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Abstract

Moisture content is an important parameter for lyophilized vaccines. Currently, Karl Fischer titration is widely used for moisture determination
in routine analysis. However, this method is time-consuming, sample destructive and requires environment polluting reagents, as well as the
results rely on the random samplings. In this study, near infrared spectroscopy was used as a fast, non-invasive and non-destructive method to
determine the moisture content in lyophilized allergy vaccines. Five different vaccine products were investigated, which contained water in the
range of 0.17-1.51% (w/w, KF). Different data pre-treatments, wavelength selection and partial least squares regression were applied to construct
calibration models. Multi-products model and product-specific models were obtained, which show the possibility of NIR as a rapid method to
discriminate whether moisture content fit into the specifications of a pharmaceutical company.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Lyophilization (freeze-drying) is widely applied for the
preservation and storage of many vaccines. Lyophilized vaccines
always contain some water, which usually constitutes between
1% and 5% (w/w) of the final product after the bulk of the aque-
ous solvent has been removed during the freeze-drying process.
Moisture content (MC) is a critical quality parameter influencing
not only the vaccine appearance and quality but also its shelf life
[1-3]. Currently, Karl Fischer (KF) titration is widely used for
determination of MC in lyophilized products [4]. This method is
time-consuming, destructive and requires environment polluting
reagents. Further ambient moisture may affect the results for low
moisture level samples since the vials have to be opened before
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analysis. In addition, many random samples have to be anal-
ysed for each batch in the production line, which is a resource
consuming procedure, and random sampling has inherent disad-
vantages. Clusters of products deviating in water content caused
by momentary production problems may not always be moni-
tored and entire batches of the product may have to be rejected
due to the results from the outliers that have been sampled. It
would therefore be advantageous to replace these procedures
with an automated online method.

Near infrared spectroscopy (NIR) is a physical, non-invasive
and non-destructive method. Analysis can be performed through
sealed glass vials, directly on the final product without open-
ing the vials. Water is the strongest absorbing compound in
the NIR region, exhibiting four absorption maxima around 970,
1190, 1450, and 1940 nm. The NIR absorption of water has been
well investigated because of its importance in all applications of
the technique. Strong absorption bands of water appear around
1400-1450nm and 1900-1950 nm, which are due to the first
overtone of OH stretching and combination of the OH stretching
band and OH bending, respectively [5]. Variations in the water
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band around the 1400 nm region are dependent on the state of
water in the sample. In wet samples, i.e. water content reaching
70-90%, the adsorption band appears at similar wavelengths to
those of pure water, around 1400-1410 nm. In dry samples this
band associated with free water seems to disappear and a new
trace of absorption appears near 1430 nm due to bound water [6].
These two bands have often been used to quantify water content
in various samples. Other water bands in the NIR region are
located at 970 and 1190 nm. The intensities of these bands are
not strong, since they arise from the second overtone of the OH
stretching band, as well as the combination of the first overtone
of the OH stretching and the OH bending [5].

The determination of MC by NIR spectroscopy in both trans-
mittance and reflectance modes have been described extensively
in early literatures [7—14], covering applications in agriculture,
forestry, textiles, chemicals, and pharmaceuticals. The early
works have been summarized and discussed by Blancoetal. [11],
and recent applications have been reviewed by Reich [7]. With
regard to protein pharmaceuticals, however, NIR has not been
widely adopted [7,9]. Lyophilized pharmaceutical products typ-
ically contain 1% to 2% residual water, which is a narrow range
to construct a calibration model. To compensate for the narrow
MC, previous studies have extended the range by adding artifi-
cial samples, which were obtained by adsorbing additional water
and/or further drying [9,15]. However, the artificial calibration
samples did not improve the prediction results significantly.

The objective of this study was not to determine the MC of the
freeze-dried vaccine products quantitatively, but to demonstrate
the feasibility of using NIR as a non-invasive, non-destructive
method to rapidly discriminate whether MC fits into the speci-
fication of a pharmaceutical company. The major challenges in
this work are the small amount of sample, low MC compared
to Jones” work [16] and variances of sample cakes and vials.
As the samples were of very low weight and MC, this work
challenges NIR to be used as an alternative measurement for
moisture analysis.

2. Materials and methods
2.1. Samples

Five different lyophilized allergen vaccine products, a total of
95 vials with unbroken sample cake were collected by random
sampling. The sample amount is approximately 10 mg/vial.

2.2. NIR measurement

NIR measurements were carried out using a FT-NIR spec-
trometer (PerkinElmer Spectrum One, PerkinElmer) with an
InGaAs detector. The samples were directly measured, i.e.
through the bottom of the intact glass vials by diffuse reflectance
without any extra preparation. NIR spectra were collected in
reflectance mode at ambient temperature, although products
were stored refrigerated. Each spectrum was the average of 80
scans at 16 cm™! resolution over the range 700-2500 nm. Four
spectra for each sample were collected by rotating the vial in 4
different angles. Therefore, a total of 380 spectra were obtained.

