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� Identification of measurable
structural hierarchy levels of
crystalline lipids.

� Mechanistic understanding of lipid
crystallization from molecule to bulk
material.

� Shear rate dependent lamellar height
distribution of lipids.

� Morphology-rheology correlation
using polarized light microscopy and
laser diffraction spectroscopy.

� Topography of crystal clusters and
crystallites using scanning electron
and atomic force microscopy.
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The crystallization behavior of lipids is relevant in many fields such as adipose tissue formation and
regeneration, forensic investigations and food production. Using a lipid model system composed of tria-
cylglycerols, we study the formation of crystalline structures under laminar shear flows across various
length scales by polarized light-, scanning electron-, and atomic force microscopy, as well as laser diffrac-
tion spectroscopy. The shear rate during crystallization _ccryst influences the acyl-chain length structure
and promotes domain growth into the flow direction thereby transforming the crystallites from oblate
into prolate particles. Concentration dependent aggregation of crystallites into clusters is the rate limiting
step for floc and floc network formation. At high _ccryst , fast crystallite cluster formation at smaller equi-
librium diameters is promoted. The high crystallite cluster concentration induces their aggregation into
flocs which form weak networks. At low _ccryst , floc generation is limited by the low amount of crystallite
clusters leading to slow growth of larger flocs and forming of strong networks. The findings in this work
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Aggregation
have potential implications ranging from the design of injectable soft tissue fillers for adipose tissue
regeneration, to the crystalline network formation in microorganism derived lipids, up to a more
energy-efficient production of chocolate confectionery.
� 2022 The Authors. Published by Elsevier Inc. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Crystalline triacylglycerols (TAGs) belong to the lipid substance
group and are omnipresent in nature playing an important role in
the stabilization of multiphase systems such as emulsions [50,15]
and foams,[35,34,36,38] the energy storage of mammals [39],
plants [26] and microorganisms [14], the surgical removal of adi-
pose tissue [51], injectable soft tissue fillers for adipose tissue
regeneration [8], forensic investigations [55], and drug delivery
systems [5]. TAGs with high content of saturated fatty acids (SFAs),
commonly named fats, are used in packaged and fast foods, per-
sonal care as well as cosmetic products due to their high function-
ality originating from the crystalline phase [16,54,58,42,30]. In
case of African oil palm (Elaeis guineensis Jacq.) derived TAGs, the
low apparent production cost and hence high demand has led to
severe deforestation in tropical regions [58,7]. Furthermore, the
intake of TAGs with high amount of SFAs has been associated with
cardiovascular diseases in humans [42,30,16,54]. Consequently,
recent studies focused on replacing TAGs with high SFA content
with other lipids [42,30,16,54]. However, the replacements usually
lead to different organoleptic experiences leading to low consumer
acceptance [25]. Therefore, for future replacement strategies it is of
great importance to understand the crystal structure of TAGs with
SFAs. The crystalline structure of TAGs has been investigated inten-
sively by X-ray diffraction (XRD) revealing the short- and long
spacing of the TAG alkyl-chains [10,27,24], which are characteristic
for specific polymorphic forms [52,53]. Several studies have corre-
lated the polymorphic form of TAGs with their macroscopic bulk
properties such as their viscosity, shear and elastic modulus
[37,3,11,40], the spreadability of margarine [53], and in case of
cocoa butter even with the snap, gloss and organoleptic properties
of chocolate [9,56,12,25]. For tripalmitin (TP), the characteristic
short spacing values of the b-polymorphic form (b-TP) are 0.37,
0.385, and 0.46 nm [21,22,19,27]. The long spacing of b-TP, which
mirrors the distance between methyl end groups of the
alkyl-chains [31,22], originates from a double chain length (DCL)
structure [28] as depicted in Figure S1. Reported b-TP long spacings
range from 3.2 to 4.8 nm, which has led to much controversy
regarding the existence of b sub-modifications [21,22,19,13,10,
27]. The different b sub-modifications are characterized by their tilt
angle s as shown in Figure S1. Reported values for the b-TP tilt
angle vary from 44 to 75� [62,19,13,31]. The tilt angle s can be
calculated for triclinic DCL b-triaclyglycerols: [19]:

s ¼ arcsin
3d001

nþ n0ð Þcs ð1Þ

where d001 is the b long spacing,n0 a constant of 6.62,n the total num-
ber of C-atoms in the acyl-chains and cs the subcell period along the
acyl-chain of 0.2545 nm equal to the distance between 3 C-atoms
in the alkyl-chain [47]. Calculating the tilt angle for b-TP with d001 =
4.03–4.07 nm [22] and n = 48, we get s = 60–61�. Another calculation
method was proposed in Marangoni & Wesdorp [31, Chapter 1]:

s ¼ 90� arccos
d001 bð Þ
d001 að Þ ð2Þ
732
where d001 bð Þ = 4.06 nm [10], d001 að Þ = 4.56 nm [10] leading to
62.9�. Zdravkova & Van der Eerden [62] measured thethickness of
a b-TP monolayer by AFM to be 3.3 � 0.1 nm, resulting in s =
43.8–47.3�.

