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T
his research work focuses on the changes in molecular dynamics of gelatin in

the early stages of gelation under temperature variations (273-330 K), pHs

(3, 6.5, and 11) and concentrations (1, 3, and 5 %w/w). The early stage of gela-

tion occurs at temperature well above the sol-gel transition point and is accompanied

by increasing the viscosity of the solution. The induced variations of the local mobility

of the macromolecules are detected by measurements of the spin-spin relaxation time

of 1H nuclei of different amino acids. Changes in the rheological characteristics of the

gelatin solutions are measured and the effects of acidity, temperature, and concentra-

tion on the early stages of the gelatin gelation process are evaluated. The experimen-

tal results were analyzed for the mobility of the individual amino acids and of the com-

plete gel network at different temperatures and acidities. Spin-spin relaxation data indi-

cate that the mobility of amino acids in this siane of gelation is not affected by the gel-

atin concentration, indicating that it is predominantly governed by intra-molecular inter-

actions. As expected, the influence of this interaction on individual amino acids strong-

ly depends on the polarity and their ability to form hydrogen bonds. The variation of

the relaxation times reflects the specific role of each individual amino acid during the

gelation process. Any deviation from the neutral pH conditions causes a strong

increase in the local molecular dynamic, presumably caused by electrostatic repulsion

under acidic or basic conditions. At the same time, it leads to decrease in the solution

viscosity originally observed under neutral conditions.

INTRODUCTION

Gelatins are natural high molecular

weight polypeptides extracted from

collagen [1,2]. But, the gelatin

which is derived from the organic

phase of bone is much cheaper and

more easily obtainable in solutions

than collagen. Therefore, it has

been used as the matrix of tissue

engineered porous scaffolds in

combination with hydroxyapatite

particles as reinforcement. Such

scaffolds can be highly effective in

bone tissue engineering [3].

The simplest assumption is that

the gelatin molecule is composed

of a single chain terminating to an

amino group at one end and a car-

boxyl group at the other end. The
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gelatin chains are built up of eighteen types of amino

acids. Gelatin is also a polyampholyte, acting as a

base when dissolved in an acidic solvent and as an

acid when dissolved in a basic solvent. The amino

acids comprising gelatin may be hydrophilic or

hydrophobic due to the presence or absence of

charged or polar functional units. A gelatin solution at

low concentration is liquid when heated. Decreasing

temperature leads to the formation of intra- and inter-

molecular interactions and, eventually, to physical

cross-linking. Gelation is principally motivated by the

formation of a three-dimensional network. The con-

formational changes during gelation have been stud-

ied over decades [4,5].

The early stages of gelation are accompanied by an

increase in the solution viscosity and occur at temper-

atures well above the transition point, a phenomenon

which has attracted much less attention. In case of

gelatin solution, these early stages of gelation are

observed in the temperature range of 303-333 K.

Above this temperature range, intra-molecular inter-

actions are dominated and lead to the formation of

stretched helices with larger hydrodynamic radii [6,7].

Nuclear magnetic relaxation techniques provide a

useful method for the monitoring of the molecular

motion [8-10]. Spin-spin (T2) relaxation observed by

NMR is related to larger scale molecular mobility, in

the given case, a higher degree of local reorientation

leads to larger relaxation times T2. Therefore, T2

measurement is a reliable method to monitor

the structural changes such as aggregation and gel 

formation.

In this work, 1H NMR spectra and corresponding

spin-spin relaxation measurements were used to study

the molecular mobility of gelatin chains in 1, 3, and 

5 %w/w gelatin solutions in the temperature range of

283-333 K and at different acidity levels (pH = 3, 6.5,

and 11). Below 313 K, gelatin molecules slowly

change their conformation and tend to aggregate. The

forces that support the gel formation are expected to

depend on pH, temperature, and polymer concentra-

tion. The driving forces for gelation or folding are

hydrogen and ionic bondings and hydrophobic inter-

actions. Hydrogen bonds involve uncharged polar

side chains, ionic bonds form between polar charged

side chains, and hydrophobic interactions occur

between non-polar side chains of amino acids.

Hydrophobicity and hydrophilicity of side chains

have great effects on the folding of the gelatin chains.

In the presence of a strong base or acid, various amino

acids adopt a positive or negative net charge which

results in the variations of molecular interactions.

Therefore, gelatin molecules are expected to exhibit

pH and temperature dependent intra-molecular fold-

ings and inter-molecular interactions that affect the

formation of a reversible gel. In a previous article, the

early stages of gelation in gelatin solution at different

temperatures were reported [7]. 

