Acta Pharm. 66 (2016) 303-330
DOI: 10.1515/acph-2016-0032

Review

Application of instrumented nanoindentation in preformulation
studies of pharmaceutical active ingredients and excipients*

MATEJA EGART
BILJANA JANKOVIC*
STANE SRCIC

Faculty of Pharmacy
University of Ljubljana
1000 Ljubljana, Slovenia

Accepted January 11, 2016
Published online May 25, 2016

Nanoindentation allows quantitative determination of a ma-
terial’s response to stress such as elastic and plastic deforma-
tion or fracture tendency. Key instruments that have enabled
great advances in nanomechanical studies are the instru-
mented nanoindenter and atomic force microscopy. The ver-
satility of these instruments lies in their capability to mea-
sure local mechanical response, in very small volumes and
depths, while monitoring time, displacement and force with
high accuracy and precision.

This review highlights the application of nanoindentation
for mechanical characterization of pharmaceutical materi-
als in the preformulation phase (primary investigation of
crystalline active ingredients and excipients). With nanoin-
dentation, mechanical response can be assessed with re-
spect to crystal structure. The technique is valuable for
mechanical screening of a material at an early development
phase in order to predict and better control the processes in
which a material is exposed to stress such as milling and
compression.

Keywords: instrumented nanoindentation, mechanical pro-
perties, Young’s modulus, indentation hardness, fracture
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INTRODUCTION

Successful formulation and production of solid dosage forms requires an understand-
ing of the ingredients’ (active or inactive) physical and chemical characteristics, including
also mechanical properties which dictate how blends will behave during subsequent pro-
cessing (tableting, milling, roller compaction, coating) (1-4).

Reliable quantification of mechanical properties (elasticity, plasticity, fragmentation)
can be useful when choosing a processing method (i.e. granulation, direct compression),
in the selection of excipients for improvement of poor blend compressibility, to elucidate
defects such as capping or lamination and eventually to avoid unacceptable product dam-
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age during packing and distribution (5-7). In high drug load tablet formulations, excipi-
ents cannot completely circumvent the poor compression properties of the active pharma-
ceutical ingredient (API). In such cases, modification of intrinsic API properties through
formation of salts, alternative polymorphic forms, hydrates, solvates and cocrystals should
be taken into consideration (8-12). Because the drug substance is available only in small
quantities in the preformulation phase, instruments and techniques that can evaluate its
properties and identify potential critical attributes would be preferred. Nanoindentation,
the way to predict processability of a material exposed to deformational stress, has made
this possible since measurements can be conducted at the level of single crystals or parti-
cles. Articles focusing on mechanistic understanding of elastic, plastic deformation and
fragmentation were excluded from the current review since this was extensively reported
in the literature (13-17). The article primarily describes application of instrumented na-
noindentation for mechanical characterization of crystalline active and active and inactive
ingredients in pharmaceutical technology.

HOW CAN MECHANICAL PARTICLES BE DETERMINED IN PRACTICE?

Experimental approaches for determining mechanical properties of pharmaceutical
materials can be classified as compacts and single particle measurements. Tests evaluating
the mechanical properties on compacts include bending (three- and four-point), microin-
dentation and compression tests (3—4, 18-29). The main characteristics of mechanical char-
acterization on compacts are the following: the materials have already been deformed
during sample preparation; a large amount of materials is needed for formation of com-
pacts; mechanical properties of particle assembly are determined (30-34).

Determination of mechanical particles at the single particle level can be accomplished
with high-resolution instruments such as an atomic force microscope (AFM) and an in-
strumented nanoindenter (35-39). Since these measurements are influenced by surface
properties, the obtained results have to be supported with complementary techniques
such as high-pressure diffraction (40-43) or simulation approaches based on determina-
tion of crystal interplanar d-spacings, attachment or surface energy (44-47).

From another point of view, the methods for mechanical evaluation of pharmaceutical
materials can be divided into static and dynamic (19). Static methods are based on direct
measurements of stresses and strains during mechanical tests and include most of the tests
mentioned herein. Dynamic techniques, on the other hand, are classified as resonance and
pulse methods and are preferentially used when mechanical properties of viscoelastic or
viscoplastic materials are measured (19, 25).

NANOINDENTATION

Nanoindentation uses the recorded depth of penetration of an indenter (tip) into the
specimen along with the measured applied load to determine the area of contact and there-
by hardness (H) of the investigated sample. Numerous mechanical properties can be ob-
tained from the experimental load-displacement curve, the most relevant being Young’s
modulus (E). Other parameters such as fracture toughness (K\c), yield pressure (P) and re-
sidual stress can be subsequently calculated or derived from the determined E and H values.
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Fig. 1. Schematic of the Nanoindenter G200 (image courtesy of Keysight Technologies) (65).

The method is based on accurate determination of the initial contact of the indenter
with the sample surface, correction for compliance of the loading frame and tip geometry,
as well as material-related phenomena such as pile-up, sink-in, indentation size effect, efc.
Review articles and handbooks provide a good starting point for basic principles of the
method (35, 38, 39, 48—61). However, it is the author’s experience that there is a common set
of misconceptions and errors in the application of nanoindentation in pharmaceutical
technology. Therefore, the present paper seeks to highlight the best available practice of
nanoindentation in characterization of mechanical properties of crystalline active and in-
active ingredients.

Table I. Indenter tips and their characteristics (image courtesy of Keysight Technologies) (56)

Features Berkovich Vickers Cube — Corner Cone Sph.ere
(angle y) (radius)
. . . . 3-side pyramid/ . .
Shape 3-sided pyramid 4-sided pyramid Conical Spherical

perpendicular faces

Bulk materials,

Thin films, Bulk materials, Thin films, Scratch Scratch

Applica- Films and foils,  testing, Fracture testing, Viscoelastic

. Polymers, Scratch . ; .
tions testing. Wear Scratch testing,  toughness, Wear ~Wear testing, = materials

ey . Wear testing testing, Imaging Imaging
testing, Imaging

Face 65.3° 68° 35.2644° - -
angle,
Area 245612 245042 2598112 7 a2 ra?
(projected) e ’ c ’ c
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Sample properties are the key for obtaining relevant results; hence, the best system for
investigation involves single crystals and particles, as well as polymeric films. Measurements
onnm level are influenced by surface properties (defects, cracks, and flaws); thus, significant
dissipation of the results can be observed when probing heterogeneous materials or compos-
ite structures. In order to reliably predict mechanical behavior at the bulk level (granules,
tablets), a statistically valid sample size within nanoindentation measurements should be
assured (minimal number of repetitions is 25 with the relative standard deviation within
measurements less than 10 %) (62). From a quality perspective, tests with instrumented na-
noindenters (Fig. 1) are supported by ISO (14577) and ASTM standards (E2546), and hence
govern equipment, calibration, test methods, analysis and reporting concepts (63, 64).

