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a b s t r a c t :

The pharmaceutical industry requires narrow variability in the dissolution rate of hard gelatin capsules.
To test this property, gelatin is aged in high temperature and humidity conditions to mimic gelatin shelf-
life. These conditions induce cross-link formation in gelatin chains and change the properties of the
capsule. Gelatin is produced worldwide in various environmental conditions. This study set out to
evaluate the impact of geographic production origin on gelatin composition, before and after aging
treatment, and on its dissolution properties. Non-aged and aged pig skin gelatins from three different
production plants (A, B and C) were analyzed in raw granules and in powder by near infrared and
fluorescence spectroscopy to identify the mechanisms of cross-link formation during aging. Gelatin
composition (lipids, dityrosine, 3,4 dihydroxyphenylalanine (DOPA)) and oxidation level, before and after
aging, varied according to production origin. The gelatin from C showed no variability in dissolution rate,
while gelatins from A and B dissolved more slowly after aging. Near infrared spectroscopy results suggest
that water was more strongly bound to the gelatin chains in the gelatins that yielded non-compliant
dissolution test results. Non-compliant gelatin exhibited more CH2, usually assigned to lipids, and
more aldehydes. Even before aging we found that non-compliant gelatins tended to fluoresce more at
344 nm under 280 nm excitation. These results open new perspectives for designing tools to predict the
dissolution quality of freshly produced gelatins.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Type A gelatin extracted from the extracellular matrix of pig
skins results from collagen solubilization. This industrial process
consists in grinding and pre-treating the pig skins in acidic condi-
tions to extract the collagen. Generally, diluted sulfuric or hydro-
chloric acid (2e4%) is used for up to 24 h at room temperature.
During this pre-treatment, most of the fat floats to the surface, and
so is easy to remove. The skins are thenwashed in water for 24 h to
remove acid and salts, and immersed in a hot water bath with a
temperature ranging from 50 to 100 �C for 18e36 h. In this step, the
collagen is solubilized and extracted from the skins. The gelatin
obtained is then filtered, demineralized, concentrated, sterilized,
dried and ground into granules. During the extraction step, Mail-
lard reactions can occur between the proteins and the traces of
Astruc).
lipids, darkening the gelatin (Schrieber & Gareis, 2007). Bleaching
agents such as hydrogen peroxide can be added to lighten the color
(Schrieber & Gareis, 2007). The pharmaceutical industry uses
gelatin to make hard capsules that must meet dissolution quality
standards to release drugs homogeneously throughout their shelf-
life (United States Pharmacopeial Convention, 2012). Gelatin film
dissolution inwater is assessed by the increase of absorbance in the
dissolution medium at 218 nm. At least 50% of the gelatin has to
dissolve in 9 min to meet the quality standard, throughout its
lifetime. Gelatin dissolution is generally always good soon after it
has been produced and variability in dissolution generally appears
after aging (Duconseille, Andueza, Picard, Sant�e-Lhoutellier, &
Astruc, 2016). Thus prior to the dissolution test the gelatin is arti-
ficially aged. This aging step consists in exposing gelatins to high
temperature and humidity conditions for several weeks.

One explanation for this variability that occurs mainly after
gelatin aging could be an effect of the pig breed differences and to
the making process which could influence cross-link formation
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between gelatin chains. Although not all the mechanisms of cross-
link formation have been identified (Duconseille, Astruc, Quintana,
Meersman, & Sante-Lhoutellier, 2015), Maillard reactions are
known to be responsible for the formation of some cross-links in
high temperature and humidity conditions (Digenis, Gold, & Shah,
1994).

Gelatin is produced worldwide at production sites with various
climates (temperatures, humidity, etc.). The raw material (pig
skins) is likely to differ in composition according to the country of
production because of variability in genotypes, feeding and rearing
conditions. Thus the manufacturers need to adapt their
manufacturing process according to the raw material used in order
to decrease variability in the final product.

