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ABSTRACT: The selective esterification of starch nanoparticles was performed using as catalyst Candida
antartica Lipase B (CAL-B) in its immobilized (Novozym 435) and free (SP-525) forms. The starch
nanoparticles were made accessible for acylation reactions by formation of Aerosol-OT (AOT, bis(2-
ethylhexyl)sodium sulfosuccinate) stabilized microemulsions. Starch nanoparticles in microemulsions were
reacted with vinyl stearate, e-caprolactone, and maleic anhydride at 40 °C for 48 h to give starch esters
with degrees of substitution (DS) of 0.8, 0.6, and 0.4, respectively. Substitution occurred regioselectively
at the C-6 position of the glucose repeat units. Infrared microspectroscopy (IRMS) revealed that AOT-
coated starch nanoparticles diffuse into the outer 50 um shell of catalyst beads. Thus, even though CAL-B
is immobilized within a macroporous resin, CAL-B is sufficiently accessible to the starch nanoparticles.
When free CAL-B was incorporated along with starch within AOT-coated reversed micelles, CAL-B was
also active and catalyzed the acylation with vinyl stearate (24 h, 40 °C) to give DS = 0.5. After removal
of surfactant from the modified starch nanoparticles, they were dispersed in DMSO or water and were

shown to retain their nanodimensions.

Introduction

Starch is an abundant, inexpensive, naturally occur-
ring polysaccharide. It is biocompatible, biodegradable,
and nontoxic, so it can be used as biocompatible implant
materials and drug carriers.!~6 Literature reports de-
scribe the use of chemically modified forms of starch for
sustained drug delivery systems. For example, epichlo-
rohydrin cross-linked high amylose starch was used as
a matrix for the controlled release of contramid.! A
complex of amylose, butan-1-ol, and an aqueous disper-
sion of ethylcellulose was used to coat pellets containing
salicylic acid to treat colon disorders.? Starch has also
been used as a carrier for phenethylamines,? acetylsali-
cylic acid,* and estrone.? Hydrogels composed of starch/
cellulose acetate blends were reported as possible bone
cements.® While starch-based biomaterials appear prom-
ising, scientific challenges remain to be solved. For
example, it would be advantageous if starch esters used
as matrices for drug delivery could be prepared so that
they are modified at selected positions of the glucose
residues (i.e., at only the primary or secondary posi-
tions). This is difficult due to the presence of three
hydroxyl groups per glucose residue each in different
chemical environments. Furthermore, to solubilize starch
for homogeneous modification, polar aprotic solvents
such as dimethyl sulfoxide are needed. For example, to
modify the primary (6-O) hydroxyl sites of amylose,
starch was heterogeneously persilylated, the persily-
lated derivative in carbon tetrachloride was acylated
with an anhydride, and then the silyl protecting groups
were removed.”

Previous work has investigated the use of enzymes
to regioselectively modify polysaccharides under mild
conditions. Hydroxyethylcellulose (HEC) particles were
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suspended in dimethylacetamide and acylated with
vinyl stearate using Candida antartica Lipase B (CAL-
B) as catalyst. After 48 h, a product with degree of
substitution (DS) 0.1 was formed.® Lipase-catalyzed
modification of HEC in film or powder form by reaction
with e-caprolactone (CL) gave low-DS HEC-g-PCL co-
polymers.? Problems associated with these strategies are
use of (i) polar aprotic solvents that strip critical water
from enzymes lowering their activities!® and (ii) het-
erogeneous reaction conditions that restrict the modi-
fication of large particles and films to a small fraction
of the substrate residing at the surface. To overcome
the use of polar aprotic solvents, enzymes have been
incorporated within reverse micelles using the anionic
surfactant aerosol-OT [AOT, bis(2-ethylhexyl)sodium
sulfosuccinate]. AOT forms thermodynamic water drop-
lets surrounded by a surfactant monolayer in oil (iso-
octane). Water entrapped within the reverse micelles
resembles the polar pockets in cells.!! Incorporation of
enzymes within reverse micelles soluble in nonpolar
media facilitates productive collisions and reactions
between enzymes and nonpolar substrates. Several
types of lipase-catalyzed reactions in AOT/isooctane
have been studied.!2 Dordick and co-workers incorpo-
rated proteases from Subtilisin carlsberg and Bacillus
licheniformis within AOT-coated reverse micelles.!3
Although the enzymes within reverse micelles were
active for the acylation of amylose in film and powder
form, the inability of AOT-coated enzyme to diffuse into
the bulk of these substrates limited modification of films
and powders to surface regions.

Nanoparticles, nanospheres, and nanogels are used
as building blocks for nanoscale construction of sensors,
tissues, mechanical devices, and drug delivery systems.
For the latter, carriers with nanodimensions are not
detected by the reticuloendothelial system so they
circulate for longer times. For medical applications,
nanoparticles constructed from poly(lactic acid), poly-
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(glycolic acid),’*~16 poly(alkyl cyanoacrylate),1?-18 2-hy-
droxyethyl acrylate—poly(ethylene glycol)diacrylate co-
polymers, ! poly(L-lysine)-g-polysaccharides,?° and poly-
(vinylpyrrolidone)?! have been reported. Starch micro-
spheres were studied for the delivery of insulin via the
nasal system.2?

