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Abstract Glioblastoma multiforme is a fast-growing
malignant brain tumor with poor prognosis and low sur-
vival rate. Here we investigated the potential use of anti-
cancer drug dioxadet loaded into nanogels for glioma treat-
ment. We used block copolymer of polyethylene glycol and
polymethacrylic acid for synthesis of dioxadet carriers and
two types of cross-linking agents: non-degradable ethylene-
diamine and biodegradable cystamine, containing disulfide
bond. We analyzed physicochemical properties of nanopar-
ticles, their loading capacity, cytotoxicity of drug-loaded
nanogels, and also their internalization into glioma cells.
We found the optimal conditions that promote the efficient
loading of the drug. We demonstrated that dioxadet loaded
nanogels have relatively high level of loading capacity
(>35% w/w) and loading efficiency (>75%). We shown that
nanogels with the biodegradable cross-links prone to dis-
sociate under reducing conditions (glutathione) that allow
to decrease ICs, values of the drug compared to the nano-
gels with ethylendiamine cross-links. This stimuli-sensitive
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behavior of nanogels could be beneficial for tumor treat-
ment. Confocal analysis of glioma cells demonstrated that
both types of nanogels accumulate in cells and localize in
lysosomes. These results indicate that loading of dioxadet
into nanoparticles can improve its performance; such for-
mulation has a potential for further studies and practical
applications.
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Introduction

Along with surgery and radiotherapy, chemotherapy is cur-
rently one of the basic methods of tumor treatment (Siegel
et al. 2012). There are a lot of chemotherapeutic drugs with
different mechanisms of action developed for cancer treat-
ment: inter and intrastrand crosslinking of DNA (cisplatin)
(Fuertes et al. 2003), induction of the microtubule dysfunc-
tion (paclitaxel) (Horwitz 1994); alkylation (carmustine)
(Jones et al. 1993) or intercalation of DNA molecule (doxo-
rubicin) (Bodley et al. 1989). Among all mentioned types
of drugs, alkylating agents are one of the earliest classes of
drug to treat cancer that includes different categories: tria-
zines, nitrosoureas, nitrogen mustards, alkyl sulfonates and
ethylenimines. They are most effective in therapy of can-
cers that grow slowly, like solid tumors (i.e., glioblastoma)
and leukemia, and also used for treatment of other types of
tumors.

Dioxadet (DD) is a derivative of symmetrical triazine
(the group of alkylating compounds aziridines), was devel-
oped in the N. N. Petrov Research Institute of Oncology
(Stukov et al. 2011). Besides, triazine family of alkylating
agents includes temozolomide and procarbazine that have
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already widely used to treat brain tumor. Its mechanism of
action is the alkylation of DNA nucleobases, which leads to
the disturbances in their structure and functions, and also
impairs the process of the cell division and following apop-
tosis (Loshadkin et al. 2002). Previously, Bespalov et al.
(2013) demonstrated that DD has antitumor effect compa-
rable with cisplatin, however, it has lower systemic toxicity.
Moreover, DD showed no cardio-, pneumo-, nephro- and
neurotoxicity as other chemotherapeutic drugs (nephrotox-
icity of cisplatin, cardiotoxicity of doxorubicin). Generally
it was shown that the main limitation of DD is inhibition
of hematopoiesis in high doses, which, however, returns to
normal in 2-3 weeks after drug removal. Moreover, a struc-
ture of DD has a beneficial hydrophobic—hydrophilic bal-
ance, which allows using both aqueous and oil media, for
example, for chemoembolization (Stukov et al. 2011).

However, in spite of the advantages of DD mentioned
above, we sought to improve its stability, therapeutic effec-
tiveness, and to decrease its toxic effect towards non-tumor
cells. One of approaches could be incorporation of the drug
into delivery system to increase blood circulation time
(Kabanov and Vinogradov 2009).

