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Abstract

An at-line process analytical approach was applied to better understand process-induced transformations of erythromycin dihydrate
during pellet manufacture (extrusion-spheronisation and drying process). The pellets contained 50% (w/w) erythromycin dihydrate and
50% (w/w) microcrystalline cellulose, with purified water used as a granulating fluid. To characterise changes in solid-state properties
during processing, near infrared (NIR) spectroscopy and X-ray powder diffraction (XRPD) were applied. Samples were taken after every
processing step (blending, granulation, extrusion, and spheronisation) and at predetermined intervals during drying at 30 or 60 °C. Dur-
ing pelletisation and drying at 30 °C no changes occurred. Partial transformation to the dehydrated form was observed for the pellets
dried at 60 °C by NIR and XRPD. The variable temperature XRPD measurements of the wet pellets (from 25 to 200 °C) also confirmed

the change to erythromycin dehydrate at approximately 60 °C.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Solid-state transformations have caused problems dur-
ing manufacture of many active pharmaceutical ingredients
(APIs). This has led to an increased interest in understand-
ing the behaviour of APIs during pharmaceutical process-
es. One widely used process in pharmaceutical industry is
extrusion and spheronisation for achieving uniformly sized
and shaped spheres or pellets [1,2]. Pelletisation is a multi-
ple-step process including four major stages: blending,
granulation, extrusion, and spheronisation. According to
Morris et al. [3,4], who have discussed theoretical
approaches to monitor physical transformations of APIs
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during manufacturing processes, the process of pelletisa-
tion may result in a number of process-induced transfor-
mations (PITs). These PITs might be caused by
interactions of APIs with excipients or water leading to
polymorphic conversions, alteration in crystallinity or
hydrate formation. Phase transformations may occur dur-
ing blending of the dry mass, wetting, extrusion of the
moist mass and rotation of the extrudate by spheronisation
(causing mechanical stress) [3.4].

After pelletisation, the obtained pellets are commonly
dried using oven tray or fluid-bed drying techniques. Oven
tray drying is still commonly used though it is quite slow,
labour intensive and inefficient. Slow water evaporation
during tray drying leads to hard and less porous pellets.
The pellets have time to shrink by capillary pressure due
to the high surface tension of the water. Therefore oven-
dried pellets are less deformable than pellets dried with
any other drying technique. The remaining moisture has
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been found to be deeper within the pellet and strongly held
[5]. Another disadvantage of oven tray drying is a static
bed resulting in high differences of moisture content within
the bed. Drying only takes place from the upper surface [6].

Various process analytical approaches have been
applied to monitor PITs and increase understanding of
process behaviour of APIs and excipients [3,4]. These
approaches are often non-invasive and may also be used
in-line. Near infrared (NIR) spectroscopy has been previ-
ously successfully used to monitor PITs such as pseudo-
polymorphic changes of drug substances [7-9].
Advantages of using NIR are that it is fast, non-destructive
and minimal or no sample preparation is required. X-ray
powder diffraction (XRPD) is commonly used to confirm
phase transformations. It provides a great potential for
structural studies, since it can identify unknown materials
and differ between polymorphic forms [10].

The transformation of erythromycin dihydrate
(EM'DH) to either erythromycin anhydrate (EM-AH) or
amorphous erythromycin requires a high activation energy,
whereas transformation to its isomorphic dehydrate
requires a much smaller activation energy and can occur
at low relative humidity [11,12]. Conversion of EM-DH
to these forms may influence the manufacturing process,
dissolution rate, storage stability and bioavailability of
the achieved product — e.g. the formation to erythromycin
dehydrate (EM-DD) in a tablet containing also magnesium
hydroxide leads to a slower dissolution rate [13].

The water molecules of EM-DH are incorporated in the
available lattice channels and are easily removed. The loss
of these water molecules due to heat or low relative humid-
ity results in the isomorphic EM-DD with almost the same
crystal structure as EM-DH. Therefore, the activation ener-
gy for dehydration to this form is quite low [14]. The result-
ing EM-DD is highly hygroscopic due to the existence of a
driving force to satisfy the free hydrogen bonds after the
loss of the water molecules. At a relative humidity of
approximately 15% EM-'DD has reverted to the dihydrate
form. The uptake of water molecules starts instantly and
at a relative humidity of less than 5% erythromycin (EM)
already contains 1.8 mol of water. The desorption follows
the same principle [11,12].

