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a b s t r a c t

Waxy maize (amylopectin with trace amounts of amylose) and Hylon VII starch containing mostly
amylose were phosphorylated in acidic or alkaline medium to produce mono- or distarch phosphates,
respectively. The changes in the starch structure and properties occurring upon phosphorylation and
high pressure treatment (650 MPa/9 min) were analyzed using X-ray diffraction (XRD), differential scan-
ning calorimetry (DSC), polarized light microscopy (LM) and electron paramagnetic resonance (EPR)
spectroscopy. Quantitative EPR measurements revealed that incorporation of phosphorus into the starch
structure increased tendency of the starch to be thermally degraded with formation of radicals, the effect
being more pronounced in the case of monostarch phosphates than in distarch phosphates. Pretreatment
of the starch with high hydrostatic pressure resulted in diminishing of the number of radicals generated
Amylose
Thermal treatment
High hydrostatic pressure
Deteriorated structure
R

thermally in monostarch phosphates.
© 2011 Elsevier Ltd. All rights reserved.
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. Introduction

Modification of the starch by introduction of phosphorus into
ts structure as terminal or bridging PO4

3− groups, with the for-
ation of – respectively – monostarch or distarch phosphates,

hanges functional properties of this biopolymer (Lim & Seib, 1992).
he most important modifications consist on alteration of gela-
inization and pasting behaviour (Hemar, Hardacre, Hedderley,
lark, Illingworth, Harper, & Boland, 2007; Wongsagonsup,
hopsngob, Oonkhanond, & Varavinit, 2005), better stability dur-
ng freeze–thaw cycles (Lim & Seib, 1992), increase in the content
f resistant starch exhibiting anti-diabetic and anti-cancer prop-
rties (Sang & Seib, 2006; Ohr, 2004). However, besides these
mprovements of the starch functionality caused by phosphoryla-
ion some other – not so positive – changes in the starch properties

ccur, as shown recently for potato starch (Błaszczak, Bidzińska,
yrek, Fornal, & Wenda, 2010; Błaszczak, Bidzińska, Dyrek, Fornal,
ichalec, & Wenda, in press). One of the consequences of incorpo-

ation of phosphorus into the potato starch is deterioration of its

∗ Corresponding author. Tel.: +48 12 663 22 44; fax: +48 12 634 05 15.
E-mail address: dyrek@chemia.uj.edu.pl (K. Dyrek).
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structure and increasing tendency to be degraded during thermal
treatment with formation of radicals. Evidences are available in the
literature that free radicals are not indifferent for human health
and may be responsible for negative cellular changes associated
with aging (Ashok & Ali, 1999) or some diseases (e.g. Steinberg,
1995). Therefore investigation of parameters influencing amount
and reactivity of radicals present in food products containing phos-
phorylated starch is still of interest.

In the case of potato starch, due to the simultaneous presence
of amylose and amylopectin, it was not possible to determine the
role of the particular components of the starch in the change of
its thermal stability occurring upon phosphorylation. Therefore, in
the present work the objectives of investigation were: waxy maize
starch with almost 100% of amylopectin and Hylon VII containing
mostly amylose.

Quantitative EPR measurements were used to determine the
influence of the bonding of phosphorus as terminal or bridging
PO4

3− groups on the number of thermally generated radicals deter-

mined separately for amylopectin and amylose. Moreover, the
degree of deterioration of the starch structure upon phosphoryla-
tion was controlled by X-ray diffraction (XRD), differential scanning
calorimetry (DSC) and polarized light microscopy (LM). The effect of
pretreatment of the phosphorylated starches with high hydrostatic

dx.doi.org/10.1016/j.carbpol.2011.01.055
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
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ressure on their thermal degradation was also investigated. The
im of this treatment was to check if the recently discovered effect
f the reduction of the number of radicals generated in pressurized
axy maize and Hylon VII (Błaszczak, Bidzińska, Dyrek, Fornal, &
enda, 2008) appears also in phosphorylated samples.
To conclude about the effect of phosphorus itself on starch prop-

rties the results of all measurements were discussed in relation to
he reference samples.

. Materials and methods

.1. Materials

The experimental material used for phosphorylation was Hylon
II (containing 68% of amylose) refined from high amylose maize
roduced by National Starch & Chemical, Food Starch, Poland and
axy maize starch (amylopectin with trace amounts of amylose)
urchased from Sigma (S-9679). Phosphorylation was performed
ccording to Lim and Seib (1992) and Sang and Seib (2006).

