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a b s t r a c t

A successful application of NIR spectroscopy (NIRS) in combination with multivariate data analysis (MVA)
for the simultaneous identification and particle size determination of amoxicillin trihydrate particles was
developed. Particle size analysis was ascertained by NIRS in diffuse reflection mode on different parti-
cle size fractions of amoxicillin trihydrate with D90 particle diameters ranging from 6.9 to 21.7 �m. The
present problem of fractionating the powder into good enough size fractions to achieve a stable calibration
eywords:
ear infrared spectroscopy
moxicillin
article size
ractionation

model was solved. By probing dried suspensions measurement parameters were optimized and further
combined with the best suitable chemometric operations. Thereby the quality of established regres-
sion models could be improved considerably. A linear coherence between particle size and absorbance
signal was found at specific wavenumbers. Satisfactory clustering by particle size was achieved by prin-
cipal component analysis (PCA) whereas partial least squares regression (PLSR) and principal component
regression (PCR) was compared for quantitatively calibrating the NIRS data. PLSR turned out to predict

ightly
eta-lactam antibiotic unknown test samples sl

. Introduction

Amoxicillin trihydrate, its chemical structure is shown in Fig. 1,
s an orally administered, broad-spectrum, �-lactam antibiotic. It
elongs to the most prescribed drugs and is produced on a large
cale worldwide. The adjustment and control of the particle size
f the active pharmaceutical ingredient is crucial for a variety of
teps in the manufacturing processes of a solid fast-releasing drug
roduct and one of the most critical parameters with regard to
n acceptable drug performance. Conventional methods such as
ieve analysis or image analysis are rather time-consuming and
ard to automate. Today, laser diffraction is the most commonly
pplied particle sizing technique that allows also on-line measure-
ents in industrial manufacturing processes. Since this method is

apid, requires a small volume, provides information about particle
ize distribution, does not need an external calibration, shows high
eproducibility and can perform in a wet and dry medium, laser
iffraction is regarded as the gold standard in particle size analy-
is. Near-infrared-spectroscopy (NIRS) combined with multivariate

ata analysis (MVA) represents the most recent approach in parti-
le size analysis. The method offers a powerful, fast, easy-to-handle,
igh-throughput and non-destructive analytical tool while hardly
ny sample preparation is necessary. Moreover NIRS offers the pos-

∗ Corresponding author. Tel.: +43 512 507 5195; fax: +43 512 507 2965.
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better than PCR.
© 2010 Elsevier B.V. All rights reserved.

sibility for on- and in-line real-time monitoring of processes. This
feature makes NIRS one of the most attractive methods for the pro-
cess analytical technology (PAT) initiative of the US Food and Drug
Administration (FDA), which aims to “design the quality” of a prod-
uct by monitoring and optimizing the production process instead
of exclusively evaluating the quality of the final product in quality
control laboratories [1]. For qualitative and quantitative analysis
MVA-based calibration techniques are used to correlate the spec-
troscopic data with the data obtained by reference techniques. In
this context preferably principal component analysis (PCA) based
algorithms like principal component regression (PCR) or partial
least squares regression (PLSR) are applied [2–5].

To achieve a stable calibration it is necessary to investigate a
number of different samples covering a broad range of the property
which should be predicted. Thus well-defined particle size frac-
tions of amoxicillin trihydrate were prepared to establish a suitable
calibration set.

Numerous spectra pretreatments are available to increase the
prediction ability of the established calibrations. Most of them
focus on the elimination of baseline offsets caused by scattering
effects. Results obtained from NIR-measurements can, in some
cases, offer even more precise analytical data than a particular ref-

erence method. This may be the case if the calibration is based
on a large number of samples to reduce the random errors of the
reference method [6].

It is well known that particle size affects the characteristics of
NIR diffuse reflection spectra [7]. Usually this effect can be observed

dx.doi.org/10.1016/j.jpba.2010.12.019
http://www.sciencedirect.com/science/journal/07317085
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Fig. 1. Chemical structure of amoxicillin.

s an offset (parallel shift) of the baseline [8]. Kubelka described the
ight-scattering of solid samples already in 1948 [9]. Years before
e and Munk developed a model relating the reflectance (R) to the
cattering coefficient (S) and the absorption coefficient (K), which
s known as the so-called Kubelka–Munk theory [10], given as:

