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ABSTRACT
Purpose The study aimed to illustrate application of
polycation Stealth nanogels for sustained delivery of metho-
trexate (MTX) in collagen induced arthritis (CIA) model in
C57Bl/6 mice.
Methods Nanogel synthesis involves metal ion coordinated
self-assembly of PEGylated poly ethyleneimine (L-histidine
substituted), chemical crosslinking and subsequent re-
moval of the coordinated metal. The nanogels were
characterized by TEM and DLS-zeta potential .
Comparative efficacy and pharmacokinetics of the i.v.
administred MTX-loaded nanogels were investigated in
the CIA model. Inflammation site passive accumulation
of the fluorophore-labeled nanogels was tested using in-
vivo imaging of mice paw received unilateral injection of
lipopolysaccharide.
Results Uniform nanogels (sizes ~40 nm by TEM) were
loaded with MTX (entrapment efficiency=62% and
drug loading=54% at the MTX feeding ratio of 0.3

relative to total molar concentration of the polymer
amines). The nanogels exhibited neutral surface charge
and an acceptable biocompatibility in terms of albumin
aggregation, hemolysis, erythrocyte aggregation and cy-
totoxicity. Single dose pharmacokinetics of the MTX-
loaded nanogels, unlike free drug, showed a sustained
plasma profile. When arthritis established as confirmed
by histopathology, a remarkable decline of paw swelling
and clinical scores was observed. Fluorescence intensity
of the nanogels was enhanced about 2.7 folds at the
inflamed than control normal ankle.
Conclusion Sustained delivery of MTX and preferential
accumulation of the nanogels in inflamed paw might
explain the superior clinical outcome of the MTX-
loaded nanogels.
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ABBREVIATIONS
CFA Complete Freund’s adjuvant
CIA Collagen induced arthritis
CR Molar ratio of the crosslink (DTDP) to NH2
FR Molar ratio of methotrexate to total amines
H-PEI Histidinylated poly ethyleneimine
HP-PEI PEGylated poly ethyleneimine (L-histidine substituted)
MRT Mean residence time
MTX Methotrexate
PDI Polydispersity index
P-PEI PEGylated poly ethyleneimine
RA Rheumatoid arthritis
Vss Apparent volume of distribution at steady state

INTRODUCTION

Rheumatoid arthritis (RA) is a severe immune-mediated dis-
ease characterized by chronically progressive inflammation
and destruction of joints and associated structures. Since there
is no cure for rheumatoid arthritis, the therapeutic goals are
remission of symptoms involving the joints with steroidal and
non-steroidal anti-inflammatory drugs and maintenance of
the remission with disease-modifying anti-rheumatic drugs
(1). Methotrexate (2, 4-diamino-N10-methyl propylglutamic
acid or MTX) is one of the most widely studied and effective
therapeutics agents available to treat many solid tumors, he-
matologic malignancies and autoimmune diseases (2).
Application of low-dose MTX in treatment of RA was ap-
proved by Food and Drug Administration in 1988 and now
is considered as gold standard therapy (3).

There are some limitations for efficient MTX therapy in
RA. Pharmacokinetics ofMTX is unsatisfactory andmay result
in inadequate clinical response. Large amounts of the adminis-
tered dose are eliminated by the kidneys within a short period of
time, resulting in short plasma half-life of 5–8 h in human and a
low drug concentration in the target tissues. Increasing the dose
may result in a higher therapeutic efficacy but leads to a higher
risk of side effects. General toxicities leads to discontinuation of
MTX therapy in approximately 30% of RA patients (4).

To improve the poor pharmacokinetic of MTX, nanotech-
nology based delivery systems are developed. Such systems
exploit unique pathophysiological features of inflamed joints
which has been recently reviewed (5) including porous vascu-
lature and impaired lymphatic drainage well known as en-
hanced permeability and retention (EPR effect) (6), angiogen-
esis (7), tissue hypoxia and acidosis (8), expression of specific
antigens and receptors (9), and accumulation of inflammatory
cells. Thus far, many forms of particulate systems such as hu-
man serum albumin (10), liposomes (11) and polymeric micro-
spheres (12) are developed to control the drug disposition and
to lower off-target side effects. However, some challenges such
as 1) low drug loading capacity, 2) little evidence to support

clinical efficacy in RA and 3) low patient compliance for intra-
aticular injection hamper the utility of these systems regardless
of targeting ligands that may have been used. To address some
of these challenges, we introduce a nanogel formulation.

Nanogels are in general physically or chemically
crosslinked hydrophilic nanostructures that mesh well with
extracellular matrices, and thus demonstrate a superior bio-
compatibility (13), ability to reach the smallest capillary
vessels (14) and forced renal filtration through pores
even 1/10 of their size (15) due to their mechanical
flexibility. Polyelectrolyte nanogels are considered for efficient
loading and sustained release of ionizable molecules such as
MTX (a weak bicarbocylic acid with pKa of 3.8 and 4.8 and
log P=−0.24) through diffusion within 3D matrix of the
nanogels which contains high water content.

One way to produce polyelectrolyte nanogels is to crosslink
transition metal-coordinated micellar templates (5).
Coordination of transition metals such as Zn2+ with polyelec-
trolytes leads to formation of the hydrophobic domains, which
tend to agglomerate in aqueous media. Conjugation of water
soluble polymers, such as poly ethylene glycol (PEG), prevents
aggregation and macroscopic phase separation. Subsequently,
partial chemical crosslinking and subsequent removal of the
metal develop sterically stabilized (Stealth) nanogels with a
fairly narrow size distribution. Branched poly ethyleneimine
(PEI), a cationic polyelectrolyte, is chosen as the polymer back-
bone since it contains high quantity of multiple amine groups
enable 1) coordination with transition metals (16) and 2) con-
jugation to PEG to reduce safety problems (17), to avoid inter-
actions with plasma components and rapid uptake by reticu-
loendothelial system, and consequently to enhance blood lon-
gevity (18). Our previous report demonstrates some key struc-
tural features of the nanogels for effective MTX delivery (19):
1) efficient microencapsulation of negatively charged mole-
cules such as MTX, 2) crosslink biodegradability which pro-
motes breakdown of the nanogel (20) and 3) superior
cytocompatibility if compared to the uncrosslinked polymers.