To overcome previous difficulties in the enzymatic
esterification of polysaccharides and to prepare a family
of structurally and dimensionally well-defined nano-
particles from a natural material, a new idea was
explored. That is, starch nanoparticles were incorpo-
rated into reverse micelles stabilized by AOT. A key
discovery was that the nanodimensions of AOT-coated
starch particles and their solubility in nonpolar media
such as toluene allowed their diffusion to sites within
the pores of the physically immobilized lipase catalyst
Novozym 435 at which esterification of starch occurred.
The acyl donors included vinyl esters of fatty acids
differing in chain length, maleic anhydride, and e-ca-
prolactone. Motivations for selecting these acyl donors
were as follows: (i) increase starch hydrophobicity, (ii)
introduce both carboxylate side chains and sites for free
radical cross-linking, and (iii) form polyester grafts.
Nuclear magnetic resonance experiments gave the
degree of substitution (DS) and regioselectivity of es-
terification reactions. The influence of the reaction
temperature, time, and structure of the acyl donor on
the progress of esterification reactions was studied. IR
microspectroscopy revealed the extent that AOT-coated
starch nanoparticles diffuse through the macroporous
structure of the physically immobilized lipase catalyst
Novozym 435. Dynamic light scattering showed the size
distribution of AOT-coated reverse emulsions of starch
nanospheres both prior to and after starch modification
reactions. Furthermore, dynamic light scattering con-
firmed that the nanodimensions of modified starch
nanoparticles were retained after they had been stripped
of AOT and dispersed in water or DMSO.

Material and Methods

General Chemicals and Procedure. Starch nanoparticles
(Ecosphere) of average size 40 nm were prepared by Ecosyn-
thetix and provided as a gift. The method used to prepare
starch nanoparticles was described in detail elsewhere.? All
chemicals and solvents were of analytical grade, purchased
from Aldrich Chemical Co. Inc., and were used as received
unless otherwise noted. e-Caprolactone (CL) was a gift from
Union Carbide Co. Novozym 435 and SP-525 were gifts from
Novozymes. Toluene and CL were dried over calcium hydride
and distilled under reduced pressure in a nitrogen atmosphere.
AOT was dried in vacuo (16 h, 25 °C, 1 mmHg) prior to use.
Novozym-435 was dried over P3O5 in vacuo (16 h, 25 °C, 0.5
mmHg) prior to use. Molecular sieves (4 A, 4—8 mesh size)
were purchased from Aldrich Chemical Co. Inc. and dried for
24 h at 160 °C prior to use.

Instrumental Methods. 'H and *C-DEPT-135 NMR spec-
tra were recorded at 25 °C on a DPX300 spectrometer at 300
and 75.13 MHz, respectively (Bruker Instruments, Inc.). The
proton (*H) and carbon (13C)-DEPT-135 NMR chemical shifts
in parts per million (ppm) were referenced relative to tetram-
ethylsilane (TMS). To perform the 'H and 3C NMR experi-
ments, 8.0 and 20.0 wt % of samples were dissolved in their
respective solvents. FTIR spectra were recorded using a
Thermo Nicolet Magna 760 FTIR spectrometer using potas-
sium bromide (KBr) disks prepared from powdered samples
mixed with dry KBr in the ratio of 1:100 (sample:KBr). The
spectra were recorded in a absorbance mode from 4000 to 400
ecm™! at a resolution of 8 em™!. The particle size distribution
of starch nanoparticles was characterized at 25 °C by using a
N4 Plus particle sizer (Beckman-Coulter) with a He—Ne laser
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(A = 632.8 nm). Samples for the measurement were prepared
by dispersing nanoparticles at 1% (w/w) in their respective
solvents. Unmodified starch nanoparticles were dispersed in
DMSO as well as in water. Starch nanoparticles modified with
either CL or vinyl stearate were dissolved in DMSO. Maleic
anhydride-modified starch nanoparticles were dissolved in
water. DMSO and aqueous solution samples were filtered
through hydrophobic and hydrophilic PTFE filters, respectively
(both 0.2 um pore size; Millipore). Filtered samples were
collected into dust-free fluorometer cells (10 x 10 mm). Starch
nanoparticles incorporated in the reverse micelles of AOT
(AOT:starch = 2:1 w/w) and dispersed in toluene were mea-
sured without filtration. N4 Plus measures an autocorrelation
function of the light scattering intensity at different scattering
angles and converts it into a distribution of the apparent
particle diameter d, assuming that the light scattering comes
from spherical particles independently making diffusional
motion. The distribution is weighted by the scattering intensity
of each particle of the relevant size at the scattering angle
used.

To prepare the samples for IR microspectroscopy (IRMS),
Novozym beads were recovered from the reaction vessel after
24 h reaction between starch nanoparticles and vinyl stearate
at 40 °C in toluene. Beads were washed with toluene and then
with water to remove the particles from their surface. Washed
beads were dried in vacuo (16 h, 25 °C, 1 mmHg). These beads
were embedded in paraffin wax and microtomed at room
temperature into sections with a thickness of 12 um. Sections
were mounted on a BaF; disk and the IR microspectra were
recorded using a Perkin-Elmer Spectrum Spotlight infrared
microscope equipped with a motorized x—y stage and an
MCT-A detector. The IR microscope was coupled to a Spectrum
One FTIR spectrometer. Data were collected from 4000 to 700
cm™! in transmission mode, 32 scans/pixel, 4 cm™! spectral
resolution, and 6.25 um pixel resolution. Control spectra of
starch, AOT, and Novozym 435 beads were also collected under
the same conditions. Additional details of the general methods
and data analysis are described elsewhere.?*

Incorporation of Starch Nanoparticles within Re-
verse Micelles of AOT/Isooctane/H-O Microemulsions. A
concentrated aqueous solution of starch nanoparticles (0.25
g/mL) was added dropwise with vigorous stirring to 50 mL of
0.1 M AOT/anhydrous isooctane solution in a round-bottom
flask capped with a rubber septum. Throughout this process
the solution remained clear, and phase separation did not
occur. This gave reverse micelles of AOT-coated starch nano-
particles in isooctane. Isooctane from the modified nanopar-
ticles was removed under reduced pressure by using a ro-
tavaporator. The AOT-coated micelles were further dried (30
°C, 6 h, 30 mmHg). A similar procedure was adopted to
incorporate starch nanoparticles in reverse micelles of CTAB/
chloroform and TritonX-100/toluene where, in place of AOT/
isooctane, the surfactant/solvent systems used were CTAB/
chloroform and TritonX-100/toluene.

