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A B S T R A C T

The particulate properties of a-lactose monohydrate (aLMH), an excipient and carrier for pharmaceuticals, is
important for the design, formulation and performance of a wide range of drug products. Here an integrated
multi-scale workflow provides a detailed molecular and inter-molecular (synthonic) analysis of its crystal
morphology, surface chemistry and surface energy. Predicted morphologies are validated in 3D through X-
ray diffraction (XCT) contrast tomography. Interestingly, from aqueous solution the fastest growth is found
to lie along the b-axis, i.e. the longest unit cell dimension of the aLMH crystal structure reflecting the greater
opportunities for solvation on the prism compared to the capping faces leading to the former’s slower rela-
tive growth rates. The tomahawk morphology reflects the presence of b-lactose which asymmetrically binds
to the capping surfaces creating a polar morphology. The crystal lattice energy is dominated by van derWaals
interactions (between lactose molecules) with electrostatic interactions contributing the remainder. Pre-
dicted total surface energies are in good agreement with those measured at high surface coverage by inverse
gas chromatography, albeit their dispersive contributions are found to be higher than those measured. The
calculated surface energies of crystal habit surfaces are not found to be significantly different between differ-
ent crystal surfaces, consistent with aLMH’s known homogeneous binding to drug molecules when formu-
lated. Surface energies for different morphologies reveals that crystals with the elongated crystal
morphologies have lower surface energies compared to those with a triangular or tomahawk morphologies,
correlating well with literature data that the surface energies of the lactose carriers are inversely propor-
tional to their aerosol dispersion performance.
© 2024 The Authors. Published by Elsevier Inc. on behalf of American Pharmacists Association. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)
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Introduction

The simple milk sugar lactose (C12H22O11) is commonly used as a
stabiliser and carrier in both the food and pharmaceutical sectors. In
the latter case, lactose acts as a bulking excipient in tablets, or a car-
rier for active pharmaceutical ingredients (API) in inhaled formula-
tions. Understanding and characterising the bulk and surface
structures of lactose are important in formulation notably for
ensuring its powder flow, agglomeration, content uniformity, com-
paction properties and formation of interacting mixtures1 with
micronized drug particles for inhalation. Lactose is a disaccharide
consisting of galactose and glucose moieties both of which are in
their pyranose forms and which are interconnected through a cova-
lently-bonded b 1-4 glycosidic linkage (Fig. 1)2 which can exist in
two anomeric forms: a-lactose and b-lactose. The two anomers can
interconvert a$b via a solution-mediated mutarotation process
characterised by a phase equilibrium ratio b to a that varies of
between 1.25 - 1.64, depending on the temperature and solution
concentration.3

Lactose crystallisation can result in four known solid forms: anhy-
drous b-lactose, a-lactose with hygroscopic and stable anhydrous
forms, and a-lactose monohydrate (aLMH) .4 Their crystal structures
have all been reported in literature.5,6 The methods for preparing
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Fig. 1. Overlay of the optimised molecular structures of aL and bL showing combination
of the galactose and glucose moieties. Their main difference is the orientation of a
hydroxyl group in the glucosemoiety (circled in blue). (For interpretationof the references
to color in this figure legend, the reader is referred to theweb version of this article.)
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various structural modifications of aLMH are reported in Table S1
(Supporting Information (SI)). It is important to note that aLMH crys-
tals mostly do not grow from a pure environment, i.e. their growth
environment always contains some b-lactose.

The crystalline solid form of aLMH is one of the most widely used
excipients for pharmaceutical applications,7 leading to an extensive
research examining its crystallization4,8−11 and agglomerative/adhe-
sive behaviors.12−18 Previous studies have shown that aLMH crystal
morphology depends on the crystallisation conditions11,12 and b-lac-
tose fraction present in the solution.9 b-lactose stereochemically
selectively blocks the growth of the polar (010) and (0−10) crystal
faces, resulting in preferential adsorption of b-lactose on the latter
face. This leads to preferential growth of the (010) face, giving rise to
the characteristic polar tomahawk morphology of aLMH crystals.8,19

For orally-administered formulations such as tablets, aLMH exci-
pients play a significant role in formulation stability and bioavailabil-
ity.20 In the case of inhalation formulations, low-dose APIs are
currently formulated with coarse “carrier” aLMH particles, that func-
tion as formulation diluents, but also act to improve the flow, dose
uniformity, dispersion, and aerosolization of micronized (< 5 mm)21

drug particles.13,15,22,23 Studies on dry powder inhalation formula-
tions have shown that for particles that have similar size, surface
area and density, the aerosol dispersion performance is inversely pro-
portional to the surface energies of lactose carriers.24−26 Crystalliza-
tion of aLMH with different morphologies correlated with the
increase of the surface energy of the carrier particles, and increasing
difficulty for the drug to detach from the carrier and be
aerosolized.26,27 The increase of either the surface smoothness or the
elongation ratio of lactose crystals would increase the potentially
respirable fraction of the APIs within dry powder inhalation formula-
tions.28 The particle size range and deviation from aLMH’s tomahawk
shape are key aspects determining the surface area of individual crys-
tal facets and consequently the adhesive/cohesive surface energy that
underpins API content uniformity and aerosolization efficiency.29−31

Up to now, prediction of formulation efficiency has relied on the
experimental determination of the inter-particle forces using techni-
ques such as inverse gas chromatography (IGC) and atomic force
microscopy.30 Inter-molecular simulations offer an alternative
approach for prediction and exploration of inter-particulate surface
interactions in formulation science. Synthons, defined as the interac-
tion between paired molecules arising from hydrogen bonding, van
der Waals and coulombic interactions, are also dominating forces of
inter-particulate interactions. Synthonic engineering techniques
have been utilised to predict the crystal surface-terminated intermo-
lecular interactions (extrinsic synthons) (see for example,32,33),
crystal morphology and surface chemistry, and also the mediation of
the crystal growth process by additives or impurities or
hydration24,25,33−40 as well as for the generation of interaction energy
maps.36,41−44 A digital workflow has been developed for predicting
the physicochemical properties of relevance to inhaled formulations
based on the synthonic features of API crystal morphology and sur-
face chemistry.24

The crystal morphology of aLMH has been previously reported,45
−47 and used to perform molecular simulations of the cohesive/adhe-
sive force balance between aLMH and inhalation APIs.25 A new
approach encompassing molecular-scale modelling and XCT48 tech-
niques has been developed in order to both predict and quantify the
crystal facet interactions at the particle�particle level within a pow-
der bed.49,50 Furthermore, a recent study44 has simulated and exam-
ined the interparticle interactions within terbutaline sulfate and
aLMH blends, which were linked with product performance through
the assessment of the predicted adhesive and cohesive energies and
their balances within the blends.

