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1. Introduction
The application of high-throughput screening and combinatorial chemistry in drug dis-
covery generates more compounds with poor aqueous solubility [1–3]. Even though high-
throughput solubility assays and computational methods for solubility prediction were
developed to select leads with better physicochemical profiles [1, 3–7], approximately 40%
of potent drug candidates are poorly water-soluble resulting in low and highly variable
oral bioavailabilities [8, 9]. Often, those poorly water-soluble compounds are classified as
class II (low aqueous solubility, high permeability) or class IV drug candidates (low aque-
ous solubility, low permeability) based on the Biopharmaceutical Classification System
(BCS). The BCS classification is composed of four classes and divides active pharmaceu-
tical ingredients according to their aqueous solubility and membrane permeability [10–13].
It is an important tool for predictions and estimations of drug absorption and therefore
used in formulation development [7, 10, 11, 14, 15]. There are different options to formu-
late poorly water-soluble drugs and it is the task of the formulation scientist to choose the
most appropriate one for a drug candidate. The most important formulation strategies
to tackle this issue are nanosizing, amorphous systems (e.g. amorphous solid dispersions)
and lipid formulations [16–20].

1.1. Classification of lipid formulations
Lipid formulations should present the drug in a dissolved or solubilized state in vivo. The
bioavailability is improved by avoidance of the dissolution step [21–23]. Pouton introduced
a lipid formulation classification system (LFCS) for oral administration of lipophilic drugs
for the first time in 2000 [24]. With the final classification published in 2008 these for-
mulations were basically divided in four formulation types with increasing polarity from
type I to type IV systems. Table 1 on page 2 gives an overview over the lipid formulation
systems modified from Pouton and Porter [25, 26]. The most simple lipid formulations are
oily solutions (LFCS type I) containing mono-, di- and triglycerides. The group of self-
emulsifying drug delivery systems (SEDDS) is much more diversified. Lipid formulations
referred to as SEDDS are divided in type II and type III formulations. The most impor-
tant criterion is the type of surfactant. Type II formulations normally use surfactants
with an HLB around 11 which are less water soluble while type III formulations contain
at least one hydrophilic surfactant with an HLB above 12. LFCS type II systems result
in turbid and relatively coarse o/w (oil in water) emulsions under very gentle agitation.
For instance, type II systems were produced with oleate esters as polysorbate 85 or poly-
oxyethylene (25) glyceryl trioleate [21, 26, 28, 32]. The inclusion of water-soluble surfac-
tants generates LFCS type III systems. Depending on the composition and characteristic
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Table 1: Classification of lipid formulation systems modified from Pouton and Porter

LFCS class Excipients Characteristics Examples
Type I Simple oily

solution
Non-dispersing Medium-chain triglycerides

[27]

Type II
(SEDDS)

Oils, surfactants
with HLB 8–12

Self-emulsification
to a turbid
o/w dispersion

Medium-chain triglycerides,
Tagat® TOa [28]

Type III
(SEDDS,
SMEDDS)

Oils, water
soluble (and
water insoluble)
surfactants,
cosolvents

Self-emulsification or
self-microemulsifica-
tion resulting in more
or less clear
dispersions

Castor oil, medium-chain
mono-/diglycerides,
Cremophor®ELb,
Cremophor®RH 40c [29]
Propylene glycol
monocaprylate,
Cremophor® ELb [30]

Type IV Water soluble
surfactants and
cosolvents

Formation of micellar
solution

TPGSd, PEGe 400,
propylene glycol [31]

a Polyethylene glycol 25 glyceryl trioleate
b Macrogolglycerol ricinoleate (PEG-35 castor oil)
c Macrogolglycerol hydroxystearate (PEG-40 hydrogenated castor oil)
d Tocopheryl polyethylene glycol 1000 succinate
e Polyethylene glycol (=macrogol)

of the excipients those systems have self-emulsifying or self-microemulsifying properties.
When dispersed in aqueous media emulsions or microemulsion-like clear dispersions are
formed spontaneously. Typical surfactants used to formulate these systems are pegylated
castor oil related substances (Cremophor®EL and RH40) or pegylated mixed glycerides
(Labrasol®and Gelucire®) [25, 26, 33]. With the classification published in 2006 type III
systems were further subdivided in two categories (IIIa and IIIb) depending on the amount
of oil, surfactant and cosolvent predicting the performance of the lipid formulation [25].
But with an increasing complexity of such systems, e.g. the use of several oils/partial
glycerides, surfactants and cosolvents in one formulation, a clear sub-classification of type
III systems only based on excipient amounts is very difficult. Consequently, the final clas-
sification in 2008 differentiates between four basic lipid formulation types as demonstrated
in table 1. The most hydrophilic type IV systems distinguish from the other formulation
types as they contain no oil component [25, 26]. These formulations are composed of
surfactants only or a mixture of surfactants and cosolvents. Typical cosolvents are propy-
lene glycol, glycerol, ethanol and liquid PEGs [26]. Type IV formulations form micellar
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solutions [26]. Further examples can be found at Kawakami et al. including excipients as
Gelucire®44/14, Tween®80 as hydrophilic surfactant and ethanol, PEG 400 and glycerol as
cosolvents [34, 35]. Nevertheless, the terminology used in the literature to differentiate the
lipid formulations is ambiguous. Especially in the case of SMEDDS, the term “SNEDDS”
(self-nanoemulsifiying drug delivery systems) is used, too. Müllertz et al. described the
difference based on the thermodynamic stability [36]. SMEDDS result in microemulsions
which are thermodynamically stable. Nanoemulsions formed from SNEDDS are kineti-
cally stable. Yet, nanoemulsions can exhibit a very high kinetic stability and they have
particles in the nanometre range. Thus, it is sometimes difficult to distinguish between
both forms [36]. Exemplary formulations for SNEDDS with Cremophor® EL were devel-
oped by Villar et al. reaching an enhanced dissolution of gemfibrozil [37].
The different performance of lipid formulations is mostly caused by their fate in the

gastrointestinal tract. It is the aim to maintain the drug in solution in the stomach and
throughout the absorption period in the intestine [23]. Therefore, the lipid formulation
should disperse easily in the gastrointestinal tract and should be resistant to drug pre-
cipitation on dispersion and during digestion of the formulation [23, 38]. The tendency
for drug precipitation is dependent on the formulation. Oily solutions need digestion to
disperse more easily in the gastrointestinal tract. Therefore, the presence of bile (bile
acids and phospholipids) serving as emulsifier and pancreatic juice (digestion enzymes) is
necessary [39]. The properties of the digestion products of the formulation components
are crucial for the extent of drug precipitation and consequently for the bioavailability
as well. Furthermore, the properties of the drug itself, e.g. its distribution in diges-
tion products, have an important impact, too [39, 40]. Different studies can be found
in the literature showing an enhanced solubilization during in vitro lipolysis or increased
bioavailability for long-chain triglycerides (LCT) compared to medium-chain triglycerides
(MCT) [40–42]. Investigations with the drug fenofibrate by Mohsin et al. suggest that
MCT solutions are relatively fast digested and that their fatty acids often lead to a higher
rate of drug precipitation compared to the LCT formulation [41]. In contrast, several
studies can be found without any difference in bioavailability between medium- and long
chain triglycerides [40, 43–45]. Another cause for the diverse results in this field was given
by Porter et al. suggesting an influence of the lipid amount used in lipolysis experiments
[46]. Fatouros and Müllertz studied the digestion of self-emulsifying lipid formulations in
a simulated gastrointestinal tract and found the presence of micelles, unilamellar vesicles,
lipolytic product phases and liquid crystalline phases [47–51]. Self-emulsifying systems
which are more hydrophilic will disperse/dilute more easily in the digestive system. But
the supersaturation of the dissolved drug is a disadvantage because it is often followed
by a drug precipitation which could lead to a reduced bioavailability [23, 52]. However,
a supersaturation followed by a drug precipitation does not necessarily result in a lower
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bioavailability. Thomas et al. produced super-SNEDDS with the poorly soluble drug
halofantrine [53]. The drug precipitation occurred in the amorphous form which finally
enhanced the absorption. Furthermore, self-emulsifying drug delivery systems showing
drug precipitation in vitro do not always show the precipitation in vivo [54].
In the meantime, the principle of lipid formulations is applied for marketed drug prod-

ucts (table 2 on page 5). The most famous example among marketed lipid formulations
is the ciclosporin formulation Sandimmun®. Ciclosporin is an immunosuppressant drug
and according to the literature usually classified as BCS class IV drug [14, 55]. The orig-
inal soft gelatine capsule formulation contained a pre-concentrate which formed a coarse
o/w emulsion when getting in contact with the aqueous gastrointestinal fluids. Bile and
pancreatin of the digestive system are needed to disperse the lipid droplets and to incorpo-
rate the active ingredient in mixed micelles. This process facilitates the drug absorption
in the intestine. The drug absorption is dependent from the digestive performance, in
this case. Consequently, the inter- and intra-individual variability of the ciclosporin ab-
sorption was relatively high. Finally, the variability of the ciclosporin absorption could
be reduced by the development of a type III lipid formulation, the self-microemulsifying
system (Sandimmune® Neoral) [14, 31, 56–58].

1.2. Solid lipid formulations
Solid dosage forms, e.g. tablets, are the most accepted way by patients to take a drug
[61]. But the majority of marketed lipid formulations (compare table 2) appear as bulk
oral solution or soft gelatin capsule where the liquid mixture is incorporated.

1.2.1. Capsule filling of lipid formulations
For the manufacturing of soft gelatin capsules, the liquid or semi-solid is for instance filled
by application of the rotary die process [59, 62, 63]. Only a few specialised companies
are able in manufacturing soft gelatin capsules [63]. Hence, the production usually needs
to be outsourced [63]. Hard gelatin capsules increasingly come into focus for a filling of
liquids and semi-solids (e.g. liquid or semi-solid lipid formulations, PEG solid dispersions)
using special equipment and different sealing technologies, e.g. banding or LEMS™ which
means liquid encapsulation by microspray [61–63]. However, in many cases, the filling
process might be difficult due to viscosity problems which is challenging for the content
uniformity of low dose and/or highly potent drugs [63]. Furthermore, unintended inter-
actions between the filling and the capsule shell occur due to migration processes which
may affect the performance of the lipid formulation (e.g. drug precipitation, loss of self-
emulsifying capacity) or the capsule shell (leaky capsules, brittle or sticky soft capsules)
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[25, 63]. The interactions between the filling and the shell are not easy to predict and the
optimization of the formulation and the capsule material might be a time consuming and
expensive process. Therefore, alternative solid and capsule free formulation approaches
with lipids are highly attractive [61, 64]. They combine the solubilization enhancement
in lipid vehicles with the advantages of solid dosage forms [9].

1.2.2. Formulation techniques of solid lipids
Lipids which are solid at room temperature can be processed for instance by melt ex-
trusion, melt granulation or spray cooling (spray congealing) [9, 61]. By means of high
pressure homogenisation solid lipid nanoparticles can be obtained representing a highly
various and broad research field which, for this reason, will not be covered in this intro-
duction.
Melt extrusion with lipids is mostly used to produce sustained release formulations

of hydrophilic compounds [9, 61]. Thereby, lipids serve as co-excipients or processing
aids also known as functional excipients (e.g. Gelucire®, Vitamin E TPGS) to improve
the extrusion of principal carriers like MCC (microcrystalline cellulose) or polymers (e.g.
poly(vinyl pyrrolidone), Soluplus®) or to modify the properties of the formulation [20, 65–
67]. Studies aimed at solubility enhancement of poorly soluble drugs are mainly based on
melt extrusion with polymer matrices [20, 68]. Most of the examples given in reviews of
solid lipid formulations and pertaining to melt extrusion of lipids are, going into detail,
not based on a melt extrusion process but rather on adsorption with a subsequent con-
ventional extrusion step. Just a few extrusion matrices based on lipids only are reported,
for instance with Gelucire® 50/02 (blend of mono-, di- and triglycerides with mono- and
di-esters of fatty acids and poly(ethylene glycol)). This is one example for a wet extrusion
with lipids where the lipid is crushed in the frozen state prior to the extrusion at ambi-
ent temperatures [69]. Windbergs et al. studied the extrusion of powdered lipids (e.g.
Dynasan® 118, a triglyceride of stearic acid) with theophylline as model drug [70, 71].
This extrusion form is named solid lipid extrusion and is known in food science under
the name cold extrusion [72, 73]. In pharmaceutical technology, solid powdered lipids are
usually extruded at temperatures below the lipid melting point/range so that the bulk
part of the lipid is not in a molten state [68]. Solid lipid extrudates are mainly intended
to modify dissolution profiles, e.g. sustained release formulations [68, 74, 75]. Indeed,
with melt/lipid extrusion high drug loads can be achieved, but recrystallisation during
storage or ageing is the major problem of these products besides incompatibilities between
excipient and API [66, 67]. Furthermore, dependent on the type of excipient and the ex-
trusion parameters, the thermal stress is disadvantegeous. Finally, the process based on
solid lipid matrices is quite challenging due to the special plasticity which is required for
melt/lipid extrusion and due to the existence of polymorphic modifications [20, 68, 70].
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Moreover, for melt extrusion, the formation of eutectic mixtures should be considered if
several lipid excipients are combined [66].
Lipids used for melt granulation usually act as binders. Examples can be found using

the excipient family Gelucire® as well as lecithin, partial glycerides and polysorbates [9].
A combination of a lipid granulation and adsorption with a subsequently performed ex-
trusion/spheronization step was investigated by Abdalla et al. [76]. A semi-solid mass
containing glycerol monostearate, Solutol® HS15 (macrogol-15-hydroxystearate) and di-
azepam was achieved after addition of water and was then processed with MCC in a
kneader to form a mass suitable for extrusion. Dissolution experiments showed that the
release rate of the self-emulsifying pellets was increased compared to pellets containing
MCC and glycerol monostearate only [76]. Again, the process is challenging due to the
plasticity which is needed for the extrusion or granulation process.
In the literature, microparticles of the lipid excipient Gelucire® 50/13 (stearoyl poly-

oxylglycerides) produced by spray cooling were reported [77–79]. A reliable drug incor-
poration of 10% could be demonstrated by Passerini et al [77]. DSC measurements of
the 30% formulation exhibits the melting peak of the drug implying an incomplete incor-
poration or the expulsion of the drug out of the formulation. However, the majority of
lipid formulations are still liquid or semi-solid [9]. Probably, the explained disadvantages
of solid lipid matrices may be the reason for it. Moreover, many lipid excipients used in
lipid formulations are in a liquid or semi-solid state at ambient temperature [9]. To be
processable as a solid dosage form they have to be ’solidified’.

1.2.3. Solidification techniques of liquid lipids
’Solidification’ of liquid lipids does not necessarily mean that the lipid mixture is actually
in a solid state. It means that the powder or the granules behave like a solid in the
formulation process, but they may contain liquid lipid microdomains. The solidification
of liquid lipid systems can be achieved by different techniques such as spray drying and
lyophilisation of emulsions, the incorporation of lipid mixtures into solid polyethylene
glycols (PEGs) and the adsorption at solid carriers [9, 39, 61, 80].

1.2.3.1. Spray-drying/lyophilisation of emulsions

Spray drying and lyophilisation (also freeze-drying) of o/w emulsions are two of the oldest
solidification techniques, well known and often applied in food and pharmaceutical science
[39, 80–83]. A solid carrier is needed (e.g. carbohydrates, polymers) to encapsulate the
liquid oil phase during removal of the aqueous phase [39, 81, 82]. Both techniques differ
in the manner of removing the aqueous phase. Afterwards, the powder containing the
encapsulated lipid (dry emulsion) should easily reconstitute to an emulsion in vitro and in
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vivo, respectively. For spray-drying, the use of carbohydrates as carrier can be associated
with a physical instability caused by a recrystallisation of the amorphous form. By the
application of polymers like hydroxypropylmethyl cellulose (HPMC) the stability of dry
emulsions could be improved [80, 84, 85]. Yi et al. produced dry SMEDDS by spray-
drying with dextran as solid carrier [80]. Based on DSC and X-ray diffraction analysis an
amorphous state of the incorporated drug nimodipine was assumed but stability studies
with regard to recrystallisation are missing. An interesting study with fumed silica as
solid carrier (referred to as pickering emulsion) was performed by Adelmann et al. in
2012 [83]. They applied spray- and freeze-drying to a pickering emulsion containing olive
oil. The spray-dried product appeared as more or less sticky powder with an oil content
up to 90% but with a tendency to oil leakage at the surface. Depending on the silica con-
tent, the freeze-dried product appeared in form of a compressed dry powder to a porous
solid and even a gel-like formulation with up to 98% oil content [83]. Yet, further process
steps, e.g. compression to a tablet, are questionable for these high oil contents due to
oil leakage. Dry emulsions on silica basis were investigated by different scientists [86–88].
High MCT loading levels with more than 40% are reported. The addition of mannitol
(together with nanosized silica) after the high pressure homogenisation resulted in spray-
dried microparticles which were suitable for direct compression [88]. Furthermore, it was
found that the nanostructured silica network of these silica-lipid-microparticles enhanced
the lipid digestion[88–90]. Similar studies were performed with self-emulsifying systems
resulting in an increased bioavailability of lovastatin [91]. However, the elevated tempera-
ture during the spray drying process could be a problem for temperature sensitive drugs.
In this case, lyophilisation is the more gentle process [82]. The formation of a tablet was
obtained by a direct lyophylisation of an emulsion-filled tablet blister [92]. Nevertheless,
both solidification techniques often result in cohesive powders with poor flowability or
lead to tablets of poor quality [85, 88, 92]. This necessitates further processing steps like
wet granulation or the addition of excipients improving the direct compression process
[88]. Furthermore, the lyophilisation process is a relatively slow and expensive drying
process and it is generally only applied for products with high added value [93–97].

1.2.3.2. Solidification of lipids in solid polymers - Solid dispersions

Solid dispersions are obtained by incorporation of drug compounds in polymers (e.g.
polyethylene glycols, polyvinylpyrrolidone). They are usually prepared by co-melting or
solvent evaporation [19]. Also liquid lipid mixtures, wherein the drug is dissolved, can
be incorporated in solid polymers just as solid lipids by co-melting [19, 98]. Exemplary
studies for incorporation of solid lipids were done by Unga et al. with PEG 4000 [99].
The incorporation of liquid lipid mixtures was predominantly performed in solid PEGs
like PEG 4000 [30, 99–102]. Therefore, a homogeneous blend of the molten PEG and the
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liquid lipid is prepared with a subsequent cooling until the mass solidifies which usually
happens at room temperature [30, 99]. Characterization of such systems with different
lipids were done by Mahlin et al. and Unga et al. focusing on the impact of the lipid type
(molecular size and polarity) on the crystallisation behaviour of PEGs [99–101]. Li et al.
solidified a SMEDDS pre-concentrate in solid PEG 3350 [30]. The poorly soluble API
was dissolved in the molten mixture of propylene glycole monocaprylate (oil), polyoxyl
35 castor oil (surfactant) and PEG 3350 (solid matrix) and the mixture was filled in hard
gelatine capsules afterwards. The analysis of the solidified mixture concluded a two-phase
system with crystalline PEG as solid matrix. The liquid lipid pre-concentrate is separately
dispersed between the PEG crystals and contains the drug in a dissolved state. In vitro
dissolution studies demonstrated a fast self-microemulsification [30]. Disadvantages of
this solidification method are the thermal stress applied by co-melting and the necessity
of filling the viscous mixture in capsules. Consequently, the same challenges as explained
for capsule filling (see chapter 1.2.1) are relevant, too.

1.2.3.3. Adsorption at solid carriers

Adsorbates are an attractive option to obtain solid lipid formulations systems because of
the simple process by mixing liquid and solid components. Depending on the excipient
further processing like compression and pelletizing is feasible [9, 103, 104]. Abdalla et al.
demonstrated that it is possible to include up to 40%(w/w) of a liquid self-emulsifying
system into MCC pellets. Progesterone was used as lipophilic drug. The pellets were
obtained by extrusion/spheronization. Despite the high lipid load, they were not leaky
and had a solid character with spherical shape. Besides MCC, a variety of excipients with
sufficient high specific surface area or porosity offer good liquid adsorption properties such
as inorganic compounds like silicates, organic compounds like special cellulose derivatives
as well as polymers [9]. An ideal adsorbent should have the following main characteristics:

1. High loading capacity

2. Facilitates easy processing with standard processes of solid dosage forms

3. High storage stability

4. No negative impact on drug stability

5. Complete drug release in the body

6. No toxicity

Polyvinylpyrrolidone (PVP) as an example for polymeric adsorbents was investigated
by Boltri et al. An adsorbate formulation containing a surfactant/lipid mixture was com-
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Table 3: Properties of the adsorbent excipients according to the supplier

Excipient Particle size
[µm]

Specific surface
area [m2

g ]
Oil adsorption

capacity
[ml

g ]

Mean pore size
[nm]

Fujicalin® 115a 40 0.94 7.35
Neusilin® US2 <75: less than

40%b

75–250: more
than 60%b

300 2.7–3.4 5–6

Neusilin® UFL2 0.02c 300 2.0–2.4 5–6
a Mean particle size
b Particle size distribution
c Single particle diameter

pared to a marketed liquid filled capsule formulation of etoposide (Vepesid® 50, Bristol-
Myers Squibb) [105]. Aerosil®, an inorganic carrier, is a well-known excipient with good
adsorption potential [86–88]. The silica-lipid-microparticles using Aerosil®380 presented
in chapter 1.2.3.1 were obtained by spray-drying. The final powder can also be considered
as adsorbate because it contains solid carriers and the remaining lipid component.
Recently, new materials have been developed with improved properties regarding liquid

adsorption and suitability for pharmaceutical processes. Fujicalin® and Neusilin® are novel
processed materials from the groups of calcium phosphates and silicates which offer a good
adsorbing capacity. Fujicalin® is a dibasic calcium phosphate in a spray-dried form. Neu-
silin® is a magnesium aluminometasilicate which is provided in different types. A selection
of excipient specific data according to product information and enquiry at the supplier
are presented in table 3 for Fujicalin® and two Neusilin® types. Neusilin® UFL2 appears
as fine powder and Neusilin® US2 is the spray-dried product in form of spherical granules
[106, 107]. Several examples can be found in the literature studying these materials as
adsorbents for liquid lipids. Ito et al. solidified solutions of lansoprazole in surfactants
with different Neusilin® types and calcium silicates. They improved the bioavailability
of this drug in rats after intestinal administration [108]. Another study with gentamicin
sulfate (a BCS class III compound) compared the bioavailibility of formulations differing
in the used adsorbent [109]. An anhydrous silicic acid, a magnesium aluminometasilicate
(Neusilin® US2) and a porous calcium silicate was included in this study. The calcium
silicate had the lowest surface area and it showed the highest bioavailability in rats among
the investigated adsorbents [109]. During the preparation of this thesis new studies con-
cerning lipid adsorption were published. Milović et al. produced SMEDDS adsorbates
with aluminometasilicates and porous silica. The type of adsorbent and its surface area
affected the release rate of carbamazepine [110]. Another approach in this area is the
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liquisolid technique introduced by Spireas in 1992 as concept of powdered solutions main-
taining a sufficient flowability [111]. This technique comprises a simple blending of liquid
medications with solid excipients in powder form. The resulting product can be consid-
ered as adsorbate. The research of Spireas et al. comprised the investigation of liquisolid
compacts with regard to the effect of powder composition [112–114]. These compacts were
composed of an compression enhancing carrier (e.g. MCC) and a flow-enhancing adsorp-
tive material (e.g. amorphous silicon dioxide). For example, methyclothiazide dissolved
in PEG 400 and formulated as liquisolid system was directly compressed to tablets [114].
The research on adsorbate systems is ongoing and still in focus [115]. Recently, Hentzschel
et al. investigated the release of griseofulvin in liquisolid compacts using Neusilin® US2
and water miscible liquids [116]. A higher release rate of the drug was observed from
tablets produced with a prior adsorption of a drug solution in PEG 300 on this excipient.
Furthermore, different methods of adsorbate preparation or adsorbing techniques can

be found in the literature. The previous examples adsorbed the liquid prior to a process-
ing such as compaction or pelletizing. Sander and Holm applied an alternative method.
They prepared tablets of Neusilin® US2 by direct compression and loaded them success-
fully with liquid SMEDDS afterwards [117]. Meanwhile, studies with different lipids and
adsorbents in combination with dissolution experiments with poorly s soluble drugs or
model drugs were published [118, 119]. But so far, there are no detailed investigations in
the field of adsorbate formation with liquid lipids focusing on interactions between liquid
and solid excipients. The process of liquid adsorption is characterised mainly macro-
scopically. However, the seemingly simple adsorption process is challenging: First of all,
there is the choice of the appropriate excipient which differs in its adsorption capacity
and suitability to the desired pharmaceutical process. Moreover, storage conditions as
well as pharmaceutical processing could influence the adsorption strength of excipients or
the immobilisation of the liquid, respectively. The interactions between liquid and solid
components could be crucial for processability, storage stability, and finally for the in vivo
performance.