.1.1. Monostarch phosphates
Hylon VII or waxy maize (10 g) were added gradually to

he aqueous solution (14 mL) containing 10.5% (starch base) of
odium trimetaphosphate/sodium tripolyphosphate (STMP/STPP,
9/1 w/w) and 0.5 g Na2SO4 at initial pH = 6 (obtained with 0.2 M
Cl). The suspension was then mixed during 60 min at room tem-
erature. Afterwards the slurry was evaporated at temperature
5–50 ◦C until content of water was equal to 15–20%. The obtained
aterial was heated at 130 ◦C for 2 h. At these conditions the most

ffective incorporation of phosphorus into the starch structure took
lace (Sang & Seib, 2006). After cooling the cake was mixed with
istilled water (70 mL) and pH was measured. Then the suspension
as centrifuged and 120 mL of distilled water was added to the

olid residue. After mixing the pH value was adjusted to 6.5 with
.2 M solution of NaOH. Washing and centrifugation was repeated
hree times and finally the product of phosphorylation was dried
t 50 ◦C during 20 h.

.1.2. Distarch phosphates
Similar procedure (Lim & Seib, 1992; Sang & Seib, 2006) was

pplied to obtain distarch phosphate with the only difference con-
isting on the initial value of pH = 11 (obtained with 0.2 M NaOH)
f the STMP/STPP solution used for phosphorylation of the starch.

.1.3. Reference samples
Reference samples were obtained by the same procedure as

pplied for starch transformed into mono- and distarch phosphates
ut without adding the phosphorylating agents (STMP, STPP). In the
ext and on the figures the reference samples are labeled: “reference

ono” and “reference Di”, respectively.

.2. Methods

.2.1. Determination of phosphorus content
Total phosphorus content was determined according to Pol-

sh norm PN-EN ISO 3946. Samples of phosphorylated starch
ere mineralized with the concentrated nitric and sulphuric acids.
rthophosphoric acid formed during mineralization reacted with
mmonium molybdate [(NH4)6Mo7O24·4H2O] giving a complex
f molybdenum (VI) ([PVMoVI

12O40]3−), which afterwards was
educed with ascorbic acid to a deep blue complex of Mo(V).

he absorbance of the blue solution was measured at wavelength
80 nm with a Spektralfotometer SPECOL 11 produced by C. Zeiss
Jena, Germany). The content of phosphorus was determined by
omparing the absorbance values of the investigated solutions with
alibration curves. The maximum error of determination, equal to
Polymers 85 (2011) 86–96 87

10%, was calculated as a standard deviation from 3 to 4 independent
analytical results.

2.2.2. Pressure treatment
Pressure treatment was performed using 30% (w/v)

starch–water suspensions closed in teflon tubes (10 mL), pre-
cisely mixed, deaerated and sealed (Błaszczak, Valverde, & Fornal,
2005). For high pressure treatment a press type LV30/16, pro-
duced by The Centre of High Pressure Analysis, Polish Academy
of Sciences, Warsaw, Poland was used. The teflon tubes were put
into a high pressure chamber (with the capacity of approximately
25 mL), filled with pressure – transmitting medium, which also
minimalized adiabatic heating. The samples were pressure –
treated at 650 MPa for 9 min. The time for reaching the working
pressure was 120 s. The temperature inside the pressure chamber
averaged 20 ± 2 ◦C. Pressurized starch pastes and gels were dried
at 50 ◦C to constant weight. The dry samples were pulverized with
an agate mortar.

The non-phosphorylated samples, used as references, and phos-
phorylated ones, were treated in a similar way.

2.2.3. Thermal treatment
Starch samples of about 30 mg were placed in EPR quartz tubes

(inner diameter = 3 mm), heated in an oven for 30 min at 150 ◦C
and afterwards for 30 min at 210 ◦C or 230 ◦C. During heating the
tubes were open, i.e., the samples were in contact with air. After
treatment the tubes were closed with a paraffin membrane.

2.2.4. X-ray diffraction and determination of degree of
crystallinity

The X-ray diffraction patterns of native, chemically treated as
well as chemically treated and afterwards pressurized starches
were obtained by using the Philips diffractometer type X’Pert Pro
in the Bragg–Brentano geometry, with a copper anode (Cu-K�

radiation, � = 1.54173 Å), graphite monochromator and scintilla-
tion counter. The scanning voltage of the X-ray tube was 40 kV,
the current 30 mA, the exposure time 1 s/step and the measured
angle, 2�, was from 5 ◦ to 35 ◦. The scanning step was 0.02 ◦.

The overall degree of crystallinity (CD) of native and modified
starches was calculated as the ratio of the area of the crystalline
reflections to the overall area of the X-ray diffraction patterns
obtained for the analyzed starch samples (Matveev, van Soest,
Nieman, Wasserman, Protserov, Ezernitskaja, & Yuryev, 2001). The
calculations were made using Micro Image 4.0 for Windows (Olym-
pus Optical Co., Europe).

