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Abstract

Lipid nanoparticles (LNP) based on triglycerides containing high amounts of the amphiphilic lipid lecithin have been proposed
as a promising alternative drug delivery system with regard to drug loading capacity. Aim of the present study is to evaluate
the influence of lecithin within the lipid matrix (LM) on the crystallization behavior by thermoanalysis and wide angle X-ray
diffraction (WAXD). The crystallinity of LM and LNP is mainly determined by the triglyceride content. However, lecithin
influences the crystallization behavior significantly. WAXD shows an accelerated polymorphic transition of the LM to the
B-modification upon storage with increasing lecithin content. Both, the melting point and the crystallization temperature are
not affected by the lecithin concentration and are comparable to recrystallized triglyceride bulk. However, the crystallinity
indices (CI) of LM show a general decrease by 10% suggesting an incomplete crystallization. For the formation of LNP at
least 10% lecithin is necessary and all systems are present in theStatadification. In comparison to the undispersed LM,
the crystallization temperature of LNP is significantly decreased by abo@ @hereas the melting point is reduced by about
5°C only. Melting enthalpy is comparable to the untreated triglyceride bulk and elevated in comparison to the undispersed LM.
Isothermal heat-conduction microcalorimetry (IMC) enables the determination of crystallization kinetics after fitting of the heat
flow volume according to the Avrami equation.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction
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1992 and Miller (Muller and Lucks, 1996developed servation of the crystallization process was employed
in the early nineties solid lipid nanoparticles (SLN) and compared to differential scanning calorimetry
to overcome burst release and drug leakage from na-and X-ray diffraction in order to establish IMC as an
noemulsions. SLN are in the submicron size range and additional method for the observation and analysis of

consist of physiological lipids predominately triglyc-
erides. The standard production method for SLN
preparation is melt-emulsification preferably by high
pressure homogenization avoiding organic solvent an
allowing large scale production. So far, a wide variety
of drugs such asretinol, prednisolone, doxorubicin, etc.
have been successfully incorporated into SKdalli
etal., 1993; Mehnertetal., 1997; Jenning et al., 2000a
However, for most drugs the payload is low because of
the crystalline structure of the lipid matrices and drug
expulsion is observed upon storagllgstesen et al.,
19973. Drug expulsion is attributed to a reduction
of amorphous regions in the carrier lattice due to
polymorphic transitionsJenning et al., 200Qb
Triglycerides, the matrix constituent of most
SLN, show a complex polymorphic behavior and can
crystallize in three basic polymorphic forms termed
alpha ), beta prime ') and beta ). Polymorphic
transformations are monotropic and take place from
o to B’ to B, the last one being the thermodynamically
stable polymorph. In addition, most triglycerides espe-
cially complex triglyceride mixtures like suppository
bases exhibit an intermediate crystal forfg)(that is
located betweef’ andp (Larsson, 1966; Hagemann,
1989. According toSiekmann and Westesen (1994)
andBunjes et al. (1996he melting and crystallization
properties of colloidally dispersed triglycerides differ
significantly from those of their bulk materials.
Concerning the final product, particle solidification
and crystallization after melt homogenization must

crystallization processes.

d 2. Materials and methods

2.1. Materials

Softisaff 154 (S154), also called “hydrogenated
palm oil’, was a gift from CONDEA (Witten, Ger-
many). It is a triglyceride mixture of natural, hydrated,
even chained and unbranched fatty acids, about 97%
are palmitic and stearic acid, with a melting point of
circa 55—60'C. Phospholipofi 90 G (P90G) provided
by Phospholipid (KIn, Germany) is a purified, deolied,
and granulated soy lecithin with a phosphatidylcholine
content of at least 90%. Thimerosal was purchased
from Sigma-Aldrich (Seelze, Germany). Soltol
HS15 (SOL), a nonionic solubilizer for injection solu-
tions consisting of polyglycol mono- and diesters of 12-
hydroxystearic acid and of about 30% of free polyethy-
lene glycol, was supplied by BASF (Ludwigshafen,
Germany). Water was used in bidistilled quality.

