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a b s t r a c t

Understanding mechanical properties of pharmaceutical solids at the submicron scale can be very impor-
tant to pharmaceutical research & development. In this paper, the hardness of individual particles of
various pharmaceutical solids including sucrose, lactose, ascorbic acid, and ibuprofen was quantified
using the atomic force microscopy (AFM) nanoindentation. Effects of data variation and indentation size
or peak load on hardness are evaluated. The results show acceptable reproducibility and indicate that data
variation may be primarily from the inhomogeneous nature of the samples. Different extents of indenta-
tion size or peak load effect on hardness were observed for the samples. With consideration of both data
Atomic force microscopy
Nanoindentation
Particle
Hardness
P

variation and indentation size effects, the hardness values of different samples were compared at simi-
lar contact depths or peak loads. The hardness ranked as: ascorbic acid > sucrose > lactose ≈ ibuprofen, at
contact depths from ∼40 to 400 nm or peak loads ranging from ∼16 to 70 �N. Additionally, the potential
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. Introduction

Mechanical properties of pharmaceutical solids play an impor-
ant role in pharmaceutical research & development including solid
osage form design and manufacturing, particle size control, and
xcipient selection (Amidon, 1995; Hiestand, 1997; Hancock et
l., 2001; Sun and Grant, 2001; Mullarney and Hancock, 2006).
ommonly, the mechanical properties have been determined by
ulk methods such as impact-rebound (Hiestand et al., 1971) and
eam-bending (Podczeck, 2001). These methods are performed on
ompacts made from the powders. Complicated sample prepara-
ions, demand for relatively large sample size and time-consuming
rocedures limit their use in pharmaceutical industry. Other draw-
acks of these bulk methods include the influence of porosity
Hancock et al., 2000), particle size and shape (Hancock et al.,
001), and potential changes in mechanical properties due to
he compaction process, resulting in large variations in reported
ata.

In the last two decades, effort has been made in the development

f techniques for probing the mechanical properties of materials at
he submicron scale (Oliver and Pharr, 1992; Rowe and Roberts,
995; Fraxedas et al., 2002). These techniques, especially nanoin-
entation, allow indentation measurements to be conducted on
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s to compact hardness and tableting performance was discussed.
© 2008 Elsevier B.V. All rights reserved.

ndividual particles or crystals (Taylor et al., 2004a,b). With the
apid development of atomic force microscopy (AFM), AFM nanoin-
entation has quickly become a very promising technique to assess
echanical properties at a nanometer scale. It allows a unique com-

ination of high-resolution imaging, composition mapping with
patial resolution in nanometers and local mechanical studies with
orces at nanoNewtons (Vanlandingham et al., 1997; Belikov et al.,
007).

Recently, AFM nanoindentation studies have been employed
o study pharmaceutical materials such as lactose (Perkins et al.,
007), sucrose (Liao and Wiedmann, 2004; Ramos and Bahr, 2007),
odium stearate (Liao and Wiedmann, 2004), acetaminophen (Liao
nd Wiedmann, 2004, 2005) and sulfathiazole (Picker-Freyer et
l., 2007). These studies reported some particle hardness data and
howed potential applications of AFM nanoindentation to pharma-
eutical research. However, some of the studies differed largely in
xperimental measurements and result analysis, making it difficult
o compare the hardness results from different studies. In addi-
ion, very limited discussion was found for effects of data variation
nd indentation size or peak load that may significantly affect the
ardness value and comparison. In this paper, the hardness of indi-
idual particles was quantified for pharmaceutical solids including

ucrose, lactose, ascorbic acid and ibuprofen using AFM nanoinden-
ation. With consideration of both data variation and indentation
ize or peak load effects, the hardness of different samples was com-
ared. Additionally, the potential implication of particle hardness
o compact hardness and tableting performance was discussed.

http://www.sciencedirect.com/science/journal/03785173
mailto:xiaoping.cao@pfizer.com
dx.doi.org/10.1016/j.ijpharm.2008.06.015
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was between 0.14 and 0.37 V. The surface smoothness was eval-
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ig. 1. The peak load as a function of the trigger threshold during AFM nanoinden-
ation.

