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c)
Figure 27: SEM micrographs of particles prepared by spray drying under the same
conditions. a) M-50%-80°C-1. b) M-50%-80°C-2. ¢) M-50%-80°C-3 (Table 5). The scale

bar represents 10 um.
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The effect of varying inlet suspension particle size and drying temperature on the
morphology of spray dried particles for a fixed API/polymer ratio is summarised in
Fig 28. The tadalafil content of 83 % (w/w) was fixed for all samples — i.e. the
highest API/polymer ratio was used in this case. As a consequence, the spray dried
particles contained visible tadalafil crystals of different size, agglomerated into
porous clusters in which the polymer acted mainly as a binder. With increasing
tadalafil particle size (from S to L), the morphology of the spray-dried particles
gradually changed from well-defined spherical aggregates (Fig. 28 a-d) to
heterogeneous non-spherical material without any clear structure (Fig. 28 e,f). This
can be explained by the varying ratio between the tadalafil particles and the droplets
produced in the spray dryer. When the tadalafil particles are sufficiently small (size
S and M), many particles fit into a single droplet and the resulting morphology of
the aggregate after drying is spherical, defined by the boundaries of the evaporating
droplet. On the other hand, when the tadalafil particles exceed the droplet size (size
L), only one or a few particles can fit into a single droplet. The resulting material
after drying then lacks any characteristic shape (Fig. 28 e,f). The effect of drying
temperature was less pronounced than the effect of tadalafil particle size. Although
particles produced at lower temperature seemed slightly smaller, no statistically

significant conclusions could be drawn based on SEM micrographs alone.
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Figure 28: SEM micrographs of particles prepared by spray drying, which all consist of
83.3 % (w/w) of tadalafil and 16.7 % (w/w) of Eudragit® E PO, while the drying
temperature and PSD were variable. a) S-83%-50°C. b) M-83%-50°C.
c) L-83%-50°C. d) S-83%-110°C. e) M-83%-110°C. f) L-83%-110°C. The scale bar

represents 10 um.
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In the next parametric study, the influence of API/polymer ratio on the morphology
of the spray dried particles was investigated. The particle size of tadalafil was fixed
at the smallest size (size S) to ensure that well-defined spherical particles were
formed by the spray drying process. The tadalafil content was either 17 % (w/w) or
83 % (w/w) and the drying temperature was either 50 °C or 110 °C. The SEM
micrographs of the resulting particles are shown in Fig 29. As can be seen in the
figure, the API/polymer ratio had a very strong influence on the particle
morphology. When a lower concentration of tadalafil with a higher concentration
of polymer was used (samples S-17%-50°C and S-17%-110°C), the structure of the
spray dried product changed from porous aggregates of tadalafil crystals to smooth
microspheres in which the polymer visibly formed a continuous matrix. Individual
tadalafil crystals were no longer recognisable, as they were embedded within the
excess polymer (Fig. 29 ac). In the case of low API/polymer ratio
(samples S-17%-50°C and S-17%-110°C), drying temperature had a clearly
identifiable effect on the surface roughness of the spray dried material. Particles
prepared under lower drying temperature had a rougher surface because of slower
drying rate and shrinking of the particles during the process. In the case of higher
drying temperature this phenomenon was not present, and the particles were
smoother on the surface because the higher evaporation rate presumably resulted in

polymer skin formation during early stages of droplet evaporation.
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Figure 29: SEM micrographs of particles prepared by spray drying from
S-suspension with PSD dso = 0.5 pm. The drying temperature was 50 °C or 110 °C, tadalafil
content was 17 % (w/w) or 83 % (w/w). a) S-17%-50°C. b) S-83%-50°C. ¢) S-17%-110°C.
d) S-83%-110°C. The scale bar represents 10 um.