Considering the several advantages of PEI modification
with L-histidine, an alpha amino acid with an imidazole func-
tional group (pKa=6.1), to induce polymer gelation at a lower
critical quantity of transition metals and to further enhance
biocompatibility (16), we aimed in the present study to devel-
op L-histidine substituted nanogels and to study their applica-
tion for sustained delivery of MTX in collagen induced arthri-
tis (CIA) model of RA.

MATERIALS AND METHODS

Materials

Branched poly ethyleneimine 10 kDa (corresponding to
Mw/Mn of 1.4) and methoxy poly ethylene glycol 2 kDa
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(mPEG2000-COOH) were purchased from Poly Sciences
Inc. (Canada) and Jenkem (USA), respectively. Methotrexate
(MTX) was obtained from Heumann (Germany). Fmoc
protected L- histidine purchased from Bachem (Germany).
Freund’s complete adjuvant, Collagen type II from chicken
sternal cartilage, Killed Mycobacterium tuberculosis H37Ra,
Lipopolysaccharide (LPS), Bovine serum albumin,
Dithiodipropionic acid (DTDP), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS), dicyclohexylcarbodiimide
(DIC), disodium ethylenediaminetetraacetic acid
(EDTA) and Triton X-100 were supplied by Sigma-
Aldrich. ZnSO4.7H2O, piperidine, dichloromethane,
perchloric acid, dimethylsulfoxide (DMSO), diethyl
ether, triethylamine and 2-Morpholinoethanesulfonic ac-
id (MES) were purchased from Merck (Germany).
Deionized water (Direct Q UV3, Millipore, USA) was
used for all experiments. Sulfo-cyanine 5.5 NHS ester
was obtained from Lumiprobe (USA) for fluorophore label-
ing of the nanogels.

Coordination-Assisted Synthesis of Nanogels

As shown in Fig. 1, development of nanogels were based on
synthesis of PEGylated PEI backbone, formation of Zn2+ co-
ordinated micellar template, and consequent crosslinking re-
action according to our previously published method (5). In
line with superior gelation property of PEI after L-histidine
substitution (16), the polymer backbone was first modified
with Fmoc-protected L-histidine. Briefly, 190 mg Fmoc α-
amino protected L-histidine-COOH was activated with
115 mg NHS and 158 μl DIC in 2 ml of DMSO for 1 h.
Then, 1 ml of the above solution was reacted with 2 ml of
1% PEI in DMSO. The reactions were supplemented
with 30 μl triethylamine and incubated for 2 h at 25°C.
To remove Fmoc, 500 μl of piperidine was added to
the reaction tubes and the mixture was further incubat-
ed for 20 min. The products were precipitated by cold
diethyl ether / acetone (4:1) and were recovered by
centrifugation at 3000×g for 30 min. The obtained pale
yellowish sediments were reconstituted in deionized wa-
ter, further purified by Float-A-Lyzer 3.5 KDa
(Spectrum, USA) and lyophilized. The average molecu-
lar weight (Mn) of histidinylated PEI (H-PEI) was esti-
mated 21.4 kDa by proton integration method using
1H-NMR spectrograms in D2O (Supplementary Data 1).
Moreover, gel filtration chromatography was performed on
TSKgel PW5000XL to confirm polymer purification by the
dialysis method (Supplementary Data 2).

To 2 ml of 5%w/v histidinylated PEI (H-PEI) solution in
dichloromethane, 1 ml of 5%w/v methanolic solution of
NHS-activated mPEG2000-COOH was added to obtain the

nominal weight fraction of PEG=0.33. The reaction medium
was supplemented with 15 μl of TEA under stirring at room
temperature. The PEGylated products were concentrated
using RVC 2–18 rotational speed-vacuum (Christ,
Germany), purified using Float-A-Lyzer 8–10 kDa and lyoph-
ilized. The PEGylated L-histidine substituted product (HP-
PEI) was characterized by 1H-NMR spectroscopy in D2O
(Supplementary Data 1).

To prepare Zn2+-coordinated micellar template, 100 mM
ZnSO4 solution in 100 mMMES buffer (pH=5, 6.5 or 8) was
added to 1% HP-PEI solution in deionized water at different
molar ratios of Zn2+ to the polymer nitrogen (Zn2+/N=0.1,
0.4 or 0.7). The mixtures were vigorously micro-pipetted and
incubated for 30 min. The crosslinking reaction was achieved
via condensation happened between the carboxylic groups of
100 mM DTDP solution in DMSO and free amines of Zn2+-
coordinated HP-P dispersion using 400 mM EDC and
400 mM NHS. Degree of crosslinking was controlled by the
crosslink ratio (CR) defined as the molar ratio of DTDP to
primary amines (0.3, 0.6 or 1.2). The reaction mixtures were
allowed to stir overnight and subsequently dialyzed against
acidic deionized water (pH=3) using Float-A-Lyzer 6–8 kDa
to remove Zn2+ from the crosslinked templates. 1H-NMR
spectroscopy was performed to estimate crosslink density
per primary amines of nanogel that was calculated 7.0
and 10.8% with the nominal crosslink ratio of 0.3 and
0.6, respectively. FTIR spectroscopy was performed to
study spectral changes of HP-PEI upon coordination
with Zn2+, crosslinking reaction and subsequent removal
of Zn2+ (Supplementary Data 3).

Methotrexate Loading

An aliquot of 2 mg/ml aqueous dispersion of uncrosslinked
polymer or the nanogels (CR of 0.3 or 0.6) was mixed with
MTX solution in deionized water (1:1v/v) at different feeding
ratios (FR) of 0.15, 0.30 and 0.60 mol/mol (MTX : total
polymer amines) which correspond to the final MTX concen-
trations of 2.3, 4.6 and 9.2 mM. Then, pH was adjusted to 6
and the mixture was incubated for 72 h at room temperature
while shaking at 400 rpm. Unbound MTX was removed by
ultrafiltration using Amicon YM-30 centrifugal filter devices
(Millipore, USA). The concentration of MTX in filtrates was
determined using HPLC system (Knauer, Germany)
equipped with a multiple wavelength UV 2600 detector.
Separation of MTX was achieved at ambient temperature
using Chromolith monolithic reversed phase column
(RP-18e, 5–4.6 mm, Merck, Germany). The mobile
phase composed of 100 mM sodium acetate (pH=4)-
acetonitrile (88:12, v/v) was delivered isocratically at a
flow rate of 2 ml/min. Entrapment efficiency (percent-
age of MTX entrapped to the total amount added), the mass
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ratio of entrapped MTX to the polymer, and drug loading
(weight percentage of the entrapped MTX to the total carrier
system) were calculated as a function of FR and CR according
to the following equations:

Entrapment efficiency EE%ð Þ ¼ 1−
MTX concentration in filtrate

feeding concentration of MTX

� �

� 100

Mass ratio entrapped MTX=polymer ; w=wð Þ

¼ EE% � feeding concentration of MTX μMð Þ � M :W : MTX

Polymer concentration mg=mlð Þ � 104

Drug loading %ð Þ ¼ Mass ratio

1þ Mass ratio

� �
� 100

Dynamic Light Scattering and Zeta-Potential

The intensity averaged hydrodynamic diameter (Z-average)
and polydispersity index (PDI) of Zn2+-coordinated micelles
and the nanogels before and after loading MTX were deter-
mined by dynamic light scattering (Zetasizer 3000HSA,
Malvern Instruments, UK). Zeta-potential measurements
were performed in phosphate buffered saline (PBS, 10 mM
phosphate+140 mM NaCl, pH=7.4).

Transmission Electron Microscopy

Sample preparation for transmission electron microscopy
(TEM) was carried out based on the published method (21).
Briefly, a drop of nanogel was allowed to settle on copper grid
for 1 min. Excess sample was wicked away with filter paper,
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and a drop of 1% uranyl acetate solution was allowed to
contact the sample for 20s. The samples were air-dried and
studied using a Zeiss EM 10C transmission electron micro-
scope at 80 kV.

In-Vitro Drug Release

Release ofMTX from the loaded nanogels was investigated in
25 mM phosphate buffer (pH 7.4) containing 140 mM NaCl
or 5%dextrose. Briefly, 4 mL of theMTX-loaded nanogels or
free MTX (the corresponding concentration of 0.77 mM) was
placed in Float-A-Lyzer 8–10 kDa and dialyzed against
400 mL of the release media in shaker incubator at
370C and 100 rpm. At scheduled times, 1 ml of the
release medium was withdrawn and concentration of
the released drug was determined by the HPLC method
as described before. The first 60% of drug release data
were fitted to different mathematical functions (zero-or-
der, first-order, Higuchi and Korsmeyer-Peppas) using
nonlinear regression. The Korsmeyer-Peppas equation
(22) was selected (r2>0.99) and accordingly the release
rate constant (k) and the release exponent (n) were
calculated.

Hemocompatibility

Hemocompatibility of the nanogels were investigated in terms
of hemolysis, erythrocyte and human serum albumin aggre-
gation assays in comparison to uncrosslinked HP-PEI and
PEI. The hemolytic activity was studied according to the pub-
lished method (23). Briefly, blood was collected from anaes-
thetized Wistar rats by cardiac puncture according to the
standard operation procedure. Following centrifugation at
700×g for 10 min, the pellet was washed with cold PBS
(pH=7.4). To 1 volume of the erythrocytes, 10 volumes of
the polymers were rapidly added and mixed in a Revolver
Rotator (Labnet, USA) for 60 min at 37°C. Hemoglobin re-
lease (%) was determined after centrifugation at 5000×g for
15 min by spectrophotometric analysis of the superna-
tant at λ=540 nm versus complete lysis achieved with
0.2% Triton X-100. To assay erythrocyte aggregation,
samples were immediately imaged following incubation
with the polymer solutions using an inverted-light mi-
croscope (Optika, Italy) at 200× magnification. The im-
ages were scored for the size of erythrocyte aggregates
as previously described (24).

To assay albumin aggregations induced by the polymers,
different volumes of 20 mg/ml solution of human serum al-
bumin (2, 5 or 10 μl) were added to 100 μl of 1 mg/ml solu-
tion of the polymers. Then, the mixture was shaken for 30s
and allowed to stand for 10 min. The optical density of each
solution was measured at λ=420 nm and then transformed to
turbidity.

Animals

Seven to Nine week old female in-bred C57Bl/6 mice
weighing 19–21 g were provided by Pasteur Institute
(Tehran, Iran). Mice were kept under the standard housing
conditions and had access to standard chow and water ad

libitum. All experiments were performed according to Code
of Ethics and Practice approved by the animal subject review
committee and humane care of the animals with animal stud-
ies, Shiraz University of Medical Sciences. .

Methotrexate Pharmacokinetics

Thirty six mice were randomly allocated into two groups.
Serial sacrifice design was used to compare single-dose phar-
macokinetic parameters ofMTX solution (Group 1) toMTX-
loaded nanogel (Group 2). The mice were intravenously
injected within 1 min from the tail vein with 100 μl aliquot
of 7 mg/kg MTX. At different time intervals, blood was col-
lected from anaesthetized mice (n=3) by cardiac puncture.
Following centrifugation at 2000×g for 15 min at 4°C, 10 μl
of 60 mg/ml timolol (internal standard) was added to 390 μl
aliquot of the supernatant. Then, the samples were supple-
mented with 100 μl of 70% perchloric acid and mixed by a
vortex for 30s. They were maintained for 15 min and centri-
fuged at 3000×g for 10 min. Then, the samples were injected
into the validated HPLC system for determination of MTX
concentration in plasma (Supplementary Data 4). Area under
the plasma concentration-time curve from time zero to
120 min (AUC0−t) and from zero to time infinity (AUC0−∞)
were calculated by the partial AUC method. Also, Areas un-
der themoment curve (AUMC0−t and AUMC0−∞), total body
clearance (Cl), the mean residence time (MRT), the effective
half-life (t1/2) and the apparent volume of distribution at
steady state (Vss) were calculated (Supplementary Data 5)
(25).

