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a  b  s  t  r  a  c  t

Polysaccharide–PEG  hybrid  nanogels  (CHPOA–PEGSH)  crosslinked  by  both  covalent  ester  bonds  and
physical  interactions  were  prepared  by  the  reaction  of  a  thiol-modified  poly(ethylene  glycol)  (PEGSH)
with  acryloyl-modified  cholesterol-bearing  pullulan  (CHPOA).  Experimental  parameters,  including
CHPOA  concentration,  the  degree  of  acryloyl  substitution  of  CHPOA,  and  the initial  amounts  of  CHPOA
and PEGSH,  were  modified  in  order  to  assess  their  effect  on  the  size  of  the  nanogels  (50–150  nm)  and  on
their  degradation  kinetics,  monitored  by  dynamic  light  scattering  (DLS)  and  asymmetrical  flow  field-flow
fractionation  (AF4)  chromatography.  Rhodamine-labeled  nanogels  were  injected  intravenously  into  mice
and their  concentration  in  blood  was  determined  by  a fluorescence  assay  as  a function  of post-injection
time.  The  elimination  half-life  (t1/2)  of  CHPOA–PEGSH  nanoparticles  was  about  15-fold  longer  (18  h) than
that  of CHP  nanogels  (1.2  h).  The  half-life  enhancement  of CHPOA–PEGSH  was  attributed  to  the  presence
of  the  crosslinker  PEG  chains,  which  prevent  non-specific  protein  adsorption,  and  to the  slow  hydrol-
ysis  kinetics  of  the  crosslinking  esters  in  the  biological  milieu.  The  hybrid  CHPOA–PEGSH  nanogels  are
expected  to  be  useful  as injectable  nanocarriers  for  drugs  and  proteins,  in  view  of their  low  surface  fouling
and slow  hydrolysis  rate.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Nanometer-sized polymer hydrogel particles (nanogels) have
recently received much attention for biomedical applications such
as drug delivery systems [1–4]. Chemically crosslinked nanogels
are usually prepared by nanoemulsion polymerization or by chem-
ical crosslinking of the hydrophilic or hydrophobic polymer chains
in polymer micelles [5–7]. We  reported a new method of prepa-
ration of physically crosslinked nanogels formed by amphiphilic
derivatives of the neutral polysaccharide pullulan, such as pullu-
lans bearing low levels of cholesteryl groups (CHP), upon simple
self-assembly in dilute aqueous solution [8].  The nanogels were
shown to prevent the massive aggregation of proteins that typically
occurs upon rapid removal of urea from solution of unfolded pro-
teins. The enhanced yield of correct protein folding was  ascribed to
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the hydrophobic binding of CHP with proteins, which in turn slows
down the kinetics of protein aggregation [9,10].

In this fashion, CHP nanogels have been used to encapsulate in
a transient fashion proteins, such as insulin [11], interleukin-12
(IL-12) [12], antigen proteins for cancer vaccine [13,14],  and nasal
vaccine [15]. Recombinant murine IL-12 (rmIL-12) was  success-
fully incorporated in CHP nanogel simply by incubating rmIL-12
with nanogels. Subcutaneous injection into mice of CHP/rmIL-
12/nanogel complexes resulted in a prolonged elevation of rmIL-12
concentration in the serum. However, the kinetics of drug level
in serum was the same following intravenous or intraperitoneal
injections of CHP/rmIL-12 nanogels as those recorded upon injec-
tion of a rmIL-12 solution used as a control. This observation was
taken as an indication of the poor stability of CHP nanogels in
the bloodstream, presumably due to the fact that nanogels are
held together exclusively by physical forces without any cova-
lent crosslinkers. Consequently, they rapidly release their cargo in
blood following displacement of the therapeutic protein by plasma
proteins.

