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Abstract: This study reports self-assembled pullulan nanoparticles (PUNPs) obtained
by the diafiltration method after dissolving phthalic pullulan in dimethylformamide,
which was prepared by esterification between the primary hydroxyl groups of the
pullulan and carboxylic acids of phthalic anhydride. The morphologies of the PUNPs
observed by transmission electron microscopy (TEM) were spherical shapes. The
particle sizes of the PUNPs measured by dynamic light scattering (DLS) were around
75.3 nm with -49.32 mV zeta potential. The ordered structure of pullulan measured by
circular dichroism (CD) spectroscopy and X-ray diffraction (XRD) was enhanced by the
formation of self-assembled polymeric NPs. Methylene blue (MB) used in tissue imaging
agent was loaded into PUNPs via ionic bonding of cationic MB and anionic PUNPs,
the CD of MB was induced in the PUNPs in the range of 500-700 nm whose crossing point matched λmax in the UV region of MB.
Keywords: nanoparticle, methylene blue, pullulan, induced circular dichroism.

1. Introduction
Polymeric nanoparticles (NPs) have been attracted in many
fields because they have unique optical, electrical, magnetic and
biomedical properties due to their wide surface area and easy
control of diverse surface chemistry.1 Also, they can deliver chemical
drugs, genes, proteins, and optical imaging agents to the desired
place according to the specific biological or external stimuli.2
Especially, they have been used to overcome cellular barriers
for delivering hydrophobic chemical drugs and biomacromolecules into the cells because they can be easily internalized with
cellular membranes through the endocytosis.3 Furthermore, they
can be applied for the delivery of optical imaging agents because
the optical imaging as the non-invasive methods of diagnostic
area enables observation of the distribution and distribution of
used drugs in a short time with high resolution.4
Among processing of several polymeric NPs, polymeric NPs
are easily formed by the self-assembly of amphiphilic polymers
composed of hydrophilic groups and hydrophobic ones due to
the hydrophobic interaction of hydrophobic groups in the inner
cores of the polymeric NPs.5 The polymeric NPs have been used
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ing agents.10-12
The optical activity of molecules induced by a chiral environment has received much attention because it is very important
in the biopharmacology and biochemistry.13,14 Generally, the induction
of circular dichroism (CD) occurred through the interaction of guest
molecules, such as dyes,15,16 diazirin chromophore,17 and bilirubin18
with the host molecules, such as cyclodextrin,18 DNA19 and polypeptides.20,21 The host-guest interaction was formed by covalent
linking or physical bonding and the interaction exhibited an induced
CD (ICD) in the UV or visible region of the guest molecules.22
Pullulan consisted of three glucose moieties connected by an
α-1,4 glycosidic bond can be specifically internalized by liver
cells through asialoglycoprotein receptors (ASGPRs).22 The pullulan
NPs have been used to deliver drugs23 and siRNA in the liver cells.24
In this study, we are aimed to report on the ICD of methylene
blue (MB) dye as the guest in the self-assembled pullulan NPs
as the host. It is of particular interest to study the ICD of the MB
used in tissue imaging agent due to its properties such as staining,
slight fluorescent in the mean infrared region, and it has been
approved by FDA.25 Especially, the ICD of MB in the pullulan NPs
can be used for liver tissue imaging agent because of specific
interaction of pullulan with ASGPRs.

2. Experimental
2.1. Materials
Pullulan was provided by Shandong Freda Biotechnology Co.,
Ltd (Shandong, China). The other chemicals were provided by
Sigma-Aldrich (St. Louis, MO, USA).

1198

Macromol. Res., 28(13), 1198-1203 (2020)

Macromolecular Research
2.2. Synthesis of phthalic pullulan (PP) and preparation
of PUNPs

2.6. Measurement of wide angle X-ray diffraction (WAXRD)
and small angle X-ray spectrometer (SAXS)

Before preparation of PUNPs, PP was synthesized by a previously described method.26 One gram of pullulan and 0.1 mol.%
dimethyl amnopyridine (DMAP) as a catalyst were dissolved in
10 mL of dimethyl formamide (DMF), and then 2.64 g of phthalic
anhydride (9 times molar ratio) per pullulan was added to the
above solution. The reaction was performed at 54 oC for 48 h under
nitrogen. After the reaction, the above reactant was firstly dialyzed in DMF to remove unreacted phthalic anhydride and then
in distilled water at 4 oC for 48 h. The unreacted pullulan was
removed by ultra-centrifugation of dialyzed sample. After centrifugation, the supernatant was freeze-dried. Finally, the PUNPs
were prepared by the dialysis tubing (12,000, molecular weight
cutoff) in distilled water after dissolving the PP in DMF at 4 oC
for 24 h, and then the PUNPs were freeze-dried and stored at
-20 oC until use.