Collagen-Induced Arthritis Model

Collagen-induced arthritis was developed in C57Bl/6 mice
according to the protocol described by Bevaart et al.(26).
Briefly, 5 mg lyophilized chicken type II collagen, from chick-
en sternal cartilage, was dissolved in 2.5 ml of 0.1 M acetic
acid overnight at 4°C. The collagen solution was emulsified
on ice with 5 mg/ml complete Freund’s adjuvant (CFA) using
a mechanical homogenizer. Mice were anesthetized by intra-
peritoneal administration of 90 mg/kg ketamine and
10 mg/kg xylazine. Using a glass syringe and 25G needles,
0.1 ml of emulsion was injected intra-dermally into the base
tail of mice. This volume was divided over two injection sites.
On Day 21 after the first injection, mice were injected again
intra-dermally at the base of tail close to previous injection
sites with a chicken type II collagen/CFA emulsion. The
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control mice were received only normal saline injections
scheduled at the same times.

Arthritis was monitored by measuring the mouse weight
using an analytical balance and the paw swelling by a digital
calliper every other day until Day 33. The mice were scored
using a clinical arthritis scoring system that measures the out-
ward symptoms as follows: 0 (no inflammation or normal); 1
(mild erythema and swelling of one joint); 2 (moderate erythe-
ma and swelling of two joints ormore); 3 (severe erythema and
swelling of the entire paw); 4 (joint distortion and /or rigidity
and dysfunction) (26). Paw swelling was recognized if the paw
diameter was significantly above the baseline values. All mea-
surements and the scoring started 1 week before the booster
injection for baseline measurements of non-inflamed joints
and mouse weight.

Treatment Protocol and Clinical Evaluation

Twenty C57Bl/6 mice manifested the clinical score of at least
2 were distributed randomly among treatment and control
groups on Day 26. Each group (n=5) received a volume of
100 μl injection intravenously each day for 1 week:

Group 1 Received 1 mg/kg/day of free MTX
solution

Group 2 Received 1 mg/kg/day of MTX as load-
ed nanogel dispersion (equivalent to
0.8 mg polymer/kg/day)

Group 3 Received 0.8 mg /kg/day empty nanogel
dispersion

Group 4 (control) Received normal saline

The relative changes in mouse weight, paw swelling and
the clinical score were considered with respect to the baseline
value on Day 21. The mice were inspected daily for possible
side effects associated with the treatments.

Histopathological Evaluation

The CIA mice received MTX-loaded nanogel or normal sa-
line according to the treatment protocol were sacrificed on
Day 33. The paws were isolated and fixed with % formalin.
After 1 week, the paws were transferred into 0.5 M EDTA
decalcification solution. After 4 weeks, the paws were paraffin-
embedded and 5 μm sagittal sections of whole paws were
made. The sections were transferred onto glass slides and
stained with hematoxylin and eosin for light microscopy
evaluation.

In-Vivo Fluorescent Imaging

To visualize passive accumulation of HP-PEI nanogels in the
inflamed mice paw, LPS-induced arthritis was developed in

C57Bl/6 mice according to the published method (27). The
mice received a 20 μl intra-articular injection of 0.5 mg/ml
LPS solubilized in normal saline into the left ankle joint
through the Achilles tendon using a 30-gauge needle. As a
control, the same volume of normal saline was injected into
right ankle joint of the same animal. One day after induction,
mice were anesthetized with intra-peritoneal injection of
90 mg/kg ketamine and 10 mg/kg xylazine. Then, the mice
(n=5) received intravenously a volume of 100 μl of the sulfo-
cyanine 5.5 NHS ester conjugated nanogels (0.21 mg/kg).
Themice paw was imaged using Kodak FPRO in-vivo imaging
system (Rochester, NY, USA) after 30 min, 1 h and 4 h (exci-
tation filter=630 nm, emission filter=750 nm, field of view=
60 mm, f-stop=2.8 and exposure time=30 s). Background
and fluorescent images were analyzed using commercially
available software Digital Science 1D software (Kodak,
Rochester, NY, USA). The images with normalized dynamic
range were merged with built-in image Math Option.
Then, the signal intensities were re-scaled in range of
0–100%. To demonstrate preferential accumulation of
the fluorescent nanogels in the inflamed paw, the en-
hancement ratio was calculated, which was defined as
the ratio between fluorescence signal intensity (SI) of the
inflamed paw and fluorescence SI of the opposite (un-
treated control) paw of the same animal. The region of
interest (ROI) function was used to calculate the fluo-
rescence SI using the same area of mice pawat various
time points (27).

Statistics

All data are reported as mean ± standard deviation of three
independent replicates. Statistical analysis was performed
using Graphpad Prism Software Inc. version 5.0.
Longitudinal data were analyzed using repeated-measure
analysis of variance (ANOVA), where the treatment groups
were considered as the within-subject factor. The analysis was
followed by Tukey multiple pairwise comparisons on each
day, where appropriate. P values less than 0.05 were consid-
ered statistically significant.

RESULTS

Size and Morphology of Nanogels

Formation of Zn2+-coordinated complexes of PEGylated L-
histidine substituted PEI (HP-PEI) and successive self-
assembly of the complexes were considered as the primary
step for synthesis of the nanogels. The sizes increased expo-
nentially if the molar ratio of Zn2+/N and pH increased
(Fig. 2a). The optimum condition defined by the target value
of 100 nm comprises the molar ratio of Zn2+/N=0.2 and
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pH=5.5 which resulted in the average size of 96.3±42.3 nm.
After crosslinking reaction, the higher crosslink ratio (CR), the
smaller sizes were obtained (Table I), but after removing Zn2+

in the next step, the sizes increased depending on CR. The
increase was more intense for the lower CR.

MTX was successfully immobilized into the nanogels fol-
lowing post-loading procedure. Figure 2b shows the drug
loading as a function of CR and the feeding ratio (FR).
Although an increase of FR led to a significant decline of
entrapment efficiency (EE%) of uncrosslinked HP-PEI
(EE%=36% at FR=0.3), it remained at high level for the
nanogels synthesized at CR of 0.3 (EE%=62% ar FR=0.3)
and 0.6 (EE%=52% at FR=0.3). Therefore, the optimum
EE% of 62% (corresponds to the drug loading of 54%, the
mass and the molar ratio of entrapped MTX to polymer
equals to 1.17 w/w and 55 mol/mol) was achieved at FR=
0.3 and CR=0.3. The drug loading was robust at different
pH in range of 5–7.

