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Abstract

This work is part of a larger research effort to elucidate the properties and morphology of pharmaceutical granules produced
by wet-granulation. In this work, we measure forces exerted by the drying interparticle bridges. The bridges were formed from
aqueous solutions of common pharmaceutical excipients both non-polymeric (lactose, mannitol) and polymeric (hydroxypropyl
cellulose (HPC), hydroxypropyl methylcellulose (HPMC), polyvinylpyrrolidone (povidone) (PVP)). We also study the morphol-
ogy, microstructure and crystalline structure of solidifying bridges. We find that the solidifying behavior and final properties of
bridges differ dramatically, depending on the composition of the solution. Bridges containing only lactose or mannitol tend to
expand upon solidification, pushing the ends of the bridge apart; in contrast, pure HPC, HPMC, or PVP bridges tend to con-
tract. Bridges crystallized from solution of the pure non-polymeric excipients are polycrystalline, brittle, and have low strength;
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bridges from the polymeric excipients are amorphous, strong and tough. When the polymeric and non-polymeric excipie
used together, behavior closer to either one or the other extreme takes place. This depends on the relative amount of
in the bridge. It was also found that the different polymers impart different behavior on the bridge. The observed differ
in solidification behavior have important implications for granule formation, drying and ultimate bridge and granule prope
these are discussed at some length in the paper.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In a previous paper (Farber et al., 2003b), we studied
the evolution of drying material bridges of pharmaceu
tical excipients. We looked at the structure and mo
phology of drying bridges as a function of time as so
vent (water) evaporated from a concentrated solution
lactose and mannitol. Sub-millimeter size bridges we
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formed on and between microscope slides and their
evolution was observed directly under magnification.
The study was supplemented with X-ray diffraction
measurements and conclusions were drawn with spe-
cific application to granulation of fine powders and
tabletting. We found that solid bridges formed from
these concentrated (saturated) solutions of pharmaceu-
tical non-polymeric excipients in several stages and the
material undergoes structural changes from a mostly
amorphous state to a characteristic crystalline struc-
ture. The time required for the completion of these
stages was found to be quite long, of the order of
hours and sometimes even days so that the final bridge
microstructure was not obtained immediately. The sig-
nificance of these results to the formation and final
properties of tablets made from the dry granules was
also studied in detail.

The above work is part of a more extended program
to elucidate the formation of dry granules from wet,
so-called “green” agglomerates made of a dry pow-
der mix and a solvent (water or ethanol) containing
binder (usually a polymeric excipient such as HPC,
HPMC and PVP) and some of the original powder in
a saturated solution (Bika et al., 2005). Measurement
of the strength and morphology of the dry granules
obtained from granulation of non-polymeric excipients
such as lactose and mannitol showed that these gran-
ules exhibit very complex structures. The complexity
stems from the way the original small powder parti-
cles are connected to each other inside the granule.
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The implication of these results in granulation, grind-
ing and tabletting of pharmaceutical ingredients is
highlighted. To simplify nomenclature, we use in the
text below the designation “excipient” for all non-
polymeric pharmaceutical powders such as lactose and
mannitol and we use the designation “polymers” or
“polymeric binders” for all polymeric excipients such
as hydroxypropyl cellulose, hydroxypropyl methylcel-
lulose, polyvinylpyrrolidone (povidone) (HPC, HPMC
and PVP, respectively).

2. Experimental

2.1. Apparatus

The experimental set-up used during the present
measurements is shown schematically inFig. 1. It is
composed of a computer controlled uniaxial mechan-
ical testing instrument (TA-XT2i Texture Analyzer,
Stable Micro Systems, Surrey, England) equipped with
very sensitive force and motion transducers mounted to
the upper fulcrum of the instrument and a fixed lower
fulcrum that forms the base of the instrument. Two
transparent glass slides were mounted (fixed) on the
fulcrums as shown in the figure and the liquid bridge
was formed between them. An Olympus SZX 12 stereo
microscope equipped with the Spot digital camera was
positioned so that the drying bridge was always in
its view with illumination from either below (as long
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-ray tomographic studies (Farber et al., 2003a) of dry
gglomerates also showed the complexity of the s

ure and gave details of how stresses in the wet pha
gglomeration influence the final internal morphol
f the granules. Together, the above detailed stu
howed the extremely complex nature of wet gra
ormation and subsequent drying and crystallizatio
btain final dry granule with well-defined properti
he most important micro-level entity inside the gr
le that most directly determines its properties pro

o be the solidifying excipient-saturated bridges
ltimately influence the final outcome.