Such dehydration is problematic for manufacturing pro-
cesses because any molecule, which is available and provides
chemical groups that are able to satisfy the hydrogen bond-
ing within the channel, e.g. magnesium hydroxide[13]or var-
ious solvents [15], may then be incorporated. Many solvents
are able to associate with EM without disruption of the crys-
tal lattice [15] but at the same time dissolution can be greatly
affected. Recently, it was found that PITs of EM may be
influenced by using a carrier polymer [16].

The purpose of this study was to detect the critical
parameters during processing under which solid-state prop-
erties of EM may change, and in particular, study the
occurrence of the problematic EM-DD. Furthermore, the
aim was to check if conversion to EM-DD during process-
ing might be avoided.

2. Materials and methods
2.1. Pelletisation

The composition of pellets was as follows: 50% [w/w]
erythromycin base dihydrate (Pharmacia & Upjohn Com-
pany, Kalamazoo, MI) and 50% [w/w] microcrystalline cel-
lulose (MCC) (Avicel PH101, FMC, Cork, Ireland).
Purified water was used as a granulating fluid. The batch
size was 2000 g and the amount of granulating fluid was
84% [w/w] of the dry powder mass. To distinguish any
changes of MCC from those of EM during processing
the same tests were performed on pure MCC pellets.

EM and MCC powders were dry mixed in a double cone
mixer for 8 min. After blending, samples were taken and
homogeneity analysed. Pellets were manufactured using
continuous extrusion-spheronisation (Nica M6L mixer/
granulator; Nica E140 radial screen extruder; Nica S320
spheroniser; Nica System AB, Sweden). The blended powder
mixture was wetted with purified water in a mixer/granula-
tor. For the EM/MCC pellets a speed of 30 rpm (1235 g/
min) for the powder feeder and a liquid pump rate of
175 rpm (1035 g/min) were chosen. The size of the granule
outlet was 15 rpm measured from the lower side of the gap.
The extruder screen thickness was 1.2 mm and the die diam-
eters were 1.0 mm. For spheronisation, the friction plate
speed was adjusted to 900 rpm and the resulting extrudate
of the EM/MCC blend was spheronised for 1.5 min. A sam-
ple (5 g) was taken at the end of each processing stage (blend-
ing, granulation, extrusion, spheronisation).

For the pure MCC pellets the parameters needed a slight
change to gain comparable pellets. The granulate was
achieved at a speed of 30 rpm of the powder feeder at a
flow rate of 1005 g/min. The liquid pump rate had to be
increased to 180 rpm (1080 g/min). The spheronisation
time was 3 min for the MCC extrudate. All other condi-
tions were retained.

2.2. Oven tray drying

The pellets were dried in a conventional oven tray dryer
(Heraeus UT6760, Heraeus, Hanau, Germany) at 30 or
60 °C. The pellets dried at 30 °C were sampled at 45 min,
and thereafter at 10 min intervals until 195 min. The last
sample was collected after 245 min to monitor any residual
moisture content changes. The pellets dried at 60 °C were
sampled every 10 min until 100 min and a final sample was
taken after 120 min. Before sampling the whole bed was cir-
culated so that the sample was a representative mixture of
pellets from all areas of the bed. The pellets were stored in
glass vials and capped tightly. The same steps were per-
formed on the MCC powder for the pure MCC pellets.

2.3. Variable temperature X-ray powder diffractometry

X-ray powder diffraction (XRPD) was performed using
a theta-theta diffractometer (D8 Advance, Bruker axs
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GmbH, Karlsruhe, Germany), operating in symmetrical
reflection mode with CuK, radiation (1.54 A) and Gobel
Mirror bent gradient multilayer optics. The scattered inten-
sities were measured using a scintillation counter. Measure-
ments were performed from 5° to 40° (20) with steps of 0.1°
and a measuring time of 1 s/step using a voltage of 40 kV
and a current of 40 mA. All samples were analysed at room
temperature and ambient humidity approximately 10 min
after sampling.