The aim of the present work is the use of spin-spin

relaxation time to evaluate the effects of the concen-

tration, 1, 3 and 5 %w/w, and various pH values 

(pH = 3, 6.5, and 11) on the local molecular mobility

of individual side groups in gelatin chains (type A) in

temperature range of 273-330 K. Experimentally,

NMR spectroscopy and dynamic oscillatory rheology

are used to observe the local, as well as, the integral

effects on the gelation system. 

EXPERIMENTAL

Materials and Methods 

The gelatin samples were supplied by Gelita AG,

Germany. For the 1H relaxation measurements, the

aqueous gelatin solutions were prepared in D2O at

318 K. Proton spin-spin relaxation measurements of

1, 3, and 5 %w/w gelatin solutions at pHs 3, 6.5, and

11 in a temperature range of 298-333 K were per-

formed on a 500 MHz spectrometer (Bruker,

Karlsruhe, Germany) corresponding to a magnetic

field of 11.74 T and using the Carr-Purcell-Meiboom-

Gill Pulse sequence. These measurements determine

the decay of the magnetization component in the X-Y

plane.

Dynamic oscillatory measurements on type A gel-

atin solutions at concentrations 1, 3, and 5 %w/w at

283-333 K and pHs 3, 6.5, and 11 were performed on

a Physica-MCR Rheometer (Physica, Germany).

NaOH and HCl solutions, used to adjust the acidity,

were purchased from Merck, Germany. The solutions

were prepared in distilled water at 318 K and stirred

for 30 min. In order to attain temperature equilibrium,

samples were kept at 333 K for 1 h before the meas-

urement. Subsequently, the gelatin solution was
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placed in the rheometer and the temperature was

adjusted to 333 K. In the following, the polymer solu-

tion was cooled stepwise at a rate of 0.5ºC/min, while

the storage modulus (G'), the loss modulus (G'') and

the complex viscosity were continuously measured.

All the tests were repeated three times to check the

reproducibility of the results.  

RESULTS AND DISCUSSION 

The role of temperature on the mobility of amino

acids in gelatin solution at different concentrations

and pHs was studied by nuclear magnetic resonance

technique. Typical 1H NMR spectra of a 3 %w/w gel-

atin solution at 298, 313, 323, and 333 K are shown in

Figure 1. Most of the proton signals are well resolved

and can be assigned to H resonances of specific amino

acids [11]. Nine specific peaks in 1H NMR spectrum

of 1 %w/w gelatin solution were selected for the

analysis and their assignments to the various amino

acids are summarized in Table 1.

The variations of the spin-spin relaxation times

(T2) as determined on these 9 peaks of gelatin in 1, 3

and 5 %w/w gelatin solutions are shown in Figures

2a-2i as a function of reciprocal temperature 

(298-333 K). In all cases, T2 relaxation time decreas-

es with decreasing temperature. Obviously, no signif-

icant effect of the concentration can be detected and

the curves of 1, 3, and 5 %w/w gelatin solutions are

almost identical for all signals. Interestingly, the

Figure 1. 1H NMR Spectra of a 1%(w/w) gelatin solution at

temperatures of 298, 313, 323, and 333 K. 

values of T2 for several signals (for example peaks 4

and 8) show a distinct drop in the upper temperature

range (315-333 K). In contrast, no such change is

observed for peak 9 (proline). The spin-spin relax-

ation times of the other peaks have varied between the

two extreme cases.

Figures 3a-3i show the variation of the spin-spin

relaxation times (T2) observed on peaks 1 through 9 at

different acidities (pH=3, 6.5, and 11) as a function of

reciprocal temperature (283-333 K) for 1 %w/w gela-

tin solution in which intra-molecular interaction is

dominant [7]. It shows that T2 relaxation time and

hence the local mobility of all amino acids is larger in

both acidic (pH=3) and basic media (pH=11) as com-

pared to the almost neutral solution (pH=6.5). Except

for occasional deviations, the overall shapes of the

Arrhenius-like T2-plots remain largely unchanged and

seem to be merely shifted by one unit on the logarith-

mic scale with respect to the data from the neutral

environment. In most cases, the values for pH=3 and

those for pH=11 exhibit remarkable similarities. Peak

2 (for threonine) and peak 6 (for aspartic acid) show

interesting behaviours at pH=11 and pH=3, respec-

tively. In both cases, a significant drop near 320 K is

observed. Peak 9 (for proline) shows a completely dif-

ferent behaviours in acidic and basic media at temper-

ature range of 315-333 K. In the upper temperature

range (315-333 K) the distinct drops of peak 4 (for

lysine and arginine) and of peak 8 (for arginine alone)

are observed under acidic as well as basic conditions.