The choice of the delivery system mainly depends on
the molecular properties of the drug: its hydrophilic and
hydrophobic properties, and the presence of the charged
groups. Thus, in DD molecule there is a protonated sec-
ondary amino group that allows considering the electro-
static binding with the carrier as the main mechanism of
the drug loading into the selected nanocontainer. Thereby,
among the different systems, nanocontainers based on the
amphiphilic block copolymers (such as nanogels) seems to
be the most appropriate (Nukolova et al. 2011). This type
of the nanocontainers are studied by many research groups
(Yokoyama et al. 1998; Bronich et al. 1999; Tian et al.
2007) because their amphiphilic properties, narrow size
distribution of particles, and dispersion stability.

In this study we used nanogels based on block copoly-
mer of polyethylene glycol and polymethacrylic acid (PEG-
b-PMAA) as a delivery system for DD. Several advantages
of this type of nanocontainers compared to other delivery
systems were previously shown: high loading capacity
(Kabanov and Vinogradov 2009), sustained and controlled
drug release (Bontha et al. 2006), and also its sensitivity to
external stimuli (pH, ionic strength, etc.) (Bae et al. 2005).
Moreover, the use of biodegradable cross-linking agents
(cystamine, methacrylic acid alginate, etc.) provides selec-
tive release of the drug in tumor cells due to the difference
of glutathione concentrations between blood plasma and
cells (Kim et al. 2010). The other feature of these nano-
containers is their core—shell structure, where shell is con-
structed of PEG. This coating allows to prolongate the cir-
culation time of nanoparticles in the blood (Kataoka et al.
2000), and, hence, improves its therapeutic effect due to
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more pronounced accumulation of the drug in tumor [the
enhanced permeability and retention (EPR) effect, Maeda
2001].

In this study we synthesized nanogels for delivery of DD
using two types of cross-linking agents: non-degradable
ethylenediamine and biodegradable cystamine, containing
disulfide bond. We analyzed physicochemical properties of
loaded nanoparticles, capacity and effectiveness of loading,
cytotoxicity of drug-loaded nanogels, and also their inter-
nalization into glioma cells.

Materials and methods
Materials

Diblock copolymer of polyethylene glycol (PEG) and poly-
methacrylic acid (PMAA) with terminal methoxy group in
PEG block was purchased from Polymer Source Inc., Can-
ada. The block lengths were 170 and 180 repeating units
for PEG and PMAA, respectively (PEG170-b-PMAA180,
Mn=23,000, Mw/Mn=1.45). Dioxadet was provided by
our colleagues from N. N. Petrov Research Institute of
Oncology (Saint-Petersburg, Russia). Ethylenediamine
(ED), cystamine (CYS), 1-ethyl-3-(3-dimethylaminopro-
pyDcarbodiimide (EDC), ethylenediaminetetraacetic acid
(EDTA), glutathione, calcium chloride, 6-aminofluorescein
were bought from Sigma-Aldrich, USA. Centrifugal filters
Amicon™Ultra (MWCO 10, 30, 50 kDa) were provided by
Milipore, USA. Desalting NAP10 and PD10 columns were
bought from GE Healthcare Life Sciences (USA), CellTiter
96® AQueous MTS Reagent Powder was bought from Pro-
mega (USA).

Synthesis of nanocontainers

Synthesis of nanogels was performed as previously
described (Kim et al. 2009). Briefly, block ionomer com-
plexes of polyethylene glycol and polymethacrylic acid
(PEG-b-PMAA) and calcium ions were formed in water
with molar ratio [Ca’**]/[COO™]=1.1-1.3. Carboxyl
groups of obtained particles were activated using EDC
and then were conjugated with ED or CYS in molar ratio
[COOH]:[EDC]:[ED]=1:5:10 for 12 h, room temperature
(r.t.). After that calcium ions were removed by chelating
with EDTA and following dialysis (0.5% NH,OH for 4 h,
H,O for 24 h). Then the solution was concentrated on the
centrifugal filters (30 kD, 2000 rpm for 15 min), filtered
(0.22 pM, Fisherbrand, USA) and stored at +4 °C until fur-
ther use.

To analyze internalization with confocal microscopy
fluorescein-labeled nanogels were synthesized. For that
purpose, PEG-b-PMAA [C(COO™)=210 mM] was mixed
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with EDC (5 min, r.t.) at molar ratio [COO™]/[EDC]=1,
and then with 6-aminofluorescein (6-AF) at molar ratio
[COO7]/[6-AF]=10. The mixture was incubated for 12 h
at r.t., dialyzed against water to remove unbound fluores-
cein and concentrated (Amicon filters, MWCO 30 kDa),
then stored at +4 °C. After that, nanocontainers were syn-
thesized from the fluorescein-labeled polymer as described
earlier.