Wet pellet samples were additionally measured with var-
iable temperature XRPD. Measurements started at 25 °C
and continued from 30 to 200 °C at 10 °C intervals, with
a final measurement after the samples were cooled down
to 25 °C.

2.4. Near infrared (NIR) spectroscopy

NIR measurements were performed in reflectance
mode with a Fourier-Transform- (FT-) NIR spectrometer
(Bomem MD-160 DX, Hartmann & Braun, Quebec,
Canada) using Bomem-GRAMS software (v.4.04, Galac-
tic Industries Inc., Salem, NH) with Teflon serving as
reference (99% reflective Spectralon, Labsphere Inc.,
North Sutton, NH). The pellets were presented to the
NIR probe on a petri dish. The spectra were recorded
at-line within the range of 1100-2200 nm with a resolu-
tion of 8 cm ™' and 32 scans were averaged for each spec-
trum. Second derivative transformations of absorbance
(I/R) were achieved with 1l-point Savitzky-Golay
smoothing using Matlab software (v.7.0 MathWorks
Inc., Natick, MA). All measurements were made approx-
imately 2 min after sampling.

2.5. Moisture content analysis

All samples were measured with a moisture content ana-
lyser (Sartorius moisture analyser MA 100 Sartorius
GmbH, Goétting, Germany). During this measurement,
the sample is rapidly heated to 100 °C, and the time
required for the water loss to stabilise below 0.1% (w/w)
in 24 s is determined.

3. Results and discussion

3.1. Solid-state characterisation of active substances and
excipients

The XRPD patterns of EM-DH, EM-AH, EM-DD and
amorphous EM are different, making it possible to distin-
guish the various forms (Fig. 1). Miroshnyk et al. [17] have
described characteristic features of XRPD patterns for the
different forms of EM. The NIR spectral information of
the different forms is illustrated in Fig. 2.

EM-AH and EM'DH have a substantially different sol-
id-state structure [9,11,12] and therefore contain different
reflections in their XRPD patterns (Fig. 1). In contrast,
EM-DH and EM-DD are isomorphic and therefore both
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Fig. 1. X-ray powder diffraction patterns of the different EM forms used
as references.
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Fig. 2. Near infrared absorbance spectra of the reference substances.

diffractograms closely match each other. According to
Miroshnyk et al. [17], there are small but clear changes
detectable in XRPD pattern between EM-DH and
EM-DD. To distinguish EM-DD from EM-DH one may
observe the shift for the reflections at 9.9° (20) and 10.3°
(26) (EM'DH) to 9.6° (20) and 10.1° (26) (EM-DD), respec-
tively. Furthermore, the first reflection of EM-DH at 9.9°
(20) is significantly less intense than that at 10.3° (20),
whereas for EM-DD the first reflection is more intense than
the second at 10.1° (20). Another significant shift in reflec-
tion can be found in a reflection at 13.1° (20) for EM-DH
that moves to 13.3° (26) for EM-DD.

The NIR absorbance spectra of reference materials used
(EM-DH, EM-DD, EM amorphous, MCC) as well as the
NIR spectra of the blends of EM-DH and pure MCC are
presented in Fig. 2. The spectrum of EM-DH exhibits large
differences to the samples of the blend and to EM-DD in
the region of 1935 nm, where the combination band of
water occurs. EM-DD and amorphous EM are harder to
distinguish from each other. Both forms do not contain
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water and no band occurs at 1935 nm. There are subtle dif-
ferences between the two forms throughout the whole
spectrum.