During the manufacturing process, gelatin is submitted to pH
and temperature variations that are known to change its structure
(Digenis et al., 1994; Ofner, Zhang, Jobeck, & Bowman, 2001;
Schrieber & Gareis, 2007; Yannas & Tobolsky, 1967). As increase
in temperature increases cross-link formation (Digenis et al., 1994),
it can be assumed that the process may influence this reaction.
Gelatin is a polycrystalline polymer whose structure consists of
helical regions composed of triple or double helices and a coil
structure, also called amorphous phase. The triple helices, consid-
ered as physical bonds (Yang et al., 2016), reduce themobility of the
gelatin chains and thus should impair cross-link formation. During
manufacturing, the drying step is particularly important because
speed of drying influences gelatin structure (Dai, Chen, & Liu,
2006). In order to gain a better understanding of the impact of
gelatin manufacturing on cross-link formation and on its dissolu-
tion in water, it is necessary to preserve the physical state of the
gelatin, and avoid any sample transformations such as solubiliza-
tion. Near infrared and fluorescence spectroscopy can be used to
study raw gelatin, i.e. in its commercial form, with no prior sample
solubilization. These two techniques have already been used to
study the structure, composition and physico-chemical properties
of gelatins (Hashim et al., 2010; Liu, Yao, Wang,& Li, 2000; Segtnan,
Kvaal, Rukke, Schuller, & Isaksson, 2003; Segtnan & Isaksson,
2004). Segtnan et al. (2003) found that near infrared spectros-
copy (NIRS) combined with a partial least square (PLS) regression
could accurately predict the bloom, viscosity and moisture content
of gelatin gels and dried gelatins, with a better prediction for the
latter form.

Herewe studied three production sites: A, B and C. The objective
was to determine and explain the impact of production origin on
the chemical composition and dissolution rate inwater of fresh and
aged pig skin gelatins and to suggest tools to predict the dissolution
quality of gelatins. NIR and fluorescence spectroscopy combined
with data processing were used to identify the key chemical
functions involved in the possible changes.
2. Materials and methods

2.1. Gelatin processing

Pig skin gelatin batches from the three different production sites
A, B and Cwere obtained from the same supplier. Sites A and Cwere
located in EU countries (France and Belgium respectively) and site B
was located in the USA. Irrespective of production site, pig skins
were immersed in a sulfuric acid bath (pH¼ 1.3) at 18 �C for 8 h. The
skins werewashed inwater and the gelatin extracted in a hot water
bath. The gelatin was filtered, deionized, sterilized, dried and
granulated. The main differences between the three processes are
given in Table 1.

The final moisture content of the gelatins was around 12% for all
three sites.
2.2. Dissolution level determination

The dissolution rate of gelatinwas determined in six repeats per
sample after the aging step following the USP convention, appa-
ratus 2 (United States Pharmacopeial Convention, 2012). Gelatin
films were prepared and aged for 4 weeks in a climatic chamber at
50 �C ± 2 �C and 80% ± 5% of relative humidity (RH). They were
introduced in sinkers and immersed in the tanks of apparatus 2
described in the USP convention. The tanks contained deionized
water at 37 �C stirred with paddles at 50 rpm. The absorbance at
218 nm of the dissolutionmediumwasmeasured at 0, 3, 6, 9,12 and
15 min. The dissolution rate was considered as corresponding to
“compliant gelatin” when at least 50% of the gelatin had dissolved
at 9 min. Otherwise, the dissolution rate was considered as indi-
cating “non-compliant gelatin”.

2.3. NIR spectroscopy analysis

Analysis was performed on all the samples in granule form
provided by the company, i. e. 10 samples from A, 44 samples from
B and 13 samples from C. In total 67 gelatin samples with
“compliant” and “non-compliant” dissolution rates, before and af-
ter aging, in five repeats, using a Foss NIRSystems model 6500
scanning visible/NIR spectrometer (Foss NIRSystems, Silver Spring,
MD, USA) under ISIscan software version 2.21 (Infrasoft Interna-
tional, Port Matilda, PA, USA). The aging conditions of the granules
were the same than those previously described: 4 weeks in a cli-
matic chamber (Sanyo, 294L, Osaka, Japan) at 50 �C ± 2 �C and 80%
±5% of relative humidity (RH).

Approximately 3 g of gelatin granules was placed in a 38 mm
internal diameter ring cup. Five ring cups were prepared for each of
the 134 samples. The ring cupswere scanned in reflectancemode at
2 nm intervals from 400 nm to 2500 nm, and 16 scans per cup were
applied with a beam width of approximately 1 cm using an auto-
matic sampler. The ring cups were rotated during the scanning so
that the whole surface of the sample was analyzed, and the mean
spectrum was recorded.

2.4. Fluorescence spectroscopy analysis

Fluorescence spectroscopy was carried out on a subsample
owing to acquisition time. A total of 30 non-aged and 30 aged
samples (n ¼ 60) were analyzed using a spectrofluorometer in the
range 200e750 nm (JASCOmodel FP-8300, Tokyo, Japan). To reduce
variability of the analysis due to granule size, all the granules were
crushed into a fine powder. The grinding was done in liquid ni-
trogen to prevent overheating due to friction. Approximately
300 mg of each powdered gelatin sample was placed in a quartz
cup and introduced into the spectrofluorometer. 3D spectra iden-
tified two relevant excitation/emission wavelengths; 280/305 nm
and 355/420 nm. Each of the 60 samples was analyzed in triplicate
using these two excitation wavelengths (280 nm and 355 nm).
Emission spectra were acquired from 290 nm to 750 nm for the
280 nm excitation wavelength and from 365 nm to 750 nm for the
355 nm excitation wavelength. The excitation and emission slit
widths were both set at 5 nm.