Incorporation of Nonimmobilized Candida antartica
Lipase B (CALB) within AOT-Coated Starch Nano-
particles. Starch nanoparicles (2.2 g) and SP-525 (1.1 mL,
protein content 0.022 g) were added to 7.7 mL of deionized
water. Incorporation of starch nanoparticles within reverse
micelles of AOT/isooctane/H2O microemulsions was performed
exactly as described above, except that SP-525 was present in
the aqueous solution.

Acylation of AOT-Coated Starch Nanoparticles with
Vinyl Stearate. Vinyl stearate was used as the acylating
agent for the hydrophobic modification of starch nanoparticles.
The starch nanoparticles (2.2 g, 0.0135 mol of glucose units)
coated with surfactant was transferred to a 100 mL round-
bottomed flask. Dry toluene (50 mL), vinyl stearate (12.63 g,
0.0407 mol), and Novozym 435 (0.22 g) were added to the
reaction vessel. The molar ratio of acylating agent to glucose
residues was 3 to 1. The reactions were performed in the
presence of molecular sieves at six different temperatures (25,
30, 35, 40, 50, and 60 °C) for 48 h with stirring. Control
reactions were performed as above but in the absence of
Novozym 435 at 40 and 60 °C. Reactions were terminated by
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filtration to remove the enzyme and sieves. Then, toluene was
removed under reduced pressure. To remove AOT, the product
was suspended in a mixture of water and methanol (50 mL,
1:1 v/v) at 25 °C for 30 min with magnetic stirring. The
suspended nanoparticles were separated by filtration, and
then, to remove unreacted acylating agent, they were trans-
ferred into a beaker containing 50 mL of cold chloroform. The
suspension was magnetically mixed at 25 °C for 30 min,
separated by filtration, and the residual solvent was removed
under reduced pressure. The purified products were character-
ized by different spectroscopic techniques. For the 48 h reaction
with vinyl stearate, the product obtained is of DS 0.8, and the
results of NMR studies for this product were as follows: 'H
NMR in DMSO-ds (6 in ppm): 5.27 [C1-H, m, 1H], 4.22 [C6-
H, m, 2H], 3.74 [C2-H, C4-H, m, 2H], 3.42 [C3-H, C5-H, m,
2H], 2.18 [-O(C=0)CH>—, t, 2H], 1.53 [-O(—C=0)CHxCH>—
,q, 2H], 1.32 [-(CH3)y—, s, 18H1, 0.72 [-CHj3, t, 3H]. *C-DEPT
in DMSO (showed the carbon signals for the sugar ring) (6 in
ppm): 6 73.68 (C3), 72.54 (C2), 72.18 (C5, unmodified starch
unit), 72.13 (C4), 66.74 (C5, modified starch unit), 65.04 (C6,
modified starch unit), 61.07 (C6, unmodified starch unit).

Maleation of AOT-Coated Starch Nanoparticles. Starch
nanoparticles (2.2 g, 0.0135 mol of glucose units) and dry
toluene (50 mL) were transferred to a 100 mL round-bottomed
flask. To this was added maleic anhydride (1.323 g, 0.0135
mol), Novozym 435 (0.22 g), and hydroquinone (3 mg, free
radical inhibitor). The reactions were performed at 40 °C for
48 h with magnetic stirring. The workup procedure of the
reaction was identical to that for the acylation of starch
nanospheres with vinyl stearate. The purified product was
characterized by different spectroscopic techniques. NMR
spectral data of starch maleate nanoparticles (DS 0.4, 48 h
reaction) were as follows: H NMR in DO (6 in ppm): 5.85
[Ha, bs, 1H, maleic anhydride unit proton —(O=C—CH,=CHy-
COOH)], 6.65 [Hp, bs, 1H, maleic anhydride unit proton
—(0=C—-CH,=CH,COOH)], 5.52 [C1-H, m, 1H], 4.36 [C6-H,
m, 2H], 4.04—3.51 [C2-H, C3-H, C4-H, m, 3H], 3.02 [C5-H, m,
1H] (see Figure S-2 in Supporting Information for more details
on peak signals and assignments). 1*C-DEPT spectrum (starch
signals, in D20, 6 in ppm): ¢ 145.28 and 120.23 (C, and Cy,
—C.=Cy—), 72.43 (C4), 73.88 (C3), 72.91 (C2), 72.83 (C5,
unmodified starch unit), 69.56 (C5, modified starch unit), 61.91
(C6, unmodified starch unit), 66.12 (C6, modified starch unit).

