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In this work, the effect of water uptake on the structural reorganization and elastic properties of three types of
biopolymer films was studied. The watebiopolymer interaction for hydroxypropy! cellulose (HPC), gelatin,

and cassava starch films prepared from aqueous solutions was studied and compared using Fourier-transform
infrared spectroscopy (FTIR), differential scanning calorimetry (DSC), X-ray diffraction, dynamic vapor sorption
(DVS), and dynamic mechanical thermal analysis with humidity generator and controller (DMTA) techniques.
The FTIR spectral variations due to the water sorption were generalized into two-dimensional (2D) correlation
graphs for each biopolymer, and the effect of water on the molecular conformation was compared. The water
sorption isotherms were fitted with Guggenheifindersor-De Boer (GAB) and D’Arcy and Watt models. The

water content in the mono- and multilayers predicted by both models for each biopolymer was discussed and
compared. The correlation of the fitted data obtained from the sorption isotherms to the DMTA data allowed us
to conclude that the elastic properties of the HPC films depended on the total water content in contrast to the
elastic properties of the gelatin and cassava starch films, which decrease only with the appearance of multilayer

water.

Introduction

Much of the current research in material sciences is focused
on the structure properties relationship to predict and control
the functional properties of the materials through their
structurel~11 The understanding of this relationship is particu-
larly important to allow the correct choice of material and
processing method for an application, thus optimizing finished
product performanc¥.The complex structure of a material can
be approached as an arrangement of structural units in
particular order at different levels: from micro to macro.
Therefore, to predict its macroscopic properties, the molecular
organization at different structural levels should be considered.

mathematical model capable of predicting the elastic properties
of the biopolymer films with respect to the water content was
a logical final aim of this work. We have selected three
biopolymers with very large structural differences that we
consider representative of different types of behavior, which
are gelatin, cassava starch, and HPC.

Physicochemical Characteristics of Biopolymers and Their
Films. (i) Gelatin. Gelatin belongs to the group of animal origin
protein and is well-known for its good film-forming proper-

8ties2322 It is a product of the collagen degradation, which

involves the breaking of the triple-helix structure into random
coils2* The gelatin molecular chain is a heterogeneous mixture
of single or multistranded polypeptides, each with extended left-

Biopolymers are of great interest because they are made fromy, ;4o proline helix conformations and containing between 300

renewable natural sources and promise a solution to the
environmental problem of plastic waste disposal because of their
biodegradability:3-15 A disadvantage of biopolymers is that they
naturally interact with water, which leads to water-induced
textural transformations (for example, amorphousystalline
transition) that have a strong impact on their molecular mobility
and functional propertie¥$-23 Consequently, the water content
of biopolymer films is a critical variable in the equation
properties= f(structure).

The primary purpose of this study was to correlate the
physicochemical modifications induced by the water sorption
on the elastic properties of biopolymer films. An additional
objective of this study was a detailed analysis of the sorption
isotherms and their modeling to highlight the differences in
water—biopolymer interactions. The development of a simple
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and 4000 amino acids residwsThe main property of gelatin

is its ability to form a thermally reversible network in aqueous
media. When an aqueous gelatin solution is cooled, the protein
coils locally assemble into triple helical sequences connected
in an essentially random mode by peptide sequences in
disordered conformation forming a physical netw&tkt was
previously reported that the sebel transition for physical
aqueous gelatin gels occurs at4n) and below this temperature
the gel phase begins to forfhSubsequent drying of the physical
gels leads to the formation of films with physically cross-linked
and partially renaturated collagen-like structures. The mechanical
and thermal properties of gelatin films formed from aqueous
solutions depend on many parameters including the molecular
mass and aminoacid composition, as well as environment
conditions, such as the thermal histdi/8 It was also previ-
ously demonstrated that the mechanical properties of gelatin
films are closely related to the renaturation le¥€ln the other
hand, the water content of the films plays an important role in
the formation of the helical structure and consequently affects
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their renaturation leve®2* Therefore, the water content of employing any cross-linking method still contained the ordered
gelatin films should be taken into account to predict their phase due to the residual liquid crystal superstructutiewas
functional properties. also shown that different methods of preparation of HPC films
(i) Cassaa Starch.From the vast varieties of starches, resulted in different structural order, which has a significant
cassava starch is becoming a widely used starch in the foodimpact on their mechanical properties and could even lead to
industry because of its ability to perform most of the functions their anisotropy*
of maize, rice, and wheat starches. The cassava demand is Water Sorption: Monolayer and Multilayer. The hydro-
estimated to grow at 2.0% annually for food and 1.6% per year philic nature of biopolymers is the main limitation for the
for feed in developing countries, while the total cassava application of biodegradable materials. A common approach to
production is projected to reach 168 million tons by 2620. describe water sorption processes is by using models based on
The exceptional mechanical properties of cassava starch filmsthe assumption of a fixed number of binding sites, to which
were previously reportet®:14 Mali et al. compared their  the water molecules first attach forming a monolayer, followed
properties to those of corn and yam starch films. Cassava starchy multilayers of much more loosely held water. Additionally,
showed the lowest content of amylose (19%) as compared tothe monolayer could be divided into primary strong adsorption
corn and yam starches. As amylose content affects the opacityt0 the hydrophilic sites and weak primary sorption to the
and strength of starch films, the cassava films were found lesshydrophobic sited>~%* Hence, the analysis of an adequate
strong, more transparent, and flexiBle addition, Mali et al. ~ sorption isotherm model can provide important information
demonstrated that cassava films with and without plasticizer regarding the water binding on the biopolymevéscoelastic
had the highest strain at break and lowest tensile stress andtnd Fracture Properties of Films. The main mechanical
Young modulus as Compared to those of corn and yam stafches. characteristics of biOpO'ymer films can be determined from the