To overcome the instability of physically crosslinked nanogel
in vivo, we  devised a means to strengthen nanogels by chemi-
cal crosslinking of the nanogels with polyethylene glycol (PEG)
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derivatives and coating the surface of nanogels with PEG. Acryloyl
group-modified CHP nanogels were crosslinked by thiol group-
modified four-armed polyethylene glycol (PEGSH) in water, thus
forming nanogel-assembly like “raspberry-like” nanoparticles [16].
In the previous article, we reported the stability and sustained
release of the nanogels assemblies upon subcutaneous injection
in mice. We  assess here the stability of PEG-crosslinked nanogels
in blood serum and blood both in vitro and in vivo, following
intravenous injection in mice. The nanogels assemblies were ana-
lyzed by asymmetrical flow field-flow fractionation with combined
multiangle light scattering and dynamic light scattering detection
coupled to UV–vis absorption detection, to assess, respectively, the
concentration and the hydrodynamic size of the nanogels.

2. Experimental

2.1. Materials

Water was deionized using a Milli-Q water purification sys-
tem (Millipore, Bedford, MA). Pentaerythritol tetra(mercaptoethyl)
polyoxyethylene (PEGSH, Mw  = 1.0 × 104 g mol−1) was  purchased
from NOF Co. (Tokyo, Japan). Di-n-butyltin (IV) dilaurate
(DBTDL), cysteine hydrochloride monohydrate, and 5,5′-dithio-bis-
(2-nitrobenzoic acid) (DTNB) were purchased from Wako Pure
Chemical Industries, Ltd. (Osaka, Japan). Fetal bovine serum (FBS)
and minimum essential medium (MEM)  were obtained from Invit-
rogen (Carlsbad, CA). 2-(Acryloyloxy) ethyl isocyanate (AOI) was
purchased from Showa Denko Co (Tokyo, Japan). The cholesteryl
pullulan nanogel sample (CHP, 1.2 cholesteryl groups per 100 glu-
cose units) was synthesized as previously reported [17].

2.2. Dynamic light scattering (DLS)

The hydrodynamic diameters of the nanogels were determined
by dynamic light scattering (DLS; Zetasizer Nano; Malvern, UK).
The scattering angle was kept at 137◦ and the wavelength was set
at 633 nm.  The CHPOA nanogel concentration ranged from 1.0 to
5.0 mg  mL−1.

2.3. Asymmetrical flow field-flow fractionation (AF4)

Asymmetric flow field-flow fractionation was  performed using
an AF4 system (AFx2000MT, Postnova Analytics, Landsberg,
Germany) combined with an UV/vis detector (SPD-20A, Postnova
Analytics), a multiangle light scattering detector (MALS, Dawn
8+, Wyatt Technology), and a dynamic light scattering detector
(Wyatt-QELS, Wyatt Technology). The channel had a thickness of
350 �m and was fitted with a regenerated cellulose membrane
(10 kDa cut off, Z-MEM-AQU-631, RC, Postnova Analytics). The car-
rier medium was prefiltered (0.1 �m)  phosphate buffered saline
(pH 7.4). The sample was injected with a flow rate of 0.2 mL/min,
followed by a 4 min-focusing with a cross-flow rate of 1.8 mL/min
and a detector flow rate of 0.52 mL/min. Following a 1 min  tran-
sition, a three-step cross-flow rate gradient was initiated for the
elution mode. The starting cross-flow rate (1.8 mL/min) was kept
constant for 8 min. It was decreased linearly to 0 mL/min within
10 min, and kept constant at 0 mL/min for 15 min  to allow elution
of the nanogels or assemblies of nanogels. The detector flow rate
was kept at 0.52 mL/min throughout. The detection of the eluted
nanogels was performed sequentially by UV absorbance at 556 nm
(ε556 = 1411 mmol  g−1 cm−1, determined using a calibration curve),
fluorescence with �ex 468 nm and �em 581 nm, multiangle light
scattering (MALS) and DLS. Each fractogram presented is represen-
tative of a triplicate sample.

