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a b s t r a c t

Various physical and chemical parameters of interest to the pharmaceutical industry were determined

by NIR spectroscopy with a view to assessing the potential of this technique as an effective, expeditious

alternative to conventional methods for this purpose. To this end, the following two steps in the produc­

tion process of tablets containing 1 g of paracetamol were studied: (1) intermediate granulation, which

was characterized in terms of Active Principle Ingredient (API) content, average particle size and particle

size distribution and (2) manufactured tablet, which was examined in relation to compaction pressure

and API content of the tablets. The ultimate aim was to identify critical attributes of the process influ­

encing the quality of the end­product. Based on the results, a new method for determining the API in the

end­product was developed and validated for its quality control.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Quality in a drug is assured by careful execution of every sin­

gle step in its production process and optimization of any factors

potentially affecting it. Determining some physical and chemical

parameters of pharmaceutical interest over a production process

can help one obtain useful information about its evolution and

consistency. In fact, such parameters can provide a “snapshot” of

the process at any time and allow one to act timely on it if nec­

essary. This approach to the production process departs from the

traditional strategies of the pharmaceutical industry, which has led

US Food and Drug Administration (FDA) to propose the initiative

PAT (Process Analytical Technology) involving the incorporation

of new technologies to drug production in order to both improve

the quality of end­products and cut manufacturing costs [1]. The

yield of a production process can be adversely affected by the need

to analyze large numbers of samples in order to assure quality in

the end­product; in fact, the analyses involved are usually slug­

gish and expensive. The need to perform massive analyses detracts

from industrial productivity, increases costs and reduces benefits.

In order to circumvent these shortcomings and acquire a sound

knowledge about each step of a production process, in this work

we developed a Near­Infrared (NIR) analytical method as an alter­

native to traditional choices (UV/VIS, HPLC) for drug samples. Near

∗ Corresponding author. Tel.: +34 93 58 1367; fax: +34 93 58 1367.

E­mail address: marcel.blanco@uab.es (M. Blanco).

infrared spectroscopy (NIRS) is an expeditious, user­friendly, non­

destructive, reliable, flexible technique, which facilitates its use

both in the laboratory and for controlling/monitoring individual

steps of a production process. At present, NIRS is widely used

to determine a number of physical and chemical quality­related

parameters in a wide variety of materials. Its qualitative and quan­

titative potential in this respect is widely documented [2–7].

A tablet production process requires strict control of each

individual step in it (reception of the raw material, blending, gran­

ulation, sieving and tableting).

Granulation increases the product particle size in order to facil­

itate uniform feeding to the pressing machines and reproducible

filling of the tablet matrix. This results in uniform compaction of the

product particles and ensures uniformity in tablet weight and con­

stancy in the physico­mechanical properties (hardness, friability)

of the product.

The fluidity of a powdered or granulated material depends on its

average particle size, particle size distribution, particle shape, sur­

face roughness and moisture content. As a rule, fine particles with a

high surface area­to­mass ratio are more cohesive than are coarser

particles. Thus, particles larger than 250 mm can usually flow rel­

atively freely; by contrast, powders consisting of particles smaller

than 10 mm are cohesive and scarcely fluid [8]; for this reason, the

pharmaceutical industry usually employs granulates with a narrow

size distribution (i.e. little variability in particle size with respect to

its average value) [9,10].

By pressing powders or previously granulated substances, par­

ticles are brought very close to one another. Tablets must possess

0731­7085/$ – see front matter © 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.jpba.2009.09.038
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an adequate hardness (diametral breakage strength) in order to

withstand mechanical shock from handling during production,

packaging, distribution and usage [11]. Pressing extremely reduces

the efficient surface of a drug, which can affect the dissolution rate

of the API. The disintegration rate of a tablet depends on various

mutually related factors including the nature of the drug it con­

tains and its concentration, and the solvent, binder, disaggregant,

lubricant, wetting agent and compaction pressure used [12]. Tablet

hardness is influenced by surface area, cohesive strength, particle

size distribution and moisture content, among other factors [13].

Based on the foregoing, particle size and compaction pressure are

two essential pieces of information with a view to assuring quality

in pharmaceutical products in as much as they have a direct impact

on API bioavailability.

In addition to controlling the above­described factors, the phar­

maceutical industry must determine the API content of each

product in the intermediate steps of the process and also, unavoid­

ably, in the end­product.

Some authors have studied individual factors during a specific

step of a production process [14–18]; none, however, seems to

have established their influence on the quality of the end­product.

The primary aim of this work was to assess the potential of NIR

spectroscopy for determining quality in the end­product from the

physical and chemical parameters most strongly influencing it with

a view to acquiring a comprehensive knowledge about the process

as a whole and any critical points potentially affecting its outcome.

The study was conducted in two parts. In the first, the use of NIR

spectroscopy to quantify the API in granulates, and establishes their

particle size distribution and average particle size, was examined.

In the second, the potential of this technique for predicting the com­

paction pressure of tablets was assessed and the ensuing method

for quantifying APIs validated.

2. Experimental

2.1. Tablet production process

The tablet production process studied involves the following

steps, depicted in Fig. 1: weighing of the API and excipients (wei),

mixing (mix), granulation (gra), drying (dry), sieving (sie) and

tableting (tab). The product consists of uncoated white oblong

tablets 20 mm long×7 mm wide with a groove on one side and

a nominal weight of 1111 mg that are pressed at 195–215 MPa.

2.2. Production samples

Production granulates and tablets consisted of the API (paraceta­

mol, 898 mg/g), pregelatinized starch (87 mg/g) as major excipient,

and stearic acid (5 mg/g) and povidone (10 mg/g) as minor excipi­

ents.

2.3. Laboratory samples

A total of 26 mixtures were prepared by weighing appropriate

amounts of the formulation ingredients spanning API concen­

trations from 80 to 111%. The nominal paracetamol content

(898 mg/g). ICH recommends a calibration range between 80 and

120% of nominal value. In this case the upper limit cannot reach

because the 111% concentration represented pure paracetamol. The

high content in API and low contents in the two minor excipients

precluded using an experimental design to facilitate the prepara­

tion of samples with a low correlation between concentrations. The

component mixtures were blended in a solid mixer for 30 min to

ensure homogeneity.

Laboratory granulates were prepared from powder mixtures,

which were sprayed with water, blended with a spatula to obtain

granules and dried in a vacuum stove at 60 ◦C for 3 h. Finally, the

dry granules were ground in a mortar to a particle size similar to

that of production granules.

The granulate samples were used to obtain laboratory tablets. To

this end, an amount of ca. 1 g of powdered sample was compacted

at 195–215 MPa on a Perkin–Elmer press.

In parallel, laboratory­made tablets were prepared from produc­

tion granulate that was overdosed or underdosed to±5% around the

nominal API content and pressed at 74–370 MPa.

2.4. Particle size distribution

An amount of ca. 10 g of each granulate was sieved to obtain

5 fractions of different particle size (<200, 200, 300, 500 and

1000 mm) in order to determine the average size and distribution

of particles. Each fraction was weighed in an analytical balance in

Fig. 1. Overview of a manufacturing process for tablets.



M. Blanco et al. / Journal of Pharmaceutical and Biomedical Analysis 51 (2010) 797–804 799

order to calculate the proportion of sample passing through each

sieve and obtain the particle distribution curve for the product. The

average particle size was calculated from the following expression

[19]:

Average particle size =
weight fraction× particle size fraction

total weight

2.5. Hardware and software

Laboratory samples were blended in a Turbula T2C WAB shaker

mixer and pressed on a Perkin–Elmer 15.011 cylindrical press with

a cross­sectional area of 132.7 mm2. Production granulates were

sieved through a BA100­N electromagnetic sieve shaker from CISA

(Barcelona, Spain).

Near infrared spectra were recorded on a NIRSystems 6500

spectrophotometer from FOSS NIRSystems (Silver Springs, MD)

equipped with a Rapid Content Analyser (RCA) module and gov­

erned via the software Vision 2.51, also from FOSS NIRSystems.

PCA, PLS and PLS2 models were constructed by using the soft­

ware Unscrambler v. 9.2 from Camo Process (Trondheim, Norway).

2.6. Determination of API concentrations

The API concentration in each laboratory sample was obtained

from the weights of its components. The API contents of the pro­

duction tablets and granulated samples were determined by high

performance liquid chromatography (HPLC) with UV/VIS detection,

using a steel column 25 cm long×4 mm ID packed with Spherisorb

ODS­2 resin of 5 mm particle size, a mobile phase consisting of

70:30 (v/v) methanol/aqueous acetic acid flowing at 1.0 mL min−1,

an injected volume of 25 mL a maximum chromatographic run time

of 10 min and a detection wavelength of 280 nm.

2.7. Recording of NIR spectra

Near infrared spectra were recorded at 2 nm intervals over the

wavelength range 1100–2500 nm. Each spectrum was the average

of 32 scans. The reference spectrum was obtained from the ceramic

plate supplied with the instrument.

The spectra for the powders and granulates were obtained by

placing the samples in a glass cell with a circular section around

3 cm of diameter. Two spectra per sample were recorded, with

turnover between recordings, in order to obtain an average spec­

trum.

The spectra for the production tablets were recorded by direct

measurement on the spectrophotometer quartz window; the entire

sample is illuminated by the radiation beam and hence its analysis

area corresponds to its cross­section. Each tablet was turned 90◦ to

obtain a second spectrum for the opposite side which was averaged

with the first. The spectra for the laboratory tablets were recorded

identically.

2.8. Processing of NIR data

A calibration set and a prediction set incorporating spectral and

parameter variability were constructed. The spectral data were

subjected to various treatments including SNV, and first and sec­

ond derivatives as obtained by using the Savitzky–Golay algorithm

with an 11­point moving window and a second­order polynomial.

The quantitation models for granulates, production tablets,

compaction pressure and average particle size were constructed

by using the PLS algorithm. We intent use only samples from

laboratory for the calibration set while the validation set is only

constituted by production samples. Two types of model validation

were performed: an internal validation using leave­one­out cross­

validation for building of the model and an external validation using

a production set of samples. The model for particle size distribution

was based on PLS2. PLS2 models can be used for to calibrate and

then predict simultaneously a set of variables (useful with vari­

ables strongly correlated); in this study a PLS2 model was used

for determination of the percentages of 5 fractions of each parti­

cle size (distribution size) in the granules. The optimum number of

factors for each model was taken to be that resulting in the lowest

possible relative standard error (RSEC for calibration and RSEP for

prediction), defined as:

RSEC,RSEP(%) =

√

√

√

√

√

√

√

√

√

m
∑

i=1

(YREF
i

− YNIR
i

)
2

m
∑

i=1

YREF2

i

× 100

where m is the number of samples, and YREF
i

and YNIR
i

are the

concentrations obtained with the reference and NIR method,

respectively.