The WAXRD patterns were obtained by a D8 ADVANCE diffractometer (Bruker DAVINCI, Germany) equipped with a Cu radiation
source with a wavelength (λ) of 1.5418 Å. The WAXS diffractograms were measured at room temperature at 40 kV , 40 mA,
and at a scan speed of 0.5o/sec in the range of 10-70o 2θ range,
where θ is the angle of incidence of X-ray beam on the sample.
Also, the SAXS spectroscopy was measured using a 1.54189 Å
synchrotron X-ray beam (System model : Small Angle X-ray Scattering Spectrometer, Xenocs, France). The sample (bulk state)-todetector distance was 300 nm and the SAXS data was acquired
for 600 s under ambient conditions.

2.3. Confirmation of synthesis of PP and characterization of
PUNPs

The reaction scheme of PP synthesis is shown in Figure 1. The
synthesis of PP was confirmed by measurement of 1H-NMR
spectroscopy as shown in suppl. Figure 1. It was found that peaks of
7.4-7.7 ppm assigned to the phthalic acid protons, and peaks of
4.68 and 5 ppm assigned to the sugar protons (C1 position of
α-1,6 and α-1,4 glycosidic bonds, respectively) as described by
Tao et al.28 appeared in the NMR spectrum of PP, the suggestion
of successful synthesis of PP through the esterification between
the primary hydroxyl groups of the pullulan and the carboxylic
acids of phthalic anhydride. The degree of substitutions (DS) of
phthalic groups in the PP was estimated by determining the ratio
of phthalic acid protons to sugar ones. The results indicated that
the DS in the PP was 62.5 mol.%. The morphologies of PUNPs
prepared by self-assembled polymeric NPs after conjugation of
phthalic anhydride as the hydrophobic groups to hydroxyl groups
in pullulan through hydrophobic interactions were observed as
spherical shapes and sized between 20 and 30 nm due to the dry
state whereas the particle sizes of the MB-loaded PUNPs ranged
from 30-50 nm with the more irregular round spherical shapes
due to the ionic interaction of positive charge of MB and negative
charge of PUNPs as shown in Figure 2(A) and (B), respectively.
The particle sizes of PUNPs measured by cumulants results of
DLS were 75.3 nm with polydispersity index of 0.256 as shown
in Figure 3 whereas the particle sizes of PUNPs measured by
volume distribution of DLS were 46.4 nm with 67. 9 nm of standard deviation (data not shown). Also, the surface charge of the
PUNPs measured by an electrophoretic light scattering (ELS)
was -49.32 mV as shown in Figure 4, the suggestion of negative
zeta potential due to the unreacted carboxyl groups in the PP.

The synthesis of PP and content of phthalic groups in the PP was
confirmed by 600 mHz 1H-nuclear magnetic resonance (NMR)
spectroscopy (AVANCE 600, Bruker, Germany). The morphologies of PUNPs were observed by transmission electron microscopy (TEM)(LIBRA 120, Carl Zeiss, Germany). The particle sizes
of PUNPs were measured by a dynamic light scattering (DLS)
spectrophotometer (DLS-7000, Otsuka Electronics, Japan). The
zeta potential of the PUNPs was measured by an electrophoretic
light scattering (ELS) spectrophotometer (ELS-8000, Otsuka Electronics, Japan).
2.4. Preparation of MB-loaded PUNPs
Thirty mg of PP dissolved in 10 mL DMF was dialyzed in distilled
water by dialysis tube (molecular weight cut-off of 12,00014,000) for 24 h at 4 oC and freeze-dried. And then, 0.05 wt.%
of MB dissolved in water was added into 1 wt.% of PUNPs dispersed in water.
The loading content and loading efficiency of MB in the PUNPs
were calculated using the following equations:
Loading content (%)=amount of MB in the PUNPs/amount
of MB-loaded PUNPs X 100%
Loading efficiency (%)=amount of MB in the PUNPs/amount
of MB initially used X 100%
2.5. CD and UV/Vis absorption spectroscopy measurement
CD spectra were measured by Chirascan plus (Applied photophysics, UK) at room temperature by a quartz cell with an optical
pathlength of 1mm. All spectra were accumulated three times
of 1 nm at a scan speed of 50 nm/min. The ICD was obtained as
the CD of MB-loaded PUNPs minus the CD of MB and PU measured at the same wavelength and expressed as ellipticity in
milidegrees.27 The Vis spectra were measured by an UV/Vis spectrometer (Cary100, Agilent, USA) at room temperature.
Macromol. Res., 28(13), 1198-1203 (2020)

3. Results and discussion
3.1. Synthesis of PP and characterization of PUNs

3.2. Diffractometry of WAXRD and SAXS
XRD patterns for pullulan and PUNPs are shown in Figure 5. As
shown in Fig., the XRD pattern of pullulan exhibits a peak at 2θ
value of about 18.4o that corresponds to d-spacing of 0.24 nm
due to the triple-helical pitch.29 On the other hand, the XRD patterns of PUNPs exhibit peaks at 2θ values of about 18.4o, 27.1o,
and 41.8o that correspond to d-spacing of 0.24, 0.17, and 0.12 nm,
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Figure 1. Chemical reaction scheme of PP synthesis.