Building upon the above perspective, this paper seeks to provide a
more rigorous and molecular-scale understanding of crystal mor-
phology and surface properties of aLMH using inter-molecular (syn-
thonic) modelling approaches.51 More generally, this study also aims
to demonstrate the utility of a digital design methodology, based
upon crystallographic information, for the design of formulations
needed for the delivery of inhaled drugs. The techniques have been
employed to predict material-specific surface properties related to
particle cohesion and agglomeration behaviour. In this way the aim
has been to develop a pathway and workflow to reduce the amount
of laboratory-based pre-formulation assessment needed for drug
product development.

Materials and methods

A four-stage workflow, summarised in Fig. 2, highlights the inter-
relationship between the molecular, solid-state, surface and particle
properties of aLMH used. The workflow illustrates the pathway from
the material’s core molecular chemistry to the solid-state structure
(intrinsic intermolecular interactions) and then to the individual sur-
face structure properties (extrinsic intermolecular interactions) and
their interaction to predict the overall particle properties.

Materials

The crystallographic data of aLMH (refcode: LACTOS11)6 was
accessed from the CCDC; its structure was determined at low temper-
ature with a reasonably low R factor of 3.32 %. aLMH (C12H22O11.H2O)
revealing that it crystallised in a polar bimolecular monoclinic struc-
ture with space group P21, cell parameters a = 4.78 A

�
, b = 21.54 A

�
,

c = 7.76 A
�
, b = 105.91° and unit cell volume 768.8 A

� 3. b-lactose
(refcode: BLACTO02)5 was also found to crystallise in a polar mono-
clinic structure with space group P21, cell parameters a = 4.93 A

�
,

b = 13.27 A
�
, c = 10.78 A

�
, b = 91.55° and unit cell volume 705.3 A

� 3.
aLMH, BioXtra, ≥ 99 % total lactose basis (GC) was purchased from

Sigma Aldrich and used as supplied. For IGC measurements, inhala-
tion grade a-lactose monohydrate, namely Lactohale 100 (sieved,
batch 101NN16), was kindly supplied by DFE Pharma (GmbH).

Computational studies

Molecular properties
The molecular surface areas were calculated using the Connolly

surface tool within Material Studio,52 using a grid interval of 0.25 A
�

and a probe radius of 1 A
�
. The void fraction was calculated using Mer-

cury 4.053 based on 0.2 for both probe radius and grid spacing.54 The
dipole moment of the molecule was calculated using the density



Fig. 2. Predictive workflow for inhalation drug formulation highlighting the 4-stage pathway from the molecular state through solid-state and surface properties to the blended
powder.
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functional theory method with exchange-correlation B3LYP (Becke 3-
parameter; Lee, Yang, Parr)55,56 functional and basic set TZVP using
the CRYSTAL program.57

Bulk properties
The computational analysis was carried out utilizing Mercury,53

HABIT9858 and Materials Studio.52 Partial atomic-charges were cal-
culated using the semi-empirical quantum mechanics program
MOPAC59 utilizing the Austin Model 1 (AM1) approach with 1 self-
consistent field calculation. The strength and nature of the fully
bound (intrinsic) intermolecular synthons and the lattice energy
(Ecr), were calculated using HABIT98,58 with the Momany intermo-
lecular forcefield.60 An intermolecular summation radius of
between 10 and 50 A

�
was used to ensure lattice energy conver-

gence.

Surface properties
The expected crystal habit surface planes {hkl} were calculated

using the BFDH method.61−63 The unsatisfied or broken (extrinsic)
intermolecular synthons associated with surface termination were
calculated by partitioning the bulk intrinsic synthons between those
contributing to the surface slices (intrinsic) Ehklsl and their attachment
(extrinsic) Ehklatt energies, respectively for each potential crystal sur-
face plane form {hkl} as given in the following equation.

Ecr ¼ Ehklatt þ Ehklsl ð1Þ
The anisotropy factor ξhkl, reflecting the degree of synthon satura-

tion of a molecule when it is surface terminated, i.e. fraction of the
intermolecular interactions that have been unbroken, was calculated
using the following equation.

ξhkl ¼
Esl
Ecr

ð2Þ

Molecules residing within the bulk of a crystal lattice are sub-
jected to three dimensional packing forces exerted by the surround-
ing molecules. However, for molecules at a crystal surface in
equilibrium with a vacuum, these forces become anisotropic causing
these surface molecules to have a different intermolecular arrange-
ment when compared to that in the bulk. The surface energy can thus
be defined as the additional energy possessed by the surface mole-
cules in equilibrium with a vacuum compared to the corresponding
molecules in the bulk.64−66 The different arrangement of molecules
on different habit faces thus results in different surface chemistry
and hence surface energy. The surface energy (SE) was calculated
directly from the predicted attachment energy64−67 using the follow-
ing equation

g ¼ gdisp þ gpolar ¼
Z dhkl
2 NA V

ðEatt vdwð Þ þ Eatt esð ÞÞ ¼ Z dhkl jEatt j
2 NA V

ð3Þ

where Z is the number of molecules per unit cell, dhkl is the thick-
ness of the growth step layer, NA is Avogadro’s constant, and V is
the unit cell volume. The predicted dispersive ðgdispÞ and electro-
static ðgesÞ components of surface energy were calculated from the
attachment energy (Eatt) contributions from the van der Waals (Eatt
(vdw)) and electrostatic (Eatt(es)) components of the intermolecular
interactions.