Reaction of AOT-Coated Starch Nanoparticles with
e-Caprolactone (CL). The reaction procedure was identical
to that for the maleation of starch nanoparticles, except that
CL (4.40 mL, 4.536 g, 0.0405 mol) was used in place of maleic
anhydride. The purified product is characterized by different
spectroscopic techniques. NMR spectral data of caprolactone
modified starch nanoparticles (DS 0.6, 48 h reaction) were as
follows: M NMR in DMSO (6 in ppm): 5.52 [C1-H, m, 1H],
4.21 [CH2—0—C(0), caprolactone methylene proton, m], 4.13
[C6-H, m, 2H], 3.52—3.86 [C2-H, C3-H, C4-H, C5-H, m, 4H],
2.21 [-C(O)CH32—, of caprolactone units], 1.58 [m, methylene
protons and CH;OH of capralactone units], 1.32 [m, other
methylene protons of capralactone units] (see Supporting
Information for more detailed information on peak signals and
assignments, Figure S-3). 3C-DEPT (starch signals in DMSO,
0 in ppm): ¢ 73.68 (C3), 72.54 (C2), 72.18 (C5, unmodified
starch unit), 72.13 (C4), 70.21 (C5, modified starch unit), 65.01
(C6, modified starch unit), 61.07 (C6, unmodified starch unit).

Acylation of Starch Nanoparticles Using SP-525. The
acylation of AOT-coated starch nanoparticles with vinyl stear-
ate was performed as described above, except that CAL-B was
incorporated directly within the microspheres instead of being
introduced into the reaction in its immobilized form (.e.,
Novozyme 435).

Results and Discussion

1. Synthesis and Structural Analysis of Modified
Starch Nanoparticles. 1.1. Preparation of Surfac-
tant-Coated Starch Nanoparticles. A key idea of this
work was to solubilize starch nanospheres by their
incorporation in reverse micelles. By encapsulation of
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Table 1. Percent Incorporation of Starch Nanoparticles
in Different Surfactant Systems

starch
nanoparticles
entry surfactant® nature solvent incorporated (%)?
1 AOT anionic  isooctane 50
2 CTAB cationic chloroform 40
3 Triton X-100 neutral toluene 10

@ The surfactant concentration in the organic solvent was 0.1
M. ¢ Starch nanoparticles/surfactant (w/w) x 100.

starch nanospheres with a surfactant, it was hoped they
might disperse in a low-polarity medium, rendering
them accessible to both an enzyme immobilized on the
walls of a macroporous support and an acyl donor. To
explore this concept, the loading of starch nanospheres
within surfactant stabilized reverse micelles was inves-
tigated. The surfactant—solvent systems used were AOT
(sodium bis(2-ethylhexyl) sulfosuccinate)/isooctane, CTAB
(cetyltrimethylammonium bromide)/chloroform and Tri-
ton X-100 (polyoxyethylene-10-isooctylphenyl ether)/
toluene. These surfactants were selected on the basis
of their previous use for other applications of solubilized
enzymes in reversed micelles.2627 To load the reverse
micelles, a concentrated (0.25 g/mL) aqueous solution
of starch nanospheres was added to the different sur-
factant/solvent pairs. The percent incorporation of starch
in the nanospheres was determined on the basis of the
amount of starch nanoparticles that could be added to
the surfactant/solvent system prior to formation of a
cloudy phase-separated mixture.

The results in Table 1 show that the AOT/isooctane
microemulsion system gave the highest percent incor-
poration of starch nanoparticles in reverse micelles. To
isolate the AOT-coated starch nanoparticles, the isooc-
tane was removed under reduced pressure. Previous
studies in our laboratory showed that toluene was a
preferred organic medium in which to perform Novozym
435-catalyzed transesterification reactions.?8 Hence,
AOT-coated starch nanospheres were dispersed in tolu-
ene and evaluated as acyl acceptors for a series of lipase-
catalyzed starch modification reactions.

1.2. Lipase-Catalyzed Acylation of AOT-Coated
Starch Nanoparticles. Novozym 435 is a biocatalyst
consisting of lipase B from Candida antarctica (CAL-
B) immobilized onto a poly(methacrylate) macroporous
resin (Lewatit VP OC 1600). It has been shown that the
average pore size of Novozym 435 beads is about 100
nm.?® An initial concern in using this catalyst for
modifying AOT-coated starch nanospheres was whether
the AOT-coated nanospheres would have access to
CAL-B within the beads. This would require the diffu-
sion of the nanospheres within pores of Novozym 435.
The ability of Novozym 435 to modify the starch
nanospheres was first tested. Later, the size of AOT-
coated starch nanospheres and its ability to diffuse into
the catalyst beads are described.

The acyl donors selected include (i) fatty acid vinyl
esters that when esterified to starch greatly increase
its hydrophobicity, (ii) maleic anhydride that ring-opens,
giving carboxylic acids and sites for free-radical cross-
linking or grafting, and (iii) e-caprolactone that can ring-
open to form polyester grafts of various chain lengths
(Scheme 1). The reaction between vinyl stearate and
AOT-coated starch nanoparticles was performed for 24
h, at 40 °C, with a 3:1 mol/mol ratio of vinyl stearate to
glucose residues. The products obtained were analyzed
by 'H and 3C NMR spectra. Peak positions and assign-
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Scheme 1. Reactions between AOT-Coated Starch
Nanoparticles with Different Acylating Agents®

I
OCCH,(CH,)oCH;
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Table 2. Effect of the Reaction Temperature on the
Acylation with Vinyl Stearate of AOT-Coated Starch

T q=0,7, 13
HO o
@ L HO2@0 T,
OH o 3(qu)3 o
o CH=CHOC CH,(CH,),CH =13 0
Q)] T~o0 OH
n
S HO. /= o.
o L 5 Ju
(¢} (o}