In the last set of experiments, the investigation into the effect of API/polymer ratio
and drying temperature was carried out for the large tadalafil particles (L size). As
in the case discussed above, two API/polymer ratios (17 % (w/w) or 83 % (w/w) of
API) and two temperatures (50 °C and 110 °C) were tested. The resulting particle
morphologies are summarised in Fig. 30. As already discussed, the L-sized
suspension did not provide any particles of well-defined spherical shape when the
API/polymer ratio was high (Fig. 30 c,d). However, when a lower concentration of

tadalafil with a higher concentration of polymer was used, more homogenous and
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spherical particles were produced. There were no visible big tadalafil crystals, as
these were presumably immersed in the polymer matrix. Small spherical particles
of pure polymer are visible in the samples (Fig. 30 a, b); these were probably
formed from droplets whose size was below that of the tadalafil suspension.
Temperature had a similar effect on the particle morphology as discussed above —
higher drying temperature resulted in smoother particles due to skin formation. It is
even possible to identify particles formed only by single big crystals of tadalafil

covered with polymer.
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Figure 30: SEM micrographs of particles prepared by spray drying from
L-suspension with PSD dso=3.67 pm. The drying temperature is 50 °C or 110 °C, tadalafil
contents is 17 % (w/w) or 83 % (w/w). a) L-17%-50°C. b) L-83%-50°C. c¢) L-17%-110°C.
d) L-83%-110°C. The scale bar represents 10 pm.
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Table 6: Assay of tadalafil in spray dried products.

Assay
Batch Measured (%) Theoretical (%) Difference (%)
L-83%-50°C 84.44 83.33 1.33
L-83%-110°C 83.96 83.33 0.76
L-17%-50°C 16.91 16.67 1.50
L-17%-110°C 16.9 16.67 1.44
M-83%-50°C 83.87 83.33 0.65
M-83%-110°C 82.15 83.33 1.42
M-50%-80°C-1 49.96 50.00 0.08
M-50%-80°C-2 52.79 50.00 5.58
S-83%-110°C 82.39 83.33 1.13
S-17%-110°C 17.57 16.67 5.46
S-17%-50°C 17.3 16.67 3.84
S-17%-110°C 17.5 16.67 5.04

5.3.3 Composition and redispersion properties of spray dried products

The actual tadalafil content of all prepared spray dried particles was measured and
compared with the nominal value. The results are summarised in Table 4. In all
cases, the relative difference between the nominal and actual tadalafil content did
not exceed 5 %, which is the usual regulatory requirement on content uniformity of

pharmaceutical products.

The redispersibility of the spray dried nanosuspension was tested next. The PSD of
tadalafil after redispersion was compared with that of the original suspension for all
three sizes (S, M, L) and all API/polymer ratios and spray drying temperatures. As
shown in Fig. 31, in all cases it was possible to obtain similar PSD after the
reconstitution the powder in aqueous media. The composition or drying temperature
was found to have no impact on the PSD of tadalafil after redispersion. This means
that the spray drying process did not result in any irreversible agglomeration and
the main advantage of the nanosuspensions — i.e. large specific surface area — was

preserved.

73



b)

14

Volume (%)

Volume (%)

AN

W

----L-17%-110°C
——-L-17%-50°C
------- L-83%-110°C
............. L_83%_500C
L-suspension

0,1 1 10 100 1000

------- M-50%-80°C

— - —M-50%-80°C

R ----M-50%-80°C

N M-83%-50°C
B eeereeennen M_83%_1 IOOC

—— M-suspension

0,1 1 10 100 1000
Diameter (%)

74



—--—=S-17%-110°C
64 . e S-17%-50°C
X —-— S-83%-110°C
5940w L --- S-83%-50°C
§ 4 - S-suspension
£
2 37
~
2 -
1 -
O T T T T
0,01 0,1 1 10 100 1000
c) Diameter (num)

Figure 31: PSD of API suspensions prepared by nanomilling and after redispersion of
spray-dried particles prepared under different temperature and API/polymer ratio as

indicated. a) L-suspensions. b) M-suspensions. ¢) S-suspensions.