The interaction energies for a b-lactose probe molecule onto the
crystal habit surfaces (020) and (0-20) of aLMH were predicted using
the SystSearch program.25 This program performed a grid-based (sys-
tematic) search of probe/surface intermolecular interactions through
generation of a molecular model of a specific crystal habit surface
with well-defined surface terminations to retain complete molecules
in the host surface. In this approach, a probe molecule was used to
explore the energy landscape as it interacts with the surface. The
probe molecule, treated as a rigid body, was placed point by point
within the built grid in turn with a step size of 1 A

�
and was orien-

tated, sequentially, into one of a number of specified orientations.
The intermolecular energy of the probe/surface combination was cal-
culated using a pairwise atom-atom interaction energy with a probe
molecule having a cut-off radius of 25 A

�
. From these observations,

the interaction energy of a probe molecule on a particular habit sur-
face plane was calculated for each grid point using an experientially
derived empirical Dreiding II atomic force field68 together with par-
tial charges calculated using the MOPAC method59 for electrostatic
contributions. The generated energy distribution of favourable bind-
ing sites and the minimum interaction energy were calculated based
upon the most likely binding position of probe molecule on the
surface.25,36,43,44

Particle properties
The attachment energies were taken as a measure of the relative

growth rates of the crystal habit surfaces. These were normalised and
used to construct a 3D Wulff plot69 using the graphical routines
within Mercury53 and, through this, provide a 3D representation of
the predicted crystal morphology. Note that the predicted morphol-
ogy may be different from the experimentally observed one due to
the different conditions used for prediction (vacuum) and experi-
ment (solvent).



Table 1
Summary of some key molecular and crystallographic descriptors for aLMH.

Property Property value

Molecular Mass 360.31 g/mol
Atom count 48
Molecular dimension (x,y,z) 5.13, 11.95, 7.21
Molecular surface area (Connolly surface) 314.30 A

� 2

Molecular volume 308.54 A
� 3

Void fraction 0.228
Packing coefficient 0.732
Number of Hydrogen bond donors
� Lactose 8
�Water 2

Number of Hydrogen bond acceptors
� Lactose 9
�Water 1

Dipole moment (x,y,z) (Debye, D) 1.81, 7.63, �1.26
Total dipole moment 7.94
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The overall particle surface energy ðgparticle)
66 was calculated on

the basis of the crystal surface areas as predicted from the morpho-
logical simulation. From this, a surface area-weighted whole crystal
surface energy was calculated via Eq. (4) after,66

gparticle ¼
Xn

i¼1

ghkl
i Ahkl

i Mhkl
i ð4Þ

where n is the number of forms (family of crystallographically equiv-
alent faces), ghkl

i is the surface energy of individual crystal surfaces,
Ahkl
i is the fractional surface area of the habit face andMhkl

i is the mul-
tiplicity of the crystallographically equivalent habit faces.

The effect of crystal habit variation on the base-line predicted
crystal morphology can be achieved by modifying the centre-to-face
distances in the Wulff plot. Through this, the crystal morphology is
modified with the surface areas of the crystal habit faces being
adjusted to match those of the observed crystal morphologies for the
crystals prepared under different crystallisation conditions. Based on
these habit faces, their surface energies are calculated and compared
with experimentally measured ones.

Experimental studies

Crystal growth
aLMH single crystals were prepared by crystallisation from solu-

tion by adding 47.7 g LMH to 100 g water (% by mass). This solution
was then heated to 70 °C and stirred for 30 min to ensure complete
solute dissolution, then rapidly cooled to 25 °C and left until crystalli-
zation occurred. An Olympus BX51 microscope, with a UMPlanFl
10£/0.30 objective was used to characterize the size and shape of the
resultant crystals.

Surface energy measurements by inverse gas chromatography
Specific surface area and surface energy (SE) analyses were con-

ducted using an Inverse Gas Chromatography Surface Energy Analy-
ser (IGC-SEA, Surface Measurement Systems Ltd, UK). Approximately
1.5 g of lactose powders were packed into a silanised glass IGC col-
umn with an internal diameter of 4 mm. Prior to any measurements,
the loaded column was conditioned using helium carrier gas at
10 scc/min for 2 h at 30 °C and 0 % RH. Methane gas was injected at
the start and the end of the experiments for the dead volume calcula-
tion. Specific surface areas were calculated via the Brunauer−Emmett
−Teller theory, based on the n-octane adsorption isotherm data.25

For the surface energy, the columns were equilibrated as above. Non-
polar probes (n-decane, n-nonane and n-octane) and polar probes
(chloroform, toluene, ethyl acetate) were injected in the column at a
range of surface coverages (n/nm). Following a previously reported
analysis method,21,70 the dispersive (gd, non-polar) and acid-base
(gab, polar) components of the surface energy were calculated using
the Dorris-Gray method71 and the Peak centre of mass parameter.72

All the measurements were made in triplicate in a single packed col-
umn. Note that other probes such as undecane and dodecane could
be used in further work to verify the findings in this study with three
non-polar and three polar probes.

X-ray tomographic characterisation
A single crystal of aLMHwas glued to the end of a toothpick73 and

scanned in an Zeiss Xradia 520 Versa X-ray microscope equipped
with a LabDCT74 module (Carl Zeiss Microscopy, California, USA). An
absorption contrast scan was acquired with 3000 projections, with
each projection having an exposure time of 1.5 s each. The source
voltage was 50 kV with the current being 80 mA. The raw projections
were reconstructed using the XMReconstructor software within the
X-ray Microscope system to form a 3D virtual volume, which was
visualised using Dragonfly Pro 4.1 (Object Research Systems, Canada).
The single lactose crystal was segmented from the toothpick, and
then viewed from different crystallographic directions. The angles
between the crystal’s facets were measured using the opensource
vector graphics software Inkscape (version 0.92).75

Results and discussion

Molecular properties

The molecular and crystallographic descriptors for aLMH sum-
marised in Table 1 provide an indication of its molecular and physico-
chemical properties. The data reveal aLMH to be of medium
molecular weight (360.31 g mol-1) compared to representative phar-
maceuticals of < 500 g mol-1 54 which have a median of around 350 g
mol-1 76. The structure can be seen to have a relatively large number
of intermolecular hydrogen bonding options associated with eight
donors from the hydroxyl and water groups with eleven potential
acceptors from the hydroxyl and water groups. From a molecular
polarizability perspective, the aLMH molecule was found to be more
polar in the y direction than in the x and z directions with their val-
ues being 7.63 D, 1.81 D and �1.26 D, respectively. The atomic charge
distribution calculated on the basis of the isolated molecule is listed
in Table S2 (SI) with their atom numbering shown in Fig. 3(a). A 2D
view of the molecular structure of aLMH is given in Fig. 3(b)
highlighting the galactose and glucose moieties, and the four hydrox-
yls groups from each molecule in the unit cell.