∞ = (1 − R∞)2

2R∞
= K

S
(1)

iurczak et al. proved this relation for particles exceeding 85 �m
y analyzing aspirin, ascorbic acid, Al2O3 and (NH4)3PO4 [11,12].
y using laser diffractometry as a reference method he found a
egative linear correlation between NIR absorbance signal and
eciprocal particle size at any wavelength. According to Ciurczak’s
heory, if the absorbance of two samples with different particle
ize, one having twice the diameter than the other, is measured,
he absorbance of the larger sample is two times that of the smaller
ne [13]. Today data pretreatments, such as multiplicative scat-
er correction (MSC) for eliminating the particle size effects of NIR
pectra, are well established and frequently applied. In recent pub-
ications different approaches for determining the samples particle
ize (particle diameter > 20 �m) with NIRS can be found, whereas all
f them are based on Ciurczak’s fundamental publications [11,12].
lari et al. performed a NIR particle size determination of NaCl, sor-
itol and glass powder using PLS [14]. Frake et al. analyzed the
article size of an active ingredient in a lactose–monohydrate-
atrix employing several chemometric approaches [15,16] while
’Neil et al. determined the particle sizes of aspirin, caffeine, parac-
tamol and microcrystalline cellulose [17,18]. Similar approaches
ere accomplished by Otsuka et al. [19,20], Reis et al. [21] and
uck and co-workers [22,23]. In all these investigations particles

n the 100 �m range and bigger were analyzed. Higgins et al. [24]
escribed the NIRS based particle size analysis of smaller particles
own to a D90 particle diameter of less than 250 nm. Here the theo-
ies based on Ciurczak’s observations were inverted. The light path
nteracting with smaller particles is longer than in powders con-
isting of bigger particles, because the number of re-reflections
etween the particles increases. This finally results in a higher
bsorbance in samples of small particle size.

The aim of the present work is to demonstrate the applicability
f NIRS as particle sizing method and to introduce an NIR approach
or the identification and particle size determination of commer-
ially available amoxicillin trihydrate bulk materials showing D90
article diameters below 22 �m.

. Materials and methods

.1. Materials

Amoxicillin trihydrate “BioChimica” was obtained from

pplichem (Darmstadt, Germany). For diffuse reflection measure-
ents quartz glass cells made of suprasil, type 20/C/I/0.5 (Starna,

fungstadt, Germany) and type 540.111-QS (Hellma Optics, Jena,
ermany) were used.
Biomedical Analysis 54 (2011) 1059–1064

2.2. Sample preparation

The fractionation of fine powders (<50 �m) is generally difficult
due to strong agglomeration tendency of the particles caused by
interparticle forces. Dry methods would thus not be successful and
the use of a dispersing medium is mandatory in order to overcome
the agglomeration problem. In this work amoxicillin trihydrate
bulk powder was fractionated by a wet fractionation method into
14 individual particle size fractions, whereas 11 fractions (1–11)
were used to calibrate the NIR system (training set) and 3 frac-
tions (A–C) were used as test set. The fractions were produced with
the aid of nutsch filters by reducing the flow channel size step-
wise. Diisopropylether with lecithin was used as suspending agent.
The liquid was evaporated completely prior to NIR analysis and the
drying process was monitored by observing characteristic absorp-
tion bands of the liquid as a function of time. Within 3 min the
peaks of diisopropylether disappeared completely and the spectra
collection was started.

2.3. Near-infrared-spectroscopy

A scanning polarization interferometer Fourier-transform NIR
spectrometer (FT-NIR) (Büchi, Flawil, Switzerland) was used
for spectra recording. The spectrometer is equipped with a
tungsten–halogen lamp and a lead–sulfide detector temperate
at 30 ◦C. The spectral resolution is 12 cm−1 with an absolute
wavelength accuracy of ±2 cm−1 and a relative reproducibility of
0.5 cm−1 between 4000 and 10,000 cm−1 (2500–1000 nm). A cou-
pled sample desk (SD 1086, Büchi) was used to probe the samples.
One spectrum represents the average of 13 scans. Each sample was
measured 5 times independently at which no differences between
the different spectra of the same sample could be observed. Prior
to developing any calibration model the measurement parameters,
e.g. choice of the suspending agent, composition of the suspensions,
number of scans, choice of the best suitable cell, were tested and
optimized. For recording the spectra and the application of PCA-
algorithms NIRCAL 4.21/Build 389 software (Büchi) was used. PLS
and PCR calibration models were generated with The Unscrambler
9.6 (Camo, Oslo, Norway). All calibrations were validated using sys-
tematic cross validation (5 samples per segment). For quantification
different regression models were established, evaluated and com-
pared. In addition to cross validation independent test-samples (or
“unknown” samples) were predicted by the models, considering
the following statistical parameters:

(1) BIAS is the average deviation between predicted values (yi) and
reference values (xi). In the calibration set the BIAS is 0.