Dioxadet loading into nanocontainers

The obtained particles were loaded with the drugs by mix-
ing of water solutions of nanocontainers and DD at differ-
ent pH (7-9) and concentration (drug/nanocontainer) ratio
(0.25-2) for 12 h, r.t. Unbound drug was removed using
gel-filtration chromatography (Sephadex G-25). As a result,
we have obtained the samples of DD-loaded nanocontain-
ers with ethylenediamine (NG-ED-DD) and cystamine as
cross-linking agents (NG-CYS-DD).

The amount of incorporated drug was evaluated
using absorption spectrophotometry on 221 nm (Hitachi
UV-2800, Japan). Loading efficiency was calculated as the
ratio of loaded drug to the total weight of the drug added
in the process of loading. Loading capacity was estimated
as the ratio of the loaded drug to the total weight of the
DD-nanogel.

Size and ¢-potential of nanoparticles
Dynamic light scattering

Size and C-potential of synthesized nanocontainers with
or without DD were evaluated using dynamic light scat-
tering analysis with Zetasizer Nano ZS (Malvern Instru-
ment, UK). For this purpose sample was diluted to the
concentration of 10 pg/ml and then filtered with 0.22 pM
filter (Corning, Germany). Mean values of hydrodynamic
diameter and {-potential for all samples were calculated as
a result of at least three measurements. Data are shown as
average value +SD.

Atomic force microscopy

To perform measurements using atomic force microscopy,
5 pl of nanogel water suspension (1 mg/ml) was placed on
micaceous plate and dried, then the measurements were
performed followed by drying. The measurement was made
using NT-MDT NEXT device on air in a tapping mode
with 5 pm/s scanning rate and NT-MDT HA_HR canti-
lever with force constant 34 N/m. Obtained pictures were
then processed with Gwyddion software (Czech Metrology
Institute, Czech Republic).

Evaluation of nanocontainers colloidal stability

The stability of nanogels stored at 4°C was studied for
12 days. The analysis was based on the data on hydrody-
namic diameter of the particles.

Cell lines

Cell cultures of rat glioma (C6), human glioblastoma
(U87) and Chinese hamster ovarian cells (CHO-K1) were
incubated in DMEM supplemented with 1 mM of sodium
pyruvate, 2 mM of L-glutamine, 1% of antibiotic—antimy-
cotic, and 10% of fetal bovine serum. Human glioblastoma
U-87 MG line (ATCC HTB-14) was cultured in com-
plete DMEM with low concentration of p-glucose (1 g/l).
Cells were cultured in the plastic flasks (Corning, USA) in
humidified atmosphere with 5% CO, at 37°C until mon-
olayer confluency value 80-100%. Cell dissociation was
performed using 0.125% trypsin-EDTA. All growth media
and supplements were bought from Thermo Fisher Scien-
tific (Invitrogen™, USA).

Cytotoxicity of DD and DD-nanogels

Firstly, cytotoxicity of the free drug was analyzed with
MTS-assay (Mosmann 1983) on several cell cultures: C6,
U87 and CHO-K1. Besides, dependence of a cytotoxicity
on pH of the drug solution was analyzed on the CHO-K1
cell line. Second, cytotoxicity of DD-loaded nanocontain-
ers with different cross-linking agents (NG-CYS-DD and
NG-ED-DD) was conducted on rat glioma (C6) and human
glioblastoma cell lines (U87). For all experiments standard
protocol was followed. Briefly, the studied samples were
added in the concentrations from 2 pg/ml to 5 mg/ml and
incubated for 24 h (37°C, 5% CO,). Next day, the cells
were washed, replaced with a new medium and incubated
for additional 24 h. Then cells were incubated with MTS-
reagent for 4 h and measure the optical density was meas-
ured using Victor X3 (PerkinElmer, USA). Dose-response
curve was plotted to find the concentration correspond-
ing to 50% viability level (ICs;) using Origin 8.1 software
(USA).