Despite the vast literature on TAG crystal polymorphic form,
nano- and microstructure, relatively little studies investigated
the morphology of the formed crystalline structures across multi-
ple length scales from singe lamellae to aggregated flocs
[32,47,49,1,2,17,46,44]. No standard procedure exists to character-
ize the morphology of crystalline TAGs across different length
scales. Consequently, this study investigated the crystallization of
tripalmitin (TP) in medium-chain triacylglycerol (MCT) oil under
defined shear- and supercooling rates in a Couette geometry. The
TP-MCT oil system was previously shown to be monotectic under
rapid formation of b-polymorphic TP crystals and was therefore
suited as a model system for TAG crystallization [34]. Rotational
shear rheometry enabled the TP-MCT melt crystallization at
defined shear rates. Polarized light microscopy (PLM), laser diffrac-
tion spectroscopy (LDS), scanning electron microscopy (SEM), X-
ray diffraction (XRD), and atomic force microscopy (AFM) were
applied to investigate the size and morphology of the formed crys-
talline structures at different length scales as illustrated in Fig. 1.
The nomenclature of the hierarchical structure proposed in Fig. 1
was adapted from previous studies [57,1,2,29,30]. The spacing
between the alkyl-chains of the crystalline TAG molecules (short
spacing) is accessible by XRD. The acyl-chain length structure is
accessible by AFM and XRD, where XRD measures the projection
of the acyl-chain (long spacing) and AFM the actual lamellar thick-
ness. AFM determines domain dimensions composing a crystallite.
The domain is also refered to as ”nano-platelet” or ”primary crys-
tal” and domain height was previously calculated using the Scher-
rer equation [2,1]. The 3D crystallite morphology is determined by
AFM, whereas the 2D crystallite dimensions are imaged by SEM.
On the crystallite cluster level, SEM gives detailed morphological
as well as qualitative size information. LDS measures statistically
relevant size information and PLM gives a qualitative estimation
of crystallite cluster size which is essential to classify the LDS
results. Floc morphology and qualitative size are assessed by
PLM, whereas quantitative size information is acquired by LDS.
The aggregation of flocs into a network can be qualitatively
assessed by PLM and quantitatively by rheological measurements.
This holistic approach allows to identify suitable methods for each
TAG structural hierarchy level and offers new insights on the effect
of shear flows on TAG crystal formation.
2. Materials and Methods

MCT oil purification: Purification of a medium-chain triglyc-
eride (MCT) oil (C10:C8 = 30:70, BASF, Myritol 318) was per-
formed with the Florisil� adsorbens (MgO�SiO2, 100–200 mesh,
Sigma Aldrich) to remove polar contaminants such as mono- and
diacylglycerols as well as free fatty acids as described by Bergfre-
und et al. [4]. 40 g of Florisil� adsorbens were mixed with 1000 g
of MCT oil and gently stirred overnight. The MCT oil was then fil-
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Fig. 1. Measurement method allocation with the hierarchical structure of crystalline TAGs. XRD, AFM, and TEM[1,2] measure the long spacing or lamellar thickness. AFM
measures the domain dimensions in 3D. AFM and SEM measure the crystallite dimension in 3- and 2 D, respectively. SEM, LDS, and PLM visualize individual crystallite
clusters. LDS and PLM yield quantitative or qualitative information on floc size. PLM gives qualitative insight into the aggregation of flocs into a network. The bulk crystalline
TAG (fat) is visible by the naked eye. The nomenclature of the hierarchical structure was adapted from previous studies [1,2,29,30,57].
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tered and centrifuged at 15000 g before carefully harvesting the
supernatant.

Dissolution into purified MCT oil: 1 mol% glycerol tripalmitate
(tripalmitin, TP) (807.3 g/mol, purity P98.5, Acros Organics) was
dissolved into purified MCT oil (C10:C8 = 30:70, BASF, Myritol
318) at 90 �C and gently stirred for 10 min to create a TP-MCT melt.

Crystallization and rheometry: A shear rheometer (MCR 302,
Anton Paar, Graz, Austria) equipped with a CC27 Couette system
was used. The Couette was pretempered to 60 �C before the TP-
MCT melt was poured at 90 �C into the gap between rotor and sta-
tor. The TP-MCT melt was equilibrated 10 min at 60 �C applying
the same shear rate as used for the subsequent isothermal crystal-
lization step. After the equilibration step, a cooling step was
applied to reach 20 �C at 5 �C/min. Once the 20 �C were reached,
an isothermal crystallization step was performed for 60 min to cre-
ate a TP-MCT crystal-melt suspension (CMS). The crystallization
shear rates _ccryst applied were 100, 101, 102, and 103 s�1. After the
isothermal crystallization step was complete, a shear rate ramp
from 0.3 to 1000 s�1 was conducted with 5 steps per decade and
a measurement time of 2 s per step.

Laser diffraction spectroscopy: The LS13 320 laser diffraction
particle size analyzer (Beckman Coulter, Brea CA, USA) with a uni-
versal liquid module was applied. As a continuous phase Hydriol�

SOD.24 (Hydrior AG, Wettingen, Switzerland) was used. The TP-
MCT CMS was introduced into the liquid module directly after
the isothermal crystallization step and pumped in a loop through
the scattering chamber. The pump speed of the LDS device was
set to 60% and the diffraction pattern was measured during 90 s.
The diffraction pattern was interpreted using the Fraunhofer
model. Polarization intensity differential scattering (PIDS) data
was included. At least 3 true replicates were performed and
averaged.

