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Abstract Cellulose chains bearing N-lipoyl group at the reducing-end as a sulfide linker,
self-assembled on the surface of gold nanoparticles (CELL2Au, CELL13Au, and CELL41Au
with the number average degrees of polymerization (DP,) of 2, 13, and 41, respectively) were
prepared. CELL2Au, CELL13Au, and CELL41Au were obtained via deprotection of the
cellulose triacetate (CTA) self-assembled on the surface of gold nanoparticles that are
consisting of CTA chains with corresponding DP, organized in a radial manner with
head-to-tail orientation, where a head is the reducing-end, and a tail is the non-reducing-end.
CELL2Au and CELL13Au were well-dispersed in water including a trace of methanol,
whereas CELL41Au was not. The transmission electron microscopy (TEM) observation of
CELLAus deposited on copper grids revealed that the diameters (d) of the gold cores of
CELL2Au, CELL13Au, and CELL41Au were 6.1, 6.1, and 11.5 nm, respectively. Wide
angle X-ray diffractgram showed that cellulose chains of CELL13Au had quite low
crystallinity and exhibited additional faint diffraction pattern of cellulose Il. Cellulose
chains of CELL41Au were amorphous. The UV-vis measurements revealed that CELL2Au
and CELL13Au were well-dispersed in water. The hydrodynamic diameters (D) of
CELL2Au and CELL13Au in water were 21.8 and 55.9 nm, respectively, according to
dynamic light scattering (DLS) measurements, suggesting that cellulose chains on the gold
were organized in a radial manner with head-to-tail orientation. 'H-NMR measurement
revealed that low-molecular-weight cellulose chains (DP,=13) on the gold dissolved in water,
whereas low-molecular-weight cellulose (DP,=13) itself did not.

Key Words: low-molecular-weight cellulose; reducing-end; radial orientation;
water-soluble; gold nanoparticles.

Introduction

Cellulose molecule has a hemiacetalic hydroxyl group at the reducing-end, which has
different reactivity from other hydroxyl groups at C2, C3, and C6 positions. Focusing on the
specific reactivity of the reducing-end, we have succeeded to prepare cellulosic diblock
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copolymers by introducing long-chain alkyl groups into the reducing-end of cellulose chain
(Kamitakahara et al. 2005; Kamitakahara and Nakatsubo 2005). Based on our synthetic
strategy, we have studied the orientation and nano-structure of cellulose chains led by
introduction of functional groups into their reducing-end. For example, we have recently
prepared amphiphilic cellulose derivatives carrying hydrophobic alkyl group and pyrene
group at the reducing-end, and have investigated self-assemble properties in NaOH aqueous
solution (Enomoto et al. 2006). We have also prepared copolymers with cellulose
side-chains (Enomoto-Rogers et al. 2009a; Enomoto-Rogers et al. 2009b). However,
orientation or crystalline properties of cellulose chains in these cellulosic materials have not
been investigated yet.

As a method to control the orientation of cellulose chains by immobilization of the
reducing-end of cellulose, we have recently prepared cellulose triacetate (CTA) bearing a
single disulfide group at the reducing-end, and succeeded in preparation of the
CTA-self-assembled gold nanoparticles (CTAAu) (Enomoto-Rogers et al. 2010). CTA
chains on the surface of gold nanoparticles were radially oriented in a head-to-tail manner,
where a head is the reducing-end, and a tail is the non-reducing-end. The cellulose chains on
the gold nanoparticles, which were obtained by deprotection of CTAAu, should be organized
in a radial manner with head-to-tail orientation. Moreover, interchain distances of cellulosic
chains on the gold nanoparticles (Enomoto-Rogers et al. 2010) were longer than crystalline
lattice of cellulose 1 (Sugiyama et al. 1991; Woodcock and Sarko 1980) and cellulose 1l
(Kolpak and Blackwell 1976). Meanwhile, it is well-known that cellulose is insoluble in
water due to its crystalline structure formed via inter- and intra-molecular hydrogen bonding
(Kamide et al. 1992). Only cello-oligosaccharides with the DP, of up to ca. 7 are known to
be soluble in water (Kobayashi et al. 1991) or in dimethyl sulfoxide (Isogai and Usuda 1991).
To our knowledge, there have been no reports on radially oriented cellulosic materials. We
anticipated that crystallinity and solubility of cellulose chains radially oriented on the gold
nanoparticles might be different from free cellulose molecules, such as cellulose I or I1.