1.3. Aim of this thesis
Liquid lipid adsorbates are simple and promising solid lipid formulation systems. Detailed
investigations of the interactions between the liquid lipid and the adsorbent are missing.
In this thesis, novel adsorbent excipients and different lipid systems (non-emulsifying
and emulsifying) will be chosen to form solid adsorbate systems. It is the aim to look
deeper inside the adsorbate formation and to provide a detailed characterisation of possible
physicochemical interactions. Thereby, certain influencing parameters will be included as
different homogenisation methods, different storage conditions and a further processing
of the adsorbate. Additionally, the release properties of the adsorbate will be considered
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with respect to the physicochemical interactions built between the liquid and the solid
adsorbent.
The inorganic adsorbents Fujicalin® and Neusilin® are novel processed excipients and

available in pharma grade. Besides, the excipients offer a sufficient adsorbing capacity
(see table 3). Fujicalin® is available in form of spherical granules produced by spray dry-
ing. Neusilin® is available in different qualities, e.g. in powder and granulated form and
further divided in alkaline and neutral grades with different water content, specific surface
area, particle size and adsorbing capacity. Adsorbates from the substance classes calcium
phosphates and silicates will be investigated in this thesis. Fujicalin® and the adsorbent
Neusilin® US2, a spray dried silicate in form of spherical granules, were selected. Addi-
tionally, Neusilin® UFL2, the fine powder form of the silicate, will be included to compare
adsorbents with different particle sizes of the same substance class. It is important to
choose a rather simple lipid adsorbate system to be able to study interactions between
the solid adsorbent and the liquid lipid in detail and to gain deeper insight on possible al-
terations of the lipid properties after the adsorption. Medium-chain triglycerides (MCT)
are perfectly suited as model oil to form simple adsorbate systems. MCT is often used as
solvent for poorly water-soluble drugs in marketed lipid formulations and it is often part
of self-emulsifying systems.
The oil adsorbates should be obtained by simple standard technologies and by use of

standard equipment. For this purpose, the common homogenisation method mortar and
pestle will be used which was present in most of the recent publications concerning ad-
sorbate production. In addition to the conventional blending by mortar/pestle, a novel
mixing method, the dual asymmetric centrifugation will be applied. Previous publications
investigated this method for the production of liposomal formulations [120–122] and phos-
pholipid gels [122, 123]. It will be applied for adsorbate production for the first time. By
means of the subsequently presented methods, it is intended to find out whether the type
of homogenisation will influence the physicochemical interactions between the adsorbate
components.
Methods for a comprehensive characterisation of the MCT adsorbate and especially

the solidified MCT have to be developed. The morphology of the solid particles will
be compared before and after oil adsorption by use of environmental scanning electron
microscopy and confocal laser scanning microscopy. Furthermore, the absolute density
will be measured by use of helium pycnometry to get a better knowledge about the oil
distribution. The impact on the properties of the oil caused by the adsorption is a very
central issue and will be investigated by different methods. Thereby, the impact of differ-
ent storage conditions will be included. The microviscosity can be used as a measure for
the adsorption state and strength. NMR relaxometry and imaging (Benchtop NMR and
MRI) are excellent methods to study the microviscosity by measuring the mobility of the
protons of a proton-bearing liquid. NMR relaxometry is frequently used in food techno-
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logy [124, 125] and newly applied in the pharmaceutical field [126, 127]. This technique
offers short measurement times which are important for the observation of time-dependent
processes as for example release studies. Furthermore, it is also possible to measure at
certain temperatures. The electron spin resonance (ESR) spectroscopy is a powerful an-
alytical tool which offers clues to different physicochemical parameters of drug delivery
systems and is successfully applied in the pharmaceutical research [128–131]. It will serve
as second method to investigate the microviscosity of the adsorbed oil. Therefore, the
spin probe Tempol, a paramagnetic molecule, will be incorporated because most of the
pharmaceutical samples are ESR silent [76]. Furthermore, ESR shall clarify a possible
impact on the micropolarity of the adsorbed oil. Changes in the environmental polarity
could be a very crucial alteration for a dissolved drug. Therefore, the micropolarity will
be additionally investigated by fluorescence analytics. The fluorescence emission of the
dye Nile red is sensitive to the polarity of the environment [132–135] and will be measured
by use of the multispectral fluorescence imaging technique. Finally, the release of the ad-
sorbed oil from the solid excipient is an important issue. A strong and permanent binding
may have a bad influence on drug absorption. Abdalla et al. discovered an incomplete
Progesterone release from self-emulsifying microcrystalline cellulose (MCC) pellets [104].
Therefore, a desorption test in aqueous media will be included in the characterisation
study of Benchtop-NMR/MRI and multispectral fluorescence imaging.
For a pharmaceutical application of lipid adsorbates it will be important to prove a

simple handling in common pharmaceutical processes. The feasibility of the production
of pellets by extrusion/spheronization will be investigated by means of the example of
Fujicalin® and a self-emulsifying mixture as a more complex lipid system. MCC is the
most common extrusion/spheronization aid with properties suitable for the production
of strong and spherical pellets [136] and will be used in a first trial in combination with
the Fujicalin® adsorbate. Due to known disadvantages of MCC concerning the release of
poorly soluble drugs [136], it is planned to include native pea starch as second carrier.
By means of reflected light microscopy and ESEM, the morphology of the products of the
different process steps will be studied. The application of NMR relaxometry will be used
to see a possible influence of the extrusion process on the microviscosity of the adsorbed
self-emulsifying system. Further investigations of the pellets such as a complete size and
shape analysis will not be performed as it is planned as a feasibility study and thus would
go far beyond the scope of this thesis.
Finally, a detailed investigation of the release properties of the adsorbates shall be

performed as a comparative study of the three adsorbents with a complex lipid system.
The release of a lipophilic fluorescence dye will be measured as model for drugs of poorly
aqueous solubility but of good oil solubility. A possible selective release of components of
the lipid system will be clarified by dynamic light scattering and 1H-NMR spectroscopy.



2. Materials and methods Page 14

2. Materials and methods
2.1. Materials

2.1.1. Adsorbing materials and excipients used for
extrusion/spheronization

Product name Chemical name Supplier

Fujicalin® Dibasic calcium phosphate
anhydrous

Fuji Chemical
Industry (Japan)

Neusilin® UFL2 Magnesium
aluminometasilicate

Fuji Chemical
Industry (Japan)

Neusilin® US2 Magnesium
aluminometasilicate
(spray-dried)

Fuji Chemical
Industry (Japan)

Vivapur®101 Microcrystalline cellulose JRS Pharma GmbH + Co KG
(Germany)

Pea starch Starch Roquette (France)

2.1.2. Lipids

Product name Chemical name Supplier

Miglyol® 812 Medium-chain triglycerides Caelo (Germany)

Captex® 355 EP/NF Medium-chain triglycerides Abitec Corporation (USA)

Capmul® MCM C10 Glycerol monocaprate Abitec Corporation (USA)

Capmul® MCM EP Glycerol monocaprylocaprate Abitec Corporation (USA)

Capmul® PG8 Propylene glycol monocapry-
late

Abitec Corporation (USA)

Solutol® HS 15 Macrogol-15-hydroxystearate BASF (Germany)

Cremophor® ELP Polyoxyl-35 castor oil BASF (Germany)
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2.1.3. Dyes and spin probes

Substance
name

Chemical name Supplier Absorption
maximum

[nm]

Emission
maximum

[nm]

DiI 1,1-Dioctadecyl-
3,3,3’,3’-tetramethyl-
indocarbocyanine
perchlorate

SIGMA Aldrich
Chemie GmbH
(Germany)

551 570

Rhodamine
110 chloride

Xanthylium-3,6-
diamino-9-(2-
carboxyphenyl)-
chloride

SIGMA Aldrich
Chemie GmbH
(Germany)

498 520

Nile red 9-Diethylamino-5-
benzo[α]phenoxazinone

SIGMA Aldrich
Chemie GmbH
(Germany)

polarity shift

Sudan red 7B N-Ethyl-1-[4-
(phenylazo)phenylazo]-
2-naphthylamine

SIGMA Aldrich
Chemie GmbH
(Germany)

-

Tempol 2,2,6,6-Tetramethyl-
4-hydroxy-piperidin-
1-oxyl

SIGMA Aldrich
Chemie GmbH
(Germany)

-

2.1.4. Solvents

2.1.4.1. Aqueous solvents

Purified water was obtained by a combination of ion exchangers and reverse osmosis
and distilled water was produced by double distillation. Both conforms to the mono-
graph of purified water of the European Pharmacopoeia. Deuterated water (deuterium
oxide 99.9 atom% D) was obtained from SIGMA Aldrich Chemie GmbH (Munich, Ger-
many). For NMR spectroscopy measurements deuterated water containing 0.75%(w/w)
3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt was used. Phosphate buffer pH 6.8
(Sørensen) was obtained by dissolving the buffer agents sodium hydrogen phosphate dihy-
drate and potassium dihydrogen phosphate (both purchased from Carl Roth, Germany)
in distilled water or deuterated water.
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Table 4: Overview over the prepared adsorbate samples dedicated to the applied analytical
method.

Method
Fujicalin® Neusilin® US2 Neusilin® UFL2

percentage of MCT or SMEDDS [%]
ESEM 30 50 50
CLSM 30 50 50
Helium pycnometry 10/30/50 10/30/50 10/30/50
NMR relaxometry 30/50 30/50/70 30/50/70
NMR imaging 30 50 50
NMR spectroscopy 30 50 50
ESR spectroscopy 30 30 30
Multispectral fluorescence
imaging

30 50 50

Fluorescence microplate
reader

30 50 50

PCS 30 50 50

2.1.4.2. Organic solvents

All used organic solvents were of analytical quality and were used without further purifi-
cation.

2.2. Methods

2.2.1. Preparation of the adsorbates
The adsorbates consisted of two components: The solid adsorbing excipient (e.g. Fuji-
calin®, Neusilin® US2, Neusilin® UFL2) and medium-chain triglycerides (MCT) or a liquid
pre-concentrate respectively. Different percentages were prepared depending on the solid
excipient and the analytical method: 10%, 30%, 50% and 70% (w/w). Due to the higher
oil adsorption capacity, the Neusilin® adsorbates were the only adsorbates prepared with a
MCT loading of 70%. For some investigations, it was necessary to have a similar powder
appearance or similar bulk volumes. Because of the different adsorption capacity, this was
only possible if Fujicalin® as 30% adsorbate was compared to Neusilin® as 50% adsor-
bate. Table 4 gives an overview over the prepared adsorbates for the different analytical
methods.
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Two preparation methods were applied. The mortar method comprehends the weigh-
ing of the components in a glass vial and a premixing with a spatula prior to a gentle
blending by mortar and pestle. As second method, the components were blended by use
of dual asymmetric centrifugation (SpeedMixer™ DAC 150 SP, Hauschild GmbH & Co
KG, Germany). The mixing is based on a double rotation of a container. Figure 1 on
page 18 shows the principle of this centrifugation method. The components were weighed
in a closable polypropylene container (volume: 12ml or 50ml) and directly mixed. The
mixing program followed the same procedure for all samples involving three steps, a 30
second period with a rotation speed of 3500 rpm at the beginning, and two further mixing
periods for 30 seconds at 2000 rpm. In between each step, a rest period of 30 seconds at
300 rpm was inserted to avoid overheating of the material.

2.2.2. Storage conditions
The excipients as well as the produced adsorbates were generally stored in a climatic
chamber at 20 ◦C and 40% relative humidity. In addition, different levels of relative
humidity (RH), 32–33% (over a saturated CaCl2 solution) and 75–76% (over a saturated
NaCl solution), were prepared in a desiccator at a constant temperature of 20 ◦C [137].
The humidity values were controlled with a hair hygrometer. Prior to thermogravimetric
analysis (see section 2.2.7) and preparation of the adsorbates, the excipients were stored
for 4 weeks at these conditions. The adsorbates were then stored for a further week prior
to the NMR relaxometry study.

2.2.3. Preparation of pellets by extrusion/spheronization
For extrusion, a twin screw radial extruder (Fuji-Paudal, Japan) with dies of 1mm hole di-
ameters and a wall thickness of 1mm was used. The resulting extrudates were spheronized
for 5min in a 250mm radial plate spheronizer (Fuji-Paudal, Japan). The frictional plate
was designed with a grid pattern of pyramidal segments of 3mm × 3mm base size and
1.5mm height. The extrudates which were intended for further analysis and the pellets
were dried in an oven at 40 ◦C for 2 h. Two pellet formulations were produced. Table 5
shows the composition of both pellet formulations. The batch size was 350 g. The first
step was the adsorption of the liquid. For this purpose, Fujicalin® was blended according
to the mortar/pestle method with the liquid concentrate using an enamel bowl and a
pistil in appropiate size. The liquid concentrate was taken from Abdalla et al. [104] and
is equivalent to pre-concentrate C whose composition is given in table 6. Afterwards, the
extrusion aid (MCC or pea starch) was added and blended. Then, an appropriate amount
of purified water was added to form a mass suitable for extrusion.
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SpeedMixerTM

DAC 150 SP

View from the side

backrotating
basket

Mixing happens
in the corner

rotating arm

rotating plane of
the rotating arm

drive shaft

40°

Rotation 1:
up to 3500 rpm

Rotation 2:
rotation ratio
approx. 1:4

Figure 1: Principle of the SpeedMixer™ method modified from Massing et. al. [122]. Top:
Model of the device. Bottom: Principle of dual asymmetric centrifugation (DAC). Two
rotation processes happens simultaneously. The main rotation 1 describes the conventional
centrifugation with a rotating movement around a vertical axis at a defined angle to the
rotating plane. Thereby and due to the angle of about 40° the material is pushed outwardly
to the corner between bottom and container wall. A second rotation is performed by the
basket/container component on its own in the opposite direction pushing the material
inwardly.
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Table 5: Composition of the pellet formulations in [%(w/w)]

Excipient Formulation I Formulation II
Fujicalin® 40 20
Vivapur®101 40 -
Pea starch - 70
Liquid concentrate 20 10

Table 6: Composition of the liquid pre-concentrates in [%(w/w)]

Excipient Pre-concentrate A Pre-concentrate B Pre-concentrate C
Capmul® MCM C10 20 - -
Captex 355® EP/NF 40 - 40
Solutol® HS 15 40 - 40
Capmul® PG8 - 50 -
Cremophor® ELP - 50 -
Capmul ® MCM EP - - 20

2.2.4. Set up of the release study of adsorbed
self-(micro)emulsifying systems

2.2.4.1. Selection of the pre-concentrates

Table 6 shows the composition of two self-microemulsifying pre-concentrates (A + B)
and of one self-emulsifying pre-concentrate (C). Pre-concentrate (C) was not included in
the release study. Pre-concentrate B was taken from Li et al. [30]. Pre-concetrate C
was taken from Abdalla et al. [104] and was not included in the release study described
in chapter 2.2.4.2 on page 20. Pre-concentrate A is a modified mixture based on pre-
concentrate C. For the selection, 0.1 g of each pre-concentrate was covered with 2ml
phosphate buffer pH 6.8 (Sørensen). For pre-concentrate B, a second preparation with
distilled water was done. The samples were shaken by use of an orbital shaker by 400min−1

at 37 ◦C for 1h. The pre-concentrates were partly coloured with Sudan red for a better
visibility of the distribution of the pre-concentrate in the medium.
For further analysis, samples of the selected pre-concentrates A and B were re-prepared

at room temperature by covering 0.1 g of a pre-concentrate with 2ml phosphate buffer pH
6.8 or distilled water, respectively. The samples were shaken by use of an orbital shaker
by 400min−1 at 25 ◦C for 15min .
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2.2.4.2. Preparation of release samples of the adsorbates

Adsorbates of pre-concentrate A and B were prepared as listed in table 4 referring to the
methods fluorescence micro plate reader, NMR spectroscopy and PCS. Dual asymmetric
centrifugation was used as preparation method. Samples for the release study were ob-
tained following the procedure in Figure 2 on page 21. For the pre-concentrate reference,
the liquid mixture was first filled into the test tube. Subsequently, 10ml of phosphate
buffer pH 6.8 with a temperature of 37 ◦C was added. For the adsorbates samples, 10ml
of the buffer was first filled into a test tube and tempered to 37 ◦C. Then, an appropriate
quantity of adsorbate containing 0.5 g of liquid pre-concentrate was added (equates 1.67 g
Fujicalin® adsorbate and 1.00 g Neusilin® adsorbate). 1 h rotation in an end over end
apparatus with 10 rpm at 37 ◦C followed with a subsequent rest period of 5min to achieve
a primary sedimentation of the adsorbate. 5ml of the supernatant was transferred via a
glass frit G3 (pores of 16–40 µm) into a test tube. 1.5ml of the obtained release medium
was transferred into an 1.7 ml Eppendorf reagent tube and centrifuged in an Eppendorf
Minispin for 1min at 5000 rpm to remove the remaining solid particles of the adsorbent.
Subsequently, the supernatant was analysed via florescence, PCS and NMR spectroscopy.
For the preliminary visual study, 10 g of the pre-concentrate was coloured with 1mg

Sudan red prior to preparation of the adsorbate. Instead of the filtration step in Figure 2,
a centrifuge Labofuge 300 (Heraeus, Germany) was used. The hereof resulting samples
were compared as received and not further treated.

2.2.5. Microscopical methods

2.2.5.1. Environmental scanning microscopy

Surface properties of the raw material and the MCT adsorbates were observed with a
Philips ESEM XL 30 FEG microscope at a pressure of 1.3mbar in WET mode and
with use of the GSE (gaseous secondary electron) detector which provided a sufficient
resolution. First a test with pure MCT was performed which resisted the evacuation of
the chamber. The pellet study (see chapter 3.2) was additionally performed by use of the
backscatter electron detector (BSE).

2.2.5.2. Confocal laser scanning microscopy

The oil distribution on the excipient particles were investigated with a LSM 710 micro-
scope (Carl Zeiss MicroImaging GmbH, Germany). 1 g solid excipient was moistened with
an ethanolic solution of the fluorescent dye Rhodamine 110 chloride (Rh 110) (concen-
tration: 0.5 µg

ml). Fujicalin® was moistened with 0.5ml solution, for Neusilin® an amount
of 2ml was used because of the larger surface area. The moistened excipient was imme-
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Figure 2: Sample preparation for the adsorbate release study
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diately blended by use of the SpeedMixer™ programme (see chapter 2.2.1). The mixture
was dried under reduced pressure in a rotary evaporator at 40 ◦C for 30min. The obtained
impregnated raw material was blended with a 0.2 µg

ml solution of the lipophilic dye DiI in
MCT [138]. Rhodamine 110 was excited by a 488 nm laser. DiI was excited by a 543nm
laser. Images were recorded in a sequential scanning mode with the ZEN 2009 software.
For adsorbates shown in close-up view a z-stack mode was additionally applied. These
pictures are composed of several slices.

2.2.5.3. Reflected-light microscopy

Reflected-light microscopy with a DigiMicro 2.0 was applied for overview pictures of ex-
trudates and pellets. The pictures were taken with the software MicroCapture 2.0.

2.2.6. Absolute density by helium pycnometry
The absolute density was measured with the fully automatic gas displacement helium
pycnometer AccuPyc 1330 (Micromeritics, Germany) at room temperature. The sam-
ple container was filled with excipient or adsorbat with approximately 50–80% of the
container volume. The number of repeating measurements was fixed automatically dur-
ing the measuring cycle and ranged between 5 and 10. All in all, two sample series of
pure excipient, 10%, 30% and 50% adsorbates were prepared by mortar/pestle and DAC
respectively.

2.2.7. Thermogravimetric analysis
The thermogravimetric analysis of the adsorbents was performed with a Netzsch TG 209
(Netzsch-Gerätebau GmbH, Germany). The analyses were conducted in duplicate for
each sample with a heating rate of 10 K

min from 20 ◦C to 150 ◦C and a following isothermal
period of 10min at 150 ◦C.

2.2.8. Nuclear magnetic resonance
Three analytical methods based on nuclear magnetic resonance were applied. Bench-
top NMR and MRI were used for investigation of MCT adsorbates (chapter 3.1) and
extrusion/spheronization products (chapter 3.2). NMR spectroscopy was used for the
investigation of the release media of adsorbed pre-concentrates handled in chapter 3.3.
The benchtop NMR and MRI (BT-NMR/ BT-MRI) measurements were carried out

with a low-field (20MHz) benchtop 1H NMR-MRI spectrometer (MARAN DRX2, Ox-
ford Instruments Molecular Biotools, Oxford, UK) with an included air flow temperature
regulation. Samples were prepared according to the procedure in Figure 3. The adsorbate
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18 mm

Figure 3: General sample preparation for Benchtop-NMR relaxometry and -MRI.

was first filled into a test tube of 18mm diameter. For the desorption studies of MCT
adsorbates, the corresponding medium was then added with a pipette on top of the ad-
sorbate. In case of floating occurrences the sample was shortly and very gently agitated
by a stirring rod before starting the measurement. The temperature was generally set to
25 ◦C. Specifics on sample preparation and parameter settings will be described within
the individual method.