As with all starches, cassava consists of two polysaccharides stress-strain diagram obtained from tensile tests. In addition,
Amylose has long linear chains of-¢#)-linked o-D-glucopy- the _viscoelastic properties o_f polymeric materials can be
ranose residues, some with a few branches. Amylopectin haselumdated through the eva!uauon of the storage modlasd
high molecular weight and highly branched structure consisting loss modulusE™ as a function of both freql.Je.nlcy and temper-
of much shorter chains of {&4)-linked o-D-glucopyranose ature. Numerogs authors r_eported thf_e plast|C|Z|ng effect o_fwater
residue$? The amylose content changes with the botanical on the mechampal properties of the b|opolym(_er_fllms, manifested
source from 20% to 30% and greatly affects the functional by a decrease in Young's modulus (pr elasticity .”.'0.0'“'“5) and
properties of the derivative products from starches. It was SIS strength’.%204%Zhou et al. studied the plasticizing effect

previously shown that the mechanical properties of plasticized gf water on the lsttr_ucture alnd_pro;;emes of reﬁjenetr)ztatgd ((:jel:culose
starch films depend on the amylose/amylopectin ratio of starch, i);nclrtois-correma 'on raquna ﬁ's Om g re'[SI:Ni?h ° diffal?ent trorrr:_
because the linear amylose and the branched amylopectin exhipit/hultaneous measurements carred ou erent tec

. : ; : . hiques. It was shown that the storage modulus measured by
%?rlr]:fi?\genéabp?;g;/}%r \[’)V:Jtnr:ggg:g tﬂ;gﬁr?gelztr'ggezrsc?;: asqg rglr:n DMTA exhibited a deflection point at 40% and 80% relative

granules start to swell, rupture, and collapse, releasing thehumldlty (RH) related to changes in the dynamic mechanical

amylose and amylopectin. The branched amylopectin chains inbehaV|or of the regenerated cellulose films. The correspondence

solution have a little tendency to interact, and, consequently, ;;ffrtgri:ér:n:gl?;];?aét?emiﬁ?:?r:gﬂa?gg?r\:;rYtgutnhq:emS dtﬂﬁs
amylopectin gels and films are weak, cohesive, and flexible. In P 9

contrast, the linear chains of amylose in solution have a higherWas affected by the increase of sorbed water molectilés.

tendency to interact via hydrogen bonds. Thus, amylose gelsaddmon, Mali et al. demonstrated that the elasticity modulus

h . . and the tensile stress of cassava starch films were strongly
and films are stiffer and stronger than amylopectin gels and o
L Lo : : affected by the water content when a critical value of 58% RH
films.” After gelatinization, the starch paste contains a mixture

. - . was reached, even when plasticizers such as glycerol and sorbitol
of the dispersed amylose and amylopectin, which leached out L .
; . ; Y were employed.These findings suggest that the properties of
from the granules and might also include “ghosts” (remnants . . ; ! !
233 . - biopolymer films are closely related to their sorption behavior.
of the granular envelopé&}~32 Under certain conditions, the

starch films could form amylose-rich and amylopectin-rich

phases, which results in a phase-separated structure. The latter Materials and Methods
introduces the heterogeneity of structure and also affects the
properties of the starch filmi$36 Film Preparation and Conditioning. The gelatin used in this study

(iii) Hydroxypropyl CelluloseHPC is a chemically modified ~ Was B type from bovine skin (Sigma-Aldrich Ltd., Poole, UK, G9382),
cellulose manufactured by reacting alkali cellulose with pro- Ploom 225 with a molecular weight (MW) of 142 000 g/mol determined
pylene oxide, which makes it water-soluble. This chemical by size exclusion chromatography as described by Wulansarl“ét_al.
reaction leads to the propylene oxide substitution on the ceIIquse:ﬁg?;?'Zrotlei tcfilcl:::osf %’Vgiggrg ﬁ!léclslc’ T;r;t’;?shltng%’ gg (t))(l)%e V}’rfz)l
through an ether linkage at three reactive hydroxyls present on f Substitu : eed an g

h anhvdrogl monomer unit of th Il hain according to the manufacture specification. Native cassava starch
$ﬁgre1§c‘)rey thoeg léigzjsrge oc:‘ cs)utfstitlfjtiono (DSe) (;iclij ?kslg ?nciar. (National Starch and Chemical Corp., Springfield, NJ) contained 18.0

. . . 40.9% of amylose content as determined by the DSC method described
substitution (MS) of the HPC are important characteristics by Mestres et &

related to its physicochemical properties. Another feature ~ aqequs solutions (4:100 wiw) were prepared from gelatin®G0
particularity of the HPC is its ability to form cholesteric liquid 5, min), HPC (22°C, 5 h), and cassava (9, 1 h, water bath)
crystalline order in water. Wirick and Werbowyj first reported  powders. Subsequently, the solutions were cast in polystyrene Petri
that HPC forms a liquid crystal structure in concentrated water gishes and dried in controlled conditions (20 and 45-55% RH).
solution3738 To conserve these cholesteric ordered structures To perform the hydration by sorption, the films were predried @0

in the HPC films, different cross-linking methods can be used, oven) and subsequently equilibrated in different relative humidities at
such agy-ray irradiation3® However, it was reported that HPC 25 °C for at least 1 week. Six salt solutions, LiCl (11.3 RH), £H
films prepared from solutions based on organic solvents without COOK (21.6 RH), Mg (32.8 RH), KCOs; (44 RH), NaBr (57.5 RH)CDV
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Kl (68.9 RH), and ROs powder (0 RH) were used to maintain the M, on=M(1 — Ka,) @)
specified relative humidities in sealed chambers.
For tensile tests, films with a thickness of approximately 10® Mut = MKa,, )

were cut into strip specimens with 10 mm width and 100 mm length.

For DSC and X-ray analysis, the films were milled in a mortar with  where Mmon and My are the equilibrium moisture content in the

liquid nitrogen to avoid heating effects. For FTIR analysis, thin films monolayer and multiplayer, respectively (g water/100 g dry solids).

(~15 um) were prepared by casting the solutions into 5 cm plastic ~ The D’Arcy and Watt model was developed to describe the water

Petri dishes using a spin-coater (SCS-G3P8, SCS Inc., Indianapolis,sorption in heterogeneous materials and is composed of three terms,

IN) running at 300 rpm for 25 s. The films were left to dry on aleveled each representing a different type of water binding in the mat@rial.

surface and then cut into 5 mm 30 mm strips. The first term (monolayer-region 1) describes binding sites where
Fourier-Transform Infrared Spectroscopy. The film strips pre- individual water molecules bind strongly (Langmuir sorption), the

pared for FTIR analysis were attached to metal holders in a hydration second (monolayer-region 2) describes sites where clusters of water

cell with BaR, windows. The humidity inside the cell was controlled  bind weakly (Henry sorption), and the third (multilayer-region 3)

by mixing a stream of dry (0.0% RH) and wet (100% RH) air. The describes sites where water arranges as a collection of molecules. To

cell was mounted under an UMA500 FTIR microscope interfaced to a decrease the number of adjustable parameters, the modified D’Arcy