I I
CCH,(CHy);CHy}OCCH,(CH,)3CH,0H

m=0- 4

n

@ Conditions: Novozym 435 (1% protein w/w), toluene, 40
°C, 48 h; (i) ratio glucose units to vinyl ester 1:3 mol/mol, (ii)
glucose units to maleic anhydride 1:1 mol/mol, (iii) glucose
units to e-caprolactone 1:3 mol/mol.

ments of NMR spectra are listed in the Experimental
Section and are consistent with that expected. Proton
NMR (300 MHz, DMSO-dg) signals with peaks at 5.27,
4.22, 3.74, and 3.42 ppm are due to the protons of C1,
C6, (C2/C4), and (C3/C5), respectively (see Figure S-1).
Other 'H NMR signals at 2.18, 1.53, 1.32, and 0.72 ppm
were assigned to hydrogens of the stearate moiety (see
Figure S-1). Determination of DS by 'H NMR was based
on the relative intensities of peaks at 5.27 ppm (proton
on C1) and 1.53 (CH, of stearate). The intensities of the
peaks were determined by integrating them. Exchange
with D2O caused the disappearance of the 20H and
30H protons that, otherwise, overlap with the proton
of C1 at 5.27 ppm. Comparison of the DEPT-135 spectra
(Figure 1) of the native starch nanoparticles and the
vinyl stearate-modified starch nanoparticles (48 h reac-
tion, DS = 0.8) shows that acylation of glucose residues
caused (i) the signal at 72.18 ppm for C5 of unmodified
glucose units to shift upfield to 66.74 ppm and (ii) the
peak at 61.07 ppm for C6 of the unmodified substrate

2
55"
3
rr 0
JJ\ I
2’ -
\ij

Nanospheres®
entry temp (°C) reaction efficiency (%)° DS
1 25 7.0 0.2
2 30 10.0 0.3
3 35 17.0 0.5
4 40 27.0 0.8 £+ 0.06¢
5 50 30.0 0.9
6 60 30.0 0.9

@ Reaction time: 24 h; starch nanoparticles:Novozym 435 = 10:1
(w/w); ratio of acylating agent to glucose units 3:1 mol/mol. ¢ [Vinyl
stearate esterified to starch/vinyl stearate in the reaction] x 100.
¢ Reaction performed in triplicate to determine the standard
deviation.

to shift downfield to 65.04 ppm. The other ring carbons
at 73.68 (C3), 72.54 (C2), and 72.13 ppm (C4) were found
at almost identical positions in the starting substrate
and the modified product. The peaks at 72.18 and 61.07
ppm in the product spectrum correspond to C5 and C6
of unmodified sugar units. Thus, the DEPT-135 spectra
in Figure 1 show that Novozym 435 catalysis of starch
nanosphere acylation with vinyl stearate is selective for
C6. In other words, only the hydroxyl attached to the
C6 of glucose units participates in ester bond formation.

1.3. Influence of Reaction Temperature. Using
vinyl stearate as the acyl-donor, Novozym 435-catalyzed
esterification of AOT-coated starch nanospheres were
conducted at temperatures from 25 to 60 °C (see Table
2).

By increasing the reaction temperature from 25 to 50
°C but keeping all other reaction variables constant, the
efficiency of the reaction increased from 7.0 to 30% and
the DS increased from 0.2 to 0.9. Further increasing the
reaction temperature from 50 to 60 °C caused the
reaction efficiency to decrease. The reaction at 40 °C
was performed in triplicate to determine the standard
deviation. For control reactions performed at 40 and 60
°C but without enzyme, no acylation of the product was
observed. This supports that the esterifications were
catalyzed by the enzyme and not by non-enzyme-

OH
O o

HO,

6

TT T T[T T T T [T T T T [ TT TP [T I T T[T T T T [T T T T[T T I T [T T T T [TT T [ TT T[T T T T[T TT [T TT T [TTT

75 74 73 72 71 70 69 68

6"
L L

67 66 65 64 63 62 61

Figure 1. Expanded region of DEPT-135 (75 MHz, DMSO-ds) spectra that shows the carbon signals for the sugar units of (A)
native starch nanoparticles and (B) vinyl stearate modified starch nanoparticles with DS = 0.8.
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Table 3. Effect of the Acylating Agent Chain Length on
Its Reactivity®

entry acylating agent reaction efficiency (%) DS
1 vinyl stearate 27.0 0.8
2 vinyl decanoate 13.0 0.4
3 vinyl propionate 3.0 0.1
4 vinyl acetate no reaction 0.0

@ Reaction time: 24 h; starch nanoparticles to Novozym 435 is
10:1 (w/w); acylating agent to glucose units 3:1 mol/mol.

mediated chemical reactions. The results of experiments
at reaction temperatures from 25 to 40 °C were used as
a basis for selecting the temperature for other studies
in this work. The experiments at 50 and 60 °C were
performed only after most of the studies described in
this paper had already been completed.

1.4. Effect of Substrate Chain Length on Starch
Acylation. Vinyl-activated fatty acids with 2, 3, 10, and
18 carbons were investigated as acyl donors (see Table
3). No esterification was detected by NMR analysis
using vinyl acetate (two-carbon chain length). By in-
creasing the fatty acid chain length from 3 to 10 and
10 to 18 carbons, the reaction efficiency increased from
3.0 to 13.3% and 13.0 to 27.0%, respectively. Hence, the
reactivity increased by using fatty acid acyl donors of
longer chain length. This observation is consistent with
earlier studies that describe a preference of CAL-B for
hydrophobic substrates such as when the Novozym 435-
catalyzed ring-opening polymerization of w-pentadeca-
lactone was found to proceed more rapidly than e-ca-
prolactone.?® To determine whether vinyl ester activation
was needed, stearic acid was used in place of vinyl
stearate. Unfortunately, esterification was not observed
with steric acid.