The most common indenter tip used for analysis is the Berkovich tip. Berkovich in-
denter is recommended in practice owing to its numerous advantages such as uniformity
of its shape from vendor to vendor (reproducible face angles can be produced with high
accuracy), sharpness of the tip apex in the range of 20 nm in diameter and production of
plasticity at small displacements without producing cracks. Additional geometries of the
tips along with their properties are represented in Table I (35, 52, 54-56).

Recently developed techniques to be performed with nanoindenters are listed below:

e Continuous stiffness measurement (CSM) allows continuous determination of E
and H during loading rather than just at the final point of stress. This is beneficial
when examining materials with anisotropic characteristics (49, 54).

Dynamic contact measurement (DCM-CSM) allows ultra-low-load mechanical
property characterization (max. load 10 mN). This option has improved resolution
in force (load resolution 1 nN) and displacement (displacement resolution 0.0002
nm), as well as reduced sensitivity to environmental vibrations.

Lateral force approach allows measurement of forces in the x-y plane to the indent-
er column. During the scratch test, these forces correspond to the tangential fric-
tional and the lateral scratch forces. With a tangential force sensor, nanoscratch and
wear tests can be performed at ramping loads (54, 65—66).

Contact mechanics and model for fitting load-displacement data

A typical result obtained from a nanoindentation experiment is the load-displacement
curve, as depicted in Fig. 2. Hertz postulated the model for description of purely elastic
contact between spherical surfaces (67). The most significant contribution of Hertzian con-
tact mechanics is the definition of contact radius a according to Eq. 1:

PR

@ _3PR Eq. 1
4 E,

where P represents applied load, R is combined radius and E, describes reduced elastic

modulus. From the nanoindentation point of view, the relation between E of a sample can

be expressed by taking into consideration E from the indenter tip (generally made of hard

material such as diamond) (Eq. 2):

A 1-wd 1o
E E E.

T 1

Eq.2

where E; and v; are known values of E and Poisson’s ratio of the specific indenter, E and v,
are the same parameters for the sample (48, 49).
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Fig. 2. Load-displacement curve obtained in a nanoindentation experiment (1, — permanent depth
after removal of test force; i, — intersection of the tangent to the first part of the unloading curve with
the displacement axis; h,,,, — indenter displacement at peak load) (35, 48).

max

It is important to elucidate the transition from purely elastic contact to plastic contact
using the Berkovich indenter. Once the indentation depth surpasses the tip radius, the
geometry of the indenter becomes a dominant factor, which contributes to plastic deforma-
tion at the contact point. At maximal load, a hold period is often applied to minimize the
creep effect before the indenter is unloaded. Creep represents the time-dependent plastic
deformation, which occurs due to the movement of the material within a specimen under
high pressure in the contact zone. Besides applying a hold period prior to unloading, creep
can be mitigated by decreasing the strain rate less than 1 % per minute (68) or by using
effective contact stiffness (S) proposed by Feng and Ngan (Eg. 3) (69):

L. hy a3
e 4 d "
S Sup [R

where S, — apparent contact stiffness, iy — indenter velocity at the end of dwell, F,, -~ load

decrease rate at the beginning of unloading,.

The mechanical property calculated from the load-displacement curve can be addi-
tionally influenced by thermal drift. Thermal drift is the main reason for changes in the
dimension of the contact zone as a consequence of thermal expansion or contraction in-
duced by temperature changes. In general, it can be reduced by controlling the environ-
mental conditions or by establishing thermal equilibrium for a sufficiently long time after
handling before the test (35, 55, 65).

During the decompression phase, materials demonstrate a certain level of elastic re-
covery as the material outside the plastic zone relaxes and seeks to resume its original
shape. On the load-displacement curve, elastic relaxation is evidenced by a reduction in
indentation depth with decreasing load. The unloading behavior is presumably an elastic
affair since reversible plasticity does not exist. Therefore, the slope of the unloading curve
represents contact stiffness (S).

More precisely, S is defined as the slope of the upper portion of the unloading curve
where elastic deformation prevails (Eq. 4).
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S= 4P Eq. 4
dh

The most widely used model for analyzing the load-displacement curve (model for
contact depth) was developed by Oliver and Pharr (48, 49). The Oliver-Pharr data analysis
begins by fitting the initial unloading curve to the power-law relation based on Sneddon’s
equation (Eg. 5) (70).

P=a *(h—hp)m Eq.5

where a is a constant depending on the material type, m is a constant related to indenter
geometry (m =1 (flat punches); m = 1.5 (spherical and parabolic indenter); m = 2 conical in-
denter), and h,, is permanent indentation depth after withdrawal of the indenter.

The area of contact at peak load is determined by the geometry of the indenter and the
depth of contact, i, where h_is determined according to Eq. 6.

P
hy=hypoy € [mTJ Eq.6

¢ is a constant dependent on the indenter shape. For cones ¢ is 0.72 and for spheres ¢ is 0.75.
The value of ¢ =0.75 is used for the Berkovich indenter.

The projected contact area (A,) that is used to calculate E, and H is a function of the
indenter’s contact depth (h.) with the tested sample at P,,,,, For example, A, for the Berkov-
ich indenter is calculated according to Eq. 7:

A, =24561 Eq.7

Reduced Young’s modulus (E,) of the indentation contact is given by Eg. 8 and is ob-
tained as a result of nanoindentation measurement:

podr s
] /Ap(hc)

where f is a factor that depends on the indenter shape (Berkovich indenter: § = 1.034) and
accounts for the fact that elastic deformation occurs both in the sample and indenter.

Eq. 8

Indentation hardness (H)

H can be calculated from Eg. 9 as the ratio between the applied load (P,,,,) and pro-
jected contact area (A,):
P
H — _max
_Ap Eq. 9

The most common necessary corrections upon calculation of data from nanoindenta-
tion curves are the initial contact point, frame compliance and indenter area function.
Their impact and involvement in the method as well as the calculation procedure are de-
scribed elsewhere (35, 48, 49). The material-related characteristics are difficult to be com-
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pensated and represent the indentation size effect, pile-up as well as sink-in of material
around/inside residual impression. The presence of discontinuities (sudden increase of
displacement at the same load) in the load-displacement response defined as pop-ins is
indicative of fracturing, delamination or plastic deformation, which is intermittent in na-
ture (35, 71). Another possibility of pop-in effect can be correlated with nucleation of dislo-
cations in a perfect crystal or rapid multiplication of dislocations (71). The model for time
dependent response and indentation response of coated components will not be a topic of
the current review.

