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Novel Chitosan-Derived Nanomaterials and Their
Micelle-Forming Properties
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Six novel N-alkyl-N-dimethyl and N-alkyl-N-trimethyl chitosan derivatives were chemically synthesized
and characterized using FT-IR, 'H NMR, 13C NMR, differential scanning calorimetry (DSC), and X-ray
diffraction spectrometry (XRD). The alkyl groups included octyl (CgH17-), decanyl (C10H2;-), and lauryl
(C12H2s-). These chitosan derivatives were also evaluated for their micelle-forming properties using
dynamic light scattering (DLS) and transmission electron microscopy (TEM) techniques. All six chitosan
derivatives were capable of forming polymeric micelles in water with an average particle diameter
ranging from 36 to 218 nm. Both N-octyl-N-dimethyl and N-octyl-N-trimethyl chitosan derivatives formed
nanomicelles under the experimental conditions, with an average particle diameter of 36.0 and 52.5,
respectively. Both the length of alkyl group and the N-trimethylation degree of the chitosan derivatives
altered the size of their polymeric micelles. To further understand the effect of N-alkyl substitution
degree of chitosan derivatives on size of their micelles, additional five N-octyl-N-trimethyl chitosan
derivatives with N-alkyl substitution degree ranging from 8 to 58% were prepared and their micelle
sizes were determined. The results showed that the diameter of the nanomicelles was proportional
to the degree of N-octyl substitution. These data suggest that novel N-alkyl-N-dimethyl and N-alkyl-
N-trimethyl chitosan derivatives may form nanomicelles. Additional research is required to further
investigate the potential value-added utilization of these chitosan derivatives in controlled release
and targeted delivery of hydrophobic bioactive food factors.
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INTRODUCTION teristics. It has been suggested that nanotechnology may provide

Nutraceuticals and functional foods are widely recognized possible solutions to these challenges (8-10).
for their potential in reducing the risk of aging-associated  Nanotechnology is the science and technology that works at
diseases and enhancing general human health. Development dihe atomic, molecular, and supramolecular levels at a scale of
nutraceuticals and functional foods is an emerging field in about 1—100 nm to better understand the relationships among
agricultural, food, and life sciences driven by current consumer macroscopic properties and molecular structure, degree of order,
desires of health promotion and disease prevention throughand intermolecular forces in synthetic materials and natural
improving diet (1—7). In 2004, the new IFT Expert Report materials of botanical and animal origir&<{11). It is believed
provided a comprehensive review of functional foods and that nanotechnology may revolutionize current nutraceutical and
defined functional foods as “foods and food components that food systems. These may include but are not limited to
provide a health benefit beyond basic nutrition (for the intended controlled release and targeted delivery of bioactive components,
population)” @). An ideal functional food should have a number nanosensors and nanotracers for food safety and security, and
of characteristics including excellent sensory properties, efficacy, nanomaterials from agricultural products and byprodu@ta(,
and safety. There are a number of challenges in research and.2). Nanostructures capable of controlled release and targeted
development of nutraceuticals and functional foods such as poordelivery of bioactives may greatly improve their stability,
bioavailability of hydrOphObiC bioaCtiveS, undesirable pharma— sensory propertieS, b|oava||ab|||ty and efficacy, Safety and
cokinetic properties, loss of bioactivity due to degradation during pharmacokinetic properties, and thus may lead to the renovation
food processing and storage, and undesirable sensory characsf nutraceuticals and functional foods. One of the essential steps
for developing such nanostructures is to discover and develop
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Figure 1. Synthesis of N-alkyl-N-dimethyl and N-alkyl-N-trimethyl chitosan derivatives.

and molecular structures. In other words, a number of such In this study, a group o-alkyl-N-dimethyl andN-alkyl-N-
polymers capable of entrapping bioactive molecules with trimethyl chitosan derivatives with different degreeMalkyl
different chemical structures are required because of thesubstitution and different chain length of tid-alkyl were
structural diversity and huge number of bioactive food com- synthesized. These chitosan derivatives were characterized using
ponents such as flavonoids and3 fatty acids. FT-IR, H NMR, 3C NMR, DSC, and XRD and evaluated for

