JOURNAL OF
CHROMATOGRAPHY A

O — =S
ELSEVIER

Journal of Chromatography A, 950 (2002) 113-124

www.elsevier.com/locate/ chroma

Study of the degradation of gelatin in paper upon aging using
agueous size-exclusion chromatography

*
Anne-Laurence Dupont
National Gallery of Art, Conservation Division, Scientific Research Department, Washington, DC 20565, USA

Received 28 August 2001; received in revised form 21 December 2001; accepted 21 December 2001

Abstract

We studied the aging behaviour of gelatin used to size paper. Thus far, research on the aging of paper has largely ignored
the sizing agent. Degradation of the protein was characterised and the impact of paper components, such as cellulose, and
aluminium potassium sulphate was evaluated. Whatman No. 1 filter papers sized with two types of gelatins (A and B) were
prepared as model samples. Commercially sized modern papers (Arches) were aso studied in order to compare laboratory
samples with real artist papers. Both types of papers were artificially aged (80 °C, 50% relative humidity for 35 and 94 days).
Historic papers were included in the study in order to compare artificially aged with naturally aged gelatin. The agueous
extracts from the papers were characterised by aqueous size-exclusion chromatography (SEC) using four PL-Aquagel-OH
columns and UV photodiode array detection at 220, 254 and 280 nm. Results showed that gelatin undergoes hydrolysis upon
aging, type A gelatin showing a faster degradation rate than type B. The result was an increase in the lower-molar-mass
fractions, under 50 000 g mol ~*, and especially in a characteristic fraction with a peak molecular mass (M,) of 14000 g
mol ~*. A significant decrease in the extraction yields of a-, B- and y-chains occurred after aging. This was attributed to
crosslinking, leading to the formation of less-soluble polypeptides with very high molar mass (>800 000 g mol ~*). Less
than 10% alum had no impact on the degradation rate; higher alum contents accelerated hydrolysis reactions. [0 2002
Elsevier Science BV. All rights reserved.
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1. Introduction and feathering of the inks. The size was prepared by

boiling animal hides, skins and bones in water. For

Since the beginning of papermaking in Western
Europe, gelatin was used to size (sizing refers to the
resistance of a sheet of paper to the sorption of
water) papers in order to improve the buffer effect
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the finest quality papers, sturgeon gelatin could be
used [1]. Initially, papermakers added auminium
salts (alum) in order to decrease paper permeability.
Additionally, alum also retarded biodeterioration and
decreased the viscosity of the size [2,3]. The use of
aum persisted and rosin/alum was used to size
mechanica woodpulp papers well into the 20th
century. Nowadays, papers are sized with synthetic
sizes such as akyl ketene dimers (AKDs) and
alkenyl succinic anhydrides (ASAS), which were
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developed for the paper industry in 1953 and 1974,
respectively [4], but gelatin/alum sizing continues to
be used for artist quality papers.

Collagens are the most abundant and ubiquitous
proteins on earth. Most collagens are fibrillar pro-
teins. Three left-handed o-chains form a collagen
molecule, two a1 and one a2 are intertwined to form
a right-handed triple helix called ay-chain [5-8]. a1
and a2 contain about 1000 amino acids each. They
have amolar mass (M,) of 95 000 g mol ~* and differ
dlightly in the composition of the telopeptides (C and
N terminal), a2 being richer in basic amino acids.

Collagen is structured in highly ordered regions
(crystalline) alternating with less ordered regions
(amorphous). The high proportion of amino acid
triplets (glycine—X-Y) in the «-chains, where X is
most often proline (Pro) and Y is most often
hydroxyproline (Hyp), is responsible for the compact
crystalline structure. Hyp is found exclusively in
collagen. Gly (glycine), Pro and Hyp represent more
than 50% of the amino acid content, Gly aone
accounting for more than 30%. The amorphous
regions are present mostly in the telopeptides. They
form globular ends and are rich in polar amino acids
with bulky side-chains, such as arginine (Arg), lysine
(Lys), aspartic acid (Asp) and glutamic acid (Glu).
Differences in length, charge distribution and struc-
ture of the telopeptides lead to different possible
assemblies forming the quaternary structure of the
protein. The latter is responsible for the different
physiological functions of collagens [5,8,9].

Gelatin is produced by partial hydrolysis of col-
lagen either in alkaline or in acid medium, both
treatments resulting in a partly denatured protein.
Gelatin from bovine origin is akali produced (type
B) and acid-treated gelatin (type A) is from porcine
or fish origin. Depending on the origin of the protein
there are some differences in the physical properties
and in the amino acid content [10]. Treatment results
in the individualization of a high proportion of the
a-chains. Multimers of «-chains linked together,
such as B-chains («-chain dimer) and non-hydrolysed
or partialy renaturated triple helices, are also present
in gelatin, albeit in smaller amounts. Low-molar-
mass peptides (500—4000 g mol ~*) and polypeptides
of approximately 30000 g mol ~* arising from the
degradation of the a-chains are formed [10-12].