Solid-state properties

Bulk crystal chemistry and local inter-molecular co-ordination
The intermolecular packing and bulk crystal chemistry of aLMH is

highlighted in Fig. 3(b−d). Overall, its crystal structure is compara-
tively simple with just two molecules each of lactose and its hydra-
tion water within the unit cell. These are related by a 2 fold screw
axis with the oriented long axis of the molecules being aligned
approximately parallel to the b crystallographic axis which, as a
result, forms the longest axis of the unit cell. The lack of any mirror or
inversion symmetry elements gives rise to a polar structure notably
associated with all the glucose moieties pointing in one direction
(see Fig. 3(b)) of the crystallographic b-axis with the galactose moie-
ties aligned in the opposite direction. Fig. 4 highlights the packing
diagram of aLMH structure viewed along the a and c axes, showing
the inter-molecular hydrogen bonding network of four lactose mole-
cules co-ordinating to a single water molecule. It also shows the
stacking formation of the lactose molecules and hydrogen bonding
linking molecules of lactose and water within the crystal structure.
The low crystal symmetry and hence simplicity of the crystal



Fig. 3. Intermolecular packing diagrams highlighting the crystal structure (CSD reference LACTOS11) and crystal chemistry of aLMH : (a) Atom numbers with partial atomic charges
(Table S2) calculated for an isolated molecule using MOPAC; (b) Unit cell geometry illustrating the quite simple structural arrangement of the two pairs of lactose and water mole-
cules which are interrelated by the 21 screw axis; (c and d) Intermolecular packing normal to the a and c axes, respectively showing the interaction of lactose molecules with the
water molecules arranged in channels parallel to the c and a axis. The hydrogen bonds between a water molecule and 4 lactose molecules also forms a pocket of lactose molecules
within which the water molecule can sit.

Fig. 4. (a) Hydrogen-bonding network of a aLMHmolecule; (b) Intermolecular coordination hydrogen-bonding shell for lactose molecule (circled) highlighting 10 H-bonding inter-
actions with 6 lactose molecules and 4 H-bonding interactions with 4 water molecules; (c) Intermolecular coordination hydrogen bonding shell for a water molecule (circled)
highlighting four H-bonds formed with 4 lactose molecules.
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chemistry gives rise to a layer-like structure normal to the b-axis,
suggesting overall a comparative ease of self-assembly in the solid
state.

This structure (Fig. 4) is consistent with the observed thermody-
namic instability of both the stable and hygroscopic forms of the
anhydrous form of alpha lactose under ambient conditions as it is
clear from the crystal chemistry that the crystal structures of anhy-
drous form alpha lactose can readily absorb moisture from the sur-
rounding environment into the pockets formed by the 4 lactose
molecules through the channels (Fig. 3(c&d) and Fig. 4(c)). This has
been observed in the literature.77,78 A comparison study of a-form
lactose (hydrate and anhydrous) and other forms of lactose including
their thermodynamic stability, molecular and crystal characterisation
etc. can deepen our understanding of their bulk powder properties
and also formulation performance.

Within the aLMH crystal structure, each a-lactose molecule is
also involved in an intramolecular hydrogen-bond between O6 and
H17 (H-bond length: 2.016 A
�
) together with 14 intermolecular

hydrogen-bonds (Fig. 4(a)), in a local co-ordination involving binding
to 6 lactose molecules and 4 water molecules (Fig. 4(b)). In a similar
manner, each water molecule binds with 4 lactose molecules (Fig. 4
(c)), thereby forming a pocket in which the water molecule can sit,
aligning well with literature,79 but there are no direct interactions
between the water molecules.

Mechanical properties
Examination of the packing structure of the four lactose molecules

found that the pockets form channels along the c and a axes (see
Fig. 3(c and d)), leading to the water molecules forming molecule
chains and sitting in the channels. Overall, the layer-like structure
inherent in the aLMH structure is fully consistent with the material’s
known mechanical properties80,81 in that the aLMH moieties can
slide past each other along the shorter a and c axes on the {010} plane
normal to the crystallographic b-axis without significant steric



Fig. 5. Lattice energy convergence as a function of limiting radius for aLMH, indicating that (a) interactions above approximately 20 A
�
are relatively unimportant to the stabilization

of the lattice and the contribution of electrostatic interactions to the overall lattice energy is low; (b) radial discretized distribution plots showing the % contribution to the lattice
energy as a function of intermolecular summation distance with the dashed lines as guidance to indicate the distributions of the energy contributions from two shells; (c) the per-
centage % contribution to the lattice energy from the different molecular groups (water, galactose, oxygen (O1) and glucose) of the asymmetric unit showing water contributes
13.69 % to the lattice energy.
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hindrance. This would be consistent with the low surface rugosity of
the {010} surfaces when compared to the other closer packed planes
as shown in Table 3 (column 7). Such a plastic deformation would
also suggest (010)[100] and potentially (010)[001] as the likely dislo-
cation slip systems.

Crystal lattice energies
The lattice energy convergence as a function of its intermolecular

interaction radius is given in cumulative form in Fig. 5(a). The binding
energy increases with more molecules being included in the
atom-atom calculation when increasing limiting distance with
respect to the origin molecule. The calculated lattice energy of
�25.05 kcal mol-1, consistent with that previously reported.46 The
coulombic interactions contribute relatively little to the stability of
the aLMH lattice. The lattice energy summation is also given in dis-
cretised form in Fig. 5(b) revealing two reasonably well-defined co-
ordination spheres with overall convergence at an intermolecular
distance of about 20 A

�
. Segmentation of the relative contributions of

the functional group contributions to the overall lattice energy
reveals that the galactose and glucose rings fairly equally dominate
the structural stability of aLMH in its solid state with its hydration
water only contributing 13.69 % (see Fig. 5). This would be consistent
with water representing less than 10% of the total mass within the
asymmetric unit.
Intrinsic synthon analysis
A more detailed evaluation of the constituent intermolecular

interactions within the aLMH structure is highlighted in Fig. 6
and detailed in Table 2 (columns 2−7) which lists the top five
strongest intermolecular synthons. The calculated synthonic
interaction energies are generally in broad agreement with those
in the literature82 with discrepancies most likely being due to the
use of different forcefields and atomic charge calculation meth-
ods. The top two synthons (A & B) have two HBs, synthons D & E
present only one HB and the p − p stacking synthon C has no
HB, with all HBs being the OH . . . O interaction. These interac-
tions collectively were found to contribute »68 % to the total lat-
tice energy.

