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Water-insoluble polysaccharide (TM3a), extracted from sclerotia ofPleurotus tuber-regium, was identified as a
hyperbranchedâ-D-glucan from the results of one- and two-dimensional NMR and GC-MS analysis. The degree
of branching of TM3a is 65.5%. TM3a was fractionated by using a non-solvent addition method into 14 fractions,
and its solution properties in 0.25 M LiCl/dimethylsulfoxide (DMSO) solution were studied systematically by
using static laser light scattering, dynamic light scattering, and viscometry at 25°C. The dependences among the
values of intrinsic viscosity ([η]), radius of gyration (〈S2〉z

1/2), and hydradynamic radius (Rh) on weight-average
molecular weight (Mw) were found as the following: [η] ) 0.46Mw

0.30(0.01, 〈S2〉z
1/2 ) 4.79 × 10-2Mw

0.43(0.04,
andRh ) 5.01× 10-2Mw

0.41(0.02 in the Mw range from 1.94× 105 to 2.06× 107 for TM3a in a 0.25 M LiCl/
DMSO solution at 25°C. The current theory of polymer solution was applied to explain the relationship among
the fractal dimension, ratio of geometric to hydrodynamic radius (F ) 〈S2〉z

1/2/Rh), andMwA2/[η] of TM3a. The
results indicated that TM3a existed as a compact chain conformation with a sphere-like structure in LiCl/DMSO
solution. Furthermore, by using transmission electron microscopy, we observed directly the spherical molecules
with an average diameter of 23.0( 1.8 nm.

Introduction

The studies of fungal polysaccharides have attracted attention
in the fields of biochemistry and pharmacology because of the
wide varieties of their biological activity.1 Some polysaccharides,
which exhibit antitumor activities, have been obtained from the
fruiting body, mycelia, or sclerotia of fungi, and they are
regarded as biological response modifiers.2 Interestingly, with
the same chemical structure, polysaccharides being extracted
from different sources display different types of chain confor-
mations in solutions, such as single helical,3 triple helical,4 and
flexible5 chain conformations forâ-(1 f 3)-D-glucan from
Auricularia auricula-judae, Lentinus edodes, andPoria cocos,
respectively. The immune stimulating effect is related to the
molecular weight, branching, and chain conformation of polysac-
charides to various extents.6,7 Triple helix lentinan exhibited a
relatively high inhibition ratio against the proliferation of tumor
cells, whereas the bioactivity of its single flexible chains almost
disappeared. The study of the correlation between chain
conformations and biological activities of polysaccharides is one
of the most intriguing and challenging scientific endeavors in
the 21st century.

Characterization of hyperbranched polysaccharide is more
complicated than characterizing a linear polysaccharide. How-
ever, its molecular structure usually determines some specific
properties, such as low viscosity and high density of chain ends
at the molecular periphery, large specific surface, etc. This
suggests that polysaccharides can be applied in various areas
of the food industry, pharmaceuticals, surface phenomena,
study of life, and materials technology.8-11 The periphery of
hyperbranched molecules has many endgroups that can be
functioned and used as sites to interact with their surround-
ings in a specific manner.12 Therefore, it is very important to
discover natural hyperbranched polysaccharides and to clarify

their structures and solution properties. Most of past studies
have concentrated on the solution properties of synthetic
hyperbranched polymers.13-16 The molecular characteris-
tics of hyperbranched polysaccharide from fungi have been
scarcely published. However, it is essential to understand the
solution properties of hyperbranched polysaccharides for
further research and biochemical or medical application of
this natural biopolymer. Moreover, we have accumulated ex-
perience in characterizing molecular parameters for some
biopolymers.17-19