MTX-loaded nanogels were homogeneous and all polydis-
persity index (PDI) values were less than 0.1 (Table I). Their
average sizes and PDI were statistically lower than the related
size parameters of the empty nanogels (P<0.05 and P<0.01,
respectively). Moreover, the drug loaded nanogels had signif-
icantly smaller average sizes and PDI than uncrosslinked HP-
PEI/MTX nanoparticles (the average size of 387±105 nm
and PDI of 0.21). The empty nanogels were little positively
charged, but the MTX-loaded nanogels exhibited near zero
values of zeta-potential.

Figure 3 shows small, uniform and round core-shell struc-
tured nanoparticles recognized by light grey cores surrounded
by dark grey shells similarly for empty and MTX-loaded
(FR=0.3) nanogels synthesized at CR=0.6.

Hemocompatibility

Figure 4a shows PEI induced a concentration-dependent he-
molysis. A reduced, but still significant hemolysis was found
similarly for H-PEI and HP-PEI. The nanogels showed no
hemolytic effect at concentrations as high as 1 mg/ml
(P>0.05). Likewise, a strong erythrocyte aggregation induced
by PEI and to a less extent byHP-PEI, though the aggregation
disappeared completely for the nanogels (Supplementary
Data 6).

Fig. 2 (a) Hydrodynamic size (Z-average) of the Zn2+-coordinated com-
plexes of PEGylated, L-histidine substituted poly ethyleneimine (HP-PEI) as a
function of pH and molar ratio of Zn2+ to the polymer nitrogen, (b) Entrap-
ment efficiency (EE%) of methotrexate in the nanogels as a function of the
feeding ratio and the crosslink ratio.

Table I Intensity-Average Diame-
ter (Z-average), Polydispersity Index
(PDI) and Zeta-Potential of
PEGylated L-histidine Substituted
Poly Ethyleneimine (HP-PEI)
Nanogels Following Formation of
Zn2+ Coordinated Complex, Be-
fore and After Methotrexate (MTX)
Loading at the Feeding Ratio of 0.3

Crosslink ratio Condition Z-average (nm) Polydispersity index (PDI) Zeta-potentiala (mV)

0.3 Zn2+ coordination 190.3±77.1 0.38±0.04 NDb

0.3 Empty nanogel 247.0±8.5 0.31±0.02 +5.5±4.1

0.3 MTX-loaded nanogel 174.0±30.6 0.10±0.01 0.0±4.0

0.6 Zn2+ coordination 45.0±2.8 0.12±0.01 ND

0.6 Empty nanogel 190.5±36.1 0.35±0.03 +1.6±3.2

0.6 MTX-loaded nanogel 195.0±34.7 0.09±0.01 −0.2±5.1

Data represent mean ± SD for 3 individual experiments
a The measurement was made in phosphate buffered saline (10 mM phosphate salts+0.14 M NaCl, pH 7.4)
bNot determined
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Serum albumin aggregation may happen following the
polymer exposure to blood. Figure 4b shows that PEI, H-
PEI or even HP-PEI induced albumin aggregation in a
concentration-dependent pattern. Interestingly, the nanogels
did not show any significant aggregation at concentrations
below 1 mg/ml (P>0.05).

Methotrexate Release and Pharmacokinetics

Prior to do the pharmacokinetic experiment, in-vitro drug release
was determined. Figure 5 shows a prolonged release profile of
the MTX-loaded nanogels if compared with free drug (first-or-
der half-life of 2.1 h) over 24 h. Also, there was no significant
burst release at early time points. It was realized from the
Korsmeyer-Peppas equation that the release exponent (n) in-
creases from 0.52 to 0.85 if 25 mM phosphate buffer (pH 7.4)
is supplemented with 140 mM NaCl instead of 5% dextrose,
however the rate constant (k) was similarly determined 0.1 h−1.

Fig. 3 Transmission electron
microscopy of unloaded (a, b) and
methotrexate-loaded (c, d)
nanogels imaged at different
magnifications.

Fig. 4 Hemolysis (a) and albumin aggregation (b) of L-histidine substituted
poly ethyleneimine (H-PEI), uncrosslinked PEGylated, L-histidine substituted
poly ethyleneimine (HP-PEI) and HP-PEI nanogel versus PEI (MW=10 kDa).

Fig. 5 In-vitro cumulative release of methotrexate (MTX) from PEGylated L-
histidine substituted poly ethyleneimine (HP-PEI) nanogels in 140 mM NaCl
(●) or 5% dextrose (○) supplemented 25 mM phosphate buffer (pH 7.4) in
comparison to free MTX transport (×). Data represent mean ± SD for 3
independent replicates.
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To investgate pharmacokinetics of MTX, first suitability of
the HPLC assay method was verified in plasma samples spiked
with freeMTX, empty andMTX-loaded nanogels for possible
interference of the resulting peaks (Supplementary Data 7).
The chromatogram peaks related to MTX and timolol (inter-
nal standard) were well resolved with a corresponding AUC
ratio similar to free MTX. Also, no interfering peak was found
for the empty nanogels. Figure 6 shows the plasma concentra-
tions of MTX solution declined rapidly with an effective half-
life 10.7±1.5 min. No drug was detected in plasma 180 min
after I.V. administration. The plasma concentrations ofMTX-
loaded nanogel were significantly higher than free MTX at
different time intervals (P<0.0001). A reduced clearance from
the blood stream with t1/2 of 63.3±3.8 min was calculated for
the MTX-loaded nanogel (Table II).

Clinical Evaluation in Collagen Induced Arthritis Mice

Mice immunized with chicken type II collagen plus CFA
shares several clinical features of the disease including peri-
articular erythema and edema first appeared in the hind paws
and weight loss. The incidence of CIA was about 90% in
C57Bl/6 mice between Day 25 and Day 27. No relevant side
effects (e.g., continuous weight loss, abnormal animal behav-
ior or signs of sickness) were seen after administration of the
nanogels in the preliminary safety experiment.