2.2.5. Differential scanning calorimetry (DSC)
The DSC analyses were performed in a differential scanning

calorimeter equipped with an Intra-cooling system (Diamond DSC
AS, Perkin–Elmer). The amount of sample used for measurement
was 8 mg with three-fold higher water addition. The samples were
sealed in stainless steel pans, equilibrated for 2 h, and scanned. The
heating rate was 10 ◦C/min over the temperature range 30–110 ◦C.
An empty pan was used as a reference.

The values of the gelatinization degree (GD) were calculated
using the following equation:

GD = {(�Hns − �Hts)�Hns
−1} × 100%,

where �Hns and �Hts are the melting enthalpies of native and
treated starches, respectively.
2.2.6. Light microscopy (LM) studies
The starch powders were suspended in a drop of water on a

microscopic glass, covered by cover slip, and they were observed
under optical microscope (OLYMPUS BX60) using polarized light.
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Table 1
Determination by chemical analysis of the amount of phosphorus incorporated into
the starch.

Sample P (weight%)

Monostarch phosphate Distarch phosphate
8 W. Błaszczak et al. / Carbohy

.2.7. EPR technique
EPR measurements were performed at room temperature with a

ruker ELEXSYS 500 spectrometer (Karlsruhe, Germany) operating
n X-band (9.2 GHz) at modulation frequency 100 kHz, modula-
ion amplitude 0.3 mT and microwave power 3 mW. The number of
pins was determined by comparison of the integral signal inten-
ity of the investigated samples with that of the standard containing
nown amount of paramagnetic centers.

VOSO4·5H2O diluted with diamagnetic K2SO4 (5 × 1019 spins/g)
as used as a primary standard. All necessary precautions, dis-

ussed in papers (Dyrek, Madej, Mazur, & Rokosz, 1990; Dyrek,
okosz, & Madej, 1994) were followed in order to assure good preci-
ion of the quantitative EPR measurements. Generation of radicals
as investigated on native, reference and phosphorylated samples

efore and after pressurization and heat treatment. EPR parameters
f the radicals were determined by a simulation procedure using
he program EPR SIM 32 (Spałek, Pietrzyk, & Sojka, 2005). The accu-
acy of determination of g values was ±0.001 and that of A values
as ±0.5 G.

. Results and discussion

.1. Influence of phosphorylation and pressure treatment on
rystalline structure, thermodynamic parameters and
icrostructure of starch granules
The results of phosphorylation of the starch, performed accord-
ng to procedure elaborated by Lim and Seib (1992) and Sang
nd Seib (2006) in acidic or alkaline medium are presented in
able 1. Phosphorylation is accompanied by hydrolysis of the starch

Fig. 1. Diffraction patterns of native and phosphorylated starches: waxy maize (A and B)
Waxy maize 0.4 ± 0.1 0.4 ± 0.05
Hylon VII 0.7 ± 0.03 0.4 ± 0.2

(Tomasik & Schilling, 2004; Błaszczak et al., in press) which leads
to different products, depending on the pH values of the starch
suspension (see Section 2). Therefore, the results will be discussed
in relation to the reference samples obtained by the same proce-
dure as applied for starch transformed into monostarch or distarch
phosphates but without adding the phosphorylating agents. In this
way the effect of phosphorus itself could be extracted from the
experimental data.

The diffraction patterns of waxy maize and Hylon VII as well
as their derivatives (Fig. 1) reveal the presence of amorphous and
crystalline phases. The reference sample of monostarch phosphate,
which underwent hydrolysis in acidic medium, does not show
noticeable lowering of crystallinity in respect to the native waxy
maize (Fig. 1A). Also phosphorylation in acidic medium does not
change visibly the crystalline structure of the monostarch waxy
maize phosphate. These results suggest, that the both reactions:
hydrolysis and phosphorylation leading to monostarch phosphate

formation occur mostly in the amorphous regions of the waxy
maize structure. On the other hand, phosphorylation in alkaline
medium, resulting in appearance of distarch phosphate, is accom-
panied by certain drop in the crystallinity (Fig. 1B), which means

and Hylon VII (C and D). The inserts contain data concerning pressurized samples.



W. Błaszczak et al. / Carbohydrate

Table 2
The values of melting parameters (temperature Tm, enthalpy �H, gelatinization
degree GD) and degree of crystallinity (CD).

