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ABSTRACT: Blending of butterfat with canola oil and subse-
quent chemical interesterification modified the crystal morphol-
ogy and X-ray diffraction patterns of butterfat, 90:10 (w/w), and
80:20 (w/w) blends of butterfat—canola oil. The morphology of
50:50 (w/w) was also greatly influenced by interesterification.
Polarized light microscopy revealed that addition of canola
oil led to gradual aggregation of the crystal structure. Scanning
electron microscopy revealed all samples to be mixtures of de-
fined crystalline regions and amorphous areas with greater
amorphism as oil content increased. Most samples revealed seg-
regation of solid from liquid. Confocal laser scanning mi-
croscopy of butterfat revealed complex aggregated structures
that were composed of outwardly radiating filaments from a
central nucleus. X-ray diffraction analysis revealed a predomi-
nance of §’ and a small proportion of B crystals for all samples
examined except interesterified butterfat, which consisted solely
of B’ crystals.
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Germane to a thorough understanding of plastic fat rheology
is a characterization of its microstructure. Plastic fats consist
of a crystal network in a continuous oil matrix. Fat crystals,
which consist of interacting triacylglycerol (TAG) molecules
in an asymmetrical tuning fork geometry (1), exhibit poly-
morphism. TAG with identical fatty acids can show large dif-
ferences in polymorphic behavior (2). The current crystal
polymorph nomenclature, proposed by Lutton (3), consists of
three main forms—a., ', and B. The o-form chain packing is
hexagonal, the §’-form orthorhombic, while the B-form is tri-
clinic (4). Crystal subforms include sub-a, B’1, B2, pseudo-
f’, sub-p, B1, and B2 (5).

Many factors influence lipid crystallization, notably how
the sample is cooled from the melt (rate, initial, and final tem-
peratures), duration of crystallization (e.g., aging), TAG or-
ganization, and fatty acid composition (6,7). Larsson (8)
stated that two factors are involved in the formation of a
three-dimensional crystal structure: effective packing into
unit layers and stacking of these unit layers.
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X-ray diffraction, used to identify crystal polymorphs, is
based on the determination of the long and short spacings of
crystals. The a-form has a single short spacing near 4.15 A,
the p’-form has spacings at 3.8 and 4.2 A or three at 4.27,
3.97, and 3.71 A, but the B-form does not correspond to ei-
ther of these forms and shows a single strong spacing at 4.6 A
(7.9).

Most fats exhibit polymorphism monotropically (10).
When a transition occurs (e.g., from 8" to ), the molecular
chain packing of the TAG becomes less motile, resulting in a
higher melting point.

Two distinct phenomena can be distinguished during fat
crystallization—nucleation and growth (11). In the liquid
state, order can persist at temperatures as much as 40°C above
the melting point of a fat (12). As the temperature is lowered
from the melt, embryonic crystals composed of high-melting
TAG form the initial nuclei (13,14). They must be large
enough to avert dissolution in the liquid portion of the lipid.
As the temperature is decreased, fat crystal solubility in oil
diminishes. Once the initial nuclei have avoided dissolution,
they can catalyze subsequent nucleation.

Compound crystals contain two or more different molecu-
lar species and easily occur in the o form, given the loose mo-
lecular packing. They are not stable and tend to rearrange into
pure crystals (13). The TAG of a mixed crystal will have the
same polymorphic form and will behave as a pure component
(15). Butterfat exhibits extensive mixed crystallization.

Many microscopy techniques are used in the study of fat
crystallization. Polarized light microscopy (PLM) can distin-
guish between solid and liquid phases because crystals are
anisotropic whereas liquid fat is isotropic (16). Scanning elec-
tron microscopy (SEM) permits the study of surface topogra-
phy. Finally, confocal laser scanning microscopy (CLSM) is
a recent microscopic technique that complements both con-
ventional light microscopy and electron microscopy, and has
been used in the study of food emulsions (17,18). CLSM has
improved lateral (x-y) and axial (x-z) resolution over conven-
tional light microscopy without disruption of structure
(17,19).