BioRad FTS175C Fourier-transform spectrometer. A background and Watt model was used in this study:

spectrum of the cell without film was recorded, and then the IR beam

was focused on the film and the sample spectrum was collected. 256 . KK'a, ba,

scans at 2 crt resolution were averaged. Water vapor bands were M= m +cg, m

subtracted manually using the spectrometer software (WinIR Pro,

BioRad). Further analysis was done using MATLAB (MathWorks, InC.,  \hereq, is the water activityK andK' are the affinity and number of

Natick, MA). Difference spectra were calculated by subtracting the strong binding sites, respectively,is a function of the number and

spectrum of the dry film (0% RH) from the spectra of sequentially ~grength of weak binding sites, abds a function of the number and

hydrated films with a constant subtraction factor of 1.0. The spectra strength of multi-molecular sorption sites.

were baseline-corrected by removing linear offsets (absorption at 1800 ¢ goodness of fit for both models was evaluated using the mean

cm ! setto 0), and then the difference spectra were arranged in @ matrix .o|5tive deviation modulusP), defined by:

with increasing hydration. Statistical 2D correlations were calculated

from the covariancevand correlation matrices using a variation of the 100 — M, — Mg||

method described byad¢ and Ozak#® = 2w (5)
X-ray Diffraction. X-ray diffractograms were recorded on films for n i

26 between 4 and 38 at O.intervals (scanning rate 69 using a

Bruker D5005 (Bruker AXS, UK) diffractometer equipped with a

copper tube operating at 40 kV and 40 mA producing Cu Ka radiation

of 1.54 A wavelength.

Optical Microscopy. To compare the microstructure of the biopoly-

4)

whereM; is the experimental moisture content at experimeMg; is
the predicted moisture content, am@s the number of experimentd>*
Differential Scanning Calorimetry. A Perkin-Elmer DSC 7 (Nor-
walk, CT) differential scanning calorimeter was used in this study. The
; . . . . ; instrument was calibrated with pure indium and cyclohexane. Samples
mer films, light micrographs were collected using a Leitz Diaplan 18 ) with different water contents were sealed in stainless steel
(Germany) microscope with a Pixelink PL-A600 camera. pans and heated at FC/min. An empty pan of the same type was
Dynamic Vapor Sorption and Data Fitting. Dynamic vapor used as reference. The measurements were performed in the temperature
sorption analyzer DVS-1 (Surface Measurement Systems Ltd., London, range between-20 and 200°C. After the first heating, the samples
UK) equipped with a Cahn D200 microbalance was used to measure yere rapidly cooled (56C/min) and then reheated at the same rate of
the water sorption isotherms of the biopolymer films. The experiments 10 °c/min. Two thermal characteristics were measured: (1) enthalpy
were carried out at ambient temperature {€3 and relative humidity of melting (AHy) in the first heating scan (only for gelatin films) and
ranging from 0% to 90% RH. The initial weight of the samples was melting temperature reported as the peak of the melting peak; and (2)
approximately~7 mg. The samples were predried in the DVS-1 by = g|3s5 transition temperatur&,, reported as the midpoint of th&C,
exposure to dry air until the dry weight of the samples was equilibrated. changes at the glass transition measured in the second heating scan.
The dry samples were subsequently hydrated stepwise in 10% RH steps, Mechanical Tests. Tensile tests were conducted on a Texture
by equilibrating the sample weight at each step. The samples were analyzer (TA) TA.XT plus (Stable Micro Systems, Surrey, UK) with
considered equilibrated when the slofpeVAt = 0.0005 mg/min or a 30 kg load cell, using the tensile grips (A/TG). The tests were
equilibration time exceeded 700 min. performed at ambient temperature at a speed of 10 mm/min with 50
To compare the sorption behavior of the biopolymer films, the mm gauge length. The low-speed regime was chosen due to the
experimental data were fitted. Two models were chosen: the Guggen-brittleness of the biopolymer films with low water content. The hydrated
heim—Andersor-De Boer (GAB) equation for its wide use for food  tensile specimens (from 0% to 75% RH with saturated salt solutions)
materials and D’Arcy and Wait for its simplicity to describe three stages were coated in silicon oil to avoid water loss during the tensile test.

of sorption. To evaluate the elasticity of the films with respect to water content, at
The GAB model is mathematically expressed as: least 10 specimens (thickness0.1 4+ 0.08 mm, width= 10 mm, and
length= 100 mm) for each hydration level were stretched. The recorded
M,CKa, tensile test data, force f(distance), were converted into the conven-
M = D) tional stress-strain @con = f(ecor)) diagrams using the dimensions of
(1-Ka,)(1-Ka, + CKa,) each sample.

Dynamic Mechanical Thermal Analysis.To measure the dynamic
whereM is the equilibrium moisture content (g water/100 g dry solids), mechanical characteristics of the biopolymer films, a Triton Tritec
Mo is the water content in the monolayer (g water/100 g dry solids), DMTA equipped with a humidity generator and controller (Triton
ay is the water activityC is a constant related to the monolayer enthalpy Technology Ltd., Keyworth, UK) was used. Films with 5 mm width,
of sorption, an is a constant related to the multilayer heat of sorption. 25 mm length, and 10@m thickness were used. A sinusoidal load,

The constant€ andK are temperature dependéht® The GAB model automatically adjusted to achieve a displacement of 0.010 mm at the
can be split into multilayer and monolayer water content according to frequencies 1 and 10 Hz, was applied in tension mode with a gauge
the following equations? length of 5 mm. The measurements were carried out atQ3vith

Ccbv
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relative humidity increasing linearly from 30% to 80% at 1%/min. In

the present work, the water content of the samples under hydration [
ramp conditions was estimated using the model parameters obtained = " }
from the fit of the DVS sorption isotherms. The disadvantage of this 1000|-
technique is the difficulty to calculate the changes in the weight of the

samples at a given relative humidity, and consequently it is not possible
to calculate the real water content of the samples during the experiments.
Moreover, the humidity ramp rate does not allow the samples to reach

dry

the water content at equilibrium. Therefore, the measurement of the <«

storage modulus of the biopolymer films via DMTA under dynamic § wor i n

hydration conditions was employed only as a complementary technique § E

to compare to the elasticity modulus obtained from tensile tests (TA). E wsool | 3A
2