3. Results and discussion

The aim of this work was to develop an effective method for

checking product quality by determining various parameters in dif­

ferent steps of the paracetamol production process, which starts

with the granulate mixture and ends with the final control of the

tablets. The specific steps studied were granulation and tableting,

which were examined in terms of API content, particle size distri­

bution and average particle size of the granulate, and compaction

pressure of the tablets.

3.1. Determination of API contents in granulates and tablets

The calibration models for granulates and tablets were con­

structed from a set of samples spanning API contents from 80 to

111% the nominal value for paracetamol in the studied formula­

tion. Fig. 2 shows the absorbance spectrum for a granulated, tablet,

API and excipient majority (Gluten­free pregelatinized corn starch).

Prior to constructing the calibration model for the API in the

granulates, the results for laboratory and production granulates

were subjected to PCA in order to assess the similarity of the two

types of samples with a view to selecting an appropriate set to

develop the model. Fig. 3 shows the scatter plot of the scores for the

first two PCs, which jointly accounted for 94% of the total variance.

Fig. 2. NIR spectra for granulate, tablet, API (paracetamol) and excipient majority

(corn starch).
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Fig. 3. PCA scores plot for granulated samples.

The laboratory samples spanned a broad range of values for PC1; on

the other hand, the production samples clustered in the centre of

the graph which is suggestive of close similarity between them and

exhibited PC1 values very similar to that for the laboratory samples

containing the nominal API concentration.

The similarity between the laboratory and production granu­

lated samples revealed by the scatter plot of the scores led us to

use a calibration set consisting solely of laboratory samples and a

validation set containing production samples alone. The model for

quantifying paracetamol in the granulate was established by test­

ing various spectral treatments of which that based on SNV with

two PLS factors was found to provide the best results. Excluding

the regions around 1440 and 1940 nm, which correspond to the

absorption of OH and are thus associated to moisture in the sam­

ple, provided a much simpler model with an improved predictive

ability. Table 1 shows the figures of merit of the model.

The model for quantifying the API in tablets was developed in

the same manner. Since the scatter plot for the PCA scores was

suggestive of differences between the laboratory and production

tablet samples, the calibration set was constructed with both, and

so was the validation set. The best results were obtained with a

spectral derivative treatment and 3 PLS factors (Table 1). The spec­

tral ranges examined were 1100–1885 and 2000–2500 nm and thus

excluded the zone around 1940 nm for the above­described rea­

son. Not using the zone around 1440 nm resulted in no further

improvement, however.

Accurately determining the API concentration at this step of the

tablet production process can help assure the desired API content

in the end­product or any required corrections in this respect to be

made before the process is allowed to proceed.

3.2. Determination of the compaction pressure

The compaction pressure affects the hardness and ease of disin­

tegration and dissolution of tablets. Pharmaceutical disintegration

and dissolution tests provide a measure of API bioavailability. The

compaction pressure also influences the API release rate, which

should be identical across production batches. In addition, tablets

should be hard enough to preserve their integrity during handling.

Fig. 4. Absorbance spectra for different compaction pressure of laboratory and pro­

duction tablet samples.

Fig. 5. PCA scores plot for laboratory samples (powder and compressed) and pro­

duction tablets.

Laboratory tablets containing API concentrations ±5% around

the nominal content and pressed at 74–369 MPa were split into

three groups according to compaction pressure. As can be seen from

Fig. 4, the pressure used to prepare the tablets caused a shift in the

NIR bands. Fig. 5 is a scatter plot of the PCA scores for laboratory

tablets, powder samples and production tablets. As can be seen, the

compaction pressure was the strongest individual source of vari­

ability, PC1, which accounted for 85% of the total variance. On the

other hand, the second component (PC2), which accounted for 10%

of the total variance, represented differences between production

and laboratory tablets [11]. As can also be seen, the production sam­

ples fell within the 148–221 MPa range for the laboratory samples,

which suggests that the compaction pressure for the production

tablets lay in that range.

Table 1

Relevant parameters of the models for PLS determination of API in granulated and tablet samples.

Samples Granulated Tablet

Calibration Prediction Calibration Prediction

Laboratory Laboratory Production Laboratory and production Laboratory Production

Pre­treatment SNV 1st derivative

Range (nm) 1550–1800 2050–2400 1100–1885 2000–2500

Concentration (%label claim) 80.0–111.0 80.0–111.0 95.0–105.0 80.0–111.0 80.0–111.0 95.0–105.0

Factors 2 3

Explained Variance Y (%) 99.5 99.5

Samples 14 8 33 18 + 5 24 22

RSEC/P (%) 0.78 1.53 2.95 0.65 0.78 0.81
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Table 2

Main figures for determination of physical parameters in granulated and tablet samples.

Samples Compaction pressure Particle size distribution Average particle size

Calibration Prediction Calibration Prediction Calibration Prediction

Laboratory Laboratory Production Production Production

Pre­treatment 1st derivative 2nd derivative 1st derivative

Range (nm) 1110–2488 1110–2488 1110–2488

Range of value 74–370 MPa 172–223 MPa 0–1000 mm

Algorithm PLS PLS2 PLS

Factors 4 5 5

Explained Variance Y (%) 99.0 97.2 99.5

Samples 16 10 90 12 6 13 8

RSEC/P (%) 3.5 8.6 a 2.7 7.5 1.0 6.2

a Not reference value is available to calculate RSEP.

Fig. 6. Control chart of compaction pressure for production tablet.

The compaction pressure for the tablets was determined by

using a model constructed from laboratory samples. Table 2 shows

the figures of merit of the model. No reference values for the

compaction pressure were available with a view to validating the

model; the sole information available for this purpose being the

operating range of the press: 195–215 MPa. The ensuing model was

used to predict the compaction pressure for 90 production tablets

from 9 different batches and provided values from 172 to 223 MPa

(average, 201 MPa).

Fig. 6 is the control plot for the predicted compaction pressure

for each tablet. As can be seen, there were differences between

individual tablets. In any case, pressure values clustered randomly

around a central one (the average compaction pressure) and only

2 tablets had a pressure outside the range defined by the average

value ±2�.

Control plots provide an effective tool for controlling deviations

and trends from individual values and confirming that the com­

paction process is under control.

Fig. 7. Absorbance spectra of different particle size samples.

3.3. Determination of particle size distribution and average

particle size

Ensuring efficiency in the production process and a high

quality in the end­product entails controlling the average par­

ticle size and particle size distribution of the product. In

fact, an appropriate particle size ensures acceptable physical

properties (hardness, disintegration, average weight) in the prod­

uct.

Table 3

Determination of average particle size in granulated samples (comparison of PLS and PLS2 calibration models).

Samples Particle size distribution

(PLS2)

Median particle size (PLS) Particle Size reference

(mm)

PLS2 to particle size

distribution

PLS to average

particle size

Average particle size (mm) Prediction of average particle size (mm) Residual Residual

1 684 683 623 −61 −60

2 676 704 648 −28 −56

3 599 668 672 72 4

4 606 654 633 27 −20

5 557 573 626 69 53

6 583 614 597 14 −17

Average residual 15.7 −16.02

s 52.86 41.71

n 6 6

texp 0.73 0.94

tcrit
a 2.57 2.57

a t critical (˛ = 0.05, 5 degrees of freedom).
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Table 4

Validation parameters of API determination in production tablets.

Parameter Result

Linearity n 20

Concentration range (% of nominal value) 80–111%

Intercept 3±4

Slope 0.98±0.04

R 0.992

Accuracy n 6

Average difference (% of nominal value) 0.08

s 0.72

texp 0.27

tcrit 2.571

Repeatability Mean NIR (% of nominal value) 97.3

CV% 0.1

Intermediate

pre­

ci­

sion

ANOVA

Day (3)

Fexp 3

Fcrit 19

Analyst (2)

Fexp 0.3

Fcrit 18.5

s 0.1

CV% 0.1

Robustness n 26

Average residual 0.41

s 1.12

texp 1.89

tcrit 2.06

Fig. 8. Particle size distribution curves for different granulated samples obtained applying PLS2 calibration models.



M. Blanco et al. / Journal of Pharmaceutical and Biomedical Analysis 51 (2010) 797–804 803

The granulate samples studied were collected over a period of

2 years. This ensured a broad enough temporal distribution and

hence good representativeness in the samples.

Fig. 7 shows the NIR spectrum for each sieving fraction. As can

be seen, the bands shifted with increase in particle size. Particle

size distribution was determined by using a PLS2 model. The PLS2

algorithm allows one to correlate the spectral data matrix with

more than one variable and predict various particle sizes with a

single calibration model [20]. The selected wavelength range was

1100–2500 nm and the model with the highest predictive ability

one based on a second­derivative spectral treatment (Table 2).

The particle size distribution of a product is a measure of gran­

ulate heterogeneity and also of the particle size range it spans;

particles larger than 250 mm but distributing closely around the

average size are acceptably fluid [8]. As can be seen from Fig. 8, the

predicted curves fitted those obtained from the reference values

quite closely.

Another PLS model was constructed to determine the average

particle size by using the whole wavelength range (1100–2500 nm).

The best choice as regards predictive ability was a first­derivative

model (see Table 2). A comparison of the average particle sizes pro­

vided by the PLS and PLS2 models with the theoretical value was

made via a paired t­test. Based on the results, there were no sig­

nificant differences in performance between the two models at a

significance level ˛ < 0.05 (see Table 3).

3.4. Validation of the proposed method for quantifying the API in

paracetamol tablets

The proposed NIR method for determining paracetamol (API) in

tablets was validated in accordance with the ICH [21] and EMEA

guidelines (ICH, 1994) [22]. This involved assessing the selectiv­

ity, linearity, accuracy, precision (as repeatability and intermediate

precision) and robustness of the method. “The selectivity of a

NIR method is established across the identification of the phar­

maceutical preparation using spectral libraries constructed with

spectra of the preparation and the possible confusions: excip­

ients and other similar preparations. The identification of the

preparation is a previous step for quantification of its API con­

tent”.