Chitosan, a polymer of glucosamine, is a deacetylated producttheir micelle-forming properties. The results from this study may
of chitin, which is a byproduct of crab and shrimp processing. be used to promote the value-added utilization of chitosan and
The degree of deacetylation and molecular weight of chitosanto improve the efficacy and safety of nutraceuticals and
determine its physical and chemical properties including rheo- functional foods.
logical and aggregation propertie$3( 14). Native chitosan
preparations are used in supplemental products for their possibley aTERIALS AND METHODS
beneficial effects to humans such as hypolipidemic, antigeno-
toxic, and anticarcinogenic activities (1B5). A few chitosan Materials. Chitosan was provided by Nantong Suanglin Biochemical
derivatives have been chemically synthesized and characterized>0- Ltd.- (Jiangsu, China) with a deacetylation degree of gz% and
for their possible utilizations in controlled release and targeted XJZZOZ'SXC?;GS?(?%Z‘;ESSE;V‘gc')gh(t_r‘gkii k?:b:r?/)re;lﬁ (Egmg eAr’iia”y
dgllvery Of. pharmaceutlcals because Chltosan. IS a nomOXIC'available solvents and reagents were used without further purification.
biocompatible, biodegradable, and less expensive byproduct of . . o )
the seafood industry (114, 16—19). Some of these chitosan Preparation _of Novel thtosan I_Derl_vatlves.N-AIkyI-N-dlm(_ethyl

o . . andN-alkyl-N-trimethyl chitosan derivatives were prepared by introduc-

derivatives are self-assembling and able to form nanoparticlesjng an alkyl group to NH on G, of glucosamine unit in chitosan
for controlled release and targeted delivery of bioactive com- followed by a different degree of N-methylation as showrFigure
ponents. These includé-alkyl-O-sulfate (18,19), O-carboxym- 1. N-Alkyl chitosan derivatives (ACS), includingN-octyl (OCS),
ethylate (11), and cross-linked chitosatil(14), as well as N-decanyl (DCS), andN-lauryl (LCS), were prepared following a
chitosan derivatives containing hydrophobic branches on their laboratory procedure described previously (18). To prepare OCS, 1.0
backbone 16). N-alkyl-O-sulfate chitosan was able to form self- 9 (5.6 mmol) of chitosan was suspended in 50 mL of methanol, and
assembling nanomicelles and may be used as a vehicle forth_er_l 1 g (7.8 mmol) of octaldehyde was added in t_he suspensi_on while
solubilization and slow release of paclitaxel, a hydrophobic SUrfing at room temperature. After 24 h of reaction, KBsblution
anticancer compound (19). In addition, chemical modification (©:3 9 9:3 mmolin 5 mL of water) was slowly added to the reaction

. th dehesi d trati h ._mixture. The resulting mixture was stirred at ambient temperature for
may Improve theé mucoadenesive and penetration ennhancing,,,mer 24 h, followed by neutralization using 2 M hydrochloric acid.

properties of chitosar2Q). Utilization of chitosan derivatives  ager precipitation with methanol, 0.96 g of OCS was collected by

for controlled release and targeted delivery of bioactives may filtration, repeatedly washed with methanol and water, and dried at 60
promote the value-added use of crab and shrimp shells and°C overnight under a reduced pressure. The other Nvalkyl-

enhance the profitability of the seafood industry. substituted chitosan derivatives, DCS and LCS, were synthesized using
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same molarity ratio of chitosan and decanal or lauryl aldehydes, Tapie 1. Effects of the Alkyl Group and N-Trimethylation Degree on

respectively, and followed by KBHreduction. o Micelle-Forming Properties of the Novel Chitosan Derivatives?
To prepareN-alkyl-N-dimethyl chitosan (ADMCS) derivatives,

N-alkyl chitosan preparations were methylated according to a previously derivative length of alkyl group  trimethylation degree (%) micelle size (nm)

reported procedure with slight modificatio@1(—23). ForN-octyl-N- ODMCS 8—C 27 36

dimethyl chitosan (ODMCS), a mixture of 0.96 g (5.6 mmishoctyl OTMCS 8-C 74 52.5
chitosan, 2.4 g (16 mmol) sodium iodide, 5 mL of 15% (w/v) sodium ppMmcsS 10-C 27 213
hydroxide solution, and 15 mL (240 mmol) iodomethane in 15 mL DTMCS 10-C 74 218
N-methylpyrrolidone was mixed and reacted at €D for 1 h with LDMCS 12-C 27 117
stirring. The resulting ODMCS was precipitated using ethanol and LTMCS 12-C 74 128