Sample Tm (◦C) �H (J/g) GD (%) CD (%)

Waxy maize native 72.43 28.84 44
Reference Mono 67.41 23.55 18 38
Monostarch phosphate 66.81 18.76 35 35
Reference Di 67.92 20.47 29 39
Distarch phosphate 73.72 9.48 67 30

Hylon VII native 74.41 19.06 18
Reference Mono 74.16 10.56 45 18
Monostarch phosphate 65.79 9.28 51 18
Reference Di 76.04 7.11 63 18
Distarch phosphate 67.73 9.72 49 15

Hylon VII pressurized
Reference Mono pressurized 86.04 3.88 80 16
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in the double helical form (Yuryev et al., 2002) and confirms that
Monostarch phosphate pressurized 77.99 0.85 95 7
Reference Di pressurized 84.2 3.25 83 14
Distarch phosphate pressurized 74.47 1.05 94 9

hat this process occurs – at least partially – in the crystalline areas
f the waxy maize granule. These observations are reflected by val-
es of the degree of crystallinity (DC) presented in Table 2. The
egrees of crystallinity of native Hylon VII and its derivatives almost
o not change upon hydrolysis or phosphorylation as indicated by
he diffraction patterns (Fig. 1C and D) and DC values in Table 2. It

eans, that both processes occur predominantly in the amorphous
egions of the structure.

The high pressure treatment of waxy maize phosphates and cor-
esponding reference samples (inserts in Fig. 1A and B) resulted
n significant loss of granule crystallinity. The effect of pressur-
zation resulting in decrease of crystallinity is present also in
he case of phosphorylated Hylon VII (inserts in Fig. 1C and D),
ut it is less pronounced than that observed for waxy maize
tarches.

More information about the influence of phosphorylation on
he structural and thermodynamic properties of waxy maize and
ylon VII starch were obtained from DSC studies. The analy-

is of the calorimetric data showed that modification of waxy
aize and Hylon VII starch resulted in changes in the ther-
odynamic data of all the investigated starches (Table 2). The

alues of melting temperature (Tm) and melting enthalpy (�H)
btained for native waxy maize starch characterize melting of
rystalline lamellae formed by A and B type of amylopectin struc-
ures. The value of melting enthalpy can be assigned to presence
f hydrogen-bonded supramolecular complexes of polysaccha-
ides with water molecules (Yuryev, Wasserman, Andreev, &
olstoguzov, 2002).

Analysis of the experimental data reveals a decrease in both,
he Tm and �H values for the reference samples of waxy maize
tarch compared to its native form. A decrease in thermodynamic
arameters was found independently on pH medium (acidic or
lkaline) used for treatment of the reference material. It may be
hus concluded that this effect results rather from the destabi-
izing influence of temperature on the crystalline structure than
rom pH conditions used upon treatment. The waxy maize monos-
arch phosphate demonstrates lower Tm and �H values compared
o native starch. The phosphorous substitution resulted probably
n disruption of the inter- and intra-molecular hydrogen bonds.
n the contrary, an increase in Tm value along with a significant
ecrease in �H one was found for distarch phosphate. An opposite
elation between melting parameters found for distarch phosphate
ay suggest, that apart from substitution, some cross-linking reac-
ions probably occur. An increase in gelatinization temperature was
lready reported in the literature for cross-linked starches (Sang

Seib, 2006; Singh, Kaur, & Mc Carthy, 2007), the effect being
trongly dependent on the concentration and type of cross-linking
Polymers 85 (2011) 86–96 89

reagent as well as on reaction conditions used in modification pro-
cess. Since the same reagents (STMP/STPP, 99/1 w/w) were used
to obtain mono- and distarch phosphates, it may be supposed that
the cross-linking reaction was prone to undergo in alkaline medium
(pH = 11) than in acidic one.

In opposite to waxy maize starch, the thermodynamic parame-
ters obtained for Hylon VII describe the melting of B-type (B and B*)
as well as V-type crystallites (Błaszczak, Fornal, Kisieleva, Yuryev,
Sergeev, & Sadowska, 2007). The DSC and X-ray studies of native
waxy maize and Hylon VII starches distinctly demonstrated that
amylose content determined significantly the extent of crystallinity
and melting enthalpy values (Table 2). A higher amylose content a
lower chain packing density in the crystalline lattice of the starch
was found (Matveev et al., 2001; Yuryev et al., 2002).

The reference samples of Hylon VII starch showed only slight
changes in melting temperature compared to native starch,
whereas a significant drop in their melting enthalpy values was
noticed. The pH values used during treatment of the reference
material had a more decisive effect on changes of the melting
enthalpy than on those of melting temperature. The gelatinization
degree calculated for the references of Hylon VII starch indicates
that majority of granules are influenced by the treatment applied,
the effect being more pronounced for alkaline medium. However,
both reference starches show no changes in degree of crystallinity
(Table 2 and Fig. 1C and D). Such phenomenon might be assigned to
a fact that only amorphous regions in starch structure were affected
by the treatment. It is known that upon heating of starch gran-
ules in excess of water the hydration of the amorphous growth
rings precedes the melting of the crystalline structures (Rubens
& Heremans, 2000). However, the treatment of reference starches
was performed in a limited amount of water, i.e., after its evapo-
ration up to 15–20%. Svensson and Eliasson (1995) found a minor
reduction in the crystallinity of starch granules heated in a lim-
ited amount of water. Thus, it might be stated that treatment of
reference starches at temperature 45–50 ◦C was enough to evoke
amylose hydration, whereas, further increase of temperature up to
130 ◦C at already limited amount of water resulted in diffusion of
hydrated amylose into granule’s centre.

