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ABSTRACT: Bionanoparticles of starch obtained by sub-
mitting native potato starch granules to acid hydrolysis
conditions. The resulted starch nanoparticles were used as
core or macro initiator for polymerization of e-caprolactone
(CL). Starch nanoparticle-g-polycaprolactone was synthe-
sized through ring-opening polymerization (ROP) of CL in
the presence of Sn(Oct), as initiator. The detailed micro-
structure of the resulted copolymer was characterized with
NMR spectroscopy. Thermal characteristic of the copolymer
was investigated using DSC and TGA. By introducing PCL,

the range of melting temperature for starch was increased
and degradation of copolymer occurred in a broader region.
X-ray diffraction and TEM micrographs confirmed that
there was no alteration of starch crystalline structure and
morphology of nanoparticles, respectively. © 2008 Wiley Peri-
odicals, Inc. ] Appl Polym Sci 110: 2405-2412, 2008
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INTRODUCTION

Application of renewable resources such as starch to
synthesis biodegradable polymers with desired
physicochemical and biological properties has
recently received increasing interests because of their
abundant availability, low costs, renewability, and
no toxicity of these kind of material."” Starch is a
natural, renewable, high polyol, available in plenty,
and hence in low cost. It usually has two major com-
ponents and appears as a mixture of two glucosidic
macromolecules very different in structure and
properties: largely linear amylose of molecular
weight between 1000 and 1,000,000, consisting of
o-(1-4)-linked Dp-glucopyranose and amylopectin,
having the same backbone as amylose but with a
large number of a-(1-6)-linked branch points.®
Native starch occurs in the form of discrete and par-
tially crystalline microscopic granules that are held
together by an extended micellar network of associ-
ated molecules.

On the other hand, with the highlight of using
nanomaterials in research fields, considerable efforts
have gone into the development of bionanoparticles
from the biopolymers.” Some of the polysaccharides
such as starch are potential renewable sources of
nano sized state.'’ Tt is well known that the native

Correspondence to: H. Namazi (namazi@tabrizu.ac.ir).

Journal of Applied Polymer Science, Vol. 110, 24052412 (2008)
© 2008 Wiley Periodicals, Inc.

starch granules contain more or less concentric
“growth ring” or shells or layers that are readily
visible by optical or electron microscopy. The molec-
ular chain of amylose almost is perpendicular to
these growth rings and to the surface of the gran-
ules. This onion-like structure has been attributed to
the chemical differences between the layers, differen-
ces in the density of deposition of molecules of
starch, and differences in crystallinity."! Aqueous
acids can be employed to hydrolyze the amorphous
sections found in these naturally occurring polysac-
charides. Consequentially crystalline section of poly-
mers is released, resulting in individual mono
crystalline bionanoparticles. The object of this treat-
ment is to dissolve away regions of low lateral order
so that the water insoluble, highly crystalline residue
may be converted in to a stable suspensoid by sub-
sequent vigorous mechanical shearing action.

Graft copolymerization, as a reasonable approach
of chemical modification, has been extensively used
in the modification of starch.'>'® Recently, some
new development for modification of starch nano-
particles to prepare nano scale materials as the rein-
forcer in nanocomposites and also their utilization
for application in medical field has been received a
lot of interests.'”* Tt is well known that starch can
generate graft copolymers with variety of vinyl
monomers. The graft polymerization of polyesters
such as PLA and PCL has been prepared through
chemical methods usually via ring-opening poly-
merization (ROP) and using chain extenders.”*>®
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Isocyanates, such as 2,4-tolylene diisocyanate (TDI),
methylenediphenyl diisocyanate (MDI), were previ-
ously investigated as chain extender in graft copoly-
merization of starch and starch nanoparticles.
However, isocyanates are considered as environmen-
tally hazardous materials."

Our purpose in this work is synthesizing the new
graft copolymer with well defined structure based on
starch nanoparticles and e-caprolactone (CL) via ROP
graft polymerization. This method not only offers an
effective and safe way for chemical modification but
also could develop fully biodegradable material with
potential application in medical applications.