Confocal microscopy

The analysis of internalization of fluorescein-labeled nano-
containers was studied on C6 glioma cells. Co-localization
of the nanocontainers with lysosomes were studied using
LysoTracker® Red DND-99 (Molecular Probes®, USA).
Obtained samples (6-AF-NG-ED and 6-AF-NG-CYS) were
incubated with C6 glioma cell culture for 20 min or 1.5 h.
After that, cells were washed, and fluorescence of fluores-
cein-labeled nanogels and lysosomes were analyzed using
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confocal microscopy with 488 and 561 nm laser emission
(Nikon AIR MP+, Japan).

Results
Physicochemical characteristics of nanocontainers

In this study we synthesized nanogels with different types
of cross-linking agents (cystamine and ethylenediamine)
and loaded them with antitumor drug DD. The depend-
ence between the size and C-potential of the particles
in different pH was analyzed (Fig. 1). Thus, the hydro-
dynamic diameter (Fig. 1a) and C-potential (Fig. 1b) of
nanogels were increased along with the increase of pH
from 7 to 9: 119 to 138 nm and from —7 to —36 mV,
respectively. It also can be seen that nanoparticles loaded
with drug had smaller size and {-potential value within
the studied pH range. Similar results were obtained for
empty and DD-loaded nanogels with ethylenediamine
as cross-linking agent. The size of the empty nanogels
was also analyzed using atomic force microscopy (AFM)
(Fig. 1d). The average height of the particles was 45 nm
and average lateral width was 145 nm, which corresponds
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Fig. 1 Physicochemical characteristics of nanogels. a Hydrodynamic
diameter and b {-potential of cystamine cross-linked empty and DD-
loaded nanogels as a function of pH; ¢ hydrodynamic diameter of
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to the particles with almost twofold smaller volume than
it was estimated by dynamic light scattering analysis
(DLS). This difference can be explained by swelling of
nanoparticles in solution due to their hydrogel-like struc-
ture, while in AFM the dry particles were measured.

Degradation of disulfide bond was shown for nanogels
with cystamine in the presence of reducing agents (here we
used glutathione). It was shown that polydispersion index
significantly increases from 0.09 to 0.60 for the sample of
nanocontainer incubated with 10 mM glutathione solution
for 24 h, while mean hydrodynamic diameter (found from
volume distribution) decreased from 131 to 15 nm, which
attests to destruction of the particles (Table 1).

Table 1 Hydrodynamic diameter and polydispertion index (PDI)
of cystamine cross-linked nanogels (NG-CYS) and cystamine cross-
linked nanogels incubated with 10 mM glutathione for 24 h

NG-CYS NG-CYS + glutathione
Hydrodynamic diameter 13143 15+2
(by volume) (nm)
PDI 0.09 +0.01 0.60+0.03

All values given in the table are averages of three measurements and
errors correspond to standard deviations
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ethylendiamine and cystamine cross-linked nanogels and DD loaded
nanogels as a function of time; d semi-contact mode AFM image of
cystamine cross-linked nanogels
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We studied dispersion stability of empty and loaded
nanocontainers with different cross-linkers using DLS
(Fig. 1c). There were no significant changes in the aver-
age size and PDI of the particles during 12 days, which
may attest to its stability. Thus, it was shown that loading
of the drug into nanogels has an effect on their size and
C-potential, but does not affect their colloid stability.

Loading capacity and efficiency of nanogels

Drug was loaded into nanocontainers under different pH
conditions (pH 6-9) and different R=0.25-2 (where R is
the ratio of the drug concentration to the concentration of
the carboxyl groups of nanogels that were estimated by
titration). Based on the drug concentration and the mass
of the loaded particles, we calculated loading capacity
(Fig. 2a) and efficiency (Fig. 2b) of nanogels with ethyl-
enediamine or cystamine cross-links. For both types of the
nanocontainers we have obtained similar results: maxi-
mal loading capacity (>35%) and efficiency (>75%) was
reached at pH 7. While the concentration of the drug was
raising, loading capacity also tended to grow at any pH
value, but loading efficiency had an opposite trend. Taking
these data into account, we have chosen samples that were
loaded at R=1, because at this value, the ratio between
loading efficiency and capacity was optimal.
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Fig. 2 a Drug loading capacity of cystamine cross-linked nanogels at
different molar ratios of DD to carboxyl groups and at different pH; b
drug loading effiicency of cystamine cross-linked nanogels at differ-
ent molar ratios of DD to carboxyl groups and at different pH