2.2. Preparation of lipid matrices (LM)

S154 and P90G were weighted into sealed contain-
ers. The ratio of P90G in the binary mixture was varied
between 0% and 50% (w/w). The mixtures were stirred
with a Teflon coated magnet at 70 until a transparent
yellow solution was obtained. The solution was stirred
at room temperature until solidification.

be ensured to obtain a sustained drug release and

stable product. Recently,
on solidified reverse micellar solutions (SRMS)
offering higher drug loading capacities compared to

nanosuspensions based2.3. Preparation of lipid nanoparticles (LNP)

The basic formulation, if not mentioned otherwise,

conventional triglyceride matrices have been proposed is composed of 15% LM, 3% Soluf®IHS15 (SOL)

as an alternative drug delivery systeFRriédrich and
Muller-Goymann, 2008

The objective of this work is to consider the
effects of phospholipid incorporation within the
triglyceride matrix on the melting and crystallization
behavior of both lipid matrices and lipid nanoparti-

and 82% of an 0.005% thimerosal solution in bidis-
tilled water (all w/w). All components were weighted
into sealed containers and heated up t6G0Then hot
preemulsions were produced by using an Ultra Tiffrax
(Ika, Staufen, Germany) at 13,000 rpm for 5min. The
hot preemulsions were homogenized at a pressure of

cles and to observe and analyze the crystallization 1000 bar and a temperature of about®’60with an
process time-dependently. Isothermal heat-conduction EmulsiFleX®-C5 (Avestin, Ottawa, Canada) high pres-

microcalorimetry (IMC) as a tool for the in situ ob-

sure homogenizer for 20 cycles. Afterwards the dis-
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persions were allowed to recrystallize subsequently at an empty reference crucible. Heating curves were
room temperatureMuller and Lucks, 1996 LNP are recorded with a scan rate ofP&/min from 20°C to
named according to the lecithin content of the respec- 85°C. For analysis of the recrystallization process sam-
tive LM indicating in brackets the lecithin ratio of the ples were heated up to 88 as described before, kept
respective LM, e.g. LNP(20) if LM(20) was used as 15 min at 85°C and then cooled down to 2C with a

lipid matrix. cooling rate of C/min.
The crystallinity index (Cl) was calculated from the
2.4. Particle size measurement heat of fusion according to Eq4.) and (2)}o determine

the degree of crystallinity of lipid matrices and of LNP
Laser diffraction was used to determine the particle (Sjiekmann and Westesen, 1994

size (PS) and particle size distribution of systems with a

Cliipid matrix (%) =

enthalpy (J/9)
enthalpY,nieated s154 without lecithin/9)

enthalpynp (J/9)
enthalpxlntreated S154 without Iecithﬁ]/g) x 0.15

x 100 (1)

Clinp (%) = x 100 (2)

mean particle size above 1000nm. The measure-2-6. Wide angle X-ray diffraction (WAXD)

ments were performed with a Mastersizer MS 20 o
(Malvern, Herrenberg, Germany). Prior to measure-  WAXD data were taken from LM based lipid ma-
ments, about 50mg of sample were diluted with UriX. AnX-ray generator PW1730/10 connected to the
100 ml bidistilled water. Results were calculated with {Ube PW2213/25 (copper anode) delivered X-ray of the

Malvern SB 09 software using the Fraunhofer approxi- Wavelengtii =0.1542nm at a high voltage of 40kV
mation. and an anode current of 25 mA. Measurements were

For formulations with a mean particle size smaller t@ken with a Goniometer PW1025/50 from 3.t

than 1000nm the size distribution was investigated 33-0' in a step-size of 0.015(1 s/step) (all Philips,
by photon correlation spectroscopy (PCS) using a Ze- Eindhoven, Netherlands). The interlayer spadmgas
tasizer 3 (Malvern, Herrenberg, Germany) modified determined by calculation of the diffraction peaks with
with a He/Ne laser model 127 (Spectra Physics, Mt. the Bragg equation.

View, USA). The different systems were investigated _ WAXD studies of LNP were performed in a
at an angle of 90in a measuring cell AZ 10 equi- Debye—Scherrer camera with a perimeter of 360 mm

librated at 20C. Each sample was diluted with fil- installed on a PW 1830 generator with a PW 2253/11 X-
trated bidistilled water until the appropriate concen- ay tube equipped with a copper anode and a nickel K
tration of particles was achieved to avoid multiscat- filter (Philips, Kassel, Germany). Samples were filled
tering events and measured with a sample time of into standard glass X-ray capillaries and the exposure
30ms for 10min in serial mode. Each measurement {imé was 12h using Agfa D7 X-ray films. The inter-
was performed in triplicate and both the partide  '@yer spacing was calculated from the diffraction rings
average diameter and polydispersity index (PI) were USINg Bragg's equation.