Pile-up and sink-in

Contact depth (i) according to Eq. 6 is derived from maximal indentation depth,
which takes into account ¢ = 0.75 as being present in purely elastic contact. Based on that
model, the material around the indenter sinks down. On the other hand, ductile samples
are generally squeezed out upward the residual impression (Fig. 3). In such cases, the

a) b)
pile-up no pile-up sink-in excessive sink-in
or sink-in

Fig. 3. Schematic of Berkovich residual impressions representing different degrees of pile-up and
sink-in. If the residual impressions exhibit pile-up (a) or extensive sink-in (d), the Oliver-Pharr model
will underestimate or overestimate the contact depth, respectively (adapted from reference 76).

contact area appears larger and materials seem to be stiffer, which underestimates the
values of E and H. The most important predictor of pilling up is the ratio between E and
P,. High E/P, ratio is related to the large plastic zone and significant degree of material
surrounding the indenter, which could consequently be displaced upward along the plas-
tic flow. A certain percent of pharmaceutical materials possess strain-hardening proper-
ties (72-74). In such cases, the material becomes harder with subsequent plastic deforma-
tions, which constrains its upward flow. A simple approach for assessment of pile-up
propensity of materials is the ratio of the final indentation depth of the impression after
unloading to the total depth under load (h/h). Pile-up is significant if h/h > 1.0 (49, 75).

Indentation size effect

Indentation size effect (ISE) was first reported in metals, detected as an increase of
indentation hardness by decreasing the depth of penetration regardless of the indenter
shape geometry (77, 78). The reasons can be divided into methods and material used.
Berkovich indenter is pyramidal in shape, although bluntness or spherical shape is present
at its tip. As a consequence, the actual contact area for very small distances from the tip is
much larger (spherical impression) than the same distance for an ideal indenter (pyrami-
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dal residual impression). For a given load, indenter penetration is thus smaller, and hard-
ness appears to be higher. The mostly accepted mechanistic understanding of ISE, adopted
for pharmaceutical crystalline materials, is related to the presence of dislocations and their
density distribution in the structure. If the indentation depth is pronounced, the affected
volume contains many dislocations, and the plastic flow is unaffected to this depth. If the
extent of indentation is comparable with the distance between dislocations, fewer disloca-
tions are present, and the average contact stress for the initiation of plastic flow must be
higher (51, 77). Dependence of mechanical properties on the indentation depth was pro-
posed by Nix and Gao (Eg. 10) (79):

A2
H:H01+[%J Eq. 10

where H is hardness for a given depth of indentation (1), H;is macro-hardness (related to
large penetration depth) and /1’ is the characteristic length that depends on the shear mod-
ulus, H; and tip shape (79).

In case of pharmaceutical materials, ISE can be also related to their viscoelastic prop-
erties, and can be mitigated by the use of flat tips.

Indentation rules of thumb

Results of mechanical nanoindentational testing can only be as good as the sample
used for testing. Over the years, a set of generalized rules associated with sample proper-
ties have been empirically determined as the “three rules of thumb,” including the 10 %
rule for indentation depth, the 5 % rule for surface roughness, and the 1-degree rule for
surface tilt and alignment (80-83). These rules are also listed as requirements in the ISO
standard for instrumented indentation testing (82).

The 10 % rule means that independent measurements of sample hardness can be
made up to 10 % of penetration into the sample (substrate independent hardness measure-
ment). This rule applies to a wide range of material behavior and is generally used. The 5
% rule postulates that surface roughness should be no more than 5 % of the depth at which
results are obtained in order to obtain relevant results (Eq. 11). Sample roughness can lead
to large errors in the contact area which is directly used in determination of H and its
square root for E. Therefore, H is more affected by sample roughness than the E. It has been
shown that repeatable and reliable measurements can be made at penetration depths less
than the minimum depth specified by the 5 % rule but in such cases larger scatter of the
results should be expected (81, 83).

_ surfaceroughness

anin 0.05

Eq. 11

Finally, the 1-degree rule should be considered when testing surfaces that are not
aligned orthogonally to the indenter. The sample surface should be within 1 degree of
orthogonal alignment with the tip, otherwise determination of the contact area is not
adequate, with possible lateral sliding of the contact. It was shown that with increasing

the offset angle both H and E values were higher as a result of increased contact area (81,
83).
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An option to circumvent the problems associated with the substrate and surface ef-
fects on determination of mechanical parameters is the continuous stiffness measurement
technique. This technique enables a clear determination when substrate influences are
affecting the data and identification of the region where relevant data are obtained (82).

Continuous stiffness measurement

Continuous stiffness measurement (CSM) is an improvement upon the traditional
nanoindentation method. With CSM, stiffness is continuously measured during the load-
ing. Therefore, E and H are determined as a function of penetration depth. This is accom-
plished by imposing a small dynamic oscillation in the force (or displacement) signal and
measuring the amplitude and phase of the corresponding displacement (or force) with a
frequency-specific amplifier. The calculation principle is based on a simple harmonic oscil-
lator subjected to force oscillation according to Eq. 12:

K=(s 4K+ K, Eq. 12

where K is equivalent stiffness, which includes contact stiffness S, load-frame stiffness, Kf,
and the stiffness of support springs, K..

Sample stiffness (S) and contact damping (D,w), given by Egs. 13 and 14, are continu-
ously measured during indentation.

= ! _KL Eq. 13
—OCOSQ—(KS—mwz) f
20
F
Do =—sing — Do Eq. 14
20

In these equations, m, K,, K;, and D, are all machine parameters, where m is indenter
column, K| is stiffness of the support spring, D; is the damping factor of indenter head, and
K, is stiffness of the load frame. Machine parameters m, K, and D, are determined by ana-
lyzing the dynamic response of the system when the indenter is hanging free. In the ex-
periment, excitation frequency of the force () is a set value. During experiments, we mea-
sure the displacement amplitude (z,), phase angle ¢, and excitation amplitude F,.

The CSM technique offers the following advantages: it provides continuous measure-
ment of elasticity and plasticity as a function of indentation depth; the time required for
measurement is reduced because there is no need for multiple loading and unloading; and
the contact point is more accurately determined (49, 54, 57, 65, 84).