2.3. KF titration analysis

The same samples as mentioned above were subsequently
analyzed for MC using a 737 KF Coulometer (Metrohm,
Switzerland) in ALK-ABELLO A/S according to standard pro-
cedure. The overall range of MC (as analyzed by KF titration
and given in Table 1) is from 16.8 to 151.0 pg/vial, which cor-
responds to 0.17-1.51% (w/w).

2.4. Calibration model construction

The KF data were assigned to corresponding NIR spectra.
The aim of this work was not to quantitatively determine the
MC. Besides partial least squares (PLS) regression, soft indepen-
dent modelling of class analogy (SIMCA), as well as principal
component analysis (PCA) were also performed to build models
using the Unscrambler software, version 9.2 (Camo process AS).
Different data pre-treatments were applied to remove baseline
offset and other physical information prior to building models.

3. Results and discussion
3.1. Relationship between MC and NIR data

Raw NIR spectra of the 95 samples are shown in Fig. 1A.
Because of the small amount of sample, a part of the NIR radi-
ation passed through the sample cake and did not reflect back
to the detector, which resulted in low NIR absorbance peaks
and high baseline offsets. Light scattering due to the physical
conditions of the sample such as particle size, density and bottle
variation affected the raw spectra as well. Due to aforementioned
reasons and the very low water content, the two water bands at
1400-1450 nm and 1900-1950 nm were not obvious to use.
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Fig. 1. NIR spectra of calibration samples: (A) raw data; and (B) EMSC data.
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Table 1
Detailed information of the samples

Name of sample Concentration of antigens (SQ-U)

Number of batches

Number of vials Moisture content (% w/w by KF)

Mean Range

Bee venom 45
450

4500

45000

450000

Cat hair and dander 45
450

4500

45000

450000

BN NN W W W WwWwWw

House dust mites 45
450

4500

45000

450000

—_ =

Grass pollen 45
450

4500

45000

450000

Wasp venom 45
450

4500

45000

450000

W W W W W NN NN

16 0.39 0.23-0.71

33 0.44

0.17-1.23

7 0.48

0.25-0.74

16 0.46

0.22-0.66

23 0.60 0.25-1.51

Different data pre-treatments were tested to remove the
effect of light scattering. Fig. 1B showed the spectra subjected
to the extended multiplicative scatter correction (EMSC) pre-
treatment, which is a method well suited for removal of physical
effects from the chemical information [17]. Visually inspecting
the EMSC corrected spectra, a clear quantitative relationship
between the NIR adsorption and the MC levels could not be
seen, although most of the light scattering interferences in the
raw spectra were drastically reduced. However, these lyophilized
samples did contain, besides residual moisture, also other com-
ponents, such as antigens, adjuvant, inorganic salts, and other
chemicals to facilitate the lyophilizing process and cake forma-
tion. These compounds may interact with water and cause shift
of the water bands. Therefore, water information may also be
derived from these spectral variations.

3.2. Multi-products calibration model for MC

PLS, SIMCA and PCA were performed to build calibration
or classification models. PLS regression showed the best cor-
relation and gave usable MC values. Thus, PLS was applied in
this work, while the results of SIMCA and PCA are not shown.
The general models involving five vaccine products were con-
structed using PLS regression with different data pre-treatments
and different wavelength windows, e.g. 1900-1950 nm and
the significant X variables/wavelength found after Jack-knifing
(p <0.05) over the whole NIR wavelength. Since the sample set

covered 5 products with 3 batches at 5 different protein con-
centrations, and the data set was small compared to the product
and batch variance, all NIR spectra were used for the calibration
instead of dividing them into calibration and prediction data sets.
The models and their performances were assessed by segment
cross validation (numbers of segment is four).

Different spectral pre-treatments were used to remove the
spectral disturbances and to improve the performance of the
calibration models. In this study, most of the used pre-treatment
methods improved the performance of the calibration models.
The NIR region 1900-1960 nm is a good wavelength window
for water determination; even though there were no very clear
water band alterations in the spectra by visual inspection. The
model based on this region showed better results than the model
using the significant X variables in the whole wavelength win-
dow because fewer PLS factors were needed. This may be due to
less noise in the region of 1900-1960 nm. The spectra contain
more information when spanning the entire NIR window, but
also contain more noise. Thus, more PLS factors are required.
Detailed information of the corresponding models is not given
here.

The best calibration model was obtained when taking the sec-
ond derivative data over the 1900—1960 nm region after removal
of 4 outliers. The model had a root mean square error of pre-
diction (RMSEP) of 10.20 pg H,O/vial with 2 PLS factors. The
MC correlation plot of the data set for the best EMSC model
is given in Fig. 2A. For this plot, a slope of 1 and an offset of
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Fig. 2. The MC correlation plot between NIR prediction and KF results for multi-products models: (A) model based on original data set (RMSEP 10.20 n.g H>O/vial
and 2 PLS factors): slope is 0.82; offset is 8.95; correlation is 0.90 and RMSED is 9.94 ng H,O/vial; and (B) model based on reduced data set (RMSEP 8.99 ug
H,O/vial and 2 PLS factors): slope is 0.86; offset is 6.92; correlation is 0.93 and RMSED is 8.64 ug H,O/vial.