Incorporation of phosphorous into Hylon VII starch granules
resulted in significant decrease in both Tm and �H values. An inter-
esting phenomenon was observed for distarch phosphate, which
manifested Tm and �H values similar to those of monostarch phos-
phate. A lack of differences in thermodynamic parameters between
mono- and distarch phosphates might indicate that phosphoryla-
tion of Hylon VII starch occurs in the same way, independently on
pH value.

After high pressure treatment the waxy maize starch prepa-
rations (reference and phosphorylated) became completely
amorphous and no thermodynamic parameters were obtained in
their DSC studies. Evidently, high hydrostatic pressure destroys
effectively the ordered structures that were predominantly formed
by the amylopectin chains in the double helical form (crystalline
lamellae). The corresponding samples of Hylon VII are also signifi-
cantly affected by the high pressure treatment (Table 2).

The microscopic observation (LM) of reference and phosphory-
lated samples obtained from waxy maize and Hylon VII starch is in
close relation to the data obtained from X-ray and DSC studies.

The reference samples and monostarch phosphate obtained
from waxy maize starch are birefringent under polarized light
(Fig. 2A, C, E) showing a Maltese cross. This fact indicates a radial
orientation of the crystallities formed by the amylopectin chains
the treatment (hydrolysis and phosphorylation in acidic medium)
does not affect significantly crystallinity of reference samples and
monostarch phosphate, since it occurs in the amorphous region
of the granule structure, mostly. On the contrary, some changes
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Fig. 2. LM micrographs of phosphorylated waxy maize and Hylon VII starches and corresponding reference samples: reference Mono of waxy maize (A); reference Mono
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f Hylon VII (B); reference Di of waxy maize (C); reference Di of Hylon VII (D); mo
hosphate of waxy maize (G); distarch phosphate of Hylon VII (H).

n birefringence of distarch phosphate observed in Fig. 2G and
n diffraction patterns (Fig. 1B) resulted from the fact, that the
hosphorylation in alkaline medium, affected probably both: the
rystalline and amorphous regions of the waxy maize granule
Table 2 and Fig. 1B).

All the preparations obtained from the Hylon VII starch were
irefringent under polarized light (Fig. 2B, D, F, H). However, a hole-

ike appearance observed in central part of granules was assigned to
he amorphous region (hillum) in starch structure that was affected
y the treatment applied. On the contrary, the outer part of granules
etained crystallinity demonstrated by Maltese cross indicating
hat no disruption of the granules occurred.

After pressurization the waxy maize starch preparations formed
independently on previous chemical treatment – completely
morphous structure (Fig. 3A, C, E, G), while the high pressure –
reated reference samples of Hylon VII starch preserved Maltese
ross (Fig. 3B and D). Nevertheless, the birefringence of phosphory-
ated samples of Hylon VII was visibly affected by the high pressure
ch phosphate of waxy maize (E); monostarch phosphate of Hylon VII (F); distarch

treatment (Fig. 3F and H). These results indicate that pressure treat-
ment of waxy maize starch and its derivatives resulted in effective
destruction of the crystalline lamellae, whereas the phosphorylated
Hylon VII showed after pressurization rather advance disruption
than complete melting of the crystalline lamellae.

The above discussed results lead to the conclusions concern-
ing differences between changes in structures of amylose and
amylopectin occurring upon phosphorylation and high pressure
treatment. The major differences found in the degree of crys-
tallinity values between phosphorylated waxy maize and Hylon
VII starches allow to conclude, that phosphorous incorporation
into high amylose Hylon VII starch occurs mainly in amorphous
region within its structure, whereas the phosphorylation of waxy
maize starch involves also crystalline lamellae. Another difference

was revealed by the treatment with high hydrostatic pressure,
which is more effective in destruction of the ordered branched
chains of amylopectin, than non-branched, simple chains typical for
amylose.
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Fig. 3. LM micrographs of phosphorylated and high pressure treated waxy maize and Hylon VII starches and corresponding reference samples: pressurized reference Mono of
w Di of
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axy maize (A); pressurized reference Mono of Hylon VII (B); pressurized reference
hosphate of waxy maize (E); pressurized monostarch phosphate of Hylon VII (F)
ylon VII (H).