Many studies on fat morphology found in the literature
have dealt with butterfat or lard. Hoerr and Waugh (20) exam-
ined the microscopic, polymorphic, and baking characteristics
of randomized (chemically interesterified) lard. With PLM,
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they found that rearranged lard consisted of small spherulites
rather than large spherulites in the native lard. Spherulites may
be defined as globular collections of clustered crystals (21).
Wiedermann et al. (22) found that interesterification destroyed
the spherulitic nature of native lard crystal structures. deMan
(23) observed, by using PLM, that the crystal habit of inter-
esterified milkfat was markedly changed from that of native
milkfat. deMan (24) also examined the effects of cooling pro-
cedures on consistency, crystal structure, and solid fat content
of milkfat. More recently, Fairley et al. (25) examined the ef-
fect of time on the crystal morphology of mixtures of tri-
palmitin and butterfat by PLM. They reported that morphol-
ogy did not change greatly in time.

The chemical and physical properties of a fat are linked by
its microstructure. There is no conclusive single theory that
relates all properties of fats. However, cognizance of mi-
crostructure is an essential piece of the fat spread struc-
ture—function puzzle. The objective of the present study is to
assess the morphological modifications of butterfat after
blending with canola oil and chemical interesterification by
means of PLM, SEM, and CLSM.

MATERIAL AND METHODS -

Blend preparation and interesterification. Blend preparation
and chemical interesterification were performed as described
by Rousseau et al. (26). Noninteresterified is abbreviated to
NIE, and interesterified to IE.

Butterfat crystal extraction. Butterfat crystals were ex-
tracted with isobutanol (Fisher, St. Louis, MO). To remove
liquid without solubilizing the solid fat crystals, suspensions
of fat (2-3 g) in isobutanol (1:40) were prepared at 4°C, and
the fat was dispersed with a Tissu-Mizer at low speed. The
mixture was allowed to stand for 24 h at 4°C, after which two
distinct layers appeared. The top layer consisted of liquid oil
and isobutanol while the lower layer consisted of liquid oil,
isobutanol, and solid crystals. The top layer was removed
with a Pasteur pipette, and the lower layer was resuspended
in isobutanol. This procedure was repeated twice. The final
crystal suspension was centrifuged (5000 rpm for 10 min at
5°C). After removal of the supernatant, the solid crystals were
resuspended in isobutanol.

PLM. To prepare the samples for PLM studies, prechilled
viewing slides (Fisher) were prepared by placing a small
amount of the fat on the slide and adding a drop of paraffin
oil (Fisher) to aid in dispersing the sample. A cover slip
(Fisher) was then firmly pressed on top of the slide to remove
excess liquid and air pockets. Visual magnification was 400X,
while photographic magnification was 105x. An Olympus
BH polarized light microscope (Tokyo, Japan), mounted with
a PM-6 35-mm camera, was used. Photomicrographs were
taken on Kodak T-Max 400 ISO film with 30—40-s exposure
times. All manipulations were performed at 4°C. Many sam-
ples were examined, and each photomicrograph represents a
typical field.

SEM. Small amounts of fat blend were placed on pre-
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cooled (4°C) brass blocks, containing prechilled Tissue-Tek
mounting medium, before being transferred to a cryo-
preparation unit. Isobutanol-extracted fat crystals were placed
on precooled (4°C) brass blocks, covered with a Whatman
filter held in place by prechilled Tissue-Tek. The blocks were
plunged into liquid nitrogen slush (—207°C). To obtain a view
of internal sample surfaces, freeze-fracturing was performed
on the frozen sample. No freeze-fracturing was required for
the extracted fat crystals. Sublimation was performed at
—80°C for 30 min to remove any ice crystals that could cover
microstructure. After sublimation, the samples were sput-
ter-coated with 30 nm of gold. Cryo-fixation was used instead
of osmium tetroxide fixation because it allows visualization
of more defined structure (16). Samples were viewed in a
Hitachi (Tokyo, Japan) S-570 SEM maintained at —150
to —170°C. Accelerating voltages of 5 to 15 kV were used
with magnifications ranging from 500 to 10,000x. An
aperture of 50 mm was used with a condenser lens current
setting of 5. Photographs were taken on Ilford FP4-Plus
film. The images shown were typical for all samples
examined.