Robustness was assessed by analyzing samples collected over

a period of 6 months. A paired t­test at the 95% confidence level

on the differences between the NIR and HPLC values revealed the

absence of significant differences between the proposed and refer­

ence methods.

Table 4 shows the validation results for the proposed method.

4. Conclusions

This study testifies to the usefulness of NIR spectroscopy for

assessing quality in a pharmaceutical product by determining

various chemical and physical properties in several steps of the

production process.

By using two different PLS calibration models to determine

the API in intermediate granulates and the end­product one can

control individual steps and the overall process before the prod­

uct is released. The proposed model for determining the API in

granulated samples require no production samples was used in

content of API determinations with results not significantly dif­

ferent from those provided by the reference (HPLC) method. This

can dramatically facilitate the development of effective prediction

models and improve their accuracy since reference values can be

obtained simply by weighing, without the need to use any spe­

cial technique. The validation results obtained by applying the

ensuing method to finished production tablets in accordance with

the ICH guidelines testifies, these results show that this method

is an effective alternative to conventional (HPLC) choices for this

purpose.

The PLS2 model used to determine particle size distribution pro­

vides a more comprehensive knowledge of the particle size­related

properties of the intermediate product, which facilitates assurance

of an increased quality and uniformity in the physical properties

(average weight, dissolution rate) of the tablets.

Using a NIR model to predict the compaction pressure of tablets

provides a simplified, non­destructive alternative which addition­

ally ensures fulfillment of other requirements associated to this

variable.

All models used here produce results comparable to those

obtained by the reference method and are thus potentially use­

ful for routine analyses with a view to controlling critical points

in the production of tablets and avoiding non­conforming batches

and the need for re­processing as a result.
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a  b  s  t r a  c  t

Using  an appropriate set of samples to construct the  calibration  set  is crucial with  a  view  to ensuring

accurate  multivariate  calibration  of  NIR  spectroscopic  data.  In  this work, we developed and optimized  a

new  methodology  for incorporating physical  variability in pharmaceutical  production  based  on the NIR

spectrum  for the  process.  Such a spectrum contains  the  spectral  changes caused  by each  treatment applied

to the component  mixture  during  the production  process.  The proposed methodology  involves  adding

a  set  of process spectra  (viz. difference  spectra  between those  for production  tablets  and a laboratory

mixture  of identical  nominal composition) to  the  set  of laboratory  samples, which  span the  wanted

concentration  range, in order  to  construct  a calibration set incorporating all  physical  changes undergone

by the  samples  in each step  of the  production  process.  The best calibration  model among  those  tested

was  selected  by establishing the  influence of spectral pretreatments  used  to  obtain the  process  spectrum

and construct  the calibration  models,  and also  by  determining  the  multiplying  factor m  to be applied  to

the  process  spectra  in order  to ensure incorporation  of  all  variability  sources  into  the  calibration  model.

The  specific  samples  to be included in the  calibration  set  were  selected  by principal component  analysis

(PCA).  To  this end, the new  methodology  for constructing calibration  sets  for determining  the Active

Principle  Ingredients  (API) and excipients  was applied  to Irbesartan tablets  and  validated  by  application

to  the  API  and  excipients  of  paracetamol  tablets.  The proposed methodology  provides  simple,  robust

calibration models  for determining  the  different components of  a pharmaceutical formulation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Near infrared spectroscopy has become a widely used tool in

the pharmaceutical industry for a variety of purposes ranging from

the determination of the API in end­products to the monitoring of

the different steps of a pharmaceutical process. During the phar­

maceutical process, a mixture of the different components of the

formulation is subjected to operations including granulation, dry­

ing, pressing and coating, all of which introduce some variability

in the spectra for production samples in relation to those for a

sample obtained simply by mixing the formulation ingredients.

Such variability precludes the use of the same model to deter­

mine any parameter such as the API concentration, an excipient

concentration or some physical property (e.g. particle size, com­

paction pressure) in the pharmaceutical preparation. As a  result,

accurately determining each target parameter requires construct­

ing an appropriate calibration model, which is a slow, difficult task

[1].

Introducing process analytical technology (PAT) in a  pharma­

ceutical process entails determining some parameters in order to

establish the critical quality attributes for the process or its prod­

uct. This is usually accomplished by using a  fast­response technique

such as NIR or Raman spectroscopy. Constructing accurate models

for pharmaceutical processes requires using a simple, fast, flexible

methodology for this purpose [2].

The greatest difficulty in developing a  robust analytical model is

constructing a representative calibration set. In fact, the samples to

be included in the calibration set should span a wide enough con­

centration range to enable the prediction of samples with abnormal

concentrations and meet the ICH guidelines as regards maximum

ranges; also, they should encompass the whole physical and chem­

ical variabilities of the production process [3]. In order to meet

the former requirement, the ICH guidelines [4] recommend using

a range ±20% around the nominal value to determine the API; also,

correlation between components in the calibration samples should

ideally be as low as possible.

Physical variability in production samples arises from differ­

ences in density, particle size, granulation and compaction, among

other factors, which result in differences in light trajectory and scat­

ter that in turn lead to spectral dissimilarities [5]. Because even

small differences can have a strong impact, incorporating them into

the calibration model is crucial with a view to obtaining acceptable

predictions.

The previous requirements are essential in order to construct

effective calibration sets [6]; also, the more similar the calibration

samples and those to be predicted (viz. production samples) are, the

0039­9140/$  –  see front  matter ©  2011 Elsevier B.V. All rights reserved.
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Table  1

Concentration  correlation  coefficients  of  the different  components  in  Irbesartan  laboratory blends.

Correlation  coefficients  Irbesartan  Lactose  Avicel  pH 102 PVP  25  Croscarmellose  sodium  Aerosil 200  Sodium stearyl fumarate

Irbesartan  1  –  –  –  –  –  –

Lactose 0.32  1  –  –  –  –  –

Avicel  pH  102 0.23  0.20 1  –  –  –  –

PVP  25  −0.99  −0.39  −0.29  1  –  –  –

Croscarmellose  sodium  −0.99  −0.40  −0.28  0.99  1  –  –

Aerosil  200  −0.99  −0.38  −0.29  1.00  0.99  1  –

Sodium  stearyl  fumarate  −0.99  −0.40  −0.28  0.99  1.00  0.99  1

better will be the predictions. Fulfillment of these requirements can

be ensured by using a  number of methods [7–14]. Some tablet pro­

duction variables including grain size [1,8,9], compaction pressure

[1,11], tablet shape [5] and coating [17] influence the NIR spectrum

for the product and should therefore be considered in construct­

ing a multivariate calibration model to determine the API content.

Recently, Blanco et al. [15] proposed a new method for incorpo­

rating physical variability in a pharmaceutical production process

into the set of calibration spectra via a calculated process spec­

trum. The process spectrum is the difference spectrum between

that for the sample at an intermediate stage of the process (mixture,

granulate, core) or its final stage (tablet) and a  powder mixture of

identical composition. The differences calculated for several pro­

duction samples are expressed as a set of mathematical vectors

defining variability in the production process. This is the so­called

“process variability matrix”, which is added to the matrix contain­

ing the set of NIR spectra for several powder mixtures spanning the

desired range of API concentrations in order to obtain the spectral

matrix for the calibration set. The spectrum for a calibration sam­

ple is the sum of the weighted contributions of the different sample

components (laboratory­made samples in our case) and that of the

production process (i.e. the process spectrum).

Usually, the number of available process spectra is small and

may not contain the whole variability in the production sam­

ples. Under such conditions, the variability included in the process

variability matrix can be increased by multiplying the process

spectra by an empirical coefficient m to obtain an expanded set:

the extended process variability matrix. The sum of the spectral

matrix for the laboratory powder samples – which contains chemi­

cal variability – and the extended process variability matrix – which

contains physical variability introduced by the different steps of

the production process – provides the extended total variability

matrix – which contains both physical and chemical variabilities

in the process, and is used to construct the calibration model. A

poor selection of samples for the calculation of process spectra can

introduce systematic errors in the prediction of production samples

[15].

In this work, we developed a methodology for selecting the

most suitable empirical coefficient m to be used in calculating the

extended variability matrix and assessed the effect of spectral treat­

ments used to obtain the process spectrum on the simplicity of the

ensuing calibration model and its predictive ability.

2. Experimental

2.1. Production samples

The pharmaceutical products studied were 100 tablets of Irbe­

sartan 300 mg and 52 tablets of Paracetamol 1 g, both from

Laboratorios KernPharma. Irbesartan 300 mg is commercially avail­

able as uncoated white cylindrical tablets containing Irbesartan

(59.29 wt%) as API; lactose (19.76 wt%) and Avicel pH 102 (10.97

wt%) as major excipients; and PVP 25 (2.96 wt%), Croscarmellose

sodium (2.67 wt%), sodium stearyl fumarate (2.57 wt%) and Aerosil

200© (1.78 wt%) as minor excipients. The paracetamol 1 g tablets

were also white and uncoated, and contained Paracetamol (89.90

wt%) as API; pre­gelatinized starch (8.70 wt%) as major excipient;

and stearic acid (0.50 wt%) and Povidone (1.00 wt%) as minor excip­

ients.

2.2. Laboratory samples

The pure components of Irbesartan 300 mg tablets were used

to prepare a total of 30 laboratory samples consisting of accurately

weighed amounts of the powdered ingredients spanning a concen­

tration range ±20% around the nominal API content as per the ICH

guidelines [4]. The sample set was established by using a D­optimal

design in order to minimize correlation between concentrations

(see Table 1).

Similarly, the pure components of Paracetamol 1 g  tablets were

used to prepare a total of 26 mixtures spanning a concentration

range from 80 to 111% the nominal API content (898 mg/g) in

the commercial tablets, the latter value corresponding to pure

paracetamol. Such a  high API concentration and low excipient con­

centrations precluded using an experimental design to prepare a

sample set with low correlated concentrations.

All samples were made by weighing the required amounts

of each component on an analytical balance. The mixtures were

homogenized in a solid mixer and assumed to be homogeneous

when they gave two identical consecutive NIR spectra. All concen­

trations were expressed as percentages of the total weight of each

pharmaceutical preparation.