.2. EPR spectra

The samples of native and phosphorylated waxy maize starch,
ylon VII and the reference samples did not show any EPR

ignal before heat treatment. After heating in the temperature
ange 150–230 ◦C the EPR signals appear, which are similar
o typical EPR spectra of thermally treated native potato and
orn starches (Ciesielski & Tomasik, 1996; Dyrek, Bidzińska,
abanowska, Fortuna, Przetaczek, & Pietrzyk, 2007).

.2.1. Influence of phosphorylation on the number of radicals
The effect of thermal treatment of the native and phosphory-

ated waxy maize and Hylon VII, as well as of the corresponding
eference samples on the number of radicals generated at 210 ◦C

nd 230 ◦C is presented in Fig. 4. The number of spins is the
mallest in the native samples of waxy maize and Hylon VII and
ncreases in their reference samples, which before the thermal
reatment underwent hydrolysis in acidic or basic medium, respec-
ively (see Section 2). The most significant increase in the number
waxy maize (C); pressurized reference Di of Hylon VII (D); pressurized monostarch
surized distarch phosphate of waxy maize (G); pressurized distarch phosphate of

of radicals is observed in the phosphorylated samples, especially
in monostarch phosphates of both: waxy maize and Hylon VII.
Evidently, hydrolysis of the starch as well as incorporation of
phosphorus result in easier thermal degradation of its structure
and formation of radicals. The increase in the number of spins
generated at 210 ◦C, caused by incorporation of 0.4% of P into
the waxy maize in the form of monostarch phosphate (Table 1),
calculated in respect to the corresponding reference sample, is
equal to 0.4 × 1016 spins/gram, whereas for distarch phosphate
the increase amounts 0.2 × 1016 spins/gram. The corresponding
numbers for Hylon VII are: 0.3 × 1016 spins/gram for monostarch
and 0.2 × 1016 spins/gram for distarch phosphate, respectively (in
the case of monostarch phosphate of Hylon VII the results were
recalculated per 0.4% of phosphorus). Smaller effect observed for

the same amount of phosphorus incorporated into the starch
structure in the form of distarch phosphates, compared to monos-
tarch ones, may be caused by some cross-linking of the distarch
species which was indicated by calorimetric data (Section 3.1).
Such process stabilizes the phosphate structure and makes the
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for phosphorylated potato starch (Błaszczak et al., 2010), where,
similarly as in the present work, the effect was pronounced only for
monostarch and not for distarch phosphates. In all the investigated
cases the effect of high hydrostatic pressure on the number of ther-
Fig. 4. Effect of phosphorylation of waxy maize starch an

adical formation more difficult. Effect of phosphorus after heat-
ng the samples at 230 ◦C is similar but less pronounced (Fig. 4)
ecause at increasing temperature the thermal processes became
ominating over other parameters influencing the number of
adicals.

The obtained results are in agreement with recently reported
ata concerning phosphorylated potato starch where localization
f phosphorus at terminal positions generated more significant
umber of radicals upon thermal treatment than in the case of its

ocalization in distarch phosphate (Błaszczak et al., 2010, in press).
t may be thus concluded, that the increase in number of thermally
enerated radicals in phosphorylated starches is more distinctly
etermined by the way of phosphorus incorporation (mono- or
istarch phosphate) than by the type of the starch (waxy maize,
ylon VII or potato starch).

.2.2. Influence of high hydrostatic pressure on the number of
adicals

The already reported increase in the number of thermally
enerated radicals upon phosphorylation of the starch is in com-
on opinion not desirable, for the reasons mentioned in the

ntroduction. Therefore, in the present work we tried to reduce
his effect by pretreatment of the phosphorylated starch with
igh hydrostatic pressure. It was namely shown that the num-
er of radicals formed by heating of the native waxy maize and
ylon VII, which were pressurized before thermal treatment, is

maller than that in the non-pressurized samples (Błaszczak et al.,
008).

The influence of initial pressurization of the phosphates of waxy
aize and Hylon VII on their thermal stability is presented in

ig. 5. After heating at 210 ◦C the number of thermally gener-
ted radicals in monostarch phosphates of both waxy maize and
ylon VII is reduced by about 0.3 × 1016 spins/gram in compari-

on to non-pressurized samples, whereas in distarch phosphates
o visible decrease is observed. Similar effect was found after
hermal treatment at 230 ◦C. Evidently, the increase in the num-
er of radicals caused by incorporation of phosphorus into the
tarch structure as monostarch phosphates may be reduced by
retreatment of the starch with high hydrostatic pressure, while

his reduction does not occur in the case of distarch phosphates.
he decrease in the number of radicals may be due to the water
olecules squeezed into the starch granules upon treatment of

he monostarch phosphates–water suspension with high hydro-
tatic pressure. It is known that the presence of water accelerates
ylon VII on the number of thermally generated radicals.

disappearance of radicals generated in starch by heating at ele-
vated temperatures (Ciesielski & Tomasik, 1996; Błaszczak et al.,
2008). The penetration of water in distarch phosphates is evi-
dently not so effective as in monostarch structures, most probably
due to some cross-linking, which makes the influence of pressure
negligible.

