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Abstract
A new core–shell nanoparticle containing the chemotherapeutic drug doxorubicin was formulated via
amphiphilic graft copolymer self-assembly using curdlan-graft-poly(ethylene glycol) (curdlan-g-PEG).
The graft copolymer was synthesized through the dicyclohexylcarbodiimide ester linkage of
carboxylated PEG to the hydroxyl groups of the curdlan backbone. The nanoparticles were 109.9
nm in size and encapsulated doxorubicin in high yield (4%–5% wt/wt). The nanoparticles also
controlled the release of doxorubicin over 24 h with a release profile that followed a Fickian
diffusion model. The biocompatibility of curdlan-g-PEG was confirmed by hemolysis assay.
This is the first nanoparticle formulated using the hydrophobicity of curdlan for concealing the
immunomodulatory potential of curdlan within the core.
Keywords
curdlan, 1,3-b-glucan, helix, doxorubicin, nanoparticle, core–shell, curdlan-g-PEG copolymer,
controlled release

Introduction
The 1,3-β-glucans are a family of glucopyranose polymers with 1,3-glycosidic linkages and various degrees of branching, molecular weight, and water solubility. They have been used in a variety
of research areas due to their unique ability to form single and triple helical structures that may
form gels upon heating1 and array of pharmacological properties including antitumor activity,2
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Figure 1. (a) The developed system consists of PEG (middle) grafted to curdlan (left) encapsulating
doxorubicin (right). (b) An overview of the grafting reaction scheme.
PEG: poly(ethylene glycol).

infection resistance,3 and wound healing.4 1,3-β-Glucans impart these properties by the activation
of the alternative complement pathway5 and interaction with lymphocytes and phagocytes6,7 leading to the stimulation of the production of cytokines, phagocyte and lymphocyte proliferation,
oxidative burst, and phagocytosis of opsonized tissues.8–10
Modern applications of 1,3-β-glucans have focused on the impartation of infection resistance.10–12 In addition, curdlan sulfates have been used in imparting viral resistance13 and are under
investigation for applications to inhibit HIV infections.14–17 Curdlan (Figure 1), a linear, highmolecular-weight 1,3-β-glucan, has been used as a food gel for freeze–thaw stability,18 reduction
of oil absorption,19 and the encapsulation of pH-sensitive natural dyes20 and in drug delivery applications as a drug-impregnated gel and a water stabilizing moiety in amphiphilic micelle nanoparticles in its pure and carboxymethylated forms.21–23
The development of amphiphilic polymer systems that self-assemble to create micelles24 with
an appropriate size to utilize the enhanced permeability and retention (EPR) effect is of interest.25
The pharmacological properties of 1,3-β-glucans have led researchers to pursue curdlan to create
multifunctional therapeutic platforms capable of drug delivery and immunotherapy. In this study,
curdlan was incorporated into the central core of copolymer-based core–shell nanoparticle architecture to preserve the immunogenic properties of the polymer. Few examples of curdlan copolymers exist,23,26 and no nanoparticle formulations have yet been developed, which incorporate
curdlan into the central core of a core–shell nanoparticle.
In this article, the synthesis of a curdlan and poly(ethylene glycol) (PEG) graft copolymer is
described, which allowed the formation of core–shell nanoparticles with encapsulated doxorubicin. PEG has been used in curdlan copolymers to increase cellular uptake and reduce lysosomal
degradation of curdlan–polynucleotide complexes.26,27 Doxorubicin (Figure 1) was chosen as the
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model drug for this drug delivery platform based on its high hydrophobicity and cardiotoxicity.28,29
PEG is used in nanoparticle drug delivery to improve nanoparticle efficacy and pharmacokinetics
in vivo by modulating protein adsorption.28,30,31 The grafting was carried out with dimethylaminopyridine (DMAP)-mediated dicyclohexylcarbodiimide (DCC) ester formation, reacting the functional hydroxyls on the curdlan backbone with a terminal carboxylic acid group on PEG (Figure 1).
Nanoprecipitation was used to formulate nanoparticles, and nuclear magnetic resonance (NMR),
dynamic light scattering (DLS), transmission electron microscopy (TEM), and UV-visible spectrophotometry were used to characterize the system. The synthesized system is significant in the
development of curdlan-based immunotherapeutic drug delivery systems because it is the first to
utilize the hydrophobicity of curdlan to yield drug encapsulation and the first to incorporate curdlan at the center of a nanoparticle where its immunogenicity leading to its immunotherapeutic
properties is not exposed on the surface of the particle.