EXPERIMENTAL
Materials

Potato starch was purchased from Fluka and was
dried at 110°C for about 10 h to remove absorbed
moisture. e-CL obtained from Aldrich and was dried
over calcium hydride for 2 days and distilled under
reduced pressure. Sn(Oct), was purchased from
Aldrich and was used as received without further
purifications. All other chemicals were analytical
grade and were used as received.

Measurements

NMR spectroscopy

NMR spectra analysis was recorded on a Bruker 400
MHz for a carbon 13 isotope. Sample was dissolved
in DMSO at 60°C, and the solution concentration was
15% w/v. The spectra were obtained at 60°C with a
pulse angle of 30°, a delay time of 10 s and an acqui-
sition time of 2 s. All of the chemical shifts are
reported in parts per million (ppm) using HMDS as
references, which is usually used as an internal stand-
ard for NMR measurements at elevated temperature.

FTIR

The FTIR analysis was performed using a FTIR
Bruker-Tensor 270 spectrometer. The starch nano-
crystals were mixed with analytical grade KBr at a
weight ratio of 5/200 mg.

XRD

The pattern of X-ray diffraction of the samples was
obtained by Siemens diffractometer with Cu-Ko radi-
ation at 35 kV in the scan range of 20 from 2° to 30°.

Scanning electron microscopy

Scanning electron micrographs were obtained with a
LEO 440i scanning electron microscope under vac-
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uum at an operating voltage of 10 kV. Dried starch
sample was gold coated by sputtering for 15 s.

Transmission electron microscopy

Transmission Electron Microscopy (TEM) observa-
tions were performed using a LEO 906 microscope
with an 80 KV voltage, and micrographs were
recorded on Kodak film.

Differential scanning calorimetery

Differential Scanning Calorimetery (DSC) measure-
ments accomplished with a Linseis DSC L 63/45
instrument calorimeter. Samples were heated with a

heating rate of 10°C min .

TGA

TGA carried out on D. T. G. 60 AH Shimadzu
instruments. Thermal degradation behavior of sam-
ples was studied by thermo gravimetric analysis
(TGA) under N, flow at a heating rate of 20°C/min.

Preparation of starch nanoparticles

Starch nanocrystals were obtained through Dufresne
et al. method."" Starch nanocrystals were processed
by acid hydrolysis of the amorphous domains of
potato starch granules. They occur as a finely di-
vided white powder, insoluble in water. Starch gran-
ules 50 g was first mixed with 1 L of 22N
hydrochloric acid (820 mL of water and 180 mL of
36% hydrochloric acid). The nanocrystal suspension
(5% w/w of solid component in water) was stored
at 35°C for 15 days. Duration of this time allows us
to remove most of the amorphous zones without
damaging the crystalline zones. The above suspen-
sion was stirred all of time to ensure the homogene-
ity of the suspension. It was then diluted with an
equal volume of distilled water and washed by suc-
cessive centrifugation (4000 trs/min) until acid free.
At this step, crystals are broken into nanocrystals,
which change the refractive index of the solution so
that the suspension becomes opaque. The dispersion
of nanocrystals was completed by a further 3 min
ultrasonic treatment.

Polymerization procedures
In situ ROP of &-CL catalyzed by Sn(Oct),

Starch nanoparticle-g-PCL was synthesized as des-
cribed below. The reaction took place in a 25 mL
three-necked flask equipped with a mechanical stir-
rer and a rubber septum and previously purged
with nitrogen. A mixture of starch nanoparticle (1 g)
and CL (2 mL) was first added to flask, and the
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Scheme 1 Typical process for preparation of starch nanocrystal-g-PCL from granular potato starch.

temperature of system was adjusted at 75°C. A
determined amount of Sn(Oct), (0.2% w/w of total
amount of reagents) was then introduced via a con-
ditioned syringe. Polymerization was stopped by
fast cooling to room temperature.