Results and Discussion a000}

2D FTIR Correlation Spectral Changes with Hydration

for the Three Biopolymers. Infrared spectroscopy is a valuable 3600 ( 1
tool to study biopolymer structures. However, the analysis of . ‘ ‘ ) . L
hydration effects is hampered by the strong stretching and 3500 3000 2500 2000 1500 1000
deformation bands from the adsorbed water molecules. Reliable Wavenumbers (cm’™)

subtraction of the water contribution is difficult, because the
IR absorptions of bound water molecules may be different from
those of free water. 2D analysis has been used successfully to
disentangle spectra of mixed systems and could even resolve
strongly overlapping peale8:56 1000}
The statistical two-dimensional FTIR correlation spectra
technique described byaS¢ and Ozaki was used to evaluate
the hydration effect on the conformational changes and defor-
mation of the molecular bands in the gelatin, cassava starch,

and HPC films# e ool
The hydration behavior of gelatin films has been discussed @

in detail in our previous work? It was found that water sorption £

caused two main peaks in the difference spectra at 3475 and § ooy

3240 cn1?, due to thevas andvs OH stretching bands. In the S

amide | region, a negative band at around 1695 (due to
the loss of aggregated helices) and a positive band at 1630 cm
(due to the formation of hydrated chains of predominantly coil

structure gelatin) were overlapped with the deformation band 3500

of adsorbed water molecules. In the amide Il region, a positive : al

band at 1560 cmt and a negative band at 1500 chindicated 300 3000 200 200 4s00 w0
increasing levels of the protein backbone hydration. Wavenumbers (cm")

Figure 1a shows the synchronous 2D FTIR correlation maps Figure 1. 2D FTIR correlation maps in the range of 800—3800 cm*
for hydrating gelatin films, plotted in the range from 800 to for the hydrating gelatin films: (a) synchronpus and (b) asynchrolnous.
3800 cnrl. Cross-peaks are shown on the synchronous plot The spectra of dry and fully hydrated gelatin are plotted alongside to

. . show the spectral changes.

when bands change simultaneously. The two types of lines were
used to indicate the direction of the change: solid lines show Thus, the synchronous and asynchronous FTIR correlation
bands that move in the same direction, and dotted lines represenimaps for gelatin films indicated a very strong correlation of
the bands that move in opposite direction. (Diagonal peaks the protein backbone hydration with the water uptake, but only
always correlate positively with themselves.) There were clear limited changes in secondary structure.
cross-peaks between all of the difference bands in the amide For HPC films, the synchronous plot (Figure 2a) showed a
region, consisting of two pairs, 1699510 and 16261575 strong correlation between the water band8%50 and 3300
cmL. The correlation peaks were also observed with CC bandscm™?, 1630 cnt?) and carbohydrate bands around 1060 &m
at ~1440 cnt! and with the amide Ill band at1220 cnt?. It There were additional cross-peaks in the 120800 cnt?!
is also shown in Figure 1a that two OH bands at 3475 and 3240region. The decrease of the 1376 ¢npeak, accompanied by
cm ! correlated strongly with themselves as well as with all of two positive side lobes, indicated that this feature resulted from
the amide bands. The asynchronous correlation plot (Figure 1b)band broadening. In the asynchronous correlation plot (Figure
was noisy, and only weak peaks were seen, predominantly from2b), there was only one significant set of cross-peaks between
the background, and no peaks were observed in the OH regionthe OH bands and HPC bands at 1080 and 1125'choth of
However, there were small cross-peaks between amide | bandwhich have been assigned te-O—C modes from side chairts.
components at 1660, 1643, and 1633 énwhich have been Because the other carbohydrate bands were correlated with
assigned to triple helical “collagen” structure, unordered coil the OH bands, this was interpreted as a continuous hydration
structure, angb-sheet. These reflect the protein structures and process without any sudden structure changes in the HPC
interactions at low and intermediate water contents, which have polymer, but some nonlinear effect on the intermolecular
been reported previoush. interaction of HPC molecules. CDV
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Figure 2. 2D FTIR correlation maps in the range of 800—3800 cm~1 . . . B 1
for the hydrating HPC films: (a) synchronous and (b) asynchronous. E)l?ut:ﬁfﬁ jrzt[i:r;”Rc;g;rae\l/ztlg?ar:c]:ﬁp%lrg;he 2ngen(gh8rggou358(;?1§mb
The spectra of dry and fully hydrated HPC are plotted alongside to y 9 - (@) sy (b)
show the spectral changes. asynchronous. The spectra of dry and fully hydrated cassava starch

are plotted alongside to show the spectral changes.

The cross-peaks between water and carbohydrate bands in
the synchronous correlation map for cassava starch films (Figurepeak observed at low water content, this could be interpreted
3a) demonstrated changes linked to the water uptake. Howeveras a structural change in the starch linked to strongly bound
the major difference between the previously discussed gelatinwater molecules at low water content, whereas more loosely
and HPC systems and cassava was the appearance of strongound (free) water did not affect the structure in the same way.
OH cross-peaks also in the asynchronous correlation mapAlso, because no changes were observed in bands at 1020 and
(Figure 3b). The observed cross-peaks between the 3247 cm 1047 cmi?, there appeared to be no effect of hydration on the
peak and the peaks at 3580 and 3187 tmmdicated major level of crystallinity in the cassava starch films.
changes in the adsorbed water. The band at 3580 cime to Effect of Water on the Structure of Biopolymer Films.
“free” water was small at low hydration but increased strongly To demonstrate the structural differences and the water effect
as compared to the “bound”, that is, hydrogen-bonded water on structural reorganization of films, light microscopy and
molecules. Moreover, the band found at 3247 ¢&in the first physicochemical analysis by X-ray diffraction and DSC were
steps of hydration shifted to 3187 cfin higher hydrated films. performed (Figure 4).
The 3247 cm? peak did not correlate with the OH deformation The gelatin films were optically clear, and no structural order
band either. While the cross-peaks in the synchronous mapcould be observed. It was also reported previously that the
indicated that the major hydration changes in the carbohydratesurface of collagen-based films is homogeneous and smooth
region were correlated with the 3187 and 3580 &meaks, and no structure was visible even at high magnificatfRSrGn
the asynchronous map also showed cross-peaks in the-1000 the molecular level, the X-ray patterns of gelatin films showed
1200 cn1!region, which were not. Together with the 3247¢m  the presence of a small amount (from 2% to 11%) of tri%%v
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Figure 4. Optical micrographs of biopolymer films at room conditions (7T = 22 °C, RH = 50—60%) and X-ray patterns of biopolymer films
hydrated at different levels (water content on dry basis).