collected by centrifugation. After being washed with ethanol, the solid
was dissolved in 5% (w/v) NaCl solution to exchange the iodide to 20DMCS and OTMCS stand for N-octyl-N-dimethyl and N-octyl-N-trimethyl
ODMCS chloride. The crude ODMCS chloride was precipitated with chitosan derivatives; DDMCS and DTMCS stand for N-decanyl-N-dimethyl and
ethanol and collected by centrifugation and then redissolved in distilled N-decanyl-N-trimethyl chitosan derivatives; LDMCS and LTMCS stand for N-lauryl-
water and dialyzed against distilled water for 5 days using a membrane N-dimethyl and N-lauryl-N-trimethyl chitosan derivatives, respectively. The N-
obtained from Sigma with a molecular weight cut off range of 10 000. substitution degree of the N-alkyl group is 8% for all N-octyl, -decanyl, and -lauryl
The filtered solution was lyophilized, and 0.34 ghsctyl-N-dimethyl chitosan derivatives shown in this table. Length of alkyl group is reported as the
chitosan (ODMCS) powder was obtained. DDMCS and LDMCS were total carbon atoms in the alkyl group. Trimethylation degree was calculated using
prepared following the same procedure with same molarity ratio in the the integral of the *H NMR signals for the N-trimethylamino group (N(CHs)s) and
reaction. These ADMCS derivatives were tested for their micelle- that of the N-dimethylamino group (N(CHs),). Micelle size is reported as the average
forming properties and used to prepare ATMCS. diameter of micelles.

N-octyl-N-trimethyl chitosan (OTMCS) was prepared from ODMCS
by further methylation. OD.M.CS (0.34 g) was dissol\{ed in 15 mL of (19' 24). A known volume of pyrene in acetone (1'541@5 M, 400
N-methylpyrrolidone containing 2.4 g (16 mmol) sodium iodide. A5 )y \yas placed in a flask. After removal of acetone using a rotary
mL volume of 15% sodium hydroxide solution and 3.2 mL (51 mmol) - eyaporator, 10 mL of aqueous polymer solution at each concentration
of iodomethane were added into the ODMCS methylpyrrolidone (10-6_2 mg/mL) was added into the flask. The resulting suspension
solution. After reacting at 60C for 30 min, an additional 1 mL (16.1 was sonicated for 30 min at ambient temperature and kept % 66r
mmol) of iodomethane and 0.3 g of NaOH pellets were added to the 3 p, g equilibrate pyrene and the micelles. After being cooled at ambient
mixture and stirred for anothé h tocomplete the methylation reaction.  temperature overnight, the micellar solution was filtered through a 0.22
OTMCS was prempltated with ethanol, colleqted by centrifugation, and xm membrane to remove the pyrene not trapped in the micelles.
purified following the same procedures described for ODMCS. OTMCS ygrescence intensity was measured for micelles at an excitation
powder (0.2 g) was obtaineN:DecanalN-trimethyl chitosan (DTMCS)  \yayelength of 339 nm and an emission wavelength ranging from 350
and N-lauryl-N-trimethyl chitosan (LTMCS) were synthesized by {5 450 nm and was used to calculate the critical micelle concentration

following the same procedure. o ) values for the selected newly synthesized chitosan derivative.
Characterization of Chitosan Derivatives. FT-IR analysis was