Since DD could not be detected in the presence of
reducing agents due to their interference (absorbance at
221 nm), the release kinetics of the particular drug was
analyzed only in the phosphate buffer. We found that dur-
ing the first 2 h, more than half of the drug is released.
Knowing that nanogels with cystamine links degrade
under reducing conditions (10 mM glutathione), we can
anticipate that the release kinetics of the drug depends on
the particle degradation.

Cytotoxicity of DD and DD-nanogels

Cytotoxicity of free DD and DD loaded nanogels was
evaluated using MTS assay on different cell cultures: C6,
US87 and CHO-KI1. In order to evaluate effectiveness of
the drug in different conditions, the cytotoxicity of free
DD was analyzed on the CHO-K1 cell line at different
pHs. The least toxicity was observed at pH6, ICs, was
117 pg/ml, whereas at the other investigated pH values
ICy, was near 50 pg/ml (Fig. 3). Therefore, in following
experiments we used DD solution with pH 7. Moreover,
we found that DD exhibits much greater toxicity on U87
(IC5y=34 pg/ml) and CHO-K1 (IC5,=53 pg/ml) cells
compared to the C6 cells (IC5,=214 pg/ml).
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Fig. 3 In vitro cytotoxicity of free DD at different pH values against
CHO-K1 cells. All values were obtained as an average in three inde-
pendent MTS assays

Table 2 In vitro cytotoxicity (ICs, values in pg/ml) of free DD (DD),
cystamine cross-linked nanogels loaded with dioxadet (NG-CYS-DD)
and ethylendiamine cross-linked nanogels loaded with dioxadet (NG-
ED-DD) against C6 and U87cells

Cell culture Sample

DD NG-CYS-DD NG-ED-DD
C6 214+5 432+12 564 +21
Us7 34+2 2047 38511

All samples were prepared at pH 7.4. All values given in the table
are averages of three measurements and errors correspond to standard
deviations
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Also MTS test revealed that DD decreased its cytotoxic-
ity upon loading into nanogels (Table 2). Thus, in the case
of the nanogels with ethylenediamine cross-linkers, ICs,
values increased 2.6 times for C6, and 11.3 times for U87
cells compared to free drug. It should be emphasized that
DD loaded into the nanogels with cystamine cross-linkers
was more toxic compared to ethylenediamine ones: the ICs
values decreased by 23% for C6, and by 47% for U87 cells.

Internalization of fluorescein-labeled nanocontainers

Internalization analysis of fluorescein-labeled nanogels
with ethylenediamine (Fig. 4) and cystamine (Fig. 5) link-
ers was performed by confocal microscopy. Nanogels con-
jugated with 6-aminofluorescein were incubated with C6
glioma cells for 20 min or for 1.5 h. To analyze the co-
localization of the nanocontainers with lysosomes we used
LysoTracker® Red DND-99. We found that after 20 min of
incubation both types of nanogels accumulate in the tumor
cells. It should be emphasized that signal intensity of cys-
tamine-containing nanogel in lysosomes was two times
higher than the one of ethylenediamine-containing nano-
gel (Pearson correlation coefficient for 6-aminofluorescein
and LysoTracker® Red was 0.62 and 0.34, respectively).
Although, there was no significant difference in the sig-
nal intensities of ED-nanogels and CYS-nanogels after the
increase of incubation time up to 1.5 h. The co-localization

analysis revealed that both types of nanocontainers inter-
nalize and localize in lysosomes (Pearson coefficients for
biodegradable and non biodegradable nanogels were 0.84
and 0.88, respectively).

Discussion

A lot of research groups are focused on the development
of the delivery systems for different anticancer drugs
(Kabanov and Vinogradov 2009). These systems allow to
(1) increase the solubility of hydrophobic drugs (Kato et al.
2007), (2) prolong their circulation time in the body (Kata-
oka et al. 2000), and (3) initiate the selective release of
drug in the tumor due to sensitivity to the specific stimuli
(Kim et al. 2010).