We expand the above study in this paper by m
uring forces exerted by the solidifying bridge on t
tationary surfaces between which the bridge is form
e follow the evolution of the forces in time as solv

vaporates and material solidifies and crystallize
orm the dry micro-bridge with a well-defined streng
s the bridge was transparent) or from the side.
hole instrument was contained in a climate-contro
nclosure (not shown in the figure) in which both

emperature and the relative humidity (RH) could
ontrolled very precisely and changed at will as a fu
ion of time. The relative humidity in the box rang
etween 20 and 60% RH. The majority of tests w
erformed at 20% RH and 38◦C; these were consider

ypical of drying conditions of pharmaceutical gra
les. Some select experiments were also carried o
oom temperature. If not specifically mentioned in
ext, the results discussed were performed at a tem
ture of 38◦C.

Two kinds of measurements were performed. In
rst kind of test, the bridge was formed by stret
ng a droplet of test solution of known initial volum
etween the glass slides. During the test, the le
f the bridge was held constant, and the total fo
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Fig. 1. Schematic of the instrument used to study solidifying bridges.

on the fulcrums was recorded as a function of time at
the prevailing conditions of temperature and relative
humidity. Upon complete drying and crystallization
(this was determined from the measured strength of the
bridge when it ceased to change in time) the experiment
was either terminated or a new set of temperature-and-
relative-humidity were imposed until steady state was
again achieved. In the second set of tests, the dry bridge
strength was determined by applying additional exter-
nal force and following its deformation and ultimate
rupture.

2.2. X-ray powder diffraction

Powder X-ray diffraction (PXRD) measurements
were made with a Bruker-Siemens D5000 using Cu K�
radiation (tube operated at 40 kV/40 mA). The hard-
ware included a parallel beam mirror, 1 and 0.6 mm
diverging beam splitters and a graphite monochroma-
tor. Data was collected in a 2θ range from 5◦ to 45◦
under lock-coupled scan mode with a step size of 0.02◦
and a step time of 4 s. The powder sample was lightly
packed into the standard sample holder and the top sur-
face was smoothed using a glass microscope slide. For
X-ray analysis of bridges, they were separated from the

supporting glass slides under the optical microscope
using sharp scalpel. Areas adjacent to the glass were
carefully separated and excluded from analysis unless
otherwise mentioned.

2.3. Materials and experimental conditions

Solutions to form wet bridges were prepared using
corresponding amounts of powder (pharmaceutical
excipients, such as lactose and mannitol and poly-
meric binders, such as HPC) and HPLC grade water.
Materials used in this study are listed inTable 1. The
composition and the amount of different materials in
each solution are shown inTable 2. In the figures
and tables presented here, the sample name reflects its

Table 1
Materials used in this study

Material Grade Manufacturer

Mannitol Pearlitol SD 200 Roquette
Lactose Anhydrous Quest Int.
HPC EXF Klucel
HPMC 2910 (606 Pharmacoat) Shin-Etsu Chemicals

Co., Ltd.
PVP (povidone) K-29/32 BASF
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Table 2
Composition of aqueous solutions used in the study (wt%)

System Pure excipienta Composition I Composition II Pure binder

Mannitol-based 15% Mb 15% M–5% HPC 5% M–5% HPC 10% HPC
18% L 18% L–5% HPC 5% L–5% HPC 10% HPC