CLSM. To prepare the samples for CLSM studies, pre-
cooled (4°C) viewing slides (Fisher) were prepared by plac-
ing a small amount of the butterfat on the slide. A drop of Nile
Blue stain was then placed on the sample and mixed with a
precooled spatula. A cover slip (Fisher) was then firmly
pressed on top of the slide to remove excess liquid and air
pockets.

Nile Blue stain was used to negatively stain butterfat crys-
tals. This stain contains a protonated oxazine base, oxazone,
and a free oxazine base. This lipophilic stain diffuses into the
oil phase of a sample and generates a deep yellow fluores-
cence (18). Solid fat does not fluoresce.

The Bio-Rad MRC-600 (Mississauga, Ontario, Canada)
series laser scanning confocal microscope with a
krypton/argon mixed gas laser was coupled with a Nikon Op-
tiphot microscope (Tokyo, Japan). A Nikon plan-apo 60/1.4
oil immersion lens with a 10x eyepiece was used for a visual
magnification of 600x. The immersion oil was nonfluoresc-
ing. The laser intensity was 3%, and the confocal aperture
was at setting 3. Both the gain setting and black level were at
settings 5 or 6.The images were recorded, processed, and an-
alyzed by using the software provided with the MRC-600
CLSM.

X-ray diffraction (XRD) spectroscopy. The polymorphic
modifications of the NIE and IE butterfat and 90:10 and 80:20
butterfat-canola oil blend fat crystals were determined by
powder XRD with a 601 Diffractis X-ray generator and a
Guinier XRD camera, model FR 552 (Enraf-Nonius, Delft,
Holland). The instrument was fitted with a copper X-ray tube.
The sample holder was a 1-mm flat stainless-steel plate with
a rectangular opening in the middle. Samples were held in
place with clear adhesive tape. The film used was Kodak
P100, and measurements were performed at 5°C (maintained
by a circulating waterbath). An Enraf-Nonius Guinier viewer
was used to estimate the distance between diffraction lines on
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the film to evaluate the short spacings. Samples were solidi-
fied for 24 h at 5°C.

RESULTS AND DISCUSSION

PLM. Both blending of canola oil and chemical interesterifi-
cation substantially altered the crystal morphology of butter-
fat. Figure 1A shows the noninteresterified butterfat (NIEBF)
crystal network after 1 d of crystallization. A dense network
of spherulites and ill-defined needles with no discernible reg-
ular pattern was visible. Most structural elements measured
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10-25 um in size. Figure 1B reveals that the interesterified
butterfat (IEBF) crystal network was composed of spherulites
of varying density, measuring ~15 um, with a lacy network
of small crystals. These results agree with the results of
deMan (23), who found that milkfat interesterification caused
a decrease in crystal size. The spherulites were structurally
weak; slight agitation led to their dismemberment (27). Addi-
tion of 10% canola oil to butterfat (NIE90:10) resulted in a
dilution of the butterfat structure with no substantial change
in morphology (Fig. 1C). Fewer large crystals were visible,
with only a few irregularly shaped aggregates present. Small

FIG. 1. Polarized light microscopy photomicrographs of samples tempered 24 h at 5°C. A, noninteresterified butter-
fat; B, interesterified butterfat; C, noninteresterified 90:10; and D, interesterified 90:10. The bar represents 25 pm.
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needles, measuring only a few microns in size, comprised
most of the crystals. Chemical interesterification of the 90:10
blend (IE90:10) (Fig. 1D) resulted in a morphology similar to
that of IEBF.

Addition of 20% canola oil generated substantial morpho-
logical changes for the NIE80:20 blend, and the crystal net-
work consisted of large and dense spherulites ~20 um in size.
Interesterification of the 80:20 blend (IE80:20) led to larger,
more loosely packed spherulites, which measured ~30-40 pm
in size. Small, disordered platelets were also discernible
(Fig. 2B, inset), a commonality of chemically IE fats (28).