BIAS =
∑n

i=1(xi − yi)

n
(2)

(2) Standard error of prediction (SEP) is defined as the standard
deviation of differences between reference values and NIRS-
results in the validation set.

SEP =
√∑n

i=1(xi − yi − BIAS)

n − 1
(3)

(3) Standard error of calibration (SEC) is describes as the standard
deviation of differences between reference values and NIRS-
results in the calibration set.√∑

SEC = i=1 i i

n − 1
(4)

(4) Squared correlation coefficient r2: for evaluating the difference
between reference and measures values.
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Table 1
Results from reference measurements. Values in brackets show the variations.

Sample D10 particle
diameter (�m)

D50 particle
diameter (�m)

D90 particle
diameter (�m)

1 2.5 (0.1) 6.3 (0.1) 18.0 (0.6)
2 2.6 (0.0) 8.9 (0.5) 21.7 (1.1)
3 1.8 (0.1) 4.5 (0.1) 10.8 (0.1)
4 2.3 (0.1) 5.6 (0.0) 14.4 (0.0)
5 2.5 (0.1) 6.3 (0.1) 15.8 (0.3)
6 1.8 (0.0) 4.5 (0.3) 11.2 (1.3)
7 1.9 (0.1) 5.1 (0.0) 12.7 (0.4)
8 1.8 (0.0) 4.2 (0.0) 10.5 (0.1)
9 1.7 (0.0) 4.2 (0.3) 11.5 (0.6)
10 1.6 (0.0) 3.4 (0.1) 6.9 (0.2)
11 1.6 (0.0) 3.5 (0.1) 8.4 (0.3)
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Table 2
Allocation of vibrations with consideration of the chemical structure of amoxicillin.

Wavenumber (cm−1) Vibrational mode

4080, 4152 �s+as(C–H arom.) + �(C–C arom.)
4224, 4260 �(C–H arom.) + ı(C–H arom.)
4320 �(N–H) + ı(C–H)
4392 �(O–H) + �(C–C arom.)
4572 �(C–H) + �(C O)
4644 2 × Amide I + amide III
4728 �s(N–H) + amide III
4800 �(O–H) + ı(C–H)
5136 �(O–H) + ı(C–H)
5460–6120 2 × �(C–H)
A 2.0 (0.4) 4.3 (0.3) 18.7 (1.6)
B 2.4 (0.1) 4.5 (0.5) 14.4 (0.5)
C 2.5 (0.0) 4.7 (0.3) 13.3 (1.4)

.4. Image analysis

Microscopic image analysis was chosen for particle size deter-
ination because the sample amount of the individual size

ractions was rather small (<100 mg). A Carl Zeiss Axioplan micro-
cope with a Carl Zeiss Neofluar 20× PH2 objective (Carl Zeiss,
berkochen, Germany) in combination with a Märzhäuser stage

Märzhäuser, Wetzlar, Germany), an Olympus F-View II camera
Olympus Austria GesmbH, Vienna) and the Olympus Cell*F Soft-
are (Version 2.5) was used. One droplet of a sample suspension

0.1% lecithin in diisopropylether; 5 s sonication) was prepared
ith one droplet of paraffinum liquidum (Ph. Eur.) on a microscope

lide. The image analysis (IA) was performed on an array of 10 × 10
mages, detecting and evaluating all particles with a minimum area
f 10 pixels. The “average particle diameter” was used to charac-
erize the particle dimensions, which is the mean distance between
wo points on the perimeter of a particle, measured every degree
1–179◦). This particle diameter is a statistical feature extracted
rom the boundary function of the whole particle profile. Every
ample was measured twice. Table 1 shows the statistics of the par-
icle size distributions for all samples. The D10, D50 and D90 values
ndicate the maximal particle size diameter that includes10%, 50%
nd 90% of the particles, respectively (number-weighted basis). For
xample the D90 value means that 90% of the particles are smaller
han this particle diameter whereas the remaining 10% of the par-
icles are larger.

. Results and discussion
One of the crucial points when establishing a stable calibration
f amoxicillin trihydrate, was to separate the powder into repre-
entative particle size fractions before conducting the reference
easurements. The particle size distributions of the obtained size

Fig. 2. Light-optical microscope images of
6840 2 × �(N–H)
7212–7464 2 × �(N–H) + ı(C–H)
8268–8688 3 × ı(C–H)

fractions are in the same range as in the samples in Higgins’ study
obtained by milling [24].