Lactose-based 5% L–5% HPMC 10% HPMC
5% L–5% PVP 10% PVP

M, mannitol; L, lactose.
a At saturation at 20◦C (mannitol) and 25◦C (lactose)Handbook of Pharmaceutical Excipients (1986).
b In figures, sample name reflects its composition by the following way: 15% mannitol is denoted as M15; 15% lactose–5% HPC is denoted

as L15–HPC5, etc.

composition in the following manner: 15% mannitol
is denoted as M15; 15% lactose–5% HPC is denoted
as L15–HPC5, and so on. Powder to water ratios in
some mannitol- and lactose-containing solutions were
selected as 1:5.6 and 1:4.6, respectively, i.e. at the sat-
uration limits for these excipients at 22◦C (Handbook
of Pharmaceutical Excipients (1986)). Other combi-
nations of concentrations were also used as shown in
Table 2.

To form a liquid bridge, a 5�l droplet of a solu-
tion prepared as described above was placed on the
lower glass slide (as shown inFig. 1) using a cali-
brated micropipette. Subsequently, the upper arm of the
Texture Analyzer was lowered until the droplet con-
tacted the glass on the upper arm forming a bridge
that was then stretched to typically 0.7 mm distance.
The force developed in the system was then moni-
tored as a function of drying time as described pre-
viously. To minimize the influence of the glass slide on
the properties of the bridge, the slides were carefully
washed with de-ionized water and surfactant, rinsed
and dried thoroughly before use. To make the adher-
ence of the liquid bridge to the glass as flawless as
possible, we used the rough side of the slide to pro-
duce the bridge. Even with these precautions, some
bridges detached from the glass surface upon stretch-
ing; this mostly happened at higher relative air humil-
ities and more often with the PVP polymer compared
to the other used during experimentation. The major-
ity of bridges, however, failed in the middle section of
t nter-
f re.
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3. Experimental results

3.1. Solidification

A typical time evolution of forces that develop dur-
ing solidification is shown inFig. 2along with images
of a drying bridge recorded “in situ”. As seen inFig. 2a,
following an initial relatively short “induction” period,
significant tension force (of about 47 g) developed in
the system as seen in the lower part ofFig. 2a, which
is an expanded view of the upper graph at short times.
Subsequently, the overall force exerted on the fulcrums
decreased slightly and then leveled off after approxi-
mately 2000 min.

Microscopy performed while the force was mea-
sured reveals that the short induction period corre-
sponds to shrinkage of the liquid bridge as seen in
Fig. 2b. Significant force develops in the system only
after the bridge shrinks and becomes stationary after
about 25 min. Following this last stage, microscopy did
not reveal any further changes in overall bridge volume
or shape even though the tension in the bridge changes
dramatically.

As seen inFig. 2b, the initial liquid bridge was
continuous and cylindrical in shape: the black circle
in the figure shows the limit of the liquid bridge and
its curvature as it spreads on the glass slide. As water
evaporates, the bridge shrinks, and two distinct bridge
shapes were observed to develop depending on the
composition of the initial solution. For some solutions,
t uch
a
c ng a
h e
i cur
he bridge, which suggests that the glass–bridge i
ace did not play any significant role in bridge failu
nless otherwise mentioned, the results reported i
aper are for the bridges that did not separate du

ests.
he bridge retained its overall cylindrical shape (s
s that shown at 15 min inFig. 2b) while for other, the
omplex geometry (with a cross-section resembli
orseshoe) depicted inFig. 2b developed during th

nitial stages of drying. All these transformations oc
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Fig. 2. (a) Typical time evolution of stresses developed during solidification of a bridge (10% HPC solution, denoted here as HPC10) and (b)
typical geometry evolution of a drying bridge at the initial stages of drying (time evolution of stresses for this bridge is shown in (a)).

prior to the development of any significant stresses in
the system as mentioned above.