Figure 7a shows as early as one day after beginning the
treatment with 1 mg/kg/dayMTX, either as solution or load-
ed in nanogels, a significant reduction of paw swelling was
observed (P<0.05), though the normal saline treated control

did not display any retrieval. The paw swelling decreased
continuously until Day 31 when no further swelling was rec-
ognized for the mice treated with MTX-loaded nanogels
(P<0.01). Unlike MTX solution, a complete recovery hap-
pened for the mice treated with MTX-loaded nanogels since
Day 31 (P<0.01). Besides, no significant difference was found
between the mice treated with normal saline or the empty
nanogels (P>0.05). Similar results were found if the arthritis
score was considered for comparison (Fig. 7b). Unlike the
normal saline treated control and the group treated with free
MTX solution, the mice treated with MTX-loaded nanogels
had shown a more pronounced decline of the arthritis score
since Day 30 (P<0.01). Interestingly, no erythema or paw
swelling was recognized for the CIA mice treated with
MTX-loaded nanogels.

Figure 7c shows trend of the mouse weight during inspec-
tion period. A noticeable weight loss happened for all treat-
ment groups between Day 22 and Day 27 as a sign of illness.
Then, the mouse weight increased only for the group treated
with MTX-loaded nanogels, yet the effect was only marginal
(P<0.1).

Histopathological Evaluation

Figure 8 illustrates histopathological features of inflammatory
responses in the CIA mice. The disease was characterized by
congestion and edema in synovial membrane with prominent
fat infiltration in joint space. There were foci of pannus for-
mation with adjacent bone desorption. Also, there was chronic
inflammatory cell infiltration composed of mast lymphocytes
and plasma cells in synovial membrane. Few villous projec-
tions of synovial membrane with rich lympho plasma cells
infiltration were noted (Fig. 8a and b). In few mice, scattered

Fig. 6 Plasma concentration profile of 7 mg/kg I.V. dose of methotrexate,
either as free solution (□) or loaded in the nanogels (■), in C57Bl/6 mice
weighed 30.4±1.0 g.

Table II Pharmacokinetic Parameters of Methotrexate Calculated After
Intravenous Injection of 7 mg/kg Free Methotrexate Solution or the Drug
Loaded in PEGylated L-histidine Substituted Poly Ethyleneimine (HP-PEI)
Nanogel in C57Bl/6 Mice

Pharmacokinetic
parameter

Free methotrexate Methotrexate loaded
HP-PEI nanogel

AUC0-t (μM.min) 644±32 1212±89

AUC0-∞ (μM.min) 651±32 1259±89

AUMC0-∞ (μM.min2) 10,000±1399 59,500±6881

MRT (min) 15.5±2.2 91.4±5.5

t1/2 (min) 10.7±1.5 63.3±3.8

Cl (ml/min) 0.70±0.08 0.36±0.06

Vss (ml) 10.73±1.92 32.95±5.55

all Results were expressed as mean ± SD (n=3)

AUC0−t area under the curve from zero to 120 min, AUC0−∞ area under the
curve from zero to time infinity, AUMC area under the moment curve, MRT
mean residence time, t1/2 effective half-life, Cl clearance, Vss apparent volume
of distribution at steady-state
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infiltration of mast cells was noted in synovial membrane ad-
jacent to site of chronic inflammation.

The inflammation infiltrate and tissue edema decreased
similarly in the treatment groups compared to the control
(Fig. 8c and d). These signs of joint inflammation were absent
in the synovial tissue sections of the treated CIA mice with
MTX-loaded nanogels (Fig. 7c). Nevertheless, only two of five
sections from animals treated with free MTX solution showed
still a modest joint inflammation compared with sections from
untreated control mice (Fig. 8d).

In-Vivo Fluorescent Imaging Evaluation

The fluorescence intensity of the inflamed joints was consider-
ably higher than the opposite ankle joint as after 30min (Fig. 9),
though there was no significant difference in the pre-injection
fluorescence intensity in bilateral ankle joints. The average en-
hancement ratio of the inflamed joint was up to 1.3±0.4 folds
30 min after injection of the HP-PEI nanogels, increased
to 2.7±0.6 folds after 1 h and then remained fairly steady until
4 h while the experiment was terminated.

DISCUSSION

Preparation of Methotrexate-Loaded Nanogels

Formation of Zn2+-coordinated complexes of PEGylated
L-histidine substituted PEI (HP-PEI) and the subsequent self-
assembly is considered as the critical primary step for nanogel
synthesis. The lyophobic complexes of Zn2+ and HP-PEI are
stabilized by hydrophilic mPEG chains that prevent aggrega-
tion or macroscopic phase separation. Similarly, highly stable
metal nanoparticles are formed in aqueous medium by reduc-
tion of the lyophobic complexes of Pd2+ or Pt2+ with diblock
or graft copolymers of PEI and PEG (28). There are several
factors influencing size of the coordination complexes such as
pH, weight ratio of mPEG chain, type and concentration of
the metal ion (29). So, size of the coordination complexes was
tuned in the present study by pH and the molar ratio of Zn2+

(Fig. 2a). The higher ratio of Zn2+ resulted exponentially in
the larger particles that could be explained by insufficiency of
mPEG chains to stabilize the lyophobic Zn2+-coordinated do-
mains. Furthermore, the particles enlarged by increasing pH
from 5.5 to 6.5. This is possibly due to a reduced protonation
of the polymer backbone or a lower solubility of Zn2+-coordi-
nated complexes at more basic pH due to binding of hydroxyl
ion ligands.

�Fig. 7 Therapeutic activity of 1 mg/kg/day I.V. dose of methotrexate (MTX),
either as free solution (▲) or loaded in the nanogels (■), in comparison to
equivalent dose of 0.8 mg/kg/day empty nanogels (□) and normal saline
treated control (×) started on Day 26 in collagen induced experimental
arthritis. Paw swelling (a), arthritis clinical score (b) and weight gain (c) in the
mice were noted betweenDay 21 and Day 33. Values are mean± SD (n=5
per each group).
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In the second step for nanogel synthesis, Zn2+-coordinated
complexes were served as a micellar template for chemical
crosslinking reaction with DTDP, a homo-bifunctional
crosslinker with a cleavable disulfide linkage (30). Following
the reaction, acid dialysis was performed to prepare Zn2+-free
nanogel as confirmed by atomic absorption spectroscopy. Size

and polydispersity of the nanogels were studied at different
crosslink ratios before and after exclusion of Zn2+. In line with
the previous report (31), the crosslinking reaction resulted in a
reduced size and polydispersity (Table I). Apart from the co-
ordination bonds which are mainly responsible for integrity of
the poly amine network, the hydrophobic interactions of im-
idazole side chains is also responsible for attaining small and
uniform particles. After removing Zn2+, which works as a
condensing agent, the size increased noticeably at the nano-
scale range with still narrow size distribution (Table I), so the
nanogels display certain swelling property since the calculated
equivalent volume might change about 50–100 times.

