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Chapte rr  8. Stud y of the degradatio n of gelatin e in 

paperr  upon agin g usin g aqueou s size-exclusio n 

chromatograph y y 

Abstract Abstract 

WeWe studied the aging behaviour of gelatine used to size paper. Degradation of the protein 
waswas characterised and the impact of paper components, such as cellulose, and aluminium 
potassiumpotassium sulphate was evaluated. Whatman No. 1 filter papers sized with two types of 
gelatinesgelatines (A from fish skin and B from cattle bones) were prepared as model samples. 
CommerciallyCommercially sized modern papers (Arches) were also included in order to compare 
laboratorylaboratory samples with real artist papers. Both types of papers were artificially aged at 
80°C,80°C, 50% relative humidity for 35 and 94 days. Historic papers were included in this 
researchresearch in order to compare artificially aged with naturally aged gelatine. The aqueous 
extractsextracts from the papers were characterised by aqueous size-exclusion chromatography 
(SEC)(SEC) using four PL-Aquagel-OH columns and UV photodiode array detection at 220, 
254254 and 280 nm. Results showed that gelatine undergoes hydrolysis upon aging, type A 
gelatinegelatine showing a faster degradation rate than type B. The result was an increase in the 
lower-molarlower-molar mass fractions under 50,000 g mor1, and especially in a characteristic 
fractionfraction with apeak molecular mass (Mp) of 14,000g mot1. A significant decrease in the 
extractionextraction yields of a-, p\ and y-chains occurred after aging. This was attributed to 
crosslinking,crosslinking, leading to the formation of less-soluble polypeptides with very high molar 
massmass ( > 800,000 g moT1). Less than 10% alum had no impact on the degradation rate; 
higherhigher alum contents accelerated hydrolysis reactions. 

8.11 Introductio n 
Sincee the beginning of papermaking in western Europe, gelatine was used to size papers 
inn order to improve the buffer effect and feathering of the inks. The size was prepared by 
boilingg animal hides, skins and bones in water. For the finest quality papers, sturgeon 
gelatinee could be used [1]. Initially, papermakers added aluminium salts (alum) in order 
too decrease paper permeability. Additionally, alum also retarded biodeterioration and 
decreasedd the viscosity of the size [2,3]. The use of alum persisted and rosin/alum was 
usedd to size mechanical wood pulp papers well into the twentieth century. Nowadays, 
paperss are still sized with alum/rosin (current quality paper) or with synthetic sizes such 

189 9 



Chapterr 8 

ass alkyl ketene dimer (AKD) and alkenyl succinic anhydride (ASA) (alkaline paper), 
whichh were developed for the paper industry in 1953 and 1974, respectively [4], but 
gelatine/alumm sizing continues to be used for artist quality papers. 

Collagenss are the most abundant and ubiquitous proteins on earth. Most collagens are 

fibrillarr proteins. Three left-handed a-chains form a collagen molecule, two ocl and one 

alal are intertwined to form a right-handed triple helix called y-chain [5,6,7,8]. al and a2 

containn about 1000 amino acids each. They have a molar mass (Mr) of 95,000 g mol"1 and 

differr slightly in the composition of the telopeptides (C and N terminal), al being richer 

inn basic amino acids. 

Collagenn is structured in highly ordered regions (crystalline) alternating with less ordered 
regionss (amorphous). The high proportion of amino acid triplets (glycine - X - Y) in the 
a-chains,, where X is most often proline (Pro) and Y is most often hydroxyproline (Hyp), 
iss responsible for the compact crystalline structure. Hyp is found exclusively in collagen. 
Glyy (glycine), Pro and Hyp represent more than 50% of the amino acid content, Gly alone 
accountss 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). 
Differencess in length, charge distribution and structure of the telopeptides lead to 
differentt possible assemblies forming the quaternary structure of the protein. The latter is 
responsiblee for the different physiological functions of collagens [5,8,9]. 

Gelatinee is produced by partial hydrolysis of collagen either in alkaline or in acid 
medium,, both treatments resulting in a partly denatured protein. Gelatine from bovine 
originn is alkali produced (type B) and acid-treated gelatine (type A) is from porcine or 
fishfish origin. Depending on the origin of the protein there are some differences in the 
physicall  properties and in the amino acid content [10]. Treatment results in the 
individualisationn of a high proportion of the a-chains. Multimers of a-chains linked 
together,, such as [5-chains (a-chain dimers) and non-hydrolysed or partially renaturated 
triplee helices are also present in gelatine, albeit in smaller amounts. Low-molar mass 
peptidess (500-4000 g mol"1) and polypeptides of approximately 30,000 g mol"1 arising 
fromm the degradation of the a-chains are formed [10,11,12]. 

Scientificc research on gelatine is mainly driven towards photographic, food and 
pharmaceuticall  applications. This research provides valuable information on gelatine as a 
biomaterial,, and on its chemical and physical properties. However, research in paper 
conservationn has its own particular problems. A prime concern for ensuring the 
conservationn of our cultural heritage is understanding the degradation pathways of the 
materialss used to produce paper-based artefacts of artistic and historical value. Hydrolysis 
andd oxidation occur during the aging process of cellulose and result in a progressive 
weakeningg of the physical strength of the paper over time. Counteracting these reactions 
andd 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 
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cellulose,, whether of organic origin, e.g. starch and gelatine, or mineral and synthetic 
origin,, e.g. optical brighteners, fillers and synthetic sizes, are numerous parameters 
contributingg 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. 