2.4. Synthesis of the nanogels

The CHPOA nanogels having 5, 19 or 23 acryloyl groups per 100
glucose units were prepared starting from a CHP sample (1.0 g,
6.2 mmol  of anhydrous glucose units) dried under vacuum for
2 days at 70 ◦C before use. The CHP was  dissolved under nitro-
gen in 50 mL  of anhydrous dimethyl sulfoxide (50 mL,  DMSO)
at 45 ◦C. DBTDL (53, 201 or 242 �L; 90, 340 or 410 �mol) and
AOI (42, 155 or 181 �L; 0.3, 1.2 or 1.4 mmol) were added to the
CHP solution. The resulting mixture was  kept in the dark for
24 h at 45 ◦C. The reaction mixture was subjected to repeated
precipitations into ether/ethanol solution (ether >80% v/v). The
isolated solid material was suspended in DMSO, dialyzed against
deionized water, and isolated by lyophilization. The degree of sub-
stitution of acryloyl groups was determined from the 1H NMR
(500 MHz, DMSO-d6/D2O: ı (ppm) 0.6–2.4 (cholesterol); 3.1–4.0
(glucose 2H, 3H, 4H, 5H, 6H); 4.7 (glucose 1H (1 → 6)); 4.9–5.1 (glu-
cose 1H (1 → 4)); 5.9–6.3 (olefinic protons of the acryloyl group
−CH CH2−). Rhodamine-labeled CHPOA (CHPOA–Rh) nanogels
were synthesized as reported previously [18]. The degree of label-
ing was  determined by UV/vis analysis at 556 nm (UV-1650PC,
Shimadzu, Japan).

2.5. Preparation of CHPOA–PEGSH nanoparticles

To prepare CHPOA–PEGSH nanoparticles, samples of CHPOA
nanogel (8 mg)  in a PBS buffer (1 mL,  pH 7.4) were treated with
PEGSH in amounts such that the acryloyl group:thiol group molar
ratios were 1:1, 2:1 and 4:1. The mixtures were kept at 37 ◦C for
24 h. Micrographs of CHPOA nanogels and CHPOA–PEGSH nanopar-
ticles were obtained by freeze–fracture TEM (FF-TEM, JEM-1011,
JEOL, Tokyo, Japan) at an accelerating voltage 100 kV. The sam-
ple was prepared using the aqueous solution of CHPOA nanogel
or CHPOA–PEGSH nanoparticles containing 30% glycerol. The con-
centration of nanogel was 4 mg  mL−1, and the acryloyl:thiol molar
ratio was 2:1 or 4:1. CHPOA–PEGSH nanogels were isolated in the
dry form by lyophilization after 24 h incubation in PBS. Freeze-dried
samples were resuspended in deionized water.

The thiol content of CHPOA–PEGSH nanoparticles was deter-
mined using Ellman’s reagent [19]. CHPOA–PEGSH (4.0 mg  mL−1,
obtained from acryloyl group:thiol group molar ratios of 1:1, 2:1
and 4:1) were dissolved in PBS. The nanoparticle solution (250 �L)
was  added to a mixture of the reaction buffer (2.5 mL,  0.1 M sodium
phosphate, pH 8.0, containing 1 mM EDTA) and of Ellman’s reagent
solution (50 �L, 4.0 mg  Ellman’s Reagent in 1 mL  reaction buffer).
The mixture was kept at room temperature for 15 min  prior to anal-
ysis. The SH concentration of the solutions was determined from
their absorbance at 412 nm using a calibration curve obtained from
cysteine–HCl. The degradation of CHPOA–PEGSH nanoparticles was
monitored by 1H NMR  spectroscopy for samples incubated in PBS
containing D2O for 24 h at 37 ◦C. The level of nanoparticle degra-
dation was estimated from the increase in the signal at 2.36 ppm,
attributed to the protons in the Fig. S2 [20]. The stability of the
nanogels in serum was  monitored using 500 �L of CHPOA nanogels
or CHPOA–PEGSH nanoparticles (acryloyl:thiol = 1:1, 2:1 or 4:1)
solutions in MEM  (2.0 mg  mL−1, 500 �L). The mixtures were incu-
bated at 37 ◦C with 5% (v/v) FBS for different times. The resulting
solution was analyzed by DLS in order to determine the hydrody-
namic sizes of the nanoparticles.

2.6. Blood clearance measurements

The animal experiments were carried out under the guidance
of the Animal Care and Use Committee, Kyushu, University. Seven-
week-old Balb/c mice purchased from Kyudo Co., Ltd. (Tosu, Japan)
were treated with suspensions of CHP–Rh or CHPOA–Rh–PEGSH
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Fig. 1. Chemical structures of (a) CHPOA nanogel and (b) CHPOA–PEGSH nanoparticle.