In the present paper, we describe preparation of cellulose chains self-assembled on the
surface of gold nanoparticles (CELL2Au, CELL13Au, and CELL41Au, degrees of
polymerization (DP,) cellulose of 2, 13, and 41, respectively) via deprotection of the cellulose
triacetate (CTA)-self-assembled gold nanoparticles. Nanostructure and crystallinity of
cellulose chains were also analyzed by transmission electron microscopy (TEM) and X-ray
diffraction measurements. Water-solubility of cellulose chains on the surface of gold
nanoparticles was analyzed in relationship to their degree of polymerization by means of
UV-vis, dynamic light scattering (DLS), and NMR measurements are discussed in terms of
crystallinity of cellulose chains.

Experimental



Materials

The gold nanoparticles grafted with cellulose triacetate (CTA) chains with the DP,, of 2, 13,
and 41, were prepared as reported in our previous article (Enomoto-Rogers et al. 2010), and
described as CTA2Au, CTA13Au, and CTA41Au, respectively. Cellohexaose was obtained
from Seikagaku Cooperation (Tokyo, Japan). Low-molecular-weight cellulose (DP,=15)
were prepared from cellulose microcrystalline (CF-11, Whatman) using phospholic acid
according to previous articles (Atalla et al. 1984; Isogai and Usuda 1991).
Low-molecular-weight cellulose (DP,=13) was prepared by deacetylation of cellulose
triacetate (DP,=13). Sodium methoxide and all other reagents were commercially obtained
and used without further purification.

Preparation of CELL2Au, CELL13Au, and CELL41Au nanoparticles

To a solution of CTA13Au (30.0 mg) in 20% methanol/ chloroform (10.0 ml), sodium
methoxide (0.2 ml) was added, and stirred for 1 h. The precipitated compounds were
collected by centrifugation at 1000 rpm for 3 min and washed by methanol.  After methanol
as supernatant was removed by decantation, the never-dried compounds in residual methanol
were dissolved in water, and lyophilized, to obtain the dark purple solid, CELL13Au (14.3
mg). The same procedures were applied to CTA2Au and CTA41Au to obtain CELL2Au and
CELL41Au, respectively. 'H-NMR (CELL13Au) (CDCls): & 3.35 (m, C2-H), 3.4-3.5 (m,
C3-H, C4-H, C5-H), 3.68 (dd, Jga, 6b = 11.6, J5 6 = 4.0, C6-H,), 3.83 (d, Jea, 6 = 10.0, C6-Hp),
4.38 (d, J;,» = 8.0, C1-H).

FT-IR measurements

Fourier transform infrared (FT-IR) spectra were recorded on a Shimadzu FTIR-4000
spectrophotometer equipped with an ATR attachment (Durasampl IR 11).

TEM analysis

Transmission electron microscopy (TEM) images were collected by a JEOL JEM-1220
system operating at an accelerating voltage of 100kV. Samples were prepared by depositing
CELLAu dispersed in water (0.1 mg/ ml, 10 ul) on copper grids that were pre-coated by
Formvar (polyvinyl formal). The samples were stained with uranyl diacetate. The sizes of
particles were calibrated using Latex Particles $0.23 um (Ohken Shoji, Japan). TEM images
were recorded on Fuji FG films (Fuji Film, Japan). The image data of the films were printed
on photographic papers at 6.3 magnifications. The developed images were stored with a
general scanner at 300 dpi. TEM images were analyzed using public domain ImageJ
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program (Rasband, W.S., U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997-2009). The diameters (d) of the gold cores were obtained
from measurements of at least 100 particles per sample.

X-ray diffraction measurements

X-ray diffraction measurements were carried out with a Rigaku diffractometer Ultima IV. A
Nickel-filtered CuKa radiation was used at 40 kV and 30 mA. Samples were prepared by
lyophilization of never-dried CELLAu dispersed in water. Low-molecular-weight cellulose
(DP,=15) was used to obtain reflection pattern of cellulose I1.

UV-vis measurements

UV-vis spectra were recorded on a JASCO V-560 spectrometer at 25 °C. CELL2Au and
CELL13Au dispersed in water (0.1 mg/ ml) were filtered with poly(tetrafluoroethylene)
syringe filter (pore size of 0.2 um) before the measurement.