2.5. Spectra treatments and statistical analysis

The spectra obtained from the NIRS were plotted in Log (1/R)
with R the reflectance and an extended multiplicative signal
correction (EMSC) was applied under the Unscrambler software
(v9.8, Camo Software AS, Norway). A linear baseline correction and
normalization was applied to the fluorescence spectra under the
same software. The water regionwas kept in this study because the



Table 1
Processes conditions of the three production sites showing differences.

Site A B C

Process steps showing differences Extraction water temperature 53 �C 57 �C 53 �C
Deionization þþ þ þþ
Drying temperature range 40-60 �C 30-68 �C 40-60 �C
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binding degree of water may provide information on the gelatin
dissolution and the NIRS allows analyzing it (Du Toit, 2009;
Duconseille et al., 2016). Moreover, the moisture content (12%) of
the samples was low enough to avoid any overriding of the water
signal on the other components signals.

Partial least squares discriminant analysis (PLS-DA) and prin-
cipal component analysis (PCA) were performed on the categorical
variables (sites A, B and C, compliant and non-compliant for both
the aged and non-aged gelatins).

The production sites A and B provided gelatins with both
compliant and non-compliant dissolution levels whereas the pro-
duction site C provided only compliant gelatins. To obtain a
balanced statistical plan, the PCA had to be performed on approx-
imately the same number of “compliant” and “non-compliant”
dissolutions. For this reason, only the dissolution of the A and B
sites was studied.

The PCA loadings exhibit the wavelengths that contribute to the
highest variation described by the principal components (PC). The
peaks on PCA loadings (positive and negative) indicatewavelengths
that contribute most to the difference between the gelatins of the
three origins of production (Dupont, 2002). The most discrimina-
tive wavelengths identified on the loadings were associated with
molecular functions (NIRS) or fluorophores (Fluorescence) by
comparison with the scientific literature (Kato, Nishikawa, &
Kawakishi, 1995; Liu et al., 2000; Murray, 1993). NIRS reflectance
and fluorescence intensities corresponding to the wavelengths
identified on the loadings as most discriminating were analyzed by
ANOVA with a Tukey test using the STATISTICA software (v12,
Statsoft Inc, Tulsa, USA).
3. Results

3.1. PLS-DA results according to production origin

Whatever the aging state, all the gelatins from the three sites,
analyzed with NIRS data following a PLS-DA, showed that almost
100% of the samples were classified in their respective production
site (Table 2). The PLS-DA from the fluorescence data could classify
in their respective production sites more than 77% of the gelatins.
An excitation at 280 nm was more efficient (92.3% correct classifi-
cation) than an excitation at 355 nm (87.8% correct classification)
(Table 2). Examples of PLS-DA figures are given in supplementary
data. The interpretation of the results is the same than the one
deduced from PCA.
Table 2
PLS-DA results of gelatins in each categorical variable (sites A, B and C).

Site Percentage of correct classification

Before aging After aging

NIR Fluorescence NIR Fluorescence

lex ¼ 280 nm lex ¼ 355 nm lex ¼ 280 nm lex ¼ 355 nm

A 100 90 87 97 77 77
B 100 97 93 100 100 90
C 100 93 90 99 97 90
3.2. PCA of NIR and fluorescence spectral response

Most of the multivariate analysis on NIR and fluorescence
spectral responses showed three clusters depending on the pro-
duction site (Figs. 1e4).
3.2.1. Before aging
The production sites of the non-aged gelatins were separated by

NIR spectroscopy on PC2. The chemical functions corresponding to
the discriminant wavelengths highlighted by the loadings were
identified according to Murray (1993) (Fig. 1).

Except at 1646 nm, the ANOVA on the wavelengths evidenced
by the PCA loadings highlighted NIR absorbance significant differ-
ences regarding the three production sites (p < 0.05).

The B-gelatins localized on the positive part of PC2 (Fig. 1, b) had
a higher content of chemical functions corresponding to the posi-
tive peaks of the PC2 loadings (Fig. 1, c) localized at 1912, 2070,
2132, 2224, 2330 and 2408 nm. Also, the C-gelatins, in the negative
part of PC2, had a higher content of chemical functions corre-
sponding to the negative peaks of the PC2 loadings localized at
1014, 1190, 1396, 1646 and 1852 nm. For instance, the positive peak
at 1912 nm (Fig. 1, c) shows that the B-gelatins were characterized
by a higher content of H2O and RCOOH functions. As the NIRS
spectrum is composed of three overtones of each chemical func-
tion, it turns out that H2O also corresponds to a negative peak at
1396 nm attributed to C-gelatins. It is difficult to assign H2O asmore
representative of B or C-gelatins. Thus H2O was not retained as a
chemical function providing relevant information. Using this
approach, the chemical functions potentially discriminant of the
three production sites were identified (Table 3).