One of the most important parameters of drug loaded
formulation is its loading capacity and encapsulation effi-
cacy. Here we used nanoparticles based on block ionomer
complexes that are known for a quite high loading capac-
ity of anticancer drugs (Kim et al. 2013). Thus, the studied
nanocontainers based on PEG-b-PMAA had the loading
capacity (>35 wt%) that is much higher compared to other
drug delivery systems. For example, the loading capac-
ity of N;-O-toluyl-fluorouracil-loaded liposomes was 9%
(Sun et al. 2008), dexamethasone-loaded carbon nanotubes
—20% (Murakami et al. 2004), doxorubicin-loaded hybrid

Fig. 4 Internalization analysis of ethylendiamine cross-linked nano-
gels in glioma C6 cells. Line I 20 min incubation; line 2 90 min
incubation; column a merged image; column b aminoflourescein-6
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(green); column c¢ LysoTracker® Red DND-99 (red); column d colo-
calization analyzis of nanogels (red channel, X axis) and lysosomes
(green channel, Y axis). Bar —10 pm. (Color figure online)
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Fig. 5 Internalization analysis of cystamine cross-linked nanogels
in glioma C6 cells. Line 1 20 min incubation; /ine 2 90 min incuba-
tion; column a merged image; column b aminoflourescein-6 (green);

superparamagnetic particles —19% (Yang et al. 2009).
Previously, nanogels was efficiently loaded with cisplatin
(Yokoyama et al. 1996) and doxorubicin (Kim et al. 2009),
indicating that this type of carriers is suitable for a vari-
ety of drugs. As mentioned before, the maximum loading
capacity of nanogels was achieved at pH 7. Similar results
were obtained by Kim et al. (2009) for doxorubicin-loaded
micelles. This trend might be associated with the mecha-
nism of drug loading into nanocontainers, and, particularly,
with the fact that the optimal balance between deproto-
nated carboxyl groups in the particle and protonated amino
groups in the drug can be reached at pH 7. At higher pH,
the number of protonated amino groups decreases, and,
hence, the loading capacity becomes lower. Loading capac-
ity at pH 6 is comparable with that in the neutral medium,
but further decrease of pH might reduce the loading capac-
ity due to the decrease in the number of deprotonated car-
boxyl groups.

Here we also analyzed the change of the particle size of
loaded and free nanogels at different pH. Swelling of nano-
gels is determined by two factors: electrostatic repulsion of
carboxyl groups in the polymer and osmotic pressure in the
particle. When pH increases, the number of the deproto-
nated carboxyl groups and, consequently, the total charge
of the nanocontainer rises. This, in turn, enhances repulsion
between PMAA chains and increases the osmotic pressure
inside the nanocontainer, which leads to its swelling. At the

column ¢ LysoTracker® Red DND-99 (red); column d colocaliza-
tion analyzis of nanogels (red channel, X axis) and lysosomes (green
channel, Y axis). Bar —10 pm. (Color figure online)

same time, drug loaded particles have lower hydrodynamic
diameter and C-potential compared to free nanogels. This
attests to electrostatic interaction of the drug with carboxyl
groups of nanocontainers leading to a decrease in the num-
ber of free carboxyl groups and, consequently, to weaker
repulsion of these groups. Similar results were obtained for
analogous polymer nanocontainers loaded with cisplatin
(Oberoi et al. 2011) and doxorubicin (Kim et al. 2009).

Moreover, DLS analysis demonstrated degradation of
nanogels with cystamine cross-linking agent in the pres-
ence of the reducing agents (glutathione). Similar to the
work of Kim et al. (2010), nanogels with ethylenediamine
linkers were stable at 10 mM concentration of glutathione,
whereas nanogels with cystamine linkers degraded during
4 h. This feature might be used for selective release of the
drug only after its accumulation in tumor cells, because
intracellular concentrations of the glutathione (1-10 mM)
is sufficient for nanocontainer destruction, while in blood
they would be stable due to low glutatione concentration in
plasma (1-10 pM) that also was demonstrated by Kim et al.
(2010).