Sclerotia of Pleurotus tuber-regiumgrow in tropic and
subtropical regions as an edible mushroom.20 It is consumed
not only for its flavor and nutritive value but also for its
medicinal effects, including the treatment of asthma, smallpox,
and high blood pressure.21 TM3a extracted from sclerotia of
Pleurotus tuber-regium,is a water-insoluble polysaccharide, but
it can be dissolved in 0.25 M LiCl/dimethylsulfoxide (DMSO).
In this work, we attempted to study the chemical structure and
conformation parameters of TM3a by using one- and two-
dimensional NMR and GC-MS, static light scattering, dynamic
light scattering, and viscometry. With applying the theory of
polymer solutions, we analyzed the molecular parameters of
the branched polysaccharide. Transmission electron micro-
scopy (TEM) was used to observe the shape and size of the
polymer molecules. This work provides valuable and funda-
mental information to further understand the chain confor-
mation of hyperbranched polysaccharides in solution. Moreover,
we hope to clarify if the current concept of polymer solutions
is suitable to depict complex and natural hyperbranched
polysaccharides.

Experimental Procedures

Sample Preparation. Sclerotia of Pleurotus tuber-regiumwere
provided by Prof. Peter C. K. Cheung of the Department of Biology in
the Chinese University of Hong Kong. Dried sclerotia powder of

* To whom correspondence should be addressed. Tel.:+86-27-
87219274; fax:+86-27-68754067; e-mail: lnzhang@public.wh.hb.cn.

2321Biomacromolecules 2007,8, 2321-2328

10.1021/bm070335+ CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/16/2007

CDV



Pleurotus tuber-regiumwas defatted sequentially by using the Soxhlet
extraction method with solvents of ethyl acetate and acetone for
over 6 h, respectively. The residue was immersed stepwise in 0.15 M
aqueous NaCl at 20, 80, and 120°C. In each step, the mixture was
stirred overnight and then was centrifuged at 9045g for 20 min to
obtain a supernatant. The supernatants were labeled as TM1, TM2,
and TM3, respectively. The TM3 supernatant formed two phases
during the cooling process to room temperature. The centrifuga-
tion gave two types of crude polysaccharide fractions, namely, TM3a
(water-insoluble) and TM3b (water-soluble). TM3a was then dis-
solved in 0.25 M LiCl/DMSO and was fractionated by following a
non-solvent addition method. A mixture of acetone and 0.25 M
LiCl/DMSO at a volume ratio of 4:1 was slowly added into the
TM3a solution at 25°C until the solution turned slightly milky. The
turbid mix was warmed up to 50°C to become transparent again.
After being brought to 25°C and standing for 12 h, the turbid solu-
tion then was centrifuged to separate into a liquid and gel phase. The
gel part was removed, and the supernatant was subjected to the
next step of fractionation. In this way, the TM3a sample was divided
into 14 fractions and coded as F1, F2, F3, ..., through F14. Each frac-
tion was reprecipitated by the addition of acetone, then washed
with anhydrous acetone 3 times, and finally vacuum-dried to give
white powder.

Characterization. An infrared spectrum (IR) of the TM3a samples
was recorded with a Nicolet 170SX FT-IR spectrometer (Spectrum
One, PerkinElmer Co., Madison, WI) in the range of 4000-400 cm-1

using the KBr-disk method. One- and two-dimensional1H and13C NMR
measurements of TM3a were analyzed on a Mercury 600 NMR
spectrometer (Varian Inc., Palo, Alto, CA) at 20°C. TM3a was
dissolved in DMSO to obtain a concentration of 50 mg/mL. Gas
chromatography-mass spectrometry (GC-MS) was carried out on an
Agilent 6890N GC system equipped with a capillary split/splitless
injector systerm and a flame ionization detector on an HP-5MS capil-
lary column (30 m× 0.32 mm× 0.25µm) and a mass spectrometer
(5973N, Agilent, Palo Alto, CA). To determine sugar composition and
linkage, the polysaccharide was permethylated twice by using CH3I
and solid NaOH in DMSO as a sequential method as described.22

The methylated polysaccharide was subsequently hydrolyzed
with 12 M H2SO4 (35 °C, 1 h) and 2 M H2SO4 (120°C, 1 h) and then
reduced with NaBH4. After neutralization and removal of boric acid
by evaporation with methanol, the mixture of partially methylated
alditols was acetylated with acetic anhydride (Ac2O) at 120 °C
for 3 h. The resultant product was analyzed by GC-MS with the
injection of 0.2µL of a sample solution. The oven temperature was
set at 150°C and was increased by 2°C/min to 220°C. The detector
temperature was set at 280°C, and nitrogen was used as a carrier
gas.