B and C-gelatins were significantly different on all the discrim-
inative wavelengths, whereas A-gelatins were most often not
different from B and C-gelatins (p < 0.05). NIR spectra interpreta-
tion suggests that C-gelatins had more CH, CH2 and CH3 functions
than A and B gelatins. C-gelatins also showed more absorbance at
1396 nm, which can be attributed either to �CH3 and �CH2 radical
functions, or to arOH or H2O. C-gelatins showed also more OH
functions in aromatic groups than B-gelatins. B-gelatins had more
functions with C]O stretch and carboxyl (RCOOH) functions than
C-gelatins. B-gelatins also had more amide (CONH2R) and alcohol
functions (ROH) than A and C-gelatins respectively.

The fluorescence spectroscopy results revealed variations ac-
cording to production site (Fig. 2). At lex¼ 280 nm, production sites
were separated on PC2 (Fig. 2, c). The B-gelatins were located in the
negative part of the PCA score plot while A and C-gelatins were
located in the positive part. . ANOVA performed on thewavelengths
identified by the loadings showed the emission fluorescence at
lem ¼ 305 nm (assigned to tyrosine; Lakowicz, 2006) to be stronger
for A and B gelatins than for C gelatins (p < 0.01). At 335 nm, the C
gelatins fluoresced more than the other two. The B gelatins showed
more fluorescence than the A and C gelatins at 394 nm (p < 0.01).
This wavelength corresponds to the emission peak of dityrosine
close to 400 nm (Liu et al., 2000, Duconseille et al., 2016). The
fluorescence intensity at 292 nm did not show any significant dif-
ference by production site (p > 0.1).

After an excitation at lex ¼ 355 nm, the PCA on emission



Fig. 1. PCA results of non-aged gelatin NIR spectra by production site.

Fig. 2. PCA results of non-aged gelatin fluorescence spectra by production site.
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Fig. 3. PCA results of aged gelatin NIR spectra by production site.
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fluorescence separated the production sites on PC1 (Fig. 2, f): B-
gelatins on the positive part of the PC1 were isolated from A and C-
gelatins located in the negative part of the PC1. The B-gelatins had a
higher intensity of fluorescence at 394 nm (previously assigned to
dityrosine) than A and C-gelatins, which fluorescedmore at 462 nm
than the B-gelatins (p < 0.001) (Fig. 2, e). These two discriminant
wavelengths revealed by the loadings reflect a shift in the emission
fluorescence peak which was initially at 415 nm, assigned to 3,4-
dihydroxyphenylalanine (DOPA) in a previous study (Duconseille
et al., 2016) (Fig. 2, d). Table 4 sums up these observations.

3.2.2. After aging
The PCA (Fig. 3) shows that NIRS allowed separating the gelatins

from the 3 different production sites mostly on the PC2 and in a
lesser extent on PC1. B-gelatins are mostly located in the positive
parts of PC1 and PC2 score plots while A and C-gelatin are in the
negative parts of PC1 and PC2 score plot. The separation of B-gel-
atins from A and C-gelatin is clear, but the separation of A gelatin
from C-gelatin is less evident. ANOVA performed on the absorbance
corresponding to PC1 and PC2 loadings peaks revealed significant
differences between the three production sites. The absorbance at
1414 nm (evidenced on PC2 loadings) was the only one that did not
allow separating them significantly (p > 0.05). The corresponding
chemical functions were identified using the same previous
approach as for the non-aged gelatins, as reported in Table 5.

The PCA results of fluorescence spectroscopy shown in Fig. 4
(aef) revealed variations related to the production site. B and C-
gelatins were located in the positive and negative part of the PC1
respectively while A-gelatins were in between after a 280 nm
excitation.