3.2. Effect of concentration

The evolution of forces as a function of time is
shown inFig. 3a and b for drying bridges at 38◦C
containing various amounts of excipient and binder for
the mannitol–HPC and lactose–HPC systems, respec-
tively. In bridges formed from pure lactose or man-
nitol (denoted in the legends as “L” and “M”) sig-
nificant stress developed as a result of solidifica-
tion/crystallization, and as seen, the bridge exerted a

negative force on the fulcrums of the testing machine.
This implies dilatation of the bridge during drying.
The bridge itself is under compression. At the opposite
extreme when there is no excipient present and only
the effect of pure HPC is measured (curves denoted as
“HPC” in the legend), significant positive force devel-
ops, indicating contraction of the bridge during drying.
As a result, the bridge itself is under tension. Bridges
formed from a 5% HPC–5% mannitol or 5% HPC–5%
lactose solution exert forces during solidification sim-
ilar to the pure HPC bridges, although their magnitude
was smaller than that of the pure HPC bridge. In a
bridge made of 16% mannitol or 18% lactose (excip-
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Fig. 3. Evolution of stresses during solidification as a function of time: (a) mannitol–HPC system; (b) lactose–HPC system; (c) lactose–HPC
system (at room temperature).

ient close to the saturation level at room temperature)
with 5% HPC, dilatation of the bridge occurs at the
beginning, but then a contraction takes over as in the
case of the pure HPC bridge. Thus, the material in the
bridge came under an internal tension stress after solid-
ification, similar to the bridge made of 5% manitol–5%
HPC.

3.3. Effect of temperature

Results of bridge solidification at room tempera-
ture were qualitatively similar to the results at higher
temperature as described above.Fig. 3c shows solid-
ification curves for the HPC–lactose system at room
temperature. As seen, drying times were significantly
longer than at 38◦C, but the overall behavior was simi-

lar in that pure excipient bridges tended to dilate while
bridges with increasing HPC content tended to con-
tract, with tensile stresses increasing with increasing
polymer concentration.

3.4. Mechanical properties

The response of the dry bridges to uniaxial ten-
sion is shown inFig. 4a and b for mannitol–HPC and
lactose–HPC bridges, respectively. During these exper-
iments thedry bridge was subjected to uniaxial tension
until it either ruptured or separated from the glass slide.
Rupture occurred either at the contact of the bridge with
the glass slide or in the middle of the bridge; both sce-
narios were present and notice is given in each case as
to the point of rupture.
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Fig. 3. (Continued ).

Pure mannitol bridges were not able to sustain any
significant amount of tension and broke close to the
bridge–glass interface. Mannitol bridges containing
HPC on the other hand, were able to sustain signifi-
cant amount of tension force. As seen inFig. 4a, at
lower force levels, the response is quasi-elastic but the
material started to yield at higher forces.

Unlike pure mannitol, pure lactose bridges were able
to sustain significant amount of tension. They often sep-
arated from one of the glass slides during the tension
experiment, otherwise remaining intact. In the remain-
ing cases, they broke close to the bridge–glass interface.
Lactose bridges containing HPC failed after yield-
ing in a similar way as mannitol bridges containing
HPC.

Pure HPC bridges had very high strength at break-
ing as seen in the figure, and they failed after significant
yielding. In all these results, the beneficial influence of
the polymer is apparent, even in the case of the lac-
tose bridge that had relatively high yield strength by
itself. The presence of the polymer in all cases made

Fig. 4. Response to uniaxial tension of the dry bridges in: (a)
mannitol–HPC system and (b) lactose–HPC system.
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Fig. 5. Optical micrographs of bridges after failure in the tension experiment (pol., polarized light).
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the bridges more malleable hence being more resistant
to breakage.

3.5. Morphology and phase composition

Representative images of bridges after failure in
the tension experiment are shown inFig. 5. The pure
HPC and 5% HPC–5% excipient bridges were trans-
parent under illumination with non-polarized light.
Microscopy with polarized light did not reveal any
crystals in the pure HPC and 5% HPC–5% lactose
bridges, whereas very fine and well-aligned needle-
like crystals were present in the 5% HPC–5% man-
nitol bridge. Bridges consisting of pure mannitol con-
tained much coarser elongated crystals that were easily
observed in conventional light. Pure lactose bridges
on the other hand, appeared to consist of very fine
crystals.