(acryloyl:thiol = 2:1 or 4:1) in PBS (100 �L 4 mg  mL−1) by injec-
tion into a tail vein. At various time intervals, blood was  collected
with a hematocrit tube from the orbital sinus. The blood samples
were mixed with a solution of EDTA (1.0 �L, 0.5 M)  in PBS and cen-
trifuged for 5 min  at 10,000 rpm. The supernatant was  diluted with
PBS. The fluorescence intensity of the supernatant was determined
upon excitation at 550 nm using a Wallac ARVOSX 1420 Multil-
abel Counter. The total blood volume was calculated as 0.08 mL  g−1

body weight. The pharmacokinetic parameters were analyzed with
a non-compartmental model using WinNonlin (4.0 software; Phar-
sight Corporation, Mountain View, CA).

3. Results and discussion

3.1. Synthesis and crosslinking of acryloyl CHP nanogels (CHPOA)

The synthesis of CHPOA is outlined in Fig. 1. It involves the reac-
tion of 2-(acryloyloxy) ethyl isocyanate with hydroxyl groups of
CHP using di-n-butyl-tin (IV) dilaurate as a catalyst. The reaction
takes place under mild conditions and provides excellent control
over the degree of modification of the nanogels. 1H NMR  spec-
troscopy analysis of CHPOA samples in DMSO-d6/D2O confirmed
that the level of acryloyl group incorporation was nearly identical
to the initial feed (Fig. S1).  In previous studies [16], acryloyl CHP
nanogels were obtained by esterification of CHP hydroxyl groups
with acrylic acid in the presence of N,N-dicyclohexylcarbodiimide
(DCC). Although, the transformation took place, the esterification
yield was low, leading to difficulties in adjusting the level of acry-
loyl group incorporation. Moreover, the urea that is formed as a
by-product of the synthesis, could not be removed readily. The new
synthesis reported here, which overcomes these difficulties, is a
significant improvement over other synthetic routes.

Three batches of CHPOA were prepared, setting the initial ratio
of AOI per glucose unit to 5, 19 or 23. The modified CHP sam-
ples were purified thoroughly to remove the catalyst prior to
further transformation. Their hydrodynamic diameter measured
by dynamic light scattering for suspensions (1.0 mg  mL−1) in PBS
at pH 7.4, decreased as follows, with increasing OA incorporation:
CHPOA5, 53.7 ± 1.8 nm;  CHPOA19, 43.3 ± 1.0 nm; and CHPOA23,
30.6 ± 0.4 nm.  Asymmetrical flow field-flow fractionation analysis
of the CHPOA samples confirmed that the mean molecular weight
(Mw)  of single CHPOA23 nanogels was  9.7 × 105 g mol−1, as deter-
mined from fractograms monitored by MALS (Fig. 2). Hence, the
number of CHPOA molecules per nanogel was 8–9. This value
is larger that the number of CHP molecules (4–5) associated in
CHP nanogels nanoparticle consisting of approximately 4–5 CHP
molecules [21]. The increase of the number of associated CHPOA
molecules and the enhanced size of CHPOA nanogels, compared to
CHP nanogels, may  be attributed to the presence of the hydrophobic
acryloyl groups.

Several experimental parameters affecting the outcome of the
Michael addition of PEGSH to the acryloyl groups of CHPOA were
examined in order to provide guidelines to control the properties of
the resulting crosslinked CHPOA–PEGSH nanogels. First, reactions
were conducted with solutions of increasing CHPOA concentration
(1.0–10 mg  mL−1), keeping the acryloyl:thiol molar ratio set at 1:1.
All syntheses were carried out at 37 ◦C for 24 h. The size of the
nanogels was monitored by DLS analysis of aliquots taken from the
mixture at specific times during the reaction. It increased rapidly
over the first two hours and leveled off to a constant value after
24 h. The ultimate sizes of the crosslinked nanogels, as well as the
size distribution, depend on the initial CHPOA concentration. For
instance crosslinking of CHPOA23 led to nanogels with hydrody-
namic diameters of 53.5 ± 0.1 nm (1 mg  mL−1) and 142.7 ± 3.7 nm
(5 mg mL−1) and polydispersity indices (PDI) of 0.163 (1 mg  mL−1)
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Fig. 2. AF4 fractograms of CHPOA–rhodamine and CHPOA–PEGSH-rhodamine rasp-
berry like nanogels. The lines and the unconnected dots represent, respectively, the
normalized UV absorbance at 556 nm and the molar masses of the nanogels as func-
tion of the elution time. The separation is based on the diffusion coefficient of the
particles.

and 0.463 (5 mg  mL−1). Further increase in size and PDI of the
crosslinked nanogels was  observed when the CHPOA concentration
exceeded 5 mg  mL−1. Viscous gels formed when the initial CHPOA
was 10 mg  mL−1 or higher, signaling the occurrence of second-
order micro/macro gelation due to the crosslinking of preformed
raspberry nanogels (Fig. 3).