In the present work the quantitative measurements of the num-
ber of radicals by using EPR spectroscopy appeared an effective
method of differentiation between monostarch and distarch phos-
phates of Hylon VII when compared with XRD and calorimetric
results. Both types of Hylon VII phosphates presented almost iden-
tical diffraction patterns and similar thermodynamic parameters,
independently on the reaction medium during synthesis (see Sec-
tion 3.1). However, distinguishing of these phosphates was possible
on the basis of EPR data, because only monostarch phosphate of
Hylon VII revealed after pressurization the decrease in the number
of thermally generated radicals. Such decrease was also observed
Fig. 5. Effect of pressurization on the number of radicals generated thermally in
phosphorylated waxy maize starch and Hylon VII and in the corresponding reference
samples.
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Fig. 6. Scheme of the formation o

ally generated radicals depended more on the way of phosphorus
ncorporation into the starch than on the kind of the starch.

.2.3. Influence of phosphorylation and pretreatment with high

ydrostatic pressure on EPR parameters of thermally generated
adicals

It was shown by us previously (Dyrek et al., 2007) that EPR
ignals of radicals generated thermally in native potato and
orn starches, in the range of temperatures commonly used for

Fig. 7. Influence of phosphorylation and pretreatment with high hydrostatic pre
ally generated radicals in starch.

preparing food, are an envelope of two component signals related
with radical I and radical II (Fig. 6). Radical I is generated by abstrac-
tion of hydrogen atom from C-1 atom of the glucose unit. The
EPR signal of radical I exhibits hyperfine structure (HFS), due to

the interaction of unpaired electron localized at C-1 with nuclear
spin of vicinal hydrogen atom, localized at C-2. The EPR signal of
radical II, without HFS, represents radical species with unpaired
electron localized also at C-1, which, however, is not interact-
ing with any neighboring hydrogen. The generation of this radical

ssure on EPR signals of radicals generated in waxy maize starch at 210 ◦C.
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Fig. 8. Influence of phosphorylation and pretreatment with high hydrostatic pressure on EPR signals of radicals generated in Hylon VII at 210 ◦C.

Table 3
EPR parameters of radicals generated by heating of the phosphorylated waxy maize starch at 210 ◦C.

Sample Treatment Radical I Radical II

Content (%) A (G) gav �Bav (G) gav �Bav (G)

Native waxy maize Non-pressurized 43 12.7 2.006 2.5 2.006 5.5
Reference of monostarch phosphate Non-pressurized 36 11.4 2.006 4.1 2.006 4.7

Pressurized 46 13.3 2.009 1.9 2.008 4.7
Monostarch phosphate Non-pressurized 30 11.1 2.005 4.1 2.006 4.7

Pressurized 41 13.2 2.008 2.2 2.008 5.7
9
7
1
5

r
w
O

2

T
E

Reference of distarch phosphate Non-pressurized 3
Pressurized 2

Distarch phosphate Non-pressurized 3
Pressurized 2

equires simultaneous abstraction of hydrogen atom from C-1 and

ater molecule (formed by hydrogen atom abstracted from C-2 and
H group abstracted from C-3) (Fig. 6).

Similar two-component signals exhibit radicals created at
10 ◦C and 230 ◦C in native and phosphorylated waxy maize and

able 4
PR parameters of radicals generated by heating of the phosphorylated Hylon VII at 210 ◦

Sample Treatment Radica

Conten

Native Hylon VII Non-pressurized 48
Reference of monostarch phosphate Non-pressurized 37

Pressurized 32
Monostarch phosphate Non-pressurized 26

Pressurized 24
Reference of distarch phosphate Non-pressurized 37

Pressurized 22
Distarch phosphate Non-pressurized 30

Pressurized 25
10.4 2.006 3.9 2.007 4.6
11.4 2.009 3.3 2.009 4.7
11.3 2.006 3.9 2.006 5.0
11.8 2.009 4.0 2.009 4.1

Hylon VII and in the corresponding reference samples (Figs. 7 and 8;

Tables 3 and 4) indicating that the same mechanism of radical
generation operates in all these cases. However, there are some dif-
ferences between waxy maize and Hylon VII and their derivatives
in the relative content and EPR parameters of radicals after hydrol-

C.

l I Radical II

t (%) A (G) gav �Bav (G) gav �Bav (G)

12.7 2.005 2.2 2.005 6.4
12.0 2.006 3.7 2.006 4.6
12.6 2.007 3.8 2.007 4.7
11.8 2.005 4.2 2.006 5.2
12.6 2.005 3.1 2.006 5.8
12.6 2.006 3.0 2.006 5.1
12.6 2.006 4.2 2.007 5.4
11.6 2.007 3.6 2.007 5.7
12.8 2.006 3.7 2.007 5.5
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sis, phoshorylation and pretreatment with the high hydrostatic
ressure.