. Materials and methods

.1. Materials and sample preparations

The lactose (316 Fast Flo, spray dried) was obtained from Fore-
ost Farm (Philadelphia, PA). The sucrose was purchased from

igma Aldrich with a 99.5% purity. The sucrose crystals were
ashed with methanol to remove small crystallites on the surfaces

nd produce a smooth surface suitable for AFM nanoindenta-

ion experiments. The ascorbic acid was obtained from ScienceLab
ith a 99.0%+ purity. The ibuprofen with a particle size (volume
ean diameter) of ∼90 �m was obtained from BASF Corporations

Ibuprofen 90). To prepare the particle samples for AFM nanoin-

u
o
m
i

ig. 2. AFM nanoindentation results of a sucrose crystal: (a) image before indentation; (b
f 80 nm. (c) A typical force curve at a trigger threshold of 0.6 V.
of Pharmaceutics 362 (2008) 163–171

entation, a thin layer of epoxy (Loctite Medical Epoxy, M-21HP,
ysol®) was cast on a glass coverslip substrate, and the sample
articles were then fixed on the epoxy film. Only the sucrose crys-
als were large enough to be handled individually and were placed
n the epoxy film with the largest crystal face exposed for nanoin-
entation. The lactose, ascorbic acid and ibuprofen particles were
ispensed carefully on the epoxy film using a spatula. After the
poxy film was allowed to harden for about 45 min, the excess par-
icles were removed by lightly tapping the glass cover slip on its
ide.

.2. AFM nanoindentation

A Nanoscope IIIa Multimode AFM (Veeco Metrology Group,
anta Barbara, CA) was used to analyze all samples. The exper-
ments were performed in air at ambient conditions. A JV-type
canner (Veeco Metrology Group, Santa Barbara, CA) was used.

stainless steel cantilever with a cube corner pyramidal dia-
ond tip (Veeco Probes, Santa Barbara, CA) was employed for

oth nanoindentation and imaging. The diamond tip had a length
f 50 �m, a tip radius of curvature less than 50 nm, a con-
act sensitivity of 203 nm/V and a resonance frequency of about
4 kHz. Both height and phase images were collected and ana-

yzed with Nanoscope software (Veeco). All images were collected
ith a resolution of 256 × 256 pixels, and majority of images
ere taken in a 2 �m × 2 �m scan area with a scan rate rang-

ng from 0.4 to 1.0 Hz. The set point for the feedback control
ated by the mean roughness (Ra) that is defined as the average
f the absolute values of surface height deviations from the
ean plane. The mean roughness was calculated from the height

mage.

) image after indentation at a trigger threshold of 0.6 V. Both images have a Z scale
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Table 1
Summary calculation results from multiple measurements for a sucrose crystal

Replicate Pmax (�N) S (nN/nm) hc (nm) H (GPa)

7 22.3 ± 0.1 487 ± 32 60 ± 6 2.4 ± 0.5
10 33.2 ± 0.1 500 ± 39 81 ± 13 2.0 ± 0.4
8
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hc = hmax − ε max

S
(3)

F
h

44.4 ± 0.3 514 ± 58 100 ± 14 1.8 ± 0.4

he standard deviations are included for each value.

For nanoindentation experiments, the set point was 0.9 V with
rigger thresholds ranging from 0.1 to 1.2 V and threshold steps
rom 0.1 to 0.3 V. Different trigger thresholds generate different
eak loads. Fig. 1 shows a plot of the peak load as a function of
he trigger threshold. Multiple measurements for the same sample
r different samples at the same trigger threshold indicated that the
eak load is very reproducible with a relative standard deviation of
2%. The peak load is linearly proportional to the trigger threshold
ith a fitting coefficient (R2) of 1. The indentation cycle was set to

.0 Hz (one loading/unloading cycle per second), and no hold time
as set at the peak load. Prior to nanoindentation the samples were

maged using a tapping mode with the diamond tip. During nanoin-
entation, the scan was stopped, and the tip was positioned within
he scan area to make indents. Force curves were recorded for each
ndent. Immediately after indentation was complete, the same area
as imaged again with the diamond tip using a tapping mode. In
rder to ensure the indentations were representative of the sam-
le, usually multiple sets of indentations were made at different
ocations of the sample.
The AFM nanoindentation experiments for sucrose, lactose,

scorbic acid and ibuprofen were performed on single particles.
ince the epoxy film was used in particle sample preparations,