2.2.8.1. Benchtop nuclear magnetic resonance relaxometry

For relaxometry measurements, the transverse magnetization decay (T2 relaxation) was
used by applying the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence [126]. The data
were fitted using the WinDXP analysis software (Oxford Instruments Molecular Biotools,
Oxford, UK) to obtain the resulting T2 distribution. A corresponding amount of adsorbate
containing 300mg MCT was filled in a test tube. The relaxation delay time was set to 5 s
and the number of echoes between two radio frequency pulses was adjusted for each sample
in the range of 512 to 4096. All measurements were performed with 64 scans. Samples
were prepared with different MCT loadings in triplicate. The MCT desorption study was
done with Fujicalin® adsorbates of 30 and 50% (w/w) MCT content and with Neusilin®

adsorbates of 50% (w/w) MCT content. Therefore, 2ml deuterium oxide (D2O) was
added to every test tube containing the adsorbate and the T2 distribution was measured
every 15minutes over a period of 8 hours. Values of 1hour are presented.
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Table 7: Parameter set of BT-MRI

MRI parameter Dry adsorbate Adsorbate with water/
phosphate buffer/

0.1m HCl

Adsorbate with
D2O

Repetition time (tR)
[ms]

150 300 600

Gradient echo time
(tE) [ms]

6.7 8 8

Number of measure-
ments (averages)

16 16 16

Gain 100 20 20
Time per image [min] 2.5 5 10

Table 8: Adsorbate quantities used for the BT-MRI study

Fujicalin® Neusilin® US2 Neusilin® UFL2
Adsorbate mass [mg] 1000 600 500
Thereof MCT [mg] 300 300 250

Products of extrusion/spheronization process steps and the free liquid concentrate were
measured with the same parameters given for the MCT adsorbates. 0.2 g of liquid con-
centrate and 2 g of every process sample were weighed in a test tube, respectively.

2.2.8.2. Benchtop magnetic resonance imaging

The parameters in table 7 were used for the pilot and the subsequent comparative study.
The number of averages is the number of repeating measurements. One measurement
(average) comprised 64 scans. “tR” is the repetition time and defined as the period of
time after which a new excitation takes place. “tE” is defined as the gradient echo time.
For reference samples with raw material only, the same parameter settings were used as
for the adsorbates. Images were always initiated after the following time points: prior to
the addition of the medium, directly after the addition of the medium (start point), after
15min, after 30min (not performed in the pilot study) and after 60min. The adsorbate
quantities presented in table 8 were weighed in a test tube to achieve a filling height of
approximately 1 cm. First, the image of the dry adsorbate was recorded. Finally, 4 ml
aqueous medium were added to the test tube. In case of the Neusilin® adsorbates, a gentle
agitation with a stirring rod was applied during the comparative study. The measurement
was started immediately.
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2.2.8.3. Nuclear magnetic resonance spectroscopy

NMR spectra of the release medium of the adsorbates were recorded with a Gemini
2000 400MHz NMR spectrometer. The samples were prepared according to the descrip-
tion given in chapter 2.2.4.2 on page 20. Phosphate buffer pH 6.8 (Sørensen) prepared
with deuterated water containing 0.75%(w/w) 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid,
sodium salt (TMSP), was used as release medium. 800 µl of the release samples were
pipetted in a NMR tube and a spectrum was recorded at 25 ◦C. Calibration samples
with increasing amounts of the lipid component were prepared following the same release
procedure. For pre-concentrate A, calibration samples with constant concentration of
Solutol® HS 15 (0.02 g

ml) and lipid concentrations of 0; 0.01; 0.02 and 0.03 g
ml were mea-

sured. The lipid component is composed of one part Capmul® MCM C10 and two parts
Captex 355® EP/NF. Additionally, a pre-concentrate reference (0.05 g

ml pre-concentrate A)
and a Solutol® HS 15 reference (0.02 g

ml) was included. For pre-concentrate B, calibration
samples with a constant concentration of the surfactant Cremophor® ELP (0.025 g

ml) and
increasing Capmul® PG8 concentrations (0; 0.01; 0.015; 0.02 and 0.025 g

ml) were measured.
Additionally, a pre-concentrate reference (0.05 g

ml pre-concentrate B) and a Cremophor®

ELP reference (0.025 g
ml) was included. The adsorbate quantity used corresponded to 0.5 g

of adsorbed pre-concentrate. The spectra were processed in MestReNova LITE with auto-
matic baseline correction and TMSP as 0 ppm standard. Peak intensities were determined
manually.

2.2.9. Electron spin resonance spectroscopy
Electron spin resonance (ESR) spectroscopy was performed with a MiniScope MS 200
X-Band spectrometer (Magnettech, Berlin) at room temperature. Adsorbates with a
MCT load of 30% (w/w) were prepared with both mixing methods in duplicate. Prior
to preparation of the adsorbates, MCT and reference solvents (water, methanol, ethanol)
were loaded with the spin probe Tempol (0.5 mmol

l ). The reference solvents and adsorbates
were filled in capillary tubes. The solid Tempol spectrum was generated by molecular dis-
tribution of Tempol on pea starch. For this purpose, 2 g pea starch were suspended in 10ml
of a Tempol-water solution (17.22 µg

ml) to achieve a concentration of 0.5 mmol
kg pea starch.

The suspension was freeze-dried. The spectra were recorded with the parameters given
in table 9 on page 26. The original spectra were simulated with the EPRSIM software
(Nitroxide Spectra Simulation - Freeware Version 4.99 - 2005, “Jozef Stefan” Institute,
Department of solid state physics, Ljubljana, Slovenia, http://lbf.ijs.si/index.html). Ref-
erence spectra were simulated as one isotropic form, the data of the adsorbates as two
isotropic domains. The proportion of the species as well as their corresponding rotational
correlation time (τc) and hyperfine splitting constant (aN) were calculated directly from
the shape of the spectrum by the simulation software.



2. Materials and methods Page 26

Table 9: Summary of ESR parameters

ESR parameter Reference
solvents

MCT
adsorbates

Solid spectrum

B0-field [mT] 333.9 333.9 333.9
Field sweep [mT] 7.7 7.7 20
Sweep time [min] 10 30 10
Modulation amplitude [mT] 0.02 0.05 0.1
Microwave power [mW] 5 5 20
Number of passes 3 3–5 3

2.2.10. Fluorescence analytic

2.2.10.1. Multispectral optical imaging

Fluorescence imaging was carried out with the Maestro™ fluorescence in vivo imaging
system (Cambridge Research & Instrumentation, Inc.). The method is described in detail
by Kutza [139], Kutza et al. [140] and Schädlich et al. [141–143]. Nile red (NR) was
selected as fluorescence dye because the wavelength of its emission maximum increases
with polarity of the environment [132–135]. The adsorbates were prepared with a NR
solution in MCT (0.5 µg

ml) with both mixing methods. The pure excipient (an amount
corresponding to the proportion in the adsorbate) was impregnated with 380 µl of a NR
solution in acetone (0.5 µg

ml) by the SpeedMixer™ method as comparison specimen. The
solvent was removed afterwards in a rotary evaporator for 15min at room temperature.
These samples referred to as “impregnated samples”. An appropriate amount of adsorbate
containing 300mg MCT, the equal amount of impregnated excipients and 4ml of NR
containing reference solvents (0.5 µg

ml in methanol, MCT, n-hexane) were transferred in a
12 well microtiter plate. To achieve a similar filling level of the wells Fujicalin® as 30%
(w/w) MCT adsorbate and Neusilin® samples as 50% MCT adsorbate were compared in
the study. Fluorescence images were recorded by use of the green filter set in 2nm steps.
Exposure time was set to automatic mode and the platform height to level 1a. First, the
dry adsorbates were measured. Afterwards, 4ml water were added to the adsorbates and
impregnated excipients (desorption study) and the samples were measured again after one
hour. All samples were prepared in triplicate.

2.2.10.2. Fluorescence analytic with the NOVOstar micro plate reader

Fluorescence analytic of the release medium of asorbed pre-concentrates was performed
by means of the NOVOstar micro plate reader (BMG LABTECH GmbH, Germany).
The pre-concentrates A and B were loaded with the fluorescence dye DiI (1 µg

g ). Sub-
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sequently, adsorbates were prepared by the SpeedMixer™ method. The samples of the
release medium were obtained following the method described in chapter 2.2.4.2 and fi-
gure 2. 200 µl of every supernatant were transferred to a 96 well microtiter plate. The
plate was placed in the Novostar microplate reader and the fluorescence of individual
wells was measured in plate mode using a 544/10 excitation filter and a 590/20 filter for
emission. Every plate was measured with 3 cycles with 100 flashes per well and cycle. The
release experiment was carried out in triplicate for both pre-concentrates. All obtained
samples from one pre-concentrate series were included in the same microtiter plate. Addi-
tionally, 0.5 g of DiI loaded pre-concentrate were suspended in 10ml phosphate buffer pH
6.8 and served as 100% release reference. These reference samples were prepared in trip-
licate and followed the same procedure as done for the adsorbate samples. Furthermore,
7 calibration samples with concentrations of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.07 g

ml

of DiI loaded pre-concentrates were prepared (equates DiI concentrations in the medium
of 0.01, 0.02, 0.03, 0.04, 0.05, 0.06 and 0.07 µg

ml). 200 µl of every calibration sample as well
as a blank were transferred to the same microtiter plate of the corresponding adsorbate
release samples.
The mean of 3 measurement cycles of one preparation (one well) was calculated for each

sample and the blank value was subtracted. The median was calculated from the three
preparations (adsorbate samples and pre-concentrate reference) as well as the positive and
negative range. A calibration curve was calculated to prove the linearity for the chosen
DiI concentrations.

2.2.11. Particle size characterisation by dynamic light scattering
Particle size characterisation was performed by dynamic light scattering also known as
photon correlation spectroscopy (PCS) with the Zetasizer Nano ZS (Malvern Instruments,
He-Ne-laser of 633nm). Samples of pre-concentrate A were diluted 1:10 (v/v), samples of
pre-concentrate B were diluted 1:20 (v/v) and samples of pre-concentrate C were diluted
1:40 (v/v) with phosphate buffer pH 6.8 to obtain an optimal sample concentration for
the measurement (attenuation values between 6 and 9). The samples were filtrated by a
0.02 µm cellulose acetate filter. The measurement duration was set to automatic mode.
Every sample passes 5 measurement cycles at 25 ◦C and 37 ◦C at an angle of 173° using
non-invasive backscatter optics. A delay of 20 s was inserted between each cycle. The 5
consecutive cycles were performed as a control of the short term stability. Water was set
as dispersant in the standard operating procedure with an refractive index of 1.330. One
sample was prepared for the selection of pre-concentrates. The experiment was performed
in duplicate at 25 ◦C for the characterisation of the release medium of pre-concentrate
A and B. The mean and range of z-average diameter and polydispersity indices were
calculated from 5 measurement cycles of every sample.
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3. Results and Discussion
3.1. Characterisation of MCT adsorbates

3.1.1. Morphology of the adsorbates
Environmental scanning electron microscopy (ESEM) and confocal laser scanning mi-
croscopy (CLSM) were performed to characterise the morphology of the adsorbates. The
influence of oil adsorption and production method on the particle surface was investigated.

3.1.1.1. Environmental scanning electron microscopy

Scanning electron micrographs (Fig. 4 on page 29 ) suggest mostly spherical particles
of the pure and the MCT-loaded material of Fujicalin® and Neusilin® US2. The oil ad-
sorption process modified the particle surface. Differences between both mixing methods
are visible. The SpeedMixer™ method leads to a smoothing of the particle surface. In
contrast, the electron micrographs of the mortar samples show a coarse and uneven par-
ticle surface. Partly destroyed powder particles are visible for the Neusilin® US2 sample.
Neusilin® UFL2 tends to agglomerate because of its fine powder form (G1 and G2). These
agglomerates seem to be more easily destructible by the mortar/pestle method (H1 vs.
I1). However, the single particles are too small to get a sufficient resolution to see surface
modifications.
Gumaste et al. compared different silicates concerning tableting properties with and

without adsorbed liquids [144]. For instance, the surfactant Cremophor® EL was adsorbed
at Neusilin® US2 and Neusilin® UFL2. The SEM images of the 1:1 US2-surfactant ad-
sorbate showed a similar rough particle surface as found for the mortar/pestle adsorbate
in the present work. Gumaste et al. suggested that Neusilin® US2 adsorbs liquids deeper
into its pores because of its porous structure and the presence of relatively large pores of
1 µm versus UFL2 with smaller particles. This explanation could be plausible as lipids
were adsorbed in form of an organic solution [144]. One the other hand, the treatment
of the slurry (intermittent stirring with a spatula) during removal of the organic solvent
and the subsequent sieving step could also modify the surface. Hence, the rough and
porous appearance of the adsorbate does not necessarily prove the adsorption into the
inner pores particularly with regard to the non-visible contrast between adsorbent and
liquid. Kang et al. applied scanning electron microscopy to adsorbates with Fujicalin®

and Neusilin® US2 and suggested that the liquid SEDDS were retained in micropores and
at the particle surface [118].
All in all, ESEM allowed detecting differences in the surface texture of the adsorbate

particles. Due to the poor contrast between excipient and oil, it was neither possible to
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Figure 4: Scanning electron micrographs of “A1+A2” Fujicalin® raw material; “B1+B2”
Fujicalin® loaded with 30% MCT by speed mixing; “C1+C2” Fujicalin® loaded with 30%
MCT by mortar/pestle; “D1+D2” Neusilin® US2 raw material; “E1+E2” Neusilin® US2
loaded with 50% MCT by speed mixing; “F1+F2” Neusilin® US2 loaded with 50% MCT by
mortar/pestle; “G1+G2” Neusilin® UFL2 raw material; “H1+H2” Neusilin® UFL2 loaded
with 50% MCT by speed mixing; “I1+I2” Neusilin® UFL2 loaded with 50% MCT by
mortar/pestle.
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obtain information concerning the homogeneity of the oil distribution nor to get a hint if
MCT is adsorbed into inner pores. Therefore, a second microscopic method was applied.

3.1.1.2. Confocal laser scanning microscopy

Confocal laser scanning microscopy (CLSM) was able to differentiate visually between
particle surface and adsorbed oil by use of two fluorescent dyes. The CLSM images of
Fujicalin® and Neusilin® US2 adsorbates are shown in Figure 5 on page 31. The parti-
cles of the pure material were covered with Rh 110 (green) prior to the adsorption of a
DiI-MCT solution (blue). The pictures indicate a heterogeneous oil adsorption on the
excipient particles for the SpeedMixer™ (A,B,D,E) and the mortar/pestle (C,F) blending
procedure. Not all of the particles are covered with MCT. Regarding the DiI fluorescence
of a single particle in more detail the mortar/pestle method shows a less homogeneous
oil distribution on the surface compared to the SpeedMixer™(B versus C, E versus F).
Furthermore, the particle surface becomes coarser and particle destruction is visible. Fi-
gure 6 on page 32 presents an overview of the mortar samples of all adsorbents. For
Neusilin® UFL2, small dots of adsorbed MCT are visible for both methods (C1/C2 and
C3/C4). The appearance is comparable. The mortar/pestle sample exhibits a slightly
more homogeneous MCT distribution compared to the SpeedMixer™ sample. The poorer
agglomerate disintegration of the SpeedMixer™ method leads to bigger MCT accumula-
tions.
The images with close-up view were recorded in a z-stack mode. They are composed

of several slices. This mode was selected in order to obtain a better focused surface of
the round particle. Furthermore, it was intended to enable a deeper look into the particle
and to visualise the inner pores possibly loaded with MCT. Figure 7 and Figure 8 on
pages 33 and 34 represent the same image sections used for the detail images of Fujicalin®

and Neusilin® US2 (SpeedMixer™) in figure 5 (B1 and E1). The recorded slices from top
to bottom are sorted in ascending order by number. The first slice for the Fujicalin®

adsorbate (Figure 7) started deeper compared to Figure 5 to focus more on the MCT
loaded particle. Both figures demonstrate that the oil is definitely located on the surface
or adsorbed in pores close to the outer surface. Additionally, it is visible that the particles
disappear more and more on the last slices of the series. The series of the Neusilin® US2
adsorbate in particular goes very deep to a z-position of 81.45 µm from the top of the
particle. Slice 7 (61.09 µm) should be the middle of the Neusilin® US2 particle. The last
slice of the Fujicalin® series is located in the middle of the non-loaded particle at a z-
position of 45.91 µm. For both samples no further slices were recorded because there was
almost no fluorescence in deeper layers. The surface of the lower side of the particle is
not visible in both cases. Actually, by moving through the particle a circle of Rh 110
fluorescence signal should remain. The outer surface was completely impregnated with
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Figure 5: Confocal laser scanning microscopy images of excipient-MCT adsorbates. Ex-
cipient particles are covered with Rh 110 in green, MCT-DiI distribution is shown in
blue. Images with number “1” are overlaid images of both dyes. Images with number
“2” show the DiI fluorescence only: “A” Fujicalin® with 30% MCT by SpeedMixer™ -
overview; “B” Fujicalin® with 30% MCT by SpeedMixer™ - close-up view; “C” Fujicalin®

with 30% MCT by mortar/pestle - close-up view; “D” Neusilin® US2 with 50% MCT by
SpeedMixer™ - overview; “E” Neusilin® US2 with 50% MCT by SpeedMixer™- close-up
view; “F” Neusilin® US2 with 50% MCT by mortar/pestle - close-up view.
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Figure 6: Confocal laser scanning microscopy images of MCT-excipient adsorbates. Ex-
cipient particles are covered with Rh 110 in green, MCT-DiI distribution is shown in
blue. Images on the left side are overlaid images of both dyes, images on the right
side show the corresponding DiI fluorescence only: “A1+A2” Fujicalin® with 30% MCT
by mortar/pestle - overview; “B1+B2” Neusilin® US2 with 50% MCT by mortar/pestle
- overview; “C1-C4” Neusilin® UFL2 with 50% MCT by mortar/pestle “C1+C2” and
SpeedMixer™ “C3+C4”.
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Figure 7: CLSM image slices of “B1” from Figure 5 - Fujicalin® with 30% MCT by
SpeedMixer™ from top to bottom starting with number 1. The scale bar indicates 50 µm.
Distance between sequent slices: 9.18 µm.

this dye. Even if MCT was only located on the surface a blue circle should at least be
consistent. Because this cannot be observed, it can be concluded that the particles are too
compact and not transparent enough. The light adsorbing barrier is too thick to detect
fluorescence signals from the inner pores of the particles and from the opposite particle
site. Hence, it cannot be clarified by CLSM whether MCT is adsorbed to the inner pores
or not.

3.1.2. Impact of the oil adsorption on the absolute density of the
powder

MCT exhibits a density of 0.95 g
cm3 . The used adsorbents exhibit densities above this

value. Consequently, MCT reduces the density of the adsorbate with increasing amounts.
Figure 9 on page 36 summarises the data obtained by the helium pycnometry method. All
mean data with the corresponding standard deviation are summarised in table 19 on page i
(appendix). The graphic shows the much higher starting density for Fujicalin® (2.845 g

cm3 )
as pure excipient compared to the Neusilin® excipients (2.168–2.235 g

cm3 ). The decrease
of density by addition of MCT is therefore more pronounced for Fujicalin®. Apparently,
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Figure 8: CLSM image slices of “E1” from Figure 5 - Neusilin® US2 with 50% MCT by
SpeedMixer™ from top to bottom starting with number 1. The scale bar indicates 50 µm.
Distance between sequent slices: 10.18 µm.

the blending method does not influence the absolute density of the adsorbates. But a
discrepancy between measured data and theoretically calculated values was identified.
The calculated value is composed of the percentages by mass of the density of the pure
adsorbent and the density of MCT. For all MCT adsorbates the calculated values are
higher compared to the measured data. This suggests that MCT does not reach the
inner pores of the particles but is rather located on the surface and outer pores. This
hypothesis can be justified as follows. The principle of the used helium pycnometer is
based on a gas displacement. The purging process with helium at the beginning of the
measurement should displace the air in the sample cell inclusively the air in the pores. If
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inner pores are partly closed by a MCT barrier the air in the pores cannot be displaced
by helium. The measured sample volume will be false high because the included air
contributes to the measured volume and therefore results in a false low absolute density
value. Besides, a second impact is imaginable. Helium could dissolve in MCT. A certain
solubility in oils was found by different scientists [145–147]. If a certain quantity of
helium dissolved in MCT this part would not contribute to the pressure in the sample cell.
Consequently, more helium would fill the sample cell than it would be the case without
any solubility in MCT. A part of the dissolved helium would return to the gas state after
opening of the valve between the sample and the expansion cell. The obtained sample
volume will be falsely low and will lead to a false high density. Thus, this impact would
not explain a discrepancy between low measured density values and higher theoretically
calculated density values. Consequently, the obtained results support the assumption that
the adsorption takes place mainly at the surface of the particle and that MCT hardly reach
the inner pores. The highest difference between measured and calculated values was found
for Fujicalin®(between 0.22 and 0.47 g

cm3 ). This indicates that the adsorbed oil is mainly
located on the outer surface for this adsorbate.
Milović et al. suggests that silicates with the higher surface area and/or bigger pores

have a decreasing effect on the release rate of the adsorbate due to partial entrapment
of the drug solution into the inner pores [110]. Gumaste et al. also explained the bet-
ter tableting properties of a Neusilin® US2 adsorbate by the presence of bigger pores or
channels and the adsorption of lipids on such structures [144]. Although Fujicalin® ex-
hibits the biggest pores (cp. table 3) it adsorbs most of MCT at the surface according
to the present data. Similarly, it can be assumed that Neusilin® US2 do not adsorb MCT
to its deeper located pores but rather adsorbs MCT at the surface and partly to inner
pores or channels which are located close to the particle surface. The similar data of
Neusilin® UFL2 suggest the same for this adsorbent. The single particles are very small.
Consequently, an entrapment of MCT inside of inner pores or channels has to be doubted.
Probably, the small adsorbate particles form agglomerates with enclosed air and enclosed
MCT. All in all, the assumption of an adsorption of an oily solution to the inner pores of
the particles has to be questioned.

3.1.3. Microviscosity of the adsorbed oil component
The microviscosity of the oil component serves as measure for the adsorption strength.
This parameter was investigated by benchtop nuclear magnetic resonance relaxometry/
imaging and electron spin resonance spectroscopy.
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Figure 9: Absolute density by helium pycnometry of pure excipients and their MCT
adsorbates in different percentages produced by mortar/pestle (abbreviation “M”) and
SpeedMixer™(abbreviation “S”). Two measuring series are presented: The lower value
as column, the second value as positive range. Theoretically calculated values are assigned
to the 10 percent, 30 percent and 50 percent adsorbates as circles.

3.1.3.1. Benchtop nuclear magnetic resonance relaxometry and imaging

The microviscosity can be indirectly estimated by the mobility of the protons of the
adsorbed proton bearing liquid. Hence, the MCT mobility in different adsorbates was
used as indicator for the excipient’s adsorption strength. A weak oil adsorption manifests
itself in a high proton mobility, a strong adsorption in a low proton mobility. The proton
mobility is detected by the T2 relaxation time. More precisely, a short relaxation time
indicates a lower mobility and therefore a stronger adsorption on the solid excipient. Vice
versa, a longer relaxation time indicates a weaker adsorption [127]. The T2 values of
the different excipients were recorded as a function of the oil load and of the relative air
humidity which is presented in the following chapters. Besides, the T2 values of both
production methods were compared. An important issue in this work is the release of the
MCT component from an adsorbate. This point was investigated by T2 relaxometry and
by MRI. Sample preparation and set up of the experiment is explained in chapter 2.2.8
on page 22.
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Table 10: T2 relaxation time maxima of adsorbates with different MCT content produced
by mortar/pestle method.