Scientific research on gelatin is mainly driven

towards photographic, food and pharmaceutical ap-
plications. This research provides valuable infor-
mation on gelatin as a biomaterial, and on its
chemical and physical properties. However, research
in paper conservation has its own particular prob-
lems. A prime concern for ensuring the conservation
of our cultural heritage is understanding the degra-
dation pathways of the materials used to produce
paper-based artefacts of artistic and historical value.
Hydrolysis and oxidation occur during the aging
process of cellulose and result in a progressive
weakening of the physical strength of the paper over
time. Counteracting these reactions and limiting their
occurrence is crucial for improving the stability and
longevity of paper artefacts. The task is far from
simple, the numerous components of paper other
than cellulose, whether of organic origin, e.g. starch
and gelatin, or minera and synthetic origin, eg.
optical brighteners, fillers and synthetic sizes, are
numerous parameters contributing to the complexity
of the chemistry taking place during natural aging. In
particular, the role of the size in the aging process of
paper has largely been ignored.

The work presented here shows how gelatin
degrades upon aging in paper (at 80 °C, 50% relative
humidity, RH) and how the presence of aluminium
potassium sulphate influences the aging behaviour.
This study is part of broader research into the
relationships between gelatin, alum and cellulose. We
analysed Whatman No. 1 filter papers sized with
different combinations and concentrations of gelatin
and gelatin/alum. Naturally aged historic papers as
well as modern watercolour papers (Arches) were
aso included in the study. They were all, except for
the historic papers, artificially aged at 80 °C and 50%
RH for 35 and 94 days. Aqueous extracts from the
papers were characterised by size-exclusion chroma-
tography (SEC) on a set of four PL-Aquagel-OH
columns (Polymer Labs.) using UV photodiode array
detection (DAD).

2. Experimental

2.1. Sample description

Modern and historical (17th and 18th centuries)
gelatin sized papers were selected for this study. The
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modern papers included Whatman No. 1 filter paper,
made of pure cellulose, and Arches (cold pressed), a
100% cotton paper from Canson. Arches paper was
sized to saturation by the manufacturer with a type B
gelatin. Whatman No. 1 paper was manually sized in
our laboratory with gelatin type A and type B. We
chose a photographic grade type B gelatin by Kind
and Knox produced from alkali-treated cattle bones
(further referred to as ““‘KK’’) and a pharmaceutical /
food grade type A gelatin by Norland produced from
acid-treated fish skin (further referred to as “N"").
The sizing was done by immersing the Whatman No.
1 sheets (150x190 mm?®) one by one in agueous
solutions of gelatin kept at 40 °C in a thermostated
water bath.

In order to achieve dry mass uptakes of gelatin in
the papers of approximately 0.5, 2 and 8% (dry
gelatin mass/dry paper mass), the concentrations of
the agueous gelatin solutions needed were 2.3, 8.3
and 323 gL " for KK and 2.1,89and 361 gL *
for N (calculations not detailed here). These gelatin
uptakes were representative of light, mid and heavy
sizing [13]. The water used was Milli-Q 18.2 MQ
cm (RiOs Ellx, Millipore). The gelatin was equili-
brated at 50% RH and 23 °C prior to use [14].

A set of papers was sized in solutions of KK
gelatin at 8.3 g L " (2% uptake) containing various
amounts of auminium potassum  sulphate
[AIK(SO,), 12H,0]. Three concentrations of au-
minium salts were used: 0.083, 0.83 and 249 gL,
i.e. 1, 10 and 30% of alum (mass of alum/mass of
gelatin). These were chosen in order to cover the
range of alum concentrations used in historical and
modern sizing practices [1,15-19].

2.2. Artificial aging

In each series, one set of papers was kept in the
dark at 23 °C, 50% RH, and two sets were aged for
35 and 94 days at 80 °C, 50% RH individually
(hanging sheets) in a heat/humidity aging chamber.
The papers without alum were aged in a SE-600-3
Thermotron chamber (Thermotron Industries) and
the papers containing alum were aged in aVersatenn
chamber (Tenney Engineering). Under these aging
conditions, gelatin remained under its glass transition
temperature [20,21].

A few grams of KK granules and N flakes were

aged in glass beakers for 35 days at 80 °C, 50% RH
in the Versatenn chamber.