T
m
c

ig. 3. AFM nanoindentation results of a lactose particle: (a) image before indentation;
ave a Z scale of 400 nm. (c) Typical force curves at trigger thresholds of 0.6, 0.9 and 1.2 V
of Pharmaceutics 362 (2008) 163–171 165

he images and indentation characteristics of the epoxy film were
btained as a control prior to experiments on single particle sam-
les. This approach ensured that the indentation actually took
lace on the samples of interest because the single particle sam-
les exhibited very different surface morphology and indentation
haracteristics from the epoxy film.

.3. Data analysis

The Oliver-Pharr method was used for calculations (Oliver and
harr, 1992). The hardness (H) can be calculated using the following
quation.

= Pmax

Ac
(1)

here Pmax is the indentation peak load and Ac is the contact area
etween the indenter and surface. The peak load can be directly
btained from the force curve generated during indentation. For a
ubed corner indenter, the contact area (Ac) is estimated from the
ontact depth (hc) using the following equation (Durst et al., 2006).

c = 2.598h2
c (2)

he contact depth (hc) is calculated from the peak load (Pmax),
tiffness (S) and maximum indenter displacement (hmax) using the
ollowing equation.

(
P

)

he hmax can be determined from the unloading curve, and S is esti-
ated from the slope of the top one third portion of the unloading

urve (Doerner and Nix, 1986). The geometric constant ε is equal to

(b) image after indentation at trigger thresholds of 0.6, 0.9 and 1.2 V. Both images
.
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Table 2
Summary calculation results from multiple measurements for a lactose particle

Replicate Pmax (�N) S (nN/nm) hc (nm) H (GPa)

3 33.1 ± 0.2 408 ± 48 167 ± 42 0.51 ± 0.22
3
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49.1 ± 0.5 438 ± 33 212 ± 20 0.43 ± 0.08
66.1 ± 0.3 450 ± 56 378 ± 43 0.18 ± 0.04

he standard deviations are included for each value.

.72 for conical and pyramidal indenters (Oliver and Pharr, 1992),
hich is the value used in the calculations of this study.

To verify the above area function, over 30 indents were gen-
rated on a homogeneous HPMC film at various peak loads. The
ontact areas of the indents were obtained from the AFM image
sing Nanoscope software (Veeco), and the contact depths were
alculated using Eq. (3). An area function was derived by empirically
tting a function to a plot of the imaged areas versus the contact
epths. It was found that the area function stated in Eq. (2) is in
easonable agreement with the fitted area function. In most cases
t is difficult to accurately determine the contact area by AFM imag-
ng due to surface features near the indents such as material pileup
nd sink-in, resulting in large variations in the imaged areas of the
ndents generated at the same peak load. Therefore, all contact area
alues in this study were calculated using Eq. (2).

. Results
.1. Sucrose

Fig. 2 shows AFM nanoindentation results for a sucrose crystal.
he indentation was conducted with a trigger threshold of 0.6 V

a
g
s
d
w

ig. 4. AFM nanoindentation results of an ascorbic acid crystal: (a) image before indentati
ave a Z scale of 100 nm. (c) Typical force curves at trigger thresholds of 0.3 and 0.6 V.
of Pharmaceutics 362 (2008) 163–171

n triplicate. Fig. 2a shows a height image of the crystal surface
efore indentation. The image revealed fine surface features such
s protrusions and depressions and indicated a mean surface rough-
ess of ∼10 nm. Three triangular indents with a similar size were
enerated after indentation, and material pileup near the indents
as observed, as shown in Fig. 2b. A cross-sectional analysis indi-

ates that the height of the pileup is ∼20–25 nm. The amount of the
ileup is related to intrinsic material properties as well as the inden-
ation load and surface roughness. Experiments at different peak
oads indicate more pileups were generated at larger peak loads.
his is consistent with a previous observation on a sucrose crystal
urface (Ramos and Bahr, 2007). Additionally, the lateral extent of
he pileup shows a plastic deformation mechanism of the sucrose
rystal. The presence of the pileup without any observed cracking
uggests that the sucrose material was able to flow to the sam-
le surface from beneath the indenter via a dislocation mechanism
Ramos and Bahr, 2007). During the indentation, force curves were
ecorded to determine peak loads, contact depth and hardness.
ig. 2c shows a typical force curve (load versus tip displacement) at
trigger threshold of 0.6 V. The force curve contains a loading and
nloading curve. The corresponding peak load, stiffness, contact
epth and hardness were determined to be ∼33 �N, ∼500 nN/nm,
78 nm and ∼2.0 GPa, respectively.

