and molar ratios of Tween 20 to BSA (R = 0—131) were
prepared by dilution of the stock emulsion. As the surfactant concentration was increased, the protein
was displaced from the droplet surfaces, which caused an increase in both lyax and Ayax, because
of the change in TRP environment. The dependence of Iyax and Auax On surfactant concentration
followed a similar pattern in emulsions that were initially flocculated (pH 5) and nonflocculated (pH
7). Relatively small changes in FFFS emission spectra were observed in emulsions (21 wt %
n-hexadecane, 0.22 wt % BSA, pH 7) with different levels of depletion flocculation induced by adding
xanthan. These results suggested that droplet flocculation did not have a major impact on FFFS.
This study shows that FFFS is a powerful technique for nondestructively providing information about
the molecular environment of proteins in concentrated and flocculated protein-stabilized emulsions.
Nevertheless, in general the suitability of the technique may also depend on protein type and the
nature of the physicochemical matrix surrounding the proteins.
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INTRODUCTION selection it is important to have a thorough understanding of
Physicochemical properties of oil-in-water food emulsions, the factors that determine interfacial characteristics and to
such as texture, shelf life, and taste, are strongly influenced byunderstand th_e relat|o_nsh|p betw_een |nterfa_C|aI chargcterlsncs
the characteristics of the interfacial membrane surrounding the @nd bulk physicochemical properties. Analytical techniques are
lipid droplets (1—3). These characteristics depend on the type therefore needed to provide information about the properties
and concentration of surface-active molecules in the system,©f emulsifiers in emulsions.
the ability of other components within the system to modify ~ Prévious studies have shown that front-face fluorescence
the interfacial characteristics of the surface-active molecules (e.g.SPectroscopy (FFFS) can be used to noninvasively provide
salts, acids, bases, biopolymers), and the processing treatment§iformation about the molecular environment of proteins in
that the product experiences during its lifetime (e.g. temperature,concentrated emulision8<10), as we discussed in the ac-
pressure, shear forces). The creation of food products with COmpanying paper in which we studied BSA displacement by
desirable physicochemical characteristics depends on the selecd nonionic surfactant using the same technidig.(The major
tion of the most appropriate emulsifier or combination of 2advantage of the FFFS technique is that information about the
emulsifiers for each specific produet7). To make a rational ~ intérfacial composition of the droplets in emulsions can be
obtained directly, without sample preparation, e.g. dilution.
* Corresponding author. The droplets in many food emulsions are flocculated?y,
| Laboratoire d'EtUge des 'frllteraC“OﬂS des MO"?,CUKIES Alimentaires.  which could limit the application of the FFFS technique, because
Laboratoire de Physico-Chimie des Macromolécules. ¢ the spatial distribution of particles within a colloidal dispersion
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The purpose of the present study was therefore to examine the
influence of droplet flocculation on the FFFS signal from
proteins in emulsions, so as to determine whether front-face
fluorescence spectroscopy could be used to provide valuable
information about protein properties in flocculated emulsions.

MATERIALS AND METHODS

Materials. Analytical grade hydrochloric acid (HCI), sodium 0 ‘ ‘
hydroxide (NaOH), Tween 20, amdhexadecane were purchased from 0 50 100 150
the Sigma Chemical Co. (St. Louis, MO). Sodium azide (hahas R (mol/mol)

obtained from Merck Chemicals (Darmstadt, Germany). Powdered BSA _. . )
(Lot 7602E, Fraction V) was obtained from ICN Chemicals Inc, i9ure 1. Dependence of the mean particle diameter (dz) on the
(Aurora, OH). Powdered xanthan gum (Rhodigel Clear 80) was obtained surfac_tant—to-prp_teln molar ratio (R) for 21 wt % n-hexadecane oﬂ-m-water
from Rhodia Pharmaceutical Ingredients (Lyon, France). Deionized émulsions stabilized by BSA. Data are shown for pH 5 and 7 emulsions

water was used for the preparation of all solutiond@ MQ, resistivity, and for pH 5 emulsions to which 1 wt % Tween 20 was added before
MilliQ Water Purification System). making the laser diffraction measurements to disrupt any flocs.
Emulsion Preparation. An emulsion containing 30 wt %n-

hexadecane and 70 wt % BSA solution (5 g/L) as emulsifier was a 70 A
prepared as indicated in the preceding pafid).(The emulsion was 60 R=
divided into two portions and the pH of one portion was adjusted to o0
7.0 (to avoid flocculation) and that of the other to 5.0 (to induce ® 507 =10
flocculation). pH adjustment was carried out using 1 M NaOH and 1 “E’ 40 1 - 131
M HCI solutions approximately 30 min after the initial emulsion left E