DLS Measurements

Hydrodynamic diameters of gold nanoparticles coated by cellulose chains were recorded on
dynamic light scattering (DLS) spectrophotometer (ELS-Z2, Photal Otsuka Electronics)
equipped with He-Ne laser (A = 632.8 nm) at 25 °C. Hydrodynamic diameters were
obtained by Cumulant method. Intensity and number size distributions were obtained by
Marquardt method (Gulari et al. 1979). CELL2Au and CELL13Au dispersed in water (1
mg/ ml) were filtered with hydrophilic PTFE syringe filter (pore size of 0.2 um) before the
measurement.

NMR measurements

'H-NMR spectra were recorded on a JEOL JNM-A500 FT-NMR (500 MHz) spectrometer in
D,0. Chemical shifts (6) and coupling constants (J) are reported in (ppm) and (Hz),
respectively. The precipitated CELL13Au obtained after deacetylation of CTAL3Au was
collected by centrifugation at 1000 rpm for 3 min and washed by methanol-d,. After
methanol as supernatant was removed by decantation, the never-dried CELL13Au in residual
methanol was dissolved in D,0.

Results and Discussion

Preparation of cellulose chains self-assembled on the surface of gold nanoparticles
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CTA-self-assembled gold nanoparticles, CTA2Au, CTA13Au, and CTA41Au, were treated
with sodium methoxide, resulting in the formation of cellulose chains self-assembled on the
surface of gold nanoparticles, CELL2Au CELL13Au, and CELL41Au, respectively, as
described in Figure 1. Sodium methoxide was chosen as a reagent for deacetylation because
no peak was observed in the X-ray diffractograms of the deacetylated compounds when
1,8-diazabicyclo[5,4,0]-7-undecene (DBU) was used (data not shown). The completion of
deacetylation was confirmed by FT-IR spectra, as shown in Figure 2. An absorbance of
carbonyl (C=0) group at 1760 cm™ completely disappeared for CTA13Au, and a strong OH
absorbance at v = 3342 cm™ appeared for CELL13Au, indicating that deacetylation proceeded
completely, and that cellulose chains remained on the gold nanoparticles. Interestingly
never-dried CELL2Au and CELL13Au nanoparticles, which are in residual methanol after
workup procedures, were well-dispersed in water at least for a week, whereas CELL41Au
nanoparticles were not.

TEM observations

The CELLAu nanoparticles in dry state were analyzed by transmission electron
microscopy (TEM). Specimens for TEM observation were prepared by depositing CELLAu
nanoparticles dispersed in water on Formvar-pre-coated copper grids. The TEM images of
gold nanoparticles, and the size distributions of the diameters (d), are shown in Figure 3.
The characteristics of original CTAAu and CELLAu nanoparticles are listed in Table 1. The
ds of the gold cores of CELL2Au, CELL13Au, and CELL41Au were 6.1, 6.1, and 11.5 nm,
respectively. The ds of the gold cores of CTA2Au, CTA13Au, and CTA41Au were 8.7, 7.9,
and 13.4 nm, respectively, according to our previous work (Enomoto-Rogers et al. 2010).
The ds and its standard deviations showed no substantial difference before and after
deacetylation, indicating that the gold nanoparticles were stable under alkaline condition. In
the case of CTAAuU nanoparticles, the interparticle distance between nanoparticles agreed well
with CTA molecular chain length (Enomoto-Rogers et al. 2010). However, in the case of
CELLAu nanoparticles prepared in this work, the interparticle distances were irregular and
could not be controlled by chain length of cellulose molecule. CELLAu nanoparticles
tended to aggregate and it was hard to measure interparticle distances. It is likely due to
strong interactions between cellulose chains such as hydrogen bonding. The same
phenomenon has been observed in the case of cellulose nanocrystals. Cellulose nanocrystals
or particles with free hydroxyl groups formed aggregate in water via Van der Waals
interaction or hydrogen bonding (Wang et al. 2008; Wang et al. 2007). Cellulose layer was
not observed even when they were stained with uranyl acetate, probably because
crystallization of cellulose chains was inhibited by covalent bonding between sulfur atom and
gold surface with wider interchain distances compared to crystal lattices of cellulose | or
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cellulose 11, as discussed in following section.
X-ray diffraction measurements