Second, we set the initial CHPOA concentration at 4 mg  mL−1

and assessed the effect of the acryloyl/thiol molar ratio on
the outcome of the crosslinking reaction. This set of measure-
ments was carried out starting from CHPOA23. The acryloyl:thiol
molar ratios were 1:1, 2:1, and 4:1. The resulting nanogels were

Table 1
The diameter of CHPOA–PEGSH nanoparticles.

Molar ratio (acryloyl:thiol) Diameter (nm) Pdl

1:1 108.7 ± 1.7 0.291 ± 0.013
2:1 117.5 ± 1.5 0.290 ± 0.002
4:1 78.0 ± 0.8 0.244 ± 0.001

Nanogel concentration: 4 mg mL−1

Table 2
The diameter of CHPOA–PEGSH nanoparticles before and after freeze-dry.

Sample Before After

Diameter (nm) Diameter (nm)

CHPOA23–PEGSH 1:1 113.0 ± 4.3 Gel
CHPOA23–PEGSH 2:1 121.7 ± 4.5 Gel
CHPOA23–PEGSH 4:1 87.3 ± 7.4 71.1 ± 2.9

Nanogel concentration: 4 mg mL−1

analyzed by DLS and by a colorimetric assay with Ellman’s reagent
for quantitative determination of the unreacted thiol groups. The
hydrodynamic diameter of the nanogels ranged from 80 to 120 nm
with increasing acryloyl:thiol molar ratio (Table 1), while the free
thiol ratios in the CHPOA23–PEGSH nanoparticles were 34.5 ± 2.5%,
8.2 ± 2.3%, and 1.6 ± 1.9% of the total thiol concentration, respec-
tively, with initial acryloyl/thiol ratios of 1:1, 2:1 and 4:1. The
residual amounts of acryloyl groups of nanogel after the reaction
with PEGSH were estimated by using 1H NMR. The percentage of
the residual acryloyl groups in the CHPOA23-PEGSH nanoparti-
cles were 0%, 58%, and 68%, with initial acryloyl/thiol ratios of 1:1,
2:1 and 4:1, respectively. The residual thiol groups and acryloyl
groups bound to the nanogels will be useful to prepare functional
nanoparticles carrying ligands such as peptides or antibodies. We
observed however that when nanoparticles bearing more than ∼8%
SH were freeze-dried, rehydration resulted in irreversible gela-
tion via disulfide formation. In contrast the nanoparticles with ∼2%
free SH or less readily redispersed in deionized water after freeze
drying (Table 2).

Fig. 3. Hierarchical structure of CHPOA–PEGSH hydrogel. Under dilute conditions, CHPOA–PEGSH forms nanoparticles around 150 nm in diameter. Under higher con-
centrations, CHPOA–PEGSH forms macrogels. Nanogel crosslinked nanoparticles can be used for injectable materials, and macrogels can be used as scaffolds for tissue
engineering.
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Fig. 4. TEM images of (a) CHPOA nanogels and (b) CHPOA–PEGSH nanoparticles. The nanogel concentration was  4 mg mL−1. The molar ratio of acryloyl/thiol was 2:1.