. . . S . S 30 7
the homogenizer. The particle size distribution of these emulsions was g

measured after the emulsions had been stored &CZ0r 24 h using 20 1
laser diffraction (Malvern, Worcs, UK) as described earliet)( The
measured mean particle diameters were highly reproduci&y
difference) and are reported as the average of measurements made on
two samples. There was little evidence of droplet flocculation in the 0.1 1 10 100
pH 7 emulsion but extensive droplet flocculation in the pH 5 emulsion.
Preparation of Emulsions with Different Tween 20 Concentra-

Diameter (um)

tions. Emulsions were prepared in which the degree of droplet b 70 - oo
flocculation and the fraction of adsorbed protein was varied by adding

. R . . 60 1 =10
Tween 20 to displace the proteins from the interface and disrupt floc 131
formation. A series of emulsions was prepared by diluting the 30 wt 50 .
% emulsions (pH 5 and 7) with agueous Tween 20 solutions to obtain 1

21 wt %n-hexadecane emulsions with 0.31 wt % BSA and 0—0.76 wt

% Tween 20 in the aqueous phase (molar rafos 0—131). This 30 1 . D&"'e‘ts

procedure was carried out about 1 h after the initial emulsion left the 20 4

homogenizer. These emulsions were stored in a temperature-controlled ¢

environment at 20C for 24 h before further analysis. The results for

the pH 7 emulsion have been fully reported in another padgr (vhich 7 i

focused on the ability of FFFS to provide information about the TRP 0.1 1 10 100
environment of proteins in nonflocculated emulsions. In this paper, we
focus on the pH 5 data and only compare it with the pH 7 data in
order to highlight differences between the behavior of flocculated and Figyre 2. Particle size distributions of 21 wt % n-hexadecane oil-in-water

norFl)roccuIa_ted efméjlsic;n_s. i Dift santhan C emulsions (pH 5) stabilized by BSA with different surfactant-to-protein
reparation of Emuisions with Different Xanthan Concentra- molar ratios (R, see box). Data are shown for emulsions in the (a) absence

tions. Emulsions were prepared in which the degree of droplet 0 .
flocculation was varied, but the fraction of adsorbed proteins was and (b) presence of 1 wt % Tween 20 added before making the laser

unchanged, by adding xanthan gum to induce depletion flocculation. diffraction measurements to disrupt any flocs.

A series of emulsions was prepared by diluting the 30 wt % emulsions

(pH 7.0) with aqueous xanthan solutions to obtain 21 wtn% Free Protein Measurements.Emulsions were centrifuged for 30

hexadecane emulsions with 0.31 wt % BSA areD®04 wt % xanthan min at 1000gto separate them into a cream layer and a serum layer.

in the aqueous phase. This procedure was carried out about 1 h afterThe free protein concentration in the aqueous phase (serum layer) of

the initial emulsion left the homogenizer. These emulsions were stored the emulsions was determined using a modified Lowry mettigq, (

in a temperature-controlled environment at’®0for 24 h before further ~ as reported earlier (11).

analysis.

Crgaming Index. Six grams of emulsion was transferre_d iNto @  RESULTS AND DISCUSSION

plastic test tube and then stored for 24 h at’@0 The total height of

the emulsionsHe) and the height of the droplet-depleted lower layer  Particle Size and Creaming Measurements of Emulsions

(H) w_ere.measured. Thg extent of creaming was chargcterlzed by aContaining Tween 20.The mean particle diameteds) and

Creag'”g.'”dqex:% ‘f:ream'."gz too x h(HL/ He). Thfe dCI‘eTmI;‘Ilg '”dlex_ particle size distribution afi-hexadecane oil-in-water emulsions

ﬁ]r(;\’r: ee;l:?sigﬁc(tl'?)_ormat'on about the extent of droplet flocculation (pH 5) incubated in the presence qf different molar ratios of
Tween 20 to BSA were measureBigures 1 and 2). In the