MCT content
[% (w/w)]

Fujicalin®

[ms]
Neusilin® US2

[ms]
Neusilin® UFL2

[ms]
30 41 2/7/27* 3/9/38*

50 90 7/26* 26
70 - 10/32* 51
100 199–223
* Several maxima detected

0 . 0 1 0 . 1 1 1 0 1 0 0 1 0 0 0
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Figure 10: T2 relaxation time distributions of MCT loaded on Fujicalin® and Neusilin®

with a content of 50%. The maximum intensity of each distribution was normalized to 1.

Influence of the excipient on the T2 relaxation of adsorbed MCT
For bulk MCT in a non-adsorbed (free) state at 25 ◦C, a relaxation maximum of 210ms
was observed (table 10 on page 37), which is a typical value for oils [127]. The relaxation
values in table 10 and the corresponding distribution curves in figure 10 show the strongest
adsorption of MCT for the Neusilin® US2 adsorbent. The T2 distribution curve is shifted
to the lowest relaxation time. Two maxima are visible at 7 and 26ms. Neusilin® UFL2
follows with a weaker adsorption with a T2 maximum at 26ms. The weaker adsorption
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can be explained by a tendency for agglomeration. This makes a homogeneous oil incor-
poration more difficult and is the reason for the presence of more mobile MCT fractions.
Fujicalin® with the highest relaxation maximum at 85ms shows the weakest binding of
MCT among these excipients. There are two effects which contribute to the different ad-
sorption properties of the Neusilin® and Fujicalin® products. One point is the surface area.
Fujicalin® has a much lower specific surface area compared to both Neusilin® products
(see table 3). Hence, the place for adsorption on this excipient is faster saturated. An ad-
sorption of MCT in a second (more mobile) layer is here more probable than for Neusilin®

and contributes to the total T2 relaxation distribution curve. Figure 4 (ESEM) on page 29
showed a more porous structure for Neusilin® US2 than for Fujicalin®. This could be one
explanation for the strong reduction of the MCT relaxation time. The porous structure
enlarges the surface area. Recent findings of Rao et al. demonstrated that the specific sur-
face area of silica adsorbents had an important impact on the extent of the adsorption of
a self-emulsifying system. They suggested an important role of the geometry of the silica
network [91]. But the surface area has a stronger influence on the total amount which can
be adsorbed than on the adsorption strength. The stronger adsorption at Neusilin® might
be caused rather by a more powerful (physico)chemical interaction with MCT. Silicates
such as Neusilin® are known to interact via hydrogen bonding [18, 148, 149]. The silanol
groups on the surface can serve as proton donor and acceptor. Adhikari et al. [150] and
Proctor et al. [151] demonstrated by use of Fourier transform infrared spectroscopy that
triglycerides were able to interact via hydrogen bonding with the silanol groups of silicic
acid. The spectra provide evidence that mainly the oxygen atom of the ester carbonyl
group acts as proton acceptor. Investigations of Larsen et al. [152] and Williams et al.
[153] also support the theory of MCT interacting via hydrogen bonding with the surface
of Neusilin®. Certainly, the co-existence of other interactions like the weaker van der
Waals forces (e.g. London forces) is probable as well. The calcium phosphate Fujicalin®

does not present groups able or accessible for hydrogen bonding on the surface. Only the
weaker van der Waals forces are possible which results overall in a weaker adsorption of
MCT.

Influence of the MCT content
Different amounts of MCT were mixed with the excipients to investigate the influence on
the T2 relaxation of the adsorbed oil. Figure 11 on page 39 shows the macroscopic change
of the resulting adsorbates. For a better visualisation MCT was coloured with Sudan red.
Row “2” shows adsorbates with 50% adsorbed MCT. The excipients difference in their oil
adsorbing capacity becomes especially apparent comparing these pictures. The Fujicalin®

adsorbate (A2) appears much oilier than the Neusilin® examples (B2 and C2). Even a
70% oil load still has the appearance of a dry powder (B3 and C3). For Fujicalin®, oil
loads higher than 50% were not investigated.



3. Results and Discussion Page 39

Figure 11: Pictures of the resulting adsorbates with different MCT contents prepared by
mortar/pestle method. MCT was coloured with Sudan Red: “A” Fujicalin®, “B” Neusi-
lin® US2, “C” Neusilin® UFL2 with “1” 30%, “2” 50%, “3” 70% MCT. “D” MCT with
Sudan Red. “E-G” Samples of 50% adsorbates after addition of D2O as prepared for NMR
relaxometry measurements, from left to right: Fujicalin®, Neusilin® US2, Neusilin® UFL2
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Table 11: T2 values of MCT adsorbates stored at different relative humidites. Top (ad-
sorption): prior to addition of D2O. Bottom (desorption): 60min after addition of D2O.

Relative air
humidity
[%RH]

Fujicalin®

with 30% MCT
[ms]

Neusilin® US2
with 50% MCT

[ms]

Neusilin® UFL2
with 50% MCT

[ms]

ad
so
rp
tio

n 32 23 6/23* 6/20*

40 41 7/26* 26

75 54 54 48

de
so
rp
tio

n 32 223 211 211

40 211 (51)**/199 (60)**/211

75 223 199 211
* Several maxima detected
** Maximum of a peak shoulder

It is expected that a higher MCT loading leads to more mobile fractions on the excipient
and will shift the T2 distribution curve to higher values. Indeed, increasing amounts of
adsorbed MCT lead to a shift of the T2 distribution curve to higher T2 values (table 10 on
page 37 and figure 12 with the example Fujicalin® and Neusilin® US2 on page 41). This
shift indicates various adsorption states which partly converge to a broad distribution
curve. An increasing saturation of the particle surface with MCT results in increasing
parts of MCT components possessing a higher mobility. Consequently, the T2 relaxation
maximum of the main adsorption state will shift to higher values.

Influence of the relative air humidity
Storage stability and impact of storage conditions play an important role in pharmaceu-
tical production processes. Therefore, the T2 distribution of the MCT adsorbates under
the usual storage condition of 40%RH was compared to 32%RH and 75%RH. Adsorbates
with similar powder appearance were exposed to different humidity conditions. There-
fore, Fujicalin® as adsorbate with a MCT content of 30% and Neusilin® US2 and UFL2
as adsorbate with a MCT content of 50% were chosen for this study.
The excipients reacted differently (adsorption part, table 11 on page 40 and figure 13 on

page 42). For Fujicalin®, the storage at lower humidity leads to a visible shift to a lower
T2 relaxation maximum. The storage at 75%RH caused a slight increase in T2. Both
Neusilin® types are more influenced by humid storage conditions. The T2 relaxation time
of the adsorbed MCT on the Neusilin® US2 material increased from two separate peaks
of 7 and 26ms to one broad peak of 54ms. The type UFL2 exhibits a similar behaviour.
The stronger dependency on humid conditions can be explained by a higher water
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 free MCT

Figure 12: T2 relaxation time distributions of different MCT quantities adsorbed at
(A) Fujicalin® and (B) Neusilin® US2. Due to the higher oil adsorbing capacity, Neusi-
lin® US2 is additionally shown with a MCT content of 70%. The maximum intensity of
each distribution was normalized to 1.
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Figure 13: Influence of storage conditions on the T2 relaxation times of MCT adsorbates
of (A) Fujicalin® and (B) Neusilin® US2. The maximum intensity of each distribution was
normalized to 1.
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Table 12: Loss of water of the pure excipients according to thermogravimetric analysis
after storage at different relative air humidities.

Relative air
humidity [%RH]

Fujicalin®

[%]
Neusilin® US2

[%]
Neusilin® UFL2

[%]
32 1.0 12.3 12.2
40 1.1 12.4 12.4
75 1.5 20.5 20.0

uptake of the Neusilin® excipients and thus a partial saturation of the surface (see ther-
mogravimetric analysis, table 12 on page 43). The graphical presentation of the thermo-
gravimetric analyses can be found in figure 45 on page ii (appendix). The strong water
adsorption is caused by the property of Neusilin® to interact via hydrogen bonding. Water
molecules are the perfect and stronger partner for this kind of intermolecular interaction.
Thus, MCT does not displace the water molecules on the surface or the water molecules
displace the triglyceride molecules from the adsorption places. Both possibilities lead
to a weakening of the oil adsorption. Similar observations were done by Proctor et al
[151]. Different silica materials were investigated for formation of hydrogen bonds. Silica
materials with higher water content showed weaker effects of hydrogen bonding. It was
assumed that water molecules hinder the triglyceride to bring the ester group in the posi-
tion for a hydrogen bonding. The same will happen to Neusilin® as long as stored under
high relative humidity. Fujicalin® which does not interact via hydrogen bonding is less
impacted at high humidity conditions but shows different T2 relaxation maxima between
32%RH and 40%RH.

Influence of the blending method
The impact of blending procedure (mortar/pestle and SpeedMixer™) on the T2 distri-
bution was investigated. Fujiaclin® adsorbates were compared with a MCT content of
30% and 50%, Neusilin® UFL2 and US2 as adsorbates with a MCT content of 50%. Re-
garding the T2-values of table 13 (column adsorption), the SpeedMixer™ had the greatest
impact on the Fujicalin® adsorbate. The 30% adsorbate shows a T2 shift from 41ms
(mortar/pestle) to 13ms (SpeedMixer™). For the 50% adsorbate a shift from 90 to 34ms
is demonstrated. This means that MCT is considerably less mobile and gets stronger
adsorbed on Fujicalin® by the SpeedMixer™ method for both MCT contents. A slight
decay is also visible for the Neusilin® UFL2. In contrast, for Neusilin® US2, no alteration
can be observed (figure 14 on page 44).
The SpeedMixer™ applies more power and thus provides a generally more homogeneous

oil distribution on the particle surface compared to the mortar/pestle method. Because
of the much smaller surface area of Fujicalin® (see table 3 on page 10), the mortar method
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Figure 14: Influence of the blending method on the T2 distribution of MCT adsorbates
with a MCT content of 50%. The maximum intensity of each distribution was normalized
to 1.
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Table 13: Influence of the blending method on the T2 relaxation of MCT after adsorption
and desorption (addition of D2O).

SpeedMixer™ Mortar/pestle
Adsorbate adsorption desorption adsorption desorption
Fujicalin® with
30% MCT

13 211 41 211

Fujicalin® with
50% MCT

34 223 90 211

Neusilin® US2
with 50% MCT

7/27 199 7/26 199

Neusilin® UFL2
with 50% MCT

7/22 199 26 211

leads more often to bulk MCT domains with higher T2 values contributing to the right
shift of the distribution curve. The specific surface area of Neusilin® is 7.5 times larger and
the chemical bonding of MCT is stronger. Consequently, the distribution homogeneity
does not have such a big influence of the T2 values for the Neusilin® types. Only for Neu-
silin® UFL2 two separated states were detected by use of the SpeedMixer™. A possible
explanation is that adsorbed MCT is distributed in smaller droplets but that already
developed agglomerates are less destroyed compared to the treatment with mortar/pestle.
Consequently, two states could appear, one for the fine and homogeneously distributed
part and one for MCT accumulations in agglomerates.

Behaviour in aqueous media measured by relaxometry
In order to release a dissolved lipophilic drug, the adsorbed oil should separate from the
solid excipient when coming into contact with aqueous media. A strong and perma-
nent binding of the oil to the surface of the adsorbent could be disadvantageous for the
bioavailability of the dissolved drug. The released MCT component will be detectable
as “free MCT” with the already discussed T2 distribution values. Therefore, the T2 dis-
tributions of the MCT adsorbates were recorded after addition of an aqueous medium.
In general, water will also adsorb to the excipient’s surface with a probably similar T2

and would disturb the outcome of the experiment. To avoid water signals in the distri-
bution diagram, deuterium oxide (D2O) which does not contribute to the NMR signal
was chosen as aqueous medium. Only the evaluation after 1h is shown because most of
the alteration in the T2 distribution occurred within the first 5–15min (duration of one
measurement: approximately 5min) and there was no further alteration observed within
the measurement period of 8 hours. Figure 15 (A) on page 46 visualises the resulting
T2 values. For Fujicalin®, the distribution curve corresponds to the curve of free MCT.
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 Neusilin US2-MCT
 Fujicalin-MCT
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 excipient+ D2O
 excipient
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Figure 15: T2 distributions of adsorbates 60min after addition of D2O: (A) MCT ad-
sorbates in comparison to a MCT-D2O mixture labelled as free MCT. The maximum
intensity was normalized to 1.(B) MCT adsorbates with D2O (solid line) in comparison
to the excipient data with D2O (dashed line) and the data of the pure excipient (dotted
line).
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But for both Neusilin® types an additional broad peak at 50–60ms appeared which was
stronger adsorbed compared to the main peak at circa 210ms. To verify whether this
signal belongs to MCT, the adequate amount of the excipient raw material was measured
over time with the same volume of D2O and under the same conditions (figure 15 (B)).
After 60min, a relevant signal was not detectable for the excipient Fujicalin®. Whereas
for the Neusilin® excipients signals were detected approximately at this place where the
additional adsorption state was discovered for the MCT adsorbates. Hence, these addi-
tional states should belong to adsorbed water. It has already been discussed that water
molecules tend to bind to the Neusilin® surface by hydrogen bonding. Thus, exchanges
between excipient protons and water protons are possible. The thereby formed HDO,
caused by a proton-deuterium exchange, contributes to the NMR signal.
Finally, the results show that in aqueous media the MCT component mostly desorbed

from the excipient’s surface. But it cannot be excluded that the signal dedicated to
adsorbed water does not cover signals of still adsorbed MCT (T2 at about 30ms). Fur-
thermore, the investigated storage conditions and blending methods does not influence
the MCT desorption. After addition of D2O the main T2 relaxation maximum ranges
between 199 and 223ms (table 11 and 13).
To get a visual impression of the MCT release process from the adsorbates, photographs

were taken after conducting the measurement. Figure 11 on page 39 shows NMR relax-
ometry samples after addition of D2O (E-G). The oil component was coloured with Sudan
Red. The photograph “E” reveals a clear red-coloured oil phase on the top of Fujicalin®

which seems itself mostly discoloured again. This suggests a good desorption from this ex-
cipient. Neusilin® UFL2 (G) exhibits smaller visible oil accumulations and the excipient
still shows a slight rose colour. Neusilin® US2 (F) remains clearly coloured. Predomi-
nantly, only small droplets of oil seem to be desorbed from the excipient. The sample
photographs confirm the good desorption from Fujicalin® and possibly indicate that at
least a small part of the oil component or Sudan Red remains adsorbed to the Neusilin®

surface. Another explanation can be that the MCT droplets are “free” with respect to
their T2 value but are still stuck between the Neusilin® particles, especially at the type
US2. A deeper insight into the wet adsorbate compound and potentially at enclosed
oil separations should be possible by MRI which is an imaging method also based on
relaxation time distributions and which is not hindered by opaque systems.

Behaviour in aqueous media measured by benchtop MRI
Adsorbate samples were prepared as described in chapter 2.2.8 and imaged prior and after
addition of the aqueous medium. The contrast in the MRI images was obtained by the
used experimental conditions (parameter set up: see table 7 on page 24). T1 relaxation
time weighted images were generated by the choice of the parameters repetition time
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(tR) and gradient echo time (E). Thereby, free water with long relaxation times could be
visually separated from oil with short relaxation times. The change from adsorbed MCT
to free MCT could be followed by a visual difference between a homogeneously distributed
adsorbed status to locally separated phases of free MCT. Water molecules in an adsorbed
state could disturb the visualisation of MCT because they could exhibit similar relaxation
times as adsorbed MCT. Hence, image series with D2O were taken as well. The intensity
between the single MRI images cannot be compared but the local distribution of different
intensity levels can be followed which was the motivation of the study.
Figure 16 on page 50 shows image series of the pilot study with all MCT adsorbates and

distilled water as medium. The highest intensity is painted in white and the colour shifts
over grey scales to black for lower intensity values. The column on the left shows the pure
excipient where no signal was apparent. The next column shows the reference images from
the dry MCT adsorbates and the following columns show the adsorbates after addition of
water. Regarding the Fujicalin® series a fast coalescence and separation of MCT on the top
of the water surface is visible after 15min. Some small white spots of free MCT are located
within the wet adsorbate sample appearing in a light grey colour. Free water is located at
the top in dark grey colour referring to a lower intensity caused by less available protons
for an excitation. The oil separation from this adsorbate started immediately after contact
with water shown in the starting point image. A coalescence of oil droplets developed
on the bottom part of the test tube (white). The corresponding photograph of the wet
sample labeled with “F” confirms the oil separation. Before addition of the medium (dry
adsorbate), MCT was well distributed on the powder particles and therefore not locally
accumulated. Consequently, the colour of the dry adsorbate is less bright and the image
signal in general more noisy. MCT on Neusilin® US2 (row 2) appears as homogeneously
distributed in the dry adsorbate image as well. But after addition of water, no separation
or coalescence of oil droplets took place. According to the T2 relaxometry measurements
in the chapter before most of MCT was found in an desorbed state after 60min in water.
Possibly, small oil droplets remain between the excipient particles visible as a homogeneous
white to light grey colour. Only a very thin brighter layer can be identified on top of the
water phase. This layer probably contains very small oil droplets still in contact with
excipient material which is confirmed by the photograph of the sample. The photograph
shows for the US2 type a layer of excipient particles on top in the side view and the
existence of very small oil droplets in the top view. But no clear coalescence and local
accumulation of MCT droplets occurred. For the Neusilin® UFL2 adsorbate, two brighter
spots were noticed within the image of the dry adsorbate. This signal can be explained
by the existence of agglomerates and a less homogeneous oil distribution. The tendency
for agglomeration was already noticed in the corresponding T2 distributions in Figure 14.
The starting point image of the UFL2 series presents an immediate oil separation and
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an accumulation on the bottom of the test tube. The desorption seems to be finished
after 15minutes with a white area located in the inner compound and some droplets on
top of the water surface. The oil droplets on top are also present at the top view of the
corresponding photograph.
These image series were reproduced and compared with D2O as medium for a possible

improvement of the contrast and phosphate buffer pH 6.8 and 0.1 m HCl respectively.
The following observation was found: Most of the Neusilin® samples tended to float on
all used media, especially on D2O. It can be explained by an already lower density of
the Neusilin® materials compared to Fujicalin® and a further reduction of the density
by blending with MCT (cp. Figure 9 on page 36). Additionally, adsorbed MCT made
a complete wetting of the material more difficult leading to entrapped air and floating.
Figure 17 on page 51 presents one example of a Neusilin® US2 adsorbate with flotation of
the whole material. The MRI images show the still dry interior of the whole compound.
The white area indicates adsorbed MCT or adsorbed water due to partial wetting of the
excipient. The dark grey to black inner area can be assigned to a cavity filled with air.
This upper barrier of the cavity is visibly located above the water surface. To avoid
incomplete wetting or floating, further prepared Neusilin® samples were treated with a
short and careful agitation using a spatula in the test tube directly after addition of the
medium.
The first MRI series with different media in comparison were generated with Fujicalin®

adsorbates and are shown in Figure 18 on page 52. As seen in the pilot study, the adsorbate
started releasing the adsorbed MCT immediately after addition of water. The light grey
to white coloured compound in the starting point image comprises still adsorbed MCT,
already desorbed free MCT and adsorbed water. The bottom of the sample in dark grey
seems still not to be wetted. From the 15min image on, a clear coalescence and separation
of MCT is visible as white spots. Only a very small part of MCT seems to be located
on top of the water surface. This appearance remains unchanged until the image after
60min. But a very gentle shaking of the test tube was already sufficient to bring the major
part of the MCT to the surface (figure 18, right MRI column). The rest of desorbed MCT
is still located right in the middle and at the bottom of the test tube. The series with
D2O (row 2) exhibits an improved contrast. The MCT release turned out to be similar to
the example with distilled water. A similar behaviour can be noticed for the series with
phosphate buffer pH 6.8 and 0.1 m HCl. The acid medium showed a fast floating-up of
MCT in this series.
Referring to the Neusilin® samples of figure 19 on page 53, the images of the pilot

study were not reproducible as from now on all samples were gently agitated before
starting the measurement. The dry adsorbate images confirm a roughly homogeneous
MCT distribution for both excipients. Unfortunately, no oil separation can be followed
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Figure 16: BT-MRI pilot series (top) and sample photographs (bottom) of adsorbates
before and after addition of distilled water. F - Fujicalin®, US2 - Neusilin® US2, UFL2 -
Neusilin® UFL2. MRI part: Images were recorded directly after addition of water (start)
and after 15 and 60 minutes. White is related to the highest intensity. From left to right:
Pure excipient, dry MCT adsorbate, start, 15min, 60min. Photographs: (from top to
bottom) dry samples, samples with water after 24 h side view and top view.
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Figure 17: BT-MRI images of a floating Neusilin® US2 adsorbate with distilled water.
Images are shown directly after addition (start) and after 15min. White is related to the
highest intensity. From left to right: Dry MCT adsorbate, start, 15min, photograph of
the sample.

for images after addition of aqueous media. Even for the series with D2O, the exchange
of protons as discussed for the relaxometry study (figure 15) leads to a visible signal of
adsorbed water (grey coloured). At least, a partly MCT release for the Neusilin® UFL2
adsorbate can be supposed and is visible as small white spot at the bottom for the D2O
row and in poorer contrast for water and 0.1 m HCl, too. The investigation with phosphate
buffer has been omitted since a similar behaviour to water was expected and due to the
generally low informative value. The same was found for the Neusilin® US2 image series
which are not informative enough to exclude or support a MCT desorption. The whole
compound is presented in a light grey to white colour. In D2O, the floating tendency is
still apparent (row US2/D2O). In order to see the influence of MCT on the density of
the adsorbate, the pure material without MCT was imaged with D2O. The corresponding
pictures (MR image and photograph) are presented right of the D2O adsorbate series. A
floating was not detectable.
Linking the findings of the MRI study together with the outcome of the T2 relaxometry

desorption study, it is apparent that Fujicalin® releases the adsorbed MCT immediately
when getting into contact with aqueous media. A final evaluation for the Neusilin® ex-
cipients is not possible due to floating problems. For Neusilin® UFL2, at least a partial
desorption and separation of MCT can be assumed based on the MRI and the T2 re-
laxometry study. The results of T2 relaxation definitely support a partial MCT release
for Neusilin® US2. The sample photographs of figures 11 (F) and 19 (US2) show small
oil droplets on the surface of the test tube. But, the MRI images do not show a clear
desorption of MCT. Furthermore, the adsorbate of figure 11 (F) is still coloured. One
interpretation could be that most of the initially adsorbed MCT is probably desorbed
based on its T2 value but it remains fixed between excipient particles in form of small
droplets. The small droplets which were visible in the sample photographs cannot be
resolved in the MRI images. The issue of MCT desorption should be further investigated
and is handled again in chapter 3.1.4.2.
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Figure 18: BT-MRI images of Fujicalin® adsorbates before and after addition of different
aqueous media. Images were recorded directly after addition of the medium (start) and
after 15, 30 and 60 minutes. White is related to the highest intensity. From left to right:
Dry MCT adsorbate, start, 15min, 30min, 60min, 60min - gently shaken, photograph of
the sample. Sample was not shaken when MCT was visibly located on top of the medium.
From top to bottom: distilled water, D2O, phosphate buffer pH 6.8, 0.1 m HCl.
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Figure 19: BT-MRI images of Neusilin® adsorbates before and after addition of different
aqueous media. Images are shown for the starting point directly after addition of the
medium and for 15 and 60 minutes. White is related to the highest intensity. From left to
right: Dry MCT adsorbate, start, 15min, 60min, photograph of the sample, MRI of the
excipient with D2O - 60min, photograph of the excipient sample with D2O - 60min. From
top to bottom: Type US2 and type UFL2 with the media distilled water, D2O, 0.1 m HCl.
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3.1.3.2. Electron spin resonance spectroscopy