Regarding to zeta-potential of the nanogels, they are clas-
sified as neutral particles with only few positive zeta-potential
less than+25 mV (Table I). Large shear plane of hydrated
mPEG chains around the crosslinked polyamine core may
explain the reduced zeta-potential and also superior stability
of the nanogels (32, 33).

The nanogels were post-loaded with MTX, a weak
bicarboxylic acid with pKa values of 3.8 and 4.8. The hallow
spaces of the nanogels provide free diffusion of MTX mole-
cules and consequently results in high drug loading (Fig. 2b).
However, the uncrosslinked polymer showed an attenuated
entrapment efficiency (EE%) at the high level of feeding ratio
that might be explained by formation of charge-neutralized

BA

DC

Fig. 8 Sections of the mice paw
after intradermal inoculation of
collagen type II in complete
Freund’s adjuvant on Day 33 (a, b)
and after treatment with 1 mg/kg/
day methotrexate-loaded nanogels
(c) or free methotrexate solution
(d). (hematoxylin and eosin; ×100)
S synovium, AS articular space, BM
bone marrow, P pannus, V vessel, Vi
villous, F fat.
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Fig. 9 In-vivo fluorescent imaging of inflammatory joints in the lipopolysac-
charide (LPS) induction model. A merged fluorescent image signal of intrave-
nously injected sulfo-cyanine 5.5 conjugated nanogels (0.21 mg/kg) with a
white-light image showing specific increased fluorescence signal intensity at
the affected joint after 1 h. Note the strong fluorescence signal in the LPS-
treated ankle compared with the opposite control side (enhancement ratio=
2.7±0.6).
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hydrophobic domains with HP-PEI that in turn prevents load-
ing of another drug molecules. EE% of the nanogels was com-
parable to the previous reports on polymeric micelles (34), solid
lipid nanoparticles (35), chitosan nanogel prepared by ionic
gelation (36), and micellar nano-networks of PEG-g-PEI (19).
However, it shows noticeably higher drug loading. The hydro-
dynamic size of nanogels decreased in DLS experiment after
drug loading specially at the low crosslink ratio (Table I). It
could be explained by additional physical crosslink action of
MTXmainly through electrostatic interaction to the polyamine
core, as similarly addressed in literature (31). Notably, the
MTX-loaded nanogels exhibited zero value of zeta-potential,
suggesting that negatively charged MTX molecules are effec-
tively neutralized within the PEG corona stabilized polyamine
core than being associated on the nanogel surface.

TEM experiment provides us further information regard-
ing the micro-structure of empty and the drug-loaded
nanogels. Both represent homogenous, spherical and core-
shell structured particles with sizes less than 50 nm in Bdry
state^ (Fig. 3). A slight increase of the size happens after drug
loading without altering particle distribution, implying that
successful loading of MTX accompanies with a modest in-
crease of the total dehydrated mass of the nanogels.

Hemocompatibility of the Nanogels

Despite widespread applications of PEI, it demonstrates some
safety problems to different extents depending on theirmolecular
weight, charge density, structure and conformational flexibility
(37). In the prelimineray study, it was shown that the nanogels
unlike PEI, PEGylated or L-histidine substituted PEI did not
show any general cytotoxicity after 24 h exposure to a relatively
high concentration of the polymers (up to 0.3mg/ml) (19). In the
present study, about 10%hemolysis was recognized for 3mg/ml
branched PEI that is consistent with the previous report (38).
Nevertheless, less hemolytic activity was associated with L-
histidine substituted PEI (H-PEI) (Fig. 4a) possibly due to a lower
positive charge density in physiologic pH if compared to native
PEI as discussed by different authors (39). More importantly,
introduction of imidazole groups into the polymer backbone
would increase rigidity of the polymer that may restrict accessi-
bility of the positive charges to the cell membrane as previously
discussed by Ryser (40). Surprisingly, the nanogels unlike
uncrosslinked polymers showed no hemolytic effect or no detect-
able disturbance of red blood cell membranes up to 1 mg/ml
(Fig. 4a). Similarly, the erythrocyte aggregation disappeared
completely for the nanogels (Supplementary Data 6). These ob-
servations could be more attributed to architecture of the
nanogels. Although the shielding effect of mPEG shell can avoid
the negative interactions with erythrocytes, PEGylation alone is
not sufficient to eliminate the erythrocyte aggregation (37, 38). It
seems the noticeable reduction of zeta-potential can prevent elec-
trostatic interactions with the anionic cell membranes.

Binding of albumin to the positively charged colloidal par-
ticles and polymers is known to lead to protein aggregation
following injection into blood stream (41, 42). Not only PEI
but also H-PEI showed a severe aggregation after incubation
with albumin (Fig. 4b). Besides, HP-PEI showed formidable
aggregations; however, the nanogels were found to drastically
reduce the aggregation tendency since it has been shown that
crosslinked PEI is less aggregating than PEI (38). The resis-
tance of nanogels to albumin induced aggregation could be
explained by the neutral surface charge, due to presence of a
PEG shell shifting the shear plane away from the particles (32,
33), or steric hindrance of decorated mPEG shell.

In-Vitro Release and Pharmacokinetics
of Methotrexate-Loaded Nanogels

The poor pharmacokinetics and rapid clearance of MTX hin-
ders the therapeutic applications in various pathophysiological
conditions such as cancer and rheumatoid arthritis (4, 43). The
drug release from the nanogels shows a prolonged profile over
24 h if compared to free MTX (Fig. 5), which is consistent with
the previous report (44, 45). The release data eas best fitted on
Korsmeyer-Peppas model showing the MTX release is
swelling-controlled; i.e., the reduced drug concentration gradi-
ent over the time period is compensated to some extents by a
pronounced swelling happens simultaneously upon drug re-
lease from the nanogels. Moreover, it was found that addition
of 140 mM Nacl instead of 5% dextrose to 25 mM phosphate
buffer (pH 7.4) increases the release exponent (n) of Korsmeyer-
Peppas equation, which indicates the electrostatic attractions
between carboxylate moieties of MTX molecules and poly-
amine core of the nanogels (retrieved after removing Zn2+-che-
lated hydrophobic domains) plays an important role in the drug
loading. Comparing the release kinetics of HP-PEI backbone in
the present study with P-PEI (19), no significant change hap-
pens following histidinylation of PEI since the lower positive
charge density and higher hydrophobicity of L-histidine moie-
ties in the polymer backbone may have a counteracting contri-
bution to the overall release of MTX.