performed to evaluate thid-alkyl and N-methyl substitution. FT-IR
spectra were recorded using a Fourier-transform infrared spectrometerRESUI‘TS AND DISCUSSION
in KBr discs (18). A polymeric micelle is able to trap hydrophobic components
'H NMR and**C NMR spectra were also performed to evaluate the jn jts hydrophobic core and enhance their water solubility
i\r‘iﬁ!‘ﬂyf“‘s%g's'mﬁtt;‘ﬂ ?;gftltﬁf\l/ﬁg 3\,’;‘13 t(c)ogghecrtlg(linisti?\z d:géfjkg: because of its hydrophilic surface. Polymeric nanomicelles are
: X . > . well recognized as potential passive targeting carriers of
gﬁK@ﬁEzﬁ\ggozzzegggggg’CVCﬁﬁgagmﬁz:r'lssdoel\r'isgt'icgevcz);:d antigance_r agents because of tht_eir mechanical strength and small
dissolved in DO. pamcle size (25.26). Small particles are not captured by Fhe
Elemental analysis was performed using an Element Vario EL 11 éticuloendothelial cell systems (RES) and do not have “first-
analyzer. Data from elemental analysis was used to calculate the degref@ss” effect and, consequently, may improve the bioavailability
of N-alkyl substitution. of entrapped bioactive components. The keys for developing
Differential scanning calorimetry (DSC) and X-ray diffraction (XRD) ~ such nanostructures are to (1) discover and develop novel self-
spectrometry were employed to study the physical properties of chitosanassembling biocompatible and biodegradable polymers, (2)
and its derivatives. DSC was performed using the NETZSCH DSC characterize their controlled release and targeted delivery
204 equipment with a temperature range of-860°C and a heating potentials, (3) understand the physical, chemical, and mechanical
rate of 20°C/min. XRD spectra were obtained using an XD-3A powder  mechanisms involved in their controlled release and targeted
E{jfr:‘ﬁg%no?ier with a Cu K radiation range of 540° (26) at 40 qajivery functionalities, and (4) explore the relationship(s)
’ between the molecular structure of polymers and their controlled

Polymeric Micelle Size and Morphology. The micelles were . - : - .
prepared by dispersing chitosan derivatives in distilled water. After release and targeted delivery behaviors, including the quantita-

ultrasonication, the resulting solution was kept at ambient temperature Ve structure-functionality relationships. In this study, a group

in a sealed flask and subjected to further analysis of polymeric micelle Of N-alkyl-N-dimethyl andN-alkyl-N-trimethyl chitosan deriva-

size and morphology. The size and morphology of polymeric micelles tives were synthesized. These chitosan derivatives were also
were estimated according to the laboratory procedures previously characterized for their chemical structures and evaluated for their
described 19). Briefly, the size of the polymeric micelles was measured micelle-forming properties.

Using the Zetasizer 3000HS instrument (MaIVern InStrUmentS, MaIVern, Synthes|s and Characterization Of the Ch|tosan Deriva_
U.K.) with 633 nm He-Ne lasers at 25C, and the concentration of  tjes. ThreeN-alkyl-N-trimethyl chitosan (ATMCS) and three
micellar solution was 6 mg/mL. Transmission electron microscopy N-alkyl-N-dimethyl chitosan (ADMCS) derivatives were syn-

(TEM) analysis was performed using the micellar solution at 75 kV thesized (Table 1). The alkyl groups includeg-CsHir,

with an H-7000 (Hitachi, Japan) as described previoud).(The . - . !
micellar solution was negatively stained with 0.01% phosphotungstic N-CioHzr-, and n-CiHoz-. The first important intermediate,

acid and placed on a copper grid coated with framer film. N-alkyl chitosan (ACS), was pre_pared_by_ ier_dUCing an alkyl
Estimation of Critical Micelle Concentration. The critical micelle group to the G&-NH of glucosamine units in chitosafrigure
concentration of ODMCS was determined using pyrene (Fleg8%) 1). In this study, ACS was synthesized by reacting chitosan with

as the hydrophobic fluorescent probe following a laboratory protocol the corresponding aldehyde followed by KBHydrogenation
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of the Schiff's baseKigure 1). This was different from the
method previously reported by Li and othe?3). Li and others
(27) prepared a number d-alkyl chitosan derivatives with
different chain lengths and substitution degrees by directly
reacting chitosan with alkyl halide under alkaline conditions.
In this study, N-alkyl derivatives with higher purity were
obtained through the two step reactions, because the nucleophilic
addition reaction has better selectivity. In contrast, the direct
nucleophilic substitution reaction with alkyl halide may result
in mixtures ofN-alkyl andO-alkyl chitosan mixtures because
alkyl halide may react with both Nj-and OH groups. Although
the NH, group has higher reactivity, there is only one possible
NH> group in each glucosamine unit. In contrast, two OH groups
are available in each glucosamine unit for the substitution
reaction with alkyl halide. In 1996, Desbrieres and others Wavenumbers(cm)

preparedN-alkyl chitosan derivatives and investigated their Figure 2. FT-IR spectra of chitosan derivatives: (a) chitosan; (h) N-octyl
rheological behaviors (28). The alkylation was accomplished chitosan; (c) N-octyl-N-dimethyl chitosan; (d) N-octyl-N-trimethyl chitosan.