ESR spectroscopy was chosen as second method to characterise the microviscosity. This
technique needs paramagnetic unpaired electrons which have to be included into the
sample in form of a spin probe. Spin probes are stable free radicals. The spin probe
Tempol was used in this study. Tempol is a stable nitroxide radical which yields an ESR
spectrum of three lines (hyperfine splitting - HFS) in its mobile state [129]. Figure 20 on
page 55 shows the chemical structure and typical spectra of Tempol in different media as
well as adsorbed at solid excipients. Tempol reacts sensitively to its environment. Changes
in microviscosity and micropolarity cause alterations in the three-line spectrum. A higher
microviscosity results in a line broadening (∆Bpp) and a decreasing signal amplitude
(I) predominantly of the third line [128, 130, 131] (e.g. Tempol dissolved in MCT and
adsorbed on Neusilin® US2). Tempol in free MCT shows a mobile spectrum characterised
by the narrow peak-to-peak line width. A broader line width is visible at the spectrum
of the Neusilin® US2 adsorbate. This indicates a lower tumbling rate of the Tempol
molecule and therefore a higher microviscosity of the adsorbed oil component. The lower
signal amplitude of this spectrum is another indicator for the reduced mobility. But this
spectrum still differs from a real solid spectrum where Tempol is molecularly distributed at
a solid carrier, here shown for pea starch. The hyperfine splitting constant (aN) indicates
changes of the micropolarity. This evaluation will be handled in detail in chapter 3.1.4.1.
The rotational correlation time (τc) is related to the rotation frequency of the spin probe

and is used as measure for the microviscosity. It is calculated directly from the shape of
the spectrum (∆Bpp and I) by the simulation software. The higher τc is, the higher is
the microviscosity of the spin probe’s environment [154]. It was intended to confirm the
differences in the adsorption strength of the excipients. Furthermore, the focus was on
the investigation of the impact of the blending method.
MCT adsorbates of the three excipients were prepared using both blending methods

(see chapter 2.2.9 on page 25). The spectra simulation by EPRSIM software was based on
one species for Tempol in the reference solvents water and MCT. The adsorbate spectra
were calculated with two species, one more mobile and one less mobile (accepting that
the results are based on this model assumption and do not represent the real adsorption
situation). Figure 21 on page 56 presents the rotational correlation time (τc) in graph
(A) and the hyperfine splitting constant (abbreviated as HFS) in graph (B) for each
species. This chapter concentrates on the τc results (shown in graph A) as a measure of
the MCT mobility. The proportions of the single species which are shown in graph A
only are applicable for A and B. The discussion of the results of graph B will be handled
in chapter 3.1.4.1 on page 58. All original and simulated spectra which were used for
the evaluation of microviscosity and micropolarity parameters are compiled in figure 46
(appendix, page iii).
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Figure 20: Chemical structure of Tempol (A) and ESR spectra of Tempol in different me-
dia and adsorbed at solid excipients (B). Typical ESR parameters are marked for Tempol
in water: ∆Bpp - line width; aN - hyperfine splitting constant; I - signal amplitude.
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Figure 21: ESR Simulation data of the spin probe Tempol in reference solvents and
MCT-adsorbates: (A) Rotational correlation time (τc) shown as circles dedicated to the
corresponding simulated species. Species are presented as bars proportionately. (B) Hy-
perfine splitting constant (aN) shown as bars. The corresponding proportions of the species
are the same as of graph A. For (A) and (B): Error bars derive from the simulation process
and denote the accordance of the simulated species to the original data.
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Due to the chosen simulation conditions the adsorbates consist of two species. The more
mobile species could be located to the outer part of the MCT layer and the less mobile
species closer to the particle surface. Data for τc are presented in graph (A). Free MCT
exhibits with 0.07ns a higher τc value than water (0.02ns) because the microviscosity of
the oily environment is higher. But both rotational correlation times indicate a relative
high tumbling rate and therefore a low microviscosity compared to the τc values of the
adsorbates. A good distinction between the adsorbates is visible for the mortar samples
on the righten site of graph (A) in figure 21. Among the more mobile species (lower τc

as black circles), Fujicalin® shows a similar τc (0.11 ns) as free MCT. The microviscosity
is almost unchanged for this part. Both Neusilin® excipients exhibit with about 0.6 ns a
much higher τc which is related to a slower motion of Tempol and consequently a higher
microviscosity. The second species (τc as grey circles) which represents the less mobile
parts have considerably higher τc values. As described before, both Neusilin® excipients
have a stronger impact on the MCT environment (about 1.9 ns) than Fujicalin®(about
1.5ns). The percentages of both species are similar for all three excipients for the mor-
tar samples. Approximately 20% contributes for the more mobile species, and 80% for
the less mobile species. Basically, it can be concluded that the Neusilin® excipients have
a greater influence on the adsorbed MCT than Fujicalin®. This can be explained by a
stronger adsorption of MCT. These findings confirm the outcome of the NMR relaxometry
experiments (chapter 3.1.3.1. The three data pairs in the middle of graph (A) represent
the adsorbates produced by the SpeedMixer™ process. It is noticeable that the proportion
of the species as well as the rotational correlation times are altered compared to those
from the mortar process. The highest difference between both methods can be found for
Fujicalin®. The τc of the more mobile species are nearly comparable (0.06ns and 0.19ns).
But the second species which contribute with 80% indicate a much lower tumbling rate
of Tempol for the SpeedMixer™ method (about 2.9ns) compared to the mortar/pestle
method (about 1.5ns). The microviscosity of the environment of Tempol is more in-
creased for an adsorbate production by the SpeedMixer™. Regarding Neusilin® US2, the
SpeedMixer™ contributes with a higher percentage of around 50% of the more mobile
species compared to mortar/pestle (around 20%). The corresponding τc (1.2ns) is twice
that of the mortar value (0.6 ns). τc of the less mobile species counts 2.4ns and is slightly
increased compared to the mortar value (1.9ns). Neusilin® UFL2 exhibits a higher τc value
for the less mobile species (2.9ns), but the proportions remain almost the same between
both methods. When τc and the proportion value show alterations in parallel, a clear
comparison based on the graphical data is not possible. To see the impact of the blending
method more clearly, both rotational correlation times of one adsorbate were averaged
based on their proportions (table 14). The calculated ratio served as a measure for the
sensitivity of the microviscosity of adsorbed MCT to the blending process. The most
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Table 14: Proportionately averaged rotational correlation time of MCT adsorbates.

Excipient SpeedMixer™

[ns]
Mortar/pestle

[ns]
Ratio

Fujicalin® 2.36 1.17 2.02
Neusilin® UFL2 2.26 1.59 1.42
Neusilin® US2 1.84 1.63 1.13

explicit difference of the averaged τc values between mortar and SpeedMixer™ is shown
for the Fujicalin® adsorbate (highest ratio value). The SpeedMixer™ method causes a
stronger adsorption of MCT at this excipient, whereas Neusilin® US2 shows the lowest
deviation between both methods (lowest ratio value). This confirms the outcome of the
T2 distribution measurements (chapter 3.1.3.1). But it is visible that there are two more
balanced states of Tempol for the Neusilin® US2 adsorbate both indicating a higher mi-
croviscosity for the SpeedMixer™ method compared to the mortar/pestle method (graph
(A) of figure 21). This result is also supported by the CLSM images of the SpeedMixer™

samples which clearly showed a more even oil shell compared to the mortar samples. The
more homogeneous MCT distribution is the reason for the two more balanced states of
Tempol with a higher environmental microviscosity. The NMR relaxometry probably did
not show smaller alterations caused by a more homogeneous oil distribution because the
T2 distribution curves of the Neusilin® US2 adsorbate were relatively broad.
The error bars of the values presented in Figure 21 were derived from the simulation

process. Errors were larger for the adsorbates than for the reference spectra. The sim-
ulation with two domains is rather an approximation. It is most likely that multiple
adsorption states exist as suggested as explanation for the broad distribution curves of
the T2 measurements [155].

3.1.4. Micropolarity of the adsorbed oil component
The micropolarity of the oil component was investigated by electron spin resonance spec-
troscopy (ESR) and multispectral fluorescence imaging.

3.1.4.1. Electron spin resonance spectroscopy

The hyperfine splitting constant (aN) from the ESR spectrum can be used as a measure
for the surrounding micropolarity of the spin probe [129, 131, 156]. A non-polar environ-
ment results in a smaller hyperfine splitting constant compared to a polar environment.
Figure 20 (B) shows the spectra of Tempol in water and in MCT. The polar water en-
vironment causes the higher aN value. The data of the simulated species are shown in
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Figure 21 (B) on page 56. The aN value of Tempol in water was 1.70mT. For comparison,
the solvent methanol reached 1.61mT and ethanol 1.58mT (data not shown). The data
prove the sensitivity of Tempol for polarity changes in its environment. The hyperfine
splitting constant for the solvent MCT (1.55mT) is lower than that of ethanol. In the
following, the graphic presents the values for the adsorbates subdivided into both prepa-
ration methods. All adsorbates were simulated as two Tempol species. The values of the
more mobile MCT component (1.50–1.55mT) are located close to the value of MCT. All
less mobile MCT components are above the value of MCT. Concentrating only on these
stronger adsorbed species, the Neusilin® excipients reveal a much higher aN (1.7–1.8mT)
than the Fujicalin® adsorbate (1.6mT). This emphasizes the stronger interaction bet-
ween the Neusilin® excipients and MCT. Tempol indicates an increased environmental
micropolarity. The interaction of Tempol in MCT with the Fujicalin® particle surface
is less pronounced. A possible explanation could be that the adsorption water of Neu-
silin® (approximately 12%, see thermogravimetry data) influences the Tempol molecule
and result in hyperfine splitting values similar to that of water. Fujicalin® as anhydrous
calcium phosphate does not contain adsorption water. In the literature log P values (oc-
tanol/water) of Tempol of 0.5–0.7 are mentioned [157, 158]. Hence, the affinity to MCT
should be slightly higher than to water or is at least equal to water. It is theoretically
possible that a partial accumulation of Tempol in adsorption water occurs. Furthermore,
aN values below the MCT value and above the water value were found. These values could
possibly be caused by errors of the simulation process based on the two species. But the
high value for Neusilin® US2 (SpeedMixer™) is far away from the next lower aN values. In
general, such an effect indicates a strong interaction of the spin probe with the particle
surface. In the literature, studies of zeolites and aluminium oxides explain such effects
on the hyperfine splitting with the existence of Lewis sites in these materials and a wall
effect of zeolithes [159–163]. The cations interact as electron acceptor with the oxygen
atom of the nitroxide of the spin probe molecule. This leads to a shift of the non-bonding
electron pair towards the oxygen atom. As a consequence the spin density at the nitrogen
atom and the charge at the oxygen atom is increased [159, 160]. Gutjahr and Pöppl found
hyperfine coupling constants for di-tert-butyl nitroxide with up to 4mT after adsorption
at zeolithes. Furthermore, this interaction increases with higher electronegativity poten-
tial of the cation [160]. It is remarkable that only the Neusilin® US2 adsorbate prepared
by SpeedMixer™ shows this strong interaction and not the Neusilin® US2 adsorbate pro-
duced with the mortar method. Moreover, the Neusilin® UFL2 adsorbate does not show
such an interaction even though the Neusilin® US2 material is only the spray dried form
of the Neusilin® UFL2 material and both are quite similar in their composition of Al2O3,
MgO and SiO2. Therefore, the difference can only be explained by a more homogeneous
MCT-Tempol distribution on the Neusilin® US2 particles produced by the SpeedMixer™
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method. The ESR microviscosity data in figure 21(A) show two more balanced states with
a higher microviscosity which supports the assumption of a more homogeneous MCT dis-
tribution. Possibly, the strong interaction potential of the silicate surface has more impact
on the adsorbed MCT in this case.
Fujicalin® possesses less interaction potential than the Neusilin® excipients. It cannot

interact via strong hydrogen bondings as the Neusilin® excipients. Additionally, it has
to be discussed whether the overall higher hyperfine splitting constants of the Neusilin®

adsorbates are caused by an interaction between centres with high electronegativity and
the oxygen atom of the nitroxide group belonging to the spin probe Tempol. Calcium ions
possess a lower electronegativity than magnesium, aluminium and silicon ions [164–167].
This is probably the reason why Neusilin® leads to a higher environmental micropolarity
of the adsorbed MCT. Apart from the single high value for Neusilin® US2 the hyper-
fine splitting is hardly influenced by the production method (e.g. 1.55 and 1.60mT for
Fujicalin®-MCT by SpeedMixer™/ 1.54 and 1.62mT by mortar). This leads to the fol-
lowing assumption: The blending method influences the distribution and homogeneity of
MCT in adsorbates and therefore to some degree their τc values and also T2 distributions.
But the actual adsorption strength through chemical interaction is not influenced by the
production method. However, it is an interesting fact that Neusilin® influences the po-
larity of MCT. This had to be confirmed by a second analytical method to be sure not
to draw conclusions which are eventually based on an individual interaction between the
nitroxide group and the silicate surface.

3.1.4.2. Multispectral fluorescence imaging

Multispectral fluorescence imaging was chosen as a second method to study the envi-
ronmental micropolarity. Nile red (NR) was selected as fluorescent dye because the
wavelength of its maximal emission (WME) increases with the surrounding polarity
[132–135, 168]. NR is a lipophilic fluorescence dye. A log P of 2.2–2.3 is reported
in the literature [169, 170]. Its fluorescence is completely quenched in aqueous media
[133, 134, 168, 169]. Hence, impacts from absorption water of the Neusilin® excipients
were not expected. The dye was dissolved in MCT prior to preparation of the adsorbates.
The change in the emission spectra is apparent on the images of the sample well plates (Fi-
gure 22 on page 61). Row A shows the prepared adsorbates. Both Neusilin® types appear
in red which refers to a more polar environment. Fujicalin® shows an orange colour. Row
B shows the same samples after addition of water. All plate holes appear in yellow, the
colour of free MCT (row D, left). References were prepared with MCT (yellow), the more
polar methanol (red) and the less polar n-hexane (green). The excipients impregnated
with Nile Red show a clear polar character (red). Row E presents photographs of MCT
adsorbates coloured with Sudan Red in a well plate. Fujicalin® (left photograph) releases
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Figure 22: Fluorescence images – adsorbate rows from left to right: Fujicalin®, Neusi-
lin® UFL2, Neusilin® US2. (A) MCT adsorbates; (B) the same samples from A with water
(image after 1 h); (C) impregnated samples; (D) Nile red in reference solvents from left
to right: MCT, methanol, n-hexane. (E) Photograph of MCT adsorbates coloured with
Sudan Red (taken after 1 h of water addition). The here shown adsorbates were prepared
by SpeedMixer™ technique.
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Figure 23: Wavelength of maximal emission of Nile red in reference solvents (bars
with sparse pattern), in MCT adsorbed on excipients and adsorbed on excipients from
an acetonic solution (impregnated samples). The MCT adsorbates were produced by
SpeedMixer™ technique (white bars) and by mortar/pestle method (grey bars). Impreg-
nated samples (bars with dense pattern) are excipients moistened with an acetonic solution
of Nile and dried afterwards. Each excipient group is subdivided in (a) adsorbate samples
and (b) the same samples after addition of water.

the oil which is visible as red accumulation, Neusilin® UFL2 (middle) shows isolated red
droplets and for Neusilin® US2, no oil release is apparent. The data behind these images
are shown in Figure 23 on page 62 comparing the WME shifts. The group of bars on the
left belongs to NR in different reference solvents. The WME value decreases considerably
from methanol (648nm) to hexane (598nm). The other groups of bars present the data of
the adsorbates. Additionally, excipient samples were impregnated with an acetonic solu-
tion of NR and dried afterwards to obtain shifts for adsorbed solid NR at the excipient’s
surface. Comparing all white bars (SpeedMixer™) labelled with ”a”, the Fujicalin® adsor-
bate exhibits a slightly higher WME value (608nm) than free MCT (602 nm). In contrast,
the Neusilin® excipients lead to WME values for the adsorbed MCT which are close to
the methanol level (648 nm) indicating a more polar environment. The same can be ob-
served for the mortar/pestle method (grey bars). In conclusion, the adsorption of MCT
at the Neusilin® products results in a higher micropolarity of the oily component, whereas
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Fujicalin® hardly influences the MCT environment for Nile red. The results confirm the
outcome of the ESR study. Both NR and Tempol indicate a more polar environment for
adsorbed MCT at Neusilin®. The values of the Tempol species which were found to be
similar to water in the previous chapter were confirmed. The blending method did not
show an impact on the micropolarity which was also estimated from ESR spectroscopy.
The impregnated probes of all excipients demonstrate WME values (648 nm) referring to
a polarity comparable to the polar methanol solvent. Because of the low solubility of NR
in water and the quenching effect, a WME value for water is not available.
Additionally, the multispectral optical imaging method was used for a study of the

desorption of MCT. For this purpose, all adsorbate samples were covered with water
and a fluorescence image was taken after one hour of incubation. The bars labelled
with “b” show a recurrence to WME levels of free MCT (602–604nm) for the MCT
adsorbates. This confirms the data of the NMR relaxometry indicating that the MCT
component seems to desorb from the excipient’s surface. The extent of desorption or
whether droplets stick between excipient particles could not be identified by this method.
At least the micropolarity returned to the basic value of free MCT. Regarding the bars
representing the impregnated samples, the addition of water has no impact on the high
WME value of 648 nm. Due to the poor water solubility [134], NR stayed adsorbed on
the solid excipient. Unfortunately, the release of the oil component was not satisfactorily
answered. Especially for Neusilin® US2, it was not clear whether the data suggesting
a release of MCT are valid. According to NMR imaging and simple photographs no oil
separation could be found. This important issue will be handled separately in chapter 3.3.

3.2. Influence of the extrusion/spheronization process on
a Fujicalin® adsorbate

The processability of an adsorbate and the influence of the extrusion/spheronization pro-
cess on the adsorption state of a self-emulsifying concentrate was investigated for the
excipient Fujicalin®. Two types of Fujicalin® pellets were produced, one with the extru-
sion/spheronization aid microcrystalline cellulose (MCC) and a second with pea starch.
The process and both formulations are described in chapter 2.2.3 on page 17. The ap-
pearance of the products of the sequent process steps (adsorbate blend, extrudate and
spheronizate) were observed by means of reflected-light microscopy and ESEM. The in-
fluence on the adsorption state was investigated by NMR relaxometry.
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3.2.1. Appearance of the products
Photos of adsorbates, extrudates and pellets were taken with a reflected light microscope
(figure 47 on page iv, appendix). The adsorbate blends show the different appearance of
the solid excipients, the bigger and spherical Fujicalin® granules, the MCC fibres on the
left side and the smaller starch granules on the right side. The extrudates with MCC
are segmented and appear more stable than those with pea starch. The extrudates with
pea starch are hardly segmented, shorter in size and tended to break. This tendency for
breakage is visible for the spheronized product as well. Optically, the Fujicalin®-starch-
pellets are more inhomogeneous in diameter but appear more spherical than the Fuji-
calin®-MCC-pellets. More information concerning the distribution of the solid excipients
and the surface structure were obtained by ESEM. Figure 24 on page 65 shows all products
of the process steps of the MCC pellets. Pictures were taken in GSE and BSE mode and
are presented in parallel with the same image section. The GSE mode provides the better
resolution but cannot distinguish between both solid materials. In contrast, the BSE
mode allows a differentiation between organic and inorganic materials. Thus, Fujicalin®

as calcium phosphate appears brighter than MCC as cellulose product. This effect is
clearly visible at the pictures A1 and A2. The picture A2 on the right shows the spherical
Fujicalin® particles in off-white and the more filamentary MCC in dark grey. Examples of
Fujicalin® particles after extrusion and spheronization are marked with an arrow. During
extrusion, segmented extrudates were formed (E1). The picture E2 demonstrates that the
Fujicalin® particles were destroyed during the extrusion process and that the fragments
are homogeneously distributed. The visible off-white particles are much smaller than
the original adsorbate particles in picture A2. Furthermore, the grey areas are less dark
than the MCC material in picture A2. Obviously, MCC filaments are covered with fine
Fujicalin® powder. A close-up image of the extrudate is shown in figure 25 on page 66.
The spheronization of the extrudates did not change the appearance of the Fujicalin®

particles now incorporated in a more or less spherical pellet (figure 24: P1 and P2).
The pellet surface is smooth and does not show any fissures (P1 and the close-up view
P3). The adsorbed self-emulsifying concentrate was not distinguishable by ESEM. The
same investigation was performed with the process steps of the Fujicalin®-starch-pellets in
figure 26 on page 67. The extrudates of the starch blend look less compact than those made
of MCC (picture E1). Indeed, these extrudates were more susceptible to degradation than
those made of MCC as already shown in the reflected light microscopy images. Besides, no
explicit Fujicalin® particles can be found. The starch granules are covered with a fine off-
white powder belonging to the destroyed Fujicalin® adsorbate particles. The Fujicalin®

powder is also located between the starch granules and possibly stabilize the extruded
strand. Obviously, MCC partly protects the adsorbate particles during the extrusion
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Figure 24: Scanning electron micrographs of a Fujicalin® adsorbate as blend with MCC
(A) as extrudate (E) and pellet (P). Left: GSE mode. Right: BSE mode. The arrow
marks the brighter Fujicalin® particles distinguishable by the BSE mode.
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Figure 25: Scanning electron micrographs of a Fujicalin®-MCC extrudate as close-up
view. Left: GSE mode. Right: BSE mode. The arrow marks the brighter Fujicalin®

particle.