5.3.4 Dissolution tests

It is known that tadalafil is poorly soluble in water media. The dissolution rate can
be enhanced by lowering the PSD of API crystals, increasing their surface area. The
dissolution curves of milled and non-milled tadalafil suspensions were compared
with crude tadalafil and reference commercial product (ground tablets). The results
are summarised in Fig. 32. The dissolution test was performed in acetate buffer of
pH 4.5. Better dissolution profiles were obtained from tadalafil suspension with
lower PSD. Very similar dissolution profiles were obtained for the S- and M-
suspensions. Almost all tadalafil from these formulations was released during the
first 5 min, namely 96.3 % (w/w) and 93.3 % (w/w), respectively. As expected, the
slowest dissolution rate was observed in the L-suspension where 78.2 % (w/w) of
tadalafil was released after 5 min. All three suspensions were dissolving
significantly faster than the commercial product and the crude API, where only 66.7

% (w/w) and 40.5 % (w/w), respectively, was dissolved after 5 min.
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Figure 32: Dissolution in acetate buffer pH 4.5 of non-milled and non-spray dried crude

API, ground commercial product and suspensions of API used for spray-drying.

The robustness and replicability of the spray drying process was evaluated by
dissolution test of 3 formulations prepared under the same conditions
(M-50%-80°C). The dissolution curves are shown in Fig. 33. The released amount
of tadalafil after 5 min varied from 88.1 to 90.8 % (w/w). A plateau was reached in
all three formulations after 5 min. The commercial product reached a plateau after

45 min.
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Figure 33: Reproducibility of the formulation process. Dissolution in acetate buffer pH 4.5
of three batches produced under identical conditions (M-50%-80°C). Dissolution
of non-milled and non-spray dried tadalafil and ground commercial product is shown for

comparison.

The effect of the API/polymer ratio on the dissolution rate can be seen in Fig. 34.
In Fig. 34a, all four tested products were produced from the L-suspension, while
Fig. 34b contains the results obtained for the finely milled S-suspensions. Product
L-83%-50°C has the fastest dissolution out of particles produced from the L-
suspensions, when after 5 min 78.8 % (w/w) of tadalafil was dissolved. As
discussed above, this product did not form any structured or spherical particles. The
majority of this product were loose tadalafil crystals, possibly coated by a thin layer
of polymer. Hence, the dissolution of tadalafil was not hindered by any subsidiary
phenomena and could start immediately after particle wetting. On the other hand,
the slowest dissolution rate was observed for product L-17%-50°C, in which case
the tadalafil particles were embedded inside non-porous polymeric microspheres.
In this case, the dissolution rate of tadalafil was probably hindered by the

dissolution of the polymeric matrix.

The dissolution curves of  four products produced from
the S-suspensions are shown in Fig. 34b. The dissolution rate was significantly

higher than the previous products produced from the L-suspensions (Fig 34a).
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All four products reached a plateau almost immediately, after 5 min. The
dissolution was so fast that any differences that may exist between these
formulations as a result of different processing conditions (API/polymer ratio or

drying temperature) were non-observable.
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Figure 34: Dissolution in acetate buffer of spray-dried products which consist of a) non-

milled API (L-suspension), and b) milled API (S-suspension).

The effect of the API PSD on dissolution rate is summarised in Fig. 35. In Fig. 35a,
all four tested products have a low API/polymer ratio (17 % (w/w) of API) while
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Figure 36: Reproducibility of the formulation process. Dissolution in phosphate buffer pH
6.8 with addition of HCI in 30 min of the three same batches (M-50%-80°C). Dissolution

of non-milled and non-spray dried tadalafil is shown for comparison.