Rheological measurements have been used to

observe the gelation behaviour of the gelatin solutions
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Peak No. Chemical shift

(ppm)

Assigned to the methyl of

resonance

1

2

3

4

5

6

7

8

9

0.86

1.16

1.34

1.61

1.72

2.64

2.93

3.14

3.57

Leucine; Valine; Isoleucine

Threonine

Alanine

Lysine and arginine

Lysine and arginine

Aspartic acid

Lysine

Arginine

Proline

Table 1. Assignment of specific peaks in the 1H NMR spec-

trum of 1 %w/w gelatin solution in 298 K (Figure 1).
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macroscopically. Low frequency dynamic rheology is

a preferential method for studying the structure of

materials. Complex viscosity and gel moduli are

indicative of the chain interaction [12]. Again, the

rheological behaviour of 1 %w/w gelatin solution was

studied at different acidities. For pHs 3, 6.5, and 11

the absolute value of the complex viscosity η* was

observed as a function of reciprocal temperature. The

value η* represents a frequency-dependent viscosity

function determined during forced harmonic oscilla-

tion of the shear stress. It is equal to the difference

between the dynamic viscosity η′ and the imaginary

out-of-phase viscosity η″ [13]. Temperature sweep

graphs of dynamic oscillatory measurements of

1 %w/w gelatin solution at pHs 3, 6.5, and 11 are

shown in Figure 4. The same plot at an expanded

scale in the reciprocal temperature range of 1/333

through 1/303 K-1 is shown in Figure 5. The gelation

point, indicated by a steep increase of the absolute

value complex viscosity, is shifted towards lower tem-

peratures under acidic as well as basic conditions

(Figure 4). The initial increase of the viscosity in the

early stages of gelation is only observed under neutral

conditions (Figure 5). 

1H NMR Study

The proton NMR spectrum allows for the selective

observation of nine separate signals which can be
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Figure 2. 1H Spin-spin relaxation times (T2) observed on the peaks 1 through 9 of 1, 3, and 5 %w/w gelatin solutions plotted

logarithmically as a function of reciprocal temperature at pH = 6.5.
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assigned to nine different amino acids (Table 1). The

determination of the individual relaxation behaviour

of the nine signals gives access to an analysis of the

molecular mobility in the vicinity of those specific

amino acids. In the given dynamic window, a longer

spin-spin relaxation time is indicative for faster

molecular motion and vice versa. The results which

are summarized in Figures 2a-2i clearly show that the

local molecular mobility in the vicinity of the amino

acids is independent on the concentration of the gela-

tin solution, but strongly dependent on the sample

temperature. Generally, a decrease in temperature

results in a decrease in T2 relaxation times, indicating

the slow-down of molecular dynamic. The independ-

ency of all T2 values to concentration gives a clear

indication that inter-molecular interactions do not

cause this phenomenon. Instead, intra-molecular

interactions seem to dominate the dynamic during the

early steps of gelation. 

Even under nearly neutral conditions at pH = 6.5

the pattern of the decrease is different for the various

types of amino acids (Figures 2a-2i). The relaxation

times of the peaks 4 and 8 which refer to arginine and

lysine, respectively show a distinct drop in the upper

temperature range (315-333 K). This drop coincides

with the early steps of gelation which have been
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Figure 3. 1H Spin-spin relaxation times (T2) observed on the peaks 1 through 9 of 1 %w/w gelatin solution at pHs 3, 6.5, and

11 plotted logarithmically as a function of reciprocal temperature.
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Figure 4. Temperature sweep graphs of dynamical oscilla-

tory measurements on 1 %w/w gelatin solution in pHs 3,

6.5, and 11.

detected by rheological measurements on identical

samples [7]. Obviously, the temperature-induced

reduction of the local mobility near these amino acids

(both belong to the group of basic amino acids) is

more significant than for their neutral or acidic coun-

terparts. This indicates that hydrogen bonds being

formed by arginine and lysine play a special role in

the helix formation which occurs during the early

steps of gelation. In contrast, the patterns of the T2

variation of valine, leucine, isoleucine, and also ala-

nine do not show a distinct drop in these stages of

gelation.