Following 355 nm excitation, the PC1/PC2 score plot did not
separate any groups while the PC1/PC3 allows the separation of
samples related to production site on the PC3 (B gelatins in the
negative part, A and C-gelatins in the positive part of the PC3). The
wavelengths that contribute most to the separation are revealed by
the PCA loadings (Fig. 4, b and e). Looking at the PCA loadings, the A
and C-gelatins showed a higher intensity fluorescence at 330 nm
than the B-gelatins (lex ¼ 280 nm). This wavelength does not
correspond to the maximum emission peak, which is located at
303 nm (assigned to tyrosine) (Fig. 4, a). The peak at 408 nm cor-
responding to dityrosine is more characteristic of the B-gelatins
(Fig. 4, a and b) (p < 0.05). At lex ¼ 355 nm, an emission peak at
420 nm, corresponding to DOPA (Duconseille et al., Unpublished
results), with shoulders at 494 and 535 nm is observed. The three
production sites were separated on PC3. The loadings revealed five
discriminativewavelengths (374, 403, 449, 494 and 535 nm). The B-
gelatins showed significantly more fluorescence intensity at
403 nm and less at 449 nm than the other two production sites
(p < 0.05). The other wavelengths did not show any significant
differences (p > 0.05). Table 6 sums up these observations.

3.3. Dissolution rate discriminated by NIR and fluorescence
spectroscopy

In this study, production sites A and B provided both compliant
and non-compliant gelatins, whereas production site C provided
only compliant gelatins. Only the dissolution of the A and B-gelatins
was studied.

Before aging, the PCA performed on NIR spectra showed no
separation of the dissolution rates. However, the PCA (PC1/PC3) on
the fluorescence spectra discriminated the dissolution rates of B-
gelatins and not the A-gelatins at lex ¼ 280 nm (Fig. 5). ANOVA



Fig. 4. PCA results of aged gelatins fluorescence spectra by production site.

Table 3
Chemical functions contributing to a separation by production
sites in non-aged gelatins.

Functions Proportions

CH, CH2, CH3 C > A ¼ B
�CH3, �CH2, arOH A ¼ C > B
C]O stretch, RCOOH A ¼ B > C
CONH2R, ROH B > A > C

Table 4
Fluorophores identified as possibly discriminant for gelatins
from the three production sites A, B and C.

Fluorophores Proportions

Tyrosine (305 nm) A ¼ B > C
Dityrosine (394 nm) B > C > A
DOPA (415 nm) B > A ¼ C

Table 5
Chemical functions contributing to separation of the gelatins by production site.

Functions Proportions

arOH, H2O, CONH2, POH, RCOOR C > A > B
CC, CHO, H2O C > B; A ¼ B; A ¼ C
SH A ¼ B > C
RCOOH, ROH, �CH2, �CH B > C; A ¼ B; A ¼ C

Table 6
Fluorophores identified as discriminant for different production
sites of gelatins.

Fluorophores Proportions

Tyrosine (280/303) A > B ¼ C
Dityrosine (280/408) B > C ¼ A
DOPA (355/420) B > A ¼ C
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performed from the PC1 and PC3 loadings revealed that the
compliant gelatins tended to have higher intensity fluorescence at
344 nm than the non-compliant ones (p¼ 0.08). The other loadings
presented no significant differences between the compliant and
non-compliant gelatins.

After aging, the two groups of dissolution, i.e. compliant and
non-compliant, were discriminated by PCA on both NIR and fluo-
rescence spectra of both production sites A and B (Figs. 6 and 7).
Fig. 6 gives the PCA results of the NIR spectra of aged gelatins.
Compliant gelatins were located in the positive part of the PC1 and
non-compliant ones on the negative part. When the production
sites were analyzed separately, the dissolutions were also
discriminated on PC1 and the same loadings were obtained (data
not shown).

The loadings of PC1 revealed that the compliant gelatins
exhibited higher absorbance intensity at 1424 and 1882 nm,
whereas the non-compliant gelatins showed higher absorbance
intensity at 1942, 2180 and 2284 nm (Fig. 6). The ANOVA high-
lighted significant differences between the compliant and non-
compliant gelatins (p < 0.01).

On A-gelatins, no separationwas observed on the PC1/PC2 score
plot analysis, but PC1/PC3 analysis separated compliant (positive
part of PC3) from non-compliant gelatins (negative part of PC3)



Fig. 5. PCA results of non-aged gelatin fluorescence spectra by dissolution rate category.
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(Fig. 7). However, the ANOVA performed on the fluorescence in-
tensities at the wavelengths identified on the loadings revealed no
significant differences on comparing compliant and non-compliant
gelatins (p < 0.05).

On the PCA score plot of B-gelatins, non-compliant and
compliant samples were located in the positive and negative parts
of the PC2 respectively. The dissolution rates of B-gelatins showed
significant differences in emission fluorescence at 294 and 331 nm
after excitation at lex ¼ 280 nm (p < 0.05). The non-compliant
gelatins fluoresced at 294 nm, and the compliant gelatins fluo-
resced more at 331 nm.