As expected, the strengths of the lactose−water interactions (syn-
thon E) were much less when compared to those from the lactose
−lactose interactions (synthon A, B, C and D) whilst the energies asso-
ciated with water−water interactions were similarly very low
(�0.03 kcal mol-1). Nonetheless, despite their lower interaction ener-
gies, it is clear that the water molecules play a vital role within the
aLMH bulk crystal chemistry in that they act to bind together with
the sheets of lactose molecules which are related by the 21 screw
axis. This supports the observation that anhydrous lactose when
formed by heating tends to rapidly re-absorb water to form the
aLMH structure again.77,78



Fig. 6. Molecular diagrams of top five strongest intermolecular synthons with the distances quoted being the distances between the two centers of gravity of the molecules.

Table 2
Top five strongest intermolecular synthons highlighting the individual molecules contributing to these interactions, additionally the synthon energetic contributions to the attach-
ment energy Eatt for the morphologically important crystal surfaces are provided together with the multiplicity of the contribution to that specific surface.

Synthon Multiplicity Molecules
Involved

Number
of HB

vdW (kcal mol-1) Coulombic
(kcal mol-1)

Total interaction
(kcal mol-1)

Top five synthons contributing to Eatt

{020}/{0−20} {001} {011} {0−31}

A
B
C
D
E

4
4
4
4
4

LT/LT
LT/LT
LT/LT
LT/LT
LT/water

2
2
0
1
1

�3.82
�3.93
�3.69
�1.87
�1.57

�0.73
�0.55
�0.48
�0.22
�0.24

�4.55
�4.49
�4.17
�2.09
�1.80

-
-
-
Eatt
Eatt

Eatt
Eatt
-
-
-

Eatt
Eatt
-
Eatt
Eatt

Eatt
Eatt
-
Eatt
Eatt

Table 3
Analysis of crystal surfaces of aLMH, their attachment energies and surface energy for individual crystal forms.

Face (hkl) dhkl
(A

�
)

Surface Area
(%)

Esl
(kcal mol-1)

Eatt (kcal mol-1) ξhkl
(%)

Rugosity
(-)

Predicted Dispersive
SEa (mJ m-2)

Predicted total
SEb (mJ m-2)

{020}c

{001}
{0-31}
{1-1-1}
{100}c

{1-10}c

{0-11}c

{10-1}
{0-21}
{11-1}
{110}c

{011}

10.77
7.46
5.17
4.41
4.60
4.50
7.05
4.51
6.13
4.41
4.50
7.05

17.01
9.39
5.67
5.65
4.68
3.92
3.60
3.59
2.99
1.31
0.50
0.20

�17.02
�12.73
�7.02
�10.54
�10.81
�9.75
�10.89
�11.22
�8.84
�10.54
�9.75
�10.89

�8.01
�12.30
�18.01
�14.49
�14.21
�15.28
�14.14
�13.81
�16.19
�14.49
�15.28
�14.14

68.00
50.86
28.05
42.11
43.19
38.95
43.51
44.83
35.32
42.11
38.95
43.51

1.21
1.53
1.60
1.27
1.43
1.32
1.46
1.32
1.61
1.28
1.29
1.34

67.38
71.25
73.32
51.06
51.25
53.99
78.00
49.85
78.05
51.06
53.99
77.98

77.96
82.92
84.21
57.76
59.10
62.12
90.10
56.24
89.75
57.76
62.12
90.09

a Predicted dispersive surface is calculated from vdW contributed to Eatt.
b Predicted total surface energy is calculated from Eatt.
c Surfaces are presented in the experimental crystal morphology grown from aqueous solution.
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Surface properties
Attachment and surface energies
The calculated surface and attachment energies for the morpho-

logically important forms are presented in Table 3.
Extrinsic synthon analysis
The individual intermolecular extrinsic synthons that contribute

to the surface attachment energies, and hence their growth, for a
given crystal habit plane surface are listed in Table 2 (column 8−11)
with some selected surfaces being summarised in surface chemistry
packing diagrams as shown in Fig. 7.



Fig. 7. Molecular orientation for selected crystal habit surfaces: (a) {020} face with synthon D and E contributing to its attachment energy; (b) {001} surface with synthons A and B
contributing to its attachment energy; and (c) {0-31} face with synthons A, B, D and E marked as contributing to its attachment energy.

Fig. 8. Predicted and experimental morphology of aLMH: (a) Predicted morphology (excluding the (0−20) surface due to the polar effect of the monoclinic space group P21 cor-
rectly reproduced by the presence of only one of the {020} form); (b) aLMH grown in water from this study; (c) The morphology of aLMH crystals precipitated from aqueous solu-
tions at the supersaturation 130 %,10 (d−g) 3D experimental crystal growth morphology characterised by LabDCT, together with crystal faces indexed based on the calculated and
the measured interfacial angles of the real crystal morphology; (h) Modified prediction of the crystal morphology (a) to match that recorded in 3D by LabDCT (d−g).
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Fig. 7 highlights that, for the {020} form, the strongest intermolec-
ular interactions, i.e. highest contribution to the attachment energy,
were synthons D and E, representing the interactions between two
lactose molecules and lactose-water molecules, respectively. Whilst
synthon A (strongest synthon) and synthon B both contribute to the
slice energy for the capping {020} surface but they also contribute to
the attachment energy for the prismatic {001}, and {0-31} surfaces.
These are consistent with the observed morphological importance of
{020} > {001} > {0-31}.

Surface chemistry
Morphological analysis using the BFDH method reveals the domi-

nant forms for aLMH would be expected to be (020), (0-20), (001),
(011) and (031). The surface chemistry associated with these surfaces
is shown in Fig. S1 (SI). The intermolecular packing for all these crys-
tal habit surfaces (Fig. S1 (SI)) demonstrates that the lactose mole-
cules are oriented with their ring planes vertically and aligned with
respect to the b-axis within the dominant {010}, {001}, {011}, {0-11},
{0-21}, and {0-31} surfaces. For the less morphologically dominant
{100}, {110} and {1-10} surfaces, they are oriented horizontally. Anal-
ysis of the bulk solid-state interactions showed that the dominant
intermolecular interactions mostly result from dispersive vdW inter-
molecular interactions. Hence, the surfaces displaying molecules
arranged in the horizontal orientation perpendicular to the growth
surface would be expected to maximise the strength of the dispersive
interactions as this more favourable molecular orientation for inter-
molecular interactions and one that would result in a higher surface
attachment energy, hence higher expected growth rate and concomi-
tantly smaller surface area.