Surprisingly, the rapid change in quantity dissolved after a pH switch was observed
also in the dissolution tests of non-spray-dried suspensions L, M, S. The results are
shown in Fig. 37. Tadalafil suspensions containing dissolved Eudragit® E PO were
transferred to the dissolution media with pH 6.8, where the polymeric excipient is
insoluble, hence it probably precipitated on the tadalafil crystals surface.
Suspensions L, M, S released 12.3 % (w/w), 14.7 % (w/w) and 21.1 % (w/w) after
30 min of the dissolution test, respectively. After the addition of HCI, 12.2 % (w/w),
27.5 % (w/w) and 48.0 % (w/w) of tadalafil was dissolved after the first 5 min of
the pH switch. Lower pH caused that Eudragit® E PO dissolved and tadalafil
crystals were exposed to the dissolution media. Differences in dissolution of the

suspensions are caused most likely by the different PSD of tadalafil.
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approximately 50 % (w/w) of the drug release. The differences were attributed to
different API/polymer ratio. The higher polymer concentration ensured the same
taste masking efficacy while S-suspensions provided approximately 5 times higher
dissolution after HCI addiction. When combined with lower polymer concentration,
the same suspension particle size provided only 2 times higher dissolution with the

same taste masking effect.
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Figure 38: Dissolution in phosphate buffer with addition of HCI of spray-dried products

which consist of a) L-suspension b) S-suspension.
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All results presented above are consistent with the expectation that dissolution rate
depends positively on the surface area of the tadalafil particles. The measured
specific surface area of tadalafil used in the L, M, and S spray-dried products was
1, 5, and 15 m%g, respectively. The percentage of drug dissolved in 2 minutes,
averaged for all products prepared from L, M and S-suspension, was then plotted
as function of the specific surface area (Fig. 39). An interesting trend was observed:
an increase of specific surface area from 1 to 5 m?/g (i.e. reduction of particle size
from L-suspension to M-suspension) resulted in a marked improvement in the
dissolution rate. However, a further increase of surface area to 15 m?/g (S-
suspension) improved the dissolution rate only marginally (from 82 % (w/w) of
tadalafil dissolved after 2 min to 85 % (w/w). This means that although adjusting
the particle size by nano-milling is clearly an effective way of controlling
dissolution rate, the cost-benefit balance must be considered. In this specific case,
the extra effort of milling tadalafil from M- to S- size did not bring any significant
improvement. On the other hand, milling from L- to M- size was definitely worth

the while.
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Figure 39: Drug release after 2 min from all spray dried products dependent on the specific

surface area of the APL
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5.4 Conclusion

The experimental work presented in this Chapter was focused on the preparation of
nanosuspension of low-soluble API tadalafil by wet nano-milling and its
subsequent conversion into a solid dosage form by spray drying with a polymeric
excipient. The aim of the nanomilling was to enhance the dissolution profile of
tadalafil by increasing its specific surface area. The next aim was to transfer the
liquid formulation in the form of nanosuspension to a solid dosage form for oral
administration, and at the same time keep the enhanced solubility properties of the
nanosuspension. Spray drying technique was chosen for the solidification of
tadalafil nanosuspension with the focus on the keeping particle size of tadalafil
crystals unchanged in the spray dried powder. After reconstitution of the spray dried
powder, the identical PSD of tadalafil crystals was obtained. This is a key parameter
to ensure enhanced dissolution, and it proves that spray drying is a viable process

route.

All produced spray dried powders were tested in the dissolution test, which resulted
in comparable dissolution profiles with original milled nanosuspension. Polymeric
Eudragit® E PO was selected as excipient to form spray dried particles. This
excipient is insoluble in neutral pH and soluble in acidic pH. Tadalafil is known for
its bitter taste therefore the efficacy of taste masking was tested as well. Taste
masking dissolution test was performed in phosphate buffer media with pH 6.8 and
after 30 min hydrochloric acid was added to dissolution media. All these
formulations shown taste masking ability regardless of the API/polymer ratio in the
formulation. In conclusion, this work demonstrated that it was possible to transfer
nanosuspension liquid dosage form to solid dosage form by spray drying without
changing original PSD of the API crystals. At the same time enhanced dissolution

profiles with the ability of taste masking were obtained.
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6 CONCLUSIONS AND FUTURE PROSPECTS

6.1 Summary of main findings

The previous chapters described the preparation, processing and application of
nanosuspensions of low soluble APIs for parenteral and per oral administration.
The objective of the present chapter is to summarise the most important results of
the research, and also to outline several ideas and opportunities for further follow-

up research.