Thee work presented here shows how gelatine degrades in paper upon aging at 80°C, 50% 
relativee humidity (rH) and how the presence of aluminium potassium sulphate influences 
thee aging behaviour. This study is part of broader research into the relationships between 
gelatine,, alum and cellulose (chapters 6 and 7). We analysed Whatman No. 1 filter papers 
sizedd with different combinations and concentrations of gelatine and gelatine/alum. 
Naturallyy aged historic papers as well as modern watercolour quality papers (Arches) 
weree also included in the study. They were all, except for the historic papers, artificially 
agedd at 80°C and 50% rH for 35 and 94 days. Aqueous extracts from the papers were 
characterisedd by size-exclusion chromatography (SEC) on a set of four PL-Aquagel-OH 
columnss (Polymer Labs.) using UV photodiode array detection (DAD). 

8.22 Experimenta l 

8.2.18.2.1 Samples  description 

Modernn and historical seventeenth and eighteenth centuries gelatine sized papers were 
selectedd for this study. The modern papers included Whatman No. 1 filter paper, made of 
puree cellulose, and Arches (cold pressed), a 100% cotton paper from Canson1. Arches 
paperr was sized to saturation by the manufacturer with type B gelatine. Whatman No. 1 
paperr was manually sized in our laboratory with gelatine type A and type B. We chose a 
photographicc grade type B gelatine by Kind and Knox produced from alkali-treated cattle 
boness (further referred to as "K" ) and a pharmaceutical/food grade type A gelatine by 
Norlandd produced from acid-treated fish skin (further referred to as "N"). The 
specificationss data sheets are in Appendix 6-1. The sizing was done by immersing the 
sheetss of Whatman No. 1 (150 mm * 190 mm) one by one in aqueous solutions of 
gelatinee kept at 40 °C in a thermostated water bath (see Figure 6.2-1 in Chapter 6). 

Inn order to achieve dry mass uptakes of gelatine in the papers of approximately 0.5, 2 and 
8%% (dry gelatine mass/dry paper mass), the concentrations of the aqueous gelatine 
solutionss needed were 2.3, 8.3 and 32.3 g L"1 for K and 2.1, 8.9 and 36.1 g L"1 for N 
(calculationss are detailed in Appendix 6-2). These gelatine uptakes were representative of 
light,, mid and heavy sizing [13]. The water used was Milli- Q 18.2 MQ cm (RiOs Ellx, 
Millipore).. The gelatine was equilibrated at 50% rH and 23 °C prior to use [14]. 

AA set of papers was sized in solutions of K gelatine at 8.3 g L"1 (2% uptake) containing 
variouss amounts of aluminium potassium sulphate [A1K(SC>4)2-12H20]. Three 
concentrationss of aluminium salts were used: 0.083, 0.83 and 2.49 g L"1, i.e. 1%, 10% and 

11 Canson is now Arjo-Wiggins 
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30%% of alum (mass of alum/mass of gelatine). These were chosen in order to cover the 
rangee of alum concentrations used in historical and modern sizing practices 
[1,15,16,17,18,19]. . 

8.2.28.2.2 Artificial  aging 

Inn each series, one set of papers was kept in the dark at 23°C, 50% rH, and two sets were 
agedd for 35 and 94 days at 80°C, 50%» rH individually (hanging sheets) in a heat/humidity 
agingg chamber. The papers without alum were aged in a SE-600-3 Thermotron chamber 
(Thermotronn Industries) and the papers containing alum were aged in a Versatenn 
chamberr (Tenney Environmental). Under these aging conditions, gelatine remained below 
itss glass transition temperature [20,21]. 

AA few grams of K granules and N flakes were aged in glass beakers for 35 days at 80°C, 
50%% rH in the Versatenn chamber. 

8.2.38.2.3 Conditions 

8.2.3.11 Metho d and instrumentatio n 

Alll  analyses were carried out on a Hewlett-Packard liquid chromatograph HP 1090 
equippedd with a built-in thermostated column compartment. UV detection was performed 
usingg a photodiode array detector (HP series L Diode Array Detector). A set of four 
columnss PL-Aquagel-OH (Polymer Labs.) 300 mm x 7.5 mm and 8 |J,m particle diameter, 
50-40-40-30,, preceded by a guard column (Polymer Labs.) were connected in series. The 
molarr mass operating range of the columns was 50,000-1,000,000 g mol"1 for column 50, 
10,000-200,0000 g mol"1 for columns 40, and 100-30,000 g mol"1 for column 30. The 
packingg is made of a rigid macroporous material with a highly hydrophilic 
polyhydroxylatedd surface. The mobile phase was 18 g L"1 sodium dodecyl sulphate (SDS) 
inn Milli- Q water and was filtered through 0.45 (im filters AH (Millipore) prior to use. 
SECC runs lasted 73 min at a flow-rate of 0.5 mL min"1 0 |iL min"1) and sample 
injectionn volume was 20 [4.L. Gelatine concentration in the samples ranged from 1 to 5 jig 
liL" 1.. The temperature of the column compartment was set to . UV detection 
wass carried out at 220, 254 and 280 nm. 