2.3. Instrumentation and software

Laboratory samples were homogenized in a Turbula T2C WAB

shaker mixer. The NIR spectra for the Irbesartan and Paracetamol

laboratory samples and tablets were recorded on a Bruker MPA

Fourier Transform spectrophotometer equipped with an integrat­

ing sphere and a  rotary module furnished with a cast of the same

shape and size as the tablets. The instrument was governed via the

software Opus v. 6.5.

The D­optimal design was developed with the software Modde

v.6.0 from Umetrics.

All spectra were processed and multivariate models were con­

structed by using The Unscrambler v. 9.8 from Camo.

2.4. Recording of NIR spectra

The NIR reflectance spectra for the samples were recorded

over the range 12 500–3750 cm−1 (800–2666 nm) with a maximum

spectral resolution of 2 cm−1 and an accuracy of 0.3 nm. Each spec­

trum was the average of 32 scans.

Powder samples were held in vials for direct placement on the

autosampler window. Each sample was used to record two spectra,

with turnover between the two, for averaging.

The spectra for Irbesartan tablets were recorded in cylindrical

casts, and those for Paracetamol tablets in oblong casts, which were

directly placed on the autosampler. Each sample was used to record
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two spectra and their average used to predict the component con­

centrations.

2.5. Preparation of the calibration–validation set

The process spectrum (Sp, which contained the contributions of

granulation and pressing), was calculated as

Sp =  ST − Sref (1)

where ST is the spectrum for the production sample (tablet) and

Sref that for a laboratory powder sample containing the same API

and excipient concentrations as the production sample. Calcula­

tions were based on the data for 5 tablets from as many production

batches of Irbesartan 300 mg and 10 of Paracetamol 1 g. The 5 Irbe­

sartan and 10 Paracetamol process spectra thus obtained contained

the spectral variability introduced by the production process. These

spectra constituted the reduced process variability matrix, Sp.red,

for the production steps, which was added to the spectral matrix

for laboratory samples of known concentration in order to obtain

the reduced total variability matrix, St.red.

St.red = Sconc + Sp.red

The number of process spectra used was small; also, they might

not contain the whole variability of the production process. In order

to increase the variability in Sp, we used a multiplying factor rang­

ing from 1.5 to 0.5; specifically, we used the values 0.5;1.5, 0.75;1.25

and 0.91;1.1. This not only increased the number of process spec­

tra, but also the variability spanned by the new set of process

spectra, which constituted the extended process variability matrix,

Sp.ext.  This new spectral set was randomly added to the spectra for

laboratory powder samples spanning an API concentration range

±20% around the nominal value for the Irbesartan formulation, and

80–111% for the Paracetamol formulation:

St.ext = Sconc + Sp.ext (2)

where St.ext is  the spectral matrix with the desired process vari­

ability and concentration range for calibration, Sconc that for the

laboratory powder samples and Sp.ext the extended process vari­

ability matrix. The spectral set St.ext constituted the extended total

variability matrix, which was subjected to various treatments such

as SNV and derivation prior to construction of the calibration model

[16].

2.6. Reference values

The reference values for the laboratory­made samples were

obtained from the weights of the formulation components.

The API content of the Irbesartan 300 mg production samples

used to validate the models was determined by HPLC–UV/Vis under

the following conditions: a steel column 25 cm long × 4.6 mm i.d.

packed with Kromasil 100 C18 in 5 mm particle size; a mobile

phase consisting of 65:35 (v/v) buffer at pH = 2.5/acetonitrile (A)

and 30:70 (v/v) buffer at pH = 2.5/acetonitrile (B), and used in a

gradient regime at a  flow rate of 0.8 mL min−1; an injected volume

of 20 mL; a chromatographic run time of 35 min and a  detection

wavelength of 275 nm.

The API content of the Paracetamol 1 g  production tablets used

to validate the model was also determined by HPLC–UV/Vis, using a

steel column 25 cm long × 4 mm i.d. packed with Spherisorb ODS­2

in 5 mm particle size; a 70:30 (v/v) methanol/(water/acetic acid) at

a flow rate of 1.0 mL min−1 as mobile phase; an injected volume of

25 mL; a chromatographic run time never exceeding 10 min and a

wavelength of 280 nm for detection.

2.7. Construction of calibration models

The spectra constituting the extended total variability matrix

were used to develop PLS calibration models. Previously, the spec­

tra were subjected to various treatments including SNV, and first

and second derivatives, using the Savitzky–Golay algorithm with

a 11­point window and fitting to a  second­order polynomial in all

cases.

The calibration model was constructed by using the PLS model

with the number of factors leading to the lowest RMSE, it was

calculated from:

RMSE =

√

∑m

i=1
(YNIR

i
− YREF

i
)
2

n

As determined from a  plot of RMSE vs number of factors, YNIR
i

being the API content predicted by the model, YREF
i

that provided

by the reference method (weighing or HPLC) and n  the number of

samples.

3. Results and discussion

Constructing an effective calibration set is crucial with a view

to obtaining accurate predictions with multivariate models based

on NIR spectroscopy; developing a new method involving calcu­

lation of the process spectrum requires a  thorough study of the

variables influencing its performance. To this end, we used various

methods to obtain the process spectrum with a twofold purpose,

namely: (a) to establish the effect of spectral treatments in con­

structing calibration models and obtaining the process spectrum

and (b) to incorporate as much variability in the production sam­

ples as possible in order to ensure goodness of the model, which

entailed determining the multiplying factor m to be applied to the

process spectrum in order to ensure the inclusion of production

samples in the calibration set.

A good calibration set should include chemical variability in the

production process and also variability derived from each sam­

ple processing step. This can be accomplished by using a  series

of laboratory mixtures prepared in accordance with a D­optimal

design and spanning the desired concentration range for each com­

ponent with minimal collinearity between concentrations. Table 1

shows the concentration correlation in the laboratory­made Irbe­

sartan samples. As can be seen, the correlation coefficients between

the concentrations of the major components (Lactose, Avicel pH

102 and the API) were all less than 0.50; this precluded reducing

collinearity between the minor components, which spanned the

concentration range 1.5–3%.

Physical variability in the process was incorporated into the

calibration model by using the process spectrum methodology,

which involved combining the process spectra (Sp)  with those for

laboratory samples prepared as described above. As can be seen

from Fig. 1, which compares the spectrum for a production sample

with that of a powder mixture of identical concentration in each

ingredient, the former exhibited a  shift and slightly different band

intensities as a result of physical changes during the production

process (granulation and compaction); the differences, however,

were reduced by adding the spectrum for a laboratory sample to Sp

[5]. The process spectrum is not unique; rather, it is a function of

the samples used in its calculation since each production process

has a different contribution of the factors introducing variability in

it. Therefore, the matrix of process spectra is obtained from several

process spectra for different production samples in order to ensure

that the varying magnitudes of sample variability are included. In

any case, it is rather difficult to ensure that the set of samples used

to record the process spectra will be representative of the overall

variability in the production process.
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Fig.  1.  Absorbance  spectra of a  laboratory  blend, Irbesartan  300  mg production

tablet,  spectrum  process (Sp)  and laboratory  blend  +  Sp .

A scatter plot of the scores for the first two PCs (Fig. 2) revealed

that the spectra for laboratory samples combined with Sp (matrix

St.red) were more similar to the production samples. As can be seen

from Fig. 2A, the laboratory mixtures departed from the produc­

tion samples; by contrast, the combination of the spectra for the

laboratory samples and the process spectra (Sp + Sconc = St.red) clus­

tered with the production tablets (Fig. 2B), which suggests that

adding process spectra to laboratory­made samples ensures the

incorporation of a sizeable fraction of variability in the process.

3.1. Influence of spectral treatments

The best spectral treatment for obtaining the calibration mod­

els was identified from a scatter plot of the PCA scores for

St.red and production tablets subjected to the SNV, first­derivative

and second­derivative treatments over the wavelength range

1100–2300 nm. The clusters of laboratory samples for all spectral

treatments included virtually all production samples (Fig. 3A shows

this sample distribution for first derivative spectra and that are sim­

ilar for different pre­treatments); therefore, the samples in St.red

incorporated most of the variability in the production process and

any of the above spectral treatments could in theory be used to con­

struct the calibration model. This was confirmed by constructing

PLS models from spectra subjected to each treatment. The model

constructed from laboratory mixtures alone (Sconc) (i.e. including

no process spectra, Sp) resulted in large prediction errors for the

production samples despite the low intensity of the Sp bands (see

Table 2). A comparison of the RMSEC/P values for the models includ­

ing St.red revealed that all models provided reasonably accurate

predictions; however, the simplest, best predictive model was that

obtained with the first­derivative spectral treatment, which was

thus adopted to determine the optimum multiplying factor, m.

Using the different spectral treatments to obtain Sp resulted

in no difference in the ensuing models irrespective of the time

of application. This was not the case with the process spectra

subjected to SNV; in fact, the Sp models constructed from SNV­

treated absorbance spectra provided increased bands by effect of

the autoscaling involved in the SNV treatment.

With the other spectral treatments, altering the application

sequence made no difference, which suggests that the point of

application of the treatment has no effect on the goodness of the

results.

3.2. Increasing the variability of calibration samples

As can be seen from Figs. 2 and 3A – which corresponds to first­

derivative spectra – the production samples were not completely

included in the St.red cluster; therefore, variability in the produc­

tion samples was not completely represented in these samples. This

problem was solved by increasing the initial variability (specifically,

Table  2

Relevant  parameters  of the PLS  models  constructed  from laboratory  blends  and  laboratory blends  + Sp for  quantifying  the Irbesartan  (API).  Effect  of different  pre­treatments

over  the  wavelength  range  1100–2300  nm.

Spectral  pre­treatment Calibration samples  PLS  factors Explained  variance  (%)  Calibration Prediction

RMSEC RMSEP

1st derivative  Lab  blends 4  99.0  0.70 8.07

Absorbance  Lab  blends +  Sp 4  97.3  1.14  3.07

SNV  Lab  blends +  Sp 4  98.0  0.97  2.88

1st  derivative  Lab  blends +  Sp 3  97.7  1.17  1.53

2nd  derivative  Lab  blends +  Sp 3  97.8  1.10  1.75

Calibration  samples:  20 laboratory blends  (concentration range  of 46.4–69.6%,  w/w),  prediction samples:  10  batches  (10  tablets  are analyzed  in  each  batch).