Light microscopy: Polarized light microscopy (PLM) (Leica
DM6, Leica Microsystems AG, Heerbrugg, Switzerland) was used.
A TP-MCT CMS drop was poured directly after the isothermal crys-
tallization step on a microscopy slide, covered with a cover glass
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and analyzed. Sonicated samples were tip sonicated in the Couette
cell at 200 W and 24 kHz during 10 s with a Hielscher UP200S (Tel-
tow, Germany) before being dropped on the microscopy slide. The
microscopy room was temperature controlled to 20 �C.

Crystal harvesting: After the isothermal crystallization step,
the TP-MCT CMS was poured on a vacuum filter with a 1 lm reten-
tion glassfibre filter (693, VWR international GmbH, Dietikon,
Switzerland) connected to a 200 mbar vacuum pump. The resulting
filter cake was harvested and rinsed with 20 �C ethanol before
being filtered a second time with the same filter type. The filter-
cake was harvested dried for 3 h at 20 �C and 200 mbar to remove
excess solvent.

Atomic force microscopy: The harvested crystals (15 mg) were
mixed with 5 ml ethanol that was pre-cooled to �20 �C in the free-
zer. The dispersions were tip sonicated to break up crystallite clus-
ters and promptly dropped (100 ll) onto freshly cleaved,
unmodified mica. The excess liquid was immediately blown away
with pressurized air without a rinsing step to prevent dissolution
of the tripalmitin crystallites. The imaging was performed on a
Bruker Icon 3 AFM in tapping mode at a scan rate of 0.4 Hz and
at a resolution of 1024x1024 lines. The raw images were flattened
and analyzed with the Bruker Nanoscope software. The thickness
of the lamellae was measured by fitting the following asymptotic
equation on each z-step:

z x; yð Þ ¼ A1 þ A2 � A1ð Þ
1þ 10 log xy0½ ��xyð Þp ð3Þ

where z denotes the position along the z-axis, xy the position in the
xy-plane, A1 the bottom and A2 the top asymptote, p the slope of the
curve, and log[xy0] the center of the step. The lamellar thickness
was then calculated as A2 � A1. OriginPro 2021 (OriginLab Corpora-
tion, Northampton, USA) was used for the fitting.

Scanning electron microscopy: As described above the har-
vested crystals were mixed with �20 �C ethanol at a concentration
of 3 mg/ml. Subsequently, the suspensions were either vortexed
for 30 s to examine crystallite clusters or tip sonicated according



Fig. 2. (A) The viscosity and temperature as function of time for 1 mol% TP in MCT
during crystallization at _ccryst = 100, 101, 102, and 103 s�1. Every curve represents the
mean value of 9 replicates. Raw data was reduced by averaging 5 adjacent data
points. (B) The viscosity as function of shear rate for 1 mol% TP in MCT directly after
isothermal crystallization in (A) had been completed. Every curve represents the
mean value of 3 replicates.
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to the AFM protocol to break up crystallite clusters and resolve the
single crystallite morphology. A 102 ml droplet of the suspensions
was deposited on freshly cleaved mica as already done for the AFM
sample preparation. The mica was then carbon coated with pulse
vaporization by means of carbon filament (CCU-010, Safematic
GmbH, Zizers, Switzerland). A vacuum below 10�5 mbar was
applied to deposit carbon films with a layer thickness per pulse
of about 0.9 nm amounting to a total layer thickness of 5 nm.
The carbon coated micas were then transfered to the SEM (ESEM
Quanta FEG650, Thermo Fisher, Waltham, USA) onto a cooled Pel-
tier stage at 1 �C. A vacuum of 0.6 mbar was applied. A field emitter
(Schottky-emitter) with an electron acceleration voltage of 5 kV
was used at a distance of 9–11 mm of the sample surface. A large
field detector and concentric backscatter detector were used to
capture secondary as well as reflected electrons.

Differential scanning calorimetry: A differential scanning
calorimeter (DSC 3+, Mettler Toledo GmbH, Greifensee, Switzer-
land) was used to investigate the melting behavior of the harvested
TP crystals. For each sample, triplicates were measured. Sample
weight was 5 � 0.2 mg for every triplicate. Samples were weighted
into 40 ll aluminium crucibles (Mettler Toledo GmbH, Greifensee,
Switzerland) that weighed 50.49 � 0.2 mg. Heat flow at a given
temperature was evaluated using the STARe-Software (SW 8.1,
Mettler Toledo GmbH, Greifensee, Switzerland). Peak positions
were identified using the peak finder function of the OriginPro
2021 software (OriginLab Corporation, Northampton, USA).