3.2. Pelletisation phase (blending, granulation extrusion, and
spheronisation)

The XRPD patterns taken after blending, granulation
extrusion, and spheronisation of MCC samples do not
indicate any phase transitions. The patterns for all wet
samples show less pronounced reflections resulting again
from the large amount of water added to the system. The
XRPD patterns for the pelletisation process of EM/MCC
samples present no considerable differences (Fig. 3). Peaks
are absent in all diffractograms during the granulation
phases, giving the appearance of amorphous material,
but these patterns result from the high amount of water.
During extrusion water evaporates due to pressure and
heat exposure (45.8% [w/w] moisture content) and there-
fore the main reflections of EM-DH become visible again.
The pure MCC pellets show a generally lower moisture
content during the whole process than the EM/MCC
pellets (Table 1). Changes to EM-DD were not expected
in this part of the study due to the high amount of water
in the system. Nevertheless, it had to be assured that no
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Fig. 3. X-ray powder diffraction patterns for the EM/MCC reference
pellets, samples obtained at different stages of the pelletisation process.

Table 1

transformation to any of the other forms of EM occurred
during pelletisation.

According to Sandler et al. [18], saturation of the water
signal limits the application of NIR for monitoring PITs in
high moisture content systems such as pelletisation by
extrusion—spheronisation. In the present study it was also
not possible to obtain any data except the water signal after
adding water during the granulation step.

3.3. Drying phase

The drying behaviour of both MCC reference pellets
and EM/MCC pellets is illustrated in Fig. 4. The initial
phase for the pellets dried at 60 °C is significantly shorter
compared to the pellets dried at 30 °C. During the heat-
transfer limited drying step, both MCC reference pellets
and EM/MCC pellets showed equal drying behaviour
(90-150 min) at 30 °C whereas the MCC pellets dried at
60 °C contained more moisture than the EM/MCC pellets.
Further drying was limited due to diffusion. During this
process the drying behaviour between the pure MCC refer-
ence pellets and the EM/MCC pellets started to differ at
both drying temperatures. Water seems to diffuse more eas-
ily to the surface of the pure MCC pellets than of those
with EM, which obviously is able to retain water more
strongly. Therefore the final moisture content of the
MCC reference batches is lower (though starting at a high-
er value) than that of the EM/MCC pellets.

The reflections of the pure MCC pellets that got less
intense during pelletisation reappear during drying, and
the patterns of the dried MCC (245 min at 30°C and
120 min at 60 °C) equal those of the reference. This simplifies
the identification of the actual solid state of EM after drying.

During drying at 30 °C there are no changes detectable
in the XRPD patterns. As the transformation of EM-DD
occurs at rather low relative humidity this is not unexpect-
ed. The moisture content of the blend was 4.5% [w/w] on
average and after drying it was 3.9% [w/w].

No phase transformation is evident from the NIR spec-
tra during drying; nevertheless the water loss is clearly
shown. The two characteristic peaks for the ketone stretch-
ing become detectable after 135 min of drying, when the
water signals have decreased. The spectra of the final pel-
lets (245 min) are nearly identical to those of the EM/
MCC dry blending.

Moisture content analysis of the pelletisation and drying process of MCC reference pellets and erythromycin/MCC pellets (7 = 2)

Preparation Moisture content (%) (mean £ SD)
Dry blend Wet Extrudate =~ Wet pellets Pellets Pellets
granulate (spheronised) (dried at 30 °C) (dried at 60 °C)
Micro-crystalline cellulose (MCC) 4.0=£0.1 51.9+0.7 51.5+03 48.2+0.1 26=£1.1 21+19
ref. pellets
Erythromycinl MCC pellets
Batch 1 4.1 45.6 454 44.6 4.2 1.3
Batch 2 4.8 46.1 46.1 44.8 3.5 2.1
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Fig. 4. Moisture content analysis of the different batches of MCC and
EM/MCC pellets dried at 30 °C and at 60 °C.

The sufficiency of the drying process is determined by
moisture content analysis. Although all batches (MCC
and EM/MCQC) initially contained similar moisture con-
tents, they differ slightly during the intermediate drying
(135-165 min). This may be due to the manually circulated
bed. The disadvantage of tray drying is, as mentioned
before, the static bed and different drying abilities in differ-
ent parts of the bed. So the sample may contain more pel-
lets from the lower bed, which are less sufficiently dried,
after circulating the bed before sampling.