Front-Face Fluorescence Measurementgront-face fluorescence . . .
emission spectra were measured in duplicate or triplicate using a @bsence of Tween 20, the pH 5 emulsion was highly susceptible

spectrofluorometer (4800C, SLM Instruments, Urbana, IL) from 300 to droplet aggregation, with the mean particle diameter being
to 380 nm with the excitation wavelength set at 290 nm, as described around 5.Gum (Figure 1). The particle size distribution of this
earlier (11). emulsion was bimodal and consisted of particles that were

Volume %
N
o
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Figure 4. Influence of surfactant-to-protein molar ratio (R) on the stability
of 21 wt % n-hexadecane oil-in-water emulsions stabilized by BSA to
centrifugation at 10009 for 30 min.

Figure 3. Influence of surfactant-to-protein molar ratio (R) on the creaming
stability of 21 wt % n-hexadecane oil-in-water emulsions stabilized by
BSA. The height of the serum layer (gray) was measured after the
emulsions were stored for 24 h at 20 °C.

. . . addition of surfactant to the emulsions promoted droplet
considerably larger than those observed in the presence of hlghfloccula'[ion at low levelsR < 20) but retardez flocculation :t

surfactant concentrations (Figure 2). Presumably, aggregation | . .
occurred because at this pH the electrical charge on the dropletshlgh levels R > 20). By contrast, at all surfactant-to-protein

- ratios (R = 0-—131), there was little evidence of droplet
was not large enough to generate a sufficiently strong eIeCtm'floccuIation in pH 7 emulsions1f), as indicated by a mono-
static repulsion between the droplets to prevent droplet ag- P ' y

gregation (2). The particle diameter increased slightly fiem modal particle size distribution, little changedsy (0.974+ 0.05

. ; A ,
= 0 to 7 and then decreased steeply as the surfactant concentr#m)’ an_d goqd creaming Stab'“t_y (creaming incex5%).
tion was increased furtheR(= 7—34). AtR values=> 34 there _Centrifugation and Free Protein Measurements of Emul-
was little evidence of flocculation in the emulsior&gure 1). sions Containing Tween 20 Emulsions were centrifuged at
An increase in droplet flocculation upon the addition of 100Qy for 3Q min to extract t.he|r serum layers for analysis. The
relatively low concentrations of nonionic surfactant has also been PH S @mulsions separated into a cream and a serum layer after
reported in previous studies), where it was attributed to the ~ centrifugation at low R = 0) and high R = 67) surfactant
ability of the surfactant to partially displace the protein and concentrations (Figure 4). However, they separated into three
increase the hydrophobicity of the droplet surface. The decrease/@Yers at intermediate surfactant concentrations: a transparent
in droplet flocculation observed at high surfactant concentrations ©il layer at the top, an opaque cream layer in the middle, and
can be attributed to the ability of the Tween 20 to displace the @ transparent serum layer at the bottdfig(re 4). These results
protein molecules from the droplet surface and form an show that intermediate surfactant concentrations can have an
interfacial membrane that prevents droplet flocculation (1). ~ adverse effect on the coalescence stability of emulsions.
For all R values. the addition of 1 wt % Tween 20 to the Microscopy studies of proteins at planar interfaces have shown
emulsions prior to laser diffraction measurements caused thethat there is a two-dimensional phase separation of the system
mean particle diameter to return to values (1124xm) slightly into a protein-rich and a surfactant-rich region when nonionic
higher than that of the pH 7 stock emulsion immediately after Surfactants are introduced into the systeb6<19). As the
it left the homogenizer (0.98m). This finding suggested that surfgctant concentration is increased, the proteins becqme
the observed increase in particle size was primarily due to restricted to a smaller surface area and form relatively thick
flocculation, because the aggregates could be largely disrupted©910ns of aggregated protein. It would appear that droplets
by surfactant, but that there was some coalescence because ofUrounded by these phase-separated pretirfactant mem-
the small increase in droplet size compared to the original bran_es are more prone to coalescence than droplets surrounded
droplets (Figure 1). In addition, the particle size distribution PY €ither pure protein or pure surfactant membranes. In contrast,
measurements indicated that there was a small number of veryt® PH 7 emulsions separated into two layers after centrifugation
large particles in the pH 5 emulsions at intermediate surfactant & 100@ for 30 min at all surfactant concentrations: an opaque
concentrations (R= 3—46) that could not be broken down by ~créam layer at the top (30%) and a transparent serum layer at
addition of 1 wt % Tween 20 prior to making the laser thebottom (70%)11). Hence, there was no evidence of droplet
diffraction measurements, e.g., $agure 2b for R= 10. These coalescence in emulsions at neutral pH. The origin of this effect
particles were probably large oil droplets formed due to MaY Iqe due to the stronger electrostatic repulsmn between
coalescence (the centrifugation experiments discussed belowemulsion droplets at pH 7 than at pH 5, which would prevent