0 should be ideal. In this case, a slope of 0.82 and an offset of
8.95 were achieved. The correlation was 0.90 and the root mean
square error of deviation (RMSED) was 9.94 pg/vial.

Four NIR spectra were recorded for each sample at different
angles. These four spectra can be regarded as four replicates, and
therefore should be averaged to one spectrum for each sample.
A total of 95 spectra for 95 samples were obtained after data
reduction. Calibration models were built with this reduced data

set using different pre-treatments and assessed by full cross val-
idation. The performance of each model is not shown here. The
best calibration model was obtained with EMSC data over the
1900-1960 nm range after removing 5 outliers. The model had
a RMSEP of 8.99 ug H,O/vial corresponding to 0.9% (w/w)
with 2 PLS factors. The MC correlation plot between the NIR
predication and KF results is shown in Fig. 2B. The coefficients
of the plot were slightly better than the one based on the entire
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Fig. 3. The MC correlation plot between NIR prediction and KF results for product-specific models: (A) cat hair model (RMSEP 8.86 pg H,O/vial and 2 PLS
factors): slope is 0.93; offset is 3.85; correlation is 0.96 and RMSED is 7.70 wg H2O/vial; (B) Grass pollen model (SMSEP 5.54 ug H,O/vial and 1 PLS factor):
slope is 0.89; offset 4.85; correlation is 0.95; and RMSED is 4.68 ng H,O/vial; (C) Wasp venom model (SMSEP 6.66 g HyO/vial and 2 PLS factor): slope is 0.95;

offset is 2.80; correlation is 0.97 and RMSED is 5.85 wg HyO/vial.
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data set as seen from the higher correlation (0.93) and lower
RMSED (8.65).

The model based on the reduced data set did not change
significantly compared to the model with the original data set.
The results may indicate that the angle effect is not important.
However, a spinner rotator may benefit the measurement, since
it rotates the sample during detection which results in a truly
average spectrum.

3.3. Product-specific calibration model for MC

The multi-calibration model set included five different prod-
ucts; however, different protein antigens may interact with water
in different ways affecting the final calibration model. To inves-
tigate the product-specific effect and to improve the predictions,
calibration models were built for each product except the house
dust mite vaccine, because the sample size (n =7) was too small.
Calibration models were constructed on the reduced data set (the
average spectrum of the four spectra resulting from four differ-
ent angles for each sample) and assessed by full cross validation
using different data pre-treatment methods in two wavelength
windows: whole wavelength region and 1900-1960 nm. The
detailed data of the models are not shown here.

The results indicated that both EMSC and second derivative
pre-treatment improved the performance of the calibration mod-
els for each product. Wavelength selection, i.e. 1900-1960 nm,
also benefited the models for cat hair and wasp venom vaccines.
The best calibration model for the cat hair vaccine was obtained
using the 2nd derivative of the data over the significant X vari-
ables in region of 1900-1960 nm. This model had a RMSEP of
8.86 wg HyO/vial with 2 PLS factors. For the grass pollen vac-
cines, the best calibration model was achieved using the EMSC
data over the significant X variables in the whole NIR region.
The model possessed a RMSEP of 5.54 pg H>O/vial with one
PLS factor. The best model for the wasp venom vaccine was
obtained using the 2nd derivative of the data over the significant
X variables in the region of 1900-1960 nm. The model has a
RMSEP of 6.66 g H,O/vial with 2 PLS factors. The MC cor-
relation plots between NIR prediction and KF results for the best
models were shown in Fig. 3.

With regard to the bee venom product, it was difficult to build
an acceptable calibration model for the determination of MC.
This may be caused by the small sample size (n=16) and large
batch variance (3 batches).

In conclusion, the product-specific models give good results
compared to the multi-product models. However, the sample
sizes in the current product-specific models are limited. Nor-
mally a training set with 100 samples is ideal [18]. Thus, further
investigations are required for the product-specific models. Nev-
ertheless, a multi-product calibration model is more useful for
routine analysis because it is more user-friendly. The MC cor-

relation plot demonstrate that NIR models consistently produce
higher moisture levels compared to KF results, see Figs. 2 and 3.
It may be due to the headspace moisture in NIR measurement
in light of the refrigeration and warming.

4. Conclusion

This preliminary study demonstrates that NIR spectroscopy
has the possibility to be used as a non-invasive, non-destructive
method to rapidly discriminate whether moisture content fit into
the specifications of lyophilized allergen vaccines. The moisture
content results obtained from NIR spectroscopy show acceptable
agreement with results obtained by KF titration. The models
based on product-specific data are slightly better than models
based on multi-product data; however, a general multi-product
model is more useful in routine quality analysis, since one model
can be applied for all product samples.
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