Fracture behavior

Fracture behavior can be quantitatively evaluated with fracture toughness (K¢). It
represents the material’s resistance to fracturing. When a material has a low K, it can be
considered brittle and more prone to fracturing. In pharmaceutical technology, this pa-
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Fig. 4. Scheme of a radial crack caused by Vickers indenter (adapted from reference 88).

rameter is important as the prediction factor for the milling process. Calculation of K is
commonly based on the use of a Vickers indenter because the Vickers indenter has a sharp-
er tip compared to the Berkovich type of indenter, which can more easily form a crack at
smaller indentation loads. Crack lengths are usually in the range of 0.5-10 pm and are
determined either by SEM (scanning electron microscopy), scanning nanoindenter tip or
AFM (atomic force microscopy) (85). Even with sharp indenter tips like Vickers, the solid
sometimes does not crack which could be the case in softer materials. For such materials,
estimation of Ky is not possible (51). Different models are used to calculate K- and are
discussed in an article by Shiffmann. All models make assumptions about crack geometry,
which influences the crack area considered in equations (85). Fracture toughness for the
most frequently used Vickers and Berkovich indenters can be calculated according to Eq.

15 (Fig. 4). .
chzxv(%) (5] p/c? Eq. 15

where x, is a calibration constant of the indenter, a is the indent diagonal, [ is the length of a
crack, E is Young’s modulus, H is hardness, P is load, and c is the crack radius given by a +1
(16, 33, 86, 87).
An additional parameter used to describe fracture properties is the brittleness index
(BI) (Eq. 16).
H

Bl =——
KIC

Eq. 16

Using BI, materials can be categorized as easy, moderate, and difficult to mill. Higher
value of BI (i.e., higher H and lower K;) promotes the fracturing of material during grind-
ing. The theory behind this relates to lower energy required for plastic deformation, thus
leaving more energy input for the creation of new surfaces, that is, crack growth and frac-
ture. The same principle is true of low fracture toughness (less resistance to fracture), in
which case less energy is needed to create new surfaces (33, 86, 87).

By determining fracture parameters using nanoindentation, selection of milling condi-
tions and mill types with a minimal amount of material can be attained (33, 86, 87, 89-91). The
examples are described in detail in the section on »Nanoindentation in milling predictionc.
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APPLICATION OF NANOINDENTATION IN PHARMACEUTICAL TECHNOLOGY

Mechanical properties of molecular crystals

The type of deformation that happens in a crystal upon the application of mechanical
stress is strongly dependent on the crystal structure and molecular packing. Plasticity in
crystals is generally achieved through irreversible glide or slip, twinning, or bending of
molecular layers (Fig. 5). Shearing or slipping is associated with the layered structure of a
crystal, for which strong in-plane and non-specific interlayer interactions are characteris-
tic. Slip planes in crystals frequently exhibit the largest d-spacing (inter-planar distances),
accompanied with the lowest attachment energy. When exposed to mechanical stress, the
molecules forming slip planes tend to slide as a whole. Plastic deformation due to twin-
ning occurs in crystals with low symmetry and few slip systems or when plastic deforma-
tion is obstructed due to unfavorable alignment or under high loads. Unlike slip, twinning
deformation is homogenous over the entire crystal lattice and is not restricted to multiples
of the lattice parameter (45, 46, 50, 58, 92-95). Compounds with a disordered, corrugated
layered structure do not show shearing; they bend or break under applied mechanical
stress. Bending occurs when the crystal packing is anisotropic, in which strong and weak
interaction patterns happen in nearly perpendicular directions. Interactions in such crys-
tals are not uniform and similar in all directions. Once bent, the crystal does not regain its
original shape. This is called plastic bending (45, 58).

When crystals are defined as brittle, they can fracture more easily or break into pieces
under mechanical stress. Molecules in such crystals are commonly highly interlocked,
with isotropic interactions in all three dimensions of the structure (50, 96). Pharmaceutical
materials such as molecular solids commonly exhibit anisotropic properties. Therefore,
measuring and interpreting their mechanical properties can be quite demanding (58). In
specific cases, at least 3 to 6 oriented crystals are necessary for investigation of crystal
anisotropy, with a minimum of 20 repetitions within each. This number is generally suf-
ficient to give a statistically representative sample size with acceptable scatter in the results
(usually defined as a covariance lower than 10 %). Prior to measurements, crystals should
be oriented on a single X-ray diffractometer and tightly bounded to substrate surface. Nev-
ertheless, this rule is not limited and should include different statistical approaches related
additionally to the size and surface quality of the prepared monocrystals (62, 81).

To investigate the mechanical behavior of single organic crystals with respect to their
crystal structure, nanoindentation has recently gained considerable research attention (37,

a) b) ) d)
Pa—
slip plane twin
e ] T . -p;l.amc bending
—>

Fig. 5. Schematic presentation of crystal deformation upon mechanical stress: a) original crystal, b) slip,
¢) twinning, d) bending (adapted from reference 50).
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58, 71, 97, 101). Ramos and Bahr mechanically evaluated oriented sucrose crystals using
nanoindentation. Sucrose is described as a brittle material containing few slip systems. The
measured E ranged from 38 GPa for the (100) crystal face to 33 GPa at the dominant crys-
tal face (001) and was in accord with sucrose orientation-dependent bonding strength,
whereas H was similar at both investigated faces (1.5 GPa). It was suggested that solute
molecular defects (such as water) could impact the measurement of H and thus the envi-
ronment should be an important consideration in the plastic deformation measurement
(71).

Feng et al. focused on examining the differences in crystal structures of several para-
bens and their ability to form compacts. Instrumented nanoindentation was employed to
quantitatively evaluate plasticity on the dominant face of parabens’ single crystals (see
Table III). According to the H results, methyl paraben had the fewest plastic properties
(highest H), and produced tablets of the lowest tensile strength compared to other para-
bens (ethyl, propyl, and butyl paraben). These results were in accord with their structural
differences and correlated well with the absence of slip alignment (methyl paraben) or the
presence of slip planes (ethyl, propyl, and butyl paraben) in their crystal structures. The
increased surface area obtained by plastic deformation in parabens with slip planes caused
more interactions between particles and thus the formation of stronger compacts (92).