To investigate the indentation results at different peak loads
nd evaluate data reproducibility, experiments were performed at
hree trigger thresholds to obtain force curves at three peak loads,

nd 7–10 indents and measurements were conducted at each trig-
er threshold. Table 1 summarizes results for peak load (Pmax),
tiffness (S), contact depth (hc) and hardness (H) with standard
eviations. At the same peak load, 10–16% variation in contact depth
as observed, and about 20% variation in hardness was observed

on; (b) image after indentation with at thresholds of 0.3, 0.6 and 0.9 V. Both images
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Table 3
Summary calculation results from multiple measurements for an ascorbic acid
crystal

Replicate Pmax (�N) S (nN/nm) hc (nm) H (GPa)

3 16.7 ± 0.3 441 ± 14 38 ± 1 4.5 ± 0.2
6 33.5 ± 0.6 453 ± 5 49 ± 7 5.6 ± 1.8
6
3
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50.3 ± 0.8 458 ± 11 65 ± 13 5.2 ± 2.7
67.3 ± 0.7 472 ± 2 69 ± 4 5.5 ± 0.7

he standard deviations are included for each value.

ue to the variation of the contact depth. As the peak load increases
rom ∼22 to 44 �N, the average contact depth increases from ∼60
o 100 nm. No significant indentation size effect was observed in
he 60–100 nm contact depth range due to the data variation, but
he average hardness decreased slightly from ∼2.4 to 1.8 GPa with
he increase of the contact depth. The values agree reasonably well
ith previously reported hardness values of 636 MPa (Ridgway et

l., 1969), 1.5 GPa (Ramos and Bahr, 2007) and 6560 MPa (Liao and
iedmann, 2004). The spread of the data can be attributed to differ-

nt instrumentation, measurement scale and possible indentation
ize effect.

.2. Lactose

Fig. 3 shows AFM nanoindentation results for a lactose parti-
le at trigger thresholds of 0.6, 0.9 and 1.2 V. The surface before

ndentation exhibited a line-texture morphology with protrusions
nd depressions, as shown in Fig. 3a. The surface was rough with
he largest height difference on surface of over 160 nm and a

ean roughness of ∼31 nm. Surprisingly, no obvious indents were
bserved after the indentation, as shown in Fig. 3b. The surface

T
n
i
d
v

ig. 5. AFM nanoindentation results of an ibuprofen crystal: (a) image before indentation;
Z scale of 300 nm. (c) Typical force curves at trigger thresholds of 0.4 and 0.6 V.
of Pharmaceutics 362 (2008) 163–171 167

orphology after indentation only appeared to be slightly differ-
nt from that before indentation, and the line-texture morphology
ppeared to be more pronounced with an increased average rough-
ess of ∼33 nm. Additionally, some pileup was observed on surface
fter indentation. One possible reason for the lack of visible indents
s due to the rough surface of the lactose particle. The tall protru-
ions and deep depressions on surface may prohibit the diamond
ip from capturing possible indents. Note that the images were cap-
ured with the diamond tip immediately after indentation to ensure
he same area was imaged. The diamond tip may not give as good
esolution as conventional imaging tips such as silicon nitride or
ilicon tips. In addition, large extent of elastic recovery of the lac-
ose particle after indentation (discussed below) may also cause
he indents less obvious. Another possible reason for the lack of
isible indents is that the lactose is a very brittle material (Narayan
nd Hancock, 2003) and the indentation may have created surface
reakage rather than indent, resulting in increased surface texture
nd material pileup.