process (accompanied by pressure and shear stress) whereas the combination with starch
led to more pulverised adsorbate particles (E2 and close-up view E4). After spheronization
spherical pellets were obtained (P1 and P2). The surface shows some starch granules which
are less covered with Fujicalin® than others, mostly those which slightly protrude from the
pellet surface (P2). Possibly, the Fujicalin® cover was abraded during the spheronization
process. Furthermore, the surface does not appear as smooth as the MCC example and
has clear fissures. A close-up view of the surface can be found in figure 27 on page 68
(P1 and P2). In the close-up view some bigger Fujicalin® particles are visible but clearly
smaller in size than those found for the Fujicalin®-MCC-pellets. The fissures in the
surface also resulted in broken pellets. An example of a pellet with a fracture site is
presented in P3-P6. The white enclosed area marks agglomerated starch granules inside
the pellet which are not covered with Fujicalin®. Possibly, fractures mostly occur in such
Fujicalin®-poor zones. The accumulation of Fujicalin® to the surface of starch granules
could stabilise the extrudate. Consequently, investigations with increasing percentages of
Fujicalin® would be interesting but the formulation improvement would go beyond the
scope of this thesis. However, pellets containing 70% of pea starch were produced. As
reported by Dukić-Ott et al., starch has poor wetting and plasticity properties [136]. The
low water binding capacity makes it difficult to obtain a suitable consistency for extrusion
because the range of the water admixture which can be handled in the extruder is narrow.
Probably, this could be an advantage of the combination with Fujicalin®. Native starch,
like pea starch, naturally contains much more water than Fujicalin®. Loss on drying of
pea starch according to the certificate of analysis was 13.5%. Fujicalin® particles enlarge
the range of water admixture to get a suitable mass for extrusion due to its higher water
binding capacity. This could be a further benefit of Fujicalin® in addition to the assumed
binder-like function between the starch granules.
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Figure 26: Scanning electron micrographs of a Fujicalin® adsorbate as blend with pea
starch (A) as extrudate (E) and pellet (P). Left: GSE mode. Right: BSE mode. The
arrow marks the brighter Fujicalin® particles distinguishable by the BSE mode.
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Figure 27: Scanning electron micrographs of a Fujicalin®starch-pellets. Left: GSE mode.
Right: BSE mode. P1 and P2: Close-up view of a intact pellet. P3-P6: Pictures of a
fractured pellet. The white marked area is explicit shown in the row below (P5 and P6).
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3.2.2. Benchtop nuclear magnetic resonance relaxometry
NMR relaxometry measurements of the process steps provide more information on the
adsorption state of the adsorbed liquid concentrate. The resulting T2 distributions are
compiled in figure 28 on page 70. The T2 shifts between both pellet types show con-
siderable differences. The adsorption at Fujicalin® and blending with MCC shifted the
maximum from 100ms to 60ms (A). Hence, the liquid concentrate physically mixed with
the solid excipients is less mobile than the free non-adsorbed liquid. After extrusion, the
maximum T2 was further decreased to 20ms indicating a stronger immobilisation and
adsorption. The compressive and shear stress applied during the extrusion process seems
to alter the adsorption state of the adsorbed liquid. The spheronization process did not
influence the liquid any more as no difference was found between T2 maximum of the
pellet curve and the extrudate curve. This could be expected because extrudates are only
rounded out to pellets without the application of pressure during spheronization. Ahmed
Abdalla already performed similar investigations with pure MCC pellets and the same
liquid concentrate. He found a shift to 30–40ms for pellets containing 20% of the con-
centrate [171]. His investigations showed that the physical mixture of the self-emulsifying
concentrate with MCC did not differ much from the T2 maximum of the free concentrate.
Therefore, it can be assumed that the extrusion process in particular led to a stronger ad-
sorption at MCC. In graph (A), the physical mixture (adsorbate blend) already decreased
the T2 value compared to the free level. In contrast to the process of Ahmed Abdalla,
the liquid concentrate was first mixed and adsorbed at Fujicalin® prior to blending with
MCC. Consequently, the visible decay is principally due to the adsorption at Fujicalin®.
The extrusion of the wet blend results in a stronger binding of the liquid concentrate
compared to the adsorbate blend which could be caused by the presence of Fujicalin®

and/or MCC.
The second formulation with 70% pea starch appeared differently. Pea starch does

not have a good adsorbing capacity. But with a prior adsorption at Fujicalin®, 10% of
liquid could be easily incorporated. The T2 distribution of the adsorbate blend shows
a split into two physical states, one with a lower T2 maximum at 50ms and a second
with a higher value of 170ms (B). The stronger immobilized state is comparable to the
state of the Fujicalin®-MCC blend and can be dedicated to the adsorption at Fujicalin®.
Interestingly, a part of the liquid is more mobile. Probably, this part can be dedicated to
an adsorption at pea starch. The slight right shift compared to the free concentrate could
also indicate a fractionation of the liquid mixture. Possibly, the component of mono-, di-
and triglycerides separates from the surfactant component Solutol® HS 15 and led to a
similar T2 shift as free MCT (approximately 200ms). However, all distribution curves
are very broad and include different adsorption states. Consequently, a separation of
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Figure 28: T2 relaxation time distributions dried products of the different process steps
of Fujicalin®-MCC-pellets (A) and Fujicalin®-starch-pellets (B). The maximum intensity
of each distribution was normalized to 1.
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Figure 29: Pictures of pre-concentrates with self-microemulsifying and self-emulsifying
properties. (A) Pre-concentrate A, (B) pre-concentrate B, (C) pre-concentrate C. (1)
Pre-concentrates coloured with Sudan red, (2) Pre-concentrates without Sudan red. Left:
pre-concentrates, middle: pre-concentrates in phosphate buffer pH 6.8 shaken at 37 ◦C
for 1 h, right: (B3) pre-concentrate B without Sudan red in distilled water and (C) pre-
concentrate C in phosphate buffer pH 6.8 shaken at 37 ◦C for 1 h.

the pe-concentrate should only be seen as a possible explanation. The extrudate and
the pellet products show a T2 shift to 80ms based on the adsorbate blend. The slight
shoulder on the left indicates a further adsorption state but not as clear as it was for
the adsorbate blend. The maximum T2 value of the extrudate is similar to the adsorbate
blend indicating that the extrusion process only slightly impacts the physical state of the
liquid. It can be assumed that MCC is the main factor for a compact binding between
the excipients during the extrusion process which strengthens the adsorption of the liquid
concentrate additionally.

3.3. In vitro release of adsorbed self-(micro)emulsifying
systems

Three pre-concentrates with self-(micro)emulsifying properties were considered for the
investigation of the release properties of the adsorbing excipients. Pre-concentrate A and
B tend to form microemulsions upon distribution in an aqueous system. In contrast,
pre-concentrate C forms an emulsion and is equivalent to the liquid mixture used for the
extrusion/spheronization study. The composition of all three pre-concentrates is described
in chapter 2.2.4.1 on page 19.

3.3.1. Selection of self-(micro)emulsifying systems
Figure 29 on page 71 shows pictures of all three pre-concentrates distributed mainly in
phosphate buffer pH 6.8 (for experimental explanation see chapter 2.2.4.1). After 1h at
37 ◦C pre-concentrate C exhibits a clear coalescence of oil droplets (picture “C”). In pre-
concentrate A, one excipient of “C” was exchanged: C8-C10 mono-,di- and triglycerides
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by C10 mono-, di- and triglycerides. The mixture forms an almost clear one-phase system
in buffer with a characteristic opalescence (pictures A1/A2-middle). The appearance of
this aqueous system did not change over the period of one hour at 37 ◦C. Pre-concentrate
B was taken from Li et al. [30] as a microemulsion pre-concentrate for comparison. In-
stead of Cremophor® EL, Cremophor® ELP was used which is the more purified type
of this surfactant. It turned out that the distribution in phosphate buffer pH 6.8 led
to a more turbid appearance which generally indicates higher particle sizes and/or the
presence of a two-phase system. Pre-concentrate B in distilled water (picture B3 - right)
shows a clearer opalescent appearance which is more typical of a microemulsion system.
Li et al. investigated the dilution in water only, and found particle sizes around 50 nm by
dynamic light scattering. Possibly the “B”-concentrate is more sensitive to the presence
of ions. But a phase separation as observed for “C” was not visible. The samples in
buffer which were exposed to 37 ◦C were additionally investigated per light microscopy
at ambient temperature. Whereas “A” and “B” did not show the presence of droplets in
the micrometer range, “C” clearly exhibits droplet sizes of 5–10 µm (compare figure 49 on
page vi, appendix). To get a deeper insight concerning the effect of buffer and tempera-
ture, particle size measurements of fresh prepared samples were conducted using dynamic
light scattering. Figure 30 on page 73 shows mean particle sizes (intensity weighted) as
z-average with the associated polydispersity index (PDI) as a measure of the width of the
size distribution. “A” exhibits particle diameters of around 40 nm in phosphate buffer and
distilled water at 25 ◦C and 37 ◦C as typical for microemulsions. In the literature, Solutol®

HS 15 micelles are known with average diameters of 12 nm [172–174]. Diameters of about
40 nm indicate bigger surfactant colloids or microstructures wherein an oil domain can be
incorporated as it is reported for microemulsions [175, 176].
Pre-concentrate “B” shows higher particle sizes in buffer (around 80nm) and at 37 ◦C

the particle size further increased (to more than 100nm) which is more typical for nano-
emulsion droplets. It could indicate a possible aggregation of colloids or the presence
of a two-phase system. This would explains the turbid appearance of the sample. The
high PDI of the particle size distribution between 0.2 and 0.45 shows a very broad size
distribution. The dedicated volume distributions of buffer samples can be viewed in fi-
gure 31 on page 74 for 25 ◦C (black curves) and 37 ◦C (red curves). For “B” cycle 1 and
the last measurement cycle 5 is presented. An increase of particle sizes at 37 ◦C over
the 5 measurement cycles is visible. Obviously, aggregation of colloids takes place which
is reversible as the microscopical picture does not show droplets/aggregates in the mi-
crometer range. Distributed in distilled water, pre-concentrate “B” forms more likely a
microemulsion with particle sizes around 60 nm, but with a broad size distribution (PDI
between 0.2 and 0.3). These diameter results are congruent with the particle sizes found
by Li et al [30] and support the existence of microemulsion structures. Cremophor EL
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Figure 30: Z-averages and the corresponding PDI of pre-concentrates A-C in different
media and at 25 ◦C and 37 ◦C respectively. Mean and range calculated from 5 measurement
cycles are presented. Error bars indicate the minimum and maximum of the 5 measure-
ment cycles. Z-average is shown as columns linked to the left ordinate, PDI is shown as
red squares linked to the right ordinate.

micellar systems have smaller particle sizes of 11 nm [177]. Nevertheless, the presence
of inorganic electrolytes seems to have a great impact on the properties of the emerging
aqueous system. Guering et al. studied the change of the microemulsion structure caused
by different salinity levels in 1985 [178]. Iwanaga et al. did similar investigations on liquid
crystalline structures of polyoxyethylene-type non-ionic surfactants. The addition of salts
lowered the cloud point of the diluted aqueous surfactant solution due to a dehydration
effect of the ethylene oxide chains. This effect increases the hydrophobic character of
the surfactant [179]. Similar impacts of electrolytes on micellar solutions of non-ionic
surfactants were found by Batıgöç and Santos-Ebinuma. The presence of electrolytes re-
duces the hydrogen bond interactions between the surfactant head groups and the water
molecules. This lowers the cloud point of the micellar solution [180, 181]. Obviously, the
same influence is shown by dilution of pre-concentrate B in buffer instead of water. The
change in its microstructure by altered surfactant-water-interactions (stronger hydropho-
bic interactions) results in larger aggregates, which was apparent in higher particle sizes
during PCS measurements and visually by a stronger turbidity. Rising temperatures have
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Figure 31: Volume distribution of pre-concentrates A-C in phosphate buffer pH 6.8 at
25 ◦C (black line) and 37 ◦C (red line). (A) Pre-concentrate A, (B) pre-concentrate B with
measurement cycle 1 and 5 and (C) pre-concentrate C.
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the same effect. This increases the hydrophobic character of the surfactant and, thereby,
alter the microemulsion structure [182]. The higher particle sizes found by PCS confirm
that larger aggregates are induced for a diluted pre-concentrate B by an increase of the
temperature.
In contrast, pre-concentrate A is not sensitive to the presence of electrolytes or a tem-

perature increased to 37 ◦C. An explanation is provided by studies of Warisnoicharoen
et al [182]. They found that non-ionic microemulsions react differently to buffer used
as continuous component in comparison to water. This was dependent on the surfac-
tant and the oil component used. Accordingly, oils with a longer alkyl chain, e.g. soy
bean oil, are mostly incorporated as a core, whereas more hydrophilic components as
ethyl caprylate with a shorter alkyl chain act more as co-surfactant and are incorpo-
rated between the surfactant molecules. Microemulsions made of more hydrophilic lipid
components generally reacted with a decrease of its cloud point by dilution with buffer.
In the present study, pre-concentrate A contains the more lipophilic lipid component in
comparison to pre-concentrate B with propylene glycol caprylate. Probably, the combina-
tion of Cremophor® ELP and Capmul® PG8 in pre-concentrate B (bigger surfactant head
group with smaller lipid alkyl chain) is more sensitive to altered hydrophilic interactions
by electrolytes and temperature and consequently, the amount of incorporated Capmul®

PG8 is reduced. This could explain the turbidity seen for “B” caused by formation of
aggregates or exclusion of Capmul® PG8 domains and it explains the lower sensitivity of
“A” to these factors.
Pre-concentrate “C” forms a nano-emulsion upon distribution in phosphate buffer and

distilled water (droplet sizes of about 170–200nm) at 25 ◦C. But the PDI for the buffer
sample at 37 ◦C is obviously higher than for the other samples of “C”. This indicates a
more inhomogeneous system and instability at higher temperatures. Figure 31 shows
the detailed volume distribution of both samples in phosphate buffer (C). The emulsion
becomes coarse and is shifted to higher particle sizes in the micrometer range at 37 ◦C.
The main peak on the right of the distribution shows a coalescence of oil droplets which
is clearly located in a visible particle size range. The size distribution confirms the in-
stability of the emulsion of pre-concentrate C in phosphate buffer of 37 ◦C. Therefore,
pre-concentrate C was excluded from the following release study. Because samples of
pre-concentrate B did not change optically during the prevailing temperature of 37 ◦C
(compare B1/B2 of figure 29), it was chosen together with system “A” for the investiga-
tion of the release properties of the adsorbents. The corresponding volume distributions
of all pre-concentrates A, B and C in distilled water are illustrated for comparison in
figure 48 (appendix, page v).
Figure 32 and 33 on page 76 show the selected pre-concentrates freshly diluted in water

and buffer. In figure 32 the samples are permeated by a laser beam. System A shows the
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Figure 32: Photographs of freshly prepared samples of 5% A and B in distilled water
and phosphate buffer permeated by a green laser beam.

Figure 33: Photographs of 5% A and B in distilled water and phosphate buffer. Left:
Freshly prepared samples. Right: The same samples after 24 h. The scale bar is applicable
for left and right.

Tyndall effect which is characteristic for colloidal systems in this particle size range [183].
The laser beam is visible throughout the sample. For samples of “B” the laser beam is
visible but shows a more diffuse scattering due to the higher particle sizes, especially for
“B” in phosphate buffer. Figure 33 presents the sample alteration occurring during 24 h
storage at room temperature. The stored samples on the righten side show a changed
appearance for “A” in water. The sample is more turbid indicating a probable aggregation
of colloids. In contrast, “A” in buffer and both “B” samples does not show alterations
after 24h. However, all further experiments were conducted in buffer and the analysis
was performed within 24h after dilution of the adsorbate with buffer medium.

3.3.2. Release study of the adsorbed pre-concentrates
The release properties of the adsorbates were characterised by a preliminary visual study
using the example of the Sudan Red loaded pre-concentrate A. The subsequent release
study with both selected pre-concentrates were performed by means of fluorescence ana-
lytics.
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Figure 34: Release of adsorbed pre-concentrate A (colouration with Sudan red) after
centrifugation. (A-F) - Fujicalin® adsorbate, (A-UFL2) - Neusilin® UFL2 adsorbate, (A-
US2) - Neusilin® US2 adsorbate.

3.3.2.1. Visual release study

A preparatory release study was performed with the pre-concentrate A according to the
description in chapter 2.2.4.1 on page 19. Figure 34 on page 77 shows photographs of the
samples after the centrifugation step. The photographs give a first impression concerning
the release properties of the solid excipients. The remaining solid at the bottom of the
test tube is for Fujicalin® almost discoloured, followed by the Neusilin® UFL2 sample.
Neusilin® US2 exhibits the most residual colour. Consequently, the visual investigation
leads to the assumption that Fujicalin® releases more easily the adsorbed pre-concentrate
than the Neusilin® excipients. During the centrifugation the whole sample is exposed
to mechanical stress. This could influence the released amount of the pre-concentrate.
For example, the Fujicalin® sample was centrifuged with 2000 rpm for 1min to achieve a
separation of the solid material. For both Neusilin® samples, 3000 rpm were necessary to
separate the solid material from the medium to the bottom of the test tube. Even the
higher rotation speed did not discolour the solid material as it is apparent for the Fuji-
calin® adsorbate. But, the Neusilin® US2 solid is not any more homogeneously coloured
(figure 34, right). As expected, an impact of the centrifugation conditions is existent.
Therefore, all following release studies were performed according to figure 2 on page 21
where the supernatant is separated without mechanical stress from the majority of solid
material.

3.3.2.2. Fluorescence release study

Pre-concentrates A and B were loaded with the lipophilic fluorescence dye DiI to study
the release properties of the adsorbents in more detail. The adsorbates were prepared



3. Results and Discussion Page 78

Figure 35: Release of adsorbed pre-concentrates A and B during the DiI fluorescence
study. Top: Series with pre-concentrate A, bottom: Series with pre-concentrate B. (F) -
Fujicalin® adsorbate, (UFL2) - Neusilin® UFL2 adsorbate, (US2) - Neusilin® US2 adsor-
bate. For every picture: Test tube on the left: Release sample after a rest period, test tube
on the right: filtrated release medium (see Figure 2).

by SpeedMixer™ as described in chapter 2.2.1 and with pre-concentrate concentrations
presented in table 4. The release procedure is specified in chapter 2.2.4.2 and figure 2.
Figure 35 shows photographs of the release samples after 1h at 37 ◦C in an end over

end apparatus. As Neusilin® UFL2 exhibits very fine particles the supernatant of this
adsorbate looks more turbid than for the other ones. Overall, the supernatant and filtrate
of the pre-concentrate A series show the characteristic opalescence indicating that the
adsorbed pre-concentrate was at least partly released. The supernatants and filtrates
of the pre-concentrate B series appear more turbid than those of the pre-concentrate A
series. This was already recognized during the pretest and is caused by electrolytes which
have more impact on the pre-concentrate B system (see chapter 3.3.1). It is apparent that
the adsorbed pre-concentrate B was at least partly released, too. The supernatant of the
Neusilin® US2-B adsorbate is slightly clearer than that of the corresponding Fujicalin®

adsorbate. This indicates an incomplete release of the lipid mixture to the buffer medium
and/or that the composition of the desorbed liquid mixture is altered.
The results of the fluorescence release experiment of adsorbed pre-concentrate A and

B are presented in figure 36 and 37 on page 79 and 80. The reference intensity of the
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Figure 36: Release of DiI loaded pre-concentrate A from adsorbates of Fujicalin®, Neu-
silin® UFL2 and Neusilin® US2 by Novostar micro plate reader. Top: Calibration with in-
creasing concentration of DiI in the release medium. Last data point is excluded. Bottom:
Release of adsorbed pre-concentrate A at Fujicalin®, Neusilin® UFL2 and Neusilin® US2
in comparison to the non adsorbed pre-concentrate reference. Data are presented with the
median of 3 experiments (columns) and the positive and negative range (error bars).
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Figure 37: Release of DiI loaded pre-concentrate B from adsorbates of Fujicalin®, Neu-
silin® UFL2 and Neusilin® US2 by Novostar micro plate reader. Top: Calibration with in-
creasing concentration of DiI in the release medium. Last data point is excluded. Bottom:
Release of adsorbed pre-concentrate B at Fujicalin®, Neusilin® UFL2 and Neusilin® US2
in comparison to the non adsorbed pre-concentrate reference. Data are presented with the
median of 3 experiments (columns) and the positive and negative range (error bars).
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same amount of non-adsorbed pre-concentrate in phosphate buffer pH 6.8 is labelled with
“100%” (left column). It represents the fluorescence intensity value for a pre-concentrate
release of 100%. All other percentage labels are calculated in reference to this intensity
value. The graph on the top shows the calibration with increasing amounts of DiI in the
release medium. For calibration of pre-concentrate A the 7th sample with a DiI concen-
tration of 0.07 µg

ml indicates the beginning of non-linearity by quenching. This value was
excluded from calibration of A and B. Both results of linear fit (coefficient of correlation:
0.997 and 0.998) prove the linearity in a DiI concentration range of 0.01–0.06 µg

ml . A 100%
release would yield a DiI concentration of 0.05 µg

ml and is located within the calibration
range.
Figures 36 and 37 demonstrate the varying release properties of Fujicalin®, Neusi-

lin® UFL2 and Neusilin® US2. In both cases, the release medium of the Fujicalin® ad-
sorbate exhibits approximately the same fluorescence intensity like the non adsorbed
pre-concentrate which refers to a complete release of the adsorbed liquid. In contrast, the
release medium of Neusilin® excipients show lower fluorescence intensities of their release
media. Neusilin® UFL2 reaches a release rate of around 80%. The range of the intensi-
ties is considerably higher compared to the other adsorbates. This might be explained
by its tendency for agglomerate formation during adsorbate production which causes in-
homogeneities in the liquid distribution of the resulting adsorbate. This tendency was
already observed during the experiments of NMR imaging and NMR relaxometry for the
MCT adsorbates (compare chapter 3.1.3.1). Samples with and without bigger agglome-
rates result in varying amounts of pre-concentrate of the individual sample. Different
released amounts would be the consequence and would result in a broader range of the
intensity values. Nevertheless, the median of three values was used which is less impacted
by such effects. It can be concluded that Neusilin® UFL2 releases most of the adsorbed
pre-concentrate A and B but certainly less than 100%. According to the intensity values
of the release medium of the Neusilin® US2 adsorbate, this excipient retains the highest
amount of pre-concentrate at the particle surface. For pre-concentrate A only 35% and
for pre-concentrate B only 47% of the total quantity were released. More precisely, it can
be stated that the release rate probably does not exceed half of the adsorbed quantity
of pre-concentrate A and B. In conclusion, the Neusilin® excipients adsorb liquid lipids
stronger than Fujicalin® leading to an incomplete desorption. The strongest effect was
found for Neusilin® US2. This outcome confirms the assumptions from NMR relaxome-
try/MRI, ESR spectroscopy and multispectral fluorescence imaging of MCT adsorbates.
As root cause a stronger intermolecular binding based on hydrogen bonding was discussed.
The investigations with Sudan Red coloured adsorbates already indicated a possible im-
pact on the release quantity. But even though hydrogen bonding should affect the release
properties of both Neusilin® excipients there is an obvious difference between both exci-
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pients. It can be supposed that again the Neusilin® UFL2 tendency to form solid-liquid
agglomerates causes the higher release rate. The liquid adsorption and distribution at the
Neusilin® US2 particle surface occurs more homogeneously compared to Neusilin® UFL2.
Accordingly, more molecules of the pre-concentrate have direct contact to the particle sur-
face and stay fixed on it or between different Neusilin® US2 particles as concluded from
the NMR imaging results.
Kang et al. investigated the release of ibuprofen from self-emulsifying tablets in simu-

lated gastric fluid [118]. They used a liquid SEDDS for dissolving ibuprofen and solidified
the liquid by adsorption at Fujicalin® (36% adsorbate) and Neusilin® UFL2 (52% adsor-
bate). The solidified SEDDS was then compressed directly to a tablet upon blending with
other excipients. The release rate of the Fujicalin® tablet was similar to the non-adsorbed
SEDDS. But for the Neusilin® tablet, the ibuprofen release was retarded and reached
only 40% of the used amount of ibuprofen. Neusilin® UFL2 reached approximately 80%
of release of DiI which can be attributed to several reasons. One probable reason is the
further processing of the adsorbate by compression which may enforce the adsorption
strength similar to extrusion/spheronization. This was shown for a MCC/Fujicalin®blend
processed by extrusion/spheronization presented in chapter 3.2. Another example can be
found by Ahmed Abdalla who discovered a stronger adsorption of a self-emulsifying mix-
ture in MCC pellets compared to the physical mixture of the excipients [171]. Secondly,
the liquid mixture used by Kang et al. for adsorption differed in the used lipids. This also
has an impact on the release rate. For the Neusilin® US2 adsorbate pre-concentrate B was
released to a slightly higher extent than pre-concentrate A. A fact which has an impact on
the released amount, is the set up of the release experiment and especially in this case the
chosen release medium. Kang et al. used simulated gastric fluid, whereas the DiI study
was performed in phosphate buffer pH 6.8. Finally, the process of the adsorbate produc-
tion was different. Kang et al. prepared the adsorbates by the mortar/pestle method.
The adsorbates investigated in the present DiI study were prepared by the SpeedMixer™

method. Meanwhile, other interesting release studies on Neusilin® US2 adsorbates were
performed by Van Speybroeck et al. and Williams et al [153, 184]. Different lipid based
formulations and several drugs were investigated. For all adsorbates, an incomplete drug
release was discovered confirming the results presented in this thesis. Furthermore, the
desorption was more impacted by the composition of lipid based formulation than by the
drug type dissolved. The more lipophilic IIIA formulation adsorbate retained of about
50% of the drug danazol whereas the less lipophilic IIIB adsorbate released circa 75%
[153]. A comparable difference was also found for the more lipophilic pre-concentrate A
and the less lipophilic pre-concentrate B within the present study.
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3.3.3. Characterisation of the desorbed pre-concentrates
The release media of all adsorbate types were investigated in detail to find reasons for the
different release rates of the adsorbed liquid pre-concentrates. Maybe, one component of
the pre-concentrate stays to a higher extent adsorbed at the solid material than the other
ones. This could manifest itself for example in altered particle sizes for which reason PCS
was applied. NMR spectroscopy was used to get a hint for changed percentages in the
pre-concentrate composition.