In a study performed by our research group, APIs such as famotidine, nifedipine,
olanzapine and piroxicam were selected for quantitative mechanical evaluation with in-
strumented nanoindentation. From the practical point of view, the most thermodynami-
cally stable polymorphic forms were prepared, oriented and mechanically characterized.
An exception was famotidine, for which both forms, A (thermodynamically most stable)
and B (kinetically favored form), were included in the study. Form B is also the one used
in marketed formulations. Mechanical attributes such as E and H were consistent with the
molecular packing of the polymorphic forms investigated with respect to crystal orienta-
tion. Mechanically interlocked structures were characteristic of most of the tested APIs. In
these cases, the response of different crystal faces to indentation was isotropic. For two
polymorphic forms of famotidine, a distinct difference was found in their plastic behavior.

a)

Fig. 6. Packing diagram of: a) famotidine A and b) famotidine B, viewed along the b-axis. Hydrogen
bonds are shown as red dotted lines. The slip plane (-101) in form B is represented as a blue line (98)
(with permission from Springer).
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For famotidine A, the molecules were densely packed and highly cross-linked, which re-
sulted in higher H compared to form B, for which the presence of a slip plane was con-
firmed, indicating its higher plasticity (Fig. 6).

Nanoindentation for form B was conducted in a direction normal to slip planes. Nev-
ertheless, the attainable lower H was explained by higher density in one direction, which
decreased the attachment energy of stacking layers and stiffness but improved its plastic-
ity. Deformational mechanism for the examined crystals was assessed according to yield
pressure (P,) and its ratios with E and H calculated from Eq. 17, as proposed by Roberts and
Rowe (99). According to the H/P, ratio, materials can be classified as very plastic if the
value is 1.5-2.0; brittle when H/Py is 2.0-2.2, and plastic if H/Py >3.

o 007+06mE Eq. 17
Py Py

Brittle behavior was determined in the case of highly cross-linked structures (98).

Nanoindentation was utilized by Varughese et al. in an examination of the differences
in interaction anisotropy and shear instability of two known aspirin polymorphs, meta-
stable form II and stable form I. The distinction between the two forms is related to the
manner in which crystal layers are arranged. The structure of form I is related to that of II
by a relative shift of adjacent layers parallel to one of the crystallographic axes. Because the
two forms are related, indentation experiments were performed on potential slip planes in
both forms: the (001) face of form I and the structurally equivalent (102) face of form IIL
Smooth load-displacement curves consistent with the induced slippage were characteristic
for (001) of I and (102) of form II, while distinct pop-ins were observed for (100) of form I
due to normally applied stress to the slip plane. Nanoindentation results revealed that the
(102) face of the metastable polymorph II had lower H and E compared to the (001) face of
the stable form I and was thus susceptible to elastic/plastic deformation. This result repre-
sented the mechanical rationale for the solid-state transformation of form II to form I.
Under ambient conditions, this could take several months, but under shear stress (applied
by milling) this process can be accelerated (37).

Olusanmi et al. extended their work also in investigating the deformation and break-
age behavior of aspirin form I (31). They reported different propensities for crack propaga-
tion at different faces of aspirin crystal. Fracture toughness at the (001) plane was signifi-
cantly lower compared to the (100) plane, indicating that the former (001) was the preferred
cleavage plane for aspirin I. Measured E and H were lower on the (001) face compared to
the (100) face, showing a higher tendency towards elastic/plastic deformation. When the
same load was applied to the two main crystal faces, higher indentation depths were at-
tained at the (001) face indicating easier plastic flow. Analyses of the load-displacement
curves showed frequent but shallow pop-ins of the (001) face and comparatively deeper
but less frequent pop-ins of the (100) face. It was concluded that pop-ins at the (100) face
were associated with cracking while smooth or shallow pop-ins of the (001) crystal face
suggested induced slippage (31). This study demonstrated that aspirin form I is anisotropic
in its fracture and slip behavior.

Mishra et al. focused on alternation of deformational properties of odd and even a,w-
alkanedicarboxylic acids (diacids). Variation of H and E was examined by nanoindentation
on the major faces of up to six single crystals. It was observed that E, as an intrinsic prop-
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erty, depended on the type and number of intermolecular interactions and molecular ar-
rangements alternated with odd and even diacid series. These variations have already
been observed for physical and thermal properties, like melting point, sublimation, and
solubility. Even diacids can accommodate the stable sawtooth conformation with mini-
mum O--O repulsions while the odd acids adopt a more strained twisted conformation to
reduce these repulsions, which leads to easier accommodation of deformation during load-
ing (reduced values of E and H). Plastic deformation in diacids is explained by the sliding
of molecular layers past each other depending on the interlayer separation distance. The
hardest of examined diacids was succinic acid (C,) with H of 459.0 MPa compared to glu-
taric acid (Cs) with H of 135.1 MPa. During indentation, the strained lattice of odd acids
facilitates long-range molecular migration, which reduces the overall strain in the lattice,
resulting in higher plasticity. In addition, indents on odd acids showed more pile-up of
material compared to the even one, indicating their higher plasticity. The differences in H
between odd and even acids decreased with increasing chain length, causing a decrease
of the H value in even acids and an increase of H in odd acids (100, 101).

Nanoindentation was also used by Sanphui ef al. in determining mechanical proper-
ties of voriconazole compared to its cocrystal and salt forms. It was demonstrated that E
and H could be moderately modified by making salts and cocrystals. While the salt of
voriconazole with hydrochloride acid was the stiffest, voriconazole was the softest among
the tested compounds. The obtained nanoindentational results could be explained by the
underlying structural properties. All the salt forms exhibited brittleness accompanied
with strong ionic and other supplementary interactions, which is the reason for higher E
compared to voriconazole. Also, stronger ionic interactions in salt forms are the reason for
stiffer properties of salt forms compared to weaker noncovalent interactions in cocrystals
(102). The measured E and H values are summarized in Table III.