Materials and methods
Materials
Raw curdlan (~90,000 Da) was purchased from Wako Pure Chemical Industries (Osaka, Japan) and
crushed with a mortar and pestle before use to aid dissolution. Monofunctional carboxylated PEG
(~5000 Da) was purchased from NanoCS (New York, USA). DCC, DMAP, and anhydrous dimethyl
sulfoxide (DMSO) were purchased from Sigma–Aldrich (Oakville, Canada). All synthesis materials
were used without further purification. Doxorubicin HCl was purchased from Intatrade Chemicals
GmbH (Bitterfeld, Germany) and desalted according to the procedure described in the following
section. Amicon filtration units having a molecular weight cutoff (MWCO) of 10,000 Da and dialysis tubing (MWCO 3.5 kDa) were purchased from Fisher Scientific (Ottawa, Canada). Block copolymer poly(D,L-lactide-co-glycolide)–poly(ethylene glycol) (PLGA–PEG 7525DLG 3C PEG 6000)
was purchased from Lakeshore Biomaterials (Birmingham, USA) and used without further purification. Whole sheep blood (Alsever’s) was purchased from Cedarlane (Burlington, Canada). Veronalbuffered saline (VBS) (5×) was purchased from Lonza Walkersville Inc. (Walkersville, USA) and
used by diluting it with Millipore water in a 1:4 ratio of buffer:water.

Desalting of doxorubicin HCl
Doxorubicin HCl was dissolved in distilled water at 4 mg/mL, and two molar equivalents of triethylamine (TEA) were added, and the solution vortex was mixed until a color change to purple was
observed. The solution was added to a separatory funnel, and repeated portions of dichloromethane
(DCM) were added. The bottom layer of DCM was removed and purged with compressed air at
50°C. The obtained film was dissolved in DMSO at 6 mg/mL before use. The doxorubicin–DMSO
solution was serially diluted and tested in triplicate (300 µL each) in a 96-well microplate on a
Biotek Epoch Microplate system at 480 nm to produce an absorbance–concentration calibration
curve. The calibration curve showed that the molar extinction coefficient of doxorubicin at 480 nm
was 7786 M−1∙cm−1 with R2 = 0.998 for the line of best fit, which was in agreement with previously
reported values.32

Synthesis of curdlan-g-PEG
Curdlan (500 mg) was dissolved in 50 mL of stirring anhydrous DMSO under nitrogen bubbling for
1 h. Simultaneously, carboxylated PEG (1 g) was dissolved in 30 mL of stirring anhydrous DMSO
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at 60°C under nitrogen bubbling for 20 min. DCC (600 mg) and DMAP (400 mg) were dissolved in
20 mL of stirring anhydrous DMSO under nitrogen bubbling for 20 min. DCC-activated carboxylated PEG was formed by the addition of the DCC/DMAP solution to the carboxylated PEG solution
under stirring for 15 min. The activated carboxylated PEG solution was added to the curdlan solution
and stirred for 15 h at room temperature. The final solution (100 mL) was added to 3.5 kDa MWCO
dialysis tubing and dialyzed against 2 L of distilled water for 72 h with water changed every 6–12 h
to remove unreacted PEG. The precipitated product was obtained by centrifugation with the watersuspended overgrafted portion discarded. The product obtained from centrifugation was lyophilized
overnight to remove water and was washed 10 times with diethyl ether to remove DCC, DMAP, and
dicyclohexylurea. Residual ether was removed by desiccation to a dry powder consistency.
NMR spectra. All NMR spectra were determined by dissolving 6.5 mg of polymer in 1 mL of
DMSO-d6 under stirring for 30 min and scanning the sample on a 300-MHz Bruker NMR spectrometer. 1H-NMR spectra were determined with 64 scans, 13C-NMR spectra with 10,000 scans,
and heteronuclear multiple quantum coherence (HMQC) spectra with 8 scans.