Separation of homopolymer

Starch nanocrystal-g-PCL copolymer and PCL homo-
polymer might coexist in the reaction product of
PCL-modified starch nanocrystal (starch nanocrystal-
g-PCL). They were separated by toluene extraction.
Two grams of the PCL-modified starch nanocrystal
was put into a 50 mL toluene in a bottle then the
mixture was stirred at 20°C for 24 h and then
filtrated. The remaining solids were then washed
with toluene for three times. The above process was
repeated once again. The filtrates were collected
together, concentrated to proper extent, precipitated
into n-heptane, and dried in vacuum.

RESULTS AND DISCUSSION

Synthesis of starch nanoparticle and starch
nanoparticle-g-PCL

Polycaprolactone-grafted starch nanoparticle sub-
strate was synthesized from bulk monomer, &-CL,
and in the presence of starch nanoparticle by an
in situ ring-opening polymerization, to result starch
with chemical grafting. Pathway was used, as repre-
sented by the reaction shown in Scheme 1. In this
method, ROP of CL was carried out by using a

Lewis acid catalyst tin octanoate in the presence of
starch nanoparticles. Initiation of the ring opening
was expected to precede from the hydroxyl groups
from the starch phase. Indeed, even though the
mechanism of ROP catalyzed by Sn(Oct), is not yet
well understood; however, it is well established that
the actual initiation species are hydroxyl-containing
compounds, e.g., alcohol or residual water. In addi-
tion to chemical grafting of the PCL chains onto
starch nanoparticles, an improvement of adhesion
was also expected by the fact that the polyester
chains are growing in close contact to the starch
nanoparticle phase.

Characterization of starch nanoparticle-graft-PCL
FTIR analysis

Figure 1 shows the spectra of pure starch nanocrys-
tals (A) as well as starch nanocrystal-g-PCL (B).
From comparison of FTIR spectra of product (B) and
starch nanocrystal (A) in Figure 1, the main differ-
ence between Spectrum A and Spectrum B is a peak
at 1734 cm™' as the characteristic of the ester group
related to PCL on starch. The intensity of hydroxyl
stretching groups in starch nanocrystal (3400 cm ™)
was slightly decreased in the spectrum (B). The char-
acteristic peaks at 1734 and 3400 cm ' in Spectrum
B illustrate that the starch nanocrystals have initiated
the polymerization of the &-CL, and the surface of
the starch nanoparticles have been grafted by CL;
our desirable product (starch nanoparticle-g-PCL)
was formed.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 FTIR spectrum of (A) unmodified starch nanocrystal and (B) starch nanocrystal-g-PCL.

NMR analysis

The structure of synthesized starch nanoparticle-g-
PCL was confirmed by "H and "*C NMR. The analy-
sis for starch nanocrystal-g-PCL was performed at 25
and 60°C. From comparison of patterns in Figure 3
it was found that in higher temperatures the peaks
become sharper. It is probably due to increased solu-
bility of copolymer in higher temperatures. Based on

TABLE I
Chemical Shift Assignments for '"H and *C NMR of
Starch Nanocrystal-g-PCL

Bc Chemical 'H NMR Chemical
assignment shift (ppm) assignment shift (ppm)
C, 33.18 H,. 2.17
Hop 2.27
Cg 24.93 Hg 1.29
C, 24.15 H, 1.53
GCs 26.55 Hs,a 1.54
Hsp 1.40
C; 63.20 Hea 3.97
Hep 3.37
C=0 172.59
(@] 99.81 Hi, 5.11
Hip 5.03
G, 73.00 H, 3.66
Cs 71.83 Hj; 3.30
Cy 78.68 Hy 3.36
Cs 71.39 Hs 3.60
Ce 60.36 Hea 3.66
Hep 3.60
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the peak assignments in literature®* ' for proton
species in amylose, amylopectin, starch, and starch
derivatives with similar chemical environments to
starch nanocrystal-g-PCL, here the proton signals in
the obtained 'H NMR spectrum of starch nanocrys-
tal-g-PCL was assigned as quoted in Table 1. Also,
the '>*C NMR spectrum assignments of starch nano-
crystal-¢g-PCL are shown in Table I, whereas the glu-
copyranan carbons are between 60 and 101 ppm.
Numbers 1-6 denoted the carbons in the starch
nanocrystals unit, and the Greek symbols indicate
the carbons in CL unit as illustrated in Figure 2.
From consideration of data in Table I, it is found
that C; and Cg carbons have connected with two
kinds of protons, denoted by the subscripts a and b,
respectively. Because this type of peak splitting is
also observed in the case of pure starch, it is pointed
out that this is not originated from the formation of
PCL graft. Thus, H; , and Hg, were assigned to the
protons attached to the main C; and Cg carbons;
whereas, H;, and Hg), were assigned to the protons
linked to the C; and Cg carbons in the branch point