helical structure (& = 8°) corresponding to the periodicity from  that HPC forms a cholesteric liquid crystal order or mesophase
8.6 to 14.5 A, characteristic of collagen rod-like triple helices, in aqueous solution with d spacing ranging from 12 te 13.5
300 nm long and 1.5 nm wide, and the absence of any particularA, which increases with decreasing mesophase concentra-
orientation in coil-like amorphous phase. In addition, the tjon6061|t was also previously demonstrated that in the aqueous
proportion between the coil and triple-helix structure was go|ytion the cellulose chains are stiffened by van der Waals
changed_wn_h an increase in th? water content of films. X_-ray forces and by inter- and intramolecular hydrogen bonding and
patterns indicated that the maximum relative content of triple- form microfibrils# Moreover, it is well known that the hydrox-
helical structure (911%) corresponded to the medium range roovl ar -r rath rh’ drophobic. which results in lower
of water content, which could be assigned to the sorption of ypropyl groups are rather nydrophobic, ch resutis in lowe
affinity of HPC for water and gives an adequate condition for

water molecules by hydrophobic sites located inside of the triple- |
helices?2.24 the formation of an ordered phase. In our work, the X-ray

Light microscopy of HPC films indicated the presence of a Patterns of the HPC films showed the presence of some
residual microstructure~1 um), which could be related to a  Preserved ordered structure, which is manifested by a broad peak
particular organization of the HPC molecules into rich and non- at 20 = 8.4°. These results are in agreement with those reported
rich regions during the film formatio??. It is also well known by Samuels who studied the properties of the water-cast(ﬂgg
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Figure 6. Sorption isotherms for gelatin, cassava, and HPC films
(b) 140 obtained by DVS.
—— T,
5 1201 ——T, the X-ray patterns. However, it was clearly shown that the water
< content did not greatly affect the structural order of the HPC
- 100 | films.
';- Cassava films showed a completely different structural
% 80 | organization. The micrographs clearly showed the presence of
g the granule remnants (“ghosts”) that are primarily composed
§ of amylopectin and exhibit elastic/plastic properties that could
T 604 influence the properties of the filn¥3.(According to Atkin et
W al., “ghosts” are defined as the remnants of the envelope after
40 . ; : . . structural collapse where the majority of the starch polymers
0 2 4 6 8 10 have been releaséd). In addition, no phase separation was
Water content, dry basis (%) observed probably due to the presence of the ghosts, which
() allowed the maintenance of the network of amylose/amylopectin.
200 On the other hand, the X-ray patterns revealed that this complex
O 1801 —e— Gelatin structure was completely amorphous even at high water content.
= 160 1 —o— Cassava This fact shows that the amylose, which is mainly responsible
S 140 ] —— HPC for the crystallinity of the starch films, under the described film-
g 120 | forming conditions, did not organize in an ordered structure by
g forming a crystalline phase. Moreover, this amorphous structure
§ 1001 seemed to be stable, and even at high water content the sorbed
§ 801 water molecules did not promote the molecules reorganization.
s 60 | The DSC results shown in Figure 5 were consistent with the
% 40 1 X-ray analysis and microscopy observations discussed above.
& 5 In the case of gelatin films (Figure 5a), the melting peak
© 0 . ' ' ' . ' indicated the presence of the triple-helical structure. The

0 5 10 15 20 25 30 maximum melting enthalpy, corresponding to the maximum
ordered structure, was found in the middle range of water

) ) content (#~16% dry basis), which was assigned to the water
Figure 5. Effect of water on the melting temperature and enthalpy absorbed inside helices. For HPC films (Figure 5b), two
in gelatin films (a); two transitions in HPC films (b); plasticizing effect . . . S
of water on the glass transition for three biopolymers (c). re"”l)?atlons were found: one at approxmate]y 80 (T1) and

one in the range of 99120°C (T,). It was previously reported
oriented HPC films and demonstrated that the polymer crystal- that the dynamic mechanical properties of HPC films change
lized as an irregular three-fold hefx. only at a higher temperature transition)® Consequently, the
Evmenenko et al. suggested that the structural behavior offirst transition at the lower temperaturé) probably occurred

cellulose derivative films such as HPC must be related to the due to the movement of the hydroxypropyl substituents, and
substituents and the conformation changes (steric effects) at highthe second transition at higher temperatufie) (could be
polymer concentrations during the film formation. The ability assigned to the glass transiti&hThese results are in good
to form the mesophase was also related to the degree of theagreement with the transition temperatures found in the litera-
macromolecules anisodiametry. Formation of intra- and inter- ture$06364The obtained results suggested that the glass transition
molecular hydrogen bonds led to the appearance of rigid of HPC films was affected by the water content, as expected
extended mesogenic fragments and increased anisodiametry.for a biopolymer, while the transition allocated to the movement
In our work, the X-ray diffraction of the HPC films also revealed of substituents was not affected by the water content. For cassava
a broad peak at@= 20° (this peak comprised thé spacing starch films, the DSC patterns did not show the melting point,
from 3 to 6 A), which confirmed that the structure of the films which confirmed the amorphous structure of the films shown
was predominantly composed by molecules orientated to aby the X-ray diffraction patterns.
certain extent. It is rather difficult to depict the effect of water The comparison of the glass transition for the three biopoly-
content on the structural reorganization of the HPC films from mers (Figure 5c) demonstrated the well-known plasticizing ege&/

Water content, dry basis (%)
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Table 1. Parameters from the GAB and D’Arcy and Watt Models and the Mean Relative Deviation Modulus (P) for Three Biopolymer
Systems