At lex ¼ 355 nm, the aged compliant A-gelatins were separated
from the aged non-compliant ones (Fig. 8) on PC1. The non-
compliant ones are on the positive part of the PC1 and the
compliant ones on the negative part. The PCA revealedwavelengths
contributing to this separation, but the ANOVA showed no signifi-
cant differences between the compliant and non-compliant gela-
tins (p > 0.05) at 377 and 429 nm. However, the non-compliant
gelatins tended to fluoresce more at 493 nm (p < 0.07) and
528 nm (p < 0.1) than the compliant ones.
4. Discussion

NIR and fluorescence spectroscopies discriminated the gelatins
coming from the three production sites according to their spectral
signatures, before and after aging.

The PLS-DA performed on the NIR and fluorescence spectra
showed a classification rate of the gelatins superior to 77% what-
ever the aging state. However, the A gelatins were systematically
less correctly classified. This is supported by the PCA results which
showed that A gelatins were always located between the B and C-
gelatins, and therefore less well separated.

Although NIR spectroscopy is generally used to characterize
samples from their spectral signatures, spectral analysis also yields
information on the chemical composition of samples.

It turns out that the chemical composition differed from one
production site to another even when the raw material came from
pig skin for the entire gelatin batches studied, and even when the
gelatins were all pre-treated in fairly similar acid conditions.
4.1. Impact of production origin on gelatin structure and
composition before aging

Before aging, the C-gelatins had more CH, CH2 and CH3 func-
tions, generally attributed to lipids, than A and B-gelatins. These
lipids could be extracted at the same time as the collagen, and
despite the mechanical removal and filtration step, it is possible
that traces of lipids remained in the final product (Schrieber &
Gareis, 2007). The A and B-gelatins had more RCOOH functions
than C-gelatins, which could be attributed either to acidic amino
acids (glutamate or aspartate) or to the oxidation of the protein
backbone in the presence of iron and oxidizing reagents such as
hydrogen peroxide (H2O2) (Berlett & Stadtman, 1997). As hydrogen
peroxide is added to bleach the gelatin, and iron is naturally present



Fig. 6. PCA results of aged gelatin NIR spectra by dissolution rate category (sites A & B).
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in the water and in skin, they may induce oxidation reactions
(Promeyrat, 2013). One plausible explanation for the greater
abundance of RCOOH functions in A and B-gelatins could be the
higher content of oxidizing agents. It is difficult to draw any firm
conclusion.

In addition, the results highlighted different contents of tyro-
sine, dityrosine and DOPA in the gelatins from the three production
sites. The wavelengths highlighted by the loadings after 355 nm
excitation did not correspond to an emission peak on the mean
spectra, but to a shift of the B-gelatin peak. Many factors such as the
polarity of the fluorophore and its neighboring molecules, the
structure of the fluorophore and the types of chemical interactions
with its environment, impact the emission wavelength and there-
fore induce shifts (Lakowicz, 2006).

The solvent is the main factor studied influencing the emission
wavelengths of the fluorophores (Lakowicz, 2006). For instance, the
tryptophan emission can range from 308 nm to 355 nm and is
correlated with the degree of solvent exposure (Vivian & Callis,
2001). The moisture degree or the structural state of water of the
studied gelatins could have modified the emission peak of such
fluorophores excited at 355 nm, and may be responsible for the
shift observed.

To sum up, our results reveal a difference in B-gelatin structure
or chemical composition compared with the gelatins from the
other two production sites. These results show that type A pig skin
gelatins differ by their chemical composition and/or apparently by
their structure according to their production origin.
4.2. Impact of the production origin on gelatin structure and
composition after aging

After aging, the gelatins from the three production sites were
correctly separated by NIR spectroscopy, but the wavelengths
allowing the discrimination differed from those observed before
aging. This means that the aging step induced chemical modifica-
tions in the gelatins, and that these modifications were dependent
on production origin.

Before aging, C-gelatins exhibited more absorbance at 1396 nm
which is attributed either to radicals �CH and �CH2 or to arOH or
H2O. However, since �CH and �CH2 radicals are highly reactive and
have very short lifetime (Davies & Dean, 1997), it is unlikely that
they could be detected.

Before aging, no difference in aldehydes (CHO) was observed
between the production sites while, after aging, C-gelatins exhibi-
ted more aldehydes than B-gelatins. There was either an increase in
aldehyde functions in C-gelatins with aging or a decrease in alde-
hyde functions in B-gelatins. There are two possible explanations:
the oxidation of C-gelatins increasing aldehydes with aging or the
reaction of aldehydes of B-gelatins to form other compounds such
as Schiff bases. Either possibility is plausible given that oxidation of
amine functions into aldehyde functions can occur in gelatin on a
lysine or arginine side-chain, and that cross-links between alde-
hyde and amine functions are formed in high temperature and
humidity conditions (Digenis et al., 1994; Promeyrat, 2013).