aa g ¥y &ara &b g b

PCL EH;-(0CHO-CH,WPFBW,CHQ;OCOCH{JH,W,CH,CH,-OH
H H : U"‘}"ﬁw

m
4l g2 ,

(OCO-CHLH,CHLH,CH.)- OCOCH,CH,CH,CHCH,-OH

Figure 2 Molecular structure of synthesized copolymer.
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Figure 3 'H NMR spectra of starch nanocrystal-g-PCL in
DMSO-d¢ (A) in 25°C and (B) in 60°C.

of amylopectin unit. The C,, C;s, and C, carbons in
the PCL grafts also have two corresponding protons,
respectively. However, unlike the case of starch,
these are induced by the differences in chemical
environment between the corresponding protons.
That is, the H,, can be assigned to the methylene
proton in the type of —CH,(OC=O)CH,— linkage
appearing at the internal o-position of the graft
chain, and the a-methylene unit at the initiating site
of the graft from the Cq carbon of the starch. On the
other hand, the H,; corresponds to the methylene
proton in the —CH,(OC=O0)CH,— type linkage,
which is present at the initiating site of the grafts
from C, to C; carbons of the starch. A similar
assignment is also possible for Hs or H. protons.
The H;s, and H., protons indicate the internal
8- and e-methylene protons, respectively. In the
—CH,CH,(OC=0)C— type linkage, whereas the
Hsp, and Hgp protons are the methylene protons
attached to the hydroxyl end in the —CH,CH,OH
unit of each PCL graft. These detailed assignments
are also shown in Figure 2.

Quantitative analysis of the microstructure of
starch nanocrystal-g-PCL

Proton NMR spectroscopy is one of the most power-
ful tools for the quantitative analysis in the polymer
microstructure based on the polymer peak assign-
ment of starch ring protons. As shown in Table I,
based on the peak assignment of glucosidic rings in
the starch nanocrystal as well as CL unit the micro-
structure of starch nanocrystal-g-PCL was analyzed
by calculation with taking into account the peak
intensity in 'H NMR spectra. The composition of
starch nanocrystal-¢g-PCL as well as DS values and
DP values were analyzed by means of the quantita-
tive "H NMR spectra.

To determine relative mol fraction (CL/starch
nanocrystall) of starch nanocrystal and CL units in
the graft copolymer, the signals around 3.6-3.7 ppm
containing H,, Hs, and Hg protons for starch nano
unit and signals in the 1.3-2.7 ppm region contain-
ing o-6 methylene protons for CL wunit were
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selected. Therefore, mole fraction of sample can be
assigned as follows:

Caprolactone

Starch
_ Intensity average of o—6 methylene proton signals

~ Intensity average of Hy, Hs and Hg proton signals

NCL, which is the total number of grafted CL
units per 100 anhydroglucose units in starch nano-
crystal, also could be obtained by simple calculation,
NCL = CL/St x 100.

To obtain the more detailed graft structure of
starch-g-PCL, we considered the structural differen-
ces between the C,- and Cs-branches and the Cg-
branch. The starting protons of the C,- and Cs-
branches are composed of —CH(OC=0O)CH,— units
that are assigned as a-methylene proton H, ;. How-
ever, the starting proton of the Cq4 branch cannot be
distinguished from the main CL units due to its
identical structure of the type —CH,(OC=0)CH,—,
which is denoted by H,,. Thus, the fraction of CL
units at the starting site of C,- and Cs-branches can
be calculated by Fyp = I,b/(Iya + Iop), Whereas I,
and I, represent the 'H NMR signal intensities of
H,. and H,}, respectively. Because the NCL is al-
ready known, the number of C, and C;. branches
per 100 anhydroglucose units, denoted by NG, 3, can
be obtained by the simple multiplication, NCL x F,.