2.3 Conditions

2.3.1. Chemicals

Sodium dodecyl sulphate (99%), disodium hydro-
genphosphate heptahydrate and sodium dihydrogen-
phosphate monohydrate were purchased from Acros
Organics (NJ, USA). L-Alanine was from the amino
acid standard kit 22 from Pierce (Rockford, IL,
USA). Sodium polystyrene sulfonate (PSS) standards
(M, range 1600-1200000 g mol ') were from
Scientific Polymer Products (Ontario, NY, USA).
Gelatins used were Gelita Photographic Gelatin Type
8039, Lot 1 from Kind and Knox Gelatin (Sioux
City, IA, USA) and ‘‘High Molecular Weight
Gelatin” batch No. 7345 from Norland Products
(New Brunswick, NJ, USA). Electrophoresis ‘‘Low
Molecular Weight Calibration Kit”" (Phosphorylase
b, abumin, ovalbumin, carbonic anhydrase, trypsin
inhibitor and a-lactalbumin) and ‘“High Molecular
Weight Calibration Kit"” (thyroglobulin, ferritin,
catalase, lactate dehydrogenase and albumin) were
purchased from Pharmacia.

2.3.2. Method and instrumentation

All analyses were carried out on a Hewlett-Pack-
ard liquid chromatograph HP 1090 equipped with a
built-in thermostated column compartment. UV de-
tection was performed using a photodiode array
detector (series L Diode Array Detector). A set of
four PL-Aquagel-OH columns (Polymer Labs)) 300
mmx7.5 mm and 8 pm particle diameter, 50-40-40-
30, preceded by a guard column (Polymer Labs.)
were connected in series. The molar mass operating
range of the columns was 50 000-1 000 000 g
mol ~* for column 50, 10 000—200 000 g mol ~* for
columns 40 and 100—-30 000 g mol ~* for column 30.
The packing is made of arigid macroporous material
with a highly hydrophilic polyhydroxylated surface.
The mobile phase was 18 g L " sodium dodecyl
sulphate (SDS) in Milli-Q water and was filtered
through 0.45 pm filters AH (Millipore) prior to use.
SEC runs lasted 73 min at a flow-rate of 0.5 mL
min~' (+10 pL min~ ') and the sample injection
volume was 20 pL. Gelatin concentration in the
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samples ranged from 1 to 5 ug pL ~*. The tempera-
ture of the column compartment was set to 50+0.5
°C. UV detection was carried out at 220, 254 and 280
nm.

220 nm is commonly used for the detection and
quantitation of peptides, the amide bond absorption
range being 210—-225 nm. In addition, absorptions at
254 and 280 nm were used because they are selective
for tyrosine (Tyr) and phenylalanine (Phe). These
two aromatic amino acids are located mainly in the
telopeptidic (amorphous) regions and represent to-
gether only about 1.5% of the tota amino acid
content in bovine gelatin and about 2% in fish
gelatin.

The use of sodium dodecyl sulphate in SEC is
widespread. SDS is an anionic surfactant, complex-
ing with the polypeptides allowing them to unfold
into a rod-shaped conformation. This minimizes the
error in M, determination due to differences in the
hydrodynamic volumes between PSS and gelatin and
among the gelatin polypeptides themselves. Addi-
tionally, the negative charges on SDS help reduce
the problem of ionic interactions between the solutes
in the mobile phase and the stationary phase. How-
ever, it should be noted that the cold water extract
pH [22] of al the gelatin sized papers were above
5.07, the isoelectric point (pl) of gelatin—with the
exception of aged papers with 10 and 30% alum,
which were dightly below pH 5. Under the ex-
perimental conditions, gelatin in water extracted
from the papers was mostly charged negatively.

Both pH and ionic strength are known to influence
the elution volume of polypeptides [23]. The choice
of the mobile phase was made after comparing 1.8%
SDS in water with 1.8% SDS in 50 mM phosphate
buffer pH 6.63, in order to check if a better res-
olution in the chromatograms of gelatin could be
obtained with a buffer of higher ionic strength and
stable pH. The buffer was prepared with 4.5 g of
[NaH,PO,-H,Q] and 4.64 g of [Na,HPO,-7H,0] in
1L 1.8% SDS in water. Several gelatin samples
were extracted in the mobile phase from papers
without and with alum (10%), aged 35 and 94 days
and unaged. The elution volume of the gelatin
fractions increased: the hydrodynamic volume of
gelatin in phosphate buffer was smaller than in the
unbuffered, low ionic strength mobile phase. The
molar mass distribution (MMD) profiles for unaged

gelatin were similar to the MMD profiles in 1.8%
SDS in water, only shifted dightly towards lower
M,. For the aged gelatin from papers with and
without alum, the MMD profiles were markedly
shifted to lower M, and the resolution of peaks A, B
and C was less than with 1.8% SDS in water.
Consequently, it was decided to run SEC with 1.8%
SDS in water for sample preparation and mobile
phase.

2.3.3 Sample preparation

The papers were equilibrated for several daysin a
temperature and humidity controlled room at 23 °C,
50% RH [14]. They were cut into 3-4 mm?® pieces.
0.5 g was weighed in atest tube and 2 mL of mobile
phase was added. After 45 min incubation at room
temperature, the supernatant was withdrawn and
heated to 50 °C for 15 min in a thermostated water
bath. The samples were filtered through poly-
(vinylidene difluoride) (PVDF) filters, 0.45 pm pore,
4 mm diameter (Alltech), before injection.