determined.
2.7. Isothermal heat-conduction microcalorimetry

2.5. Differential scanning calorimetry (DSC) (IMC)

Measurements were performed on a calorimeter  The calorimeter used for these studies was a 2277
DSC 220C connected to a disc station 5200H (Seiko, Thermal Activity Monitof? (TAM, Thermometric
Tokyo, Japan). Approximately 10mg of dispersion AB, Jarfalla, Sweden). Two calorimeter units were
and about 3 mg of lipid matrix, respectively, were ac- installed and run simultaneously. Two grams of the
curately weighted into an aluminum crucible, which LNP dispersions and 300 mg of LM were weighed into
were hermetically sealed and then measured against3 ml glass ampoules. Heat flow signals were monitored
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by the Digitam Software (Thermometric AB, Jarfalla, Avrami fits were applied to the transformed heat flow
Sweden). Measuring range for all experiments was be- integrals.

tween—1000 and 100Q.W calibrated with electrical

calibration. Measuring temperature was°20 Prior

to the measurements, the ampoules were equilibrated3. Results and discussion

for 30 min. Due to the necessary equilibration time of

30 min the total crystallization enthalpy (corresponds 3.1. Characterization of the lecithin influence on

to heat flow over time) was not detectable and the LM

crystallization process could not be observed from the

beginning. Yet, for calculation of the crystallization WAXD analysis of bulk materialsHig. 1a) shows
kinetics the complete enthalpy of the crystallization is that lecithin possesses a prominent peak at 1.2nm
necessary. Therefore, both a quantification of the unde- (20 =7.5°) whereas untreated bulk of S154 reveals

termined heat flow volume and a transformation of heat three discrete peaks, at 0.38 nn# €23.4), 0.42 nm
flow volume in consideration of the undetermined heat (20=21.2), and 1.46 nm (2=6.0°) corresponding to

flow volume fraction and the equilibration time was

the metastablp’-modification Hagemann, 1998Re-

necessary. For that purpose the theoretical crystalliza- crystallized S154 without lecithir<g. 1b—d) has two

tion enthalpy AHtheor) Of each LNP formulation was

distinct WAXD peaks, at 1.6 nm (25.5’) and at

estimated using the melting enthalpy of untreated S154 0.41 nm (2 =21.8), that do not change upon storage
bulk (179.3mJ/mg measured by DSC) as reference and might be presumably attributed to tkdorm ex-

Eq.(3):
A Hrheor (MJ) = 0.15nispersion(MQ)
x fraction of S154in LM

x 1793 mJmg 3)

Then the IMC measured enthalpiif;yc) was deter-
mined by integration of the heat flow over time, and
the ratioRay of AHjmc to AHTheor, Was calculated

Eq. (4):
(4)

RaH corresponds to IMC determined enthalpy fraction
whereas 1 Ray corresponds to the undetermined
enthalpy fraction. Isothermal crystallization kinetics
are described by the Avrami equation E8) (Avrami,
1939; Avrami, 194D
x()=1—e*"

®)

X(t) represents the crystallized fraction at tine
The parameterk (min~1) is the rate constant of
isothermal crystallizationn known as the Avrami
exponent is related to the type of nucleation and
to the growth mechanisms of crystals particularly
with regard to the directions in which growth oc-
curs. 1- Ray was set ax(tp) in order to take the
enthalpy of the equilibration time into account. Then

hibiting a single strong interference at 0.415nm ac-
cording to Thoma et al., 1983; Hagemann, 1988
In comparison to recrystallized S154 bulk, recrystal-
lized LM containing at least 10% lecithin change upon
storage over a period of 4 weeks significantly. One
day after recrystallization LM(10) shows two peaks,
at 1.6nm (2=5.4) and 0.41nm (2=21.5), be-
ing comparable to recrystallized S154. Four weeks
later (Fig. 1d) four characteristic peaks, at 1.43nm
(20=6.2),0.46nm (2=19.5), 0.42nm (2=21.3)
and 0.38nm (2=23.4), are detected. WAXD data
suggest that LM(10) are present in tBeas well as
in the p’-modification after storage. A similar be-
havior is observed for LM containing more lecithin
(Fig. 1b—d). Yet, the polymorphic transition frofy-
to B-modification seems to occur faster; already 1 day
after recrystallization both th&-form andB-form can
be detected for LM(30). In addition peak intensities
decrease with increasing lecithin content indicating a
loss in LM crystallinity probably caused by the reduced
triglyceride content in the lipid matrices. The charac-
teristic lecithin interference at 1.2nmé2 7.5’) was
detected for LM(30) 1 week after preparation and for
LM(50) already 1 day after recrystallization pointing
at lecithin association and orientation in distinct units
in the lipid matrices.