Particle properties

Predicted morphology
The predicted morphology based on the attachment energy data

in Table 3 is shown in Fig. 8(a) alongside the experimental morphol-
ogy of aLMH (Fig. 8(b−g)).

Predicted crystal morphology in comparison with experimental data
The predicted morphology highlights the dominant {020}, {110},

{0-11}, {100} and {1-10} crystal habit forms in broad agreement with
previous studies,46 as well as with those crystallised from aqueous
solution in this study (Fig. 8(b−g)). It is noteworthy that the latter
displays an overall polar prismatic morphology associated with a
characteristic tomahawk habit (Fig. 8(b−g)), leading to the modifica-
tion of the predicted morphology (Fig. 8(a)) to match the experimen-
tal one (Fig. 8(d−g)) for calculations of surface energies based on



Table 4
Interaction (binding) energies (in kcal/mol-1) of b-lactose on four possible surface terminations (T1 − T4) of the (010) and (0-10) crystal surfaces of aLMH. Note that the four face
terminations are shown in Figs. S2 and S3 (SI).

Crystal surface of aLMH (010) (0-10)

Type Termination vdW H-bond Coulombic Total vdW H-bond Coulombic Total

Water layer T1 �5.51 �10.87 �1.15 �17.44 �5.65 �6.39 �0.31 �12.36
No water layer at the surface T2 �4.13 �8.45 �1.65 �14.22 �4.60 �7.96 �1.02 �13.59
Alternative water layer T3 �6.40 �9.29 �1.25 �16.94 �5.27 �7.15 �0.53 �12.95
Alternative of no water layer at the surface T4 �3.81 �9.35 �1.57 �14.73 �5.84 �5.47 �0.96 �12.27
Average of four terminations �4.96 �9.49 �1.41 �15.83 �5.32 �6.74 �0.71 �12.79

T.T.H. Nguyen et al. / Journal of Pharmaceutical Sciences 114 (2025) 507−519 515
(Fig. 8(h)). The {020} form had the lowest attachment energy and
highest percentage of satisfied synthons at the surface (ξ = 0.66) (see
column 6 in Table 3) and therefore was predicted to be the slowest
growing face of aLMH, which was in good agreement with the toma-
hawk-like, triangle morphology with dominant {020} and {001}
forms.

It is important to note that the attachment energy simulations do
not (cannot) directly simulate the polar nature of the (010)/(0-10)
forms, hence further analysis is needed. Specifically the {010} form
represents polar faces where the molecular packing arrangements
are different for the two surfaces (010) and (0-10) confirming that
aLMH is a polar crystal. In the predicted morphology the (010) face
has the highest surface area (the dominant face), followed by the
(001) face. The (010) and (0-10) surfaces are not symmetry related
due to lack of any centre of inversion in the P21 structure, hence the
(010) and (0-10) faces produced different surface compositions. The
molecular arrangement of these two faces has considerable influence
on the surface energetics of the whole facetted crystal. The molecular
arrangement of all these faces also clarifies the basicity of the surface
due to the presence of different negatively charged oxygen atoms or
the delocalised electrons on the ring structure, present on the
surface.83

A simple morphological analysis of aLMH using the BFDH61−63

crystal lattice geometric rules reveals a base-line crystal habit (Fig. S4
(SI)) that is rather tabular plate-like in nature and one that is domi-
nated by the slow growing {010} and {0-10} planes. This morphology
closely resembles crystals prepared by crystallisation from aprotic
solvents such as dimethyl sulfoxide (DMSO).9 There are two ques-
tions that then follow from this.
� Why is the observed crystal morphology of aLMH when it is crys-
tallised from aqueous solutions elongated along the slow growing

capping face (b-axis) of the crystal.

� Why do the crystals display a tomahawk-shaped prismatic polar
morphology with distinctly different growth rates observed for
the polar {010} and {0-10} growth surfaces.
Effect of aqueous solvent binding on the different crystal habit surfaces
A comprehensive examination of the surface chemistry for the

polar {010} and equatorial {110}, {0-11}, {100} and {1−10} facets
reveals that the polar facets have a much lower density of
Table 5
Measured and published surface energies for various grade of aLMH.

aLMH grade Dispersive SE

Calculated particle surface energy (average weighted with % surface area) 64.0
Sieved lactose (Lactohale 100) (with surface coverage from 1% to 20%) 39.8−43.9

Coarse-grade aLMH (batch no. 120904-25,
Pfizer Global Research & Development)

65.3

Milled lactose* 53.0
Recrystallised lactose* »42.0
Untreated lactose* »43.0

* 0% coverage corresponding to infinite dilution conditions.
hydrogen bond binding sites (see Figs. S5−S9 (SI)) when com-
pared to the equatorial facets in aqueous solutions. The latter can
be expected to be highly effective in terms of binding protic sol-
vent molecules when compared to the polar facets where density
is much lower. The polar facets also form the binding sites for
the monohydrate’s solid-state hydration water molecules where
they assemble an inter-laminae layer sandwiched between the
lactose molecules. A further factor lies in the fact that the molec-
ular-scale roughness of the polar faces is much less than for the
prismatic faces which would supports strong surface binding of
solvent molecules to the prismatic faces where their rougher sur-
face topology allied to lack of hydration water molecules and pre-
dominance of hydration binding sties could be expected to
optimal for adsorption when compared to the molecularly flatter
capping faces. Such a differential binding behavior would be con-
sistent with the observed elongated morphology along the b-axis
when aLMH is crystallised from aqueous solutions whereby crys-
tal growth would be expected to be more inhibited by desolva-
tion on the prismatic with respect to the capping facets. Such a
model would also be fully consistent with the observed plate-like
morphology that has been observed in aLMH when it has been
crystallised from aprotic solvents such as DMSO.9
Absolute polarity of aLMH polar {010} and {0-10} surfaces through
examining b-lactose binding

Close examination of the surface chemistry of the {010} and {0-
10} polar forms reveals that there are four different potential surface
terminations (either lactose molecules or water molecules exposed
on the crystal surface) for these {010} and {0-10} crystal habit surfa-
ces. Such differences in surface termination and water molecules’
position can directly affect the interaction of hetero-species within
the crystallisation environment with other functional groups present
on the surface. It is well-known that the presence of b-lactose can be
a key factor in mediating crystal morphology for aLMH as it can
selectively block the growth of either the {010} or {0-10} faces,
resulting in the growth of the asymmetric “tomahawk” crystal habit.
This results overall in the (0-10) face becoming less dominant than
that of the (010) or vice versa. The calculated intermolecular interac-
tion (binding) energies of b-lactose for the different surface termina-
tions (T1 − T4) of the (010) and (0-10) crystal surfaces of aLMH is
(mJ m-2) Total SE (mJ m-2) Polar SE (mJ m-2) References