As shown in Fig. 6, a sustained plasma concentration pro-
file was found for the nanogel formulation after i.v. adminis-
tration, whereas free MTX solution was rapidly cleared from
blood stream. The corresponding MRT and t1/2 increased
about six-fold after loading in the nanogels (Table II).
Similarly, Park et al.(46) and Kim et al. (47) showed a compa-
rable superior pharmacokinetics of different MTX liposomes
after single i.v. injection of the equivalent doses. The higher
t1/2 of MTX after loading in the nanogels could be explained
based on the sustained release profile of MTX from the
nanogels as shown in Fig. 5. The sustained drug release results
in a reduced fraction of free drug in plasma, released from those
of the nanogels residing in blood circulation or deposited in the
peripheral tissues, which in turn decreases the drug clearance
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and increases t1/2. Likewise, Ruckmani et al. noted a longer t1/2
(14.5 vs. 8.2 min) and MRT (23.9 than 16.0 min) for MTX-
loaded SLNs than free MTX solution after intra-peritoneal in-
jection (35). Interestingly, the nanogels provide a more sustained
delivery ofMTX than SLNs; however,MRTwas not prolonged
to a great extent, which is possibly due to a relatively high hy-
drophilicity of the passively loadedMTX at physiological pH; so
it is suggested to modify the drug loading process through for-
mation of a ternary complex between MTX, Zn2+ and poly-
amine core of the nanogels (this is under study now).

Clinical and Histopathological Evaluations in the CIA
Model

To investigate the therapeutic action ofMTX-loaded nanogels,
the CIA model of RA was developed in C57Bl/6 mice (48).
The model is an immunologically relevant animal model of
human RA, which is accompanied by a robust T-cell and B-
cell inflammation response to type II collagen and is widely used
to address questions of disease pathogenesis and to validate
therapeutic targets (49). In the histopathological evaluation of
the CIA model, a moderate level of synovithis, cellular infiltra-
tion, cartilage degradation, pannus and villus formation were
noticed (Fig. 8). These data are in line with the previous reports
on a mild to moderate arthritis in C57Bl/6 mice (48, 49).

In recent years, significant efforts have been devoted to use
the potentials of different drug delivery systems such as lipo-
somes (11) and human serum albumin (HSA) (10, 50) to im-
prove the therapeutic efficacy of MTX in RA. Williams et al.
showed the efficacy of I.V. administered liposomal MTX in
comparison to free drug solution at the equivalent dose of
1 mg/kg/day on suppression of acute inflammation in
established rat antigen-induced arthritis (11). But, the liposome
formulation requires development of drug-lipid conjugates for
an efficient encapsulation ofMTX.Wunder et al. demonstrated
that following intra-peritoneal administration of MTX-HSA
conjugate, a five-fold higher dose of free MTX is required for
an equivalent efficacy in preventing the onset of arthritis in the
CIAmodel (10). Similarly, Fiehn et al. demonstrated a relatively
high dose of 7.5 mg/kg MTX-HSA is significantly superior
than an equivalent dose of free MTX in reducing the incidence
of arthritis (50). However, the use of HSA might be associated
with several disadvantages such as requirement of rigorous test-
ing for pathogens and foaming during manipulation.

In the present study, a remarkable remission of paw swell-
ing and the clinical scores appeared 5 days after beginning the
treatment with 1 mg/kg/day MTX-loaded nanogels than the
equivalent dose of free drug solution (Fig. 7); Moreover, his-
topathological findings confirmed efficacy of the nanogel for-
mulation (Fig. 8).

To compare the passive accumulation of the nanogels in
inflamed mice paw, in-vivo animal imaging was used in unilat-
eral LPS-induced arthritis in C57Bl/6 mice (Fig. 9). Unlike

CIAmodel which develops late-onset and systemic polyarthritis
following intra-dermal injection of type II collagen antigen,
intra-articular injection of LPS induces transient and localized
synivial inflammation, synoviocyte hyperplasia and polymor-
phonuclear cell infiltration (51). Although LPS model is a bac-
terial toxin-induced arthritis that resembles pyogenic arthritis
(27) and it differs from the CIA model which is routinely used
for pharmacological screening, the advantage of this model
over CIA for animal imaging is that the opposite ankle joint
could be used as an internal control to show preferential accu-
mulation of the nanogels in the inflamed vs. normal paw, thus
demonstrating the effectiveness of the nanogel. The calculated
enhancement ratio in inflamed joints increased moderately to
about 2.7 whitin 1 h and then remained nearly unchanged until
4 h. The enhancement ratio is more than the minimal accept-
able value of 1.5 and the reported value of 2.3 for the
hydrophobically modified glycol chitosan nanoparticles (52).
This accumulation of the nanogels might be due to nonspecific
phagocytosis by activated macrophages, or due to the nanogels
localized at the interstitial space because of increased perme-
ability and retention effect at the inflamed tissues (5).

Conclusion

Combined sustained plasma profile of MTX (Fig. 6) and pref-
erential accumulation of the nanogels in inflamed joints
(Fig. 7) is possibly responsible for the observed superior ther-
apeutic activity of MTX-loaded nanogels in the CIA mice
model that is characterized by a remarkable decline of paw
edema and inflammatory infiltrates. The nanogels comprise a
poly cation core stabilized by mPEG chains avoiding unfavor-
able interactions with human serum albumin and erythrocytes
as determined in the hemocompatibility screening; however,
more sophisticated analysis such as activation of complement
system are required for a careful inference. Moreover, the
nanogels present some suitable pharmaceutical properties
such as small size and uniformity, globular structure and high
drug loading capacity. Therefore, MTX-loaded nanogels can
be considered to be used alone or in combination with free
drug for enhancing the therapeutic index in RA, which needs
more detailed and mechanistic studies.
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