2200 nm is commonly used for the detection and quantitation of peptides, the amide bond 
absorptionn range being 210-225 nm. In addition, absorptions at 254 and 280 nm were 
usedd because they are selective for tyrosine (Tyr) and phenylalanine (Phe). These two 
aromaticc amino acids are located mainly in the telopeptidic (amorphous) regions and 
representt together only about 1.5% of the total amino acid content in bovine gelatine and 
aboutt 2% in fish gelatine. 
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8.2.3.22 The mobil e phase 

Thee use of sodium dodecyl sulphate in SEC is widespread. SDS is an anionic surfactant, 
complexingg with the polypeptides allowing them to unfold into a rod-shaped 
conformation.. This minimizes the error in Mx determination due to differences in the 
hydrodynamicc volume between the sodium polystyrene sulfonate standards (PSS) and 
gelatine,, and among the gelatine polypeptides themselves. Additionally, the negative 
chargess on SDS help reduce the problem of ionic interactions between the solutes in the 
mobilee phase and the stationary phase. However, it should be noted that the cold water 
extractt pH [22] of all the gelatine sized papers were above 5.07, the isoelectric point (p7) 
off  gelatine (Table 6.5-1, Chapter 6) with the exception of aged papers containing 10 and 
30%% alum, which were slightly below a pH of 5 (Table 7.5-1, Chapter 7). Under the 
experimentall  conditions, gelatine in water extracted from the papers was mostly 
negativelyy charged. 

Bothh 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 raW phosphate buffer pH 6.63, in order to evaluate if better resolution in 
thee chromatograms of gelatine could be obtained with a buffer of higher ionic strength 
andd stable pH. The buffer was prepared with 4.5 g [NaH2P04H20] and 4.64 g 
[Na2HPCy7H20]]  in 1 L of an aqueous solution with 1.8% SDS. Several gelatine samples 
weree extracted in the mobile phase from papers without and with alum (10%), aged 35 
andd 94 days and unaged. 

8.2.3.33 Sample preparatio n 

Thee papers were equilibrated for several days in a temperature and humidity controlled 
roomm at 23°C, 50% rH [14]. They were cut into 34 mm2 pieces. 0.5 g was weighed in a 
testt 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 
thermostatedd water bath. The samples were filtered through poly(vinylidene difluoride) 
(PVDF)) filters, 0.45 \xm pore, 4 mm diameter (Alltech), before injection. 

Gelatinee solutions were also prepared by dissolving 2.5 mg of K granules and 2.8 mg of 
NN flakes in 1 mL mobile phase for 1 h at 50°C (water bath), preceded by overnight 
soaking. . 

8.2.48.2.4 Calibration 

AA total exclusion volume (Ve) of 17 mL was determined by injecting a sodium 
polystyrenee sulfonate (PSS) standard with a weight-average molar mass (Mw) of 
1,188,4000 g mol"1. A total permeation volume (V<j) of 35 mL was determined by injecting 
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L-alaninee (89.1 g mol"'). The calibration curve for Mw determination was constructed 
usingg 11 PSS standards dissolved in mobile phase at concentrations of 0.2 to 0.3 ug u.L~'. 
Mww values of PSS are 1,188,400 - 801,100 - 505,100 - 262,600 - 127,000 - 57,500 -
34,7000 - 16,600 - 8000 - 4950 - and 1640 g mol"1. The calibration curve is shown in 
Figuree 8-1. The resulting polynomial equation for Mw as a function of retention time (?R) 
usingg a cubic fit  match (Equation 8-1) was used for all the Mx determinations: 

Equationn 8-1: 
logMw=-6.41006xl0"4tR

33 + 8.64594xl0"2?R2- 4.00442 tR+  68.51491 

6.55 -i 

66 -

5.55

SS 5-
E E 
o> > 
oo  4.5-

4 --

3.5--

3 - --

366 40 44 48 52 56 

tRR (min ) 

Figuree 8-1. Weight-average molar  mass calibration with PSS narrow standards; log M„  as a function 
off  retention time tR (min). 

Amongg the polymer standards tested, PSS were chosen for calibration because they 
providedd the best Mr estimation for SDSgelatine complexes. They are soluble in water 
andd absorb significantly at 220 nm. PSS were prepared in mobile phase for consistency 
withh the preparation of the samples, but it is likely that SDS does not complex with PSS, 
bothh molecules being charged negatively. This assumption was corroborated by our 
experiencee showing that, whether dissolved in mobile phase or in water, PSS eluted with 
exactlyy the same retention volumes. On the other hand, Mr determination of the eluted 
gelatinee fractions using a calibration curve constructed with SDSglobular protein 
complexess (electrophoresis molecular mass standards from Pharmacia) resulted in 
significantlyy underestimated values. This is due to the difference in protein families and 
confirmss that SDS-protein complexes derived from globular proteins cannot be used as 
MMTT standards for SDS-collagen derivatives. 
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8.2.58.2.5 Method  validation  (220 nm):  precision,  linearity  and 
limitlimit  of  detection 

Calibrationn curves for quantitation of gelatine were constructed for K and N. The data 
weree also used for assessing the precision and linearity of the method and the detection 
limit ,, and to estimate the extraction yields of gelatine from unaged paper (section 
8.3.2.1.1). . 