D. ROUSSEAU ET AL.

The NIES0:50 blend (Fig. 2C) was composed of small
spherulites only 5-10 pym in diameter. The interesterified
sample (IE50:50) contained fewer crystals. At the magnifica-
tion used, these crystals lacked structure and measured only a
few microns in size.

The presence of canola oil substantially influenced the
crystal morphology of butterfat. Because canola oil does not
crystallize at temperatures above approximately —10°C (29),
it will not be directly involved in any kind of crystallization
with the butterfat. Other mechanisms must have come into
play. Given that canola oil is ~90% C,, it may have a slightly

FIG. 2. Polarized light microscopy photomicrographs of samples tempered 24 h at 5°C. A, noninteresterified 80:20;

]

B, interesterified 80:20; C, noninteresterified 50:50; and D, interesterified 50:50. The bar represents 25 pm.

JAOCS, Vol. 73, no. 8 (1996)
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higher hydrophobicity than butterfat. The difference in aver-
age chainlength between the butterfat and canola oil can pos-
sibly explain the patterns observed. During crystallization,
canola oil TAG would not be easily interspersed among crys-
tallizing butterfat molecules. Therefore, the formation of
spherulites would be more likely.

In a perfect crystal, the surface free energy is close to
zero. An increase in imperfection results in an increase in
free energy. Larger crystals have lower surface energy
compared with smaller crystals (20). Crystal aggregates have
even lower surface energy (30). This phenomenon, known as
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Ostwald ripening, is evident in Figures 1 and 2. The migration
of crystals to form aggregates was most likely facilitated by
the addition of canola oil because less solid fat is present to
impede migration toward other crystals.

The presence of small crystals between large spherulites
may be evidence for sintering, the formation of solid bridges
in narrow gaps of fat crystal networks (31). Sintering is a
form of strong adhesion created by the crystallization of a fat
phase with a melting point between that of the oil phase and
the crystal.

SEM and CLSM. Figure 3 shows the structure of NIEBF

FIG. 3. Photomicrographs of butterfat tempered for 1 or 8 d at 5°C. A, Scanning electron microscopy (SEM), nonin-
teresterified butterfat (NIEBF), 1 d; B, SEM, NIEBF, 8 d; C, SEM, interesterified butterfat (IEBF), 1 d; D, SEM, IEBF, 8
d; E, confocal laser scanning microscopy, NIEBF, 8 d; and F, SEM, isobutanol-extracted NIEBF, 8 d. The bar repre-

sents 25 ym for 3A-3E and 5 pm for 3F.
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and IEBF tempered for 1 or 8 d at 5°C. Figure 3 (A~-D and F)
were produced by SEM and Figure 3E by CLSM.

The surface structure of butterfat after 1 d of crystalliza-
tion (Fig. 3A) was poorly defined. High magnification (pho-
tomicrograph not shown) showed that the visible ridges were
structured but not well ordered. Tempering for 8 d (Fig. 3B)
revealed extensive mottling, indicative of crystal growth.

IEBF after 1 and 8 d of crystallization (Fig. 3, C and D,
respectively) was comparatively more structured than NIEBF.
After 8 d of crystallization, the surface of IEBF (Fig. 3D) was
more finely detailed than the surface of NIEBF. This may

D. ROUSSEAU ET AL.

be due to greater recrystallization in the NIEBF compared
with [EBF.

Figure 3E reveals a cross-sectional view of a butterfat ag-
gregate by CLSM. The image suggests a well-resolved den-
dritic structure of the butterfat with a visible microstructure
in the submicron range. The large aggregate measured 90 pm
x 70 um and consisted of 3—4 different component aggregates
within the main structure. From all groups, wispy filaments
emanated from a central nucleus with extensive branching. It
is quite possible that this branching was responsible for the
formation of crystal bridges between different aggregates.