Fig.  2.  Scatter  plot of PCA  scores from  absorbance  spectra  over  the  wavelength  range  1100­2300 nm for:  (A) Laboratory  blends and production  tablets  and (B)  Laboratory

blends  + Sp and production  tablets.
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Fig.  3.  Scatter  plot  of  PCA  scores for  production  tablets  and laboratory  blends added  reduced  or extended  process variability  matrix. Value  of  Multiplicative  factors  (m):  (A)

1,  (B)  0.5;  1.5,  (C)  0.75;  1.25, (D)  0.9;  1.1.

by multiplying the process spectrum by a near­unity factor m). We

used principal component analysis (PCA) to determine the specific

m value ensuring inclusion of the spectra for all production samples

in the cluster of Sconc combined with the products of the process

spectra by m.

We used a scatter plot of PCA scores to explore the spectra for

laboratory samples modified with the extended process variability

matrix (Sconc +  mSp = St.ext) and production tablets in order to select

the most suitable m values with a view to constructing a set of

spectra Sconc + mSp incorporating the whole variability in the pro­

duction samples. Fig. 3 shows the scatter plots for four PCAs on

combinations of spectra for laboratory samples with process spec­

tra multiplied by the m values 0.5;1.5, 0.75;1.25 and 0.91;1.1; the

spectra were subjected to the first­derivative treatment over the

wavelength range 1100–2300 nm. As can be seen, St.ext failed to

include all production samples (Fig. 3A); also, the laboratory sam­

ples whose spectra were applied an m value of 0.5;1.5 departed

considerably from the production samples (Fig. 3B) and those with

an m value less than 0.75;1.25 fell closer to them (Fig. 3C), but

those whose spectra were multiplied by m = 1.25 fell below and

distant from the production samples. Finally, using an m factor of

0.9;1.1 led to the laboratory samples falling closer to the produc­

tion samples (Fig. 3D). These results were confirmed by the figures

of merit of the ensuing PLS models (Table 3). As can be seen, the PLS

model obtained with m = 0.9;1.1 was the simplest (i.e. that using the

smallest number of factors) and also that resulting in the smallest

RMSEP.

The goodness of the proposed methodology was further con­

firmed by using a  variability matrix containing a variable number

of process spectra (5 and 15). Fig. 4 shows three scatter plots for

the PC scores. As can be seen, the cluster Sconc + Sp (#Sp = 5) failed

to include all production samples (Fig. 4A), that constructed from

Table 3

Figures  of  merit for PLS  models constructed  from  reduced  and extended total  variability  matrix  for  Irbesartan  (API) determination.

Samples  for  calibration  Multiplicative  factors (m)  PLS  factors  Explained  variance  (%) Calibration  Prediction

No. samples  RMSEC RMSEP

Reduced  total variability  matrix  1  4  98.0  20 0.97  2.88

Extended  total variability  matrix 0.5; 1.5  5  97.9  60 1.01  1.67

0.75;  1.25  4  97.7  60 1.07  1.58

0.9;  1.1 3 97.7  60 1.17  1.53

Calibration  samples  with  concentration  range  46.4–69.6%  (w/w).  Prediction samples: 10 batches  (10 tablets  are analyzed in each  batch) using  1st  derivative  mode  over the

wavelength  range  1100–2300  nm.
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Fig.  4.  Scatter  plot of PCA scores for production  tablets  and  laboratory  blends  added  reduced  process  variability  matrix:  (A)  5  process spectra,  (B)  15  process  spectra  (C)  5

process  spectra  added  extended  process  variability  matrix  (m  = 0.9:1.1).

Table  4

Figures  of merit  for  PLS  models  constructed  with  different  quantity  of  spectra  process (Sp)  for  quantifying Irbesartan  tablets.

Samples  for  calibration No. Sp Multiplicative  factor  (m) PLS factors Explained  variance (%) Calibration  Prediction

No. samples  RMSEC  RMSEP

Reduced  process  variability  matrix 5 1 3 98.2 20 0.92  2.09

15  1  3  97.5  20 1.10  0.94

Extended  process  variability  matrix  5  0.9; 1.1  3  98.4  60 1.17  1.53

Calibration  samples  with  concentration  range  46.4–69.6%  (w/w).  Prediction samples: 10 batches  (10  tablets  are analyzed in each  batch)  using 1st  derivative mode  over the

wavelength  range  1100–2300  nm.

15 Sp included more (Fig. 4B), and that obtained with an m fac­

tor of 0.9;1.1 included virtually all (Fig. 4C). Table 4 shows the

figures of merit of the three models; as can be seen, the results

confirmed the conclusions drawn from the scores plots. Thus, the

best models were those encompassing the greatest variability with­

out significantly increasing the complexity of the treatment. Also,

using a multiplying factor and an increased number of Sp to expand

the variability of the calibration samples led to better predictions

of the production samples. However, using an increased number

of process spectra entailed recording more spectra and detracted

Table  5

PLS  models  for  excipients  determination  in Irbesartan  tablets  using  the  extended total  variability  matrix.

Components  Manufacturer’s

specification  value (% w/w)

PLS  factors  Pre­treatment  Explained  variance  (%) Predictiona

Mean  (%  w/w) Conc.  range  (% w/w)  S.D.

Lactose  19.76  10 2nd  derivative  99.8  19.3  18.1–21.2  0.9

Avicel  pH  102 10.97  9  2nd  derivative  97.6  10.9  9.6–12.5  0.9

PVP  25  2.96  5  1st  derivative  97.9  3.5  2.4–4.0  0.5

Croscarmellose  sodium  2.67  5  1st  derivative  99.1  3.2  2.2–3.6  0.4

Sodium  stearyl  fumarate 2.57  5  1st  derivative  99.1  2.8  2.4–3.2  0.3

Aerosil  200  1.78  5  1st  derivative  97.4  2.1  1.4–2.4  0.3

a Prediction  samples:  10 batches  (10 tablets  are  analyzed  in  each  batch). Wavelength range  1100–2300  nm.
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Table  6

Figures  of  merit of PLS models for  paracetamol  (API)  and excipients  determination  using  extended total  variability matrix.

Components  PLS factors  Explained  variance  (%) Calibration  Prediction

Conc.  range  (%  w/w) RMSEC Conc.  range  (% w/w)  RMSEP  Mean  (%w/w)  S.D.

Paracetamol  3 99.4  72–100  0.67  86.6–88.3  0.91  87.5  0.9

Corn  starch  3 98.8  0–25  0.70  10.3–12.0  –  11.1  0.4

Stearic  acid 7 97.4  0–2 0.11 0.1–0.9  –  0.4  0.2

Povidone 5 98.0  0–4  0.19  0.2–1.0  –  0.6  0.2

Prediction  set  consisted  in 52  individual  tablets; models in 1st  derivative  mode  over a wavelength  range 1100–2500  nm.

from expeditiousness, whereas using the multiplying factor led to

similarly good results in  a shorter time.

3.3. Determination of the excipients

The high predictive ability of the proposed methodology was

confirmed by constructing PLS models for the other formulation

components. Such models were established from the same spec­

tra used for the API (Irbesartan) and excipient concentrations in

the laboratory mixtures. Table 5 shows the figures of merit of the

different models. Worth special note here is the large number of

PLS factors required by the models for Lactose (10) and Avicel (9),

even at relatively high concentrations. This can be ascribed to the

strong correlation between their spectra. The models required dif­

ferent spectral treatments for optimal performance. The results of

Table 5 are quite consistent with the nominal concentrations of

these two excipients, the actual contents of which in the formu­

lation are unknown because their analysis is usually not required.

This testifies to the capabilities of the proposed methodology. Not

knowing the actual concentrations of these excipients precluded

calculation of their RMSEPs; however, their standard deviations are

suggestive of the quality of their quantitation.

The primary aim of constructing these models was not to deter­

mine the concentrations of the excipients as target parameters,

but rather to show that the proposed methodology affords their

quantitation, if desired, without the need to prepare a new set of

samples.

3.4. Analysis of paracetamol tablets

The proposed methodology was used to analyze paracetamol

production tablets containing the API (89.8 wt%) and maize starch

(8.7 wt%) as major components. The high concentration of both

precluded the use of an experimental design based on laboratory

samples to reduce correlation between concentrations. Even so, the

PLS models obtained were simple (only three factors) and exhib­

ited good predictive ability (see Table 6). On the other hand, the PLS

Fig.  5. NIR  spectra for production  tablet,  Paracetamol (API)  and  excipients  (Corn

starch,  Povidone  and Stearic  acid).

models for Povidone and stearic acid, which are present in relatively

low proportions, were more complex (5 and 7 factors, respectively)

owing to the similarity of their spectra (Fig. 5), the low concentra­

tion of the two excipients and the high correlation between their

spectra (r = 0.97). In any case, both models had standard deviations

less than 0.25 (Table 6).

4. Conclusions

The study conducted in this work demonstrates the usefulness

of the proposed methodology, based on the obtainment of a  process

spectrum that is used to construct a calibration set incorporating

the variability in a pharmaceutical production process in the form of

a process variability matrix. As shown here, the proposed method­

ology is compatible with the application of an SNV or derivative

spectral treatment, but the most suitable treatment for each spe­

cific model cannot be established beforehand. Using a multiplying

factor on process spectra expands the variability of the calibration

set, and hence the quality of the ensuing PLS models, without addi­

tional experimental work. Also, a PCA scores plot provides a highly

useful tool for determining the optimum value of the multiplying

factor. Using an increased number of process spectra leads to more

robust calibration models; this, together with an appropriate choice

of the multiplying factor, provides simple models giving small pre­

diction errors. This paper provides the keys and tools needed to use

the proposed methodology as an alternative choice for constructing

a calibration set incorporating variability in a production process

with a view to quantifying any API and excipients with acceptable

predictive ability in any type of pharmaceutical formulation.
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This paper compares existing approaches to the monitoring of pharmaceutical blending processes and

the detection of their end-point by use of near infrared spectroscopy (NIRS). To this end, we examined

homogenization in a pharmaceutical mixture containing a relatively low concentration (<4%) of an

API that exhibits low absorption in the NIR region and is difficult to blend with excipients. The end-

point of the process (viz. where a uniform distribution of the API in the mixture was reached) was

determined by using various qualitative and quantitative spectral treatments for comparison. The

results revealed the capabilities of different spectral treatments for establishing blend homogeneity,

which can be especially useful with a view to optimizing their industrial use. API distribution

uniformity in the final blend was confirmed by near infrared chemical imaging (NIR-CI) analysis.