1.5. Acylation of AOT-Coated Starch Nanopar-
ticles with Maleic Anhydride. The reaction between
maleic anhydride and AOT-coated starch nanoparticles
was performed for 24 h, at 40 °C, with a 1:1 mol/mol
ratio of maleic anhydride to glucose residues. The NMR
peak positions and assignments for maleic anhydride
esterified starch nanoparticles are listed in the Experi-
mental Section. The DS was calculated from the 'H
NMR (300 MHz) by comparing the relative intensity of
peaks at 5.85 (O=C—CH,=CH,COOH) and 5.52 ppm
(proton at C1). Relative intensities of the peaks were
determined by integrating them. As above, the only
changes in the DEPT-135 spectrum after reaction with
maleic anhydride (product DS 0.4) were new signals at
69.56 and 66.12 for C5 and C6, respectively. The upfield
shift of C5 (by 3.27 ppm) and downfield shift for C6 (by
4.21 ppm) in combination with no other changes in the
spectrum for carbons of the glucose ring shows that
esterification with maleic anhydride occurred selectively
at the C6 positions of glucose units.

The apparent higher reactivity of vinyl stearate than
maleic anhydride is consistent with the preference of
Novozym 435 for hydrophobic substrates of long chain
length rather than polar substrates of small ring size
(see Table 3). Furthermore, the activation energy of
maleic anhydride ring-opening is likely increased by the
development of charge—charge repulsion between the
developing carboxylate group and the negatively charged
AOQOT surfactant molecules. Nevertheless, maleation to
DS 0.4 builds into the nanoparticles a substantial
quantity of both unsaturated moieties for cross-linking
and pendant carboxylic acids that alter the particle
charge density.
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1.6. Acylation of AOT-Coated Starch Nanopar-
ticles with e-Caprolactone (CL). The reaction be-
tween e-caprolactone (CL) and AOT-coated starch nano-
particles was performed for 24 h, at 40 °C, with a 3:1
mol/mol ratio of CL to glucose residues. The peak
positions and assignments are listed in the Experimen-
tal Section. Analysis of the DEPT-135 spectrum of
products as above showed that CL units were selectively
esterified at the C6 position of glucose units. Similar
regioselectivity was observed for the ethyl glucoside-
initiated ring-opening polymerization of CL catalyzed
by Novozym 435.3° The DS of products was determined
by 'H NMR from the relative intensity of peaks at 5.52
(proton of C1) and 2.18 ppm (—C(O)—CHz). The degree
of polymerization (DP) was determined from the rela-
tive intensity of the caprolactone methylene protons
(CH2—0-C(0)) at 4.46 ppm and the methylene protons
(CH2—0—-C(0)) at the C6 ring position of esterified
glucose residues. Relative intensity of the peaks
was determined by integrating them. The results of CL
DS and DP as a function of reaction time are given
below.

1.7. Reaction Progress with Time. The time course
for acylations of AOT-coated starch nanoparticles with
vinyl stearate, CL, and maleic anhydride are shown in
Figure 2 and discussed below. Acylation with vinyl
stearate begins after a 2 h lag period and by 24 h
reached DS 0.7. Extending the reaction time to 48 h
showed at most an increase in DS to 0.8.

The lag period observed for stearate acylation is likely
due to the immiscibility of hydrophobic vinyl stearate
and hydrophilic starch molecules. However, once a low
degree of stearate ester formation occurs, the solubility
of vinyl stearate in the hydrophobically modified starch
nanoparticles increases, thus accelerating the reaction.
In contrast, a lag period was not observed for the
reaction with CL. This is consistent with a relatively
higher miscibility of CL than vinyl stearate with the
starch nanoparticles (see Figure S-4, Supporting Infor-
mation, for the effect of reaction time on substitution
from 12 to 24 h). While stearate substitution at 4 h was
only 0.2, CL substitution had already reached 0.4 and
an average degree of polymerization (DP) of 1.7. By 12
h, the degree of CL and stearate substitution were 0.6
(DP = 2.0) and 0.4, respectively. With an increase in
the reaction time from 12 to 48 h, neither the DS nor
the DP increased substantially beyond 0.6 and 2.0,
respectively. However, addition of another 3 equiv of CL.
per glucose residue to the reaction system at 24 h
resulted in oligo(CL) side chains with an average DP of
5 units with no further increase in the DS. It follows
that with further addition of CL longer graft lengths
will result. Reports by others that have attempted to
form starch-g-PCL by ring-opening polymerizations
using chemical catalysts (e.g., stannous octanoate) have
similarly reported the formation of starch-g-polycapro-
lactone.3! However, unlike previously described graft
polymerizations using chemical catalysts where poly-
caprolactone emanates randomly from the primary and
secondary hydroxyl positions, starch-g-polycaprolactone
from lipase catalysis has grafts that uniformly begin by
attachment to the primary hydroxyl groups of glucose
residues.

Maleation of starch nanoparticles occurred slowly. By
12 h the DS was 0.1, and it increased to 0.4 by 48 h.
The reactions with maleic anhydride were performed
in the presence of hydroquinone to avoid the possibility
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Figure 2. Effect of reaction time on degree of substitution for the reaction of starch with different acylating agents; starch
(glucose residues):vinyl stearate 1:3 mol/mol, starch:maleic anhydride 1:1 mol/mol, starch:e-capralactone 1:3 mol/mol.
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Figure 3. Distribution of particle diameter d for (a) unmodi-
fied, (b) stearate-modified (DS = 0.8), and (c¢) e-caprolactone-
modified (DS = 0.6) starch nanoparticles in DMSO recorded
at the scattering angle of 28.2°. Each curve is normalized by
the total area of the peaks above the baseline.

of free-radical side reactions. Furthermore, when suc-
cinic anhydride was used in place of maleic anhydride,
its reactivity was similarly slow.