Starting from a literature review and an analysis of previous knowledge in the field,
the thesis approached the problem of pharmaceutical nanosuspensions according to
increasing complexity and the order in which typical pharmaceutical product and
process development take place. Starting with a detailed parametric study of milling
kinetics on two different mill types for the preparation of intramuscular
nanosuspension in Chapter 3, a new methodology for the scale-up from batch to
flow-through wet milling process has been proposed and demonstrated. While
working on the scale-up methodology, a new phenomenon previously unknown in
the literature, namely foaming during the nanomilling process, has been identified
and its origins were fundamentally investigated and ultimately understood as
described in Chapter 4. Successful work on pharmaceutical nanomilling then
culminated with an exploratory study into converting milled API suspensions from
a liquid to solid state by the spray drying process, reported in Chapter 5. The main
focus was placed on redispersibility and dissolution properties of the spray dried
formulations, and the understanding of how composition, particle size and spray
drying conditions affect the properties of the obtained powders. This study has
shown that pharmaceutical nanosuspensions need not remain only in the liquid

form, but their beneficial properties can also be preserved in the solid state.

The main findings presented in this thesis can be summarized as follows. Knowing
that highly potent APIs with a very low aqueous solubility are good candidates for
nanosuspension formulation and that dissolution rate is proportional to specific
surface area, the key single most-important formulation feature to control the
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release time is the PSD of the nanosuspension. Therefore, Chapter 3 focused on a
detailed parametric study of the kinetics of wet stirred media milling. The
parametric dependence of the particle breakage kinetics on the main process
parameters, namely ball size, ball fill level, stirring rate and in the case of the flow-
through mill, the recirculation flow rate, has been systematically investigated and
found to follow power-law kinetics with respect to a dimensionless time. This
newly introduced parameter, defined as the relative number of ball collision events
experienced by the particle suspension, was found to be an effective way of finding
common scaling laws for milling kinetics. By knowing scaling laws for milling
kinetics, the same terminal particle size can be achieved by several different
combinations of milling process parameters, providing a degree of process
flexibility and predictivity at the same time. The combined milling parameters
expressed in the form of a power-law function, and the number of passes in the case
of a flow-through mill, together enable rational design and scale-up of the

nanomilling process.

While working on the scale-up of nanomilling of hydrophobic APIs in a flow-
through stirred media mill, a new and previously unreported phenomenon had been
observed — the formation of stable foams. An almost semisolid foam which was
produced by this process had a remarkable stability and surprisingly high viscosity.
The foam significantly changed the product flowability and the nanomilling process
had to be stopped. Investigation of the foam structure revealed that fine drug
particles were present at the liquid-gas interface, stabilising the foam by a Pickering
mechanism. The onset of foam formation was shown to be directly related with the
specific surface area of the API particles and with the free surfactant concentration

in the formulation.

Based on the micro-scale events occurring during particle breakage, a mechanism
of foam formation has been proposed: to re-wet freshly exposed hydrophobic
surfaces formed by particle breakage and stabilise particles in the suspension, a
significant local excess of surfactant had to be present. Otherwise, the particle tends

to de-wet or position itself at an existing liquid-gas interface and contribute to foam
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formation. From this detailed investigation was found that approximately 100x
excess of surfactant relative to its critical micelle concentration (CMC) is required
to avoid foaming. Thanks to this finding, effective strategies for the prevention of
foaming have been proposed. The specific surface area of API can be calculated
from the target PSD of the nanosuspension, and the theoretical surfactant quantity
can be estimated from the head area of the surfactant considered for API surface
stabilisation. Then, the necessary quantity of surfactant can be calculated from the

required volume of the suspension.