GAB D’Arcy and Watt
Mo c K P K K c b P
HPC 4.82 1.34 0.87 1.03 4.70 ~0 7.96 1.02 14.61
cassava 8.99 4.07 0.69 451 3.26 2.07 14.11 0.95 3.67
gelatin 10.15 5.17 0.78 1.92 1.85 4.84 22.23 1.02 2.11

of water, which results in a decrease of the glass transition of Langmuir and Henry layers (first and second terms of the
temperatureTg) with increasing water content. Moreover, the model). It was shown that the amount of multilayer water
detailed study of the microstructure and physicochemical predicted by the GAB model with egs 2 and 3 became important
characteristics of the biopolymer films highlighted their struc- at 20% RH, whereas according to the D’Arcy and Watt model
tural particularities and their different sensibility to the structural the multilayer appeared around 50% RH. It was reported
reorganizations due to the changes in the water content. Thesereviously by numerous authors that the appearance of the water
results demonstrated that to perform a comparative study thepacked into multilayers for gelatin, HPC, and the D’Arcy and
consideration of the structural organization of the biopolymer Watt model could more accurately predict the sorption behavior
films and the effect of the water content at different structural of these biopolymer film§:222451
level is essential. In conclusion, the results showed that the D’Arcy and Watt
Water Sorption Isotherms. The difference in the water  model is not mathematically “flexible” enough to give a good
sorption behavior of the studied biopolymer films was evaluated fit for the sorption isotherm of a biopolymer such as HPC, which
by DVS analysis. The sorption isotherms (Figure 6) clearly does not exhibit a well-defined three sorption stages. However,
demonstrated that for the whole range of water content the even for this type of material, the D’Arcy and Watt model
gelatin films were more hydrophilic than cassava films, which predicted a very reasonable amount of water molecules arranged
in turn were more hydrophilic than HPC films. in the mono- and multilayer. On the other hand, this model gives
To compare the water interaction with the biopolymers at an accurate fit for more hydrophilic biomaterials such as cassava
different stages of sorption, the experimental data were fitted and gelatin films as well as the amount of water sorbed into
with two classical models: GAB and D’Arcy and Watt. The mono- and multilayer. The GAB model demonstrated a great
fitting parameters for both models are presented in Table 1. capability to predict the total water sorption for the three
The fitting results demonstrated that: biopolymers, and in particular for the HPC films (demonstrated
(1) The GAB model gave a good overall fit for the sorption by low relative deviation modulus), which justifies the wide
isotherms of all biopolymers, in particular for the HPC films use of this model for food products. However, the amount of
(P = 1.029). water in the mono- and multilayers predicted by GAB model
(2) According to the mean relative deviation moduRjghe according to egs 2 and 3 had less physical meaning than those
D’Arcy and Watt model provided an unsatisfactory fitting for predicted by the D’Arcy and Watt model in particular for gelatin
the HPC film sorption isothernP(= 14.61). On the other hand, and cassava films. The present study demonstrated that the
the values predicted by the D’Arcy and Watt model for cassava choice of the model to fit the sorption isotherm of biopolymers
and gelatin films were in good agreement with the experimental should be based on the knowledge of its interaction with water
values. molecules and the single use of a statistical deviation parameter
The GAB model is based on the assumption that (1) the water was not sufficient to evaluate the adequacy of the model.
molecules are sorbed into primary sites and subsequently into Effect of the Water on Elastic Properties of the Biopoly-
multilayers and (2) all multilayer states are identit=On the mer Films. The effect of the water content on the elastic
other hand, the D’Arcy and Watt model was developed on the properties of the biopolymer films was estimated by the
hypothesis that three distinct types of sorption water (strongly evaluation of the elasticity modulus with respect to the water
and weakly bound monolayer sorbed water and multilayer content. Two techniques were employed: the evaluation of the
sorbed water) exi$t The sorption isotherms of gelatin and elasticity modulus from the stresstrain diagram obtained from
cassava films showed a fast adsorption of the water moleculesthe tensile tests performed on the biopolymer films statically
at low relative humidities. This fact indicated the presence of equilibrated at different relative humidities (using saturated salt
strongly bound water and suggested that the three types ofsolutions chambers) and the measurement of the storage
sorption, strongly and weakly sorbed monolayers and the modulus by DMTA under dynamic hydration (linear increased
multilayer, are well defined for these two biopolymers. Con- hydration by a controlled humidity air in a humidity chamber).
sequently, the D’Arcy and Watt model gave a more appropriate The results are illustrated in Figure 8.
fitting for the cassava and gelatin films than the GAB model,  The results showed that in the dry state the gelatin films had
which does not consider three types of sorption. In contrast, the highest elasticity modulus as compared to the cassava and
the HPC films did not exhibit a high adsorption activity at low HPC films with both techniques. It was also shown that
relative humidities, and according to the D’Arcy and Watt model independently of the mode of hydration (static or dynamic) and
the amount of water molecules bound by hydrophilic sites is technique employed for the modulus measurements the elasticity
close to 0 K' ~ 0), which could be explained by the high degree of the HPC films strongly depended on the water content and
of substitution of this cellulose derivative. Therefore, the D’Arcy even a small increase in the water content led to a relatively
and Watt model was not suitable to predict the sorption behavior large decrease in the elasticity modulus. In contrast, the DMTA
of the HPC films. measurements of the storage modulus showed that the gelatin
To demonstrate the differences between the two models, theand cassava starch films’ elastic properties started to be affected
monolayer and multilayer water content was estimated with both only when the water content reached a critical value. The same
models (Figure 7). For the D'Arcy and Watt model, it was effect could be also observed from the measurements of the
assumed that the monolayer water content is equal to the sumelasticity modulus calculated from the elastic part of the s’freé%\/
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Z ' this properties transitioh The sorption isotherm fit using the
£ D’Arcy and Watt model for cassava and gelatin films indicated
Eg that the water molecules sorbed above these concentrations get
e organized into multilayers because of the saturation of the vacant
g sites offered by biopolymer to bind the molecules of water
(Figure 7a and b).
Therefore, it was concluded that the decrease of the elastic
properties of cassava and gelatin films was related to the
1 appearance of water organized in multilayers, while the elastic
properties of HPC films seemed to be strongly dependent on
Figure 7. Water content in the monolayer and multilayers according the total concentration of sorbed water, regardless of its
to the GAB and D'Arcy and Watt models for gelatin (a), cassava starch molecular organization on the surface of the biopolymer films.
(b), and HPC (c) films. To understand why the water effect on the elastic properties