1. Introduction

Solid dosages, which constitute the most frequently prescribed

type of pharmaceutical formulation, consist of homogeneous

mixtures of ingredients endowing the end-product with the

desired characteristics. Blending is a crucial step in the produc-

tion of solid drugs; also, it is a complex process influenced by a

number of variables including the characteristics of the blending

vessel, the operating conditions of the blender and the physical

properties of the mixture components. Zhou et al. (2003)50

studied the effects of stirring rate, particle size, fraction volume

and particle density on particle segregation in binary mixtures.

They found the mixing index to be influenced by particle size and

density, and the efficiency of the mixing process to considerably

decrease with increasing differences in these two properties. The

pharmaceutical industry produces a large number of formula-

tions containing substances in different particle sizes and a small

amount of the active pharmaceutical ingredient (API)—which

considerably hinders homogenization of the blend.

The influence of the previous factors on mixture homogeneity

has turned mixing into a key unit operation in the production of

solid dosage forms and also into a critical quality attribute

(CQA) affecting product safety and efficiency.51 In fact, ineffi-

cient mixing can lead to an increased variability in the final

dosage form and pose a risk on patients’ health.

Ensuring dosing uniformity in pharmaceutical formulations

requires thorough blending of the mixture of ingredients, which

is usually confirmed by analysing samples withdrawn at preset

times during the process. Sampling while blending is a source of

problems derived from the risk of segregation or contamination

of the mixture.

The content of Active Pharmaceutical Ingredient (API) in a

blend is usually determined chromatographically or spectro-

scopically from a solution of the mixture; these techniques,

however, are slow and can delay crucial decisions about a

process. Very often, it takes longer to confirm blending unifor-

mity (i.e. the end-point of the process) than to blend the mixture.

There is thus a need for a fast method allowing blending

uniformity to be checked without the need to alter the sample

and hence to obtain crucial, timely information to optimize and

expedite a pharmaceutical production process. Near infrared

spectroscopy (NIRS) is an effective choice for this purpose since

it requires no sample treatment and can provide real-time

information about processes. Unlike conventional methods of

analysis, NIRS is fast, non-invasive and provides useful infor-

mation about the physical and chemical properties of samples;

also, it affords on-line measurements. These features have led a

number of researchers to use it to detect the exact point where

uniformity is reached in a mixing process. Most often, pharma-

ceutical mixing processes are monitored by using an NIR

instrument to record spectra that are treated with appropriate

algorithms to identify the point where the mixture can be deemed

homogeneous. Table 1 lists selected methods for this purpose and

provides a brief description for each. The qualitative methods are

simple to use, whereas the quantitative methods are more

complex but provide information about the mixture

composition.

Qualitative methods (e.g. those based on intensity changes in

the NIR band for one component,27,42 dissimilarity1,5,6,8 or the

Euclidean distance between spectra6) estimate the difference

between two spectra recorded during the process. Worth special
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note in this category are the methods based on moving block

standard deviation (MBSD), which usually rely on calculating

the standard deviation for consecutive blocks of spectra moving

over time:3–5,7,16,18,33–35 either the average standard deviation of

difference of spectra6,9 between PC scores35 or a statistic such as

chi-square. Although these methods usually provide good

results, Wargo and Drennen2 found bootstrap techniques to be

highly sensitivity relative to chi-square calculations for evalu-

ating mixing homogeneity.

A number of authors have used chemometric methods such as

principal component analysis (PCA)5–7,15,24,37 in this context (e.g.

by plotting the score for the first PC against time and assuming

homogeneity to be reached when such a score levels off).5,37

Other methods plot the first PCs for different spectra recorded

during the mixing process,5–7,15,24 the end-point of the process

being signalled by clustering of the results. Still other methods

plot the first two PCs for replicate target blends (i.e.mixtures that

are assumed to be homogeneous) and mixtures of variable

composition; the fact that the target blends cluster separately

from all others allows homogeneity to be identified.5

Puchert et al. (2011) proposed a new approach called ‘‘prin-

cipal component score distance analysis’’ (PC-SDA).41 This

method establishes a time window where spectral variability in

the blend is lower than a preset threshold value and uses reliable

statistics to determine the mixing end-point. El-Hagrasy et al.

(2006)19 developed two pattern recognition methods based on

SIMCA and the Principal Component Modified Bootstrap

Error-adjusted Single-sample Technique (PC-MBEST) to

predict blend homogeneity under conditions of variable mois-

ture, mixing rate and ingredient concentrations.

Quantitative methods determine the API and/or excipients

during a mixing process and analyse their changes over time. To

this end, they use a variety of multivariate chemometric algo-

rithms including partial least squares

(PLS),9,10,12,14–16,21,23,25,31–34,36–40,43,44 principal component regres-

sion (PCR),20,34,37 multivariate linear regression (MLR),20,34,37

NIPALS (which monitors the first factors of PCA or PLS)26 and

PLS discriminant analysis (PLS-DA).35 Skibsted et al.22

proposed a method to calculate the net analyte signal (NAS) that

requires no additional reference analysis, but only the use of a

well-mixed batch as a ‘‘golden standard’’. Zhang et al.33 proposed

the so-called ‘‘Hidden Markov method’’ to determine the end-

point and concentrations of components during the mixing

process. The method proved more reliable, robust and trans-

parent in identifying the blending end-point than did the tradi-

tional MBSD method. The availability of such a large number of

methods for end-point detection in blending processes makes

choosing the most appropriate for each purpose a difficult task.

Recently developed chemical imaging techniques are highly

attractive in this context as they provide not only spectral data,

but also additional, spatial information within a short analysis

time. The analytical potential of near infrared chemical imaging

(NIR-CI) has aroused much interest in the pharmaceutical

industry, which requires solid, robust methods for deriving

quality information about product homogeneity at different

stages of production processes.7,11,13,17,28,30

Hammond and Clarke52 used NIR-CI to identify mixing

problems typically leading to poor powder flow or tablet sticki-

ness and fracture. In 2002, Lyon et al.11 compared the ability of

NIR-CI and NIRS to assess the degree of mixing in tablet

samples. They found NIRS to have a limited ability to assess

drug homogeneity in the end-product and NIR-CI to allow the

assessment of small areas of concentrated components in tablets.

Also, they found physical and chemical anomalies with little

effect in the bulk tablet to go undetected by conventional NIRS

but not by NIR-CI. Li et al.30 succeeded in detecting API

agglomeration during mixing with NIR-CI and Puchert et al.41

used NIR-CI to confirm that the whole mixture was homoge-

neous (i.e. the API and excipients were uniformly distributed

throughout) and compared the results obtained in the determi-

nation of the mixing end-point with those provided by PC-SDA.

The ability to assess the quality of a pharmaceutical end-product

and blending homogeneity during its production (i.e. to obtain

information about the concentration and distribution of its

components) is a major advantage of NIR-CI with a view to

improving product quality and process productivity.

A wide variety of methods based on the previous principles are

currently available for monitoring blending in pharmaceutical

mixtures and identifying its end-point under different conditions

(segregation, particle size, density, cohesion); however, no crit-

ical study has as yet been conducted with a view to evaluating the

potential of the techniques used for these purposes. An error in

identifying the mixing end-point is known to place the quality of

the end-product at risk. This led us to conduct a comparative

study of the different qualitative and quantitative techniques

available for detecting the end-point in order to assess their

usefulness and facilitate selection of the most appropriate choice

for each particular purpose. To this end, we studied mixing in a

blend the end-point of which may be elusive to NIR spectros-

copy. Thus, the mixture contained an API present at a low

concentration (less than 4 wt%), not easily blending with the

other components and exhibiting a low absorptivity relative to

the excipients. The results were expected to provide a more

comprehensive picture of the advantages and disadvantages of

each technique with a view to facilitating their selection for

mixing monitoring by the pharmaceutical industry.

2. Materials and methods

2.1. Hardware and software

The mixing process was conducted in a cylindrical glass vessel

4.55 cm of inner diameter and about 100 mL in volume into

which an R1330 Anchor Stirring Stainless Steel paddle (stirrer

diameter, shaft diameter and shaft length 45, 8 and 350 mm,

respectively) was inserted and connected to a Heidolph RZR

2021 stirrer. The shape and dimensions of the rod ensured the

absence of void spaces in the vessel.

Reflectance spectra for the mixture were acquired with a

LabSpec Pro NIR spectrophotometer from ASD, Inc.

(Boulder, CO, USA) that was governed via the software Indico

Pro. v. 5.6. The instrument was equipped with a Model A 122300

fibre-optic probe and used a ceramic plate as a reference. Near

infrared spectra were recorded at 1 nm intervals over the wave-

length range 1000–2500 nm. Each spectrum was the average of 32

scans. The spectrophotometer was coupled to the blending vessel

via a fibre-optic probe held in the horizontal position. Fig. 1

depicts the experimental set-up.
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Principal Component Analysis (PCA) and Partial Least

Squares (PLS) models were constructed with the software

Unscrambler v. 9.8 from Camo Process (Trondheim, Norway).

Hyperspectral images were obtained with a RODA-25 focal

plane imaging NIR spectrometer (Think Spectrally, Valencia,

Spain) equipped with a 320 � 256 pixel MCT detector. Spectra

were recorded at 7 nm intervals over the wavelength range 1200–

2400 nm.

Under the operating conditions used, each pixel recorded an

area of 100 � 100 mm; therefore, the overall image was 32.0 �

25.6 mm in size. Samples were lit by 4 halogen lamps placed at

an angle of 45 around them. Acquiring a reflectance image for

the whole wavelength range took about 2 min. The camera was

calibrated via a graphical user interface (GUI) developed in

MATLAB code (MATLAB v 7.0, The MathWorks, Natick,

MA, USA).

Images of 6 samples containing a variable proportion of API

from 90 to 110%, the nominal value were acquired with the

camera’s bundled software and processed with the MCR-ALS

algorithm in MATLAB, using the MCR-ALS Graphic User-

Friendly Interface 1.0.0.49

2.2. Blend components and mixtures

The pharmaceutical formulation studied contained a nominal

concentration of finasteride (API) of 3.3 wt%; 50 wt% lactose

(A) and 27 wt% and Avicel (B) as major excipients; and

sodium dodecyl sulphate (C), sepistab (D) and primojel (E)

(less than 25 wt% in combination) as minor excipients. The

formulation components were added in different sequences to

the blending vessel. Laboratory blends were prepared by mix-

ing the components, also in different sequences, with the stirrer

working at 45 rpm.