by Schiff's base preparation followed by reduction using sodium

cyanohydroborate (NaCNBji NaCNBH; was selected because ADMCS, and ATMCS had peaks at 2957, 2858, 1467, 1380,
of its stability at acidic condition and its higher reactivity and and 800 cm* in the IR spectra which indicated the presence
selectivity than commonly used reducing agents including ©f an N-alkyl group. Figure 2 shows the FTIR spectra of
NaBH,. In this study, we were able to effectively reduce the ChitosanN-octyl chitosan (OCSN-octyl-N-dimethyl chitosan
imminium ion using KBH as effective as that could be done (ODMCS), andN-octyl-N-dimethyl chitosan (OTMCS). Chi-
with NaCNBH,. This may reduce the overall cost of preparation tosan had the strongest absorbance at 1597*cmvhich
since NaBH is less expensive than NaCNBHt needs to be  indicated the presence of the hHyroup on G of the
pointed out thatN-alkyl chitosans may act as absorption glucosamine unit (Figure 2a). The intensity of this specific NH
enhancers for bioactives besides simple intermediates for furtherSignal was significantly decreased upon introducingNiectyl
preparation oN-alkyl-N-trimethyl chitosan (ATMCS) and three ~ 9roup and was hardly observed for eittiéoctyl-N-dimethy|
N-alkyl-N-dimethyl chitosan (ADMCS) derivatives. (ODMCS) orN-octyl-N-trimethyl chitosan (OTMCS)gure

N
ﬂ

7
4000

T T T
3000 2000 1000

ADMCS was prepared from ACS by methylation reactions
on the primary amino group in the glucosamine unit ac-

complished by reacting ACS with iodomethane in the presence

of strong base, while ATMCS was prepared under similar
conditions by reacting ADMCS with iodomethane. The ADMCS
and ATMCS derivatives with different percent trimethyl sub-
stitution were prepared by controlling the ratio of iodomethane
and ACS or ACMCS, respectively, as well as altering the
reaction duration. As shown iRigure 1, ATMCS derivatives

carry a higher degree of positive charge at neutral pH than the
corresponding ADMCS compounds, and the total charge of each
molecule is less sensitive to environmental pH changes. On the
other hand, ADMCS carries a lower degree of positive charge
at neutral pH, whereas reduction of environmental pH increases
the positive charge of each molecule because of the addition of

proton onto the MgN-. Therefore, these two chitosan derivatives
may differ in their micelle-forming properties. Furthermore, their
micelles may have a different solubility in water and different
applications in controlled release and targeted delivery of

2b—d). In a comparison of the FTIR spectra of chitosan and
N-octyl chitosan, introducing th&l-alkyl into the molecule
increased intensities of peaks at 2856 and 2926'qffigure
2a,b), suggesting the presenceNMdalkyl substitution 27). New
peaks were observed at about 1450-énm the FTIR spectra
of N-octyl chitosan (OCS),N-octyl-N-dimethyl chitosan
(ODMCS), andN-octyl-N-dimethyl chitosan (OTMCSHigure
2). Furthermore, the intensity of this peak was greater in the
FTIR spectra of ODMCS and OTMCS than that observed for
N-octyl chitosan under the same experimental conditions,
designating the additiond-methyl substitution (Figure 2b—
d). Similar FT-IR spectra were observed for other ACS,
ADMCS, and ATMCS derivatives (data not shown). These data
suggest the presence of methyl and long alkyl groups on nitrogen
at the G position of the glucosamine unit in chitosan molecules.
Figure 3 shows théH NMR spectra of chitosan, ODMCS,
and OTMCS. Compared to that of chitosan (Figure 3a),
ODMCS had four additional peaks in théid NMR spectra at
3.32, 2.46, 1.29, and 0.82 ppm (Figure 3b). The signal at 3.32
ppm wastH peaks of the trimethylamino group (N(G}) and

bioactive food components. the a-methene group-{NHCH,(CH,)sCHs) of the N-octyl tail.