strain tension diagram (tensile test). The high sensitivity of the of the HPC films is considerably different from those of cassava
DMTA to the changes in the storage modulus was used in this and gelatin films, the polymerwater interaction should be
study to confirm the trend of the “elasticity modulus”f(water discussed. The different nature of watbiopolymer interactions
content) curve (Figure 8a) obtained via TA. The agreement of for studied biopolymer brought another element into this study.
the results suggested that the DMTA analysis under dynamic In the case of gelatin, the polypeptide chains are arranged in
hydration conditions could be used as a complementary space in a way that the hydrophobic amino acids form a globule
technique, although the equilibrium state is not reached. Figure nucleus and the hydrophilic amino acids are located on the
8 shows that these critical values for cassava starch and gelatirsurface. During the first two stages of the hydration involving
films corresponded to 10% and 16% of water content, respec-the strongly and weakly bound water, the polypeptide chains
tively. These results were in agreement with the results reportedget stabilized from outside and inside, respectively. Our results
by Mali et al., who identified a significant decrease in the elastic showed that at these stages of hydration the bound water did
properties of cassava starch films at 58% RMIali et al. not affect the elastic properties of the biopolymer structure
demonstrated that the Young modulus and the tensile stress ofand thea-peptide hydrogen bonds still control the rigidity of
the cassava films were strongly affected by the water contentthe gelatin network. However, the presence of the water in
above 58% RH, which corresponded to 10% water content on multilayers, which introduces watewater interactions, has a
dry basis. This fact was not explained, and a more detailed studystrong impact on the elasticity of the physical cross-linked
of the isotherm sorption behavior was suggested to understanchetwork. CDV
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A similar mechanism occurred during the binding of the water starches possess a high degree of intrinsic rigiditfhe
molecules to the starch network. At low water content, the water behavior of the HPC molecules was reported to be intermediate
molecules created hydrogen bonds with hydroxyl groups of between rod-like molecules and random coil, which makes it
starch; these first layers of water molecules already allowed the positioned between the flexible and rigid-chain polynférs.
motion of the chain&® According to our results, these motions On the other hand, the network formed by HPC macromol-
were not strong enough to be perceived on the global mechanicalecules known as mesophasic conformation is considered as
behavior of the starch films. This fact is probably due to the semiflexible’?”* Furthermore, the studied gelatin films, which
strength of the intermolecular interactions such as entanglementsresent the network of physically cross-linked macromolecules,
and physical cross-links, which restrict the chain motions are believed to behave as a typical rigid chain polymer, which
introduced by bound water. The increase in humidity ratio brings leads to its brittle behavior regardless of molecular conforma-
more water molecules, which establish multilayers of water by tions in the absence of a solvent such as wter.
bonding with the first water molecules already present in the  This discrepancy between the stiffness of the single molecule
media. It was suggested that these additional layers of waterand the physically cross-linked biopolymer network indicated
contribute to the increase in the mobility of the starch ch&ins.  a predominant role of the intermolecular interactions contribut-
This disintegration of the starch chain interactions could explain ing to the global rigidity of the studied biopolymers. Itis a well-
the decrease in the global elasticity of the biopolymer network known fact that when the biopolymer network is subjected to
related to the appearance of the multilayer water. the stress, the elasticity response is strongly dependent on the

In contrast to gelatin and cassava, HPC (type LF) with its cross-link density? Qualitative consideration of the theory of
high degree of hydroxypropyl substitution has only a few rubber elasticity, which states that the elasticity modulus is
available hydrophilic sites to create a strong interaction with inversely related to the average molar mass of elastically
water molecules. According to the fit of the sorption isotherm effective chains between the cross-lifksuggested that the
with both models, the sorbed water molecules by the HPC gelatin and cassava starch networks are more densely cross-
network directly bind to the hydrophobic sites and form a linked than the HPC. The B-type gelatin used in this study has
monolayer of weakly bound water (low monolayer enthalpy of @ high molecular weight of 142 000 g/mol and a high bloom
sorption, C, for the GAB model and low affinity for strong  index (225 units), which corresponds to the high strength of its
binding sites,K’, for the D’Arcy and Watt model). It is gel. We demonstrated previously that gelatin films cast from
interesting to underline that, in contrast to starch and gelatin, @n aqueous solution did not display a significant plastic
the presence of the weakly bound water and the formation of deformation and broke when the stress reached the yielding
the biopolymet-hydrogen bonds contributed to the changes in Point?? This probably occurred because of the high density of
the elasticity of the HPC network. This means that the hydrogen- Physical cross-links, which are very strong and remained largely
bond interactions between two HPC highly substituted HPC intact even when a high stress was applied.
molecules are also weak and could be easily affected by bound In contrast, in the present study, the HPC films exhibited the
water. In addition, the measurements of the storage moduluslowest elasticity modulus and the largest plastic deformation
by DMTA under dynamic hydration did not depict the appear- as compared to gelatin and cassava starch films (as we
ance of multilayers of water molecules, which suggested that, demonstrated previousy, due to the weak intermolecular
contrary to the gelatin and cassava, the elasticity of the HPC interactions, which are mobile enough to rearrange or disinte-
network decreased with an increase in the total water content,grate under sufficient high stress to allow permanent deformation
independently of the water molecules’ conformation on the or plasticity. On the other hand, the structural mobility of the
surface of the HPC films. HPC network could be explained by the flexibility of the HPC

Intrinsic Stiffness of Studied Biopolymers.To understand ~ Skeleton chain related to the secondary cyclization of the
this difference in the elastic properties of the studied biopoly- Macromolecular structure by intramolecular hydrogen bonds
mers, their stiffness at different structural levels should be rather than by steric hindrance due to the size of the substituting
discussed. First, the stress response of a single filament9"oUP*
composed from the single macromolecule (intrinsic stiffness) N the case of cassava starch, the low content of amylose,
and that of a network composed of individual molecules Which has a high ability to interact by hydrogen bounds, resulted
connected to each other in the absence of water molecules (dryin relatively fewer intermolecular interactions as compared to
state) should be compared. To evaluate the intrinsic stiffnesshigh amylose content starches. The absence of crystalline
of the single filament, the persistence lengkthe persistence structures meant that there were no permanent cross-links, but
length is a characteristic of the stifiness of a chain in the limit ©nly @ multitude of rather random intermolecular hydrogen
of infinite chain length; for a filament, the length at which the Ponds.
molecule is able to bend significantly in two independent  Finally, the global structural organization resulted in the liquid
directions), determined from the intrinsic viscosity of the crystalline order found in the HPC films, and the ghost structure
biopolymer solutions (in our case aqueous solution), could be in the starch films and the crystalline order in the gelatin films
useds® The persistence length of high-amylose starches mol- @lso contributed to the global elastic properties of the chosen
ecules in DMSO/water solution (the values for persistence length biopolymer films.
for starches in aqueous solution were poorly reported in the Prediction of Water Effect on Elastic Properties of
literature) was reported to be from 6.6 to 8.1 nm (in this case, Biopolymer Films. The analysis of the effect of water content
the persistence length of the starches reflected the stiffness ofon the elastic properties of the biopolymers films led us to
amylose chains in DMSGY, for HPC from 13 to 21 nm in suggest that this effect could be described by two simple models.
aqueous solutidii and finally for the gelatin from 2 to 2.5 nm For HPC films, the results obtained for the elasticity modulus,
in aqueous solutioff which makes the gelatin molecules more  with both techniques (DMTA and TA) as a function of the water
flexible in the dilute solution as compared to starch and HPC content, showed that the softening of the films due to the water
molecules. It was also reported that the conformation of starchessorption is strongly dependent on the total water content of the
in dilute solutions could be described as a random coil and the films. The analysis of the experimental data suggested thaéB\(;
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Figure 9. Storage modulus obtained by DMTA at 1 Hz and elastic
modulus from TA tests for HPC films correlated to the water content
(approximated exponential fit in solid lines).