The intrinsic viscosity ([η]) of the TM3a fractions in 0.25 M
LiCl/DMSO was measured at 25( 0.1 °C by using an Ubbe-
lohde capillary viscometer. The kinetic energy correction was
assumed to be negligible. Huggins and Kraemer equations were
used to estimate the [η] value by extrapolating to an infinite

dilution formulated as

Both k′ andâ are constants for a given polymer at a given temperature
in a given solvent,ηsp/c is the reduced specific viscosity, and (lnηr)/c
is the inherent viscosity.

Mw and radius of gyration (〈S2〉z
1/2) of the TM3a fractions in 0.25 M

LiCl/DMSO were measured with a laser light scattering instrument
equipped with a He-Ne laser (MALLS,λ ) 633 nm; DAWNDSP,
Wyatt Technology Co., Santa Barbara, CA) at multiple angles (θ) in
the range from 26 to 142° at 25°C. The basic light scattering equation
is as follows

whereK is an optical constant equal to [4π2n2(dn/dc)2]/(λ4NA), c is the
the polymer concentration in mg/mL,Rθ is the Rayleigh ratio,λ is the
wavelength;n is the refractive index of the solvent; dn/dc is the
refractive index increment;NA is Avogadro’ number, andA2 is the
second virial coefficient. The polysaccharide solution with desired
concentrations was prepared, and optical clarification of the solution
was achieved by being filtrated through a 0.2µm pore size filter (PTFE,
Puradisc 13 mm Syringe Filters, Whatman, Kent, U.K.) into a scattering
cell. The refractive index increment (dn/dc) was measured with a
double-beam differential refractometer (DRM-1020, Otsuka Electronics
Co., Tokushima, Japan) at a wavelength of 633 nm. The dn/dc value
of TM3a in 0.25 M LiCl/DMSO was 0.031 cm3 g-1. Astra software
V4.90.07 was utilized for data acquisition and analysis.

The hydrodynamic radii (Rh) of the samples were measured on a
Zetasizer nanoparticle analyzer (Malvern Instruments Ltd., Malvern,
U.K.) by using dynamic light scattering (DLS). The solutions of the
TM3a polysaccharide and their fractions in 0.25 M LiCl/DMSO were
prepared at a concentration of 3.0 mg/mL, and all the measurements
were carried out at 25°C.

Molecular morphology of the TM3a specimen was performed on a
high-resolution transmission electron microscope (JEM-2010, JEOL,
Tokyo, Japan). The objective lens raster was added to enhance the
contrast, and the images were recorded by a CCD digital camera. The
samples were prepared with dissolving 10 mg of TM3a in 5 mL of
0.25 M LiCl/DMSO. Each of the samples was vigorously stirred for
24 h. After purification through a 0.2µm filter, a droplet of the sample
solution was deposited on a holey carbon film, which was supported
by a copper grid. A thin layer was suspended over the holes of the
grid. The specimen was finally dried in air at ambient temperature and
pressure and then TEM images were taken at an accelerating voltage
of 200 kV.

Figure 1. 13C NMR spectrum of TM3a in DMSO-d6.