Chen and coworkers implemented the high-resolution total scattering pair distribution
function (TS-PDF) analysis coupled with nanoindentation for assessment and prediction of
disorders that can occur in API crystals when subjected to pharmaceutical unit operations
like milling and compaction. They performed experiments on two pharmaceutical com-
pounds. Compound 1 was a PARP (poly (ADP-ribose) polymerase) inhibitor evaluated as
brittle, and compound 2 as a sphingosine-1-phosphate receptor agonist and antagonist as
plastic material. Indentations were performed on dominant faces of at least two prepared
single crystals. Much larger E and H were determined for compound 1 (10.4 and 0.4 GPa)
compared to compound 2 (2.7 and 0.15 GPa). The fractured behavior of compound 1 was also
aligned with pop-ins observed on the force-displacement curve during the loading, while for
compound 2 pile-ups were noticed suggesting softer and plastic material. All these observa-
tions were also consistent with APIs’ crystal structure. The molecules in compound 1 are
cross-linked in a three-dimensional hydrogen-bond network exhibiting rigid isotropic lat-
tice packing. The packing of compound 2 is anisotropic, where strong and weak interactions
are present in nearly orthogonal directions typical of soft and plastic organic crystals. Their
study was aimed at differentiating between the two compounds in their structural disorders
that can arise in crystals upon milling and compaction. This was evaluated using the syn-
chrotron-based high resolution total scattering pair distribution function analysis. No struc-
tural disorders were observed under typical milling and compaction conditions for the hard
and brittle compound 1, whereas soft crystals of compound 2 exhibited obvious disorders
even under mild milling and compaction conditions (103).
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It was recently reported that H can be used as an effective parameter that correlates
well with the solubility of compounds. Namely, both parameters depend on the same fac-
tors, i.e., crystal structure and intermolecular interactions. H depends on the presence of
slip planes and enhanced easiness of layers sliding past each other. This process requires
breaking and re-establishment of intermolecular interactions. When less stress is required,
the measured H will be lower. The same principle can be foreseen for solubility. Solubility
also depends on the ease with which intermolecular interactions can be broken, but in-
stead of stress this is attained by the solvent. This claim was examined on curcumin and
sulfathiazole, both of which exhibit several polymorphic forms with similar structure and
small differences in melting points and in Gibbs free energy. It was determined that form
1 of curcumin was stiffer and harder with lower solubility compared to the other two
polymorphic forms of curcumin with comparable but lower E and H and enhanced solu-
bility. Comparing the deformational properties of four sulfathiazole polymorphs, it was
established that form 1 was the least stiff and hard, whereas form 2 was the stiffest and
hardest. The stability of polymorphic forms was ranked in the same order as H but the
differences in solubility were in the same order as differences in H values. Inverse correla-
tion was established between hardness and solubility, where the softest polymorph was
also the most soluble. It was proposed that H could be used as a parameter to assess the
solubility order in close energy-related polymorphic systems (104).

Unusually large E was reported for amino acid molecular crystals (a-glycine, L-ala-
nine, DL-serine, glycylglycine). Values as high as 44 GPa were measured with instrument-
ed nanoindentation (Table III). It was shown that E was strongly facet dependent and
correlated with the underlying hydrogen-bonding network (105). Such a large E of amino
acid crystals had been previously obtained in high-pressure diffraction measurements
(106, 107). The determined E values of amino acids are remarkably high for molecular
solids and suggest the hydrogen-bond network design as a pattern for rational design of
ultra-stiff molecular solids (105).

Nanoindentation in prediction of bulk mechanical properties

Nanoindentation in milling prediction. — Particle-size reduction by mechanical means is
a primary step for size distribution homogeneity, an important parameter for preventing
segregation during mixing and tableting. Bioavailability of many poorly soluble drugs is
enhanced if the primary particle size is reduced (3, 33). In general, fracture behavior of a
material depends on its mechanical properties, processing conditions such as stress inten-
sity, impact velocity and temperature, and the pre-existing imperfections and flaws in the
material. Mechanical attributes of pharmaceutical materials usually investigated for eval-
uation of the particle breakage mechanism are the following: E, H, B, and K¢ (33, 86, 87,
89, 108-111). Mechanical properties that can be derived from these parameters are pre-
sented in Table II.

In a study performed by de Vegt et al., the effect of pre-existing flaws on mechanical
properties of sodium chloride was investigated in order to improve control of the milling
process. Sodium chloride was chosen because various sources and production methods of-
fered the possibility of controlled variation in material defects. Defects were evaluated using
an optical microscope and described as flaw density (flaws/m?) and average flaw size (um).
The mechanical behavior of sodium chloride from various sources was evaluated by the H/
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P, ratio introduced by Roberts and Rowe (99). The H/P, ratio is named the constraint factor
and defines the ductility of the material. It was shown that particles exhibiting a small aver-
age flaw size or high flaw density had the lowest H/P, ratio and were more prone to break-
age. Particles with larger flaw size possess a high H/P, and are more ductile and less suscep-
tible to breakage. It was deduced that, besides processing conditions and material properties,

particle fracture is more influenced by the number of flaws than by flaw length (109).

Meier et al. maintain that particle breakage is not simply a function of H and E. In their
experiment, several pharmaceutical excipients and APIs were mechanically evaluated
(Table II). Ascorbic acid and sucrose had relatively high H and high breakage affinity. On
the other hand, acetylsalicylic acid also exhibited high breakage affinity but had the lowest
H of all the materials studied. It was demonstrated that BI distinguished between breakage
behaviors of the tested materials and confirmed its significant influence on particle-size
reduction. Therefore, BI was evaluated as a promising parameter for predicting milling
behavior, which can be used for modeling and design of a milling process (33).

Taylor et al. succeeded in predicting milling behavior in large plant mills based on
nanoindentation measurements on single crystals. Correlation was established between
small- and large-scale milling behavior. Similar size reduction ratios were determined
despite the differences in relative strain rates of the two processes. If BI was higher, the
percentage of size reduction was also higher (other milling parameters were constant).
Among the five materials investigated, the most brittle one, sildenafil citrate (Bl around 30),
could be milled on any type of the standard mill equipment. For voriconazole, the most
plastic and elastic material with BI <1, particle size below 250 um, could not be obtained.
It was deduced that more energy input was needed when a material is more elastically and
plastically deformable; in these cases the material fractures at higher energy input. Thus,
a more energetic milling process was required for voriconazole (86, 87).