Time-resolved WAXD was performed to analyze
the crystallization process especially of the LM
with higher lecithin content in more detaikig. le
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Fig. 1. WAXD analysis of the crystallization process of LM: (a) untreated bulk: S154 =black line, lecithin =gray line; (b) 1 day after crystalliza-
tion: S154 =black line, LM(10) = dark gray line, LM(30) = dotted line, LM(50) = light gray line; (c) 7 days after crystallization: S154 = black line,
LM(10) =dark gray line, LM(30) = dotted line, LM(50) = light gray line; (d) 4 weeks after crystallization: S154 = black line, LM(10) = dark gray
line, LM(30) = dotted line, LM(50) =light gray line; () LM(30) crystallization vs. time5 .= black line, 12 h=dark gray line, 24 h =dotted

line, 7 days =light gray line.
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Table 1
Crystallization behavior of lipid matrices and LNP with varying
Tsolidification £ Standard deviatiom=3

247

lecithin content: crystallization indexH{&ndard deviation and

Matrix Lipid matrix Lipid nanoparticles
Cl (%) Tsolidification (O C) Cl (%) Tsolidification (O C)

S154 —71.3+1.0 43.1+0.1 - -
LM(10) —65.8+2.4 42.7+0.6 —69.7£3.2 23.1£0.7
LM(20) —58.0£1.5 42.8+0.5 —60.0+£3.7 22.4£0.4
LM(30) —51.1+2.0 42.5+0.4 —54.9+43 22.7£0.3
LM(40) —44.6+1.2 42.9:0.8 —46.1+1.7 23.4£0.8
LM(50) —37.4+1.9 42.4+-0.6 —36.0+1.6 23.1£0.4
Linear fit of

Cl y=-0.68&—3.97 y=-0.8%—4.96

R 0.999 0.996

shows that 30 min after solidification of LM(30) two
prominent peaks, at 0.41 nm&2 21.6’) and 0.38 nm
(20=23.5), are present changing not significantly
over 12h and indicating the presence of the
and the B’-modification. 24 h after solidification,

DSC analysis of the melting behavior, displayed ex-
emplarily for LM(30) as lipid matrix Fig. 2), shows
that directly after solidification of the lipid matrices
two melting processes at about 48 and 57C can
be observed. According to literature, the peak &t@8

the interference pattern has changed, by now anis attributed to thex-modification whereas the peak

additional peak has occurred at 0.46 nmMi £29.5)
and the strongest interference has shifted slightly from
0.41nm (2=21.6) to 0.42nm (2=21.4). During
further storage signal positions do not alter in contrast

at 57°C can be attributed either to tif8-, the §;- or
the-modification Hagemann, 1988The enthalpy of
the signal at 48C (Table 2 peak A) decreases contin-
uously within the first hours after crystallization and is

to signal intensities. These findings suggest that after completely vanished after 24 h. The signal disappear-

24 h thea-form has completely transformed to the
p’- and thep-polymorph. During storage th&-form

is converted to theB-form although the transition
kinetics seem to be slow.

DSC was employed to investigate crystallization
behavior as well as the melting behavior of LM.
Crystallization of LM and S154 bulk Table 9
from the previously melted material takes place at
a temperature of about 48 and is not influenced
by lecithin incorporation. The measured crystallinity
depends linearly on the amount of triglyceride incor-
porated within the lipid matrices. In comparison to
the untreated bulk an overall reduction of the CI of
about 15-30% is observed with regard to the lecithin
content of the lipid matrices. The strong decrease of
Cl can be attributed to an initial recrystallization of the
triglycerides viaa-modification possessing due to its
fluidity a distinctly reduced crystallinityHagemann,
1989. Yet, the overall reduce of Cl decreases with
increasing lecithin content in the lipid matrix pointing
at an increase in crystallization kinetics which is in
agreement with former WAXD analysis.

ance at48C is accelerated for LM with a high lecithin
content. Vice versa, the enthalpy of the peak minimum
at 57°C (Table 2 peak B) increases. Yet, the overall
crystallinity calculated by addition of the CI of peak A
and peak B remains nearly constant.

Long-time DSC measurement3aple 3 reveal
that after 1 day of solidification no significant changes

600
4004
200
o
2001
-4001
6001
-800]
1000
1200

heat flow [uW]

40 50 60
temperature [°C]

30 70

Fig. 2. DSC thermogram with melting peaks at’48(peak A) and
57°C (peak B) of LM(30), 15 min after melting.
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Table 2
Analysis of the Cl vs. time, lipid matrix =LM(30n=1
Time after melting (h) Cl (%) of peak A Cl (%) of peak B Cl (%) of peak A+B

0.25 147 47.0 61.7

0.5 125 50.2 62.7

55 7.0 56.9 63.9
105 36 60.1 63.6
205 0.3 64.5 64.8
255 0 62.0 62.0
48.0 0 60.1 60.1
Table 3
Melting behavior of LM with varying lecithin content vs. time: &lstandard deviation arheiing & Standard deviatiom=3
System 1 day 7 days 28 days