Tablee 8-1 shows the relative standard deviations (RSD) in retention time (/R), peak area, 
heightt and width obtained with eight injections performed on four different days of a mix 
off  two polystyrene sulfonate standards of 8000 g mol"1 (0.285 u.g uX"1) and 262,600 g 
mol'11 (0.28 (ig uX'1). The method showed good repeatability in *R (RSD<0.5%). Peak 
area,, height and width have slightly higher RSD values, which is probably mostly due to 
thee positioning of the baseline. However, it is not unusual to obtain such RSD values with 
aqueouss SEC methods, which are extremely dependent on the precision of the instrument 
andd on minute fluctuations in the run parameters, usually due to the precision of the 
deliveryy system. The precision of the HP 1090 solvent delivery system was . Ideal 
SECC conditions require a precision of 0.1% in flow-rate. 

Tablee 8-1. Relative standard deviations in retention time (fa), peak area, peak width and peak height 
onn eight injections of a mix of PSS 8000 g mol'1 and PSS 262,000 g mol'1 

PSSS 8000 
PSSS 262,000 

ttR R 
(min) ) 

0.41 1 
0.38 8 

RSDD (%) 
Areaa Height 
(mAUU min) (mAU) 

2.366 2.92 
3.533 3.13 

Width h 
(min) ) 

2.37 7 
4.52 2 

Thee linearity of the method was assessed with solutions of gelatine (unaged) of known 
concentrations:: a stock solution of K at 20.71 |ig pL"1 and six dilutions (1/2, 1/8, 1/16, 
1/64,, 1/128, 1/256), and a stock solution of N at 40.25 |ig (lU1 and six dilutions (1/4, 1/8, 
1/16,, 1/32, 1/128, 1/256). The areas subtending the entire chromatograms were integrated 
andd plotted versus concentration. 

Forr K, we obtained: 

Areaa = 12864 c + 475 Equation 8-2 

Andd for N, 

Areaa = 11764 c + 210 Equation 8-3 

Wheree the area is in mAU min and c is the concentration of gelatine in ^g jiL" 1. These 
equationss were used for quantitation measurements. Correlation coefficients were 0.9999 
forr K and 0.9998 for N. 
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Inn order to determine the limit of detection (LOD), signal-to-noise ratios (SWV) for the 
smallestt peak (C) in the chromatograms at a peak molar mass (Mp) of 14,000 g mol" 
(Figuree 8-2) were calculated with the solution stock/256 (i.e. 8.5T0"4 |xg uL"1 of K and 
1.6-10"33 |a.g ui/1 of N). S/W values obtained were 30 for K and 6 for N. The 
concentrationss of gelatine in all the injected samples were at least 10 times higher. 

330--

2700 -
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EE 210-« V V 

E E 
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30--

-300 -
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a-chainn —
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[J-chainn i 
(Mp=ll  72,000) -U 
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Figuree 8-2. Overlaid chromatograms of K gelatine and N gelatine extracted from 8% uptake unaged 
Whatmann No. 1 paper  (respectively K8to and N8t0). 

8.33 Results and discussion 

8.3.18.3.1 The choice of the mobile phase 

Comparedd to the MMD profiles obtained with 1.8% SDS in water as mobile phase 
(Figuree 8-2), with 1.8% SDS in 50 mM phosphate buffer pH 6.63 the elution volume of 
thee gelatine fractions increased. The hydrodynamic volume of gelatine in phosphate 
bufferr was smaller than in the unbuffered, low ionic strength mobile phase. The molar 
masss distribution (MMD) profiles for unaged gelatine were similar to the MMD profiles 
inn 1.8%) SDS in water, only shifted slightly towards lower Mr. For the aged gelatine from 
paperss with and without alum, the MMD profiles were markedly shifted to lower Mr and 
thee resolution of peaks A, B and C was less than with 1.8% SDS in water. The 
correspondingg SEC chromatograms can be found in Appendix 8-1. Consequently, it was 
decidedd to run SEC with 1.8% SDS in water for sample preparation and mobile phase. 
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8.3.28.3.2 SEC of  gelatine  extracted  from  Whatman  No. 1 

papers papers 

8.3.2.11 Papers withou t alum 

8.3.2.1.18.3.2.1.1 Extraction  yields  of  gelatine  from  unaged  and aged 
papers papers 

Bothh the aged 35 days and unaged K granules dissolved completely in the mobile phase. 
Wee evaluated whether cross-comparisons for quantitation were possible between unaged 
andd aged gelatine based on the respective UV absorption. The recovered mass of gelatine 
forr aged K granules was back-calculated by integrating the area subtending the entire 
chromatogramm using Equation 8-2. The calculated mass matched the actual known 
injectedd mass. This result confirmed that the equation established for quantitation of 
unagedd gelatine Equation 8-2 could also be used for the quantitation of aged gelatine. 

Usingg Equation 8-2 and Equation 8-3, the extraction yields of gelatine from unaged 
Whatmann No. 1 paper were found to range from 72 to 86% for K and from 43 to 47% for 
N.. The theoretical concentrations were calculated based upon the dry mass uptakes, and 
thee calculated injected masses were estimated by integrating the entire chromatogram 
area.. For the aged Whatman No. 1, the extraction yields of gelatine were significantly 
lower,, between 13 and 24% for K and between 23 and 33% for N. 