Table I1. Summary of experimental nanoindentation measurements in milling prediction

Material E (GPa) H (GPa) Kic Mechanical properties Reference
(MPa m'?)
a-Lactose 2144 0869 00908
monohydrate
Acetylsalicylic acid 5.44 0.222 0.0211
Correlation exists
Ascorbic acid 34.46 1.003 0.0776 between BI (H/K,) 33
Sucrose 12,6 1.013 0.1083 and milling behavior
Tartaric acid 3.5 1.354 0.1666
Glycine 41 0.852 0.0978

Good correlation between
Sildenafil citrate 139 0.52 0.019 BI and milling behavior,
voriconazole more plastic,
BI < 1, difficult to mill;
Voriconazole 37 013 _ sildenafil citrate more
brittle, BI~30, easy to mill

86, 87
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Nanoindentation as a tool for prediction of compaction behavior. — The state of art for pre-
dicting a powder’s compression properties was set by Roberts and Rowe, who determined
deformational properties of pharmaceutical materials according to H, E, and P, with mi-
croindentation. Based on these parameters, the ability to form compacts was evaluated for
some pharmaceutical excipients and APIs (99). Microindentation was also employed by
Duncan-Hewit et al., who assessed H, H/E ratio, and K. of some pharmaceutical materials
(i.e., sucrose, adipic acid, acetaminophen, and sodium chloride). They suggested that the
HJ/E ratio could be used to predict the behavior of materials during compaction; that is, a
high H/E ratio indicates poor compaction behavior. For example, in their study, acetamin-
ophen had the highest H/E ratio and also exhibited the poorest compaction behavior, en-
hanced by capping and lamination. Similar behavior was identified with adipic acid. In
addition, higher values of BI favored fragmentation of investigated materials during com-
paction, whereas lower values indicated ductile behavior, as demonstrated for sodium
chloride (28).
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Fig. 7. Prediction of elastic deformation: correlation between ER (elastic relaxation index — bulk level)
and a) W, (energy of elastic deformation) and b) 1/E (compliance) (112) (with permission from
Elsevier).
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Fig. 8. Relationship between compactibility coefficients (C,) and plasticity parameter-indentation
hardness (H) at the single-crystal level (62) (with permission from Elsevier).

Despite the aforementioned analysis using microindentation, the method is not com-
monly used for molecular crystals because it often leads to fracture. Extremely small and
control loads are therefore needed, which can be accomplished with nanoindentation.

Govedarica et al. studied deformational behavior of common pharmaceutical excipients
(microcrystalline cellulose, lactose, dicalcium phosphate anhydrous, corn starch, isomalt,
and sodium chloride) by instrumented nanoindentation (112). The measured values are
summarized in Table III. The main purpose was to categorize the deformational mecha-
nisms of excipients at the single particle level as well as to predict compression behavior at
the bulk level using Heckel and Walker coefficients. An excellent correlation was established
between H evaluating excipient’s plasticity at the single level and the Walker coefficient
(powder compressibility) at the bulk level. The energy of plastic deformation at the single
particle level differentiated materials in which plastic deformation dominated (microcrystal-
line cellulose, corn starch) from those materials where brittle fracturing prevailed (lactose,
dicalcium phosphate anhydrous). A material’s elastic properties could be successfully pre-
dicted by measuring the energy of elastic deformation on a single scale (W, 4,,1e) and compli-
ance (1/E) because an excellent correlation was determined with the bulk parameters, such
as energy of elastic deformation and the tablets’ elastic relaxation index (Fig. 7).

In experiments performed by our group, the extent to which single-crystal mechani-
cal properties of selected active ingredients (famotidine, nifedipine, olanzapine, piroxi-
cam) influenced their bulk compressibility and compatibility was investigated. Nanoin-
dentation experiments (values are given in Table III) were carried out on oriented single
crystals in order to systematically evaluate the mechanical response of crystals with re-
spect to their molecular structure (packaging). Good correlations were established be-
tween bulk and single-crystal plasticity parameters: the Walker coefficient and H. More-
over, it was possible to predict the elastic properties of the APIs investigated at the bulk
level because a correlation between the elastic relaxation index and compliance (1/E) was
established. In addition, compactibility of materials was successfully anticipated accord-
ing to the H values of single crystals (Fig. 8).

Most polymorphic forms investigated in our experiment exhibited mechanically in-
terlocked structures, resulting in single crystals having isotropic mechanical properties
(similar values of E and H determined at different crystal faces). It was shown that in such
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cases good correlations between single and bulk mechanical properties could be expected.
The results implied that innate crystal deformational properties defined their powder
compressibility and compactibility properties to a great extent (62).

Direct correlation was also established among crystal structure, mechanical behavior
and tabletability in the three polymorphic forms of 6-chloro-2,4-dinitrianiline. The exam-
ined three polymorphic forms possessed different deformational mechanisms. Form I rep-
resenting shearing, II bending and form III crystals are of brittle type. The tabletability
(compactibility) of the three forms showed excellent agreement with the qualitative clas-
sification of plastic shearing, bending, and brittle nature determined according to Desiraju
and co-workers (50, 96). According to the compactibility profile, it was shown that form III
had substantially lower plasticity compared to the other two polymorphic forms, which
could be expected also from their crystal structure. Form Il has interlocked structure with
relatively strong intermolecular interactions indicating its brittle structure. On the other
hand, form I has thin flat 2D layers with relatively strong intralayer hydrogen bonds and
weak non-specific stacking interactions between anti-parallel packed layers with larger
spacing. These weakest planes act as slip systems for plastic shearing and thus stronger
compacts can be made, as shown by the compactibility profile. Although the packing in
form 1II is also of 2D type, its construction and interlayer interactions are different from
those in form I. Strong intralayer and weak interlayer interactions are arranged in perpen-
dicular direction required for all bending type crystals. Higher thickness of the sheets and
superior strength of interlayer interactions are the cause of lower plasticity compared to
form L. Prediction of plasticity according to nanoindentation H could not be established
because the crystals were not of sufficient size. However, the results reported by this re-
search group suggest that the thinner the layers formed via strong interactions and the
weaker the interlayer interactions, the higher is the plasticity of the crystals. In addition,
the strength of the tablets is expected to be directly proportional to the strength of inter-
molecular interactions across the lowest energy slip plane in the crystal. This could be
exploited to identify more efficient API formulation and manufacture (113).

Cocrystallization is considered as an effective tool for improving pharmaceutically
relevant properties, e.g., improved physical and chemical stability, solubility, dissolution
kinetics, bioavailability, product manufacturing as well as an opportunity for intellectual
property (11, 12, 50, 58, 114). Problems associated with the manufacturing performance can
be anticipated by the nanoindentation technique, as shown in the presented examples. In
a study performed by Chattoraj et al., a 1:1 molar ratio cocrystal was formed between
piroxicam and saccharin. All three compounds (piroxicam, saccharin, cocrystal) were
evaluated to find whether intact tablets could be made in the compression range between
10 and 300 MPa. The highest tensile strength was exhibited for saccharin, followed by
piroxicam and cocrystal. This could be predicted by nanoindentational parameters deter-
mined on single crystals since H was in the order saccharin (0.49 + 0.01 GPa) < piroxicam
(0.53 £ 0.20 GPa) < cocrystal (0.63 + 0.04 GPa). Therefore, saccharin was most plastically
deformable and also formed the strongest tablets over the compression range used in the
study. On the other hand, the cocrystal could not form intact tablets (114).