Cl (%) Tmelting (OC) Cl (%) Tmelting (o C) Cl (%) Tmelting (OC)
S154 89.1-0.4 59.04-0.2 91.8+0.2 59.14-0.1 91.2+0.5 57.2+0.1
LM(10) 80.1+1.7 59.5+0.6 80.3+0.6 59.5+0.1 81.0+1.0 57.5+0.1
LM(20) 70.3+£1.7 59.14+-0.4 70.2+1.0 59.240.1 73.8:2.0 57.74+0.6
LM(30) 62.0+0.3 59.3:0.5 61.6+1.1 59.7+0.1 64.7+0.2 57.6+0.6
LM(40) 50.9+ 0.6 59.04-0.3 51.6+0.2 57.9+0.1 52.8+0.9 58.6+0.1
LM(50) 425+1.1 50.2+1.1 42.1+2.0 58.5+0.2 43.4+0.1 60.1+ 1.0
Linear fit of
Cl y=0.9%—3.44 y=1.0k—8.63 y=1.0k—6.41
R 0.999 0.999 0.998

in melting enthalpy and melting temperature are no-  Fig. 3 shows the IMC thermograms of S154 bulk
ticed. As already demonstrated for the crystallization and LM after melting. Initially the heat flow versus time
enthalpy the melting enthalpy depends linearly on the shows a strong negative slope for all matrix composi-
triglyceride content as well, and the Cl is about 10% tions suggesting a fast crystallization of all matrices.
reduced in comparison to untreated S154 bulk. Since
the ClI for solidified S154 is abased to the same extent
the loss in crystallinity is due to crystallization in a
less crystalline polymorph after melting and not due to
a molecular incorporation of lecithin within the crystal
lattice of lipid matrices. In this case a depression of
melting temperature should be observed for formula-
tions containing lecithin. But melting temperature of
S154 bulk and LM is about the same and is not influ-
enced by the lecithin incorporation. Furthermore, for-
mer WAXD data show an additional characteristic in-
terference at 1.2 nm ¢2= 7.5”) for systems containing
at least 30% lecithin. This interference points to a sep-
arate lecithin crystallization besides the triglycerides.
In contrast to previous WAXD measurement, sug-
gesting anx-form for recrystallized S154, DSC data Fig. 3. Heatflowin IMC vs. time during crystallization of S154 bulk
indicate either theg’-, the Bi- or the B-form for re- and LM with varying lecithin contenty=3: S154 =thin black line,

- - . LM(10) =dotted gray line, LM(20) = gray line, LM(30) = dashed dot-
crystallized 8_154 as no decrease in Cl and the melting ted black line, LM(40) = thick dark gray line, LM(50) = dashed gray
temperature is detected.

line.

1201

heat flow [uW]
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Table 4
Particle size (PS} standard deviation and polydispersity index @PBtandard deviation of LNP with varying lecithin content vs. time,6
System 1 day 7 days 28 days

PS (nm) PI PS (nm) PI PS (nm) PI
LNP(10).1 12330+ 167 - 12990+ 1091 - 11420t 164 -
LNP(10).2 275+ 25 0.31+0.08 309+ 58 0.32+0.08 275+ 54 0.30+0.08
LNP(20) 162+ 6 0.22+0.02 164+ 2 0.20+£0.02 157+ 4 0.20+£0.01
LNP(30) 109+ 7 0.24+0.03 101+ 3 0.224+0.02 107+ 4 0.224+0.2
LNP(40) 104+ 5 0.20+£0.01 109+ 7 0.18+£0.02 110+ 1 0.21+0.02
LNP(50) 120+ 11 0.16+0.03 119+ 9 0.16+0.02 130+ 6 0.18+0.03

However, further on an increase in heat flow is mea- terfaces\\Vestesen and Siekmann, 199.7&addition of
sured in dependence of the lecithin concentration of lecithin up to 30% leads to a concentration dependent
the matrices. LM shows a delayed increase in heat flow particle size reduction down to 100 nm. Higher lecithin
with decreasing lecithin content as well as a less pro- contents within the lipid matrix as to 50% were also in-
nounced heat flow increase. At a lecithin concentration vestigated, but caused no further particle size decrease.
of 10% within the matrix the heat flow increase is not WAXD analysis shows that the LNP display the
detectable anymore. In addition the heat flow decline characteristic interference pattern of the stgbfaod-
down to zero pointing at a complete crystallization pro- ification already 1 day after preparation. The lecithin
cess is favored by a high lecithin concentration within concentration seems to influence the interference pat-
the matrix. We suggest that the increase in heat flow tern only marginally Table 5. At a lecithin concentra-