Gelatin solutions were also prepared by dissolving
2.5 mg of KK granules and 2.8 mg of N flakesin 1
mL mobile phase for 1 h a 50 °C (water bath),
preceded by overnight soaking.

2.4. Calibration

A total exclusion volume (V,) of 17 mL was
determined by injecting a sodium polystyrene sul-
fonate (PSS) standard with a weight-average molar
mass (M,,) of 1188 400 g mol ~*. A total permeation
volume (V) of 35 mL was determined by injecting
L-alanine (89.1 g mol ~*). The calibration curve for
M, determination was constructed using 11 PSS
standards dissolved in mobile phase at concentrations
of 02 to 0.3 pg pL~*. M, values of PSS are
1188400, 801100, 505 100, 262600, 127 000,
57 500, 34 700, 16 600, 8000, 4950 and 1640 g
mol ~*. The cdlibration curve is shown in Fig. 1. The
resulting polynomia eguation for M,, as a function
of retention time (t;) using a cubic fit match (1) was
used for all the M, determinations:

logM,, = — 6.41006- 10 *t> + 8.64594 - 10 °t2
— 4.00442t,, + 68.51491 1)

Among the polymer standards tested, PSSs were
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Fig. 1. Weight-average molar mass calibration with sodium

polystyrene sulfonate narrow standards; log M,, as a function of
retention time t, (min).

chosen for calibration because they provided the best
M, estimation for SDS—gelatin complexes. They are
soluble in water and absorb significantly at 220 nm.
PSSs were prepared in mobile phase for consistency
with the preparation of the samples, but it is likely
that SDS does not complex with PSSs, both mole-
cules being charged negatively. This assumption was
corroborated by our experience showing that,
whether dissolved in mobile phase or in water, PSSs
eluted with exactly the same retention volumes. On
the other hand, M, determination of the eluted gelatin
fractions using a calibration curve constructed with
SDS—globular protein complexes (electrophoresis
molecular mass standards from Pharmacia) resulted
in significantly underestimated values (results not
shown). This is due to the difference in protein
families and confirms that SDS—protein complexes
derived from globular proteins cannot be used as M,
standards for SDS—collagen derivatives.

2.5. Method validation (220 nm): precision,
linearity and limit of detection

Calibration curves for quantitation of gelatin were
constructed for KK and N. The data were also used
for assessing the precision and linearity of the
method and the detection limit and to estimate the
extraction yields of gelatin from unaged paper
samples (Section 3.1.1.1).

Table 1 shows the relative standard deviations
(RSDs) in retention time (t;), pesk area, height and

Table 1

Relative standard deviations in retention time (t;), pesk area, peak
width and peak height on eight injections of a mix of PSS 8000 g
mol ~* and PSS 262 000 g mal ~*

RSD (%)

tr Area Height Width

(min) (MmAU min) (mAU) (min)
PSS 8000 0.41 2.36 292 237
PSS 262 000 0.38 353 313 452

width obtained with eight injections performed on
four different days of a mix of two polystyrene
sulfonate standards of 8000 g mol ' (0.285 ng
pL ™) and 262 600 g mol ~* (0.28 wg pL Y. The
method showed good repeatability in t; (RSD
=0.5%). Peak area, height and width have dlightly
higher RSD values, which is probably mostly due to
the positioning of the baseline. However, it is not
unusual to obtain such RSD values with aqueous
SEC methods, which are extremely dependent on the
precision of the instrument and on minute fluctua-
tions in the run parameters, usualy due to the
precision of the delivery system. The precision of the
HP 1090 solvent delivery system was +2%. ldeal
SEC conditions require a precision of 0.1% in flow-
rate.

The linearity of the method was assessed with
solutions of gelatin (unaged) of known concentra-
tions: a stock solution of KK at 20.71 wg pL ~* and
six dilutions (1/2, 1/8, 1/16, 1/64, 1/128, 1/256)
and a stock solution of N at 40.25 wg pL ~* and six
dilutions (1/4, 1/8, 1/16, 1/32, 1/128, 1/256). The
areas subtending the entire chromatograms were
integrated and plotted versus concentration:

Area= 12 864c + 475 2)
for KK, and
Area= 11 764c + 210 3)

for N (where area is in mAU min and c is the
concentration of gelatin in pg wl %), and were used
for quantitation measurements. Correlation coeffi-
cients were 0.9999 for KK and 0.9998 for N.