Microscopy also revealed that failure in pure
HPC- and HPC-containing bridges propagated in the
middle section of the bridge approximately normal
to the axis of applied tension. Pure mannitol on
the other hand failed close to the glass interface
where the crystals were especially large. As men-
tioned earlier, pure lactose bridges typically also failed
close to the glass interface or separated from the
glass.

An XRD pattern of the material in the solidified
HPC–mannitol bridge is shown inFig. 6 along with
the pattern of the starting material. Although the initial
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Fig. 6. XRD patterns of the material in the solidified bridges.

and rupture of the dry bridge under tension. As seen
in Fig. 7a, the force that develops at higher humid-
ity is smaller than that developed at lower humidity.
Additionally, the induction period is longer at higher
humidity.

When these same bridges were subjected to tension
and rupture (seeFig. 7b), their properties were also
significantly affected by humidity during the experi-
ment. At low relative humidity of 20 and 30% RH, the
bridges deformed elastically until they failed in brittle
fashion. At 40% RH, on the other hand, the bridges
yielded at a significantly lower force. At some point
during yielding, they typically started to separate from
the glass substrate without rupture. We conclude from
these results that deformation to failure is much higher
at 40% than at 20 and 30% RH, and that a brittle-to-
ductile transition exists between 30 and 40% RH in
olution was prepared using�-mannitol, the bridge
aterial that formed in the mannitol–HPC syst
as �-mannitol, consistent with observations in
arlier work (Farber et al., 2003b). The presence o
eedle-like crystals in the film agrees with previou
eported crystal-shapes of�-mannitol. For solidified
rystalline lactose–HPC bridges, the XRD spect
ontains reflections of the anhydrous�-lactose, in add
ion to the presence of the original lactose mono
rate.

.6. Effect of relative humidity

The effect of relative humidity on bridge solidific
ion was studied for the 5% HPC–5% lactose brid
nd the results are shown inFig. 7a and b.Fig. 7a shows

he force developed during drying to a total time
bout 10,000 min whileFig. 7b shows the deformatio
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Fig. 7. Effect of relative humidity on bridge strength during: (a)
solidification and (b) tension experiment.

the material. This is consistent with the glass transi-
tion temperature in this material being a function of
the relative humidity.

3.7. Nature of the binder polymer

We found that different polymers used as binders
affect differently both the kinetics of stress develop-
ment and the final properties and microstructure of
the formed bridge. To better understand the kinet-
ics and magnitude of stress development in bridges
containing excipients and binders, bridges ofpure
binder solutions were tested first. The measurements
included PVP, HPMC and HPC and typical solidifica-

tion curves are shown inFig. 8a (the lower part is an
expanded detail of the upper stress response at very
short times). As seen, all bridges developed a tensile
stress within 10–15 min. PVP developed the highest
stress, but the bridge failed abruptly in brittle mode
after about an hour. Although HPC and HPMC bridges
developed significantly lower stresses, they remained
intact.

We should also note the features of stress develop-
ment for the above cases (see lower graph inFig. 8a):
the stress started to increase rapidly in all bridges. In
the HPC bridge, this increase was monotonic. In the
PVP bridge, the stress decreased suddenly at about
1000 min but then quickly increased again. In the
HPMC bridge, two of these stress decreases were reg-
istered between 750 and 1000 min. Such behavior was
also observed in previous work (Tardos and Gupta,
1996) where polyethylene glycol (PEG) bridges were
stretched between two 5 mm diameter glass spheres and
the overall force was measured. These bridges showed
multiple internal ruptures during drying but eventually
also maintained a relatively large pulling force at steady
state. We assume that in the present experiments, the
local drop in stress levels signifies an internal polymer-
ligament rupture that results in the release of some
internal stress in the bridge. An alternative explanation
may be that some semi-crystalline polymers (the kind
that actually form these bridges) can show multiple
yield points due to the mixed physical states (amor-
phous and crystalline) or partial brittle fracture from
t ctile
r

idi-
fi of
t is
s es
r ow-
e s of
t ing
b this
r con-
t in-
u as
a ing
b me-
w y to
a the
l lass
he glassy regions and yield behavior from the du
egions.