ηsp/c ) [η] + k′[η]2c (1)

(ln ηr)/c ) [η] - â[η]2c (2)

Kc
Rθ

) 1
Mw

(1 +
16π2〈S2〉z

3λ2
sin2(θ

2)) + 2A2c + ‚‚‚ (3)
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Results and Discussion

Chemical Structure. IR spectrum of the TM3a samples (not
shown) exhibits an absorption peak at 890 cm-1, which is
characteristic of theâ configuration of glucan.23 The13C NMR
spectrum of TM3a in DMSO-d6 is shown in Figure 1. The major
signals were assigned to 103.9 ppm for C1, 77.4 ppm for C3
and C5, 74.1 ppm for C2, 70.6 ppm for C4, and 61.5 ppm for
C6. They show similar peak positions as those of the carbons
for methyl-â-D-glucopyranose.24 These peaks were assigned to
the carbons of the non-reducingâ-D-glucopyranosyl terminals
of TM3a. The result indicates that TM3a is a kind of polysac-
charides having numerous terminal units and characterizes it
as a hyperbranched polysaccharide as reported.25 Furthermore,
the signals at 88.1, 80.9, 79.3, and 69.1 ppm represent residues
substituted at the C3, C2, C4, and C6 positions, respectively.26

Figure 2a presents the NMR spectrum of heteronuclear multi-
quantum coherence (HMQC) for TM3a. This maps the correla-
tion between the directly bonded C and the directly bonded H
atoms with distinguishing the protons directly and indirectly
linked to a C atom. Figure 2b shows a spectrum of a double-

quantum filter (DQF), indicating the correlation among the H
atoms connected within three chemical bonds. The spectra in
these two figures allow us to assign the peaks to H and C with
the aid of the literature.26 The peaks of the proton atδ ) 3.12
to the carbon atδ ) 77.4 can be assigned to the pair of H-5/
C-5, the protons atδ ) 3.01 to the carbon atδ ) 77.4 for
H-3/C-3, the proton atδ ) 3.01 to the carbon atδ ) 70.6 for
H-4/C-4, and the proton atδ ) 2.93 to the carbon atδ ) 74.1
for H-2/C-2. Additionally, the absence of OH-1 on the DQF
spectra further displays that TM3a is a hyperbranched glucan
with numerous terminals being bonded at the C1 position. In
view of the NMR results, TM3a is proven as a hyperbranched
â-D-glucan mainly containing C3, C2, C4, and C6 substituted
residues.

Figure 3 shows the GC-MS profile of methylated TM3a.
There are eight components, namely, 2,3,4,6-tetra-O-methyl-
glucose, 2,4,6-tri-O-methylglucose, 2,3,6-tri-O-methylglucose,
2,3,4-tri-O-methylglucose, 2,4-di-O-methylglucose, 4,6-di-O-
methylglucose, 2,3-di-O-methylglucose, and 1-O-methylglucose.
This indicates that TM3a consists mainly of terminal glucose,
1,3-linked glucose, 1,4-linked glucose, 1,6-linked glucose, 1,3,6-

Figure 2. HMQC (a) and DQF (b) of NMR spectrum for TM3a in DMSO- d6 at 20 °C.
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linked glucose, 1,2,3-linked glucose, 1,4,6-linked glucose, and
2,3,4,6-linked glucose in the molar ratios of 13.0:12.8:16.0:5.7:
7.3:3.9:32.3:9.0. The degree of branching (DB) was calculated
on the basis of the formula27

whereNT, NB, and NL are the total numbers of the terminal
residues, branched residues, and linear residues, respectively.
According to the analogous method as described in ref 28, the
parameters can be obtained from the GC-MS, that isNT/NB/NL

) 13.0:(7.3+ 3.9 + 32.3 + 9.0):(12.8+ 16.0 + 5.7). Then,
the DB value of TM3a was calculated to be 65.5%.