In order to determine the limit of detection (LOD),
signal-to-noise ratios (S/N’) for the smallest peak
(C) in the chromatograms at a peak molar mass (M,)
of 14 000 g mol ~* (Fig. 2) were caculated with the
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Fig. 2. Overlaid chromatograms of N gelatin and KK gelatin
extracted from 8% uptake unaged Whatman No. 1 paper.

solution stock/256 (i.e. 85-10 % pg pL ™' of KK
and 1.6-10 ° wg wL " of N). S/N’ values obtained
were 30 for KK and 6 for N. The concentrations of
gelatin in al the injected samples were at least 10°
times higher.

3. Results and discussion

31 SEC of gelatin extracted from Whatman No. 1
papers

3.1.1. Papers without alum

3111 Extraction yields of gelatin from unaged
and aged papers

Both the unaged KK granules and granules aged
35 days dissolved completely in the mobile phase.
We checked whether cross-comparisons for quantita-
tion were possible between unaged and aged gelatin
based on the respective UV absorption. The re-
covered mass of gelatin for aged KK granules was
back-calculated by integrating the area subtending
the entire chromatogram using Eq. (2). The calcu-
lated mass matched the actual known injected mass.
This result confirmed that the equation established
for quantitation of unaged gelatin (2) could aso be
used for the quantitation of aged gelatin.

Using Egs. (2) and (3), the extraction yields of
gelatin from unaged Whatman No. 1 paper were
found to range from 72 to 86% for KK and from 43

to 47% for N. The theoretical concentrations were
calculated based upon the dry mass uptakes, and the
calculated injected masses were estimated by inte-
grating the entire chromatogram area. For the aged
Whatman No. 1, the extraction yields of gelatin were
significantly lower, between 13 and 24% for KK and
between 23 and 33% for N.

31.1.2. M, determination and MMD profiles of
gelatin from unaged papers

Fig. 2 shows MMD profiles of KK and N ex-
tracted from unaged papers with 8% gelatin uptake.
The major peak had an M, value of 90 000 g mol ™.
This fraction was attributed to the «-chains. The
high-M, portion of the chromatograms showed a
shoulder of M, 666000 g mol * and two small
peaks of M, 333000 and 172000 g mol ~* for
KK—respectively two shoulders and a peak for N.
The latter two were attributed respectively to -
chains and vy-chains non-degraded or reformed upon
cooling of the gelatin after production [5]. The very-
high-M, polypeptides (M,, 666 000 g mol ') were
multimers of a-chains probably formed by aggrega-
tion or cross-linkage of -, B- and y-chains and are
not present in native collagen [5]. These stable
aggregates seem to be a particular feature of gelatin,
and they were still present in the chromatogram of
samples of KK diluted down to 8:107% ug pL ™t
(stock/256).

The low-M, regions showed two shoulders with
M, values of 41 000 and 30 000 g mol " (A and B)
and a small peak of M, 14000 g mol * (C) for
KK—respectively a shoulder (A) and two peaks (B
and C) for N. These low-M, fractions resulted from
the degradation of collagen during the production of
gelatin [10]. Overall, it was observed that the MMD
profile of N was dlightly more weighted in the
low-M, regions than the MMD profile of KK. This
observation corroborated results found in the litera-
ture [10].

The chromatograms of gelatin extracted from
unaged papers with 2 and 0.5% uptake and the
chromatograms of unaged KK granules and N flakes
were similar to those shown in Fig. 2. The sizing
process did not change the MMD of the gelatin to
any detectable level regardless of the concentration
of gelatin in solution.
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Fig. 3. Overlaid chromatograms of KK gelatin extracted from 8%
uptake Whatman No. 1 paper unaged (KK8% Ua), aged 35 days
(KK8% a35) and aged 94 days (KK8% a94) at 80 °C, 50% RH.

31.1.3 M, determination and MMD profiles of
gelatin from aged papers

Three MMD profiles of gelatin extracted from
papers with 8% gelatin uptake unaged, aged 35 days
and aged 94 days are shown in Fig. 3 (KK) and Fig.
4 (N). There was a significant decrease in high-M,
fractions in the extract upon aging. In the 35-day
aged paper extracts, the y-chain fraction was absent
while the B-chain fraction was barely present and
reduced to a small tailing. The a-chain fraction was
considerably reduced. After 94 days, the B-chain tail
disappeared and the «-chain fraction was further
reduced. The decrease in high-M, fractions was
likely due to a decrease in the solubility of this
polypeptidic portion as observed previously (Section
3.1.1.1). This could arise from cross-linking of the
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Fig. 4. Overlaid chromatograms of N gelatin from 8% uptake
Whatman No. 1 paper unaged (N8% Ua), aged 35 days (N8%
a35) and aged 94 days (N8% a94).

high-M, fractions of the gelatin during aging or from
a binding of the polypeptides to the cellulose mole-
cules through links other than hydrogen bonds.
Fourier transform infrared spectroscopy using an
attenuated total reflectance probe (Nicolet Avatar
360 FTIR) was performed on the papers after
extraction in order to verify whether residual gelatin
was left, but the result proved inconclusive since no
protein bands were clearly evidenced.