The effect of the nature of the binder on sol
cation of bridges containing 5% lactose and 5%
he three different polymers PVP, HPC and HPMC
hown inFig. 8b. All three binder-containing bridg
esulted in the development of tensile stresses. H
ver, the magnitude of the stress and the kinetic
heir development differ significantly. PVP-contain
ridges developed the highest stress, however
equired several days to become constant. Bridges
aining HPMC and HPC developed stress within m
tes; a typical time for HPMC-containing bridge w
bout 10 min versus about 15 min for HPC-contain
ridge. HPMC-containing bridges developed a so
hat higher stress than HPC and relaxed slightl
constant value after about an hour. However, if

ength of the HPMC bridge (distance between g
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Fig. 8. Effect of the nature of binder on solidification of bridges and response in the tension experiment: (a) solidification—different pure binders;
(b) solidification—5% lactose–5% binders; (c) tension experiment—5% lactose–5% binders; (d) optical micrographs of bridges after failure in
the tension experiment.

slides) was larger than the typical 0.65–0.7 mm during
liquid bridge formation, the stress level in the bridge
was significantly smaller, sometimes up to an order
of magnitude, and the bridge typically broke within
minutes after the stress had leveled off. In contrast,
long HPC bridges developed lower stress but remained
intact as they dried.

The response of dry bridges to uniaxial tension is
shown inFig. 8c for bridges containing 5% lactose and
5% of different binders. The PVP-containing bridge
proved to be much stronger than the HPC- and HPMC-
containing bridges. All bridges appeared to fail in brit-
tle fashion. Closer examination revealed that the PVP-
containing bridge failed in completely brittle fashion
while the HPC- and HPMC-containing bridges failed
after some minor yielding; this was more pronounced
in the HPC-containing bridge.

Representative images of bridges after failure in the
tension experiment are shown inFig. 8d. Bridges of
pure binders were similar: they were all film-like, trans-
parent and assumed a horseshoe shape in their cross-
section. Addition of lactose to the HPC and HPMC
solutions did not affect the shape and morphology of
the bridges. Bridge solidification of lactose-PVP solu-
tion, on the other hand, yielded a columnar-like bridge.
This morphology change indicates differences in the
interaction of PVP with lactose as compared to HPC
and HPMC.

We were unable to evaluate the mechanical proper-
ties ofpure HPMC and PVP bridges using the method
of two glass slides because HPMC bridges typically
separated from the glass substrate after some stress,
whereas PVP bridges self-ruptured during stress devel-
opment.



52 L. Farber et al. / International Journal of Pharmaceutics 306 (2005) 41–55

Fig. 8. (Continued ).

4. Discussion

The results of this study demonstrate that the pres-
ence of polymers in the solution has a dramatic effect on
the stress state, mechanical properties and morphology
of solidified bridges that form from the solutions. We
also found that significant internal stresses can develop
in these bridges.

Bridges solidified from solutions of pure lactose or
mannitol are polycrystalline and brittle. Thus, it is not
surprising that these bridges were not strong and not
able to sustain any significant external tension stress.
This explains the fact that dry granules, made from

pure lactose or mannitol and using pure water as a
binder, are weak. This is not because solid bridges
are not forming or there is not enough solid material
in the bridges, it is simply because these bridges are
inherently weak and develop internal stresses that are
compressive or in other words tend to push the granule
apart.

In contrast, a bridge solidified from a pure solution
of a typical polymeric binder such as HPC is non-
crystalline. It is very strong and tough. As a result,
it can sustain very high external tension stresses with-
out failure and it fails after significant yielding. This
explains why when HPC aqueous solutions are used as



L. Farber et al. / International Journal of Pharmaceutics 306 (2005) 41–55 53

a liquid binder for non-soluble material, such binders
usually provide excellent dry granule strength.