is caused by polymorphic transitions within the matri- tion of 20% an additional peak appears at 0.44 nm or
ces froma to ' to B, being in accordance with former  0.43 nm and the interference at 0.39 nm is replaced by
WAXD and DSC measurements. Due to the superpos- a broad halo reaching from 0.39 nm to 0.41 nm. These
ing of the crystallization process by polymorphic tran- reflection patterns do not fit to any of the reported clas-
sitions within the lipid matrices Avrami analysis of the sifications of triglyceride polymorphs and have been

heat flow volume was not performed. firstly described byBunjes et al. (2002jor very fine

triglyceride nanoparticles. During storage for 28 days
3.2. Characterization of LNP with varying lecithin the interference patterns of the different formulations
content in LM do not change.

Even directly after solidification LNP display only

Particle size and particle size distribution measure- & Single melting peak in DSC analysis upon heating
ments were performed to ensure stability of the LNP (Fig. 9. According to DSC measurements of the dif-
and to exclude particle agglomeration and particle- ferent LNP, there is no change in Cl and peak minimum
growing-caused heat flow during IMC measurement. temperature upon storagksple §. Furthermore, DSC
As can be seen ifable 4 particle sizes and particle size data show that the CI of the crystallization of the LNP
distributions did not change upon storage for 4 weeks.

For the formation of colloidal LNP the incorporation Table 5

of at least 10% lecithin within the lipid matrix is abso- Interlayer spacing (nm) of LNP with varying lecithin content, peak
lutely necessary. However, different batches of LM(10) intensities in the table are given according to following scheme:
show inconsistent particle sizes and no reproducible strong>normal >wealc (very weal, n=2

LNP production can be ensured for this matrix com- [NP(10)  LNP(20) LNP(30) LNP(40) LNP(50)

posmon. F_urthermore, tr_le latter systems _transformed 053 053 053 (0.53 (0.53
into a semisolid state during storage but reliquefy either .46 0.46 0.46 0.46 0.46
spontaneously or upon agitation; afterwards they re- - 0.44 0.44 0.43 0.43
main liquid. The semisolid state is believed to be caused 0-39 0.41-039  041-0.39 041-039  0.41-0.39

by incomplete emulsifier adsorption on the crystal in- 0.37 0.37 0.37 0.37 0.37
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Table 6
Melting behavior of LNP with varying lecithin content vs. time: £btandard deviation anbeling + standard deviatiom =6
System 1 day 7 days 28 days
Cl (%) Tmelting (OC) Cl (%) Tmelting (O C) Cl (%) Tmelting (OC)

LM(10) 91.2+2.6 55.6+1.5 95.2+45 56.5+0.3 91.5+1.6 56.5+0.2
LM(20) 83.9+1.6 52.7+0.2 83.2+2.1 52.6+0.1 81.8+2.0 52.3+0.2
LM(30) 68.0+1.1 52.5+0.2 67.0+1.0 52.3+0.2 68.0+2.4 52.4+0.1
LM(40) 56.2+2.0 54.1+0.8 60.0+2.2 55.0+0.1 58.8+3.5 55.2+0.1
LM(50) 44.6+2.1 54.3:0.2 455+1.4 54.3+0.1 46.0+1.1 55.2+0.1
Linear fit of

Cl y=-0.01x+1.05 y=-0.01x+1.07 y=-0.01x+1.03

R 0.996 0.995 0.998

(Table 3 as well as the melting of the LNPéble §
depend linearly on the triglyceride amountin the differ-
ent matricesKig. 4) being in accordance with former
measurements of bulk LM. In comparison to undis-
persed LM Table 3 the ClI of dispersed LM is about
10% elevated reflecting an LNP crystallization directly
in the more stabl@-form which is supported by for-
mer WAXD analysis. However, it has to be considered
that for the calculation of the CI only the melting en-
thalpy is taken into account (see E¢f9.and (2) so that
despite a comparable Cl of LNP and untreated triglyc-
eride bulk the ClI of 8- and aB’-polymorph are com-
pared. The absence of a detectadiorm in WAXD
and DSC analysis suggests faster polymorphic transi-
tion kinetics for LNP compared to LM bulk. In addition
the increase of Cl in the dispersed LM in comparison
to undispersed LM may hint at a different lecithin dis-
tribution in dispersed and undispersed systems.

crystallinity index
[=2] ~ @ o
P2 2.7,

o
b

IS
o

20 30 40 50
lecithin concentration in LM [%]

Fig. 4. CI (black squares) standard deviation (bars) of LNP with
varying lecithin content after a storage time of 28 days, linear fit
(gray line):y=—0.01x+ 1.03,R=0.998,n=6.