Although the indents were not observed, the force curves were
enerated, as shown in Fig. 3c. The corresponding peak loads were
33, 49 and 66 �N. Compared with sucrose, the force curve of lac-

ose appears to be smoother, and the unloading curves have less
teep slopes. A small slope of the unloading curve suggests that the
actose particle underwent a large extent of elastic recovery upon
nloading. This observation is consistent with a previous study for
ingle crystals of alpha monohydrate lactose (Perkins et al., 2007).

he calculated results for stiffness (S), contact depth (hc) and hard-
ess (H) are summarized in Table 2. The stiffness values appeared to

ncrease slightly with the increase of the peak load, and the contact
epth increased with the increase of the peak load. About 10–25%
ariation in contact depth was observed at the same peak load,

(b) image after indentation at trigger thresholds of 0.4 and 0.6 V. Both images have
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Table 4
Summary calculation results from multiple measurements for an ibuprofen crystal

Replicate Pmax (�N) S (nN/nm) hc (nm) H (GPa)
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Table 5
Summary calculation results from multiple measurements for a HPMC film

Replicate Pmax (�N) S (nN/nm) hc (nm) H (GPa)

3 5.5 ± 0.1 374 ± 26 40 ± 1 1.32 ± 0.02
3
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22.0 ± 0.1 432 ± 23 101 ± 21 0.9 ± 0.4
33.0 ± 0.1 468 ± 27 167 ± 40 0.5 ± 0.2

he standard deviations are included for each value.

esulting 20–40% variation in hardness. Since the lactose (316 Fast
lo, spray dried) sample used in this study is a mixture of crystalline
nd amorphous lactose, the inhomogeneous nature of the sample is
robably the cause of the variations in contact depth and hardness
t the same peak load. Although relatively large variations in hard-
ess were exhibited, the indentation size effect on hardness was
till observed. As shown in Table 2, the average hardness values
ecreases from ∼0.51 to 0.18 GPa when the contact depth increases
rom ∼167 to 378 nm. A similar size effect was observed in a pre-
ious study for pure alpha monohydrate lactose when the probes
ith different radii were used (Perkins et al., 2007).

.3. Ascorbic acid

Fig. 4 shows AFM nanoindentation results for an ascorbic acid
rystal at trigger thresholds of 0.3, 0.6 and 0.9 V. The AFM height
mage before indentation, as shown in Fig. 4a, indicates that the sur-
ace of the ascorbic acid crystal before indentation was smooth with
mean roughness of ∼5 nm. The indentation was carried out at the

hree trigger thresholds to generate the first row with three indents,
nd was repeated two more times at same thresholds to generate
3 × 3 array of indents, as shown in Fig. 4b. The three indents in

he right, middle and left columns were produced at thresholds of
.3, 0.6 and 0.9 V, respectively. Material pileup was observed near
ost of the indents. It appears that larger pileups were created

t larger trigger thresholds. Further examination shows that one
ndent was almost buried by the pileup and some pileups were
resent in between the indents. This is probably because the tip
oved the pileups during the imaging after indentation. Fig. 4c

hows typical force curves at the trigger thresholds of 0.3 and 0.6 V.
he peak loads associated with the two trigger thresholds were ∼17
nd 33 �N, respectively. When compared with sucrose and lactose,
he force curves of the ascorbic acid and sucrose are not as smooth
s those of the lactose.

Table 3 summarizes the results for peak load (Pmax), stiffness (S),
ontact depth (hc) and hardness (H) from multiple measurements at
rigger thresholds of 0.3, 0.6, 0.9 and 1.2 V. Multiple measurements
t the same peak load showed 2–20% variation in contact depth,
ut in general, the contact depth increased with the increase of the
eak load. As the peak load increased from ∼17 to 67 �N, the aver-
ge contact depth increased from ∼38 to 69 nm. The contact depth
f ascorbic acid was much smaller when compared with those of
ucrose and lactose at the same peak load. For example, at a peak
oad of ∼33 �N, the contact depths of ascorbic acid, sucrose and lac-
ose were ∼49, 81 and 167 nm, respectively. About 5–50% variation
n hardness was observed due to the variation in contact depth. In
he contact depth range of 40–70 nm, no significant indentation size
ffect on hardness was observed and the average hardness value
as ∼5.2 GPa.