Doxorubicin-loaded curdlan-g-PEG nanoparticles
Curdlan-g-PEG was dissolved in DMSO at 7.5 mg/mL, and varying volumes of the solution were
mixed with 6 mg/mL of doxorubicin–DMSO solution to obtain drug loading percentages (weight
of doxorubicin/weight of polymer × 100) of 10%, 20%, and 40% each with a volume of 3.2 mL and
a final polymer concentration of 3.5 mg/mL. One milliliter of each solution was added in a slow
dropwise manner to 10 mL of stirring distilled water with a mild vortex. The polymer droplet was
allowed to disperse completely before the addition of the next drop.

Encapsulation efficiency and mass yield of doxorubicin
The suspension of doxorubicin-loaded curdan-g-PEG nanoparticles was concentrated in Amicon
filtration units at 4000 rpm for 20 min to remove water and free doxorubicin, and the retentate was
dissolved in 2 mL of DMSO by pipetting up and down vigorously. One milliliter of the resulting
solution was diluted in 5 mL of DMSO, and the sample was read in triplicate (100 µL) in a 96-well
microplate at 480 nm. The DMSO solution contained dissolved curdlan-g-PEG as well, which was
accounted for by measuring the absorption of the polymer at the same concentration as being
tested, without doxorubicin and subtracting this value from each absorption measurement. Thus,
finally, the concentration of doxorubicin in each of the samples was determined. The encapsulation
efficiency and mass yield were determined by using the following formulae:

Encapsulation efficiency ( % ) =

Mass yield ( % ) =

Concentration of encapsulated drug
×100
Concentration of drug in initial feed

Concentration of encapsulated drug
×100
Concentration of polymer

(1)

(2)

Data are presented as the average of three runs with error bars displayed from the standard
deviation.
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DLS. For DLS analysis, 3 mL of the nanoparticle suspension was transferred to a 1-cm polystyrene
cuvette and scanned in a Brookhaven 90Plus Particle Size Analyzer with two scans of 20 min each
at room temperature. The number, volume, and intensity-weighted populations were used to quantify the particle size distribution.
TEM. TEM samples were analyzed by adding a single drop of nanoparticle suspension onto a
formvar-coated copper grid and removing most of the drop using filter paper after 5 min. A single
drop of 2% aqueous phosphotungstic acid was then added onto the grid for 50 s before being
removed with filter paper to negatively stain the grid. TEM imaging was carried out on a Phillips
CM10 transmission electron microscope equipped with a lanthanum hexaboride filament saturated
at an accelerating voltage of 60 kV.

In vitro release of doxorubicin from nanoparticles
Eleven milliliters of nanoparticle suspension in distilled water was added to a 3.5-kDa dialysis tube
and dialyzed against 1.75 L of distilled water for 3 h to remove free drug. One milliliter of the
washed nanoparticle suspension was added to 12.5 mL of distilled water and read in triplicate
(100 µL) in a 96-well microplate at 480 nm to determine the 100% release condition. The remainder of the suspension in the dialysis tube (10 mL) was added into 125 mL of distilled water stirring
at 37°C. The release system was sealed with parafilm and covered in foil to avoid evaporation and
doxorubicin degradation. Three 100-µL samples were taken at regular intervals and read in triplicate at 480 nm in a 96-well microplate. Constant volume was maintained in the release medium.
The mean absorbance values were compared to the 100% release condition to determine the percent release. Displayed data are the average of three release runs with error bars displayed from the
standard deviation. The release data up to 24 h were modeled using modified power law relationship as previously described.33

Hemolysis assay
Curdan-g-PEG nanoparticles were concentrated using Amicon filtration tubes (MWCO = 10,000)
and centrifugation at 4100 rpm for 30 min to obtain a concentration of 25 mg/mL. This solution
was diluted as needed to obtain various concentrations and incubated at 37°C for 1 h with 200 µL
of sheep erythrocytes to obtain a final volume of 1 mL. The blood had red blood cell (RBC) concentration of 1 × 108 cells/mL. The percent hemolysis was calculated by measuring the absorbance
at 415 nm, with 500 nm as the baseline. VBS was used as a negative control, and distilled water
was used as a positive control. For comparison, PLGA–PEG nanoparticles were synthesized using
nanoprecipitation by the addition of 1 mL of 10 mg/mL solution of PLGA–PEG block copolymer
in DMSO to 10 mL of VBS with a mild vortex. PLGA–PEG nanoparticle solution was also concentrated and assessed for hemolysis as described here.