2. Characterization of Unmodified and Modified
Starch Nanoparticles by Light Scattering. It was
hoped that the method used to modify the starch
nanoparticles could result in nanosize products. Dy-
namic light scattering (DLS) experiments were per-
formed to determine the particle size distribution of the
starting material and products. Prior to the analysis,
the modified nanoparticles were treated to remove AOT
and other residual reactants (see Experimental Section).
Figure 3 shows the particle size distributions of the
unmodified and modified starch nanoparticles in DMSO
recorded at the scattering angle of 28.2°.

Also, these measurements were performed in DMSO
at 21.5° and 64.3°. Common to the three scattering
angles is distributions of the unmodified and modified
nanoparticles have peaks at almost the same locations.
Unmodified nanoparticles exhibit two prominent peaks
at around 45 and 300 nm. The smaller particles are
ascribed to isolated nanoparticles and the larger par-
ticles to their aggregates. In Figure 3a, the peak area
for the smaller particles is about 3 times as large as
that for the larger particles. There is a third weak peak
at around 2 nm. In general, the scattering intensity by
suspended particles is roughly proportional to the
product of their mass concentration and the molar mass
of each particle. Therefore, the lower peak height at 300
nm indicates that these large particles are present in
negligibly small amounts. The predominant hydro-
dynamic diameter of unmodified starch nanoparticles

normalized distribution

100 101 02 103

dapp(nt

Figure 4. Distribution of particle diameter d for (a) unmodi-
fied and (b) maleic anhydride-modified starch nanoparticles

(DS = 0.4) in water recorded at 30°.

in DMSO is 45 nm. This result is in a good agreement
with the SEM micrograph given by the nanoparticle
supplier (not shown).

DLS analysis of vinyl stearate-modified nanoparticles
(DS = 0.8) shows that each of the peaks, including the
third weak peak, shifted to a larger size (Figure 3b).
Furthermore, the peak area for the larger particles is 3
times as large as the one for the smaller particles. The
changes in the distribution indicate that modification
caused the nanoparticles to exist mostly as aggregates
of several particles and the aggregates of dapp = 300 nm
to aggregate further. Nevertheless, the modified nano-
particles still remain dispersed in DMSO.

For the CL-modified nanoparticles (DS = 0.6), the
shifts in the peak positions of the two major peaks are
not as large as those for the vinyl stearate-modified
starch. Furthermore, the increase of the peak area for
the larger particles is less. Hence, modification with CL
resulted in particles with a weaker attractive interaction
compared with the vinyl stearate modification. Note-
worthy is that all the samples passed through a 0.2 um
filter. Therefore, particles of dapp = 300 nm are dynamic
aggregates that are in equilibrium with the smaller
particles.

Figure 4 shows the size distribution of unmodified and
maleic anhydride-modified starch nanoparticles dis-
persed in water, obtained at 30.2°. The results at 23°
and 62.6° are almost identical. Unmodified starch
nanoparticles show two prominent peaks at 50 and 350
nm, both slightly larger than their counterparts in
DMSO. Unlike in DMSO, the larger particles have a
greater peak area than do the smaller particles. Thus,
the relative population of the larger particles in water
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Figure 5. Distribution of particle diameter d of AOT-coated
starch nanoparticles in toluene recorded at 30° in toluene.

is not negligible. A third peak was also observed at
around 10 nm. Apparently, compared with DMSO,
water has a poorer ability to disperse starch nano-
particles. Modification with maleic anhydride resulted
in shifts of the three peaks to larger particle diameters
with growth of the area for larger particles.

In addition to the analysis of modified starch nano-
particles after they were isolated and stripped of AOT,
light scattering experiments were also performed to
characterize unmodified AOT-coated starch nanopar-
ticles. Light scattering studies in toluene at 30° showed
these particles have a unimodal size distribution in the
range from 5 to 350 nm (Figure 5).

Reverse micelles of AOT without starch nanoparticles
were not observed. The critical micelle concentration of
AOT is far above the concentration used in sample
preparation. Thus, the low end of the distribution in
Figure 5 represents a suspension that holds only one
or two 40 nm starch nanoparticles or their fragments.
In contrast, the high end of the distribution is ascribed
to aggregates that contain many 40 nm nanoparticles.
Unlike DMSO and water, the environment of toluene
and AOT limits the area of contact between starch and
the solvent, which disfavors the presence of isolated
nanoparticles.