In X-ray diffractgrams of CELL13Au and CELL41Au nanoparticles, a strong reflection
assigned to Au (111) (Qazi et al. 2009; Wang et al. 2003) were observed, as shown in Figures
4a and 4b. CELL13Au showed the quite weak reflections peaks assigned to cellulose Il
(110) and (200), as shown in Figures 4a and 4c (Isogai et al. 1989). Regarding the
crystalline structure, there are some possibilities for the structures of cellulose chains, because
self-assembled structures in solid state could not be investigated in detail. Parallel cellulose
chains might show diffraction pattern of cellulose 11, or anti-parallel cellulose chains might be
formed by interdigitation of cellulose chains on the gold and give diffraction pattern of
cellulose Il.  Therefore, it was hard to discuss the mechanism of formation of cellulose 1l
crystalline structure in relation to the orientation of cellulose chains in self-assembled
structures. CELL41Au showed weak amorphous pattern of cellulose as shown in Figures 4b.
According to the contents of CTAS chains in CTAAu calculated in our previous work
(Enomoto-Rogers et al. 2010), the contents of cellulose chains in CELL13Au and CELL41Au
were calculated to be 14.2 wt % and 23.3 wt %, respectively as listed in Table 1. However,
crystallinity of cellulose chains on the gold nanoparticles was low. The interchain distances
of cellulose chains on the gold surface of CELL13Au and CELL41Au were calculated to be
9.5 and 9.3 A, respectively, according to the our previous work on CTA13Au and CTA41Au
(Enomoto-Rogers et al. 2010). Those values were both longer than the interchain distances
of cellulose chains in crystal lattice of cellulose I (I,: a = 6.74A, b = 5.93A, ¢ = 10.36A, I;: a
= 8.20A, b = 7.78A, ¢ = 10.34A) (Sugiyama et al. 1991; Woodcock and Sarko 1980) or
cellulose 11 (a = 8.01A, b = 9.04A, ¢ = 10.36A) (Kolpak and Blackwell 1976). The reason
for amorphous pattern of cellulose on the surface of gold nanoparticles is likely that
crystallization of cellulose chains via hydrogen bonding was inhibited by their covalent
grafting on the gold surface at the longer interchain distances than those suitable for the
crystallization. This low crystallinity of cellulose chains probably allowed water to interact
with hydroxyl groups of cellulose chains, and dispersed CELL13Au in water. Therefore,
nano-dispersity and solubility of these amorphous cellulose chains on the surface of gold
nanoparticles were investigated in the following sections.

Nanostructures of CELL2Au and CELL13Au in water

The UV-vis spectra and the images of the gold nanoparticles CELL2Au and CELL13Au in
water are shown in Figure 5. The absorption band at A = ca. 530 nm in UV-vis spectra are
assigned to the surface plasmon band of gold (Brust and Kiely 2002), indicating that the gold
were well-dispersed in nano-scale. CELL41Au nanoparticles were not dispersed in water,
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probably due to stronger hydrogen bonding between cellulose chains with higher molecular
weight.

The hydrodynamic diameters (D) of CELL2Au and CELL13Au nanoparticles in water
were determined by DLS measurements, and listed in Table 1. The intensity and number
size distributions of CELL2Au and CELL13Au were shown in Figure 6. The hydrodynamic
diameter indicates the total diameter of nanoparticles with the gold core and cellulose shell.
The hydrodynamic diameters (D) of CTA2Au and CTA13Au in chloroform were 16.6 and
49.0 nm, respectively as discussed in previous work (Enomoto-Rogers et al. 2010). The
hydrodynamic diameters (D) of CELL2Au and CELL13Au in water were 21.8 and 55.9 nm,
respectively. Generally, in DLS measurement, the larger particles exhibit much stronger
intensity even when their number is very small. In the number size distribution, the number
of particles around 10 nm is much larger than that around 100 nm, as shown in Figure 6d.
We consider that the bimodal distribution of intensity is just a result of analysis of scattering
data calculated by Marquardt method. Although the solvents are different, the D values
showed no substantial difference before and after deacetylation, indicating that the gold
nanoparticles were well-dispersed in nano-scale. Consequently, these experiments revealed
that the cellulose chains bound covalently on the gold surface in a radial manner.