Fractal Dimension.A good linear relationship betweenηsp/c
- c and (ln ηr)/c - c for TM3a fractions has been obtained
(not shown). This suggests the exhibition of normal solution
behavior. In Figure 4, Berry plots are drawn for TM3a in 0.25
M LiCl/DMSO at 25°C. As compared to a more familiar Zimm
plot, the Berry plot is different with the fact that the root of
Kc/Rθ is illustrated, and it also takes into account the influence
of a third viral coefficient.29 From the intercept of two straight
lines and the slope of angular dependence, the values ofMw

and〈S2〉z
1/2 are estimated, respectively. The angular dependences

of (Kc/Rθ)1/2
c)0 for the TM3a fractions in 0.25 M LiCl/DMSO

at 25 °C are shown in Figure 5. The experimental results are
listed in Table 1. The fractal dimension (df) can be used to obtain
the relevant structural quantities and further insight into the
nature of hyperbranched polysaccharide. For a rigid rod, the
value ofdf is 1, and linear polymers with a Gaussian coil nature
have adf value ranging from 5/3 to 2. A three-dimensional
object with a homogeneous density has a mass fractal dimension
of 3. Thedf value of monodisperse polymers can be extracted
directly from the angular dependence of the scattered light or
neutron intensity.30 A scattering factor of a dimensionless
particle can be defined for finite concentrations, which is from
linear extrapolation to zero concentration of the corresponding
data measured in diluted solutions at varying concentrations31

where R(θ,c)0) is the structure factor andR(θ)0,c)0) is the
corresponding value at scattering angle ofθ ) 0 (forward
scattering). Figure 6 provides the double logarithmic plots of
P(q,c)0) againstq〈S2〉z

1/2, whereq〈S2〉z
1/2 is used as a dimensionless

length scale. For TM3a fractions, the curves collapsed into one
common master curve. Thedf values obtained from the best fit
of the corresponding master curve are also listed in Table 1.
The values are no longer integers but fractal dimensions, which
are common for disordered objects.

The fractal dimensions can also be determined from the
relationship betweenMw and 〈S2〉z

1/2 and are defined as the
inverse of the exponentν32

The plot of〈S2〉z
1/2 versusMw for the TM3a sample is shown in

Figure 7. The resulting relationship is expressed as

Figure 3. GC profile of methylated TM3a on GC-MS. Signals from
1-8 represent 2,3,4,6-tetra-O-methylglucose, 2,4,6-tri-O-methylglu-
cose, 2,3,6-tri-O-methylglucose, 2,3,4-tri-O-methylglucose, 2,4-di-O-
methylglucose, 4,6-di-O-methylglucose, 2,3-di-O-methylglucose, and
1-O-methylglucose, respectively.

Figure 4. Berry plot for TM3a in 0.25 M LiCl/DMSO at 25 °C.

DB )
NT + NB

NT + NB + NL
(4)

Figure 5. Angular dependences of (Kc/Rθ)1/2
c)0 for the TM3a

fractions in 0.25 M LiCl/DMSO at 25 °C.

P(q,c)0) ) R(θ,c)0)/R(θf0,c)0) (5)

〈S2〉z
1/2 ∼Mν (6)

df ) 1/ν (7)

〈S2〉z
1/2 ) 4.79× 10-2Mw

0.43(0.04 (nm) (8)
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On the basis of the theory of polymer solution, the exponent
(ν) values of 0.33, 0.50 to 0.6, and 1.0 reflect the chain shape
in adapting sphere, random coil, and rigid rod, respectively. The

ν value of 0.43 suggests that TM3a molecules are present
between the state of hard sphere and random coil. Thedf value
was calculated to be 2.32 for TM3a according to eq 7. The value
of 2.32 is characteristic of a particle having an internal structure
between the hard sphere (df ) 3.0) and the fully swollen
branched macromolecule in a thermodynamically good solvent
(df ) 2.0).32 Scherrenberg and co-workers33 have found that
the value ofdf for some dendrimers is 3.