Crosslinked nanogels obtained from CHPOA23 (4 mg  mL−1) and
PEGSH (acryloyl/thiol molar ratios 4:1, 2:1 and 1:1) were ana-
lyzed by AF4 (Table S1).  The fractograms of each sample presented
a broad band eluting at longer times, compared to the initial
nanogels. This increase in elution time, together with the absence
of signal at shorter times, confirm that crosslinking of isolated
nanogels occurred with high yield. The size distribution of the
crosslinked nanogel was significantly broader than that of the
starting CHPOA23 nanogels, revealing some level of heterogene-
ity in their composition. Under these reaction conditions, both
inter- and intra-nanogel crosslinking can occur. When the acry-
loyl/thiol molar ratio is 1:1, i.e. the CHPOA concentration is high
relative to the PEGSH concentration, inter-nanogel crosslinking
reactions are most efficient, leading to relatively large crosslinked
nanogels. In contrast, when the reaction is carried under conditions
of higher PEGSH concentration (acryloyl/thiol is 4:1), intra-nanogel
crosslinking reaction predominate, due to dilute conditions of
PEGSH. As a result, the size of the resulting particles was  smaller
than that in the case of acryloyl/thiol = 1:1. The size of the nanopar-
ticle is determined by the balance of concentration of nanogel and
PEGSH as a crosslinker.

3.2. Structure of the crosslinked nanogels

The “raspberry-like” morphology of the crosslinked nanogels
was confirmed by transmission electron microscopy imaging of
freeze-fractured specimens of CHPOA23–PEGSH embedded in
frozen 30% glycerol. Micrographs of a CHPOA23–PEGSH (acry-
loyl/thiol: 2/1) sample and of the original nanogel are presented
in Fig. 4. Clusters of closely associated individual nanogels are
seen readily in Fig. 4b, corresponding to the crosslinked sample.
In contrast (Fig. 4a), the micrograph of the initial nanogel fea-
tures only well separated nanogels, with no sign of clustering or
aggregation.

To confirm the covalent nature of the inter-nanogel crosslink-
ing we carried out a physico-chemical test, which consisted in
treating samples of CHPOA–PEGSH suspensions with methyl-
�-cyclodextrin, (Me-�-CD) a complexing agent of cholesterol.
Treatment of CHP suspensions with Me-�-CD triggers the unrav-
eling of the nanogels as a consequence of the disruption of the
hydrophobic cholesteryl clusters due to preferential interaction of
isolated cholesteryl groups with Me-�-CD. In contrast, the addition
of Me-�-CD to a suspension of CHPOA–PEGSH nanogels resulted in
the swelling of the nanoparticles, by a factor of ∼20–30% in vol-
ume  (Table 3). The increase in size of the nanoparticles reflects
the increase in the size of the nanogel units (building blocks) as
a result of the destruction of the physical crosslinking points by
complexation of cholesteryl groups and Me-�-CD, coupled with
the fact that disintegrated nanogels have to remain part of the
larger object as a result of the chemical crosslinking, unaffected

Table 3
The diameter change of CHPOA–PEGSH nanoparticles before and after Me-�-CD
addition.

Sample Acryloyl:Thiol Before After

Diameter (nm) Diameter (nm)

CHPOA23–PEGSH
1:1 108.7 ± 1.7 131.5 ± 0.5
2:1 117.5 ±  1.5 143.5 ± 4.5
4:1  78.0 ± 0.8 86.0 ± 0.4

Nanogel concentration: 4 mg mL−1

by the addition of Me-�-CD. A pictorial representation of the
swelling mechanism is given in Fig. 5. Me-�-CD-loaded nanoparti-
cles are currently investigated building blocks in the construction
of cyclodextrin-based supramolecular nano-architectures [22–24].
The complex formed between Me-�-CD and CHPOA–PEGSH may
be of use as new supramolecular materials such as artificial
chaperones.

3.3. Degradation of crosslinked nanogels under physiological
conditions

As seen in Fig. 1, the synthetic route selected involves the for-
mation of an ester function linking pullulan chains to the PEGSH
crosslinker. This functional group was chosen specifically in view
of its ability to undergo hydrolysis at pH 7.4, hence allowing slow
disruption of the crosslinked nanogel network and reversal to iso-
lated units. To confirm that hydrolysis of the ester group takes place
within the nanogel construct, CHPOA–PEGSH of various composi-
tion were exposed to a pH 7.4 phosphate buffer at 37 ◦C for over 1
month. During this incubation time, they were analyzed repeatedly
by 1H NMR  spectroscopy in order to detect changes in the intensity
of the signal at 2.36 ppm, attributed to the ester hydrolysis (Fig. S2).
The percent hydrolysis recovered from this 1H NMR  analysis was
plotted as a function of time for three different CHPOA–PEGSH
nanoparticles (Fig. 6a). Hydrolysis reached levels of ∼25–50% after
10 days and gradually leveled off.