FIG. 4. SEM photomicrographs of blends tempered for 1 or 8 d at 5°C. A, 1E90:10, 1 d; B, IE, 90:10, 8 d; C, NIE,
80:20, 8 d; D, IE, 80:20, 8 d; E, NIE, 50:50, 1 d; and F, IE, 50:50, 1 d. The bar represents 25 pym. See Figure 3 for

abbreviations.
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The interacting aggregates may suggest how larger aggre-
gates form. Clear areas between the aggregates, in which only
liquid oil was visible, may have arisen due to steric hindrance
or may have represented areas in the initial stages of sinter-
ing. Figure 3F shows an isobutanol-extracted butterfat crys-
tal. As with the CLSM results, a central nucleus was visible
with outwardly radiating arms. The structure appeared as an
oblong spherulite. While the isobutanol-extracted crystal and
the CLSM images are on different scales, definite similarities
are evident because both structures have a dense, well-defined
nucleus with tenuous crystalline matter surrounding the cen-
tral region.

Figure 4 shows the surface structure of various samples
examined by SEM. Figure 4 (A and B) show the NIE90:10
blend after 1 and 8 d of tempering, respectively. Structure in-
creased from day 1 to day 8. Figure 4 (C and D) show
NIE80:20 and IE80:20 after 8 d of tempering, respectively.
Surface structure was different for both blends. In the nonin-
teresterified blend, a definite segregation of liquid and solid
was visible that was not visible in the interesterified equiva-
lent. Figure 4 (E and F) show NIE50:50 and IE50:50, respec-
tively, after 1 d of tempering. Both samples appeared equally
detailed but contained different structure. The NIE50:50
blend showed a relatively smooth surface, whereas the
IE50:50 blend (Fig. 4F) revealed segregation of spherulitic
agglomerates.

Figure 5A shows a high magnification view of NIE90:10
after 8 d of crystallization, while Figure 5B shows a close-up
of butterfat structure after 8 d of crystallization. The NIES0:10
blend presented an extensive, haphazardly arranged structure.
In Figure 5B, there appears to be layering in the butterfat crys-
tal structure. This phenomenon was explored in great detail by
Precht and Buchheim (32) who examined the fine structure of
butter by transmission electron microscopy (TEM). While
there was a 100-fold difference in scale between the present
work and the work of Precht and Buchheim (32), there is an
evident layering pattern visible in both studies. This shows
that the repeating layer order in the structure may be partly re-
sponsible for the structure of three-dimensional crystal net-
works and seems self-similar in nature.

The examples of the effect of tempering and composition
shown here represent an accurate cross-section of all exam-
ined specimens. The spherulites observed in the PLM pho-
tomicrographs were also present in the SEM equivalents;
however, they were embedded in the solid-liquid matrix. This
effect is particularly evident for the IE50:50 blend (Fig. 2D
vs. Fig. 4F) and the IE90:10 blend (Fig. 1D vs. Fig. 4A).

During the cryo-preparation with liquid nitrogen, the cool-
ing was rapid enough to prevent the formation of noticeable
crystals in the liquid oil. This minimized the formation of ar-
tifacts, created upon freezing, because the liquid oil is solidi-
fied in an amorphous fine structure, void of detail. Jewell and
Meara (33) observed the same phenomenon with cryo-fixed
samples of lard and shortening when viewed with TEM.

For all samples examined, tempering was meticulously
controlled. Even with identical tempering, great variations in
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FIG. 5. Higher magnification scanning electron microscopy photomi-
crographs of blends tempered for 8 d at 5°C. A, NIEBF, 8 d; and B, NIE,
90:10, 8 d. The bar represents 10 pm. See Figures 3 and 4 for abbrevia-
tions.

morphology were apparent among all samples. Thus, the fatty
acid and TAG composition were responsible for the variations
in microstructure. Different proportions of canola oil, followed
by randomization, resulted in different final morphologies. A
more random TAG distribution resulted in a less organized
structure as exemplified in both PLM and SEM results.