X-ray diffraction: An X-ray diffractometer (D8 advanced, Bru-
ker GmbH, Karlsruhe, Germany) was used to characterize the sam-
ples in this study. The diffractometer radiation source was Cu-Ka1
with a wavelength of k = 0.15406 nm and Ebeam = 40 keV. Samples
were rotated but not tempered during analysis. A step size of 0.02�
was chosen for the scans betwen 2h = 5 and 40�. Duplicates were
measured. For the scans between 2h = 1 and 7�, a step size of
0.00395� was chosen. Quadruplicates were measured. Peaks were
analyzed using the OriginPro 2021 software (OriginLab Corpora-
tion, Northampton, USA). Firstly, the baseline of the peaks was cal-
culated by asymmetric least square smoothing and then
subtracted. Then the peak positions were identified using the peak
finder function. The full width at half maximum (FWHM) was cal-
culated using a Gaussian fit.

Statistical analysis: The y-error bars depicted in Fig. 4 are cal-
culated standard deviations s of the sample using the following
equation:

s ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN
i¼1

xi � xð Þ2
vuut : ð4Þ

where x is the mean of the entire sample population, and N the
number of replicates.

The z-steps presented in Fig. 6(F) and 7(F) were determined
using non-linear curve fitting. The orthogonal distance regression
iteration algorithm without weights was used. The adjusted R2

was > 0.99 for all fits. The fitting parameters A1;A2; p, and log
[xy0] were tested with a two-tailed t-test. For A1;A2, and log[xy0],
Prob>—t— was rejected at a = 0.05. For p, Prob>—t— could not be
rejected at a = 0.05 in 8 (Fig. 6(F)) and 13 (7(F)) cases.
3. Data availability

The data presented in this article is available at https://doi.org/
10.3929/ethz-b-000523967 or https://www.research-collection.
ethz.ch/handle/20.500.11850/523967. The profiles used to identify
the z-steps for the histograms presented in Fig. 6(F) and 7(F) are
available via the same link.
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4. Results

The TP-MCT system was crystallized by dissolving 1 mol% TP in
purified MCT oil at 90 �C resulting in a TP-MCT melt. The melt was
transferred into a rheometer equipped with a Couette geometry at
60 �C. The TP-MCT melt was cooled to 20 �C, corresponding to a
supercooling temperature DT = 10 �C [34], at 5 �C/min applying
crystallization shear rates _ccryst of 100, 101, 102 and 103 s�1 thereby
forming a TP-MCT crystal-melt suspension (CMS). During the cool-
ing and subsequent isothermal holding step, the viscosity at the set
_ccryst was recorded. The results are displayed in Fig. 2(A). During the
cooling step, no difference between the varying _ccryst is apparent
due to the Newtonian flow behavior of the pure melt. Reaching
the isothermal holding step, the curves start to diverge depending
on the applied _ccryst indicating the formation of a crystal network.
All curves reach a first plateau after the cooling step is completed,
followed by a second plateau during the isothermal crystallization.
The transition time from the first to the second plateau as well as
the plateau height is decreased with increasing _ccryst . The decreased
transition time from first to second plateau indicates the acceler-
ated formation of a crystalline network and its stable spatial
arrangement. The decreased plateau heights indicate non-
Newtonian flow behavior. To compare the rheology of the gener-
ated TP-MCT CMSs, a shear rate ramp was conducted directly after
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the isothermal crystallization step. Fig. 2(B) shows the viscosity of
the produced TP-MCT CMSs as function of the shear rate _c. For all
TP-MCT CMSs an initial strong decrease of the viscosity between _c
= 0.1 and 3 s�1 (Zone I) is apparent. For TP-MCT CMSs produced at
_ccryst = 100 and 101 s�1, a weak viscosity decrease between _c = 3 and
1000 s�1 (Zone II) follows the initial strong decrease. The initial vis-
cosity decrease depends strongly on the shear rate applied during
crystallization _ccryst . With increasing _ccryst , the viscosity decrease in
Zone I is less pronounced due to the reduced network formation of
the crystalline structures during the isothermal crystallization per-
iod. The weak viscosity decrease in Zone II is related to a further
deaggregation process of the network forming crystalline struc-
tures into smaller units leading to the release of entrapped liquid
continuous phase, which reduces the effective crystal volume frac-

tion Ueff
SFC and consequently leads to a drop in viscosity [61]. The

reduction of Ueff
SFC as function of the applied _c has been desribed

previously [61,48,60,59]. To allocate the formed crystalline struc-
tures to the nomenclature proposed by Tang & Marangoni [57] as
illustrated in Fig. 1, polarized light microscopy (PLM) was
performed.