The same three fluorophores, tyrosine, dityrosine and DOPA,
were impacted by both production origin and aging. Before aging, A
and B-gelatins showed the same levels of tyrosine fluorescence
intensity, but after aging, A-gelatins hadmore tyrosine fluorescence
than B-gelatins. Likewise, before aging, the fluorescence intensity
attributed to dityrosine was greater in B-gelatins than in C and A-
gelatins. However, after aging, A and C-gelatins had the same
dityrosine fluorescence intensity, though still less than the B-gel-
atins. These observations suggest that the decrease in tyrosine and
the formation of dityrosine are not of the same magnitude during



Fig. 7. PCA results of aged gelatin fluorescence spectra (lex ¼ 280) by dissolution rate category.
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aging, according to production site. This justifies the hypothesis
that there are structural differences between gelatins from the
three production sites that impact the dityrosine formation by fa-
voring or preventing the tyrosine encounter, i.e. the tyrosines of A-
gelatins react together less than the tyrosines of B-gelatins. The
structural state of gelatin has been studied by Segtnan and Isaksson
(2004), who attributed the 2160e2170 nm region to the single
chains or the single helices, the band at 2180 nm to the triple he-
lices and the band at 2208 nm to the triple helices or b-turn, which
are the source of the nucleation of triple helix bundles, also called
junction zones.

A and/or C-gelatins showedmore reflectance at 2176 nm than B-
gelatins. This wavelength was attributed to triple helices by
Segtnan and Isaksson (2004). Thus A and/or C-gelatins should have
more triple helices than B-gelatins. As triple helices are ordered
structures, considered as physical bonds (Yang et al., 2016), they
should reduce themobility of gelatin chains. Thus if A-gelatins have
more triple helices, then the tyrosine molecules in A-gelatins are



Fig. 8. PCA results of aged gelatins fluorescence spectra (lex ¼ 355) by dissolution rate category.
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less likely to meet. To the best of our knowledge, there is no in-
formation on triple helix conformations that prevent or favor cross-
link formation. However, numerous studies show that cross-links
promote the formation of triple helices when they are found in
small amounts in gelatin (Strauss & Gibson, 2004; Watanabe,
Tezuka, & Ishii, 1997). By contrast, a large number of cross-links
hinders triple helix formation and reduces the length of these tri-
ple helices, since cross-links stabilize the coil structure, preventing
renaturation of the helices (Watanabe et al., 1997; Yang et al., 2016).

The structural differences between the gelatins according to
their production origin impacted the fluorescence assigned to
DOPA. After aging, B-gelatins showed a shift of this DOPA peak
compared with the A and C-gelatins. Two shoulders on this peak at
494 and 535 nmmay correspond to two other fluorophores not yet
identified. Again, the shift observed reflects a structural or chemical
difference in the environment of this fluorophore corresponding to
DOPA (Lakowicz, 2006).
4.3. Impact of production origin on gelatin dissolution linked to
structure and composition

The A and B-sites produced gelatins with dissolution variability
after aging, while for the C-site dissolution rate was constant. Two
groups of dissolution: compliant and non-compliant, were
discriminated by PCA on NIR results of both production sites A and
B (Fig. 5). When the production sites were analyzed separately, the
dissolutions were also discriminated on PC1, and the same loadings
were obtained (data not shown). The “compliant” gelatin dissolu-
tions showed greater intensity at 1424 and 1882 nm. These two
peaks were attributed to water by Luck (1976). More specifically,
the band at 1882 nmwas attributed to freewater, whereas the band
at 1942 nm characterizing the non-compliant dissolutions is close
to 1936 nm, and was attributed to the bound water in an unfavored
energy state (Luck, 1976; Du Toit, 2009; Zhou et al., 2003). Hence
the gelatins with non-compliant dissolution rates had more bound
water than the compliant ones, which had more free water. The
non-compliant dissolutions also showed greater intensity of CHO,
RNH2, and more CH combinations (CH, CH2 and CH3 functions). The
presence of aldehyde functions in non-compliant gelatins suggests
a higher oxidation status in these gelatins than in the compliant
ones. The CH combinations may be attributed to aliphatic chains of
lipids. This suggests that the non-compliant gelatins contain more
lipids. This result is in line with the literature indicating that traces
of lipids can occur in gelatin, and that Schiff bases are formed in
gelatin by Maillard reactions between amine and carbonyl func-
tions (e.g. aldehyde functions supplied by lipids), which could
reduce the solubility of the gelatin (Duconseille et al., 2015; Rbii,
2010; Schrieber & Gareis, 2007).