In terms of kinetics, it could be assumed that lower Mw surfactants with the faster
ability to adsorb on newly formed hydrophobic surfaces would not require such a
high surfactant amount and still be able to prevent foaming. Hypothetically, a less
aggressive wet milling conditions could reduce the rate at which new hydrophobic
surfaces are formed. This might be also a way of suppressing the occurrence of
Pickering foams in the pharmaceutical nanomilling. Although significant new
insights into the problem of Pickering foam formation have been made, this

fascinating area certainly deserves further research.

Having mastered the process of nanosuspension formation by wet stirred media
milling, the final research challenge explored in this thesis was the flowing
question: is it possible to convert a liquid nanosuspension into a solid form without
losing the main benefit of a nanosuspension, i.e. large specific surface area due to
small particle size? From the world of inorganic nanoparticles (silica, iron oxide,
etc.) it is known that if they are dried, irreversible agglomeration often occurs and
the nano-scale features of the material are irreversibly lost. Therefore, in the present
work, API nanosuspensions were mixed with a water-soluble polymer and
converted to solid form by spray drying, hoping that the rapid solvent evaporation
and the presence of a film-forming polymer could prevent irreversible particle
aggregation. The aim was to keep the enhanced dissolution profile of tadalafil
suspension, i.e. not to change original PSD of the suspension and enable good

redispersibility.
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The chosen approach proved to be successful, and it was possible to produce spray
dried tadalafil formulations with a very similar dissolution profile in comparison to
suspensions used for the spray drying. Moreover, the polymer Eudragit® E PO in
the final product significantly ensured a taste masking of a bitter tadalafil. The
influence of parameter such as drying temperature, tadalafil PSD and polymer
concentration were systematically investigated, which provided a basis for rational

design of spray-dried pharmaceutical nanoparticle formulations.

6.2 Suggestions for further work

This doctoral thesis provided many answers to open questions in the field of
pharmaceutical nanosuspension development. Although new knowledge has been
gained and previously unknown phenomena have been understood, there are still
some questions where further investigation would broaden state of the art. As in
any research, providing answers to old questions simultaneously opens up new
direction of enquiry. In particular, further investigation of the following areas would

be of interest:

e Development of a reliable long term dissolution method for precise
characterisation of long-acting depot formulation which have the ability to
release the drug over a period of months. Especially, if the discussed API in
the formulation is a prodrug without biological effect and further
metabolism is needed on order to provide biological effect.

e Innovative scale up of nanomilling process could be designed. Instead of
closed loop arrangement, pharmaceutical nanosuspension could be
produced in open loop arrangement. By investigation of each parameter and
complete understanding its influence on breakage kinetic and final product
PSD we could operate literally saying endless continuous milling process
and produce a nanosuspension of desired properties. For this purpose, it will

be necessary to combine experimental work and mathematical modelling.
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Figure 28: SEM micrographs of particles prepared by spray drying, which all
consist of 83.3 % (w/w) of tadalafil and 16.7 % (w/w) of Eudragit® E PO, while the
drying temperature and PSD were variable. a) S-83%-50°C. b) M-83%-50°C. c)
L-83%-50°C. d) S-83%-110°C. e) M-83%-110°C. f) L-83%-110°C. The scale bar
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Figure 29: SEM micrographs of particles prepared by spray drying from S-
suspension with PSD dso = 0.5 um. The drying temperature was 50 °C or 110 °C,
tadalafil content was 17 % (w/w) or 83 % (w/w). a) S-17%-50°C. b) S-83%-50°C.
¢) S-17%-110°C. d) S-83%-110°C. The scale bar represents 10 pm. ................... 71
Figure 30: SEM micrographs of particles prepared by spray drying from L-
suspension with PSD dso = 3.67 um. The drying temperature is 50 °C or 110 °C,
tadalafil contents is 17 % (w/w) or 83 % (w/w). a) L-17%-50°C. b) L-83%-50°C.
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