In addition, thedf value of polymers can also be derived from
the Mark-Houwink equation34

whereR is the exponent of the Mark-Houwink equation. Figure
8 shows the plot of [η] versusMw for TM3a in 0.25 M LiCl/
DMSO at 25°C. The Mark-Houwink equation of TM3a in
the Mw range from 1.94× 105 to 2.06× 107 is established as

The exponent (R) is usually related to the shape of the
macromolecule and the nature of the solvent. In general,R with
a rough value of 0.5 suggests that the polymer molecules behave
as a dense sphere, and the value from 0.6 to 0.8 indicates the
existence of a flexible chain and a greater value than one for
an elongated rod. The experimental result of 0.30 for TM3a is
noticeably low, which is ascribed to a compact sphere-like
structure of hyperbranched polymers. If the structure of a
polymer chain is a perfect hard sphere, the exponent should be
0 theoretically.35 The value ofR depends on the DB as well.
The exponents of the Mark-Houwink equation typically vary
between 0.34 and 0.20 for hyperbranched glycopolymers at
different DB values.36 Therefore, the exponent of the Mark-
Houwink equation of TM3a lies in the range for hyperbranched
polymers. Thedf value of TM3a was 2.31 by the calculation
according to eq 9. The result is in good agreement with that
from the measurements of〈S2〉z

1/2. The fractal dimension is a
measurement of the compactness of polymer chains. The larger
the value of the fractal dimension, the more compact the polymer
structure tends to be. Our result further confirms that the water-
insoluble hyperbranchedâ-glucan exists as a compact chain
conformation of sphere-like structure in 0.25 M LiCl/DMSO
solution.

Molecular Parameters. The hydrodynamic radius (Rh)
can be obtained from the measurement of dynamic light
scattering. TheRh values are also summarized in Table 1.
The plot of Rh versusMw for the TM3a fractions in 0.25 M

Table 1. Experimental Results of Mw, 〈S2〉z
1/2, A2, df, [η], Rh, and (〈S2〉z

1/2/Rh) for the TM3a Fractions in 0.25 M LiCl/DMSO at 25 °C

sample Mw × 10-6 (g/mol) 〈S2〉z
1/2 (nm) A2 × 105 (mol mL g-2) df [η] (cm3 g-1) Rh (nm) 〈S2〉z

1/2/Rh

TM3a 4.81 42.5 1.17 2.41 43.8 30.7 1.38
F1 20.6 57.5 0.66 2.20 73.7 41.7 1.38
F2 16.3 54.5 0.63 2.09 66.2 39.9 1.37
F3 13.8 60.6 0.63 2.26 80.0 38.2 1.59
F4 12.2 49.8 0.80 2.09 63.8 38.1 1.31
F5 12.1 50.3 0.82 2.08 61.1 36.9 1.36
F6 10.3 54.3 0.91 2.09 55.9 35.9 1.51
F7 4.51 34.1 1.39 2.15 47.1 26.2 1.30
F8 2.89 25.8 1.85 2.28 43.7 21.7 1.19
F9 2.59 37.4 2.08 2.06 36.0 22.1 1.69
F10 0.63 18.0 6.42 26.6 11.9 1.51
F11 0.46 22.9 28.4 25.7 8.4
F12 0.42 8.9 5.2 21.7 11.2 0.79
F13 0.28 8.0 20.2 8.0
F14 0.19 12.5 19.6 7.1

Figure 6. P(q,c)0) as a function of q〈S2〉z
1/2 for the TM3a fractions in

0.25 M LiCl/DMSO at 25 °C.

Figure 7. Plot of log 〈S2〉z
1/2 vs log Mw for TM3a in 0.25 M LiCl/

DMSO at 25 °C.