Fig. 5. Methyl-�-CD responding swelling behavior.
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Fig. 6. (a) The ester hydrolysis of CHPOA–PEGSH nanoparticles. Final nanogel con-
centration was 4 mg  mL−1, the molar ratio of acryloyl/thiol was  1:1, 2:1 and 4:1. The
data represent mean ± standard deviation (SD), n = 3. (b) Stability of CHPOA nanogel
(�) and CHPOA–PEGSH nanoparticles (acryloyl:thiol = 1:1 (�), 2:1(�) and 4:1 (×))
in  the presence of 5% FBS. The data represent mean ± standard deviation (SD), n = 3.

We  monitored also the fate of crosslinked nanogels incubated
in serum at 37 ◦C. The extent of ester hydrolysis could not be mea-
sured by 1H NMR, due to the complexity of the incubation medium.
Instead, we recorded by DLS the changes in the hydrodynamic
size of the nanoparticles as a function of incubation time (Fig. 6b).
The hydrodynamic diameters were constant for 2 days, then, they
decreased with time reaching the value of the diameter of the ini-
tial nanogel (∼40 nm)  after 1 week. These results suggest that the
hydrolysis of the ester bonds between the CHPOA nanogel and
PEGSH was catalyzed by serum esterases [25,26],  resulting in the
gradual release of nanogels from the crosslinked constructs.

3.4. Blood clearance of crosslinked nanogels following
intravenous injection in mice

Suspensions of rhodamine-labeled CHP nanogels and
CHPOA–PEGSH nanogels in PBS were injected intravenously
in mice followed by blood sampling and analysis after regular time
periods, in order to determine the concentration of rhodamine-
labeled nanoparticles in blood. The results of the experiments
performed with CHP nanogel and two types of crosslinked nanogels
are plotted in Fig. 7 as the percent of the injected nanogel concen-
tration remaining in the blood as a function of post-injection time.
CHP nanogels were eliminated from the blood within 6 h, whereas
the CHPOA–PEGSH nanogels had a significantly longer circulation
time: approximately 40–50% of the nanoparticles remained in
circulation 6 h following injection and, after 24 h, 20–30% of the

Fig. 7. Blood circulation of CHP nanogel (�) and CHPOA–PEGSH (acryloyl:thiol = 2:1
(�), 4:1 (�)). The data represent mean ± standard deviation (SD), n = 4.

nanoparticles remained in the blood. A pharmacokinetic analysis
of the data revealed that the half-life (t1/2) of CHPOA–PEGSH
nanoparticles (2:1, 18.0 h; 4:1, 15.5 h) was  about 15-fold greater
than that of CHP nanogels (1.2 h).

The long circulation in blood is one of the most important
issues to achieve effective cancer chemotherapy in intravenous
drug delivery system. The superior performance of CHPOA–PEGSH
nanogels, compared to CHP nanogels, can be attributed to several
effects acting in concert: (1) structural stabilization provided by the
covalent crosslinks; (2) prevention of non-specific protein adsorp-
tion by the PEG fragments associated with the chemical crosslinkers
[27–29];  and (3) controlled release of individual nanogel by sus-
tained hydrolysis of the ester bond between the PEG crosslinker
and the glucose units of the nanogel.

4. Conclusion

We designed nanoparticles comprising assemblies of CHPOA
nanogel particles and thiol-modified polyethylene glycol. The size
of the nanogel assemblies was  controlled in the range 50–150 nm
by varying the nanogel concentration, degree of substitution of
acryloyl groups of CHPOA nanogels and acryloyl:thiol molar ratio.
The elimination half-life (t1/2) of CHPOA–PEGSH nanoparticles was
much longer than that of CHP nanogels. Thus, the nanoparticles can
be utilized as injectable nanocarriers capable of controlled release
of proteins such as cytokines over relatively long periods. We  are
able to select various self-assembled nanogels as building blocks
and prepare multi-functional naoparticles. The bottom-up nanogel
fabrication method opens up a new field for creating tailor-made
functional hydrogel materials.
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