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Abstract—Starch is subjected to chemical treatments such as cross-linking or hydroxypropylation to meet the material requirements
for food uses or controlled release in the pharmaceutical industries. In this work, two types of cross-linking formulations have been
employed for the preparation of high amylose starch for use as an excipient for sustained drug release. The structural differences and
chain dynamics of the modified starches in the dry and hydrated states have been compared by the use of variable contact time cross

polarization-magic angle spinning solid state '*C NMR spectroscopy.
© 2007 Elsevier Ltd. All rights reserved.
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Cross-linked high amylose starch (CHAS) used as an
excipient in drug tablet preparation has shown a zero-
order release of drug over a period of 2-24 h'™> and is
used in once-daily formulation of drugs tablets.” ’ Starch
is a naturally occurring semi-crystalline polysaccharide
mixture composed of amylose and amylopectin. Amylose
is a linear polysaccharide, whereas amylopectin is highly
branched. The three dimensional crystalline conforma- 170 100 g0 8o 7o G0 50 190 100 so 80 7o 80 5o
tions of the single and double helix polymorphs® '* have 5 (ppm) 3 (ppm)
been identified from X-ray fiber diffraction,'*!> that is,
the double helices A and B and the single helix V. Native
corn starch with high amylose content mainly shows a
B-type crystalline conformation.'®

Molecular order in starch can also be probed by '*C
NMR. The repeating unit of starch is shown as an inset
in Figure 1. The multiplicity of the C1 resonance peak
provides information on the crystallinity, the conforma-

tion of starch, and the double helix symmetry.® '*!7 For 110 100 90 80 70 60 50 110 100 90 80 70 60 50
the B-type conformation, the C1 resonance exhibits two 8 (ppm) 8 (Ppm)
peaks at 101 and 100 ppm and the A-type has three Figure 1. '3C CP/MAS spectra at a contact time of 1.5 ms for (a) dry

CHAS 1, (b) hydrated CHAS 1, (c) dry CHAS II, and (d) hydrated
I CHAS II. The inset represents the chemical structure of o-(1—4)-
* Corresponding author. E-mail: julian.zhu@umontreal.ca glucopyranose repeating unit of amylose with *C, chair conformation.
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peaks at 102, 101, and 100 ppm.'"'*!® The broad peak
of C1 at 103 ppm is typical of a single helix organized
in a V-type crystalline phase or dispersed in an amor-
phous phase.'”” NMR can detect short range order and
allow the evaluation of helix content while X-ray crys-
tallography can detect long range order and measure
crystalline domain content.®

We have studied the effect of temperature, tablet size,
and processing method on the swelling and water uptake
of CHAS tablets by NMR imaging.’*>* The prepara-
tion method of CHAS affects the penetration of water
into the tablets* and thus their drug-release properties.
This behavior is ascribed to the limited mobility of
starch chains in highly cross-linked CHAS. Experimen-
tally, it was found that a higher degree of cross-linking
in the preparation of CHAS 1 leads to higher degree
of swelling and faster water uptake by the tablets,®*
which is opposite to the expected effect of an increased
number of cross-links. In fact, the formation of B-type
double helices in starch has an important pseudo
cross-linking effect’ and limits the swelling of starch.
The cross-linking of starch limits the chain mobility of
the polymer and reduces the formation of the B-type
double helices. The aim of this study is to investigate
the dry and hydrated states of two CHAS samples made
by two different preparation methods. '*C solid-state
NMR spectroscopy with cross-polarization and magic
angle spinning (CP/MAS) was used to study the correla-
tion of the behavior of tablets with the molecular order-
ing of starch in such samples.

Figure 1 shows typical spectra of CHAS in both dry
and hydrated states. There is no major spectral differ-
ence between CHAS I and CHAS 1I (prepared differ-
ently as described in the Experimental section). Both
dry starches contained mainly non-crystalline domains
and V-type single helices. The broad peak between 70
and 80 ppm is related to carbons 2, 3, and 5 of the glu-
cose unit in a poorly ordered system.®*>> The C1 peak
at 104 ppm is associated with single helices in both
amorphous'®?® and V-helix structures.?**° Upon hydra-
tion, both narrowing and splitting of the peaks are ob-
served. This is attributed to a decrease in the size of
the non-crystalline domains and to an increased order
in crystalline domains.” The typical spectral features of
B-type helices are clearly visible in the spectra of hy-
drated starch, showing the two peaks of C1 at 100 and
101 ppm”!?7 and the peaks of C2, C3, and C5 between
70 and 80 ppm. A decrease of the unordered C4 peaks at
83 ppm'*?® is also observed upon hydration, and the or-
dered C4 shows a signal in the 70-80 ppm region.'>"-?8

Variable contact time '*C CP/MAS NMR experi-
ments of the dry and hydrated samples were analyzed
in terms of their relaxation parameters and of a proton
spin diffusion constant (T4f) to account for spin diffusion
'"H-"H homonuclear dipolar interactions using the
following equation:*

where M(zcp) is the NMR signal at a contact time 7cp,
T'fp the longitudinal relaxation time in the rotating
frame, T, the transverse relaxation time, and A1 =1/
(n+ 1) with n being the number of hydrogen atoms on
the carbon atom observed.