.4. Ibuprofen
Fig. 5 shows AFM nanoindentation results for an ibuprofen crys-
al at trigger thresholds of 0.4 and 0.6 V. The AFM height images
how that the surface of the ibuprofen crystal had a mean rough-
ess of ∼10 nm before indentation and ∼26 nm after indentation.

n addition to the four indents and some material pileup near the

m
s
d
p
i

11.1 ± 0.0 416 ± 20 54 ± 1 1.47 ± 0.06
16.5 ± 0.3 476 ± 7 74 ± 2 1.17 ± 0.05

he standard deviations are included for each value.

ndents, material sink-in was observed in between the indents.
ig. 5c shows typical force curves at trigger thresholds of 0.4 and
.6 V. The peak loads associated with the two trigger thresholds
ere ∼22 and 33 �N, respectively. Table 4 summarizes the calcu-

ation results for peak load (Pmax), stiffness (S), contact depth (hc)
nd hardness (H). As the peak load increased from ∼22 to 33 �N, the
verage contact depth increased from ∼101 to 167 nm. About 20%
ariations in contact depth were observed for multiple measure-
ents at the same peak load, resulting ∼50% variations in hardness.

t is difficult to assess the indentation size effect due to the over-
ap in data variation, but the average hardness values decreases
rom ∼0.9 to 0.5 GPa as the contact depth increases from ∼101 to
67 nm. The observed surface features after indentation and cal-
ulated hardness suggests that the ibuprofen crystal is soft and
rittle.

. Discussion

To quantify and compare the particle hardness, data variations
n hardness are first evaluated. During the experiments of this
tudy, the peak load was controlled by the trigger threshold. It was
bserved that the peak load was very reproducible with <2% vari-
tion at the same trigger threshold, as shown in Fig. 1. However,
–20% variation in contact depth at the same Pmax was observed
or the four materials, resulting in 5–50% variation in hardness.
ossible causes of data variations include calculation method,
nstrumentation and sample characteristics. For the Oliver-Pharr

ethod used for calculations in this study, the hf/hmax ratio can be
sed to evaluate calculation accuracy on hardness determination,
here hf is the final depth of the indent (permanent deformation of

he sample after complete unloading) and hmax is to the maximum
ip displacement (tip displacement at peak load) (Bolshakov and
harr, 1998; Pharr, 1998). It was found that when hf/hmax is <0.7, the
esults from the Oliver-Pharr method agree well with that obtained
rom the finite element analyses (Bolshakov and Pharr, 1998) and
he pileup or sink-in effect is not expected to significantly affect
he results (Pharr, 1998). In this study, although the pileup and/or
ink-in were observed for the four samples, the hf/hmax ratios deter-
ined from the force curves were about 0.3–0.6. Therefore, the
liver-Pharr method is appropriate for use to calculate hardness in

his study.
To further evaluate possible causes of data variation, a smooth

nd homogenous hydroxypropyl methylcellulose (HPMC) film pre-
ared by a spin-coating process (Lua et al., 2007) was employed
or AFM nanoindentation experiments. The HPMC film had a mean
urface roughness of <1 nm. Multiple measurements indicate <3%
ariation in contact depth and <5% variation in hardness at the same
eak load, as shown in Table 5. The small data variations for the
PMC film suggest that the instrumentation is very reproducible

or a smooth and homogenous sample. Therefore, data variations
bserved for the four materials may primarily rise from the inho-

ogeneous nature of the sample particles. First, since different

urface roughness and surface features such as protrusions and
epressions can impact the indentation results for particle sam-
les, smooth areas were selected for nanoindentation using AFM

maging in order to reduce data variation. As discussed in a pre-
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Table 6
Hardness values from this study for single particles at a fixed peak load of ∼33 �N
and those from previous studies for compacts with a solid fraction of 0.85 using a
bulk impact-rebound method

Material Hardness from this study (GPa) Hardness from
previous studies (GPa)

Sucrose 2.0 0.212 (Mullarney et al.,
2003)

Lactose 0.5 0.656 (Narayan and
Hancock, 2003)

Ascorbic acid 5.6 0.043 (Mullarney and
Hancock, 2004)
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ig. 6. Relationship among H, hc and Pmax for the four materials: (a) log(H) vs.
og(Pmax); (b) log(hc) vs. log(Pmax).