The melting temperature of LNP shows a reduction
of only about 5C compared to S154 bulk. Contrarily
to the LNP melting temperature, the LNP crystalliza-
tion temperature at about 28 differs distinctly from
the undispersed matricdsi¢. 5. This finding suggests
storage below 23C is necessary in order to ensure
complete triglyceride crystallization within the LNP.
Since S154 is a triglyceride mixture of long fatty acid
chains with a rather high melting point, hard fats with
lower melting points and shorter fatty acid chains may
have to be stored refrigerated in order to ensure crys-
tallization of the solid lipid after melt homogenization.
This may be a possible explanation for controversial
reports describing the crystalline state of solid lipid
nanoparticles\Westesen and Bunjes, 1995

In Fig. 6 the heat flow of LNP crystallization is
shown versus time. The heat flow signal depends on the
lipid matrix composition. A high amount of P90G in
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Fig. 5. DSC analysis of the recrystallization behavior of LNP(30)
(gray line) and LM(30) (black line), temperature during measurement
(dotted black line).
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Fig. 6. Heat flow in IMC vs. time during crystallization of LNP with
varying lecithin contenfy=4: LNP(10) = black line, LNP(20) = light
gray line, LNP(30) =dark gray line, LNP(40) = dashed dotted gray
line, LNP(50) =dotted black line.
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ity profile of crystallization expressed by the Avrami
exponentsn andk (Table 7 differs for the different
compositions in dependence of the lecithin content in
the lipid matrix. The Avrami exponentdecreases from
0.591t0 0.42 with increasing lecithin content in the LNP
matrix. In contrast, the Avrami factdrincreases from
1.53to0 3.63 (mint) with increasing lecithin content in
LNP matrix. The value ofi of about 0.5 indicates a site
saturated diffusion controlled crystal growth in nearly
one dimensionHulbert, 1969; Asencio et al., 2002;
Latsch et al., 2004 Vanhoutte et al. (2002)bserved
that crystallization of anhydrous milk fat was delayed
at high phospholipid concentrations and assumed that
the delay in crystallization was caused by adsorption
of phospholipids on the growth sites of the crystals.
This scenario might be an explanation for the observed
decrease in Avrami exponemt with rising lecithin
content. Vice versa, the growth rate parameker

the matrix causes a decreased heat flow signal, becaus#creases with increasing lecithin content in LNP

the crystallization occurs mainly between triglyc-
erides. Lecithin itself shows no crystalline structure at
solidification and therefore systems with a high lecithin
content show a reduced heat flow signal. Integration
of the heat flow versus time and determination of
AHTheor, allows the calculation dRay (Table 7 cor-
responding to the measured fraction of crystallization
enthalpy.Rany is for all matrix modified LNP about
0.2, i.e. the main fraction of crystallization enthalpy,
about 80%, was not measured by IMC. Thus, the
equilibration time of 30 min being necessary to ensure
isothermal crystallization conditions in IMC allows
only detection of the last part of crystallization growth

matrix, and compensates for the decrease in Avrami
exponent n, so that the overall crystallization rate is
nearly the same for all systems.

3.3. Characterization of LNP with varying
nonionic emulsifier concentration

To detect the influence of non ionic emulsifier on the
crystallization behavior of the LNP, systems containing
a constant lecithin concentration of 30% were produced
under variation of the emulsifier concentration in the
range of 1.5% and 7.5%. Measurements with PCS show
a constant particle size and particle size distribution for

phase whereas the nucleation phase in which the seeceach emulsifier concentration during 28 days of storage
crystals are formed is not detectable. Despite different (Table §. With increasing emulsifier concentration par-

curve progressions in IMC similaRay suggest an
equal effective crystallization velocity for the different
compositions. Yet, curve fitting after transformation
according to the Avrami equation shows that the veloc-

Table 7
Ran and Avrami parametens andk of LNP with varying lecithin
content

System RaH n k(min—1)
LNP(10) 0.20 0.59 1.53
LNP(20) 0.20 0.51 2.19
LNP(30) 0.21 0.53 2.03
LNP(40) 0.21 0.45 2.96
LNP(50) 0.22 0.42 3.63

ticle size decreases from 300 nm down to 70 nm, simul-
taneously the particle size distribution expressed by the
polydispersity index is reduced. The DSC thermograms
do not change during storage in terms of the melting
temperature and the melting enthalpy for the respec-
tive emulsifier concentration&ig. 7) but are changing

in dependence of emulsifier concentration. LNP with a
particle size of about 65 nm corresponding to an emul-
sifier to lipid ratio of 1:2 have a melting temperature
of about 50°C and ClI of 70%. With increasing parti-
cle size the melting temperature is elevated up to about
57°C and the Cl increases up to 76%. The decrease in
crystallinity with decreasing particle size is related to
the colloidal dimensions of the particles in particular to
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Table 8
Particle size analysis of LNP(30) with varying emulsifier (SOL) concentration vs. time: particle siz¢ §8)dard deviation and polydispersity
index (Pl)+ standard deviatiom=3