Figure 8. [η] dependences on the Mw for TM3a in 0.25 M LiCl/DMSO
at 25 °C.

df ) 3/(1 + R) (9)

[η] ) 0.46Mw
0.30(0.01 (cm3 g-1) (10)
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LiCl/DMSO is shown in Figure 9. The scaling law is repre-
sented as

As is well-known, molecular parameters and dilute solution
properties can be gained from their〈S2〉z

1/2 and Rh values for
linear polymers,37,38 hyperbranched polymers,39 dendrimers,40

and dendrimer-like synthetic polymers.41 In a given polymer
solution, the ratio of geometric to hydrodynamic radius (F )
〈S2〉z

1/2/Rh) depends on its chain architecture and conformation.
Many previous experimental results have verified theF value
in the range of 1.5-1.7 for flexible linear polymers in a good
solvent,37 whereas the value is 0.78 for a homogeneous sphere.
Ratio data of〈S2〉z

1/2 to Rh are also summarized in Table 1. Figure
9 also shows the plot of theF value versusMw. It is obvious
that theF value is independent ofMw and has an average value
of 1.30. On the basis of a Kirkwood approximation for the
hydrodynamic interaction,42 theF parameter for hyperbranched
structures is theoretically predicted as 1.22. It is noted that the
mean value ofF is very close to that of the hyperbranched
polymers, implying that TM3a could have a highly branched
structure.

The second virial coefficient (A2) of polymers is another
property that is sensitive to the change of branching architecture.
Generally, A2 values of a linear polymer exhibit aMw

dependence over the range of a negative exponent between-0.2
and -0.3 at a good solvent limit. Figure 10 describesMw

dependence onA2, and their relationship is represented by

The relatively larger value of a negative exponent (-0.68) is a
characteristic of branched structures as compared to that of linear
polymers.29 As seen in the expansionΠ/(NAkBT) ) (c/M)[1 +

A2Mc + A3Mc2 + ‚‚‚] , the magnitude ofA2Mc tells how much
the thermodynamics of a solution is derived from that of the
ideal solution. A solution with a greaterA2M value will develop
a nonideality at a lower mass concentration. It is then natural
to expect because then

with the equation of [η] ) 0.46Mw
0.30(0.01, we obtainedA2 ∝

Mw
-0.70.
Another quantitative definition ofc* is usually used for a

branched polymer, star polymer, and spherical polymer because

then

with the equation of〈S2〉z
1/2 ) 4.79 × 10-2Mw

0.43(0.04, the
relationship of A2 ∝ Mw

-0.71 was obtained. The calculated
exponent values of-0.70 and-0.71 are in good agreement
with the exponent value of-0.68 extracted from experiment
data ofA2 and Mw. This provides another support for TM3a
having a branched architecture.

The relationship of a second virial coefficient against chain
dimension relationships is expressed in terms of the penetration
function, ψ43

The penetration function describes the penetration of hydrody-
namic volume from two connected polymer segments.44 The
formula of intrinsic viscosity versus chain dimension is present
in terms of the Flory coefficient,Φ42

The Flory coefficient describes the penetration of the hydro-
dynamic volume of the polymer by solvent molecules. Further-
more, the relationship between intrinsic viscosity and second
virial coefficient relationships can be described in terms of45

According to eqs 19-21, we can obtain theσ value by

whereψ is the coil to coil interpenetration function, andΦ is
the solvent to coil penetration function. The ratio of the two
values can be used to compare the coil to coil interaction with
the hydrodynamic interaction among particles. According to

Figure 9. Hydrodynamic radius (O) and F (b) as a function of Mw for
the TM3a fractions in 0.25 M LiCl/DMSO at 25 °C.

Figure 10. Dependence of A2 (O) and MwA2/[η] (b) on the Mw for
the TM3a fractions in 0.25 M LiCl/DMSO at 25 °C.