Addition of HPC to a soluble excipient changes
the mechanical properties of the bridge material dra-
matically. Under the conditions of the present experi-
ments, about 5% of polymer in saturated solutions of
the above excipients was enough to provide an ade-
quate combination of strength and toughness. This kind
of modifying behavior is widely exploited in industry
where it is well known that a certain well-determined
amount of “binder” or polymer is required to pro-
duce granules with desirable milling and compaction
behavior.

We also found that significant internal stresses can
develop in bridges during solidification. Bridges of
pure excipients dilate as they dry and crystallize, which
results in exertion of “pushing” forces on the ful-
crums of the testing machine, bringing the formed
bridge under compression. Just the opposite occurs
with pure polymer bridges: polymer bridges contract
during solidification, which brings them under tension.
The development of these stresses is notable, as they
potentially can act as a driving force for granule con-
solidation that occurs as green granules are agitated
and dried, for example during fluid-bed granulating
or drying. In addition, the bridges are likely to retain
these stresses after they are dried, which may affect dry
granule strength and related properties such as attri-
tion resistance and compactability. For dry bridges that
deform plastically, these residual stresses will relax at
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behavior develops initially. As the bridge develops in
time however, HPC-like behavior prevails. Apparently,
with an even higher share of mannitol, the net behav-
ior should become totally mannitol like. Thus, under
the conditions of the present experiments, about 5% of
polymer in saturated solutions of the above excipients
was enough to eliminate polymeric binder-like behav-
ior.

The stress development and properties of mannitol–
HPC like bridges can also be rationalized in terms
of microstructure formation. Typically, crystallization
from pure mannitol/lactose solutions starts at one or
several locations on the liquid–substrate interface, i.e.
at the foot of the bridge, and crystals grow from these
locations towards the center of the bridge (Farber
et al., 2003a,b). It can be expected that significant
force starts to develop in such bridges only when
the growing crystal regions meet, interlock and start
to interact from top to bottom of the bridge. Appar-
ently, further crystallization results in expansion of
crystalline regions and development of the “pushing”
behavior. Similar behavior was reported previously for
bridges crystallized from sodium chloride solutions
(Tardos and Gupta, 1996). Unlike crystalline lactose
and mannitol, solidifying HPC films remain amorphous
and shrink as they dry. Apparently, early on, stresses
are relaxed by rearrangement of polymer molecules
and/or their relaxation. As the water content decreases,
the polymer rearrangement becomes too slow while
relaxation time becomes too long, and tensile stresses
d
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rate that is dependent on composition, tempera
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As this study clearly reveals, solidification behav
f bridges made from a solution of HPC and man

ol or lactose may be rationalized as a combina
f the two opposite behaviors described above.
et result should depend on the mannitol-to-HPC-r

n the liquid. Indeed, when the HPC share is h
nough, the behavior and properties of the bridg
PC-like starting from the initiation of stress devel
ent during solidification, as in 5%/5% bridges. Wh

he amount of mannitol is significantly higher th
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evelop.
Mannitol and HPC are mutually miscible in wa
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ions in each other. Water removal from mannitol–H
olution will lead to crystallization of the sugar a
nrichment of the remaining surrounding regions

he solidifying bridge with HPC. As a result, a
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als. The overall properties then will be controlled
he microstructure that develops during crystallizat
nterlocking of crystals from top to bottom will lea
o the “pushing” behavior, while formation and dryi
f a continuous HPC matrix should result in “pullin
pparently, when enough HPC is present, such an
atrix forms.
Our study also demonstrates that there is a si