It has been reported that-trimethyl chitosan chloride, an  The signals at 2.46 and 1.29 ppm wetd peaks of the
ATMCS derivative, exhibited excellent absorption-enhancing gimethylamino group (N(83),) and the other six methene
capacity across mucosal epithelia by opening epithelial tight- groups ofN-octyl group (—NHCH(CH,)sCHs), respectively.
junctions @0,22,29). This absorption-enhancing capacity may The triple peaks at 0.82 wetél signals of thas-methyl group
be significantly altered by the degree of trimethyl substitution jn the N-octyl chain (—~NHCH(CH,)sCHs). In agreement with
(22,29). In addition to its role in nutrient and drug absorption,  the FT-IR results, these foliH peaks suggested and confirmed
intestinal epithelial integrity is very important for prevention  the presence dfi-octyl, N-dimethyl, andN-trimethyl groups in
of toxic food factors such as viruses. Chitosan derivatives the synthesized chitosan derivatives. Furthermore, the ratio
capable of opening epithelial tight-junctions may alter epithelial petween the integral of the-trimethylamino group (N(Ck)s)
permeability and raise safety concerns. ADMCS and ATMCS and that of theN-dimethylamino group (N(Ck).) was ap-
with different degl’ees dﬂ-trlmethyl substitution may differ in proximate|y 2:1 Figure 3b), which represents the degree of
their penetration-enhancing capacity due to their different quaternization or positive charge of the ODMCS at neutral pH.
epithelial tight-junction opening properties. OTMCS had alH NMR spectrum similar to that observed

Structures of chitosan and its derivatives were first character- for ODMCS, except that théH signal intensity of the trim-
ized using FTIR. All chitosan derivatives including ACS, ethylamino group was stronger than that of the dimethylamino
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H3+H4+H5+H6

6 4 2
Figure 3. H NMR spectra of (a) chitosan, (b) ODMCS, and (c) OTMCS.
ODMCS and OTMCS represent N-octyl-N-dimethyl and N-octyl-N-trimethyl
chitosan derivatives, respectively. The signal at 4.7 ppm was the solvent
peak (D,0), which may be eliminated from the *H NMR spectra using
the zgpr pulse technique.

c4
c1 c5C3  ceC2
a
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T T T T T T T T T
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Figure 4. 13C NMR spectra of (a) chitosan, (b) ODMCS, and (c) OTMCS.
ODMCS and OTMCS represent N-octyl-N-dimethyl and N-octyl-N-trimethyl
chitosan derivatives, respectively.

group (Figure 3c). The ratio between the integral of the
N-trimethylamino group (N(CkJs) and that of theN-dimethy-
lamino group (N(C®13)2) was approximately 8:1. Taken together,
the'H NMR data for ODMCS and OTMCS indicated that either
ODMCS or OTMCS contains both-dimethyl- andN-trim-
ethylamino groupsHigure 3b,c). The difference was the relative
amount ofN-dimethyl- andN-trimethylamino groups in the
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Figure 5. DSC thermograms of (a) chitosan, (b) ODMCS, and (c) OTMCS.
ODMCS and OTMCS represent N-octyl-N-dimethyl and N-octyl-N-trimethyl
chitosan derivatives, respectively.

CCOOD/D,O. Characteristié3C NMR signals of glucosamine
unit in chitosan were observed at 55.6,X®0 (G), 70 (G),
75 (G), 76.5 (G), and 97.5 (&) ppm (Figure 4a), which are
in agreement with the previously reported d&8,31). Figure
4b represents th®C NMR spectrum for ODMCS. The peak at
53.7 ppm was th&*C signal for the trimethyl group(N(CHs)3)
and thea-methene groupNHCH,(CH,)sCHj) in the N-octyl
tail of the chitosan derivatives. The peak at 41.1 ppm was the
13C signal for the dimethyl-{{N(CHs)y) in the chitosan deriva-
tives. The signals of the other six methene groupslKICH,-
(CH,)6CH3) and the methyl group at the end bfalkyl tail
(—=NHCH(CH)6CHs) were shown at 34.3 and 23.9 ppm,
respectively. The peaks at 99.6,JC77.5 (G), 77 (G), 68.4
(Cy), 61.1 (G), and 58.6 (@) ppm werel3C signals of the
corresponding carbon atoms of the glucosamine unit in chitosan
molecule. These data confirmed the presenceNedctyl,
N-dimethyl, andN-trimethyl groups in the ODMCS molecule,
the newly synthesized chitosan derivativeigure 1). In
agreement with that observed in thd NMR spectrum, the
13C NMR data also support the conclusion that lsthiimethyl
and N-dimethyl groups may be present in tiéalkyl-N-
dimethyl chitosan preparations.