Results and discussion
The synthesis of curdlan-g-PEG was carried out as shown in Figure 2 and verified by NMR spectroscopy. The peak identification of C(1)–C(6) and their associated protons in the curdlan backbone rings from the 1H- and 13C-NMR spectra utilizing the HMQC scan for peak correlation are
summarized in Table 1. The curdlan-g-PEG 1H-NMR and 13C-NMR spectra reveal new peaks at
3.47 and 70.13 ppm, respectively, as well as some additional peaks in the 1.0–2.0 ppm range
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Figure 2. (a) Carboxylated PEG is reacted with DCC to produce the DCC-activated PEG derivative. (b)
Reaction of the activated PEG with curdlan hydroxyls results in the stable ester graft and the formation of
dicyclohexylurea.
PEG: poly(ethylene glycol); DCC: dicyclohexylcarbodiimide.

(Figure 3) attributable to residual DCC difficult to remove by repeated ether washes. The two large
signals present after dialysis, and purification may be correlated with one another using HMQC
analysis (Figure 4) and correspond to the signals observed for NMR scans of the pure carboxylated

Table 1. Peak assignments of 1H- and 13C-NMR spectra
Signal assignment

Carbon peak position (ppm)

Proton peak position (ppm)

C(1), H(1)
C(2), H(2)
C(3), H(3)
C(4), H(4)
C(5), H(5)
C(6), H(6), H(6)
PEG: C–O

103.30
72.82
86.23
68.36
76.31
60.86
70.13

4.48
3.22
3.43
3.22
3.22
3.67, 3.43
3.47
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Figure 3. (a) 1H-NMR scan of curdlan (top) and curdlan-graft-PEG (bottom) showing the presence of a
significant PEG peak after grafting at 3.47 ppm. (b) 13C-NMR scan of curdlan (top) and curdlan-graft-PEG
(bottom) showing the presence of a PEG peak at 70.13 ppm.
NMR: nuclear magnetic resonance; PEG: poly(ethylene glycol).

PEG and the literature for PEG derivatives.34 The calculation of the degree of substitution is possible from comparison of the PEG and curdlan carbon peaks on the 13C-NMR scan. The comparison of the intensities of the PEG and C(6) peaks yields a degree of substitution of 1.8 PEG chains
per 100 glucopyranose units.
The DLS analysis on empty and doxorubicin-loaded curdlan agglomerations and curdlan-g-PEG
nanoparticles formed by nanoprecipitation gave insight into the relative populations of particle
sizes and the effect of PEGylation. With pure curdlan and doxorubicin agglomerations, DLS was
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Figure 4. HMQC scan of curdlan-graft-PEG showing the correlation of six 13C-NMR signals in the curdlan
ring to the 1H-NMR signals and the correlation of the signals for PEG.
HMQC: heteronuclear multiple quantum coherence; NMR: nuclear magnetic resonance; PEG: poly(ethylene glycol).

inconclusive as the particle sizes were greater than the upper limit and the particles settled quickly
in distilled water. Number-weighted DLS analysis of the curdlan-g-PEG system loaded with 20%
doxorubicin revealed that PEGylation stabilized the nanoparticles with a size of 93.1 nm (Figure
5(a)) compared to the empty particle size that averaged 53.3 nm. This increase in nanoparticles
size, upon drug loading, has been observed previously with cholesterol-conjugated carboxymethyl
curdlan nanoparticles.23 Nanoparticles were stable for more than 7 days in distilled water. The
weighted analysis of the intensity (Figure 5(c)) and volume (Figure 5(d)) revealed the presence of
some larger aggregations among the nanoparticles with particle sizes as big as 392.4 nm, but these
larger particles were not visible on TEM micrographs, indicating that they represented a minority
in the population. The log normal number population density (Figure 5(b)) indicated a mean particle size of 109.9 nm.
The initial drug loading percentage affected the nanoparticle sizes as determined by DLS. No
difference was observed between 10% and 20%, but at 40% drug loading, the particle size increased
to 400 nm and the particles settled in distilled water. Since doxorubicin is capable of forming nanoparticles with particle sizes less than 75 nm at similar concentrations used in the polymer nanoparticles, the increased particle size over both free doxorubicin and free curdlan-g-PEG indicated that
a coating on doxorubicin nanoparticles of the polymer is the main mechanism of interaction. It
seems that the curdlan-g-PEG aided the aggregation of doxorubicin by providing a water-stable
coating, but at high concentrations of doxorubicin yielded particles that were too large to remain
stable. The nanoparticle architecture, hypothesized to consist of a doxorubicin nanoparticle upon
which the curdlan backbone experiences hydrophobic interactions and PEG grafts, seems to align
outward to provide a water-stable shell (Figure 1(b)).
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Figure 5. (a) Number-weighted population density for curdlan-graft-PEG loaded with 20% doxorubicin.
(b) Lognormal number population density. (c) Intensity-weighted population density. (d) Volume-weighted
population density.
PEG: poly(ethylene glycol).