The tyrosine peak of compliant dissolutions of B gelatins is
shifted slightly rightward compared with the non-compliant dis-
solutions. Thus differences in the structural or chemical environ-
ment of tyrosine are probably involved in the dissolution variability
of B-gelatins (Lakowicz, 2006). As this amino acid can form dityr-
osine cross-links and is subject to oxidation (Liu et al., 2000;
Masutani, Kinoshita, Tanaka, Ellison, & Yoza, 2014), this could
explain why small changes in its environment may lead to dityr-
osine formation or tyrosine oxidation and affect the gelatin disso-
lution rate.
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The differences observed after PCA on dissolutions from A-gel-
atins were actually not significant (p > 0.05). The A and B-gelatins
were analyzed separately because when analyzed together with
PCA, no separation of the dissolution rates was possible.

At lex ¼ 355 nm, only the dissolutions from site A could be
separated. The small number of samples (five per dissolution)
limited ANOVA performance, and only a tendency (p < 0.08) of the
“non-compliant” dissolutions to fluoresce more at 493 nm and
528 nmwas observed. These wavelengths correspond to shoulders
of the emission peak assigned to DOPA, and could be due to small
peaks lost in the fluorescence of DOPA. The corresponding fluo-
rophores are not identified.

Interestingly, we could distinguish non-compliant dissolutions
from compliant ones in B-gelatins before aging with fluorescence
spectroscopy. The ANOVA on the loadings revealed only a tendency
of compliant dissolutions to fluoresce more at 344 nm than the
non-compliant ones under a 280 nm excitation (p ¼ 0.08). Again,
the fact that it was only a tendency can be attributed to the small
number of samples, which reduces the power of ANOVA. This
344 nmwavelength did not correspond to a fluorescence emission
peak on the mean spectra. However, it may come from a small peak
lost in the tyrosine peak. In the literature, the tryptophan is known
to fluoresce in the range 308e355 nm depending to its structural
environment (Vivian & Callis, 2001) when excited at around
280e295 nm (Kollias, Zonios, & Stamatas, 2002). However, the
tryptophan is not present in collagen, but it can come from other
proteins extracted at the same time as the collagen. All these ob-
servations after fluorescence spectroscopy show that the causes of
the decrease in gelatin dissolution are not necessarily the same in
all the production sites. As it was possible to distinguish the
compliant dissolutions from the non-compliant ones before aging,
the production origin and not only the aging step must have an
impact on the dissolution rate. The small differences observed in
the manufacturing process for the temperature range of the drying
step, the temperature of extraction and the degree of demineral-
ization may be responsible for the structural and chemical differ-
ences observed between the gelatins. However it is plausible that
various amounts of oxidizing agents such as iron or hydrogen
peroxide are also involved. The concentration of hydrogen peroxide
was apparently the same in all the gelatin batches, so the amount of
iron may be responsible for this difference in oxidation level. The
gelatins were produced in the EU and USA, so the pig breed and
rearing conditions were different, and may also play a role in the
differences observed. These differences are not only variations in
chemical and/or structural environment of tyrosine, but also other
unidentified fluorophores. Another cause suspected of playing a
role in the variability of dissolution is the water binding degree.
This can be influenced by either the structure or the composition of
gelatins. The manufacturing process differs in the A and B-sites, but
the C-site has the same process as A, and showed only compliant
dissolutions, unlike site A. Thus the manufacturing process varia-
tions cannot alone explain the differences observed in the disso-
lution rate. A combination of multiple factors seems to be
responsible.

5. Conclusion

NIR and fluorescence spectroscopy can be applied directly on
the rawmaterial and both approaches allowed the separation of the
production sites and the dissolutions. Small differences in raw
material or in processes are likely to induce significant changes in
chemical composition and cross-link formation such as dityrosine
on both freshly produced and aged gelatins. After aging, more
binding of water to the gelatin chains, presence of lipids and more
oxidation level promote non-compliant gelatins. The fluorescence
spectroscopy not only yielded indications about the causes of the
non-compliant dissolutions, but also showed that these causes
depended on production origin. Even before aging, non-compliant
dissolutions showed a tendency to fluoresce more at 344 nm under
280 nm excitation but the fluorophores involved are not yet
identified.

To advance further in the understanding of the mechanisms
involved in the impact of production origin on the decreased
dissolution rate, and because shifts in fluorescence peaks and the
presence of three overtones on the NIR spectra hinder the inter-
pretation of results, complementary techniques need to be imple-
mented. For instance, differential scanning calorimetry and circular
dichroism could help improve our understanding of the mecha-
nisms underlying structural changes induced by production origin
and linked to the dissolution rate of gelatins.

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.foodhyd.2016.08.001.
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