support this).
After 24 h storage at 20C, a transparent serum layer was
observed at the bottom of the pH 5 emulsions Ro= 0—34

them from coming into close enough proximity to coalesce.

The serum layer collected from the centrifuged emulsions
was analyzed to determine the concentration of nonadsorbed

(Figure 3). The thickness of this layer increased from about protein. The behavior of pH 5 and 7 emulsions was fairly similar
18% to about 40% of the emulsion height as the surfactant (data not shown), suggesting that the ability of the nonionic
concentration was increased frdR= 0 to 13, indicating that surfactant to displace the protein was not particularly sensitive
these emulsions were highly unstable to gravitationally induced to differences in electrical charge or conformation of the protein
creaming (Figure 3). When the surfactant concentration was resulting from pH changes.

increased further, there was a steep decrease in the creaming Fluorescence Measurements on Emulsions and Solutions
index, and at high surfactant concentratioRs>(46) only thin Containing Tween 20.The influence of surfactant concentration
turbid serum layers were formed (creaming inde%%). The on the fluorescence spectra of BSA dispersed in aqueous
data from the creaming experiments therefore supports the datasolutions and in emulsions at pH 5 is showrFigures 5and
from the laser diffraction experiments, which showed that the 6.
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Figure 5. Fluorescence emission spectra of BSA (3.1 g/L water) dispersed
in aqueous solutions (pH 5) containing different concentrations of Tween
20 (R = 0 to 131). An excitation wavelength of 290 nm was used.
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Figure 6. Fluorescence emission spectra of BSA (2.3 g/L emulsion)
dispersed in 21 wt % n-hexadecane oil-in-water emulsions (pH 5)
containing different concentrations of Tween 20 (R = 0—131). An excitation
wavelength of 290 nm was used.
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Figure 7. Dependence of the wavelength of the maximum in the
fluorescence emission spectra (Ayax) on surfactant-to-protein molar ratio
(R) for BSA dispersed in either emulsions or solutions at pH 5.

The wavelength (4ax) of the fluorescence emission maxi-

mum was determined from these specfa(re 7) and were
similar to those observed for pH 7 emulsions and solutiad} (
In the protein solutions, the overall decreaseAjmx with
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Figure 8. Dependence of the increment in the height of the maximum in

the fluorescence emission spectra (Alyax) With increasing surfactant-to-

protein molar ratio (R) for BSA dispersed in either aqueous solutions or

emulsions at pH 5.

environment became more hydrophobic due to surfactant
binding. The similarity of the results with pH 7 experiments
(11) suggests thatyax measurements were not particularly
sensitive to the degree of droplet flocculation in the emulsions.

The height [yax) of the fluorescence emission maximum
were also determined from the spectra of BSA dispersed in
aqueous solutions and in emulsions at pHFig@re 8). The
data are plotted as the difference between the height of the
intensity maximum in the presence and absence of surfactant
(Aluax), to highlight the differences caused by the addition of
surfactant. The results were also similar to those observed for
pH 7 emulsions and solutionX) with the value ofAlyax in
the flocculated emulsions being only slightly higher than that
in the nonflocculated emulsions. The dependencalghx on
surfactant concentration was previously attributed to changes
in the fluorescence quantum yield of the TRP residues caused
by alterations in protein structure, location, or bindiridL).
Aluwax decreases with increasing hydrophobicity, siddgax
tends to increase whetyax increases (with the exception of
the R = 0—20 data in the emulsions). The similarity of the
results with pH 7 experiments suggests that measurements of
Alyax are also not particularly sensitive to the degree of
flocculation of the emulsion droplets.