SOL (%) 1 day 7 days 28 days

PS (nm) Pl PS (nm) Pl PS (nm) Pl
15 325+ 13 0.28+0.02 317+ 6 0.22+0.01 300+ 14 0.25+0.03
3.0 100+ 1 0.19+0.02 95+ 4 0.17+0.02 103+ 2 0.22+0.01
7.5 61+ 1 0.17+0.02 64+ 3 0.15+0.03 69+ 3 0.21+0.04

an increase of the surface to volume ratio and is not re-
lated to crystallization in an-modification Siekmann
and Westesen, 1994This assumption is supported by
WAXD data showing that all formulations exist in the
stable-modification (data not shown because diffrac-
tion patterns of the different LM(30) formulations are
in accordance with data given irable 5.

Despite similar LNP matrix composition and there-
with similar triglyceride contents, thermal analysis
with IMC (Fig. 8) reveals different heat flow profiles
with different emulsifier concentrations suggesting an
influence of the particle size on crystallization kinetics. time [h]

LNP with the highest emulsifier concentration in the

agueous phase show the lowest heat flow as well as the\':;?- iﬁ- ':;éﬁlsf:g:'r i(glol\lﬂ_;:cgrlj[ienr?u fgsiaggaéigrll_ gf”Lr']\iP(rzO)"\r/]vieth
fastest descend of the heat flow towards zero suggest-&of% gOdeark aray ne. o SOl - blck e, ghtgrayfine,
ing the fastest crystallization process. With decreas-

ing emulsifier concentration in the formulations a more

pronounced heat flow at elevated levels is observed for

heat flow [pW]

=
7 8

a longer time. Determination dRay for the differ-
ent emulsifier concentrations supports this assumption
showing anincrease &\ from 0.11t0 0.40Table 9

100+ -60 with decreasing emulsifier concentration. The Avrami
. . S P parameten (Table 9 of the emulsifier modified LNP is
904 o 2 " again around 0.5 and points to a site saturated diffusion
. 2 150 controlled crystal growth. While the Avrami parame-
804 5 _ 5 ter n changes only slightly for the different formula-
£l i g e tions the_ Avraml _expone_rklncreas_e_s from about Q.9
5 €3 to 7.6 mir ! with increasing emulsifier concentration
0l 35 _E T indicating a fast crystal growtfféble 9. This finding is
30 ‘é § in agreement with previous data interpretation of IMC
50 oy heatflow aswellaRan. Linear regression with a corre-
lation coefficienRof 0.924 reveals a linear relationship
404 20

0 5 10 15 20 25 30
time [d] Table 9
Ran and Avrami parametersandk of LNP(30) with varying emul-
Fig. 7. Columns +bars: Cl+standard deviation of LNP(30) with Sifier (SOL) concentration
varying emulsifier content (SOL) vs. storage times 3: 7.5% SOL (%) RaH n k(min~1)
SOL =light gray bar, 3.0% SOL =dark gray bar, 1.5% SOL =black

bar. Symbolst bars: melting temperatugestandard deviation of ég 8;’2 823 (2)?)3
LNP(30) with varying SOL content vs. storage times 3: 7.5% 75 011 037 757

SOL =squares, 3.0% SOL =triangles, 1.5% SOL =circles.
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between the particle surface and the crystal growth pa- procedures as has been shown for the polymorphic
rametekk. A possible explanation for this phenomenon transitions of LM. Due to its high sensitivity IMC can
may be that the heat transfer is mainly governed by the also be applied to ongoing processes on the basis of
surface area provided by the particles. IMC analysis recording heatflow segments at given time intervals to
of the Avrami exponerk supports the assumption that yield extrapolated data usually performed in stability
the decrease in crystallinity and melting temperature tests Beezer et al., 1999 Provided that the reaction
which was measured by DSC has to be attributed only mechanism is known IMC allows for the calcula-
to the colloidal dimensions of the systems. tion of kinetic such as recrystallisation kinetics for
example.

4. Conclusion

The crystallinity of LM as well as of LNP is only ~Acknowledgements
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