3. Diffusion of Starch Nanoparticles into No-
vozym 435 Beads. Previous work showed that the
average pore size of Novozym 435 beads is about 100
nm.?> Furthermore, CAL-B is not distributed through-
out the entire Novozym 435 bead; it is located in an
outer shell with a thickness of 80—100 um for beads
with an average diameter of about 500 ym.25 In this
work, we determined whether AOT-coated nanospheres
diffuse within Novozym 435 beads. If this is not possible,
reactions of starch nanospheres would be restricted to
outer regions of Novozym 435 beads, thus largely
limiting the fraction of enzyme available for catalysis
of starch acylation. The extent of penetration by AOT-
coated starch nanoparticles within catalyst beads was
investigated with infrared microspectroscopy. Novozym
435 beads were withdrawn at 12 h from a reaction
between starch nanoparticles and vinyl stearate at 40
°C. These beads were embedded in paraffin, sectioned
to a thickness of 12 um with a microtome, and deposited
on BaF; disks. Infrared images were collected from bead
cross sections. To determine the IR spectral features
unique to starch, spectra were recorded for Novozym
435 (CAL-B loaded on the PMMA macroporous matrix
polymer) and nonmodified starch nanospheres (Figure
6A). For Novozym 435, the C=0 stretching mode
between 1720 and 1740 cm™! is due to the matrix
polymer,?> so this spectral range was integrated in each
pixel of the infrared image to determine the matrix
polymer distribution in the bead (Figure 6B). Similarly,
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Figure 6. Distribution of modified AOT-coated starch nano-
particles within Novozym 435 as observed by infrared micros-
copy (IRMS). (A) Control spectra of pure starch nanoparticles
(top) and recovered Novozym 435 beads (bottom). Spectral
peaks unique to the matrix polymer, CAL-B, and starch are
highlighted in gray. The distribution in bead cross sections of
the matrix polymer (PMMA), CAL-B, and starch nanospheres
are shown in (B), (C), and (D), respectively.

the amide II protein band from 1500 to 1575 cm ™! was
integrated to determine the CAL-B distribution (Figure
6C), and the C—O stretching mode between 1025 and
1058 ecm™! was integrated to determine the starch
distribution in the bead (Figure 6D). It was found that
both the CAL-B protein content and the starch nano-
particle content were localized within an outer shell of
the bead. Since the starch nanoparticles penetrated ~50
um into the bead, and CAL-B is located in the outer 80—
100 um region of beads, the AOT-coated starch nano-
particles penetrate well within the beads where they
encounter much of the available enzyme. This is reason-
able since light scattering showed the average diameter
of AOT-coated starch nanospheres was 5—350 nm
(Figure 5), and the average pore diameter of the beads
is 100 nm.2> Once inside the pore, CAL-B and starch
molecules are in intimate contact so that starch hy-
droxyl groups can react with enzyme activated ester
complexes. This observation explains why Novozym 435
is so effective at modifying starch nanoparticles.

4. Incorporation of CALB within AOT-Coated
Starch Nanospheres. An alternative to modification
of starch nanoparticles by immobilized CAL-B is ca-
talysis by nonimmobilized or “free” CAL-B. Free CAL-B
was incorporated into reversed micelles during its
preparation in AOT/isooctane/water (see Experimental
Section). This was accomplished by mixing an aqueous
solution of SP-525 (as-received) and starch nanospheres
with AOT in isooctane (see above). The resulting AOT-
coated starch nanospheres containing CAL-B were

")
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reacted with vinyl stearate (3 mol equiv per glucose
unit) in toluene at 40 °C for 24 h to give a product with
DS 0.5. Under similar reaction conditions except using
Novozym 435 as the catalyst, the product DS was 0.7.
Furthermore, analysis of the regioselectivity of acylation
by DEPT-135 NMR analysis showed that free CALB
incorporated within the micelles was also regioselective
for the C6 position. Thus, the use of free CAL-B is a
reasonable alternative to that of Novozym 435.

Summary of Results

Starch nanoparticles were incorporated into AOT-
coated reverse micelles that dissolved in toluene. Light
scattering analysis of a suspension of these particles in
toluene showed that, at the low end of the size distribu-
tion, the aggregates have one or two 40 nm starch
nanoparticles. At the high end of the distribution,
aggregates that contain many 40 nm nanoparticles were
found. By forming dispersions of these starch nano-
particle clusters in toluene, starch molecules become
highly accessible to nonpolar substrates and the lipase
CAL-B that is immobilized within pores of beads.
Furthermore, toluene promotes the activity of the
CAL-B for acylation reactions. Previous work that
attempted lipase-catalyzed acylations of starch or other
polysaccharides used large particles or films where only
a small fraction of the polymer on surface layers was
accessible to the enzyme. The other alternative of
forming a solution of the polysaccharide in polar aprotic
solvents such as DMSO is flawed since DMSO and other
polar aprotic solvents that dissolve polysaccharides strip
critical water from the enzyme catalyst, rendering it
with little or no activity. When AOT-coated dispersions
of starch nanoparticles in toluene were exposed to
physically immobilized CALB (Novozym 435), acylations
of e-caprolactone (CL), vinyl stearate, and maleic an-
hydride were successfully accomplished. The reactions
were performed at 40 °C for up to 48 h. DEPT-135
spectra of the products showed that starch acylation
occurred regioselectively at C6 positions of glucose units.
Using vinyl stearate at 40 °C, the product degree of
substitution reached 0.8. The acylation with CL oc-
curred most rapidly so that, by 12 h, the degree of CL
substitution was 0.6 (DP = 2.0). In comparison, by 12
h, the degree of starch substitution with vinyl stearate
and maleic anhydride was 0.4 and 0.1, respectively. By
increasing the concentration of CL available in the
reaction, starch-g-polycaprolactone was formed with
grafts that uniformly emanate from the primary hy-
droxyl groups of glucose residues. Infrared microspec-
troscopy (IRMS) showed that AOT-coated starch nano-
particles can diffuse into the outer 50 um shell of
catalyst beads. Since CAL-B is located in the outer 100
um shell of catalyst beads, starch and acylating agents
are all in close proximity promoting esterifications.
Studies by dynamic light scattering proved that, after
isolation of acylated particles with surfactant removal,
nanodimension products could be redispersed in DMSO
or water.
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