8.3.2.1.28.3.2.1.2 Mr determination  and MMD profiles  of  gelatine  from 
unagedunaged  papers 

Figuree 8-2 shows MMD profiles of K and N extracted from unaged papers with 8% 
gelatinee uptake. The major peak had Mp value of 90,000 g mol*1. This fraction was 
attributedd to the cc-chains. The high-Mr portion of the chromatograms showed a shoulder 
off  Mp 666,000 g mol"1 and two small peaks of Mp 333,000 and 172,000 g mol"1 for K -
respectivelyy two shoulders and a peak for N. The latter two were attributed respectively to 
p-chainss and y-chains non-degraded or reformed upon cooling of the gelatine after 
productionn [5]. The very-high-A/r polypeptides (Mw = 666,000 g mol"1) were multimers of 
a-chainss probably formed by aggregation or cross-linkage of a-, P- and y-chains, and are 
nott present in native collagen [5]. These stable aggregates seem to be a particular feature 
off  gelatine, and they were still present in the chromatogram of samples of K diluted down 
too 8-10'2 ug (iL"1 (stock/256). 

Thee low-A/r regions showed two shoulders with Mp values of 41,000 and 30,000 g mol"1 

(peakss A and B) and a small peak of Mp 14,000 g mol"1 (peak C) for K - respectively a 
shoulderr (A) and two peaks (B and C) for N. These low-Mr fractions resulted from the 
degradationn of collagen during the production of gelatine [10]. Overall, it was observed 
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thatt the MMD profile of N was slightly more weighted in the low-Mr regions than the 
MMDD profile of K. This observation corroborated results found in the literature [10]. 

Thee chromatograms of gelatine extracted from unaged papers with 2% and 0.5% uptake, 
andd the chromatograms of unaged K granules and N flakes were similar to those shown in 
Figuree 8-2. The sizing process did not change the MMD of the gelatine to any detectable 
levell  regardless of the concentration of gelatine in solution. 

8.3.2.1.38.3.2.1.3 Mr determination  and MMD profiles  of  gelatine  from 
agedaged  papers 

Threee MMD profiles of gelatine extracted from papers with 8% gelatine uptake unaged, 
agedd 35 days and aged 94 days are shown in Figure 8-3 (K) and Figure 8-4 (N). There 
wass a significant decrease in high-A/r fractions in the extract upon aging. In the 35-day 
agedd paper extracts, the y-chain fraction was absent while the p%chain fraction was barely 
presentt and reduced to a small tailing. The a-chain fraction was considerably reduced as 
well.. After 94 days, the (3-chain tail disappeared and the a-chain fraction was further 
reduced.. The decrease in high-Mr fractions was likely due to a decrease in the solubility 
off  this polypeptide portion as observed previously (section 8.3.2.1.1). This could arise 
fromfrom cross-linking of the high-Mr fractions of the gelatine during aging or from a binding 
off  the polypeptides to the cellulose molecules through links other than hydrogen bonds. 
Fourierr transform infrared spectroscopy using an attenuated total reflectance probe 
(Nicolett Avatar 360 FTIR) was performed on the papers after extraction in order to verify 
whetherr residual gelatine was left, but the result proved inconclusive as no protein bands 
weree clearly evidenced probably due to the lack of sensitivity of the technique. 
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Figuree 8-3. Overlaid chromatograms of K gelatine extracted from 8% uptake Whatman No. 1 paper 
unagedd (K8to), aged 35 days (K8t3S) and aged 94 days (K8t,„) at 80 °C, 50% rH. 
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Figuree 8-4. Overlaid chromatograms of N gelatine from 8% uptake Whatman No. 1 paper imaged 
(N8t0),, aged 35 days (N8t35) and aged 94 days (N8t94). 

Thee main peaks in the chromatograms of the extracts of aged papers were the three low-

Mrr fractions corresponding to peaks A, B and C (Figure 8-3 and Figure 8-4). Upon aging, 

peakk C increased considerably while peak B decreased and peak A progressively 

disappeared.. Hydrolysis of high-Mr y-, P- and a-chains seemed to occur at preferential 

weakk points, leading to this substantial increase in specific low-Mr fractions. This result 

confirmedd the findings of a study on the degradation of photographic gelatine induced by 

pollution.. Exposure to a mixture of SO2 (27 mg m"3) and NO2 and (38 mg m"3) for 18 and 

300 days resulted in fewer high-Mr fractions, while a characteristic low-Mr fraction below 

20,0000 g mol"1 was shown to increase [24]. 