Rh ) 5.01× 10-2Mw
0.41(0.02 (11)

A2 ) 0.47Mw
-0.68(0.02 (12)

A2M = 1
c*

(13)

c*[ η] ) 1 and [η] ∝ MR (14)

A2 ∝ M(R-1) (15)

c* (4π
3

〈S2〉z
3/2) ) M

NA
(16)

〈S2〉z
1/2 ∼Mν (17)

A2 = (4π
3

〈S2〉z
3/2)/(M2/NA) ∝ M(3ν - 2) (18)

ψ ) A2M2/(4π3/2NA〈S2〉z
3/2) (19)

Φ )
[η]Mw

(6〈S2〉z)
3/2

(20)

σ )
A2Mw

[η]
(21)

σ )
4π3/2NA(〈S2〉z

3/2/Mw)ψ

Φ(〈S2〉z
3/2/Mw)

) 4π3/2NA
ψ
Φ

(22)
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Bauer and Burchard’s interpretation,MwA2/[η] is the ratio of
two differently defined volumes of macromolecules in the
solution. It can be used in the same manner as theF parameter
to detect the branching of polymers.46 Another approach to
understand structural change is the dependence ofMwA2/[η] on
Mw. Figure 10 also shows the ratio ofMwA2/[η] as a function
of Mw for the TM3a fractions. The result demonstrates that
MwA2/[η] is independent ofMw, and its average value is 1.46.
An asymptotic constant value (σline) of 1.07 ( 0.03 is found
for linear flexible chains. TheMwA2/[η] values in some
experimental findings are obtained in the range of 2.0-2.4 for
the branched structure.34 It is noted that theMwA2/[η] value
decreases to 1.60 for a hard sphere. The smooth and well-defined
surface of a hard sphere structure may play a noncomparable
effect on hydrodynamic reactions.47 The hyperbranched polymer
has the difficulty of interpenetration through segment clouds,
which become dominant at highMw. However, the smaller
solvent molecules are easy to penetrate the volume pervaded
by the hyperbranched macromolecules. Therefore, the value of
MwA2/[η] ) 1.46 for TM3a reflects that the highly branched
polysaccharide intends to form a sphere-like structure.

Molecular Morphology. TEM technology is widely used to
observe and measure the morphology and dimension of particles
including macromolecules. Figure 11 illustrates the TEM images
of TM3a in 0.25 M LiCl/DMSO. The spherical particles of
TM3a at the molecular level are dispersed well in the dilute
solution. It further confirms that the TM3a molecules exhibit a
globular molecular structure. On the basis of the statistic
analysis, the average diameter is about 23.0( 1.8 nm
determined from 125 measurements. The molecular weight of
globular molecules can be calculated by

whereR is the radius of the particle andFp is the density of
polysaccharide. It has been reported that theFp value for
amylopectin, a hyperbranched starch from Waxy, falls in the
range of 1.48-1.50 g/mL.48 By usingFp ) 1.49 g/mL, theM
value of TM3a was 5.71× 106 by the calculation according to
eq 23. It is close to that obtained from LLS (4.81× 106). The
result from TEM measurements demonstrates that the individual
molecules of TM3a exist as a sphere-like conformation. This
is in accordance with that obtained from the theory of polymer
solution. Our results prove that the current theory of polymer
solution can be used to calculate the conformation parameters
of complex hyperbranched polysaccharides in the solution state.

Conclusion

A water-insolubleâ-D-glucan, extracted from the sclerotia
of Pleurotus tuber-regium, was determined as a hyperbranched
polysaccharide. According to the current theory of polymer

solutions, the various scaling laws and molecular parameters
of polysaccharide were calculated successfully from the ex-
perimental data ofMw, 〈S2〉z

1/2, A2, Rh, and [η]. The results
revealed that TM3a in LiCl/DMSO at 25°C was present in a
sphere-like conformation as a result of the highly branched
structure. In view of the fractal dimension, TM3a in the LiCl/
DMSO system had an internal structure between a hard sphere
and a swollen branched macromolecule. Furthermore, the TEM
images confirmed directly that TM3a molecules existed in a
spherical conformation. Therefore, the current theory of polymer
solution could be well-applied to analyze the molecular param-
eters and solution properties of a sophisticated and natural
hyperbranched polysaccharide.
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