3.3.3.1. Photon correlation spectroscopy

The particle size analysis of the release medium is shown in figure 38 on page 84. The
release procedure was conducted twice per adsorbate. The results are presented in parallel.
Thus, one column represent the mean z-average of 5 measurent cycles of the release
medium of one sample and error bars indicate the corresponding positive and negative
range. The related mean PDI (squares) with positive and negative ranges (error bars) are
readable at the right ordinate. The graph at the top shows samples of pre-concentrate A
and the graph below samples of pre-concentrate B.
All samples of “A” exhibits narrow size distributions apparent with PDIs mostly lower

than 0.1. The release medium of the Fujicalin® adsorbate shows very similar diameters
to the non-adsorbed pre-concentrate reference (38–39nm). The samples of the Neusilin®

adsorbates have slightly higher particle diameter (44–45nm). But the difference is too
small to suggest a change in the pre-concentrate composition. However, these diameter
sizes support the assumption that microemulsion systems are formed after desorption.
All “B” samples exhibit broad size distributions noticeable with PDIs till 0.7. The

particle diameters deviate strongly, also between the parallel measurements. These results
do not enable the conclusion concerning a change in the pre-concentrate composition. The
mean particle sizes found here (around 50nm) differs from the first PCS measurement
(80 nm, compare figure 30). But the PDI of all measurements for “B” in buffer are high.
Consequently, evaluations or a comparison based on these particle size values are not
reasonable.

3.3.3.2. Nuclear magnetic resonance spectroscopy

The release medium contains the partly or completely desorbed pre-concentrate. With
help of NMR spectroscopy the pre-concentrate composition in the release medium was
investigated. Pre-concentrate A is composed of three excipients: a mixture of mono-/di-
glycerides, triglycerides and a non-ionic surfactant. Pre-concentrate B is composed of two
excipients: the mono fatty acid ester of propylene glycol and a non-ionic surfactant. The
spectra evaluation was focused on a two component system: Component 1 - the surfactant
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Figure 38: Z-averages and the corresponding PDI of the release medium from adsorbed
pre-concentrates A (top) and B (bottom) in duplicate. Mean and range calculated from 5
measurement cycles at 25 ◦C are presented. Error bars indicate the minimum and max-
imum of the 5 measurement cycles. Z-average is shown as columns linked to the left
ordinate, PDI is shown as red squares linked to the right ordinate.
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and component 2 - the lipid. For “A”, component 1 was the surfactant Solutol® HS 15 and
component 2 was mixture of mono-/di-/tri-glycerides Capmul® MCM C10 and Captex®

355 EP/NF. For “B” component 1 was the surfactant Cremophor® ELP and component
2 was the mono fatty acid ester of propylene glycol Capmul® PG8.
It can be assumed that the surfactant (component 1) will desorb more easily from the

excipient into the aqueous medium due to its amphiphilic structure. The lipid (component
2) would have a higher tendency to remain adsorbed at the surface. Therefore, the
experiment was designed in this direction (see chapter 2.2.8.3 on page 25).

Analysis of the released pre-concentrate A
Calibration samples in deuterated phosphate buffer pH 6.8 were prepared with a constant
concentration of Solutol® HS 15 (0.02 g

ml) and increasing lipid concentrations (0; 0.01; 0.02
and 0.03 g

ml). The ratio of the two lipid excipients in the lipid component was the same as
used for the original pre-concentrate A. The first calibration sample represents the Solutol®

HS 15 reference without the lipid component. The last calibration sample represents the
reference for a completely released pre-concentrate in composition and concentration.
Figure 39 on page 86 shows NMR spectra of the first sample of the calibration series,
Solutol® HS 15 in phosphate buffer (top), and the last sample, containing the amount
of a completely released pre-concentrate A in phosphate buffer (bottom). The peak at a
chemical shift of 0 ppm represents the standard TMSP. To the left the peak of the aliphatic
–CH3 end group can be found with a chemical shift of 0.9ppm [185–188]. The aliphatic
–CH2– group appears at a chemical shift of 1.3ppm [185–188]. The characteristic peak at
3.7ppm can be assigned to protons of the ethylene oxide group [185–187, 189]. The peak
at 4.8ppm shows the “HDO” which appears due to proton exchange [190, 191].
The graph below shows the spectrum of pre-concentrate A in phosphate buffer. Com-

pared to the spectrum of Solutol® HS 15 some peaks are increased e.g. 0.9; 1.3; 1.6 and
2.3ppm due to the presence of the lipids Capmul® MCM C10 and Captex® 355. These
peaks are increased because of the higher amount of the aliphatic –CH2– and –CH3 groups.
The peaks at 1.6ppm and 2.3ppm can be assigned to –CH2 groups close to and directly
at the acyl group [192–194]. New signals appeared at around 4.1ppm, 4.3ppm and 5.2–
5.3ppm which are characteristic of protons of the glyceryl group [194]. A summary of all
NMR spectra can be found in figures 50, 51, 52, 53, 54 and 55 on pages vii, viii, ix, x, xi
and xii (appendix).
Two peaks were selected, one for the lipid component and one for Solutol® HS 15.

For Solutol® HS 15 the characteristic signal at 3.7ppm was chosen. For the lipids, the
calculations were done with the peak at 0.9ppm. This one was only of low intensity
for the Solutol® HS 15 calibration sample (0.0532 relative to the intensity of the peak
at 3.7 ppm). The intensity increased (0.4265 relative to the intensity of the peak at
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Figure 39: NMR spectra of Solutol® HS 15 (top) and pre-concentrate A (bottom) in
buffer. Chemical shifts are assigned relative to the standard TMSP. The –CH3 peak in-
tensity is indicated relative to the ethylene oxide peak intensity. The HDO peak is capped
in height.
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3.7ppm) by addition of the lipid component. The peak at 2.3 ppm was not considered
because of the lower peak intensity difference between both spectra. The intensities of
the peaks 0.9ppm and 3.7ppm were set in ratio (AMethyl/AEO) and were plotted against
the known lipid-surfactant weight ratios in figure 40 (top) on page 88. A linear fit of the
four calibration points was applied and yielded an coefficient of correlation of 0.9996. The
resulting equation 1 was used to calculate the lipid to Solutol® HS 15 ratios (x).

y = 0.0554 + 0.2488 × x x =
AMethyl

AEO
− 0.0554

0.2488 (1)

“y” is substituted by the intensity ratios obtained from the NMR spectra. Figure 40
(bottom) shows the resulting lipid to Solutol® HS 15 ratios of the adsorbate release samples
in comparison to the calibration samples. Table 15 on page 89 gives an overview of the
calculated ratios as well as lipid and surfactant percentages.
Two reference samples (marked with ×) were measured additionally. Their composition

corresponded to the first and last calibration sample. The first was the surfactant com-
ponent in buffer and last was the complete amount of non-adsorbed pre-concentrate A in
buffer. Both samples led to comparable intensity ratios. Consequently, similar percenta-
ges for the lipid and surfactant components were obtained compared to the calibration
samples.
The results show that the released pre-concentrate which was adsorbed at Fujicalin®

and Neusilin® UFL2 has approximately the same composition as the non-adsorbed pre-
concentrate in buffer. That means that the measured incomplete release by fluorescence
in chapter 3.3.2.2 concerns both components similarly. A change of the initial compo-
sition cannot be identified. By contrast, Neusilin® US2 acted differently. The released
pre-concentrate showed an altered composition. The lipid component was reduced from
originally 60% to approximately 44% and the percentage of the surfactant component
Solutol® HS 15 was increased respectively. This means that Neusilin® US2 retains more
of the mono-/di-/triglycerides at its surface than of the surfactant. It can be assumed
that a selective retention of the pre-concentrate components will change the polarity of
the emerging system and may have an influence on a dissolved drug. Consequences could
be a direct retention of the drug in the acyl glyceride environment at the excipient surface
or a subsequent precipitation of the drug.
Supplementary, the percentage release of Solutol® HS 15 and lipids can be calculated

from the NMR data. Normally, the release of the lipid component could be calcu-
lated directly by use of the peak intenstity ratio of the methyl and the TMSP peak
(AMethyl/ATMSP). In figure 41 on page 90 the ratios of the calibration samples are plotted
against the corresponding release of lipids in percent. The high coefficient of correlation of
the applied linear fit close to 1 proves the high accuracy for the quantitative calculation.
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Figure 40: Intensity ratios (AMethyl/AEO) of the calibration samples (top) and addition-
ally with the ratios of the adsorbate samples and two reference samples (bottom) plotted
against the lipid to Solutol® HS 15 weight ratio.
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Table 15: Summary of data from calibration, reference (HS 15 - top, pre-concentrate -
bottom) and adsorbate samples of pre-concentrate A. The peak intensity ratio AMethyl/AEO
and corresponding/calculated lipid to Solutol® HS 15 weight ratios are presented as well as
the calculated percentages of the lipid and surfactant component of the investigated release
media. Calculated values are rounded to four decimal places for ratios and are shown as
integer for percentages.

Intensity ratio
AMethyl/AEO

Ratio lipids to
Solutol® HS 15

Lipids
[%]

Solutol® HS 15 [%]

C
al
ib
ra
tio

n 0.0532 0 0 100

0.1820 0.5 33 67

0.3063 1 50 50

0.4265 1.5 60 40

R
ef
er
en
ce
s

0.0528 -0.0104* -1* 101

0.4301 1.5059 60 40

Fu
jic

al
in

®

0.4378 1.5368 61 39
0.4307 1.5083 60 40

N
eu
sil
in

®
U
FL

2

0.4097 1.4240 59 41
0.4205 1.4675 59 41

N
eu
sil
in

®
U
S2

0.2600 0.8222 45 55
0.2446 0.7606 43 57

* Negative values derive from the standard error of the calibration calculation. The standard error is
±4% based on the residuals from the calibration curve.
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Figure 41: Intensity ratios AMethyl/ATMSP of the calibration samples plotted against the
corresponding lipid release in percent.

But this model has one disadvantage. It presumes a 100% release of Solutol® HS 15 due
to the fact that the surfactant also contributes with a small part to the 0.9 ppm peak of
the –CH3 group. A 100% release of Solutol® HS 15 would result in similar ratios of the
areas of the ethylene oxide (AEO) and the standard TMSP for reference and adsorbate
samples (compare relative peak intensities in table 16 on page 91). By comparing the
intensity of ethylene oxide relative to the standard TMSP it is obvious that the reference
samples have an intensity around 3 and e.g. for the Neusilin® US2 adsorbate this ratio is
decreased to approximately 2. Hence, a calculation based on the equation from figure 41
includes the error of an incomplete release of Solutol® HS 15. Assuming a 0% release
of Solutol® HS 15, a maximum percentage error of 13% can be expected if the whole
amount of lipid would be released. In this case, the integral ratio of 0.05 of the 0.9 ppm
peak would count for the lipid part but not be calculated as lipid which causes falsely
low lipid percentages. If also the lipid release rate was reduced accompanied with a 0%
release of Solutol® HS 15 the error would even increase.
Even though a 0% release of Solutol® HS 15 was not observed and thus lower errors

can be expected, another approach was chosen. The lipid values were first corrected by
subtracting the proportion dedicated to Solutol® HS 15. Therefore, the peak of the NMR
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Table 16: Summary of the peak intensities from NMR spectra relative to the inten-
sity of the standard TMSP and the calculated released percentages of lipids and Solutol®
HS 15 from reference and adsorbate samples of pre-concentrate A. Relative intensities are
rounded to four decimal places and percentages are shown as integer.

AEO
(3.7ppm)

AMethyl
(0.9ppm)

Lipids
(wLiprel)
[%]

Solutol® HS 15
(wHS15rel)

[%]

H
S
15 2.8442 0.1512 - -

2.8883 0.1524 - -

C
on

ce
nt
ra
te

3.0176 1.2979 102 102
2.9271 1.2483 98 98

Fu
jic

al
in

®

3.1885 1.3958 110 107
3.0269 1.3037 102 102

N
eu
sil
in

®
U
FL

2

2.9178 1.1954 93 98
2.7799 1.1691 92 94

N
eu
sil
in

®
U
S2

2.2263 0.5787 41 75
2.1560 0.5274 37 73

standard TMSP was used in relation to the ethylene oxide peak (abbreviated as “EO”) in
order to calculate the release of Solutol® HS 15. The percentage release of Solutol® HS 15
(wHS15) is consequently defined by equation (2).

wHS15 =
AEO

ATMSP
AEO100 %

ATMSP100 %

=
AEO

ATMSP

2.9723 (2)
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The peak intensity ratio EO (AEO) to TMSP (ATMSP) of the unknown sample is divided
by the equivalent ratio of the pre-concentrate reference sample (AEO100 %to ATMSP100 %).
These reference values stand for a 100% release and the parameters are labelled with
“100%”. The 100% release experiment was conducted twice, once as reference sample to
the adsorbate experiments and the second was part of the calibration series. Thus, the
mean of these calculated 100% values was substituted in the equation. In equation (3)
on page 92 the relation between the surfactant intensity fraction of the methyl peak
(AMethylHS15) and the intensity of the EO peak is presented. Both parameters are related
to each other with a proportionality factor “k” which was calculated as mean of both
Solutol® HS 15 reference samples. The equation was rearranged to “k”. Now, this factor
could be directly calculated by substituting the values of the HS15 reference samples
containing only the amount of Solutol® HS 15 and none of the lipid component. A
proximate condition is presented by equation (4). The intensity of the methyl peak
(AMethyl) is composed of the proportion of Solutol® HS 15 (AMethylHS15) and the proportion
of the lipids (AMethylLip) at which AMethylHS15 can be substituted by equation (3). The
equation can be rearranged to the lipid proportion visible in equation (5).

AMethylHS15 = AEO · k k = AMethylHS15

AEO
= 0.0530 (3)

AMethyl = AMethylHS15 + AMethylLip AMethyl = AEO · 0.0530 + AMethylLip (4)

AMethylLip = AMethyl − AEO · 0.0530 (5)

Similar to equation (2) the percentage release of lipids is defined in equation (6) and was
transformed by substituting AMethylLip by equation (5). Again, the fraction can be reduced
by replacing the 100% parameters by its values in equation (7). The final value of 1.1157
represents the mean of both 100% reference samples.

wLip =
AMethylLip

ATMSP
AMethylLip100 %

ATMSP100 %

=
AMethyl−AEO·0.0530

ATMSP
AMethyl100 % −AEO100 % ·0.0530

ATMSP100 %

(6)

wLip =
AMethyl−AEO·0.0530

ATMSP

1.1157 (7)

The calculated percentages of released Solutol® HS 15 and released lipids are summarised
in table 16. The results of both components confirm the tendency seen from the fluores-
cence release experiment and part one of the NMR spectroscopy evaluation. The mean
of both reference samples yielded a release of 100%. One of the Fujicalin® measurement
series is obviously inaccurate with a result of 110% lipid release obviously inaccurate
and thus indicates a possible error of ±10%. The result of released Solutol® HS 15 is
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similar and proves that the released pre-concentrate has the initial composition. The
second Fujicalin® release study yields a release value of 102% for both components. This
is comparable to the values of the reference sample. Nevertheless, it can be assumed that
Fujicalin® neither influences the composition of the desorbed pre-concentrate nor lowers
the release rate of both components. The results of both Neusilin® UFL2 samples also
confirm the expectations from the fluorescence experiment. The first sample reached an
almost complete release of the adsorbed pre-concentrate, the second a slight retention
of both components but without any clear influence on the initial composition. Finally,
the results of Neusilin® US2 show repeatedly that both components have a lower release
quantity than for the other adsorbates and the initial composition of the pre-concentrate
was changed to higher percentages of the surfactant. About 40% release was found for
the lipid component and about 74% for Solutol® HS 15. All in all, the outcome of the pre-
viously presented fluorescence experiment has been confirmed. No influence was found on
the release quantity for Fujicalin® and a minor influence for Neusilin® UFL2. The lowest
release was found for Neusilin® US2. Furthermore, the results of Neusilin® US2 indicate
that the release of the lipophilic model DiI is more dependent on the release of the lipid
component of the pre-concentrate than on the surfactant. DiI was released to 35%, which
corresponds more to the release rate of the lipid component of averaged 39% found in
the NMR analysis. The stronger dependence of the desorption from the more lipophilic
component is also corroborated by the findings of Williams et al. who obtained higher
desorption rates for increasing surfactant percentages in the liquid lipid formulation [153].

Analysis of the released pre-concentrate B
The same analysis used for pre-concentrate A was now performed with pre-concentrate B.
Calibration samples in deuterated phosphate buffer pH 6.8 were prepared with a constant
concentration of the surfactant Cremophor® ELP (0.025 g

ml) and increasing Capmul® PG8
concentrations (0; 0.01; 0.015; 0.02 and 0.025 g

ml). The first calibration sample represents
the Cremophor® ELP reference. The last calibration sample represents the reference for
a completely released pre-concentrate B in composition and concentration. Figure 42 on
page 94 shows NMR spectra of the first sample of the calibration series, Cremophor®

ELP in phosphate buffer (top), and the last sample, containing the completely released
pre-concentrate B in phosphate buffer (bottom). The spectra resemble those of pre-
concentrate A. The peak at a chemical shift of 0 ppm represents again the standard TMSP.
In the spectrum below an additional peak appeared at 1.2 ppm between the known –CH3

and –CH2– peaks. This peak can be assigned to the –CH3 group of propylene glycol,
component of Capmul® PG8 [190, 195, 196]. The baseline around this peak is not clearly
differentiated from the –CH2– at 1.3ppm. This is why the same relevant peaks, the
aliphatic –CH3 end group at 0.9 ppm and the ethylene oxide group peak at 3.7ppm,
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Figure 42: NMR spectra of Cremophor® ELP (top) and pre-concentrate B (bottom)
in buffer. Chemical shifts are assigned relative to the standard TMSP. The –CH3 peak
intensity is indicated relative to the ethylene oxide peak intensity. The HDO peak is capped
in height.
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were chosen for evaluation. Compared to the spectrum of Cremophor® ELP the peak at
0.9ppm in the spectrum below is increased due to the presence of the propylene glycole
caprylate (Capmul® PG8). A summary of all NMR spectra can be found in figures 56,
57, 58, 59, 60, 61 and 62 on pages xiii, xiv, xv, xvi, xvii, xviii and xix (appendix).
According to the example pre-concentrate A, the ratios of peak intensities of the methyl

and EO peak were calculated (AMethyl/AEO) and were plotted against the known Capmul®

PG8-Cremophor® ELP weight ratios in figure 43 (top) on page 96. A linear fit of the five
calibration points was applied and yielded a coefficient of correlation of 0.9930. The
resulting equation 8 on page 95 was used to calculate the Capmul® PG8 to Cremophor®

ELP ratios (x) of the adsorbate release samples. “y” was substituted by the intensity
ratios obtained from the NMR spectra. Figure 43 (bottom) shows the resulting Capmul®

PG8 to Cremophor® ELP ratios of the adsorbate release samples in comparison to the
calibration samples. Table 17 on page 97 gives an overview of the calculated ratios and
the Capmul® PG8 and Cremophor® ELP percentages.

y = 0.0700 + 0.2404 × x x =
AMethyl

AEO
− 0.0700

0.2404 (8)

Two reference samples (marked with ×) were measured additionally as performed for
pre-concentrate A. Similar percentages were calculated for the Capmul® PG8 and the
Cremophor® ELP component compared to the calibration samples. The higher standard
error may be attributed to the slight turbidity found for diluted pre-concentrate B samples.
The samples of pre-concentrate B show similar tendencies as found for pre-concentrate

A. The pre-concentrate released from Fujicalin® and Neusilin® UFL2 has approximately
the same composition as the non-adsorbed pre-concentrate in buffer. Both excipients
do not alter the initial composition. For the Neusilin® US2 excipient a slightly reduced
release of Capmul® PG8 is visible (from 50% to approximately 45%). But, this effect
is considerably less pronounced as for pre-concentrate A. One reason could be the more
hydrophilic properties of Capmul® PG8 compared to the lipid mixture of Capmul® MCM
C10 and Captex® 355 EP/NF. Lipids with rather hydrophilic properties seem to have a
weaker binding to the surface of Neusilin® particles. By contact to a hydrophilic buffer
medium this lipid desorbs more easily from the excipient’s surface. This explains the
different results between the single Neusilin® US2 samples. While having a lower affinity
to the Neusilin® US2 excipient mechanical stress during the release procedure will have a
greater impact and can lead to the different outcomes for composition and release of the
pre-concentrate.
The percentage release of Cremophor® ELP and Capmul® PG8 were calculated from

the NMR data according to the method used for pre-concentrate A. The linear correlation
of the intensity ratio (AEO/ATMSP) to the PG8 release in percent is shown in figure 44
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Figure 43: Intensity ratios (AMethyl/AEO) of the calibration samples (top) and addition-
ally with the ratios of the adsorbate samples and two reference samples (bottom) plotted
against the Capmul® PG8 to Cremophor® ELP weight ratio.
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Table 17: Summary of data from calibration, reference (ELP - top, pre-concentrate -
bottom) and adsorbate samples of pre-concentrate B. The peak intensity ratio AMethyl/AEO
and corresponding/calculated Capmul® PG8 to Cremophor® ELP weight ratios are pre-
sented as well as the calculated percentages of Capmul® PG8 and Cremophor® ELP of the
investigated release media. Calculated values are rounded to four decimal places for ratios
and are shown as integer for percentages.