The particle sizes determined by DLS (Figure 5) and the nanoparticle architecture (Figure 1(b))
were verified by TEM. Since the negative stain, phosphotungstic acid, used in the analysis was
highly hydrophilic and electron dense, the hydrophilic PEG portion of the nanoparticles should
appear darker due to increased electron density. The doxorubicin and curdlan portions of the nanoparticles should appear lighter. It was found that the doxorubicin center was clearly visible as
bright white spots with a coating of a darker material (Figure 6(a)). No bright white spots without
such coating were visible on TEM samples, indicating high encapsulation efficiency. The outer
darker layer of the nanoparticles was found to consist of two layers, an inner lighter layer, postulated to be tightly packed curdlan backbone around the doxorubicin center, and the outer darker
layer of fully extended PEG chains that provide water stability. Using simple calculations, the size
of the dark PEG shell correlated well with the expected size of fully extended 5000 Mw PEG
chains. The TEM analysis confirmed the proposed nanoparticle architecture (Figure 1(b)). In addition, the TEM analysis revealed that the highest population of nanoparticles was 100 nm in size
that closely correlated with the DLS results. Very few large aggregations, corresponding to larger
scattering centers, were revealed by volume- and intensity-weighted DLS.
Doxorubicin-loaded pure curdlan and curdlan-g-PEG nanoparticles were screened for encapsulation efficiency using UV-Vis spectrometry. No nanoparticles were present in the filtrate, which
was confirmed by DLS by comparing the size and absorption spectra before and after filtration.
After purifying the doxorubicin-encapsulated nanoparticles, the retentate was dissolved in
DMSO and analyzed for doxorubicin to determine the encapsulation efficiencies (Figure 7). The
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Figure 6. (a) Twenty percent of doxorubicin nanoparticles of curdlan-graft-PEG appear as a bright
doxorubicin center with a coating of more electron dense material. (b) The coating is revealed to be
multilayered with a compressed inner layer consisting mostly of curdlan backbone and a looser outer layer
consisting of extended PEG chains.
PEG: poly(ethylene glycol).

Figure 7. Encapsulation efficiencies of curdlan-graft-PEG and pure curdlan where the curdlan system
quickly aggregated and crashed upon precipitation, and the curdlan-graft-PEG system was stable indefinitely.
PEG: poly(ethylene glycol).

curdlan-g-PEG encapsulation efficiency system was similar to pure curdlan. Since encapsulation
efficiency is dependent on the initial drug loading, the data were normalized to determine the percent mass yield of drug to polymer in the final suspension (Figure 8). The nanoparticles with 40%
drug loading were unstable in water; therefore, the 20% loading condition was compared to other
systems. The mass yield of 4%–5% for the 20% loaded nanoparticle system was higher than the
literature reports using curdlan22 and other encapsulation methods that typically produce mass
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Figure 8. Mass yields of curdlan-graft-PEG and curdlan polymer systems determined by normalizing the
encapsulation efficiencies by the drug-loading percentage.
PEG: poly(ethylene glycol).

yields of about 2%–3%.29 However, the encapsulation efficiencies were significantly lower, probably due to the higher concentration of drug used. The solubility of doxorubicin is about 46 µg/mL
in aqueous medium,35 and this was enhanced by the presence of 10% DMSO in our system allowing doxorubicin to stay in suspension. This free doxorubicin was removed by Amicon filtration to
calculate drug encapsulation or by dialysis for conducting drug release experiments.
In vitro release was carried out in distilled water at 37°C. The drug release from nanoparticles
was nearly 100% of the available drug within 24 h. These data were modeled using the modified
power law33 to predict the release mechanism:
1