We performed the MTS assay on glioma (C6, U87) and
normal (CHO-K1) cell lines to compare cytotoxicity of free
and encapsulated form of DD. First, using CHO-K1 cells,
we found that ICs, values increase with the decreasing
of pH solution of free DD. This might be associated with
the loss of drug activity in the acidic medium due to the
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opening of ethyleneimine cycles, which are responsible for
the alkylating mechanism of DD.

Second, the cytotoxicity analysis demonstrated lower
toxicity of DD loaded into the nanocontainer in comparison
with its free form. This can be explained by slow release of
the drug from the container during incubation, and, conse-
quently, the lower dose of the drug interacting with cells.
Similar decrease of cytotoxicity was reported by Yokoy-
ama et al. for doxorubicin (1990) and cisplatin (1996).
Generally, ICs, for all forms of DD, including unbound
drug, in C6 cell culture remained high compared to doxo-
rubicin (Bennis et al. 1994) or cisplatin (Tokunaga et al.
1997). This effect can be associated with the resistance of
C6 glioma to DD or triazines at all. For example, another
alkylating agent from triazine family, temozolomide, also
possessed much higher ICs, for C6 cell line and at the same
time it demonstrated much higher toxicity on human U87
glioma cells (data not shown). However, it should be noted
that toxicity of free DD on U87 glioblastoma cells was
similar to that of doxorubicin (Lu et al. 2012) and cisplatin
(Khiati et al. 2011), while it was less toxic for non-tumor
CHO-K1 cells. In addition to the fact that this drug has low
systemic toxicity and effective against human glioblastoma
cells compared to non-tumor cells, allows us to consider
that DD is a promising chemotherapeutic drug for the treat-
ment of brain tumor.

Finally, it was also demonstrated that drug-loaded bio-
degradable nanocontainers are more efficient than nano-
containers with ethylenediamine cross-linking agent. Their
higher toxicity can be explained by cleavage of cystamine
linkers followed by degradation of the particle due to intra-
cellular glutathione concentration ~1-10 mM. This pro-
cess, in turn, leads to drug release, which explains higher
toxicity of this nanocontainer form. Similar results have
been shown for doxorubicin-loaded biodegradable formula-
tions (Kim et al. 2010), but the difference between linkers
was more significant. It could be associated with sensitiv-
ity of cell line used (ovarian cancer A2780 cell line). Also
the loading capacity of doxorubicin-loaded particles was
higher, what in turn might lead to higher concentration of
available drug upon degradation of nanoparticles. The dif-
ference in loading capacity between this two drugs could be
related to the difference in the functional groups of doxoru-
bicin and DD: the first one interacts with carboxyl groups
of polymer via primary amine group while the second one
interacts via secondary amine group, what can cause some
steric hindrance and as a result lower loading capacity.

We performed confocal microscopy to compare inter-
nalization of ethylendiamine cross-linked and cystamine
cross-linked nanogles. Confocal analysis of glioma C6
cells, incubated with nanogels for 20 min, revealed the
enhancement of signal intensity from 6-AF-nanogels
with cystamine linkers in lysosomes in comparison with

@ Springer

non-biodegradable nanocontainers. This difference could
be explained by increased rate of degradation of nanogels
with cystamine after internalization. If cells were incubated
for 1.5 h, the difference between studied nanogels was
diminished and both types of nanocontainers were accumu-
lated in lysosomes at the same level that explains by satura-
tion of cell by nanogels. Hence, the uptake of nanogels by
cells was observed throughout the incubation period irre-
spective of the cross-linking agent.

Summarizing, we have shown that nanogels based on
PEG-b-PMAA polymers could be used as a system for
efficient loading of anticancer drug DD. The drug-loaded
nanogels are characterized by the high loading capacity and
efficiency and dispersion stability. In the case of cystamine
cross-links, we detected selective degradation of particles
under reducing conditions, which could be beneficial for a
drug release in the tumor cells. Taking into account the low
systemic toxicity of DD, specifically the absence of cardio-,
pneumo-, nephro- and neurotoxicity, which are often side
effects of many other antitumor drugs, the nanoparticle
form of this drug might further improve its performance
and deserves further detailed study.
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