Fig. 3(A-D) show PLM images of TP-MCT CMSs taken directly
after the isothermal crystallization at different _ccryst was com-
pleted. Additional images are displayed in Figure S2. For _ccryst =
100 and 101 s�1, large brush-like flocs aggregate into networks.
Increasing _ccryst to 102 s�1, large brush-like flocs as well as smaller
spherical flocs are visible. The large flocs disappear for highest _ccryst
= 103 s�1, where exclusively small spherical flocs are apparent. To
visualize the single clusters and flocs, the TP-MCT CMSs were tip
sonicated during 10 s. Fig. 3(E-H) shows the same samples as dis-
played in Fig. 3(A-D) after tip sonication. For _ccryst = 100, 101, and
102 s�1 the sonication step has not only deaggregated the flocs
but also partially disrupted the crystallite cluster aggregates within
the flocs. Consequently, loosely packed flocs with similar size and
packing density are apparent. Highest _ccryst of 103 s�1 produced sig-
nificantly smaller single flocs as well as single crystallite clusters.
The images presented in Fig. 3(A-H) confirm the rheological find-
ings: The main viscosity drop in Zone I is related to the disruption
of the floc-floc bridges between the brush-like flocs, which are
responsible for network formation. With increasing _ccryst , less
floc-floc bridges are present after isothermal crystallization and
hence the initial viscosity drop is less pronounced. The viscosity
Fig. 3. TP-MCT CMS PLM images obtained after isothermal crystallization at crystallizatio
after crystallization (A-D) or additionally tip sonicated before imaging (E-H).
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drop in Zone II is due to the partial disruption of the flocs into crys-
tallite clusters thereby releasing liquid continuous phase and
reducing Ueff . For TP-MCT CMSs produced at _ccryst = 102 and 103

s�1, the absence of the viscosity drop in Zone II is due to smaller
spherical flocs, which are more resistant to deaggregation under
shear flows. To obtain quantitative data on floc size and increase
the spatial resolution to measure crystal cluster size, laser diffrac-
tion spectroscopy (LDS) was performed.

Fig. 4(A) shows the representative diameter x90;3 of the floc and
cluster size of the TP-MCT CMSs as function of the crystallization
shear rate _ccryst with and without tip sonication prior to analysis.
For TP-MCT CMSs without sonication, the LDS data confirms the
findings from the PLM images both qualitatively as well as quanti-
tatively. Up to _ccryst of 102 s�1, the diameter of the diffracting crys-
talline structure remains almost constant between 150 and 175
lm before dropping to 60 lm at _ccryst = 103 s�1. Judging from the
PLM images, this size corresponds to one brush-like or spherical
floc indicating that the flow regime in the LDS channel exceeds
the required shear rate of 3 s�1 to break up floc-floc bridges. Taking
into account the size density distributions as shown in Fig. 4(A)
and Figure S3, the strong drop of x90;3 at _ccryst = 103 s�1 is due to
an increasingly multimodal distribution indicating that apart from
flocs, also crystal clusters are present. To exclude that the drop in
x90;3 at _ccryst = 103 s�1 is related to polymorphic changes, XRD and
DSC measurements were conducted as shown in Figure S4. Regard-
less of the applied _ccryst , the b-polymorphic form is present. TP-MCT
CMSs measured after tip sonication show lower x90;3 for all inves-
tigated _ccryst compared to the unsonicated samples. This indicates
that the loose flocs present after sonication are completely deag-
gregated into crystallite clusters and remain deaggregated in the
flow regime of the LDS measurement. A steady decrease of the
crystallite cluster size from 77 to 36 lm with increasing _ccryst is
apparent. This gradual decrease was not expected, judging from
the PLM images where the crystallite clusters of _ccryst = 100, 101,
and 102 s�1 appear similar in size. However, the density distribu-
tions in Fig. 4(B) show that for _ccryst = 100 s�1 a slightly multimodal
distribution prevails originating from not completely deaggregated
flocs. Regardless of the multimodality, a decrease in mean crystal-
lite cluster size is evident judging from the shift of the main peak
towards lower diameters for increasing _ccryst . From the findings in
Fig. 4, we deduce that the acting shear stresses are gradually
decreasing crystallite cluster size while decreasing the floc size in
n shear rates _ccryst of 100, 101, 102, and 103 s�1. Samples were either directly imaged



Fig. 4. (A) The volume weighted 90th percentile diameter x90;3 of TP-MCT CMSs after
isothermal crystallization at crystallization shear rates _ccryst of 100, 101, 102 and 103

s�1 measured by LDS. Samples were either directly measured after crystallization or
additionally tip sonicated. (B) The LDS density distribution q3 of TP-MCT CMS
crystallized at _ccryst = 100, and 103 s�1. Samples were either directly measured after
crystallization or additionally tip sonicated. The curves in (A) and (B) represent the
mean value of 3 replicates and the indicated error bars were calculated according to
Eq. .4.
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a threshold-like manner. This can be explained by displaying the
formation of crystallite clusters and flocs as coupled reactions:

C�
k1

k�1

CC�
k2

k�2

F ð5Þ

where C is crystallite-, CC crystallite cluster-, and F floc concentra-
tion. Assuming that the system is not limited by nucleus formation
[45] and that k2 � k1, k1 > k�1, and k2 > k�2 and that the activation
energy Ea is smaller than the thermal energy kBT for both reactions,
the rate determining reaction rate will be k1 which describes the
aggregation of the crystallites into crystallite clusters. From Eq. 5,
we deduce that for _ccryst = 100 and 101 s�1, k1 is still the rate limiting
step and consequently the aggregation of crystallite clusters into
flocs has not reached complete equilibrium during the isothermal
crystallization step. For every deaggregated floc, many more are
aggregating. Hence, below _ccryst = 102 s�1 the equilibrium floc size
can not be reached due to the lack of crystallite clusters. At _ccryst =
102 and 103 s�1, k1 � k2, which means that k1 is no longer the rate
limiting step and that there is an equilibrium between crystallite
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cluster and floc formation. This is in accordance with Fig. 2(A),
where the second viscosity plateau for TP-CMS crystallized at _ccryst
= 100 s�1 is not completetly reached and for _ccryst = 101 s�1 the pla-
teau has just been reached after the isothermal crystallization step.
For _ccryst = 102 s�1, the second plateau is reached after � 35 min and
for _ccryst = 103 s�1 after � 20 min. Hence, for _ccryst P102 s�1 the mea-
sured floc size corresponds to the equilibrium floc size at the corre-
sponding _ccryst . The equilibrium crystallite cluster/floc diameter xeq
is calculated using the Capillary number Ca, which describes the
ratio of viscous forces and the bonding forces within a particulate
agglomerate [6,20]:

xeq ¼ Cacr
g _c

ð6Þ

where Cac is the system specific critical Capillary number for crys-
tallite cluster/floc break-up and r the interfacial tension. Conclud-
ing the LDS results, the difference between the gradual decrease
of crystallite cluster size compared to the abrupt decrease of floc
size results from the rate limiting step of crystallite cluster forma-
tion. The increasing shear rate during crystallization _ccryst reduces
the activation energy Ea for crystallite cluster and floc formation
due to the increased likelihood of encounter. This increases crystal-
lite cluster formation and subsequent aggregation into flocs
enabling both reactions to be at equilibrium. At equilibrium, the
shear stresses acting on the crystallite clusters/flocs is decreasing
the equilibrium diameter according to Eq. 6. To confirm the order
of magnitude of the crystallite cluster size as function of _ccryst , scan-
ning electron microscopy (SEM) was performed.

Fig. 5 shows SEM images of TP-MCT CMSs crystallized at (A-B,E-
F) _ccryst = 100 s�1 and (C-D,G-H) _ccryst = 103 s�1 without (A-D) and
with (E-H) sonication prior to deposition on the mica. Fig. 5(A-B)
show crystallite clusters crystallized at _ccryst = 100 s�1 where the
longest dimension lies between 30 and 80 lm. The clusters vary
in size and number of single crystallites composing the cluster.
Fig. 5(C-D) show crystallite clusters crystallized at _ccryst = 103 s�1

where the longest dimension lies between 10 and 40 lm. Less vari-
ability in cluster size and number of single crystallites composing
the cluster is apparent. Furthermore, single crystallites with high
aspect ratios are visible. The SEM images confirm the findings pre-
sented in Fig. 4 regarding the impact of _ccryst on crystallite cluster
size both qualitatively and quantitatively. Fig. 5(B) shows a large
and loosely aggregated crystallite cluster resulting from the low
shear stresses acting at _ccryst = 100 s�1. Fig. 5(D) shows a small
and densely packed crystallite cluster formed at the high acting
shear stresses at _ccryst = 103 s�1. From the strongly aggregated crys-
tallite clusters, it is difficult to distinguish the single crystallites. To
visualize the individual crystallites composing the clusters, a son-
ication step was introduced before imaging. The results are dis-
played in Fig. 5(E-H). At _ccryst = 100 s�1, oblate crystallites, where
the length and width have similar dimensions ranging from 3 to
15 lm are apparent. Small discrete domains are visible on some
crystallites. They vary in shape, size and position with respect to
the crystallite. For _ccryst = 103 s�1, oblate and prolate crystallites
are apparent. The prolate crystallites show an aspect ratio > 1,
whereas the width and length of the oblate crystallites are almost
equal. The largest dimension of the crystallites ranges from 1 to 8
lm. Fewer and less discrete small domains are visible on the crys-
tallites compared to crystallites produced at _ccryst = 100 s�1. The dif-
ference in size and morphology between crystallites formed at _ccryst
= 100 and 103 s�1 can be explained by calculating the Peclet num-
ber (Pe) acting on a crystallite with a given diameter x at a given
shear rate _c [33]:

Pe ¼ _c
Dr

¼ _cpgx3

3kBT
ð7Þ



Fig. 5. SEM images of the harvested TP crystalline phase after isothermal crystallization. The crystalline phase was either suspended in ethanol without sonication (A-D) or
suspended in ethanol and tip sonicated (E-H) prior to imaging. A, B, E, and F were crystallized at a shear rate _ccryst of 100 s�1 and C, D, G, and H crystallized at a shear rate _ccryst
of 103 s�1.
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where Dr is the rotary diffusivity, kB the Boltzmann constant, T the
temperature, and g the viscosity of the fluid surrounding the crys-
tallite. At Pe = 10, particle orientation can be assumed [23]. Solving
Eq. 7 for x using Pe = 10 and _c = 100/103 s�1, we get xPe10 = 1.0 lm
and 110 nm, respectively. However, during nucleation, only crystal
nuclei reaching a critical diameter xc will grow further [33]. Follow-
Fig. 6. AFM (A-B) height and (C) amplitude image of a crystallite isolated from TP-MC
function of the xy-plane of the indicated red lines in (A-B), respectively. (F) shows the hi
mean step size = 4.08 nm, a minimum step size = 2.38 nm, a maximum step size = 5.4
growth and domain propagation into a crystallite at _ccryst = 100 s�1.