The 3C NMR spectrum of OTMCS is similar to that for
ODMCS, except that th&’C signal intensity of the trimethyl
group is stronger than that of dimethyl grougigure 4b,c).

chitosan molecule. This may be explained by the chemical The peaks at 97.9, 77.4, 74.6, 72.5, 58,5, 57.6, 54.2, 41.1, 28.1,

mechanism involved in the NFsubstitution reaction using GH
as the methylation agent. GHhas a poor selectivity between
the secondary and the tertiary amino group®(CHz), vs
—N(CHz)s, respectively. Controlling the ratio of GHo N-alkyl

and 22.1 represent tHéC signals of G, C4, Cs, Cs, Cs, Cy,
—N(CHa)3, —N(CHs),, CHy, and CH, respectively.

DSC thermograms of chitosan andisoctyl-N-dimethyl and
N-octyl-N-dimethyl derivatives are shown Iigure 5. The

chitosan and the reaction duration are the only possible spectrum of chitosan shows a broad endothermic peak at 103.9

approaches to manipulate the relative amounNafimethyl-
and N-trimethylamino groups in the methylation reaction

°C and a sharp exothermic peak at 322%(Figure 5a). The
presence of the endothermic peak may be explained by the

products. However, none of these approaches can completelyelimination of moisture from the chitosan matrix. The exother-

eliminate the formation of eithel-dimethyl- or N-trimethy-
lamino groups under the GHmethylation reaction conditions.

mic peak might be attributed to the decomposition of the
saccharine structure in chitosan. Similarly, the endothermic

Therefore, it is understandable that ODMCS has higher level peaks at 106.2C for ODMCS and 96.4C for OTMCS may
of N-dimethylamino group as compared to the OTMCS, and be due to the reduction of moisture content in the polysaccha-

the ratio ofN-dimethyl- and\-dimethylamino groups in either
ODMCS or OTMCS may vary and is highly dependent on the
methylation reaction conditions.

The 3C NMR analysis was performed to confirm the
structures forN-alkyl, N-alkyl-N-dimethyl, andN-alkyl-N-
trimethyl chitosan derivative&igure 4 compares thé’C NMR
spectrum of ODMCS in BO with that of the chitosan in#

rides, whereas the endothermic peaks are at 19G.7or
ODMCS and 204.3C for OTMCS (Figure 5b,c). The broad
exothermic peaks at 270% for ODMCS and 265.7C for
OTMCS correspond to their thermal decompositions. These data
indicated that the introduction of substitution groups into
chitosan molecules decreased their thermal stability and degree
of order and improved their water solubility. The electronic
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Table 2. Effects of Hydrophobic Substitution Degree on Size of
OTMCS Micelles?

degree of N-octyl substitution 8% 20% 36% 48% 58%
size of blank micelle (nm) 52.5 58.2 785 80.5 101.2

a 2 OTMCS stands for N-octyl-N-trimethyl chitosan. All five OTMCS had a same
ratio of 9:1 between their N-trimethyl (N(CHs)s) and N-dimethyl (N(CHs),) amino
b groups. Micelle size is reported as an average diameter of micelles.
<
®
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Figure 6. X-ray diffraction spectra of (a) chitosan, (b) ODMCS, and (c) é
OTMCS. ODMCS and OTMCS represent N-octyl-N-dimethyl and N-octyl- ° & _
N-trimethyl chitosan derivatives, respectively. ..‘ ‘ 100

Figure 7. TEM micrograph of a blank OTMCS micelle (x600 000). OTMCS

repulsion of the positively charged amino groups and the steric 'éPresents N-octyl-N-trimethy! chitosan.