A similar calculation is possible for §-methylene
groups in the end units of C,., C3, and Cgbranches.
The fraction of §-methylene groups in the CL end
units of all grafts having the —CH,CH,OH structure
can be calculated by: Fsp, = Isp/(Isa + I5p), where I,
and I5) represent the NMR signal intensities of the
H;s, and H;p protons. Therefore, we can obtain the
total number of PCL grafts per 100 anhydroglucose
units, NG, and number of C¢branches per 100 anhy-
droglucose units, NGg, as follows:

NG =NCL x Fg,b

NG = NG — NG, 3

Although NG; ;5 could be distinguished from NG,
the degree of graft polymerization (DGP) could not
be obtained separately for each PCL branch because
all of the main CL units in C,_, C5. and Cg branches
showed similar chemical shifts in NMR spectra.
Thus, the average DGP was calculated by the simple
equation, DGP = NCL/NG.

By using this method, the calculated values for
Fop, Fsp NG, NGy 3, NG, and DGP in the synthe-
sized copolymer were: 0.18, 0.27, 28.14, 19.22, 8.92,
and 3.70, respectively; the calculated weight

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 X-ray diffraction patterns of (A) unmodified
starch nanocrystal and (B) satrch nanocrystal-¢g-PCL.

fractions by this method showed 39.9% for PCL and
60.1% for starch nanocrystal.

X-ray diffraction study

Starch is a biosynthesized compound containing
semicrystalline granules with varying polymorphic
types and degree of crystallinity. Polymorphism of
the o-glucans is one of the main characteristics of
the crystalline parts in starch granules. Because
native starch granules contain crystalline regions as
shown by their unique X-ray diffraction patterns
(XRD), and therefore, granular crystallinity also can
be studied with X-ray diffraction technique.

As shown in Figure 4(A) the hydrolyzed unmodi-
fied potato starch nanocrystal shows the expected
diffraction pattern for the B allomorph: the strong
peak at 26 17.05 (d = 52 A), a medium intensity
peak at 26 15.01 (d = 5.9 A) and medium intensity
peaks at 20 19.72 (d = 4.5 A) 2222 (d = 4.0 A) and
24.04 d = 3.7 A) And as a final remark, we noticed
that the peak at 20 5.6 (4 = 15.8 A) could be consid-
ered as a “finger print” for B-type structure. Com-
paring the X-ray diffraction of starch nanocrystals
before and after acid hydrolysis, it is found that the
acid hydrolysis did not destroy or transform the
native crystalline state of the nanocrystals.

After modification of starch nanocrystals with poly-
caprolactone, it is appeared that the crystalline
nanoparticle structure is kept intact. The basic B-
allomorph diffraction pattern is still clearly visible
in the diffraction pattern of the modified nanopar-
ticles, [see Fig. 4(B)]. However, in the XRD pattern
of starch nanoparticles, no peak was observed after
modification corresponding to crystalline phase of
PCL, (PCL shows two main diffraction peak at 20
21.5 and 239) and this is in agreement with
obtained results from DSC observations.

Thermal properties of graft copolymer
TGA analysis

The thermal stability behavior for starch, starch
nanocrystal, and starch nanoparticle-g-PCL are

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 5 TGA thermograms of (A) starch,
nanocrystal, and (C) starch nanocrystal-g-PCL.

(B) starch

measured by TGA. As shown in Figure 5, the degra-
dation temperature (T,;) was found around 290°C for
starch [Fig. 5(A)] and degradation progressed at a
narrow temperature range 290-310°C. However, af-
ter acidic hydrolysis and disruption of amorphous
zone of granules and production of starch nanopar-
ticles, the thermal stability decreased [Fig. 5(B)] but
still progressed at a narrow temperature range 285
300°C. However, degradation of starch nanoparticles
grafted PCL continued in broader temperature range
220-310°C [Fig. 5(C)]. On the other hand, the degra-
dation of starch nanocrystal-g-PCL shifted to lower
temperature and continued to be slower than
unmodified starch nanoparticles.