A total of 12 blending processes were monitored, using an API

concentration in the mixtures of 90–110% the nominal content in

the formulation. Spectra from 6 final blends and 10 purposely

prepared mixtures were used to construct the PLS calibration

model, and those for the other 6 to assess spectral treatments and

predict the API concentration during the blending process.

2.3. Recording of NIR spectra

The blending process was monitored via NIR reflectance spectra

recorded at regular intervals without stopping blending and

supplemented with others for the individual components. Spectra

were recorded with a resolution of 1 nm over the range 1000–

2500 nm, using a light source 20 mm in diameter at 2 min

intervals for 300 min.

Fig. 2 shows the spectra for the mixture, API and two major

excipients. Note the low absorption of the API across the spec-

trum and the absence of characteristic bands facilitating its

monitoring.

Based on the volume irradiated by the beam of an NIR probe,

we estimated that each spectrum (the average of 32 scans)

collected information from approximately 4% of the total mass

of mixture during the mixing process.

Differences in particle size between blend components caused

baseline shifts in the spectra. In order to reduce variability

associated with physical properties of the blend, the spectra were

subjected to various treatments including (a) standard normal

variate (SNV), and (b) first and second derivative with the

Savitzky–Golay algorithm, using an 11-point moving window

and fitting to a second-order polynomial.12,18

2.4. NIR imaging

The recording of NIR images was preceded by calibration of the

instrument with six AP-0200-NIR standards of 99, 80, 40, 20, 10

and 0.2% reflectance from FOSS NIRSystems (Silver Spring,

MD, USA). Hyperspectral images were obtained by placing each

powder blend in a cylindrical glass cell ca. 3.8 cm in diameter,

and gently pressing the sample surface with a metal disc to obtain

a flat surface and a sample thickness of ca. 5 cm in the absence of

voids. Six spectra from as many blend samples, and those for the

pure components, were recorded at 7 nm intervals over the range

1200–2100 nm. A working area of 150 � 150 pixels spanning a

useful surface area of 15 � 15 mm was used. Each hyperspectral

image was a data cube X (M � N � l), where M and N denote

spatial dimensions and l spectral information.

The 3D data structure of the images required unfolding the

matrix into a 2D version amenable to spectral treatment or

Fig. 1 Assembly used in the monitoring of the blending processes.

Fig. 2 NIR absorbance spectra for powder blend, API and two majors

excipients.
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application of calibration models. The treatments used included

the standard normal variate (SNV) and Savitzky–Golay

smoothing with an 11-point window and fitting to a second-order

polynomial.

2.5. Application of the MCR-ALS algorithm to images

The Multivariate Curve Resolution–Alternating Least Squares

(MCR-ALS) algorithm45,46 was used to resolve the unfolded

matrix X (MN � l) into a product of two, namely: C (MN � A)

and ST (A � l) containing concentration profiles and spectral

profiles, respectively, for each component A:

X ¼ CST + E (1)

where E (MN � l) is the experimental error matrix. The ALS

optimization process was stopped when the difference in lack of

fit (% LOF) between two consecutive iterations fell below a user-

defined threshold value, e denoting each mnth element in the

residual matrix E and x each mnth element in X. The LOF

threshold value should be selected in terms of spectral noise:

%LOF ¼ 100�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P

M

m

P

N

n

emnl
2

P

M

m

P

N

n

xmnl
2

v

u

u

u

u

u

u

t

(2)

where emnl and xmnl denote each point in the residuals and

original 3Dmatrix, respectively. One widely used criterion here is

to stop iterations when the difference between two consecutive

LOF values falls below 0.1%.47–49

Other typical restrictions in the MCR processing of hyper-

spectral images include

(a) non-negativity in concentration or spectral profiles, which

requires all concentration profiles to be positive; and

(b) closure, which requires the mass balance at each pixel to

remain constant.

In order to facilitate convergence of the ALS algorithm, the

unfolded matrix was augmented with initial estimates consisting

of the spectra for the pure components: 50 for the API and

another 50 for each major excipient (A and B).47,48

2.6. Methods for evaluating blending uniformity

We chose several straightforward, easily implemented, widely

used methods for evaluating blending uniformity among the

large number currently available for this purpose. The qualitative

methods used were based on SD calculations (with or without a

moving window), dissimilarity or PCA; and the quantitative

method selected was PLS, which is the commonest choice for

NIR multivariate calibration.

2.6.1. Qualitative methods. The first method used was based

on the Moving Block Standard Deviation (MBSD)3–5 and

involved calculating the standard deviation for each wavelength

of a block consisting of several consecutive spectra recorded

during monitoring of the mixing process and moving one

spectrum at a time over the spectral range. We used a mobile

block of 5 spectra and then calculated the average at each

wavelength (eqn (3)).

Another algorithm used calculates the difference between the

moving block average as compared to a spectrum considered to

represent homogeneity (the target spectrum) (DMBA-TS);1,5,6 to

this end, it calculates the difference in the average of a block of 5

consecutive spectra recorded during the monitoring process that

is moved one spectrum at a time over the spectral range against a

target spectrum (viz. the spectrum for a mixture assumed to be

homogeneous and containing the nominal concentration of

API). Then, the averaged standard deviation of the values

obtained at all wavelengths is estimated. The original algorithm

was modified slightly to calculate the standard deviation of the

difference of a single spectrum from the average of several

spectra for a homogeneous mixture containing the nominal

concentration of API. This method provides a measure of

dissimilarity between an individual spectrum and an average set

of scans for a mixture assumed to have reached homogeneity

(averaged target spectra) (DIS-ATS).1,5,6

We also estimated the dissimilarity between consecutive

spectra (DIS)8 by calculating the difference between two

consecutive spectra at each wavelength and then the standard

deviation of the differences at all wavelengths.

Eqn (4) was used to calculate SD in the previous methods.

MBSD ¼

P

N

i¼1

SDðX ½1; .; k#wnÞ

N
(3)

SDðX ½1; .; k#wnÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN

i¼1ðX ½i#wn% XwnÞ2

k % 1

s

(4)

Xwn ¼ 1=K
X

k

i¼1

X ½i#wn (5)

In these equations, N is the number of scanned wavelengths

(data points) in each spectrum, X[i]wn the individual absorbance

at eachwavelength, Xwn the average absorbance, SD (X[1,., k]

wn the standard deviation and k the number of spectra in the block

(i.e. block size).

We also used Principal Component Analysis (PCA)1,2,5–7,15,24

on the grounds of its facilitating the reduction of variables and

hence allowing one to visualize how similar or different spectral

groups are in a space of 2 or 3 dimensions. Mixture homogeneity

was assessed via two- or three-dimensional scattering plots of the

PCA scores for consecutive spectra obtained during the mixing

process. Spectra distributed according to likeness in the chart,

with similar spectra clustering together in a common group.

The Score Distance Analysis method on PC (PC-SDA)

combines the previous two methodologies and involves calcu-

lating the Euclidean distance between the spectra in the PC space

during the time of mixing. Constructing a PCAmodel from these

spectra and implementing Hotelling’s T2 statistic41 allow one to

detect whether it falls within or outside the confidence limit; the

time at which the spectral scores fall into the 95% confidence

interval signals the blending end-point.

2.6.2. Quantitative methods. One alternative to the above-

described qualitative methods involves monitoring the API

concentration during blending via a PLS model that is applied to

spectra recorded during the process. Our model was built for a
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range spanning API contents of 90–110% the nominal value,

using spectra recorded at mixture homogeneity in 6 process

samples and 10 laboratory samples specially prepared to

construct the model. The concentration range was relatively

narrow but was not expanded since it coincided with that

expected for the samples.

Table 2 shows the figures of merit of the model, which was

constructed by cross-validation, using first-derivative spectra.

3. Results and discussion

Fig. 1 shows the laboratory blending system used, which was

very simple but suitable for monitoring spectra during a slow

mixing process facilitating accurate analysis of the experimental

results. Spectra were recorded in a continuous manner without

stopping the stirrer.

Prior to processing, spectra were corrected for extraneous

effects not due to blending (e.g. differences in particle size), using

treatments intended to reduce physical variability in the samples.

The spectral treatments used included the Standard Normal

Variate (SNV) and the first derivative. The former was used to

reduce scattering in the qualitative methods and the latter to

increase spectral differences in the quantitative method.

The sequence in which mixture components are introduced in

a blender is known to strongly affect the blending efficiency. We

conducted two blending experiments with powder mixtures the

components of which were added in different sequences to the

mixing vessel in order to find whether the addition sequence

influenced the outcome of the process. The procedures used were

as follows: (1) excipients A and B were added to the mixing

vessel, stirred and kept for several minutes, and the API and the

other minor excipients were then added; (2) a mixture of the

minor excipients (C, D and E) and the API was stirred for a few

minutes and the major excipients (A and B) were then added. No

differences in mixture homogeneity between the two addition

sequences were observed; therefore, we chose to use the former

procedure in subsequent tests.

3.1. Qualitative methods for determining blending uniformity

Various blending processes were monitored and spectra were

recorded during the process with different algorithms. As noted

earlier, some authors have used SD as the mixing monitoring

parameter, but none has established a threshold allowing the

end-point of the process to be established. In this work, we used

the instrumental SD as obtained by applying various computa-

tion algorithms to spectra recorded during mixing with a pure

substance to facilitate detection of the mixing end-point. This

allowed us to discriminate variability in the instrumental

measuring system from that in the homogenization process.

Fig. 3 illustrates the application of these methods to the same

blending process and the SD versus time plots used to determine

the blending end-point as well as the differences in the time

needed to reach it and those in noise in the measurements. As can

be seen, the MBSD and DIS methods exhibited an abrupt fall in

SD within minutes of mixing, which indicates that they are

scarcely sensitive and hence useless to detect the mixing end-

point; this adverse effect was worsened by the low concentration

(<4%, w/w) and absorptivity of the API relative to the excipients.

The results obtained with DMBA-TS and DIS-ATS were much

better. Thus, the plots revealed that the SD values approached in

a step-by-step manner the corresponding SD value for a pure

sample; also, the results were more consistent. Therefore, these

two methods are more effective for the intended purpose than the

previous ones.