Measurements in Emulsions and Solutions Containing
Xanthan Gum. The above experiments suggest that the FFFS
technique was not particularly sensitive to the degree of droplet
flocculation in the emulsions. To further examine this hypoth-
esis, we prepared a series of emulsions in which the degree of
droplet flocculation was different, but the protein environment
was the same by adding xanthan gum to induce depletion
flocculation. These emulsions contained 21 wh%exadecane
emulsions and had 0.31 wt % (3.1 g/L) BSA and 0—0.04 wt %
(0—0.4 g/L) xanthan in the agueous phase (pH 7). The particle
diameter of these emulsions was measured after 24 h storage
and found to be the same for all xanthan concentratidips=
1.05+ 0.05um); this is not surprising, since the driving force
for depletion flocculation is decreased by emulsion dilutign (
Nevertheless, we observed extensive creaming in the emulsions
at xanthan concentratiorss 0.047 g/ L, as evidenced by the
formation of a clear serum layer at the bottom of the emulsions
and a turbid cream layer at the tdpidure 9). Emulsions with
xanthan concentrations below this critical flocculation concen-

increasing surfactant concentration suggests that the TRPtration are nonflocculated, whereas those above are flocculated

environment became more hydrophol#€)( probably because

of binding of surfactant molecules to the protein surfe2g)(
In the protein-stabilized emulsions, the increaseljpx at

(22). Nevertheless, we observed no significant chandeiin
(Figure 10) and only a slight increase ifilyax (Figure 11)
when the xanthan concentration was increased from 0 to 0.4

intermediate surfactant concentrations is probably because theg/L, providing support that the FFFS technique is not particularly
TRP environment became more hydrophilic when the protein sensitive to droplet flocculation. The fact thisliuax was slightly

was desorbed from the droplet surfaces. The decreakgain

higher in the pH 5 emulsions than in the pH 7 emulsions in the

at higher surfactant concentrations is probably because the TRPpresence of Tween 20 may therefore have been caused by
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Figure 9. Influence of xanthan concentration on the creaming stability of
21 wt % n-hexadecane oil-in-water emulsions stabilized by BSA. The height
of the serum layer (gray) was measured after the emulsions were stored
for 24 h at 20 °C. Extensive creaming at higher xanthan concentrations
is indicative of depletion flocculation.
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Figure 10. Dependence of the wavelength of the maximum in the
fluorescence emission spectra (Ayax) On xanthan concentration for BSA
dispersed in either emulsions or solutions (pH 7).
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Figure 11. Dependence of the increment in the height of the maximum
in the fluorescence emission spectra (Alyax) on xanthan concentration
for BSA dispersed in either agueous solutions or emulsions (pH 7).

droplet flocculation altering the degree of light scattering. We

observed no significant change Agax (Figure 10) or Alyax

Rampon et al.

dilute, strongly flocculated systemBi¢ure 1). The most likely
reason that droplet flocculation does not have a major impact
on the optical properties of concentrated emulsions is because
the radiation is multiply scattered and that the droplets are
already in fairly close proximity.

CONCLUSION

Previous studies have shown that front-face fluorescence
spectroscopy is a powerful tool for nondestructively providing
information about the molecular environment of proteins in
concentrated oil-in-water emulsions. In this study we have
shown that FFFS measurements are not strongly affected by
the degree of droplet flocculation in the emulsions. Thus, FFFS
can be used to probe the environment of proteins in emulsions
that are both concentrated and flocculated without the need of
any sample preparation. The technique may therefore be suitable
as an on-line monitoring technique for certain applications in
the food industry, e.g. in situ monitoring of the displacement
of proteins from emulsion droplets by nonionic surfactants in
ice cream production.

Finally, we should note that there may be certain systems
where the FFFS technique is sensitive to droplet flocculation,
e.g. if there was an appreciable change in the TRP environment
after flocculation. This situation could occur if the tryptophan
residues of the adsorbed proteins were directed toward the
aqueous phase, rather than being directed toward the oil phase
or buried in the protein interior. Then, TRP residues might move
from a more polar to a less polar environment as a result of
droplet flocculation.
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