The XRPD patterns of the samples taken during drying
at 60 °C (Fig. 5) indicate a change to EM-DD after 120 min
in the first batch of EM/MCC pellets. There is a small
reflection appearing at 9.7° (20) in addition to the one char-
acteristic for EM-DH at 9.9° (20). There are other charac-
teristics in the XRPD patterns indicating the appearance of
EM'DD, e.g., a distinct reflection at 10.2° (20), shifted from
10.3° (260) for EM'-DH, and one at 13.3° (20), which
appears at 13.1° (20) for EM-DH. Generally, the reflections
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Fig. 5. X-ray powder diffraction patterns for the EM/MCC pellets
obtained at different steps during oven tray drying at 60 °C.

are less pronounced due to the amorphous excipient. It
seems unlikely that EM-DD occurs in the second batch,
though the moisture content is considerably lower (2.1%
[w/w]) than after drying at 30 °C (3.9% [w/w]).

In the NIR spectra, the water signals at 1450 and
1940 nm and the bands at 1680 and 1775 nm clearly
change. The water band overlays all other spectral infor-
mation (Figs. 6a and b) in the samples taken after 10 min
drying at 60 °C. After 80 min drying the spectrum of the
first batch (Fig. 6a) is already comparable with that of
the EM/MCC dry mixture while the pattern of the second
batch (Fig. 6b) is still mainly dominated by the water
signal.

The spectrum of the first batch changes at the final stage
of drying (120 min), indicating a phase transformation to
amorphous EM, EM:DD, or probably both. The 2nd
derivative spectra illustrate the differences more clearly
(Fig. 6c). Transformation towards EM-DD is indicated
when comparing the spectrum of the sample dried at
120 min at 60 °C (1st batch) to the EM-DD reference.
The two batches of EM/MCC pellets dried at 60 °C exhibit
greater differences in drying behaviour than those dried at
30 °C, and these differences occur throughout the whole
process.

The final moisture content of the parallel EM/MCC pel-
let batches was 1.3% and 2.1%. However, XRPD and NIR
show that transformation of EM-DH to EM-DD only
occurred in the first batch. Between 0% and 5% relative
humidity EM loses or takes up 1.8 mol of water [12].
Therefore, it is possible that transformation to EM-DD
starts at moisture contents between 2.1% [w/w] (second
batch without changes to EM-DD) and 1.3% [w/w] (first
batch) considering also the 50% [w/w] MCC in the pellets.

3.4. Variable temperature XRPD

The results of the variable temperature XRPD measure-
ments (Fig. 7) show that after heating to 70 °C the first
signs of transformation to EM-DD appeared with the dis-
tinct reflections at 9.7° (20), 10.1° (26) and 13.3° (20). The
process of dehydration continues up to 100 °C. This is in
accordance with the findings of Mirza et al. [15,16]. For
the pellets containing 50% [w/w] MCC and 50% [w/w]
EM-DH the same changes in solid-state performance at
similar temperatures were detected when performing the
variable temperature XRPD with the pure, powdered
EM-DH.

4. Conclusions

Process-induced transformations (PITs) are evident with
EM-DH during oven tray drying at higher temperatures
(60 °C). Transformations to the isomorphic dehydrate
form of the drug are partly induced under this condition.
No dehydration or phase transformations of EM occurred
during pelletisation and when dried at the lower drying
temperature of 30 °C. These findings suggest that EM does
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(b) of the EM/MCC pellets presenting the changes during drying at 60 °C.
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not tend to transform easily during processing. If no severe
conditions are applied such as high temperatures which
lead to a low moisture content (less than 2% [w/w])
EM-DH remains stable throughout the whole process.
The combined use of XRPD and NIR is adequate because
the two methods confirmed the results of one another and
provided insight into solid-state transformations in a com-
plex system. Furthermore XRPD is able to give informa-
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Fig. 7. Variable temperature X-ray diffraction patterns for the EM/MCC
pellets.

tion about the solid state of the drug during pelletisation
when the use of NIR is limited due to the high amount
of water in the samples. Since NIR spectroscopy, being a
rapid method, proved able to detect changes in phase tran-
sition during tray drying it is possible, unlike with XRPD,
to apply it as an in-line approach on further drying studies
using a fluid bed dryer.
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