In contrast, improved mechanical properties were obtained by formation of cocrystals
between four vanillin isomers (vanillin, ethyl vanillin, iso-vanillin and Schiff base of or-
tho-vanillin with ethylene diamine) and 6-chloro-2,4-dinitroaniline. While single compo-
nents displayed brittle nature, which was expected from their isotropic structures with
three-dimensional interlocked packing, the cocrystals were less brittle. Crystal structures
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of cocrystals are stabilized by a combination of weak and strong interactions favoring
plastic deformation. The highest tensile strength of tablets made from cocrystal powder
was determined for the Schiff base of ortho-vanillin with ethylene diamine and 6-chloro-
2,4-dinitroaniline cocrystal, as already anticipated by nanoindentational deformational
properties determined on single crystals (values are given in Table III) (115).

A summary of nanoindentational experiments for prediction of bulk compaction be-
havior is given in Table III.

SUMMARY AND OUTLOOK

Nanoindentation allows characterization of individual crystals or particles free of
particle-particle interactions. Also, measurements can be performed quickly with little
material, and as such can be very valuable for mechanical property screening in the early

Table I11. Values of E and H obtained by nanoindentation measurements in predicting bulk compaction behavior

Material E (GPa) H (GPa) Mechanical properties Reference
Corn starch 29+0.3 0.225 +0.013 plastic
NaCl 31.3+27 0.373 + 0.055 plastic
Lactose NF 312 199+3.2 1.128 £ 0.117 brittle
Avicel® PH 200 6.3+0.8 0.399 + 0.058 plastic
Avicel® PH 101 6.7+0.5 0.433 +0.030 plastic 112
Pharmatose® DCL-11 17.5+14 0912 £ 0.149 brittle
Bekapress® 30.8+2.5 0.917 +0.257 brittle
Famotidine A 201+23 1.34+0.23 brittle
Famotidine B 195+04 0.84 +0.02 brittle/elastic
Nifedipine 12.3+5 0.56 +0.11 brittle/elastic
Olanzapine I 14.4+17 0.75 +0.04 brittle/elastic 6298
Piroxicam I 121+09 0.61 +0.08 brittle/elastic
Methyl paraben 141+044 Tensile strengths of
Ethyl paraben 0.312 + 0,089 methyl, ethyl, propyl, and
butyl paraben are 0.10 MPa, 92
Propyl paraben 0.452£0.105 1711 MPa, 0.43 MPa and
Butyl paraben 0.514 = 0.068 0.84, respectively.
Succinic acid (C4) 0.459 + 0.005 . .
Alternating mechanical
Glutaric acid (C5) 0.135 £ 0.008 properties in o, -
AdipiC acid (C6) 0.313 + 0.008 alkanedicarboxylic acids.
) o 0Odd diacids exhibit
Pimelic acid (C7) 0.264 + 0.007 higher plasticity and
Suberic acid (C8) 0.295 +0.005 elasticity compared to the 100
L even ones.
Azelaic acid (C9) 0.259 + 0.004
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[-Piroxicam 13.09 £ 0.22 0.53+0.20
Most plastically
Saccharin 8.93+0.13 0.49 +0.01 deformable saccharin
exhibited the highest
Cocrystal (B~ 20.31 + 1.19 0.63+0.04  tablet tensile strength. 14
piroxicam/saccharin)
Voriconazole 3.79+0.17 0.367 +0.003
Voriconazole/HCI 19.41+0.13 0.870 + 0.006
(1:2) salt
Voriconazole/oxalic
acid (1:1.5) salt 5.95+0.10 0.426 +0.006
Voriconazolefoxalic 8.29+0.25 0.628 0.002 Voriconazole is
acid (1:1) salt the softest among
Vori le/f . tested compounds, 102
oriconazole/iumaric 5.79 +0.26 0.293+0.003  while hydrochloride
acid (1:1) cocrystal .
salt of voriconazole
Voriconazole/4-ami- is the hardest.
nobenzoic acid (1:1) 5.63 +0.35 0.264 +0.005
cocrystal
Voriconazole/4-
hydroxybenzoic acid 5.64+0.21 0.263 +0.002
(1:1) cocrystal
Curcumin form 1 11.15+0.20 0.432 +0.015
Cucumin form 2 5.68 +0.25 0.341+0.17
Cucumin form 3 5.60 +0.29 0.333 £0.018 .
Inverse correlation
Sulfathiazole form 1 10.01 +0.19 0.356+0.010  exists between Hand 104
Sulfathiazole form 2 2044 +0.25 1.080 + 0.015 solubility.
Sulfathiazole form 3 16.42 +0.30 0.704 +0.018
Sulfathiazole form 4 17.31 +0.21 0.881 +0.012
26 + 1 crystal face (010)
) 29 + 2 crystal face (110)
a-Glycine
33 +1 crystal face (011)
44 + 1 crystal face (001)
E of selected amino
v-Glycine 28 + 1 crystal face (100) acid molecular crystals
is facet-dependent and 105
21.2 +0.3 crystal face (010) correlates with the
L-Alanine 20.8 + 0.4 crystal face (120) underlying hydrogen-
34.4 +0.2 crystal face (011) bonding network.
DL-serine 23.1 +0.5 crystal face (100)
Glycylglycine 26 =2 crystal face (001)
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stages of drug development. Sample properties are fundamental for obtaining relevant
results. The best system for nanoindentation measurement are single crystals and parti-
cles, as well as polymeric films. The sample must be of sufficient size and quality. Nanoin-
dentation parameters E, H, and K- can be utilized to determine a material’s elasticity,
plasticity, and fragmentation, which is important in all pharmaceutical processes in which
material is exposed to stress, mainly during milling and tableting. It should be noted that
nanoindentation focuses on particle mechanical properties, but other factors such as par-
ticle size, particle shape, particle interaction, lot-to-lot variation can have a significant ef-
fect when translating these properties to the bulk level (milling, compaction). Moreover,
nanoindentation is useful for revealing the crystal structure and mechanical property
relationships. These studies can aid crystal engineering in furthering the understanding
of molecular crystal properties.

This review summarizes the usefulness of nanoindentation for testing small organic
pharmaceutical substances and the role that these measurements have in predicting bulk
mechanical properties. Important steps have already been made in ensuring reliability
and usefulness of the data that can be obtained by nanoindentation. We believe that the
growing interest in exploring the nano-level properties of materials will contribute to
further development and utilization of the nanoindentation technique.
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