Figure 2 shows typical fits of Eq. 1 to experimental
data for both the dry and hydrated CHAS. The T'fp val-
ues obtained in the dry state (Table 1) are coherent with
previously reported values.® For both samples, we
observe an increase in Tﬁ) upon hydration of the starch.
It is clear that the longer T {{p values have larger errors
than the lower T‘l*p values, which is caused, in part, by
the scale of contact times used. Longer contact times
may lead to somewhat improved precision on the 7 ,};
values, but the trend is clear under the experimental con-
ditions used. For all the signals studied, the signal atten-
uation reached at least 20%. A slight decrease of T, is
also observed upon hydration. This change in chain
dynamics is attributed to the hydration of the starch
and the conversion of non-crystalline domains or V-type
single helices to B-type helices.

Only small differences in the relaxation parameters
between the two CHAS are observed. In the dry state
T 'fp is slightly higher for CHAS I than for CHAS II,
but upon hydration no statistically significant difference
is observed between the two CHAS. The amount of
cross-linker used in the preparation of CHAS I is more
than 20 times higher in molar ratio than that used for
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Figure 2. Analysis of the C6 peak areas as a function of the contact
time used in the CP/MAS NMR experiments. Dry CHAS II (H);
hydrated CHAS II (O). Lines are fits to Eq. 1.
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Table 1. Relaxation parameters obtained from variable contact time '*C CP/MAS NMR experiments with the dry and wet CHAS samples
CHAS 1 CHAS II
Ty, (ms) T (ps) Tyr (ms) Ty, (ms) T, (ps) Tyr (ms)
Dry state
Cl 7.4+0.8 28+4 0.8+0.3 6.7+04 2242 0.5+0.2
C4 7.0+0.8 31£5 0.7+0.3 6.0+0.5 2542 0.6 £0.1
C2.3,5 7.54+0.6 20+2 0.7+0.2 6.7+04 20+ 1 0.54+0.1
C6 58+04 1942 0.44 £0.05 54403 19+1 0.3+0.1
Hydrated state
Cly.type 54408 2246 0.03 £0.02 54407 17+3 04+0.3
Clg.type 23 +8 13+4 0.2+0.1 26+ 3 21+2 0.3+0.1
7+1 16 +4 0.10 £0.07 7.9 +0.6 20+4 0.15+0.05
C2,3,5 17+3 15+5 0.10 £0.08 17+1 20+ 1 03+0.2
C6 13+1 16+2 0.18 £0.05 15+1 20+4 0.3+0.1
a are needed for the best fit. Peak A, observed in all the
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Figure 3. The CP/MAS *C NMR spectra acquired at a contact time

of 1.25 ms (1), the simulated spectra (2), and the decomposed peaks (3)
for (a) dry CHAS II and (b) hydrated CHAS II.

CHAS II. This could be responsible of the slightly high-
er rigidity of CHAS 1 in comparison to CHAS 1II as
observed in the dry state with the 77} values.

Figure 3 shows the decomposition of the C1 region of
the NMR spectra. In the dry starch, four peaks are
needed for the decomposition of the signal observed in
this region, while for the hydrated samples five peaks

samples, is typical of both the V-type helix*>**® and the
amorphous content.'®*® Peaks B and B’ are characteris-
tic of the B-type helices.’®*® Peak C is related to the
glucose units near o-(1—6) linkages®® in amorphous
domains.'"® Peak D is associated with constrained
linkages in a poorly favored conformation.”®* Peak E
is related to the interfacial region between single helices
or amorphous domains and double helix regions.'® This
intermediate material retained some local order but is
considered as non-crystalline.’

The dry samples are mainly amorphous and present
type V-helix. Peak A represents more than 50% of the
total area of the C1 band (Table 2). Type B double helix
is present in the dry sample. This is probably related to
the moisture content of 7-8 wt % in those samples. The
broad peaks observed in the dry state prevent the obser-

Table 2. Analysis of the spectral components of the Cl peak of
amylose in the dry and wet CHAS samples

Peaks ¢ (ppm) Wi (ppm) Mo (%) Ty, (ms)
Dry CHAS 1

A 1042401  24+0.1 5242 63403
B 1025406 44406 241 6.0+ 0.6
c 983403  43+09 2041 5.9+ 0.4
D 957401  1.6+0.1 62406 6+1
Dry CHAS 11

A 1041401  3.0+0.1 5642 68403
B 1015402 36407 1841 69407
c 979403  40+04 1841 6.4+0.6
D 95340.1 25402  743+£05 71406
Hydrated CHAS 1