XRD spectroscopy. Table | details the polymorphic modi-
fications engendered by blending and chemical interesterifi-
cation. Other extremely weak bands appeared but were not
considered in the final analysis. The XRD data reveal that
most samples were combinations of ” and [ crystals. Natural
butterfat consisted primarily of B crystals with a small pro-
portion of B crystals, indicated by a weak spacing at ~4.6 A
Interesterification of butterfat resulted in the removal of the
band at 4.6 A. Woodrow and deMan (34) and Timms (35)
both reported XRD results for NIE and IE milkfat. Natural
milkfat had strong short spacings at 3.8 and 4.2 A, indicative
of B’, plus a weak short spacing at 4.6 A, indicative of the B
polymorph. After interesterification with sodium-based cata-
lysts, the short spacing at 4.6 A had disappeared.

Replacement of 10% (w/w) butterfat with canola oil in-
creased the relative intensity of the band at 4.6 A, indicating a
higher proportion of B content. Interesterification of the 90:10

JAOCS, Vol. 73, no. 8 (1996)
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TABLE 1

Polymorphic Forms and Short Spacings (A) of Noninteresterified (NIE)
and Interesterified (IE) Butterfat and 90:10 and 80:20 Blends

with Canola Oil?

Short spacings (A)

Blend 4.6 4.2 3.8 3.7 Polymorph
NIEBF 4.62w 4.19s 3.80m  3.75w F>B
NIESO 4.57w 4.19s 3.80m 3.717w B'>B
NIESO 4.60w 4.23s 3.83m — B>B
IEBF — 4.22s 3.80m — p’
IE90 4.57vw 4.21s 3.81m — B >B
IE8O 4.57w 4.24s 3.80m — B>

AIntensities: v, very; w, weak; m, medium; s, strong.

blend generated {3 crystals with the appearance of a weak band
at4.6 A only in small proportions. The reappearance of B crys-
tals in the interesterified 90:10 blend is possibly due to lack of
variety in chainlength. A means of stabilizing the B’ modifica-
tion is to have TAG with varying chainlengths. As stated by
Larsson (30), variations in chainlength result in a more disor-
dered packing near the methyl end regions, leading to less
chance of a tightly knit crystal lattice. Because  crystals have
the most ordered structure, a decrease in chainlength variety
will increase their likelihood. For both NIEBF and NIE90:10,
a weak band at ~3.73 A was present, indicative of a possible
crystal subform. Both 80:20 blends contained larger amounts
of B crystals than the 90:10 blends. The increased canola oil
content led to an increase in B content.

The crystal polymorph has primordial importance for final
product consistency and acceptability. Smaller crystals lead
to firmer fat products, whereas larger fats give a sense of
sandiness in the mouth. Incorporation of large amounts of lig-
uid oil increases the tendency of the desirable B’ polymorphic
form to convert to the f§ form (36). In the production of but-
terfat—canola oil spreads, preserving the B’ form would be es-
sential to avoid a sandy mouth feel.

Structure and polymorphic form. Van den Tempel (37) sur-
mised that the structure of a fat crystal network consisted of
an assembly of chains, each chain being an assembly of a lin-
ear array of closely aligned particles. The chains were con-
sidered to be branched and interlinked to form a three-dimen-
sional network, with liquid fat filling the voids. Unfortu-
nately, this theory did not successfully account for the
nonlinear dependence of rheological phenomena, such as
yield stress and elastic modulus, on the proportion of solid
fat. Fat crystal networks are now viewed as composed of hap-
hazardly interlinked aggregates (38). Network properties de-
pend on the elastic nature of the individual aggregates
(39,40).

Examination of Figures 1 and 2 reveals aggregated struc-
ture for many samples. This aggregation behavior represents
reality in terms of network structure.

B-Crystals are considered the most stable crystal poly-
morph (3). In the examined samples, as the proportion of oil
increased, so did the presence of B-crystals. Microstructurally,
aggregation in the form of spherulites became more pro-
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nounced. Aggregation behavior was also more apparent in the
IE samples than in the NIE samples. IEBF was devoid of -
crystals, yet demonstrated substantial aggregation. Thus, ag-
gregation in fat crystals cannot be readily explained by poly-
morphic form. Other factors, such as viscosity of the liquid
phase, composition, and tempering must have come into play.

At a cursory level, this study has shown that microstruc-
ture is heavily influenced by blending and chemical inter-
esterification, and that polymorphism and microstructure are
not directly linked.
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