Peakk C, the main characteristic fraction formed in both 35- and 94-day aged samples, 

couldd be an indicator of gelatine degradation upon aging. A plot of peak C height versus 

agingg time showed a non-linear but steady increase (Figure 8-5). A kinetic study would 

bee necessary to gain more insight. 
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Figuree 8-5. Peak C height in mAU, detection at 220 nm (K gelatine extracted from 8% uptake 
Whatmann No. 1 paper) as a function of aging time in days (values averaged from two different 
samples). . 
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AA hypothesis for preferential hydrolysis points leading to specific low-A^ fractions can be 
proposed.. It is known that amino acids in peptides are unequally sensitive to partial 
hydrolysiss [25]. For instance, in a dipeptide the positively charged ammonium group 
closee to the amide bond tends to repel acidic protons. The amide bond of a dipeptide is 
therebyy more stable than an analogous bond in a polypeptide. On the opposite end, 
aspartyll  residues are very susceptible to hydrolysis in dilute acid, because the negatively 
chargedd carboxyl groups of aspartic acid attract hydrogen ions, which decreases the 
stabilityy of the neighbouring peptide bonds. Other effects, such as steric hindrance, are 
involvedd in the relatively better resistance to acid hydrolysis of peptides with valine and 
leucinee as amino-terminal residues. In this case, the isopropyl and isobutyl side chains of 
valinee and leucine hinder the approach of the acidic proton. These effects are more 
complexx and less known for polypeptides. In the case of the degradation of gelatine upon 
heat/humidd aging, partial-hydrolysis specificity is quite likely to be involved and 
responsiblee for the specific low-A/r fragments formed. 

Figuree 8-6 shows three MMD profiles: unaged K granules, K granules aged 35 days and 
KK extracted from 2% uptake papers aged 35 days. A new peak with Mp 830,000 g mol"1 

appearedd for the aged K granules. There were also fewer y-, |5- and a-chains, but higher 
proportionss of low-Mr fractions (A, B and C) in the aged K granules as compared with 
unagedd K granules. Hence, the aging of K granules resulted in two distinct outcomes 
takingg place concomitantly. On the one hand, there was a substantial increase in the low-
Mrr fractions, especially in the peak C fraction. On the other hand, very-high-Mr 

polypeptidess (Mp>800,000 g mol"1) were formed. The latter most likely arose from 
crosslinkingg or aggregation of some of the fl- and y-chains [26]. This presence of 
crosslinkedd networks in high-Mr gelatines as a structural feature retained from the native 
collagenn structure has been observed by other authors [27]. 

Thee presence of crosslinked fractions was consistent with the low-mass recovery and with 
thee observation made throughout this study of the absence of high-A/r fractions in the 
gelatinee extracts from aged papers. Crosslinking arising from a progressive dehydration 
off  the bound water of gelatine seemed to occur in sized paper upon aging and resulted in 
aa solubility decrease. 

However,, we observed in the case of K granules that, after aging, the crosslinked fraction 
wass still soluble in the mobile phase. One hypothesis to explain why, when gelatine was 
agedd in paper, the crosslinked fraction became insoluble, involves the role of sugars and 
aldehydicc compounds and their favouring of protein crosslinking. Numerous sugars and 
oxidisedd sugars have been identified as degradation products of cellulose upon aging 
[28,29]]  and recent research showed that they decrease the solubility of gelatine by 
promotingg crosslinking of the protein [30]. The proposed mechanism is via an Amadori 
rearrangementt [31 ] where the aldehyde group of a reducing sugar can react with a free 
aminoo group of gelatine, resulting in the formation of an amino glycoside, which can 
furtherr react with another gelatine amino group, thereby giving rise to the crosslinked 
structure.. Because of their dialdehydic nature, sugars oxidised with periodic acid, for 
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instance,, were shown to be more efficient and lead to a more complete interaction with 
gelatinee polypeptides [30]. Bonding between the gelatine and the cellulose molecules was 
probablyy also involved to some extent, since oxidised radicals on the cellulose can form 
withoutt cleavage from the polysaccharide chain. Polysaccharide-protein interactions are 
complex.. Earlier work showed that hydrogen bonds between non-substituted hydroxyl 
groupss of methylcellulose and carboxyl groups of gelatine form when both components 
aree mixed in certain proportions [32]. 

Figuree 8-7 shows MMD profiles of N flakes unaged and aged 35 days. As calculated with 
Equationn 8-3, only an estimated 26% of the latter dissolved in the mobile phase. The 
very-high-Mrr fraction (Mp>800,000 g mof') was only a small shoulder in both 
chromatograms.. This result suggested that, in the 35-day aged N flakes, only a small part 
off  the very-high-Mr fraction was soluble. Here also, N showed a faster degradation rate 
thann K. 
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Figuree 8-6. Overlaid chromatograms of K gelatine granules unaged (2.59 ug ul.' ) (Kg t0), K gelatine 
granuless aged 35 days (2.5 u\g uL" 1) (Kg t35) and K gelatine extracted from 2% uptake Whatman No. 1 
paperss aged 35 days (estimated 4.7 ug uL"' ) (K2t35). 
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Figuree 8-7. Overlaid chromatograms of N gelatine granules unaged (1.25 ug ul/1) (Ng t0) and N 
gelatinee flakes aged 35 days (estimated 2.1 ug uL"' ) (Ng t35). 

8.3.2.22 Papers wit h alum 

Thee MMD profiles of the gelatine from papers containing 1 and 10% alum (mass 
alumymasss gelatine) were similar to those with no alum for each respective aging time. 
Thee hydrolysis of gelatine due to aging was not accelerated by the presence of alum in 
quantitiess of up to 10%. However, 30% alum in the size resulted in a more extensive 
hydrolysiss of the gelatine to smaller peptides upon aging. After 35 days aging, the MMD 
profilee was similar to that of 94-day aged samples containing no alum. After 94 days, 
profiless showed a significantly decreased peak B and an increased peak C (Figure 8-8). 