The main peaks in the chromatograms of the
extracts of aged papers were the three low-M,
fractions corresponding to peaks A, B and C (Figs. 3
and 4). Upon aging, peak C increased considerably
while peak B decreased and peak A progressively
disappeared. Hydrolysis of high-M, y-, B- and «-
chains seemed to occur at preferential weak points,
leading to this substantial increase in specific low-M,
fractions. This result confirmed the findings of a
study on the degradation of photographic gelatin
induced by pollution. Exposure to a mixture of SO,
(27 mg m~®) and NO, and (38 mg m~®) for 18 and
30 days resulted in fewer high-M, fractions, while a
characteristic low-M, fraction below 20 000 g mol ~*
was shown to increase [24].

Peak C, the main characteristic fraction formed in
both 35- and 94-day aged samples, could be an
indicator of gelatin degradation upon aging. A plot
of peak C height versus aging time showed a non-
linear but steady increase (Fig. 5). A kinetics study
would be necessary to gain more insight.

A hypothesis for preferential hydrolysis points
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Fig. 5. Peak C height in mAU, detection at 220 nm (KK gelatin
extracted from 8% uptake Whatman No. 1 paper) as a function of
aging time in days (values averaged from two different samples).
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leading to specific low-M, fractions can be proposed.
It is known that amino acids in peptides are unequal -
ly sensitive to partial hydrolysis [25]. For instance, in
a dipeptide the positively charged ammonium group
close to the amide bond tends to repel acidic protons.
The amide bond of a dipeptide is thereby more stable
than an analogous bond in a polypeptide. On the
opposite end, aspartyl residues are very susceptible
to hydrolysis in dilute acid, because the negatively
charged carboxyl groups of aspartic acid attract
hydrogen ions, which decreases the stability of the
neighbouring peptide bonds. Other effects, such as
steric hindrance, are involved in the relatively better
resistance to acid hydrolysis of peptides with valine
and leucine as amino-termina residues. In this case,
the isopropyl and isobutyl side chains of valine and
leucine hinder the approach of the acidic proton.
These effects are more complex and less known for
polypeptides. In the case of the degradation of
gelatin upon heat/humid aging, partial-hydrolysis
specificity is quite likely to be involved and respon-
sible for the specific low-M, fragments formed.

Fig. 6 shows three MMD profiles: unaged KK
granules, KK granules aged 35 days and KK ex-
tracted from 2% uptake papers aged 35 days. A new
peak with M, 830 000 g mol ~* appeared for the aged
KK granules. There were also fewer y-, B- and
a-chains, but higher proportions of low-M, fractions
(A, B and C) in the aged KK granules as compared
with unaged KK granules. Hence, the aging of KK

f (Mpin gmol)

115 4 —KK Ua
95 | —KKga3s |
754 [ |

55 q

Abs 220nm (mAU)

| very-high-M,—
35 (Mp=830,000)

Mw (g.mol")

Fig. 6. Overlaid chromatograms of KK gelatin granules unaged
(2.59 pg/pL) (KKg Ua), KK gelatin granules aged 35 days (2.5
rg/pl) (KKg a35) and KK gelatin extracted from 2% uptake
Whatman No. 1 papers aged 35 days (estimated 4.7 g/ pL) (K2%
a35).

granules resulted in two distinct outcomes taking
place concomitantly. On the one hand, there was a
substantial increase in the low-M, fractions, especial-
ly in the peak C fraction. On the other hand, very-
high-M, polypeptides (M, >800 000 g mol ') were
formed. The latter most likely arose from cross-
linking or aggregation of some of the B- and +-
chains [26]. This presence of crosslinked networks in
high-M, gelatins as a structural feature retained from
the native collagen structure has been observed by
other authors [27].

The presence of crosslinked fractions was con-
sistent with the low mass recovery and with the
observation made throughout this study of the ab-
sence of high-M, fractions in the gelatin extracts
from aged papers. Crosslinking arising from a pro-
gressive dehydration of the bound water of gelatin
seemed to occur in sized paper upon aging and
resulted in a solubility decrease.

However, we observed in the case of KK granules
that, after aging, the crosslinked fraction was till
soluble in the mobile phase. One hypothesis to
explain why, when gelatin was aged in paper, the
crosslinked fraction became insoluble, involves the
role of sugars and adehydic compounds and their
favouring of protein crosslinking. Numerous sugars
and oxidised sugars have been identified as degra-
dation products of cellulose upon aging [28,29] and
recent research showed that they decrease the solu-
bility of gelatin by promoting crossinking of the
protein [30]. The proposed mechanism is via an
Amadori rearrangement [31] where the aldehyde
group of a reducing sugar can react with a free
amino group of gelatin, resulting in the formation of
an amino glycoside, which can further react with
another gelatin amino group, thereby giving rise to
the crosdinked structure. Because of their dial-
dehydic nature, sugars oxidised with periodic acid,
for instance, were shown to be more efficient and
lead to a more complete interaction with gelatin
polypeptides [30]. Bonding between the gelatin and
the cellulose molecules was probably also involved
to some extent, since oxidised radicals on the
cellulose can form without cleavage from the poly-
saccharidic chain. Polysaccharide—protein interac-
tions are complex. Earlier work showed that hydro-
gen bonds between non-substituted hydroxyl groups
of methylcellulose and carboxyl groups of gelatin
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Fig. 7. Overlaid chromatograms of N gelatin granules unaged