Intensity ratio
AMethyl/AEO

Ratio Capmul®
PG8 to

Cremophor®

ELP

Capmul® PG8
[%]

Cremophor® ELP
[%]

C
al
ib
ra
tio

n

0.0645 0 0 100

0.1719 0.4 29 71

0.2164 0.6 37.5 62.5

0.2685 0.8 44 56

0.3018 1 50 50

R
ef
er
en
ce
s

0.0651 -0.0206* -2* 102

0.3032 0.9703 49 51

Fu
jic

al
in

®

0.3022 0.9661 49 51
0.3002 0.9577 49 51

N
eu
sil
in

®
U
FL

2

0.2965 0.9421 49 51
0.2931 0.9280 48 52

N
eu
sil
in

®
U
S2

0.2896 0.9021 47 53
0.2538 0.7647 43 57

* Negative values derive from the standard error of the calibration calculation. The standard error is
±8% based on the residuals from the calibration curve.
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Figure 44: Intensity ratios of the calibration samples plotted against the corresponding
lipid release in percent.

on page 98. The coefficient of correlation of the applied linear fit amounts to 0.9982.
Again, the use of this correlation presumes a 100% release of Cremophor® ELP. This is
not the case because the peak intensity ratios of the ethylene oxide group (AEO) and the
standard TMSP (ATMSP) differ from 3.5 for the pre-concentrate references to ratios below
3 for Neusilin® US2 adsorbate samples (compare table 18 on page 100). Therefore, the
peak intensity of the –CH3 group was corrected by subtracting the proportion dedicated
to Cremophor® ELP. The percentage release of Cremophor® ELP (wELP) is defined by
equation (9). The peak intensity ratio EO (AEO) to TMSP (ATMSP) of the unknown
sample is divided by the same ratio of the pre-concentrate reference sample (AEO100 %to
ATMSP100 %). The mean of both samples was substituted in the equations.

wELP =
AEO

ATMSP
AEO100 %

ATMSP100 %

=
AEO

ATMSP

3.4811 (9)

Equation (10) shows the relation between the surfactant intensity fraction of the –CH3

peak (AMethylELP) and the intensity of the EO peak. The equation was rearranged to the
proportionality factor “k”. It was calculated as mean of both Cremophor® ELP reference
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samples. In equation (11) the intensity of the –CH3 peak (AMethyl) is composed of the pro-
portion of Cremophor® ELP (AMethylELP) and the proportion of Capmul® PG8 (AMethylPG8).
AMethylELP can be substituted by equation (10). The equation can be rearranged to the
PG8 proportion shown in equation (12). Similar to equation (9) the percentage release of
PG8 is defined in equation (13). AMethylPG8 was substituted by equation (12). Again, the
fraction can be reduced by replacing the 100% parameters by its values in equation (14).
The final value of 0.8277 represents the mean of both pre-concentrate reference samples.

AMethylELP = AEO · k k = AMethylELP

AEO
= 0.0648 (10)

AMethyl = AMethylELP + AMethylPG8 AMethyl = AEO · 0.0648 + AMethylPG8 (11)

AMethylPG8 = AMethyl − AEO · 0.0648 (12)

wPG8 =
AMethylPG8

ATMSP
AMethylPG8100 %

ATMSP100 %

=
AMethyl−AEO·0.0648

ATMSP
AMethyl100 % −AEO100 % ·0.0648

ATMSP100 %

(13)

wPG8 =
AMethyl−AEO·0.0648

ATMSP

0.8277 (14)

The calculated percentages of released Cremophor® ELP and released Capmul® PG8 are
summarised in table 18. Fujicalin® shows an 100% release of the adsorbed pre-concentrate
B. Approximately 90% was desorbed from Neusilin® UFL2 without any difference bet-
ween both components. The PG8 release of Neusilin® UFL2 (86–89%) is comparable to
the result of the DiI release of 84% in figure 37. The contrast to Neusilin® US2 is less
pronounced than it was for pre-concentrate A. Sample 1 showed a surfactant release of
approximately 80%, sample 2 of 65%. The release of the lipid component PG8 is lower
compared to the surfactant component. The reason for generally smaller differences bet-
ween the excipients could be explained by the lower lipophilic properties of Capmul® PG8
compared to Capmul® MCM C10 and Captex® 355. Consequently, the affinity to desorb
into an aqueous system is increased. This also explains the findings by Williams et al.
who obtained a higher desorption rate for increasing surfactant percentages in lipid based
formulations. Sample 2 of Neusilin® US2 with circa 50% of released Capmul® PG8 is
comparable to the release rate of 47% DiI. This supports the conclusion that mostly the
lipid component is responsible for the release of the dissolved lipophilic compound. The
varying results between both Neusilin® US2 samples can be explained by weaker interac-
tions between pre-concentrate B and Neusilin® US2. Hence, mechanical stress caused by
the experimental release procedure could more easily influence the amount of desorbed
pre-concentrate B.
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Table 18: Summary of the peak intensities from NMR spectra relative to the inten-
sity of the standard TMSP and the calculated released percentages of Capmul® PG8 and
Cremophor® ELP from reference and adsorbate samples of pre-concentrate B. Relative
intensities are rounded to four decimal places and percentages are shown as integer.

AEO
(3.7ppm)

AMethyl
(0.9ppm)

Capmul® PG8
(wPG8rel)

[%]

Cremophor® ELP
(wELPrel)

[%]

EL
P 3.3136 0.2156 - -

3.3314 0.2148 - -

C
on

ce
nt
ra
te

3.4552 1.0429 99 99
3.5073 1.0636 101 101

Fu
jic

al
in

®

3.5864 1.0839 103 103
3.5065 1.0527 100 101

N
eu
sil
in

®
U
FL

2

3.1963 0.9476 89 92
3.1259 0.9161 86 90

N
eu
sil
in

®
U
S2

2.8784 0.8257 77 83
2.2581 0.5731 52 65
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4. Summary and perspectives
During this thesis it was shown that lipid adsorbates of Fujicalin®, Neusilin® US2 and
Neusilin® UFL2 with different lipid formulation systems could be obtained by standard
mixing technologies. Two simple homogenisation methods, mortar/pestle and dual asym-
metric centrifugation (SpeedMixer™), were successfully applied. For Fujicalin® and Neu-
silin® US2, a more homogeneous MCT distribution and a smoother adsorbate particle
surface were found for the production by SpeedMixer™ compared to the mortar/pestle
method. An advantage of the SpeedMixer™ method is not apparent for the adsorbent
Neusilin® UFL2. On the contrary, there was a tendency for bigger agglomerates with
MCT. With help of helium pycnometry it was confirmed that both homogenisation me-
thods mostly lead to an adsorption at the surface of the particles and into pores close to
the particle’s surface but hardly into the inner pores. These could only be reached due
to particle destruction occurring during homogenisation per mortar/pestle. The results
of NMR relaxometry and ESR spectroscopy detected an increase in the microviscosity of
MCT by application of the SpeedMixer™ method. Consequently, the adsorption of MCT
is stronger if homogenisation took place by SpeedMixer™ compared to mortar/pestle.
This effect was strongly pronounced for Fujicalin®, less for Neusilin® UFL2 and hardly for
Neusilin® US2. But release studies did not show any influence on lipid desorption from
Fujicalin®. An impact of the homogenisation method on the micropolarity in the lipid
environment was not observed. All in all, the SpeedMixer™ is the more feasible method
because of the better reproducibility and applicability from the industrial point of view.
Based on the results of this thesis it will be necessary to test other homogenisation tech-
nologies often used in industrial solid formulation as rotary-drum mixing (e.g. the double
cone mixer). Furthermore, the feasibility of a scale-up should be investigated regarding
reproducibility and homogeneity.
NMR relaxometry and ESR spectroscopy were successfully applied to figure out the

different adsorption properties of the adsorbents. The microviscosity served as measure
for differences in their adsorption strength for MCT. This parameter was most reduced for
the Neusilin® US2 adsorbate. Consequently, this excipient exhibits the highest adsorption
strength followed by Neusilin® UFL2 and Fujicalin®. All adsorbents were sensitive to the
relative humidity concerning their adsorption strength but reacted in different humidity
ranges. For Fujicalin®, the shift in the microviscosity of MCT happened at lower rela-
tive humidity. Both Neusilin® types showed an decrease of the microviscosity at more
humid conditions. All in all, storage conditions turned out to be a crucial factor for lipid
adsorbates regarding the adsorbing capacity and adsorption strength of the adsorbents
and should therefore be controlled. Interesting results were obtained regarding the mi-
cropolarity. ESR and multispectral fluorescence imaging detected an increased polarity
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in the adsorbed MCT environment for both Neusilin® adsorbents. No influence on the
micropolarity was found for Fujicalin®. The higher micropolarity could possibly impact
a poorly water-soluble drug dissolved in the adsorbed oil. Further studies with different
oils would be interesting in order to see an impact of the oil composition, e.g. medium
versus long-chain or saturated versus non-saturated components.
The impact of a pharmaceutical process on the adsorption state of the liquid is an

important issue for future industrial applications. The extrusion/spheronization process
was chosen using the example of Fujicalin® and a known self-emulsifying system. It
was possible to produce visually spherical pellets. In addition to the conventional extru-
sion/spheronization aid MCC, pellets could also be obtained by use of pea starch as filling
excipient additional to the adsorbate. The extrusion with MCC has an impact on the
adsorption state of the liquid mixture resulting in a higher microviscosity and therefore
stronger adsorption. This strong alteration was not observed for extrusion with pea starch.
Prospectively, more investigations with starches in combination with Fujicalin® should be
performed with e.g. starches of different sources and with increasing Fujicalin® contents.
Higher Fujicalin® percentages could improve the physical stability of the pellets and would
increase the capacity for liquid adsorption. Furthermore, the Neusilin® excipients were
not included in the present study and should be investigated as well. Moreover, future
studies should also include the direct compression process because direct compression into
tablets is a favoured pharmaceutical process. It would be interesting to see the impact of
e.g. the compression force on the adsorption state of an adsorbed liquid to get knowledge
about the risk of oil leakage.
Finally, release experiments using different analytical methods were performed. Ac-

cording to the results of NMR relaxometry and multispectral fluorescence imaging, a
complete desorption appeared to be probable, but the images obtained by MRI sug-
gested a rather different desorption behaviour of MCT between Fujicalin® and Neusi-
lin®. Deeper insights into the release characteristic were obtained by investigation of
self-(micro)emulsifying adsorbates. Thereby, an impact of the adsorption strength on
the desorption was found as expected. A new self-(micro)emulsifying system modified
from the mixture of Ahmed Abdalla was developed and investigated in comparison to
a more polar self-(micro)emulsifying system from the literature. The performed visual
study with the lipophilic dye Sudan red verified the assumption of a poorer desorption
from Neusilin® excipients. This was finally confirmed by a fluorescence study with the
lipophilic fluorescence dye DiI. The analysis of the desorbed pre-concentrate indicated a
complete release of the dye from the Fujicalin® adsorbate but a release of less than 50%
from the Neusilin® US2 adsorbate. The higher release of approximately 80% for Neusi-
lin® UFL2 was probably caused by the presence of agglomerates containing an increased
proportion of liquid. The results of 1H NMR spectroscopy of the released pre-concentrate
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offered significant indications for a selective release of multi-component lipid systems.
The applied adsorption at Fujicalin® and Neusilin® UFL2 did not impact the composition
of the released self-emulsifying systems, whereas for Neusilin® US2, the more lipophilic
self-emulsifying system showed an altered composition after desorption. The surfactant
proportions were increased compared to the original mixture (from 40% 55% for pre-
concentrate A). The more lipophilic mono,-di-and triglycerides of the mixture tend to
retain at the surface of the Neusilin® US2 particles because of their poorer affinity to an
aqueous buffer medium. The impact on the composition of the pre-concentrate B was
lower because the component Capmul® PG8 is more hydrophilic than Capmul® MCM
C10 and Captex® 355. It was additionally found that the released proportions of the
fluorescence dye DiI correspond approximately to the released proportions resulting from
1H NMR spectroscopy data of the more lipophilic component of both mixtures. The
highly lipophilic dye DiI is predominantly located in the more lipophilic component of
the self-emulsifying systems. The release of this dye is controlled by the release of the
more lipophilic component. A change in the composition of a lipid system can be crucial
for the release profile of a poorly water-soluble drug, not only by the overall desorption
quantity of the lipid mixture but also by an increase of the more polar component. Con-
sequently, an impact on the performance of the lipid formulation e.g. drug precipitation
cannot be excluded.
In summary, Fujicalin® is the most suitable and promising adsorbent among the stud-

ied excipients. Although it exhibits the weakest oil adsorbing capacity and adsorption
strength, it ensures a constant micropolarity and release property of the lipid system and
moreover a complete desorption. Neusilin® UFL2 shows a high oil adsorption strength
with impact on the micropolarity and a slight impact on the desorption. The tendency
for agglomeration and inhomogeneous lipid distribution is a disadvantage and probably
caused the better release outcome. Neusilin® US2 showed a strong influence on the lipid
system, e.g. micropolarity, incomplete and selective desorption. More investigations are
necessary to get a thorough understanding of adsorption processes at Neusilin®. Multi-
component lipid formulation systems of type II to IV should be studied according to their
desorption properties. The impact of APIs of different polarity in effective dosage should
be investigated. The analytic procedure presented in this thesis makes it easier to select
excipients for use in solid lipid adsorbates. The chemical and mechanical stress for an
adsorbate formulation in the gastrointestinal system would not be sufficiently covered by
use of a buffer medium in an end-over-end device. Selected formulations should be fur-
ther investigated in simulated gastric and intestinal fluid and preferably in a simulated
gastric and intestinal environment to obtain more knowledge about the performance in
the gastrointestinal tract.
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A. Supplementary Material
Table 19: Values of absolute density of pure excipients and their MCT adsorbates: F -
Fujicalin®, US - Neusilin® US2, UFL - Neusilin® UFL2; number - percentage of adsorbed
MCT; (M) - mortar/pestle, (S) - SpeedMixer™.

Sample Absolute density ρ [ g
cm3 ] ρ (calc.) Difference [ g

cm3 ]
x̄1 σ1 x̄2 σ 2 [ g

cm3 ] [1] [2]
F 2.8450 0.0033 2.8500 0.0031 - -
F10(M) 2.4582 0.0036 2.4524 0.0028

2.6573
0.1991 0.2049

F10(S) 2.4428 0.0023 2.4285 0.0022 0.2145 0.2288
F30(M) 1.8009 0.0012 1.8142 0.0012

2.2769
0.4760 0.4627

F30(S) 1.8059 0.0017 1.8088 0.0012 0.4710 0.4681
F50(M) 1.4485 0.0004 1.4487 0.0008

1.8965
0.4480 0.4478

F50(S) 1.4434 0.0004 1.4368 0.0008 0.4531 0.4597
US 2.1718 0.0052 2.1679 0.0038 - -
US10(M) 1.9571 0.0036 1.9526 0.0026

2.0475
0.0904 0.0949

US10(S) 1.9401 0.0038 1.9432 0.0034 0.1074 0.1043
US30(M) 1.6272 0.0033 1.6170 0.0017

1.8026
0.1754 0.1856

US30(S) 1.6032 0.0013 1.5908 0.0019 0.1994 0.2118
US50(M) 1.3570 0.0008 1.3506 0.0009

1.5577
0.2007 0.2071

US50(S) 1.3489 0.0009 1.3504 0.0009 0.2088 0.2073
UFL 2.2345 0.0083 2.2345 0.0048 - -
UFL10(M) 2.0719 0.0019 2.0646 0.0048

2.1056
0.0337 0.0410

UFL10(S) 2.0326 0.0010 2.0380 0.0046 0.0730 0.0676
UFL30(M) 1.6605 0.0048 1.6500 0.0033

1.8478
0.1873 0.1978

UFL30(S) 1.6383 0.0021 1.6402 0.0007 0.2095 0.2076
UFL50(M) 1.3573 0.0013 1.3640 0.0002

1.5900
0.2327 0.2260

UFL50(S) 1.3546 0.0018 1.3612 0.0012 0.2354 0.2288
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Figure 45: Thermogravimetry data of : A Fujicalin®, B Neusilin® US2 and C Neusi-
lin® UFL2 stored at 32%RH, 40%RH and 75%RH. Analyses were conducted with n = 2.
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Figure 46: Compilation of the ESR spectra of TEMPOL in reference solvents and MCT-
adsorbates - original spectra and the corresponding simulated species. Graphic illustrations
with number (1) are adsorbates produced with the SpeedMixer™ technique and with number
(2) by the mortar/pestle method: (A) Water, (B) MCT, (C1+C2) MCT adsorbate at
Fujicalin®, (D1+D2) MCT adsorbate at Neusilin® US2, (E1+E2) MCT adsorbate at Neu-
silin® UFL2.
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Figure 47: Micrographs of a Fujicalin® adsorbate as blend (A), as extrudate (E) and
pellet (P). Left (1): In combination with MCC. Right (2): In combination with pea starch.
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Figure 48: Volume distribution of pre-concentrates A, B and C in distilled water at 25 ◦C
(black line) and 37 ◦C (red line). (A) pre-concentrate A, (B) pre-concentrate B and (C)
pre-concentrate C.
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Figure 49: Micrographs of 5% microemulsion systems A and B and the emulsion C in
phosphate buffer pH 6.8 exposed to 37 ◦C.
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Figure 50: NMR spectra of calibration sample 1 (top) and 2 (bottom) of pre-concentrate
A series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end group, (3)
ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the ethylene
oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped in height.
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Figure 51: NMR spectra of calibration sample 3 (top) and 4 (bottom) of pre-concentrate
A series. Calibration sample 4 is equivalent to a reference sample with 100% release.
Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end group, (3) ethylene oxide
group, (4) HDO. Spectra were normalized to the peak area of the ethylene oxide peak.
Integral values are specified for peak (2) and (3). Peak (4) is capped in height.
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Figure 52: NMR spectra of Fujicalin® adsorbate sample 1 (top) and 2 (bottom) of pre-
concentrate A series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end
group, (3) ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the
ethylene oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped
in height.
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Figure 53: NMR spectra of Neusilin® UFL2 adsorbate sample 1 (top) and 2 (bottom)of
pre-concentrate A series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end
group, (3) ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the
ethylene oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped
in height.
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Figure 54: NMR spectra of Neusilin® US2 adsorbate sample 1 (top) and 2 (bottom) of
pre-concentrate A series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end
group, (3) ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the
ethylene oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped
in height.
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Figure 55: NMR spectrum of the pre-concentrate A reference sample (top) and the
Solutol® HS 15 reference sample (bottom). Peak label from right to left: (1) TMSP, (2)
aliphatic –CH3 end group, (3) ethylene oxide group, (4) HDO. Spectra were normalized
to the peak area of the ethylene oxide peak. Integral values are specified for peak (2) and
(3). Peak (4) is capped in height.
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Figure 56: NMR spectra of calibration sample 1 (top) and 2 (bottom) of pre-concentrate
B series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end group, (3)
ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the ethylene
oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped in height.
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Figure 57: NMR spectra of calibration sample 3 (top) and 4 (bottom) of pre-concentrate
B series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end group, (3)
ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the ethylene
oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped in height.
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Figure 58: NMR spectra of calibration sample 5 (top) and the pre-concentrate B reference
sample (bottom) of pre-concentrate B series. Peak label from right to left: (1) TMSP, (2)
aliphatic –CH3 end group, (3) ethylene oxide group, (4) HDO. Spectra were normalized
to the peak area of the ethylene oxide peak. Integral values are specified for peak (2) and
(3). Peak (4) is capped in height.
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Figure 59: NMR spectra of Fujicalin® adsorbate sample 1 (top) and 2 (bottom) of pre-
concentrate B series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end
group, (3) ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the
ethylene oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped
in height.
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Figure 60: NMR spectra of Neusilin® UFL2 adsorbate sample 1 (top) and 2 (bottom) of
pre-concentrate B series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end
group, (3) ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the
ethylene oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped
in height.
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Figure 61: NMR spectra of Neusilin® US2 adsorbate sample 1 (top) and 2 (bottom) of
pre-concentrate B series. Peak label from right to left: (1) TMSP, (2) aliphatic –CH3 end
group, (3) ethylene oxide group, (4) HDO. Spectra were normalized to the peak area of the
ethylene oxide peak. Integral values are specified for peak (2) and (3). Peak (4) is capped
in height.
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Figure 62: NMR spectrum of the Cremophor® ELP reference sample. Peak label from
right to left: (1) TMSP, (2) aliphatic –CH3 end group, (3) ethylene oxide group, (4) HDO.
Spectra were normalized to the peak area of the ethylene oxide peak. Integral values are
specified for peak (2) and (3). Peak (4) is capped in height.
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B. List of abbreviations
2an Distance between the two outer ESR signals of a nitroxide radical

an Hyperfine splitting constant

API Active pharmaceutical ingredient

BSE Backscatter electron

BT Benchtop

CLSM Confocal laser scanning microscopy

D2O Deuterium oxide

DAC Dual asymmetric centrifugation

DiI 1,1-Dioctadecyl-3,3,3’,3’-tetramethyl-indocarbocyanine perchlorate

EO Ethylene oxid

ESEM Environmental scanning electron microscopy

ESR Electron spin resonance

GSE Gaseous secondary electron

HLB Hydrophilic lipophilic balance

HPMC Hydroxypropylmethyl cellulose

HS15 Solutol® HS 15

LCT Long-chain tryglycerides

LEMS Liquid encapsulation by microspray

LFCS Lipid formulation classification system

MCC Microcrystalline cellulose

MCT Medium-chain triglycerides

MRI Magnetic resonance imaging

NMR Nuclear magnetic resonance

NR Nile red
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o/w oil in water

PCS Photon correlation spectroscopy

PEG Polyethylene glycol

pH negative decimal logarithm of the hydrogen ion activity

PVP Polyvinyl pyrrolidone

RH relative humidity

Rh 110 Rhodamine 110

rpm rounds per minute

tE Gradient echo time

TMSP 3-(trimethylsilyl) propionic-2,2,3,3-d4 acid, sodium salt

tR Repetition time

WME Wavelenght of maximal emission
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