effects of theN-alkyl tails andN-methyl groups in the different
chitosan molecules may partially explain the different DSC gcqgnized that particle size is crucial for the in vivo fate of a
spectra of chitosan, ODMCS, and OTMCS molecules. drug delivery system33). Understanding of the relationship
X-ray diffraction analysis (XRD) was conducted for chitosan, petween the chemical and molecular structures of the synthe-
ODMCS, and OTMCS to further evaluate their Crystallization sized chitosan derivatives and the size of their possib|e
behaviors. Three reflection falls at 24 11, 20, and 22were polymeric micelles is very important to promote their potential
observed in the X-ray diffraction spectrum of chitos&ig(re utilization as carriers or nano- and microencapsulation agents
6a), whereas ODMCS and OTMCS only had one broad peak for hydrophobic bioactive food factors and pharmaceuticals. To
at 20 of about 20°(Figure 6b,c). It is well-accepted that the  fyrther investigate the effect of substitution degreeNe#lkyl
reflection fall at 2 of 11°reflects the presence of crystal form  on micelle-forming properties dfi-alkyl-N-di(tri)methyl chi-
I and the strongest reflection aff f 20° corresponds to crystal  tosan derivatives, sevenstoctyl-N-methyl chitosan derivatives
form Il (32). Taken together, the datakigure 6 indicted that (OTMCS) with the same ratio of thé&-trimethyl- and N-
introduction ofN-alkyl, N-dimethyl, andN-trimethyl substitu- dimethylamino groups were prepared and tested for their
tions into chitosan molecules decreased their ability of forming micelle-forming properties. The results showed that the diameter
intermolecular hydrogen bonds. In addition, these data Suggested)f the nanomicelles was proportiona| to the degreN([fcty]
that bothN-alkyl-N-dimethyl andN-alkyl-N-trimethyl chitosan  substitution with &R2 value of 0.94 by linear regression analysis
preparations, ODMCS and ODMCS, were amorphous, which (Table 2). Taken together, data Fables 1and2 indicate that
was supported by their DSC thermograms under the experi- N-alkyl-N-di(trimethyl chitosan derivatives (ADMCS and AT-

mental conditions. MCS) are possible nanomicelle-forming materials and changes

Particle Size and Morphology of the Polymeric Micelles. in the chemical structures may alter their micelle-forming
The threeN-alkyl-N-trimethyl (ATMCS) and the threl-alkyl- properties. Additional studies are necessary to further investigate
N-dimethyl chitosan derivatives (ADMCS) shown Tiable 1 the structure—functionality relationships.

were tested for their micelle-forming properties. All six tested ~ The TEM micrograph of the OTMCS micelles is presented
chitosan derivatives were able to self-aggregate and formin Figure 7, showing that OTMCS was able to form a near-
polymeric micelles in pure water under the experimental spherical shape nanomicelle with slight deformation and ag-
conditions. The diameter of the six polymeric micelles ranged gregation. The size of the micelles was correlated well with
from 36 to 218 nmTable 1). Both chain length of thH-alkyl that measured using the Zetasizer 3000HS instrument.

group and the degree of quaternization were able to alter the Critical Micelle Concentration. Critical micelle concentra-
micelle forming properties of th&l-alkyl-N-methyl chitosan tion is the minimum required concentration for a selected
derivatives. BothN-octyl-N-dimethyl andN-octyl-N-trimethyl polymer to from micelles through self-assembling. Critical
chitosan derivatives formed polymeric nanomicelles, whereas micelle concentration was determined for tiNoctyl-N-

the correspondingN-decanal (DDMCS and DTMCS) and dimethyl chitosan derivatives with afroctyl substation degree
N-lauryl (LDMCS and LTMCS) chitosan derivatives with the of 8% and a trimethyl substitution degree of 27% using the
same trimethylation degree formed polymeric micromicelles fluorescence method with pyrene as the probe. Pyrene is a
with the diameters 25 times greaterTable 1). Interestingly, hydrophobic molecule with poor water solubility and can be
the polymeric micelles of botiN-decanal-N-dimethyl and  entrapped in the hydrophobic core of the ODMCS micelles in
N-decanal-N-trimethyl chitosan derivatives had much larger water. The fluorescence intensity was positively associated with

particle size than the corresponding-octyl and N-lauryl the amount of pyrene in the ODMCS micelles, which reflects
chitosan derivatives, suggesting that mechanisms involved inthe level of micelles in the solution. The fluorescence intensity
the micelle-forming behaviors dfi-alkyl-N-dimethyl andN- of pyrene in the micelles was obviously affected by ODMCS

alkyl-N-trimethyl chitosan derivatives are complicated. Further concentrationKigure 8). Below the critical micelle concentra-

research is required to fully understand the relationship betweention, there were few micelles present in the polymer solution,
the chemical structure oN-alkyl-N-di(tri)methyl chitosan which corresponded to the very low fluorescence intensity.
derivatives and their micelle-forming properties. It is well- Below certain concentration, increasing ODMCS concentration
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