737
ing the calculations of Mazzanti et al. [33] as shown on page S6 and
S7 of the supporting information, we get a critical diameter xc of
55 nm. Combining the critical diameter for orientation xPe10 and
the critical diameter for nucleus growth xc , we gather that at _c =
103 s�1 the crystallite nucleus does not experience the shear flow
field until at least 1 dimension reaches 110 nm. The dimension
T CMS isothermally crystallized at _ccryst = 100 s�1. (D-E) are the z-axis readings as
stogram of the z-step size indicated in (E). A total of 69 steps were evaluated with a
3 nm, and a median step size = 4.10 nm. (G) The proposed mechanism of nucleus
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exceeding 110 nm will be oriented in the shear flow field. After ori-
entation, crystallite growth in the x-axis (direction of the flow field)
leads to less drag compared to growth in the y-axis (direction of
vorticity) or in the z-axis (direction of shear gradient). At _ccryst =
100 s�1, the crystallite nucleus does not experience the shear flow
field until at least 1 dimension reaches 1.0 lm. Hence, from the gen-
eration of the nucleus with a critical diameter xc of 55 nm, undi-
rected growth is possible until at least one dimension reaches 1.0
lm, before the shear flow field orients the crystallite. As a result,
the crystallite experiences directed growth at a later stage and the
drag increase by growth into the y-axis is significantly reduced
leading to crystallites of oblate rather than prolate shape. From
the SEM images we cannot accurately determine the height (z-
axis) of the imaged crystallites. The z-axis of the crystallites is
expected to experience the strongest decrease with increasing
_ccryst due to its lowest probability of growth into the shear gradient
direction. To investigate the height profile of the formed crystallites,
atomic force microscopy (AFM) was employed.

Fig. 6 shows the AFM (A-B) height and (C) amplitude image as
well as (D-E) selected cross sections and (F) a histogram of the z-
step size in a crystallite isolated from a TP-MCT CMS crystallized
at _ccryst = 100 s�1. Figure S5 depicts additional height and amplitude
images as well as cross sections of other crystallites produced at
_ccryst = 100 s�1. Figs. 6(A,C) show an oblate crystallite with a height
of 1 lm and similar width and length of 3–4 lm with 3 distin-
guishable domains based on the height information. Fig. 6(D)
shows a domain height of 400–800 nm. Looking closer at a single
Fig. 7. AFM (A-B) height and (C) amplitude image of a crystallite isolated from TP-MCT C
plane of the indicated turquoise lines in (A-B), respectively. (F) shows the histogram of the
= 4.3 nm, a minimum step size = 2.40 nm, a maximum step size = 6.30 nm, and a media
propagation into a crystallite at _ccryst = 103 s�1.
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domain, discrete step sizes are measurable as shown in Fig. 6(B,
E). Evaluating the step size of 69 z-steps, a z-step size histogram
as shown in Fig. 6(F) is deduced. The mean step size is 4.08 �
0.74 nm.

Fig. 7 shows AFM (A-B) height and (C) amplitude image as well
as (D-E) selected cross sections and (F) a histogram of the lamellar
step size in a crystallite isolated from a TP-MCT CMS isothermally
crystallized at _ccryst = 103 s�1. Figure S6 depicts additional height
and amplitude images as well as cross sections of other crystallites
produced at _ccryst = 103 s�1. Figs. 7(A,C) show a prolate crystallite
with a height of 800 nm, a width of 1.0–2.0 lm, and a length of
6 lm. Figs. 7(A,C) allow to differentiate 3–4 domains based on
the height information. Fig. 7(D) shows a domain height of 100–
300 nm. Looking closer at a single domain, discrete step sizes are
measurable as shown in Fig. 7(B,E). Evaluating the step size of 63
z-steps, a z-step size histogram as shown in Fig. 7(F) is depicted.
The mean step size is 4.3 � 0.84 nm. The morphological informa-
tion on the crystallites produced at _ccryst = 100 and 103 s�1 teach
that with increasing _ccryst the domain height and width decreases,
while the domain length increases converting the oblate crystal-
lites formed at _ccryst = 100 s�1 to prolate crystallites at 103 s�1. How-
ever, the total height of the crystallites is similar for _ccryst = 100 and
103 s�1, showing that the crosssectional crystallite area perpendic-
ular to the flow direction is more important than absolute height.
The acting shear flow field does not primarily affect overall crystal-
lite height, but domain height, width, and length such that the
overall crosssectional area perpendicular to the flow direction is
MS crystallized at _ccryst = 103 s�1. (D-E) are the z-axis readings as function of the xy-
z-step size indicated in (E). A total of 63 steps were evaluated with a mean step size
n step size = 4.25 nm. (G) The proposed mechanism of nucleus growth and domain
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minimized. From the findings presented in Figs. 6(A,C,D) and 7(A,C,
D) we suggest a mechanistic model of crystallite growth as dis-
played in Figs. 6(G) and 7(G): Firstly, the initial flat cylindrical
nucleus with a critical diameter of xc = 55 nm and a height of
approximately 4.5 nm is formed. The nucleus grows until one
dimension reaches the critical length for orientation xPe10. This
dimension is streamlined parallel to the x-axis. Growth takes place
mainly in the x-axis but also in the y-axis and eventually in the z-
axis. The z-axis propagation is always less favorable compared to
the y-axis propagation, since more additional drag is created. As
soon as the length scale in the z-axis has reached xPe10, a new
domain will be formed. The new domain will have a reduced cross
sectional area (reduced height and width) in the zy-plane, such
that additionally created drag is minimized. The growth of the
cross sectional area in the zy-plane creates a shear microgradient
as observed in thrombus formation [41]. At the edges of the new
domain, high shear rates act, whereas in the x-axis downstream
direction of the domain low shear rates are prevalent. The slip-
stream creation of the new domain promotes propagation in the
x-axis. Consequently, new domain formation depends highly on
the _ccryst magnitude inducing overall crystallite drag reduction
[43] and generation of shear micro gradients [41]. Not only does
the shear flow field affect domain propagation, but also the TP
acyl-chain length structure as illustrated in the z-step size profile
and size histogram presented in Figs. 6(E,F) and 7(E,F). The mean
z-step size of 4.08 and 4.30 nm corresponds to the lamellar thick-
ness hlamella judging from the previously reported b-TP d001 long
spacing of 4.03–4.09 nm [21,22,27,10] and from the b-TP d001