The relative content of the radical I (with HFS) in the EPR spec-
ra of the investigated preparations decreased in reference samples
nd still more in the phosphorylated starches (Tables 3 and 4). The
ffect of phosphorus incorporation on percentage amount of rad-
cal I was extracted by comparing phosphorylated with reference
amples. The decrease in distarch phosphates of waxy maize and
ylon VII was almost the same, hence it was not specific for the
ranched or non-branched chains. On the other hand, the decrease

n the content of radical I for monostarch phosphate of Hylon VII
as more significant than that for monostarch phosphate of waxy
aize. These results may indicate that dehydration with simultane-

us abstraction of hydrogen vicinal to localization site of unpaired
lectron (Fig. 6) is easier in amylose than in amylopectin after
hosphorylation in the form of monostarch phosphate. Another
xplanation of the observed effect may be shorter lifetime of rad-
cal I generated in the monostarch phosphate of Hylon VII than in
orresponding waxy maize sample.

The pressurization of the phosphorylated starches before ther-
al treatment caused sharpening of the EPR signals of radical I,

articularly visible in the case of monostarch phosphate of waxy
aize starch (Fig. 7 and Table 3), which points to the less restricted
otion of radical species. This result is consistent with previously

ublished data (Błaszczak et al., 2008; Kruczala, Varghese, Bokria,
Schlick, 2003), proving that upon high pressure treatment crys-

allinity zones in starch diminish, which makes the paramagnetic
pecies more free in rotation leading to decrease of their anisotropy.

The hyperfine splitting constant A of radical I decreased in
ll investigated samples upon phosphorylation (Tables 3 and 4)
videncing weakening of the HFS interactions between unpaired
lectron and vicinal hydrogen. After pressurization the values of A
o not change visibly.

The above mentioned changes in the content and shape of rad-
cal I, caused by phosphorylation and high pressure treatment,
espectively, reveal that the more sensitive to external factors are
onostarch esters containing phosphorus localized at terminal

osition of the glucose unit. The corresponding distarch samples are
ore resistant to modifications, most probably due to cross-linking

ccurring between the polymer chains. The starch main component
amylose or amylopectin) has also some influence on the observed
ffects. The changes in the width of the EPR signals of thermally
enerated radicals occurring upon pressurization are more visible
n monostarch phosphate of amylopectin whereas the changes in
ontent of radical I caused by phosphorylation are more significant
n monostarch phosphate of amylose.

. Conclusions

Phosphorylation of the waxy maize occurs mostly in amorphous
ut partly in the crystalline phase whereas in Hylon VII mainly in
morphous phase. Pressurization leads to the total deterioration of
he waxy maize structure – independently if phosphorus is present
r not – and advanced weakening of the phosphorylated Hylon
II structure. Hence, high hydrostatic pressure treatment is more
ffective in destruction of the far distance ordering of branched
hains, present in amylopectin, than that, typical for amylose which
onsist on arrangement of simple, non-branched chains.

Calorimetric data indicate that phosphorus is incorporated into
axy maize in two different ways, as mono- or distarch phosphates,

epending on initial pH value of the starch solution, the distarch
hosphates revealing formation of cross-linked structure. In the
ase of Hylon VII substitution of phosphorus leads to products of
imilar thermodynamic parameters, independently on the reaction
edium.
Polymers 85 (2011) 86–96 95

From EPR measurements it results that incorporation of phos-
phorus into the starch structure causes in both waxy maize and
Hylon VII significant increase in number of thermally generated
radicals, the effect being more pronounced for monostarch than for
distarch phosphates. Pretreatment with high pressure has an oppo-
site influence, i.e., decrease of the number of radicals but only in
monostarch phosphates. The distarch phosphates are less receptive
to changes due to cross-linking stabilizing their structure. Because
of this feature the phosphates of Hylon VII, indistinguishable on
the basis of thermodynamic parameters, can be differentiated by
EPR measurements of the number of radicals generated thermally
in pressurized samples.

The changes in the shape of radical I (with HFS) caused by high
pressure treatment of the starch, reveal that the more sensitive
to external factors is monostarch ester while the corresponding
distarch sample is more resistant to modifications. The starch main
component has also some influence on the observed phenomena.
The changes occurring upon pressurization in the width of the EPR
signals of thermally generated radicals are more visible in phos-
phates of amylopectin than in those of amylose.
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