cant difference in interaction of different polyme



54 L. Farber et al. / International Journal of Pharmaceutics 306 (2005) 41–55

with major excipients. All polymeric binders used in
this study provided “binding” capabilities at solidifi-
cation, i.e. changed the stress state of the solidified
bridge from internal compression (if no binder added),
to tension. However, both the kinetics of stress devel-
opment and the shape of the bridge differ. HPMC- and
HPC-containing bridges were close in both solidifica-
tion kinetics and bridge shape to the kinetics and shape
of pure polymers. Their behavior can be rationalized
in terms of simple linear combination of the behavior
of pure polymer and excipient. Stress development in
PVP-containing bridges, on the other hand, was sig-
nificantly slower than stress development in both pure
PVP and pure lactose bridges. It is important to note
that it took about 5 days for the stress to develop and
saturate in the PVP-containing bridge, while it satu-
rated within only several hours in both bridges from
pure components and HPC and HPMC. In addition,
the shape of the PVP-containing bridge was different.
All this indicates strong interaction between PVP and
the non-polymeric excipient.

When comparing HPC- and HPMC-containing
bridges, HPMC provided a slightly higher tensile
strength both as pure binder and in a mixture with
excipients. Stress development in HPMC was some-
what faster than in HPC. However, stresses that
developed during solidification of HPMC-containing
bridges exceeded periodically the strength of the mate-
rial. This is evident from the sudden drop in exerted
forces on the solidification curves. It was reported
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mixture of ingredients tested in this study and unless
there are specific reasons not to use them, they are pre-
ferred from both a micro-structural and strength point
of view. Other excipients and polymers have all specific
and somewhat different behavior that however can be
used to advantage if the lactose–HPC system is unavail-
able.

Lastly, one important phenomenon that was not
addressed in this study is the influence of shear forces
during bridge formation. Shearing of the wet mass is
clearly essential in an industrial granulation process.
We expect that shear should provide better mixing of
the granulating fluid and dry ingredients, assist in dis-
solution of soluble formulation components, and thus
result in formation of liquid bridges that are nearly
saturated with soluble dry components. In that regard,
we would expect that composition of liquid bridges in
granules of lactose–HPC based formulation obtained
by high shear granulation would be closer to the 18%
lactose–5% HPC samples in this study rather than to
pure lactose or pure HPC bridges.

5. Conclusions

This study has clearly shown the crucial influence
that relatively small amounts of polymeric binders such
as HPC, HPMC and PVP have on the evolution, mor-
phology and strength of drying and solidified bridges
of pharmaceutical ingredients. It is evident from the
i ade
o hese
e , in
p rys-
t ge
m rit-
t s of
p osi-
t ng
a ran-
u

way
d ion
o ns
d ics,
r that
i rpar-
t gly
arlier that this decrease in force during solidifi
ion corresponds to partial bridge rupture (Tardos and
upta, 1996). HPMC also seems to be more rigid th
PC. More important, however, is the fact that HPM
ontaining materials appear to be much more br
han those containing HPC, thus more prone to mec
cal failure under stress. This explains our obse
ions that some of the HPMC-containing bridges r
ured in a brittle fashion even under stresses devel
uring solidification. Thus, on a practical side,
f HPC appears to be advantageous as compar
PMC.
While the above could be a somewhat simplified

ure of the real phenomena, it provides enough ins
nto the process of binder-aided granulation and
ng to enable at least a first approximation appro
o obtain better and more resilient granules. HPC
actose combinations are by far superior to any o
nformation presented that interparticle bridges m
f pure lactose or mannitol are weak even though t
xcipients are quite soluble in water and should
rinciple, form extensive bridges as they dry and c

allize. In reality, while there is no shortage of brid
aterial, the crystallized bridge is polycrystalline, b

le and has low strength. Addition of small amount
olymers modify drying behavior, shape and comp

ion of the bridge and result in the formation of stro
nd tough bridges that impart great strength to the g
le.

There is a significant difference between the
ifferent binders interact with the excipients. Addit
f lactose or mannitol to HPC and HPMC solutio
oes not affect either their drying behavior or kinet
esulting in formation of a solid continuous phase
s strong and malleable and results in a strong inte
icle bridge. PVP, in contrast, interacts more stron
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with the non-polymeric excipients, yielding a strong
but more brittle bridge whose mechanical properties
evolve much more slowly.
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