(125 pg/pL) (Ng Ua and N gelatin flakes aged 35 days
(estimated 2.1 pg/plL) (Ng a35).

form when both components are mixed in certain
proportions [32].

Fig. 7 shows MMD profiles of unaged N flakes
and N flakes aged 35 days. As calculated using Eq.
(3), only an estimated 26% of the latter dissolved in
the mobile phase. The very-high-M, fraction (M,
>800000 g mol ) was only a small shoulder in
both chromatograms. This result suggested that, in
the 35-day aged N flakes, only a small part of the
very-high-M, fraction was soluble. Here aso, N
showed a faster degradation rate than KK.

3.1.2. Papers with alum

The MMD profiles of the gelatin from papers
containing 1 and 10% alum (mass alum/mass
gelatin) were similar to those with no alum for each
respective aging time (not shown). The hydrolysis of
gelatin due to aging was not accelerated by the
presence of aum in quantities of up to 10%.
However, 30% aum in the size resulted in a more
extensive hydrolysis of the gelatin to smaller pep-
tides upon aging. After 35 days aging, the MMD
profile was similar to that of 94-day aged samples
containing no alum. After 94 days, profiles showed a
significantly decreased peak B and an increased peak
C (Fig. 8).

It was also observed that the extraction yields of
gelatin from unaged papers decreased with an in-
crease in alum content (not shown). The role of alum
as a hardener of gelatin is well known, especially in
photography. Aluminium salts react with the ionised
carboxyl groups of gelatin [12,33,34]. It can be
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Fig. 8. Overlaid chromatograms of gelatin extracted from What-
man No. 1 papers sized with KK 2% uptake and 30% aum
unaged (KK2%+ Al30% Ua), aged 35 days (KK2%+ Al30% a35)
and aged 94 days (KK2%+Al30% a%4).

hypothesized that the mechanism by which alum
formed bridges between gelatin and cellulose was
most likely similar to the mechanism described in the
literature by which alum forms bridges between rosin
and cellulose in rosin/alum sizing (Fig. 9) [35].
Results showed that while the areas subtending the
chromatograms of the gelatin extracted from the
aged papers without alum and the aged papers with
1% aum were similar, the areas subtending the
chromatograms of gelatin from aged papers with 10
and 30% aum increased proportionally to the in-
crease in alum content. In the aged papers, the height
of the low-M, pesaks increased with the alum content.

Upon aging, 10 to 30% alum accelerated the

Hydrophobic
portion of size

2C 0 +
o 0- Al Hydrophilic
o | portion of size
— ! —

Cellulose Surface

Fig. 9. Model of auminium bridge between cellulose surface and
asize [4].
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hydrolysis of gelatin, producing a higher proportion
of easily extractable low-M, fractions. Thirty percent
aum additionally resulted in a more extensive
hydrolysis of the protein to smaller peptides.

32 SEC of gelatin extracted from Arches papers

Fig. 10 shows chromatograms of unaged and aged
Arches papers. The high-M, fraction was absent in
the chromatogram of the unaged Arches paper. The
further shift towards low-M, fractions upon aging
occurred earlier than for the Whatman No. 1 papers.
Gelatin extracted from unaged Arches paper was
poor in high-M, molecules, y-, B- and «-chain
fractions were small shoulders and the MMD profile
was similar to the profile of gelatin from the 8% KK
uptake Whatman No. 1 papers aged 35 days. The
Arches papers were kept in the laboratory for 10
years before analysis. Despite the fact that the
commercial sizing procedure and the grade of the
gelatin used by the manufacturer could not be
documented, the result suggested that, under natural
aging conditions, the two phenomena observed—
hydrolysis and crosslinking—started fairly early in
time. Analysis of the Arches papers with scanning
electron microscopy/energy dispersive X-ray (SEM/
EDX) (JEOL JSM 5410 LV SEM/Oxford EDS
system) showed the presence of aluminium. The
presence of alum in the Arches papers could explain
the high degradation rate of the gelatin.
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Fig. 10. Overlaid chromatograms of gelatin extracted from Arches
(Canson) papers unaged (Arches Ua), aged 35 days (Arches a35)
and aged 94 days (Arches a94).
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Fig. 11. Overlaid chromatograms of gelatin extracted from five
different naturally aged papers (17th and 18th centuries).