The typical DSC curves for starch nanocrystal
[Fig. 6(A)] and starch nanocrystal-g-PCL [Fig. 6(B)]
are collected in Figure 6. The PCL homopolymer has
a T,, at 61°C, and starch nanocrystal has T,, in the
region between 112 and 240°C, whereas starch nano-
crystal decomposition occurs above 240°C. PCL

. ~N
‘-/r"‘—._—_‘_“ 2 g //

Heat Flow (mds
1
e

N L L LN R EAE RN LEEAN LAREN LEEEE LEERD EL]
80 100D 120 140 160 180 200 220 240 260 280

Temperature ['C)

TTTTTTTT
20 40 ED

Figure 6 DSC thermograms of (A) starch nanocrystal and
(B) Starch nanocrystal-g-PCL.
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Figure 7 SEM micrograph of (A) starch granule and (B) TEM photograph of starch nanocrystals before and (C) after

chemical modification. Scale bar: 200 nm.

modified starch nanocrystal did not show a separate
melting signal in its DSC thermograms even though
the melting point of polycaprolactone was signifi-
cantly lower than any starch signal. The absent of a
clear PCL signal of crystalline PCL phase is an indi-
cation of the absence of a crystalline PCL phase at
the starch nanocrystal surface.

Also, we were able to determine theoretically the
weight fraction of both starch and grafted polymer
in comparison with the melting energies associated
with grafted and ungrafted starch nanoparticles
from DSC thermograms. However, the integration of
the corresponding peak and its dissociation from
any phenomenon associated with the grafted poly-
mer layer are difficult to estimate so that the exact
melting enthalpy of starch nanocrystals cannot be
easily determined. The starch weight content can be
obtained by dividing the total enthalpy associated

with the melting process for the grafted nanopar-
ticles through the corresponding enthalpy for the
ungrafted nanoparticles. The grafting efficiency pre-
sumption from DSC analysis is mainly a qualitative
procedure.*!

Morphological observation

SEM and TEM were used to investigate the possible
morphological changes of starch granules during
hydrolysis. Figure 7(A) shows SEM micrograph of
starch before hydrolysis.

A typical electron micrograph obtained from the
dilute suspension of hydrolyzed starch before and
after chemical modification is shown in Figure
7(B,C), respectively. In the case of unmodified starch
nanoparticles, the suspension is constituted of starch
fragments which have a homogenous distribution in

Journal of Applied Polymer Science DOI 10.1002/app
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size. Each fragment is constituted of associated
nanocrystals, which are not clearly identified and
also in the modified starch nanocrystals. The surface
of nanocrystals looks smooth, whereas the surface of
the starch nanocrystal-g-PCL exhibits roughness and
some connection between nanoparticles, which is
clearly seen. Therefore, it was concluded that the
PCL was located on the surface of the starch nano-
particles. It seems that they have been coated with a
polymeric layer because of their size increase in
comparison to ungrafted particles.

CONCLUSIONS

The graft polymerization of CL monomer onto iso-
lated starch nanoparticles was conducted. Successful
surface modification was confirmed using FTIR and
NMR spectroscopy. Molecular weight and frequency
of PCL moieties on the C,, C;, and C¢ hydroxyl
groups of glycosidic unit of starch nanoparticle was
calculated by means of NMR. Weight fraction of
construction component of graft copolymer was also
calculated by NMR. XRD and DSC analysis showed
that the crystalline structure of starch nanocrystals
do not change during chemical modification. It
seems that chemical modification causes the decom-
position of copolymer in the broader rang of temper-
ature rather than unmodified starch nanocrystals.
TEM observation also confirmed the existence of CL
on the surface of starch nanoparticles.

We would like to thank Department of Physics and Depart-
ment of Material Engineering in the University of Tabriz for
XRD analysis and SEM Images and SUT for TGA analysis.
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