The DMBA-TS method exhibited uniform changes by the

effect of smoothing with a moving window of 5 spectra making it

less sensitive to spectral noise. Also, it provided an estimate of

the final concentration of the mixture (see Fig. 4, which illustrates

the mixing process for three blends containing 95, 100 and 105%

of the API nominal concentration). The SD value for a mixture

that has reached uniformity at a concentration of 100% the

nominal API content was very close to the threshold value, which

was determined from a pure sample; therefore, SD was an

effective measure of the closeness to the nominal content. This

method is very simple and highly sensitive to the API concen-

tration; therefore, it can be used to estimate the closeness of the

nominal value. However, it provides no indication as to whether

deviations correspond to values above or below the nominal

concentration. Both MBSD and DIS can obviously detect false

(premature) end-points. According to Zhang et al. (2009),33

MBSD is unsuitable for dealing with gradual changes in

concentration and is sensitive to spectral noise. By contrast,

DMBA-TS and DIS-ATS are similarly accurate to the quanti-

tative method in identifying the mixing end-point.

The previous algorithms lend themselves readily to application

to any type of pharmaceutical blend and require no additional

Table 2 Figures of merit of the PLS model for API determination in the
blending process

Parameters

Powder

Calibration Prediction

Samples Laboratory Laboratory
Pre-treatment 1st derivative
Range (nm) 1100–1731, 1856–2500
Concentration
(% of nominal value)

90–110 90–110

Factors 3
Explained variance Y (%) 97.6
Samples 16 60
RSEC/P (%) 1.0 1.0 Fig. 3 Blending homogeneity evaluation using four qualitative methods.

(A) MBSD, (B) DMBA-TS, (C) DIS-ATS and (D) DIS.
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information to evaluate mixture homogeneity. However, they

have the disadvantage that they allow one to determine the time

needed to ensure composition homogeneity but provide no

information about the components of the mixture or their

concentrations. This problem can be lessened by comparing the

spectra obtained during the mixing process against a target

spectrum (viz. the spectrum for a homogeneous mixture with the

nominal concentration of each component); the similarity of the

mixing spectra to the target spectrum is thus evaluated to assess

the closeness of the mixture to the target concentration. Another

drawback of these methods is their low sensitivity to slight

spectral changes when the mixture approaches homogeneity,

which is likely to cause errors in detecting the blending end-point.

As can be seen from Fig. 5, dispersion in the PCA scores for the

first three components (Fig. 5) varied gradually over time, but

too slowly to enable identification of the end-point of the

process, which made it a scarcely sensitive method for our

mixture. Although this is a fast method affording retrospective

analysis of the results, it requires the storage of all spectra

recorded during the process, which makes it unsuitable for on-

line use.

An improved version of this method, PC-SDA, has a major

advantage over other methods; thus, it determines the mixing

end-point statistically and hence more accurately; like PCA,

however, it is a retrospective method.

Fig. 6 shows the predicted Hotelling’s T2 values for three

homogenization processes as a function of time. A threshold

value for an acceptable standard deviation of distances between

PC scores (viz. the standard deviation for the time at which scores

fell into the 95% confidence interval) was used to identify the

mixing end-point. Such a value was similar to that obtained with

the quantitative method as applied to the same samples, which

testifies its ability to accurately determine the end-point of a

mixing process.

Fig. 4 Application of the method DMBA-TS in blending processes for

three different API concentrations.

Fig. 5 Evolution of the scores from a PCA for a blending process.

Fig. 6 Application of PC-SDA: predicted Hotelling’s T2 plot for the

determination of end-point blending (dashed line) and the proposed

design space (T2 Crit. 95%, solid line, green) in three blends. (A) sample

to 100.3% NV, (B) sample to 105.4%NV and (C) sample to 95.8% NV

of API.
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Despite their good results, some of the qualitative methods

used here only allowed us to determine the time needed for a

mixture to reach homogeneity in its composition; therefore, a

quantitative method will be required if some error is made in

adding any of the mixture components.

3.2. Quantitative method for determining blending uniformity

The quantitative method developed in this work not only allowed

us to confirm the results of the qualitative methods, but also

provided API concentration values at each point in the process,

which facilitated detection of the mixing end-point—this was

assumed to be reached when the API values levelled off. PLS is

no doubt the most widely used calibration method. Our PLS

model was constructed from spectra recorded at the end of the

mixing process of six blends and ten additional spectra from

specially prepared mixtures spanning an API concentration

range of 90–110% the nominal content. The model encompassed

the wavelength ranges 1100–1731 and 1856–2500 nm and used

first-derivative spectra and 3 latent variables (LVs).

Table 2 shows the figures of merit of the PLS model and Fig. 7

shows the predicted concentrations provided during mixing of

three different blends. The point where the API concentration

became constant in each process was considered to be its end-

point.

All mixing processes exhibited an identical evolution irre-

spective of the API concentration.

The quantitative method is complicated by the need to

construct a calibration model to predict the API concentration

but provides sufficient information to accurately detect the end-

point of the process and the associated API content in the

homogeneous mixture.

In summary we can say PLS is the best method, with

conventional spectra, but is also the most laborious and

complicated and requires highly skilled staff for their prepara-

tion, but not for its execution. Qualitative methods are very

simple, easy to apply (do not require qualified staff) and with

sufficient quality (for methods recommended in this study)

results for its implementation on-line.

3.3. Determination of blending uniformity by NIR imaging

The NIR-CI technique was used to record images for 6 samples

containing a variable proportion of API from 90 to 110% the

nominal value, as well as for the pure API, the individual

excipients and their mixture (placebo). All samples were obtained

at the end of the blending process, once the blend was assumed to

be homogeneous.

Quantitative information was derived by using the MCR-ALS

algorithm under the concentration non-negativity and closure

restrictions.45–48,50 The spectra for the API and two majors

excipients (A and B) were used to augment the matrix in order to

facilitate application of the ALS algorithm.

The best results were obtained by using the spectra for the API

and placebo as starting information and augmenting the

unfolded matrix with a further 50 spectra for the API in order to

facilitate convergence.

Table 3 shows the average predictions obtained from each of

the six images for powder blends of variable concentration; as

Fig. 7 API determination across the blending process by applying the

PLS model.

Table 3 Prediction values for final spectra belonging to 6 mixtures using NIR-CI and PLS models

Blend
Concentration
(% NV)

Chemical imaging
concentration (% NV) Difference

Conventional PLS
model concentration (% NV)a Difference

m7 100.3 103.6 3.3 99.8 �0.5
m8 90.7 92.5 1.8 88.9 �1.8
m9 98.3 97.9 �0.4 100.2 1.9
m10 107.3 107.5 0.2 106.8 �0.5
m11 95.8 97.0 1.2 96.1 0.3
m12 105.4 103.9 �1.5 104.5 �0.9

a Mean of 20 final prediction values.
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can be seen, all were consistent with the weight-based calculated

values.

These results are of a high quality, especially if one considers

the low API content of the powder blend and the use of chemical

images, which are noisier than conventional NIR spectra and

more difficult to process than those obtained at low

concentrations.

The API concentration maps and histograms were both

consistent with a uniform distribution of the API on the blend

surface. By way of example, Fig. 8 illustrates the distribution of

the API and two major excipients in one of the powder samples;

the graph confirms the narrow distribution of the API content

(colour uniformity in the map distribution) and the similarity

between the histograms of the concentration maps (narrow curve

for the value versus concentration frequency distribution). The

increased width of the curve for the API can be ascribed to the

concentration scale used and that of the histogram for excipient

B to an increased difficulty to homogenize it.

The NIR-CI technique provides not only chemical informa-

tion about the API and excipients, but also spatial information

about their distribution. This enables the evaluation of the degree

of mixing of pharmaceutical formulations,11 which is crucial and

highly useful as a supplement to conventional information.

Chemical imaging allowed us to confirm the accuracy of the

conventional NIR results.41

4. Conclusions

The qualitative methods used here, based on the standard devi-

ation (SD) between spectra, are straightforward and easy to

implement; also, they require no additional information to detect

the end-point of a mixing process. However, they have the

disadvantage that they allow one to determine the time needed

for a mixture to reach homogeneity but not the mixture

composition at that point. This shortcoming can be lessened by

comparing spectra recorded during mixing with a target spec-

trum (DMBA-TS) in order to assess the closeness of the mixture

concerned to the API nominal concentration. The MBSD and

DIS methods used are poorly sensitive and can provide an

inaccurate indication of the mixing end-point. Subjecting spectra

recorded during the mixing process to PCA had previously

provided good results; this approach, however, proved poorly

sensitive towards detecting the mixing end-point here. The PC-

SDA method substantially improved on the PCA results and

enabled accurate detection of the end-point. Also, a model

constructed from data for a given process can be used for

accurate end-point detection in other homogenization processes.

The quantitative method uses a PLS model to determine the

API from the body of spectra recorded during the mixing process

and provides an accurate indication not only of the closeness to

the end-point, but also of the API concentration in the final,

homogeneous mixture. This is probably the most suitable

method for the intended purpose, but is much more labour-

intensive than the qualitative methods.

Finally, the NIR-CI method is highly suitable for identifying

the end-point of mixing as it provides highly accurate spatial and

spectral information about the process. Also, it requires using no

model, but only the spectra for the different components, to

determine the API and excipients.

This study can be a major breakthrough for the pharmaceu-

tical industry since it provides the means to select the most

suitable method for determining the end-point of blending

processes; in fact, not all available methods are equally sensitive

or easy to implement. This paper is intended to help compare the

ability of available methodologies for monitoring powder

blending, which can be very useful with a view to facilitating

decisions about their adoption by the pharmaceutical industry.

Abbreviations

API Active pharmaceutical ingredient;

BEST Bootstrap error-adjusted single-sample

technique;

MBSD Moving block standard deviation;

MBEST Modified bootstrap error-adjusted single-

sample technique;

MLR Multiple linear regression;

NAS Net analyte signal;

NIPLS PLS + root mean square from nominal value;

NIR-CI Near infrared chemical imaging;

PC Principal component;

PCA Principal component analysis;

PLS Partial least square;

PLS-DA Partial Least Square Discriminant Analysis;

PC-MBEST Principal component modified bootstrap

error-adjusted single-sample technique;

PCR Principal component regression;

PC-SDA PC score distance analysis;

SD Standard deviation;

SIMPLISMA Simple interactive self-modeling mixture

analysis;

SIMCA Soft independent modeling of class analogies.
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