Itt was also observed that the extraction yields of gelatine from unaged papers decreased 
withh the increase in alum content, especially in the high-Mr fractions a-, (3- and y-chains, 
ass shown in Figure 8-9. The role of alum as a hardener of gelatine is well known, 
especiallyy in photography. Aluminium salts react with the ionised carboxyl groups of 
gelatinee [12,33,34]. It can be hypothesized that the mechanism by which alum formed 
bridgess between gelatine and cellulose is most likely similar to the mechanism described 
inn the literature by which alum forms bridges between rosin and cellulose in rosin/alum 
sizingg (Figure 8-10) [35]. Results showed that while the areas subtending the 
chromatogramss of the gelatine extracted from the aged papers without alum and the aged 
paperss with 1 % alum were similar, the areas subtending the chromatograms of gelatine 
fromfrom aged papers with 10 and 30% alum increased proportionally to the increase in alum 
content.. In the aged papers, the height of the low-Mr peaks increased with the alum 
content. . 
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Figuree 8-8. Overlaid chromatograms of gelatine extracted from Whatman No. 1 papers sized with K 
2%%  uptake and 30% alum unaged (KA30t„) , aged 35 days (KA30t35) and aged 94 days (KA30t94). 
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Figuree 8-9. Overlaid chromatograms of gelatine extracted from unaged Whatman No. 1 papers sized 
withwith  K 2% uptake with no alum, 1% alum, 10% alum or  30% alum (K2t„ , KAlt 0, KA10t0 and 
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Figuree 8-10. Model of aluminium bridge between cellulose surface and a size [35]. 
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Uponn aging, 10 to 30% alum accelerated the hydrolysis of gelatine, producing a higher 
proportionn of easily extractable low-Mr fractions. Thirty percent alum additionally 
resultedd in a more extensive hydrolysis of the protein to smaller peptides. 

8.3.38.3.3 SEC of  gelatine  extracted  from  Arches  papers 

Figuree 8-11 shows chromatograms of gelatine extracted from unaged and aged Arches 
papers.. The high-Mr fraction was absent in the chromatogram of the unaged Arches 
paper.. The further shift towards low-A/r fractions upon aging occurred earlier than for the 
Whatmann No. 1 papers. Gelatine extracted from unaged Arches paper was poor in high-
Mrr molecules, as y-, (3- and a-chain fractions were small shoulders, and the MMD profile 
wass similar to the profile of gelatine from the 8% K uptake Whatman No. 1 papers aged 
355 days. The Arches papers were kept in the laboratory for 10 years before analysis. 
Despitee the fact that the commercial sizing procedure and the grade of the gelatine used 
byy the manufacturer could not be documented, the result suggested that, under natural 
agingg conditions, the two phenomena observed, namely hydrolysis and crosslinking 
startedd fairly early in time. Analysis of the Arches papers with scanning electron 
microscopy/energyy dispersive X-ray (SEM/EDX) (JEOL JSM 5410 LV SEM/Oxford 
EDSS system) showed the presence of aluminium. The presence of alum in the Arches 
paperss could explain the high degradation rate of the gelatine. However, aluminium is 
alsoo present in some mineral fillers such as aluminium silicate (kaolin), which is a widely 
usedd filler material. 
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Figuree 8-11. Overlaid chromatograms of gelatine extracted from Arches (Canson) papers unaged 
(Art 0),, aged 35 days (Art 3S) and aged 94 days (Art 94). 
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8.3.48.3.4 SEC of  gelatine  extracted  from  naturally  aged 
papers papers 

Figuree 8-12 shows the chromatograms of five different naturally aged historic papers 

fromm the seventeenth and eighteenth centuries, sized with gelatine: NAT1, NAT2, NAT3 

andd NAT4, the samples analysed by SEC/MALS described in section 6.3.2.2.1 of Chapter 

6,, and an additional sample NAT5. The gelatine MM D profiles were skewed towards the 

low-M rr region, showing peaks B and C characteristic of highly degraded gelatine. The 

closestt match for the MM D profiles were the profiles of gelatine extracted from papers 

sizedd with K aged 94 days, but peak A (shoulder) was even smaller. 
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Figuree 8-12. Overlaid chromatograms of gelatine extracted from five different naturally aged papers 
(17thh and lS,h centuries) NAT1, NAT2, NAT3, NAT4 and NAT5. 