ious study (Liao and Wiedmann, 2004), the surface smoothness
elates to sample treatment. In this study, the sucrose surface after
ethanol wash was found to be much smoother than the unwashed

ample, and it was much easier to conduct indentation for the
ashed sucrose sample. The hardness was found to be similar for
oth samples, but the washed sucrose sample had smaller data
ariations. The lactose, ascorbic acid and ibuprofen samples were
nalyzed as they were, but effort was invested to identify a suit-
bly smooth area for indentation. Although sample treatments may
elp to obtain smooth surface for indentation, care should be taken
s treatments can potentially alter surface characteristics such as
he hardness. A previous study showed that the hardness values
f potassium chloride and acetaminophen were highly process-
ependent (Liao and Wiedmann, 2005). Secondly, the dislocation
ensity and presence of amorphous content in the sample can cer-
ainly introduce data variations for the small scale measurements
ike nanoindentation (Liao and Wiedmann, 2005; Ramos and Bahr,
007). In addition, when different crystals of a same sample are
nalyzed, mixing of crystal facets can potentially affect the hardness
easurements (Liao and Wiedmann, 2004; Ramos and Bahr, 2007).

or example, a previous study for the sucrose crystals showed that
he hardness of the (0 0 1) habit plane was different from that of
he (1 0 0) by ∼10% (Ramos and Bahr, 2007). Finally, the number of
eplicates at the same peak load may also affect the data variation.
previous study for the quenched potassium chloride showed that

he hardness variation was up to ∼45% sample at a peak load of
000 �N when the number of replicates was less than 5 (Liao and
iedmann, 2005). Although the data variation became less with

he increase of the number of replicates, the determined mean
ardness value remained similar (Liao and Wiedmann, 2005). In
his study, the measurements were typically repeated 2–10 times, it
s not surprising to see 5–50% variation in hardness at the same peak

oad, but it is believed that the determined mean hardness value at a
ertain peak load is representative. Multiple measurements for dif-
erent locations of a same particle or crystal have indicated that the
ata reproducibility for the four materials is generally acceptable.

a
t
p
l

buprofen 0.5 0.035, 0.099, 0.161
(Hiestand et al., 1981)

Besides data variation, another important factor that can affect
he hardness is the indentation size or peak load. The indentation
ize effect has been commonly observed in microindentation and
anoindentation for metals (Doerner and Nix, 1986; Gerberich et
l., 2002; Swadener et al., 2002; Rodriguez and Gutierrez, 2003;
ian et al., 2005; Durst et al., 2006), indicating that the hardness
ecreases as the indentation size or peak load increases. It was pro-
osed that the size effect was intrinsically linked to non-uniform
eformation and the strain gradient plasticity model was developed
sing the concept of geometrically necessary dislocations (Fleck et
l., 1994; Nix and Gao, 1998). Unlike those previous studies for met-
ls, different extents of indentation size effect were observed for the
harmaceutical materials in this study. For the HPMC film, little or
o indentation size or peak load effect on hardness was observed.
his observation is consistent with a previous study for polycar-
onate and polystyrene thin films (Du et al., 2001). Similarly, no

ndentation size effect was observed for the ascorbic acid crystal.
owever, some extents of indentation size or peak load effect were
bserved for sucrose, ascorbic acid and ibuprofen. Additionally, a
revious study for potassium chloride and acetaminophen crystals
as also shown different extents of peak load effect on hardness
Liao and Wiedmann, 2005). Therefore, the effects of indentation
ize or peak load on hardness are probably related to intrinsic prop-
rties of the sample. Although it was observed that the hardness
ecreases with the increase of indentation size or peak load for
etals, indentation size or peak load may have different impact on

article hardness for pharmaceutical solids. To better evaluate the
ndentation size effect, further effort will be needed to reduce data
ariations.