73.7 9.7 Calculated in this study (Eq. (4))
67.2−81.7 27.4−37.8 Measured in this study
77.6 12.3 Ramachandran, V. et al.25

62.2 9.2 Thielmann, F. et al.84

49.2 »7.2 Thielmann, F. et al.84

53.7 »10.7 Thielmann, F. et al.84



Fig. 9. Measured dispersive and total surface energy of aLMH determined by IGC
showing the surface energy decrease with increasing surface coverage.
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given in Table 4 with their preferential binding positions of b-lactose
molecule on the two aLMH habit surface being shown in Figs. S2 and
S3 (SI).

Overall, the surface binding data shows that b-lactose molecules
have stronger binding with the (010) crystal surface of aLMH than
for the (0-10) face for all four different types of surface terminations.
The vdW interactions for the (010) were though found to be slightly
weaker than those for the (0-10), whilst the hydrogen bond interac-
tions for the (010) surface were much higher than for the (0-10). For
example, for the (010) crystal surface with the surface termination 1
(the presence of water on the crystal surface), the hydrogen bonds
contribute �10.87 kcal mol-1 (62.3 % of total binding energy),
whilst for the (0-10) surface, the hydrogen bonds contribute
�6.39 kcal mol�1 (51.7 % of total binding energy). In the aLMH struc-
ture, the lactose molecules are oriented with their long axis parallel
to the b axis with the glucose moieties pointing towards the [0-10]
direction, hence the b-lactose molecules can be incorporated in the
crystal lattice on the (010) faces to inhibit their growth.

Visualisation of the strongest interaction of b-lactose on the surfa-
ces (Figs. S2 and S3 (SI)) shows that the most favoured orientation at
the {010} and {0-10} co-ordinates with four different surfaces termi-
nations were in different orientations. In terms of molecular orienta-
tion, the b-lactose was found to lie flat on the (0-10) crystal surface
whereas on the (010) surface of the b lactose, this was not the case.
Overall, the binding analysis shows that b-lactose has a significantly
stronger interaction energy on the (010) when compared to the (0-
10) surfaces for all four of the surface terminations. Importantly,
there were a higher number of possible hydrogen bonding
Fig. 10. Predicted crystal morphology of aLMH adapted according to the observed crystal
grown from water at low supersaturation (33−43 % w/w), (b) triangle-shape crystal grown in
from water at high supersaturations (60 % w/w) and from DMSO solution.9,89
interactions for b-lactose on the (010) surface than for the (0-10) sur-
face, consistent with the higher hydrogen bond interaction energy
calculated for the (010) surface. In summary, b-lactose molecules
had much stronger binding interactions with the (010) surface than
for the (0-10) surface, consistent with the growth of the (010) surface
being impeded through impurity incorporation, hence having a lower
growth rate than the (0-10) surface. This results in the (010) surface
being more morphologically dominant than the (0−10) face, leading,
in turn, to the observed tomahawk polar crystal morphology.

Surface area weighted surface energy of the facetted particle
The predicted cumulative surface energies calculated using Eq. (4)

and the measured surface energies of aLMH, as measured by IGC, are
reported in Table 5 and Fig. 9, respectively. The calculated surface
area weighted particle surface energy was 73.7 mJ m�2, which is
comparable to that measured by IGC (with surface coverage from 1 %
to 20 %) with ranges between 67.2 and 81.7 mJ m-2 for sieved lactose
(Lactohale 100) and the previously published surface energies25,84 for
various grade of aLMH. Note that the fundamental differences
between the environments underpinning the experimental measure-
ments (positive pressure) and predictions (vacuum) may result in the
deviation of the measurements from calculations.85 In future work,
to more closely represent the real conditions under IGC measurement
conditions, heteromolecular contaminations (e.g. water) and/or
imperfections (such as amorphous) may be introduced to the habit
faces, hence reducing the deviation between the predicted and mea-
sured surface energies.

Table 3 (column 9) shows the calculated surface energy of individ-
ual crystal faces being broken down into dispersive SE (column 8).
The dispersive particle SE, calculated using Eq. (4) based upon the
surface-area weighted summation of the individual predicted crystal
surface energies, has value of 64.0 mJ m-2 (Table 5, column 2). This
value is in good agreement with the measured dispersive SE of 65.3
mJ m-2 for the coarse-grade lactose monohydrate25; however it is
higher than that measured for the sieved lactose (Lactohale 100; DFE
Pharma (GmbH)) used in this study. However, the measured surface
energy values reported in previous studies have been known to vary
depending on the sample preparation methods, as well as on the
measurement conditions.84,86−88 The calculated surface energies of
individual surfaces (Table 3) reveal that the surface energies of the
facetted aLMH crystal habit surfaces were quite uniform (average
deviation being around 19 %), which might be expected to be the
case mindful that aLMH provides an important candidate for use as
an excipient in practical drug formulation. The low variations
between dhkl and Eatt for the individual surfaces, hence their growth
rates and surface energies, could be expected to lead to the high
morphology grown in various conditions (a) tomahawk crystal morphology of aLMH
medium supersaturation (50 % w/w) solution and (c) elongated-shape of crystal grown



Table 6
Calculated crystal surfaces of aLMH, their surface area and surface energy for individual crystal forms for tomahawk, triangle and needle-like crystals.

Crystal surfaces Tomahawk shaped crystal habit Triangular shaped crystal habit Elongated tabular shaped crystal habit

Surface Area (%) SE (mJ m-2) Surface Area (%) SE (mJ m-2) Surface Area (%) SE (mJ m-2)

{020}
{0-20}
{0-11}
{100}
{110}
{1-10}

15.4
3.5
41.6
11.8
18.0
9.8

78.0
340.7
101.9
56.1
48.8
69.1

18.2
2.9
16.0
16.0
23.4
23.4

77.9
340.7
59.0
59.0
90.2
90.2

26.6
21.5
18.3
18.3
7.7
7.7

77.9
107.1
59.0
59.0
90.2
90.2

Total SE weighted with %
of surface area (mJ m-2)

88.5 85.3 79.2
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degree of homogeneity (< 20 % variation) of aLMH surface
energies (Table 3, column 9). For the {020} surface, the high varia-
tions of dhkl (83 %) and Eatt (�44 %) compensate to produce a calcu-
lated surface energy which is similar to the other surfaces.