XRD peaks shown in Figure S7. The measured hlamella is higher com-
pared to the d001 long spacing as a result of the triclinic crystal
structure as illustrated in Figure S1. The difference between
hlamella and d001 is approximately one C-C bond length dC�C amount-
ing to approximately 0.15 nm [18] as illustrated in Figure S1. From
the mean hlamella the acyl-chain tilt angle s is calculated as:

s ¼ 90� arccos
hlamella bð Þ � dC�C bð Þ

d001 að Þ ð8Þ

where d001 að Þ = 4.56 nm [10]. Solving Eq. 8 for s yields 59.5 and
65.5� for b-TP crystallized at _ccryst = 100 s�1 and _ccryst = 103 s�1,
respectively. The values of s are in good agreement with the values
proposed by previous studies [31,13,19]. The histograms presented
in Figs. 6(F) and 7(F) show that the lamellar thickness hlamella and
consequently s are not constant but distributed around a mean
value. The distribution around the mean value depends on _ccryst:
While Fig. 6(F) shows an asymmetric distribution with an abrupt
decrease towards increased lamellar thicknesses as expected,
Fig. 7(F) shows a symmetric z-step size distribution. The symmetric
z-step size distribution points towards a modified DCL structure
enabling a denser packing of the TAG molecules. The more densely
packed DCL structure at high shear rates explains the increased
peak melting temperature and broadened melting peak as well as
the more prominent diffraction peak at 2h = 19.8 observed in Fig-
ure S4(A,D,E). Similar findings have been reported by Kellens et al.
[21] for b-TP crystallized either indirectly from the a-polymorph
or directly from solvent and by Stuart et al. [55] for TP crystallized
at 101 and 103 s�1. Solvent crystallization yielded higher melting b-
TP which was ascribed to an improved three dimensional order of
the crystal. From the findings presented in Fig. 6 and 7, the influ-
ence of shear flow field on the domain propagation and conse-
quently on the acyl-chain length structure is elucidated. The
domain propagation is governed by the overall drag reduction and
the domain growth in the slipstream. Depending on _ccryst , the slow
or rapid domain propagation leads to less or more densely packed
DCL structures reflected by the diffraction and melting behavior
of the b-TP crystallites.
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5. Conclusion

The crystallization of lipids in laminar shear flows is a complex
multiscale process which requires specific methods for each struc-
tural hierarchy level. We show how to characterize each structural
level with the appropriate method for a model lipid composed of
tripalmitin in MCT oil and derive a mechanistic understanding of
the crystallization process. The impact of shear forces is quantified
on all structural levels starting from the acyl-chain length structure
to the aggregation of flocs into networks. At high crystallization
shear rates _ccryst , the reduction of drag and the generation of micro
gradients causing slipstreams are responsible for the formation of
prolate crystallites with denser packed doube chain length (DCL)
structures. At low _ccryst , oblate crystallites with less densely packed
DCL structures are formed. Irrespective of _ccryst , the crystallites
aggregate into spherical clusters with similar diameters. The _ccryst
determines the aggregation rate of the clusters into flocs and the
equilibrium diameter of the flocs. At high _ccryst , clusters are formed
rapidly and aggregate into small flocs forming weak networks. At
low _ccryst , clusters form slowly and are therefore aggregating into
large flocs which form strong networks.

Although further work is required to quantify nucleus growth
and alignment in situ, our study offers both qualitative and quanti-
tative ways to reconstruct the journey of a single TAG molecule
crystallizing in laminar shear flow. We identified the morphology
determining mechanism on each structural hierarchy level. This
opens new possibilities to measure and control the structure for-
mation of crystalline TAGs leading to the facilitated development
of novel lipids with reduced SFA content but identical organoleptic
properties compared to high SFA lipidscontributing to a healthier
and more sustainable diet.
6. Supporting Information
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� Schematic drawing of the double chain length (DCL) arrange-
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