Solubility of cellulose chains (DP,=13) on the surface of gold nanoparticles in water

Chemical structure of low-molecular-weight cellulose chains (DP,=13) on the gold
nanoparticles was analyzed by NMR measurements. *H-NMR spectrum of CELL13Au in
deuterium oxide (D,0) is shown in Figure 7. The proton resonances appeared at 6 4.38 (d,
J1,2 =8, C1-H), 3.83 (dd, Jea 6b = 12, Js5 62 = 2, C6-H,), and 3.68 (dd, Jea 6p = 12, Js5 6 = 4,
C6-Hp) ppm, although their peak intensities were low. The observed peaks were identical to
ring-proton peaks of low-molecular-weight cellulose (DP,=15) in 4 % NaOD/D,0O solution
(Isogai 1997). It has been reported that mono- or di-saccharides linked on the gold
nanoparticles were water-soluble and could be analyzed by *H-NMR measurements (de la
Fuente et al. 2001; Ojeda et al. 2007). It has also been reported that cellulose with DP of
more than ca. 8 are not water-soluble (Kobayashi et al. 1991). The proton peaks of
CELL13Au were different from those of cellohexaose (DP=6), as shown in Figure 7b.
Low-molecular-weight cellulose (DP,=13) itself that was crystallized via inter- and intra-
molecular hydrogen bonding was insoluble in water. Thus, low-molecular-weight cellulose
chains (DP,=13) on the surface of gold nanoparticles were found to “dissolve” in water
including a trace of methanol under the neutral condition.

It is likely that crystallization of cellulose chains (DP,=13) via hydrogen bonding was
inhibited by covalent bonding of cellulose on the gold nanoparticles with wider interchain
distances compared to crystal lattices of cellulose | or cellulose Il. Interaction between
cellulose chains and water molecules might be accelerated. As a result, the solubility of
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cellulose chains (DP,=13) in water was induced.
Conclusions

Cellulose chains self-assembled on the surface of gold nanoparticles, CELL2Au,
CELL13Au, and CELL41Au were prepared. CELL2Au and CELL13Au were
well-dispersed in water with a trace of methanol, while CELL41Au was not. Cellulose
chains on the surface of gold nanoparticles were mostly amorphous according to the TEM
observation and the XRD measurements. The UV-vis and DLS spectra of CELL2Au and
CELL13Au in water revealed that cellulose chains on the gold were organized in a radial
manner with head-to-tail orientation. *H-NMR measurement revealed that cellulose chains
(DP,=13) on the gold nanoparticles dissolved in water. Crystallization of cellulose chains
(DP,=13) was inhibited because of their wide interchain distance on the gold surface. As a
result, their solubility in water was induced.
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Figure Legend

Figure 1. Preparation of cellulose chains self-assembled on the surface of gold nanoparticles,
CELL2Au, CELL13Au, and CELL41Au.

Figure 2. FT-IR spectra of (a) CTA13Au and (b) CELL13Au.

Figure 3. TEM images and size distributions of (a) (d) CELL2Au, (b) (¢) CELL13Au, and (c)
(f) CELL41Au.

Figure 4. Wide angle X-ray diffractgrams of (a) CELL13Au, (b) CELL41Au, and (c)
cellulose 11.

Figure 5. UV-vis spectra of (a) CELL2Au and (b) CELL13Au in water (0.1 mg/ ml), and
images of (¢c) CELL2Au, (d) CELL13Au, and (e) CELL41Au in water.

Figure 6. Intensity size distributions of (a) CELL2Au and (b) CELL13Au, and number size
distributions of (c) CELL2Au and (d) CELL13Au, in water (1.0 mg/ ml).

Figure 7. "H-NMR spectra of (a) CELL13Au and (b) cellohexaose in deuterium oxide (D20).
Table 1. Characteristics of CTAAu and CELLAu nanoparticles.
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Table 1. Characteristics of CTAAu and CELLAu nanoparticles.
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cellulosic ¢ bau s ua . cellul 05|ccc ains oAy (D) CELLAu(D)
(1) (nm) CELLAU (Wt%) A) p .
(nm) (nm)
AVE SD
CTA2AuU 8.7 1.4 2.0 15.7 5.1 12.7 16.6
CTA13Au 7.9 3.2 7.5 22.7 9.5 22.9 49.0
CTA41Au 13.4 6.3 21.5 35.1 9.3 56.4 69.5
CELL2Au 6.1 1.6 2.0 9.5 5.1 10.1 21.8
CELL13Au 6.1 1.8 7.5 14.2 9.5 21.1 55.9
CELL41Au 115 5.7 21.5 23.3 9.3 54.5 -

3 Determined by TEM analysis. AVE: average, SD: standard deviation. ® Theoretical values of CT AS chain in streched conformation. The
length of lipoyl chain in all-trans conformation = 1.0 nm. ®Values of CELLAus were calculated from those of CT AAus determined in Ref
(Enomoto-Rogers, et al. 2010). “D . =d +2I. *Determined by DLS measurements.
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Figure S1. *H-NMR spectrum of CELL13Au re-dissolved in water

after freeze-dried.
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