Particle surface energies for different crystal habits and their impact on
formulation

It is well known that the morphology of aLMH crystals can
vary when prepared from different growth environments associ-
ated with a variation in the relative growth rates between its
constituent crystal-habit faces. Ultimately, such a variation can be
linked to the respective interaction energies associated with the
strongest extrinsic synthons important in the growth environ-
ment in the development of these surfaces. In aqueous solutions,
at low (33−43 % w/w), medium (50 % w/w) and high supersatura-
tions (60 % w/w), aLMH recrystallises with a tomahawk or pyra-
mid-shape, a prismatic shape and more elongated particles,
respectively12 whilst crystallisation from dimethyl sulfoxide
(DMSO), an aprotic polar solvent, has been observed to suppress
the polar morphology. The latter has also been used to study the
effect of b-lactose on the morphology of aLMH crystals, this sol-
vent has been known to greatly reduces the mutarotation rate
between a-lactose and b-lactose. At low concentrations of b-lac-
tose within the growth solution, the fastest growing face of the
a-lactose crystals is {0-11}, resulting in long thin prismatic crys-
tals. At higher b-lactose concentrations, the main growth occurs
in the positive [0-10] direction of the crystal with the {0-10} face
becoming the fastest growing face as the (010) face is inhibited
by b-lactose, producing pyramid and tomahawk shaped crystals.9

Fig. 10 shows morphological representation of aLMH representing
the experimental crystal morphology in various conditions whilst
the associated calculated crystal surface areas of aLMH, attach-
ment energies and surface energies for tomahawk, triangle and
needle-like crystals are given in Table 6.

Analysis of these predicted particle surface energies after surface
area-weighting suggests that the particle surface energy changes in
the rank order of tomahawk > triangle > elongated, albeit with differ-
ences of just 4−9 mJ m-2.

For both drug tested budesonide and fluorescein, the milled lac-
tose carriers (more crystalline in shape, lower surface energy) pro-
vide significantly improved performance over the spray dried lactose
(spherical, higher surface energy) of the blended powder.26 When
the surface energy of aLMH is increased, the dry powder inhaler was
less efficient in terms of aerosol performance regarding the drug
detachment from the aLMH particle carrier.26, 27 This is assumed to
be partly due to a rise in the surface energy, which results in the force
of adhesion becoming higher making it harder for the drug particles
to de-agglomerate.90 This would be consistent with the findings in
this study in that the elongated aLMH crystals have lower surface
energies when compared to the tomahawk ones. Hence, as a result, it
should be expected to exhibit a better aerosol dispersion
performance. The prediction of the strength of cohesive and adhesive
interparticle interactions for dry powder inhalation blends of TSB
and aLMH crystal revealed that the surface-surface interaction ener-
gies of aLMH faces, e.g. {010}-{010}, {010}-{0-11}, {0-11}-{0-11} and
{0-11}-{010}, were quite homogeneous.44 This is consistent with the
findings in this study, with aLMH being known to be a good excipient
candidate for routine use within drug formulations.

Conclusions

A detailed analysis of the molecular, intermolecular, solid-state
and surface chemistry of aLMH has been presented highlighting
their inter-connectivity with the material’s physical chemical
properties, notably its cohesive and adhesive behaviour within
formulations. Synthonic modelling revealed the extent and
importance of vdW intermolecular interactions which account for
ca. 85 % of the lattice energy of aLMH with the strongest syn-
thons being associated with intermolecular interactions between
the lactose-lactose pairs, stronger binding of solvation water mol-
ecules to the prismatic compared to the polar surfaces result in
enhanced growth along the long b-axis of the aLMH structure.
Predicted crystal morphologies were found to be in good agree-
ment with XCT characterisation of 3D experimental morphologi-
cal data. Asymmetric surface binding between b-lactose on the
(010) and (0-10) polar faces confirms its enhanced binding to the
(010) faces rationalising the characteristic tomahawk morphology
observed for aLMH.

Overall, the calculated surface energies agreed well with those
measured by IGC. The predicted whole particle surface energy as a
function of crystal morphology has shown the elongated crystal mor-
phology to have a lower surface energy compared to the tomahawk
morphology, consistent with experimental observations that the par-
ticle surface energies of the lactose carriers are inversely proportional
to its aerosol dispersion performance. The ability to predict particle
surface energy can form a key part of a digital design workflow to
inform the design of formulated drug products for inhaled medicines
in order to maintain effective drug aerosolization in delivery devices,
hence providing direct benefit for inhaled25,44 medicine design and
delivery.

More generally, analysis is potentially helpful for assessing and
interpreting measured IGC data, through the prediction’s ability to
distinguish surface energies between different morphological forms,
and hence the surface chemistry of different crystal habit planes.
Such surface energy data can be correlated to inter-particulate
adhesive and cohesive interactions within agglomerated powdered
products.

Overall, this study would suggest that the in-silco calculated sur-
face energy presented here might also have more general applica-
tions in the formulation design of other APIs and formulation routes
in order to understand the effect of physical properties on the manu-
facturability and performance of drug products.
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List of symbols and abbreviations

Ahkl
i : Fractional surface area of the habit face

dhkl : Inter-planar spacing
Ecr: Lattice Energy
Eslice : Slice Energy
Ehklatt : Attachment Energy
Mhkl

i : Multiplicity of the crystallographically equivalent habit faces
n: Number of forms (family of faces)
R: Molar gas constant
T: Temperature
Z: Number of molecules per unit cell
DHsub: Experimental sublimation enthalpy
gdisp: Dispersive component of surface energy
ges: Electrostatic component of surface energy
gparticle: Overall particle surface energy
ghkl
i : Surface energy of individual crystal surface

ξhkl : Anisotropy factor
API: Active pharmaceutical ingredient
CSD: Cambridge Structural Database
IGC: Inverse gas chromatography
LabDCT: Laboratory diffraction contrast tomography
SE: Surface Energy
TBS: Terbutaline sulfate vdW: van der Waals
XCT: X-ray computed tomography
aLMH: a-lactose monohydrate
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