Figure 2. Morphologies of PUNPs (A) and MB-loaded PUNPs (B) observed by TEM.

respectively. The weak peak at 18.4o corresponds to the triplehelical pitch and the remaining peaks at 27.1o and 41.8o ascribed to
regular nanosized structures due to the formation of self-assembled PUNPs.30 When we checked the XRD patterns for MB-loaded
PUNPs, there were no peaks of the MB in the MB-loaded PUNPs
except the peaks of PUPBs (data not shown), suggesting that
loaded MB in the PUNPs became amorphous state after loading in the PUNPs although there were several sharp peaks of
MB itself due to the crystalline state.
SAXS diffraction pattern for PUNPs is shown in Figure 6. As
© The Polymer Society of Korea and Springer 2020

shown in Fig., a SAXS diffraction peak was observed at q=4.6 nm-1
for PUNPs, which corresponds to a d-spacing of 1.36 nm, as a
similar pattern with the triple-helical pitch of schizophyllan polysaccharide30 possibly ascribable to the formation self-assembled PUNPs although a SAXS diffraction peak was not observed
for pullulan (data not shown).
3.3. Measurement of UV and CD
Figure 7 shows UV spectra of the MB (A) and MB-loaded PUNPs.
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Figure 5. XRD patterns of pullulan (A) and PUNPs (B) measured by
WAXRD.

Figure 3. Particle sizes of PUNPs measured by DLS.

As shown in the Figure 7(A), a characteristic MB monomer peak
at λmax 664.0 nm with a shoulder peak at 619.3nm attributed to
the formation H-aggregates of the dye.31 On the other hand, a
characteristic H-aggregates of MB (λmax=607.0nm) with a shoulder peak at λmax 671.0 nm of MB monomer peak after loading of
MB into the PUNPs was obtained as shown in Figure 7(B) due to
the ionic and hydrophobic bondings between MB and PUNPs.
Figure 8 shows CD spectra of pullulan itself (A) and PUNPs
(B) according to temperature in water. As shown in Figure 8(A),
the pullulan exhibited a very weak negative absorption arised
from coupling of C-O-C ether chromophores, leading to negative
residual ellipticity with a maximum at 187 nm for alpha-helices32
although the alpha-helicity of the pullulan decreased as temperature was increased with a red-shift of the maximum due to
the breakdown of the H-bonding in the pullulan. On the other
hand, the PUNPs exhibited two negative ellipticities at 194 nm

Figure 6. SAXS diffraction pattern of PUNPs.

Figure 4. Zeta potential of PUNPs.
Macromol. Res., 28(13), 1198-1203 (2020)
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Figure 7. UV spectra of MB (A) and MB-loaded PUNPs (B).

Figure 8. CD spectra of pullulan (A) and PUNPs (B) in water according to temperature.

for alpha-helices and 201nm for beta-sheets-like structure although
the alpha-helices in the PUNPs disappeared at 25 oC and 50 oC
(data not shown), suggesting that conformational changes pullulan occurred from alpha-helices to beta-sheets by the formation
of self-assembled polymeric NPs. These behaviors are very similar with the results of Forget et al..33 They reported that carboxylation of agarose exhibited a new ellipticity at 203 nm with a
red-shift from 191 nm due to promotion of reorganization of
the chains leading to a new secondary structure in agarose in addition to the alpha-helices although beta-sheet structure of the agarose was affected by temperature.33
Figure 9 shows CD spectrum of the MB-loaded PUNPs. The
result indicated that two strong bands appeared in the CD spectrum at around UV absorption maximum of MB shown in the
UV spectrum, the indication of ICD of the MB by chiral PUNPs,
suggesting that the observed ICD spectrum of the MB was matched
with its UV absorption spectrum precisely.

4. Conclusion
The regular nanosized structures appeared in the PUNPs and
conformational change from alpha helices structure to betasheet-like one of pullulan occurred by the formation of selfassembled polymeric NPs through hydrophobic interaction of
incorporated hydrophobic groups in the pullulan. MB was loaded
into the PUNPs through ionic and hydrophobic bondings between
MB and PUNPs. The CD of the MB was induced by the chiral
© The Polymer Society of Korea and Springer 2020

Figure 9. CD spectrum of MB-loaded PUNPs in water at 25 oC.

microenvironment of PUNPs. Imaging of MB-loaded PUNPs for
liver tissue therapy will be reported in the future.
Supporting information: 1H-NMR spectrum of PP was shown
in supplementary figure. The materials are available via the Internet at http://www.springer.com/13233.
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