Since both data variation and effects of indentation size or peak
oad can affect the particle hardness from AFM nanoindentation,
t is important to consider both for quantification and comparison
f the particle hardness of different materials. Specifically, the par-
icle hardness should be reported associated with the peak load
r contact depth, and multiple measurements at different sample
ocations should be conducted to obtain representative results and
ssess data variation. When the particle hardness values of differ-
nt materials are compared, they should be compared at the same
eak load or the same range of the peak loads. A previous stud-

es for potassium chloride and acetaminophen samples plotted the
ardness as a function of applied force with measurement varia-
ions, and it clearly showed the hardness at different forces and
ndicated the hardness rank order in a range of applied forces (Liao
nd Wiedmann, 2005). A similar approach is employed in this study.
ig. 6 plots relationships among hardness, peak load and contact
epth. For better comparison, the plots are in logarithmic scales

nd error bars are included. Fig. 6a shows the hardness as a func-
ion of the peak load. The plot clearly indicates that, at the same
eak load of the 16–70 �N studied range, the ascorbic acid has the

argest hardness among the four materials and the sucrose has the
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econd largest. The hardness of lactose and ibuprofen appears to
e similar by extrapolating the data points of the two samples. For
xample, at a peak load of ∼33 �N, the hardness values for ascor-
ic acid, sucrose, lactose and ibuprofen are estimated to be 5.6, 2.0,
.5 and 0.5 GPa, respectively. This hardness order is further con-
rmed by the correlation between log(hc) and log(Pmax) in Fig. 6b.
t the same peak load, the produced contact depth ranks as ascor-
ic acid < sucrose < lactose ≈ ibuprofen. As a smaller contact depth

s expected for a harder material at the same peak load, the order
n contact depth is consistent with that in hardness. Therefore, it is
oncluded that the hardness of the four materials ranks as ascorbic
cid > sucrose > lactose ≈ ibuprofen at contact depths from ∼40 to
00 nm or peak loads ranging from ∼16 to 70 �N.

It is of interest to employ particle mechanical properties to help
olid dosage form design. A previous study conducted for sulfathia-
ole polymorphs tried to relate the tableting performance assessed
y an instrumented tableting machine to the mechanical properties
easured by nanoindentation. However, little correspondence was

ound between the macroscopic and microscopic measurements
ue to the complexity of the tablet compaction (Picker-Freyer et
l., 2007). To simplify this complicated correlation issue, only hard-
ess is examined and discussed here. Table 6 summarizes some
ardness values from this study for single particles and previous
tudies for compacts. The particle hardness values from this study
ere obtained from AFM nanoindentation at a fixed peak load of
33 �N, while the compact hardness values from previous studies
ere obtained from a bulk impact-rebound method with a fixed

oad (the hardness unit was converted to GPa for better compar-
son). It is not surprising that the results from nanoindentation
nd impact-rebound method are very different because of large
ifferences in instrumentation, measurement scale, and sample
haracteristics. Further examination of the hardness values of the
our materials in Table 6 shows that the order of particle hardness
s almost opposite to that of compact hardness. For example, the
scorbic acid has the largest particle hardness value but the small-
st compact hardness. The reverse order of the two data sets is
elated to intrinsic particle properties and the formation of the com-
act. When the individual particle of the sample (e.g. ascorbic acid)
as a large hardness, the particles do not plastically deform under
ompression, rather they consolidate through particle rearrange-
ent. The compacts of such samples may be easily indented under

he impact of the indenter because the weakly bonded particles
an shift around one another, resulting in a small hardness value
rom the bulk method (Hiestand, 1996; Mullarney and Hancock,
004). These materials, which have been referred to “special case”
aterial (Hiestand, 1996), usually exhibit poor tableting properties

nd may need special care for tablet development. Therefore, the
article hardness determined by AFM nanoindentation may help
o identify the “special case” materials to aid tablet development.
owever, it is complicated to relate the particle hardness to com-
act hardness or tableting performance and will require further
tudy.

. Conclusions

The hardness of individual particles of various pharmaceutical
olids was quantified by AFM nanoindentation. The results show
cceptable reproducibility and indicate that the data variation was
rimarily from the inhomogeneous nature of the samples. Differ-
nt extents of indentation size or peak load effect on hardness were

bserved. With consideration of both data variation and indenta-
ion size or peak load effect, the hardness of different samples was
ompared at similar contact depths or peak loads. The hardness
anked as: ascorbic acid > sucrose > lactose ≈ ibuprofen, at contact
epths from ∼40 to 400 nm or peak loads from ∼16 to 70 �N.
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