elasticity modulus could be approximated mathematically as an

exponential decay function of the total water content. Hence,

the water content dependence of the elastic properties for HPC

films could be expressed as:

E=Ege " (6)
whereE is the elasticity modulugy is the elasticity modulus
of the dry film, a is the decay constant, amwd is the water
content of the films. To validate the proposed model, the
experimental DMTA and TA data for HPC films (Figure 8)
was fitted with the exponential decay function (Figure 9).

It can be observed that the exponential decay function fitted
the experimental data well, which is illustrated by the high
correlation coefficientR2 > 0.99). The fit of the experimental
data obtained by DMTA gavig, = 905 and the decay constant
a = 0.23. On the other hand, the fit of the TA data produced
different values oy = 1179 anda = 0.15 due to the difference
in the hydration of the films in the two procedures. According
to the fitted data, the decay rate &)L/which corresponds to a
water content value, was equal to 4.3 and 6.7 for the DMTA
and TA fit, respectively. The HPC isotherm sorption fit by the
Darcy and Watt model (although the GAB model gave a better
fitting of the HPC sorption isotherm, the prediction of the water
content in the monolayer and multilayer by the D’Arcy and Watt
model offered a better physical meaning for all studied biopoly-
mer films (including HPC), and thus it was used for the analysis
of the multilayer water content) (Figure 7c) showed that 1/

Yakimets et al.

(a) 3500
o] T
g 3000 y=-674.31x+ 3092
2 R?=0.0413
- @ 2500 4
=£
w = J
'y 2000
8 h—..._
2 5 1500 - ' y=-621.87x+1876.3
© 3 2
=] %450 R* = 09267
E 2 1000 4 Cassava TA w
. x Cassava DMTA
@ 500 - Linear (Cassava DMTA)
W Linear (Cassava TA)
0 T T T
0 0.5 1 15 2
Water contentin multilayer, dry basis (%)
(b) 4500
@
2 4000 4
5 y=-522.31x+ 3846.5
w 3500 4
:‘,é“ S R?=0.9727
< 3000
w =
"W 2500
il -
25 2000 - ' .,
TP g gtnt
- y=-197.31x +2360.2 KRAAK
Eo 18009 Reggadr
= 1000 4 o Gelatin TA
= x Gelatin DMTA
ﬁ 500 4 Linear (Gelatin DMTA)
0 Linear (Gelatin TA)
0 1 2 3 4

Water content in multilayer, dry basis (%)

Figure 10. Storage modulus obtained by DMTA at 1 Hz and elastic
modulus from TA tests for cassava starch (a) and gelatin (b) films
correlated to the water content in multilayer (approximated linear fit
in solid lines).

()

whereE is the elasticity moduluss is the elasticity modulus

of the dry films,b is a constant, andi, is the multilayer water
content calculated from the sorption isotherm fitting with respect
to the water activity,a, (RH/100). The constarty could be
related to the rate of elasticity loss with respect to multilayer
water content.

The nominal values ob obtained through the fit of the
experiment values for cassava films were similar for dynamic
and static hydration (Figure 10a). However, the slope of the
linear fit for gelatin films was much lower in dynamic hydration
(b= 197) than in static hydratiorb(= 522) (Figure 10b). This

E=E,— bw,

values could be interpreted as a critical water content at which effect could be related to the difficulty to equilibrate the gelatin
the water molecules arranged in multilayers begin to affect the films at a given relative humidity during a short period of time,

elastic properties of the biopolymer films.

which was observed during the DVS experiments. On the other

In contrast to HPC films, the water dependence of the storagehand, the cassava films demonstrated a faster equilibration of

modulus (DMTA results) obtained during the dynamic hydration

the water content at a given relative humidity than gelatin films,

of cassava and gelatin films suggested that their elastic propertieVhich was expressed in the similavalues for both types of
seemed to be correlated with the appearance of water inhydration.

multilayers (Figure 8). Therefore, to demonstrate that the
elasticity modulus could be related to the multilayer water

Conclusions

content, the storage modulus measured by DMTA and elastic

modulus calculated using the = f(¢) curves from TA tests The present study showed that the biopolymer films prepared
were plotted as a function of the multilayer water content from aqueous solutions of HPC, gelatin, and cassava starch
obtained from the fit of the sorption isotherm with the D’Arcy formed complex networks at different structural levels. The
and Watt model (Figure 10). These plots suggested that thepeculiarities of these networks, their different molecular struc-
elastic modulus of gelatin and cassava films could be describedtures and interactions, had a strong influence their elastic
in the first approximation as linearly dependent on the multilayer properties. The three systems differ widely in the way adsorbed
water content: water interacts with these structures, and these different ef&s@
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of water on the biopolymer films could be used to explain the
change of their elastic properties.
It was demonstrated that the elastic properties of the starch

and gelatin films were strongly dependent on the appearance

of water molecules arranged in multilayers and the elastic
properties of the HPC films were affected by whole water
content due to their different water binding ability. Two models

were suggested to describe the influence of the water content

on the elasticity modulus of the biopolymers. For HPC films,
an exponential decay fit of the modulus as a function of the
whole water content was accurate to describe their behavior
because of the insignificant amount of strong bound water in
this biopolymer. For cassava and gelatin films, a linear fit of
the modulus as a function of the water arranged in multilayers
showed a strong correlation.
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