This observation reflects that amino acids are

unable to form strong dipolar interactions with their

non-polar side groups. Hence, their contribution to the

structural changes remains on a low level. The spin-

spin relaxation time of peak 9 (proline) is nearly con-

stant over the same temperature range. This may be

related to the special role of proline in the polypeptide

chain which is a non-polar amino acid and lacks a pri-

mary amine group within the polypeptide. The sec-

ondary amino group of proline residues is held in a

rigid conformation and leads to an increased occur-

rence of cis-peptide linkages, hereby reducing the

structural flexibility of polypeptide regions in its

vicinity [14, 15]. As the cis-trans isomerization of the

peptide chain plays a key role in the protein folding

[16] the observed invariance of T2 leads to the conclu-

sion that proline-rich sections of the gelatin chain are

Figure 5. Variations of the absolute values of the complex

viscosity as a function of 1/T for 1 %w/w gelatin solutions at

pHs 3, 6.5, and 11 and at temperatures near the gelation

point.

not involved in the early helix formation.

As for all proteins, the net charge of gelatin mole-

cules strongly depends on the acidity of the solution.

It should be noted that the isoelectric point of gelatin

ranges between 4.8 and 9.4. Therefore, it is expected

that the pH value would control the tendency of the

gelatin solution to undergo the gelation process.

The pH-dependent relaxation data summarized in

Figure 3 clearly indicate a higher mobility of the gel-

atin molecules in acidic as well as in basic environ-

ments. The effect of mobilization for the steps from

pH =6.5 to pH=3 is approximately just as large as the

steps from pH=6.5 to pH=11. Presumably, the acidic

as well as the basic conditions lead to net charges of

the gelatin molecules (positive at pH=3 and negative

at pH=11) which cause electrostatic repulsion among

the chains and hence the expansion of chain confor-

mation. The repulsion forces lead to a weaker tenden-

cy of the molecules to form a helix or a three-dimen-

sional network. Both effects result in an increased

local mobility as detected in the relaxation data

(Figures 3a-3i) together with the lowered gelling

point as observed in the rheological measurements

(Figures 4 and 5).   

Interestingly, the early molecular rearrangement

detected in the high temperature range around 330 K

for neutral conditions (indicated by a dotted line in

Figure 5) completely disappears for basic as well as

868 Iranian Polymer Journal / Volume 16 Number 12 (2007)

Effects of Concentration, Temperature, and pH on ... Zandi M. et al.

  



for acidic conditions. In an earlier publication, this

increase in solution viscosity was assigned to intra-

molecular interactions leading to the formation of

stiff helices [16]. Obviously, these intra-molecular

interactions essentially vanish with the pH-induced

electrostatic charge in the molecules.  

In case of proline, the temperature dependency of

the relaxation data strongly varies with the decreasing

pH value of the solution (Figure 3, peak No. 9). This

again indicates the specific role of proline which is

connected to the cis-trans-isomerization of the pep-

tide chain. It is known that this isomerization process

is catalyzed by acidic conditions [17]. Therefore, the

discontinuity observed for the temperature depend-

ence of the spin-spin relaxation times at low pH val-

ues may reflect the acceleration of the isomerization

process under acidic conditions.  

CONCLUSION

Integral network formation and local mobility of

amino acids in aqueous gelatin solutions was investi-

gated by low frequency dynamic oscillatory rheology

and spin-spin proton NMR relaxation measurements

under different pH and temperature conditions. At

high temperatures, the gelatin system is liquid con-

taining flexible random coils with small hydrodynam-

ic radii. Mono helix formation begins in the tempera-

ture range of 320-330 K, hence far above the transi-

tion point. The decrease of molecular mobility with

decreasing temperature is confirmed by a decrease of

the spin-spin relaxation times of certain amino acids.

In early stages of gelation, hydrophobic interactions

show smaller effects than dipolar and ionic interac-

tions. Hence, the local mobility of polar amino acids

is reduced more significantly. The gelation process is

most efficient under neutral conditions (pH= 6.5).

Any deviation towards acidic or basic conditions

leads to reduction of the intra- and inter-molecular

interactions and a lowered gelation point. Under these

conditions, the early molecular rearrangements

observed for temperatures above the gelation point

vanish completely. The pH-induced variation of the

local mobility of individual amino acids depends on

their own acidic or basic properties and their role in

the folding of the polypeptide chain.  
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