A 1040401 09402 2843 741
E 1031402  1.1+03 8+ 1 1542
B 1017401  09+0.1

B’ 1008401  08+0.1 60+1 40+ 10
c 999402  0.6+0.1 441 20 + 10
Hydrated CHAS 11

A 1039402 12402 1841 941
E 1029404 10402 16 42 24+ 10
B 1019401  09+0.1

B 1009401  09+0.1 62+1 35+7
C 998402  0.46+0.07 341 1146
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vation of the two typical peaks related to type B helices.
The ordering observed in the NMR spectrum is caused
by short range ordering, while X-ray diffraction needs
large ordered domains to probe the ordering. The dry
CHAS samples show V-type ordering and some B-type
ordering by NMR, but no crystalline features were
observed by X-ray powder diffraction for CHAS I
samples.'® The same results are obtained for CHAS II
(data not shown).

Upon hydration, the half-height width of the peak
(W1/2) decreases by more than a factor of 2, and the
two peaks type B helix is thus observed. Upon hydration
the portion of type B helices in the sample increases
greatly, the area of the type B helix peaks corresponds
to more than 60% of the total C1 band area. The nar-
rowing of the peaks also allows the observation of the
interfacial region between the double helix domains
and the unordered or single helix regions.

The decomposition of the C1 peak shows that the
variations of the relaxation times between CHAS 1
and CHAS II are small, but the hydration of the starch
leads to a large variation of the chain dynamics in the
sample. The results in Table 2 show that, upon hydra-
tion, the area of peak A (amorphous domain and V-type
single helix) decreases and the area of peak B (B-type
helix) increases. After hydration, the proportion of
B-type helices in both CHAS is about the same (ca.
60%). Thus, the variation in swelling between these
two preparations®>?* is not attributable to the increased
formation of B-type helices in CHAS II. Hydrated
CHAS I has a higher content of amorphous domain
and V-type helices than CHAS II (28% for CHAS I ver-
sus 16% for CHAS II). This should be related to the
existence of less interfacial material in CHAS 1 (8%
for CHAS 1 versus 16% for CHAS 1I). CHAS 1 is gela-
tinized before cross-linking, which leads to a segregation
between amylose and amylopectin, whereas CHAS II is
cross-linked in the granular state, which leads to a more
homogeneous material.

The existence of less interfacial material in CHAS 1
than in CHAS 1I is also an indication that there is less
interface between B-type domains and amorphous/
V-type helical domains in CHAS 1. This means that the
same amount of B-type helices is more evenly distrib-
uted in CHAS II than in CHAS I. Consequently, CHAS
IT would be a more homogeneous sample than CHAS 1.
The lower swelling observed for CHAS II** tablet seems
to be related to the homogeneity of the sample.

1. Experimental

1.1. Preparation of cross-linked high amylose starch

CHAS 1 was prepared by gelatinizing high amylose
starch (70% amylose) with 4% NaOH, and then cross-

linking with 3.25% sodium trimetaphosphate (STMP)
and spray-drying the sample.! For CHAS 11, the starch
was first cross-linked with 0.075% of phosphorus oxy-
chloride in a 0.1% NaOH solution, then functionalized
with 6% of propylene oxide and finally gelatinized at
ca. 160 °C and spray-dried.> CHAS II is commercially
available as Contramid® from Labopharm Inc. (Laval,
QC, Canada).

1.2. Solid state '*C NMR spectroscopy

Variable contact time '*C CP/MAS spectra were re-
corded at room temperature at 150.90 MHz on a Bruker
AV-600. The samples were spun at 8§ kHz, and 1000—
1800 scans were accumulated. The contact time varied
from 0.01 to 11 ms. For the dry samples, the tablets
(received from Labopharm) were crushed before the
NMR experiments. For the hydrated samples, tablets
were crushed and the powder was swollen in distilled
water at 37 °C for 48 h.

1.3. Spectral decomposition

Spectral decomposition was performed on the C1 band
because this peak is highly dependent on the starch con-
formation.”'%?>2¢ The dry and hydrated spectra were
fitted to the sum of 4 and 5 Gaussian peaks, respectively,
by the use of Origin 7.5. The iterations of the fitting pro-
cedure were stopped at the minimal value of y>. A first
round of fitting was done while letting all the parameters
(position of the peak (d), half-height width (W) and
intensity) free. Because there is no reason that the o
and W, values are different for the same sample at dif-
ferent contact times, a second round of fitting was per-
formed with ¢ and W, values fixed to the mean value
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Figure 4. Analysis of the decomposed Cl peak components for dry
CHAS 1I as a function of contact time used in the CP/MAS NMR
experiments. O Peak A; [0 peak B; @ peak C; B peak D.
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obtained previously for a given sample, while allowing
only the intensity of the peak to vary. The area of the
peaks obtained was then plotted as a function of the
contact time (Fig. 4).
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