Acrosss the very-low-Mr end in the chromatograms of all naturally aged papers, a series of 

fivefive small peaks were found spreading from /R 56 to 62 min (Mp<1500 g mof1). The very 

lastt of these small peaks (5) (Figure 8-12) was most likely a ghost peak since it was also 

presentt in the chromatograms of unaged gelatine granules and in the chromatograms of 

extractss of control Whatman No. 1 unaged unsized (not shown). The three small peaks (1, 

22 and 4) were found elsewhere exclusively in the chromatograms of the extracts of aged 

Whatmann No. 1 papers (sized and unsized) and Arches papers. No correlation could be 

foundd between the area of these peaks and the amount of gelatine and/or alum in the 

papers.. These three small peaks were attributed to soluble UV-absorbing degradation 

productss from cellulose and in that respect could be indicative of extensive degradation of 

thee paper [28]. The very small peak (3) seemed to be present only in the chromatograms 

off  aged, sized papers and Arches papers and probably arose from the aging of gelatine. 
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8.3.58.3.5 Absorption  at 254 and 280 nm 

Detectionn at 254 and 280 nm provided useful additional information. Absorption at either 
wavelengthh was very low (2 to 10 mAU) since Tyr and Phe are present in minute 
quantitiess in gelatine, but the general MMD profiles at 254 and 280 nm of unaged and 
agedd gelatines resembled the profiles at 220 nm (Figure 8-13). It was interesting to note 
that,, for the major peaks (Mv>14,000 g mol"1), the ^220/̂ 254 ratios were single digit 
numbers,, while for the very-low-Mr peaks (1 to 4), the ^220/̂ 254 ratios exceeded a value 
off  10 or even 100. This seemed to indicate that Tyr and Phe were quite evenly distributed 
amongg the polypeptide fractions before and after aging, but that they were more 
numerouss in the fractions of Mw < 1500 g mol"1 arising from aging. The amorphous 
regionss of gelatine, the telopeptides, which contain a higher proportion of these amino 
acids,, undergo, upon aging, extensive cleavage to form small peptides. The exposure of 
gelatinee to atmospheric pollutants showed similar degradation behaviour, where amino 
acidss 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 
involvedd in the UV absorption at 254 and 280 nm of the very-low-Mr fractions most 
likely,, UV-absorbing species from the degradation of cellulose [28,36]. 
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Figuree 8-13. Overlaid chromatograms of K granules unaged (2.59 \xg pi/1) (Kg t0), K gelatine 
extractedd from 8% uptake Whatman No. 1 paper  aged 94 days (K8t94) and gelatine extracted from 
naturall yy aged paper  3 (NAT3). Detection at 254 nm. 

8.44 Conclusion s 

Uponn heat/humid aging gelatine in paper underwent significant degradation. The a-chains 
weree shown to break at weak points, producing specific low-Mr fractions. The peptide 

Kgg tO 
-- K8t94 
-NAT3 3 
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bondss were cleaved and native y-, (3- and a-chains were progressively lost, concomitantly 
givingg rise to two main low-Mr fractions. A fraction with Mv 14,000 g mol" (peak C) was 
thee most characteristic fraction to increase significantly upon aging. Peak C could 
potentiallyy be used as a marker for monitoring gelatine degradation. Peak C was also 
presentt in very small quantities in unaged gelatine, forming the so-called "non-gel" 
portionn [9,10], i.e. small fragments produced by cleavage of the a-chains during the 
productionn of gelatine. A hypothesis for preferential hydrolysis points involving the 
differentt sensitivities of the amino acids in peptides to partial hydrolysis was proposed. 
Thee characterisation of the terminal amino acids of the peptides in the low-Mr fractions 
usingg hyphenated mass spectrometry techniques would help clarify this phenomenon and 
possiblyy determine the most labile amide bonds in gelatine. 

Anotherr remarkable observation in this study was the formation upon accelerated aging of 
aa very-liigh-A/r fraction of Mp>800,000 g mol"1, i.e. well above the Mr of native collagen 
y-chains,, which appeared at the same time as hydrolysis proceeded in other areas of the 
proteinn to yield low-Mr fractions. This very-high-Mr fraction, which cannot be extracted 
fromfrom the sized papers aged, most likely arose from a crosslinking between the y-, (3- and 
a-chains.. The crosslinking was a consequence of the heat/humid aging treatment and 
couldd be further enhanced by the presence of sugars and oxidised sugars produced by the 
degradationn of cellulose. 

Chemicals Chemicals 

Sodiumm dodecyl sulphate, disodium hydrogenphosphate heptahydrate and sodium dihydrogenphosphate 

monohydratee were purchased from Acros Organics (Springfield, NJ, USA). L-Alanine was from the amino 

acidd standard kit 22 from Pierce (Rockford, IL, USA). Sodium polystyrene sulfonate (PSS) standards (A/r 
rangee 1600-120,0000 g mol'1) were from Scientific Polymer Products (Ontario, NY, USA). Gelatines used 

weree Gelita Photographic Gelatin Type 8039, Lot 1 from Kind and Knox Gelatin (Sioux City, IA, USA) 
andd "High Molecular Weight Gelatin" batch No. 7345 from Norland Products (New Brunswick, NJ, USA). 

Electrophoresiss "Low Molecular Weight Calibration Kit" (Phosphorylase b, albumin, 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 

(Peapack,, NJ, USA). The set of PL-Aquagel-OH columns (one 50, two 40, one 30), and the guard column 
weree from Polymer Laboatories Inc. (Amherst, MA 01002, USA). 

Instruments Instruments 

Thee liquid chromatograph HP 1090 equipped with a built-in thermostated column compartment, the 

photodiodee array detector (series L Diode Array Detector), and the data acquisition and reduction software 
Chemstationn for LC were from Hewlett-Packard, now Agilent Trechnologies(Palo Alto, CA, USA). 
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