Image analysis was used as reference method while cross
validated PLS and PCR algorithms were applied and compared
to achieve a robust and representative calibration model. Fig. 2
shows the light microscope photography of three exemplary after
fractionation, representing sample 2 (D90 = 21.7 �m), sample 6
(D90 = 11.2 �m) and sample 10 (D90 = 6.9 �m). In addition, test-
samples (samples A–C) were subjected to the models to proof its
prediction ability in practice on real samples.

3.1. Qualitative analysis – identification of the chemical and solid
state form

Characteristic absorption bands, indicating specific molecular
vibrations of the amoxicillin trihydrate, observed in the NIR spectra
are summarized in Table 2. Preferentially characteristic overtones
and combination vibrations can be seen in the NIR spectrum. The
rather sharp bands can be used to identify amoxicillin trihydrate by
comparison with data obtained from spectral libraries (Spectrum
Search Plus, Perkin Elmer, Rodgau, Germany). Therefore, it is also
possible to differentiate amoxicillin trihydrate from other �-lactam
antibiotics such as ampicillin trihydrate, where the only difference
to amoxicillin trihydrate is one missing OH-group. Furthermore
the NIR-spectrum allows in most cases also a clear identification
of the solid state form of the compound (polymorphs, solvates,
hydrates, amorphous form) which is well documented in the lit-
erature [25–28].

3.2. Correlation between absorbance and particle size
As shown in Fig. 3, the main effect of particle size variations on
NIR-spectra is a baseline offset. Interestingly, the well-known phe-
nomenon that larger particles show a stronger light absorption than
smaller ones cannot be observed here. Ciurczak and co-workers

sample 2, sample 6 and sample 10.
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Fig. 3. NIR spectra of amoxicillin trihydrate with D90 particle diameter ranging from
6.9 to 21.7 �m.
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ig. 4. Correlation between absorbance and reciprocal D90 particle diameter at
pecific wavenumbers.

roved a negative linear relation between absorbance and recip-
ocal particle size [11] based on the Kubelka–Munk theory for
articles >85 �m. Operating in a particle size range <85 �m, like

n our case, the opposite effect was observed, meaning that smaller
articles show higher absorbance than larger ones. Similar obser-
ations were made by Higgins et al. [24]. As shown in Table 3,
correlation between particle size and absorbance can be seen
xclusively at higher wavenumbers. There is an obvious correla-
ion between the reciprocal particle diameter and the absorbance
ignal – noticeable for wavenumbers >7000 cm−1, indicated by high
egression coefficients (Fig. 4). At low wavenumbers (5004 cm−1)

able 3
90 particle diameter and absorbances at certain wavenumbers.

Sample D90 particle diameter (�m) Absorbance

5004 cm−1 600

10 6.9 0.2955 0.20
11 8.4 0.2691 0.18
8 10.5 0.2746 0.18
3 10.8 0.2709 0.17
6 11.2 0.2735 0.17
9 11.4 0.2718 0.17
7 12.7 0.2668 0.17
4 14.4 0.2938 0.18
5 15.8 0.2851 0.17
1 17.9 0.3061 0.18
2 21.7 0.3081 0.18
Fig. 5. Score plot showing score value 1 against score value 2 (6996–9996 cm−1).

only a very low R2 of 0.160 was obtained at generally less baseline
shift, whereas at high wavenumbers (8004 cm−1) the R2 value is
0.902. A plausible explanation for the increasing absorbance with
decreasing particle size was given by Higgins et al. [24]. Larger par-
ticles produce more backscattered light, resulting in a lower overall
absorption of the NIR-spectrum. In powders with smaller particles
less light is directly scattered back to the detector and the dispersed
light rays undergo a greater multiple scattering between the par-
ticles before they are reflected back to the detector. The increased
path lengths in samples with small particle size also result in a
higher absorption of the NIR light.

3.3. Principal component analysis (PCA)

After log(1/R) transforming the reflection spectra a PCA was per-
formed. As mentioned before no additional pretreatments were
utilized, even smoothing was not necessary due to an accept-
able signal-noise-ratio throughout the whole wavenumber range.
Observing the absorptions of the different sized samples at certain
wavenumbers, in the regions >7000 cm−1 the highest coherence
could be observed. This finding combined with the linear correla-
tion between absorbance and reciprocal particle size lead to the
attempt to perform multivariate data analysis by implementing a
limited wavenumber region. The PCA was performed from 4008
to 9996 cm−1 and from 6996 to 9996 cm−1. The second spectral
range leads to slightly better classification of the samples with dif-
ferent particle sizes, indicating that the particle size effects are more
pronounced in the higher wavenumber region of the spectra. The

particle size is entirely described through the first factor, as can
be seen from the score plot in Fig. 5. Along score value 1 the D90
particle diameter decreases constantly as the score value increases.