(% Release )

1
n

M
n
=  t × 100  = k ′t ,
 M∞


(3)

where Mt is the absolute amount of drug released at time t, M∞ is the absolute amount of drug
released at infinite time, k′ is the modified release constant, and the exponent n describes the
release mechanism.33 When n was close to 0.43, the drug release was similar to Fickian diffusion,
whereas if n was close to 0.85, the drug release was like Case II transport.36 Thus, the release data
up to 24 h were comparable to theoretical models with n as 0.43 and 0.85; the linear fit was similar
to that obtained by Xiong et al.33 The R2 values were 0.97 for n = 0.43 and 0.88 for n = 0.85. These
data indicated that the drug release mechanism was more like Fickian diffusion and hence depended
upon the drug concentration. The nature of the micelle constructed from graft copolymer means
that the system was less amphiphilic than more commonly used block copolymer systems.29
Consequently, when exposed to the osmotic pressure of dialysis, the nanoparticles had a tendency
to break apart and aggregate into less ordered structures. Despite the nanoparticle instability, it was
possible to remove nearly 50% of the loaded doxorubicin (Figure 9). Although the solubility of
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Figure 9. Release profile of doxorubicin from curdlan-graft-PEG nanoparticles that had settled in the
distilled water release medium.
PEG: poly(ethylene glycol).

doxorubicin in water is very low (46 µg/mL),35 the maximum possible concentration in the release
medium was estimated to be ~1 µg/mL based on the mass yield %, which is considerably lower
than the solubility; thus, the doxorubicin should be dissolved in the release medium. The degree of

Figure 10. Hemolysis assay of curdlan-g-PEG nanoparticles in comparison to PLGA–PEG nanoparticles
using whole sheep blood erythrocytes.
PEG: poly(ethylene glycol); PLGA: poly(D,L-lactide-co-glycolide).
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substitution to attain a better hydrophilic–lipophilic balance to improve particle stability is an
ongoing investigation.
Curdlan and its derivatives have been used as coatings on nanoparticles for biocompatibility tests,
such as cytotoxicity,23 and are used as biomaterials.37–39 In addition, PEG is widely used for nanoparticles synthesis and coatings.40–42 A hemolysis assay was conducted (Figure 10), which showed that
curdlan-g-PEG was less toxic than PLGA–PEG, even at 10 mg/mL in sheep erythrocytes. Since
PLGA–PEG is one of the most commonly studied polymer conjugate for application in nanomedicine,29,43,44 a superior performance by curdlan-g-PEG presents significant potential for this system.
The development of this composite nanoparticle is a significant advancement in curdlan delivery as
it is the first system to utilize a curdlan copolymer wherein the hydrophobicity of curdlan is used to
create the drug association. Other systems have utilized sulfonylurea or cholesterol as the hydrophobic
moiety and carboxymethylated curdlan as the water stabilizing moiety.21,23 The curdlan-g-PEG nanoparticle system developed herein may also allow the transport of immunomodulatory curdlan to tumor
sites since all other systems with curdlan on the surface make them naturally immunogenic.

Conclusion
This study demonstrated the feasibility of curdlan-based nanoparticles for controlled drug release
applications. A curdlan-g-PEG copolymer was successfully synthesized by DMAP-mediated DCCester formation using a monofunctional carboxylated PEG. A degree of substitution of 1.8 PEG chains
per 100 glucopyranose units was obtained successfully. Nanoparticles with an average size of 109.9 nm
were obtained with excellent stability in distilled water for greater than 7 days, demonstrating that
PEGylation of curdlan can produce stable nanoparticles. The nanoparticle architecture appeared to be
a central core of doxorubicin coated with a curdlan backbone and fully extended PEG grafts in a triple
layer structure. Encapsulation efficiencies comparable to pure curdlan were obtained, and high mass
yields (4%–5%) comparable to curdlan solid lipid nanoparticles and well-recognized PLGA–PEG
systems were obtained. Doxorubicin was released at a sustained rate for over 24 h. These results combined with the biocompatibility of the graft copolymer indicate that PEGylated curdlan is a viable
approach to achieve nanoparticle delivery systems that may be used in the development of controlled
release and drug delivery applications as well as provide effective immunotherapeutic activity.
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