33 SEC of gelatin extracted from naturally aged
papers

Fig. 11 shows the chromatograms of five different
naturally aged historic papers sized with gelatin
(17th and 18th centuries). The MMD profiles were
skewed towards the low-M, region, showing peaks B
and C characteristic of highly degraded gelatin. The
closest match for the MMD profiles were the profiles
of gelatin extracted from papers sized with KK aged
94 days, but peak A (shoulder) was even smaller.

Across the very-low-M, end in the chromatograms
of all naturally aged papers, a series of five small
peaks were found spreading from t; 56 to 62 min
(M, <1500 g mol *). The very last of these small
peaks (5) (Fig. 11) was most likely a ghost peak
since it was also present in the chromatograms of
unaged gelatin granules and in the chromatograms of
extracts of control Whatman No. 1 unaged unsized
(not shown). The three small peaks (1, 2 and 4) were
exclusively found elsewhere in the chromatograms of
the extracts of aged Whatman No. 1 papers (sized
and unsized) and Arches papers. No correlation
could be found between the area of these peaks and
the amount of gelatin and/or alum in the papers.
These three small peaks were attributed to soluble
UV-absorbing degradation products from cellulose
and in that respect could be indicative of extensive
degradation of the paper [28]. The very small peak
(3) seemed to be present only in the chromatograms
of aged, sized papers and Arches papers and proba
bly arose from the aging of gelatin.
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34. Absorption at 254 and 280 nm

Detection at 254 and 280 nm provided useful
additional information. Absorption at either wave-
length was very low (2 to 10 mAU) since Tyr and
Phe are present in minute quantities in gelatin, but
the genera MMD profiles at 254 and 280 nm of
unaged and aged gelatins resembled the profiles at
220 nm (Fig. 12). It was interesting to note that, for
the major peaks (M,,=14 000 g mol '), the A,/
A, ratios were single digit numbers, while for the
very-low-M, pesks (1 to 4), the A,,,/A,, ratios
exceeded a value of 10 or even 100. This seemed to
indicate that Tyr and Phe were quite evenly distribut-
ed among the polypeptide fractions before and after
aging, but that they were more numerous in the
fractions of M,, <1500 g mol ~* arising from aging.
The amorphous regions of gelatin, the telopeptides,
which contain a higher proportion of these amino
acids, undergo, upon aging, extensive cleavage to
form small peptides. The exposure of gelatin to
atmospheric pollutants showed a similar degradation
behaviour, where amino acids from the telopeptides
were found to elute in the total-permeation peak
[24].

However, as suggested earlier, chemical species
other than amino acids could also be involved in the
UV absorption at 254 and 280 nm of the very-low-M,
fractions—most likely, UV-absorbing species from
the degradation of cellulose [28,36].

| ——KKg Ua
—KK8% ag94
9 ——Nat. aged 3

Abs 254nm (mAU)
(8]

Mw(g.mol™)

Fig. 12. Overlaid chromatograms of KK granules unaged (2.59
rg/pL) (KKg Ua), KK gelatin extracted from 8% uptake What-
man No. 1 paper aged 94 days (KK8% a94) and gelatin extracted
from naturally aged paper (Nat. aged 3). Detection at 254 nm.

4. Conclusions

Upon heat/humid aging the gelatin in paper
underwent significant degradation. The «-chains
were shown to bresk at weak points, producing
specific low-M, fractions. The peptide bonds were
cleaved and native y-, B- and a-chains were pro-
gressively lost, concomitantly giving rise to two
main low-M, fractions. A fraction with M, 14 000 g
mol ~* (peak C) was the most characteristic fraction
to increase significantly upon aging. Peak C could
potentially be used as a marker for monitoring
gelatin degradation. Peak C was also present in very
small quantities in unaged gelatin, forming the so-
called *‘non-gel”’ portion [9,10], i.e. small fragments
produced by cleavage of the «-chains during the
production of gelatin. A hypothesis for preferential
hydrolysis points involving the different sensitivities
of the amino acids in peptides to partial hydrolysis
was proposed. The characterization of the terminal
amino acids of the peptides in the low-M, fractions
using hyphenated mass spectrometry techniques
would help clarify this phenomenon and possibly
determine the most labile amide bonds in gelatin.

Another remarkable observation in this study was
the formation upon aging of a very-high-M, fraction
of M, >800000 g mol *, i.e. well above the M, of
native collagen y-chains, which appeared at the same
time as hydrolysis proceeded in other areas of the
protein to yield low-M, fractions. This very-high-M,
fraction, which cannot be extracted from aged sized
papers, most likely arose from crosslinking between
the v-, B- and a-chains. The crosslinking was a
consequence of the heat/humid aging treatment and
could be further enhanced by the presence of sugars
and oxidised sugars produced by the degradation of
cellulose.
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