0 cm−1 6996 cm−1 8004 cm−1 9000 cm−1

57 0.1722 0.1240 0.1157
94 0.1603 0.1239 0.1163
33 0.1503 0.1007 0.0927
46 0.1391 0.0820 0.0741
87 0.1432 0.0825 0.0735
96 0.1464 0.0944 0.0872
16 0.1363 0.0733 0.0648
05 0.1380 0.0568 0.0484
58 0.1352 0.0580 0.0500
77 0.1430 0.0545 0.0451
47 0.1399 0.0512 0.0426
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Table 4
Comparison of parameters indicating the quality of a calibration.

Calibration model Number of factors r2 (cal.) SEP SEC BIAS (val.)

PLS (6996–9996 cm−1) 2 0.933 1.61 1.50 0.00276
PLS (4008–9996 cm−1) 2 0.939 1.55 1.43 0.00438
PCR (6996–9996 cm−1) 2 0.930
PCR (4008–9996 cm−1) 2 0.939
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Fig. 6. PLS calibration for D90 particle diameter.

.4. Quantitative analysis

For determining the D90 particle diameter partial least squares
egression (PLSR) and principal component regression (PCR) were
erformed. PCR is based on PCA followed by multiple linear
egressions (MLR). When performing PLS, from the beginning the
roperty of interest (e.g. particle size) is integrated in the calcu-

ation of the PCA as an individual concentration matrix. In a first
tep the D90 particle diameter was calibrated by PLS and validated
y cross validation, taking a range from 6996 to 9996 cm−1 into
onsideration. Two factors were found to sufficiently describe the
ariance in the spectra. Further performed PCR modeling in a range
rom 6996 to 9996 cm−1 and 4008 to 9996 cm−1 and PLS from 4008
o 9996 cm−1 also resulted in two factors to describe the variance.
he samples T1, T2 and T3 were taken as independent, “unknown”
amples to test the prediction ability of the models. As can be seen
n Fig. 6, D90 particle size can be predicted with high accuracy. The
orresponding statistical parameters are summarized in Table 4.
ll performed calibration models lead to similar, low SEPs, SECs
nd BIASs and high regression coefficients. The “unknown” sam-

les were predicted using PLS from 6996 to 9996 cm−1 and the D90
article diameter could be predicted with accuracy between 0.14
nd 1.70% (Fig. 7).

ig. 7. Predicted D90 particle diameter (PLS, 6996–9996 cm−1) vs. measured D90
article diameter.

[

1.63 1.53 0.00126
1.55 1.43 0.00461

4. Conclusions

This study demonstrates the applicability of NIR diffuse reflec-
tion spectroscopy in combination with multivariate data analysis
to determine D90 particle size of amoxicillin trihydrate bulk
materials, with a minimal expenditure in sample preparation. By
fractionating the particles robust qualitative (PCA) and quantita-
tive (PCR, PLS) models were established showing high linearity
between absorbance and reciprocal particle diameter of amoxi-
cillin trihydrate in a certain wavenumber range. The spectra of the
observed particle range of 7–22 �m (D90) show an inverse rela-
tionship between absorbance (baseline offset) and particle size,
similar to the study of Higgins et al. [24] who analyzed nanoparticle
samples (D90 < 230 nm). This observation suggests that the charac-
teristics of the NIR-absorbance of small particles is contradictory to
the theories of Ciurczak et al. [11,12], who focused on particle size
ranges bigger than 85 �m. However, the observation that the base-
line offset increases with decreasing particle size was also observed
in a recent study by Abebe et al. [25]. In summary, the present
study demonstrates again that NIR spectroscopy can be success-
fully applied as a fast and robust non-invasive method for particle
size analysis. The main advantages of this method are the high
automation potential and the simultaneous acquisition of the iden-
tity (chemical and crystal form) and the average particle size of a
sample, which highly qualifies the method for the quality control of
pharmaceutical raw materials (active ingredients and excipients).
However, NIR-spectroscopy cannot be regarded as a replacement
for standard particle sizing methods such as laser diffraction, as it
provides only an average number for the particle size characteris-
tics and no information about particle size distribution or specific
particle shape features.
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