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Aim: To develop nanogels (NG) able to modulate the encapsulation and release of drugs, 
in order to circumvent drug resistance mechanisms in cancer cells. Materials & methods: 
Poly-N-isopropylacrylamide–dendritic polyglycerol NG were semi-interpenetrated 
with 2-acrylamido-2-methylpropane sulfonic acid or (2-dimethylamino) ethyl 
methacrylate. Physico-chemical properties of the NGs as well as doxorubicin (DOXO) 
loading and release were characterized. Drug delivery performance was investigated 
in vitro and in vivo in a multidrug-resistant tumor model. Results: Both the DOXO 
loaded semi-interpenetrating polymer network NGs were more efficient in multidrug 
resistant cancer cell proliferation inhibition studies. In vivo, the DOXO loaded NG 
semi-interpenetrated with 2-acrylamido-2-methylpropane sulfonic acid was able to 
overcome drug resistance and reduce the tumor volume to about 25%. Conclusion: 
The innovative semi-interpenetrating polymer network NGs appear to be promising 
drug carriers for drug resistant cancer therapy.
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Although great advances have been made in 
the field of cancer therapy, cancer is still one 
of the main causes of death worldwide [1]. 
Nanotechnology has attracted a lot of atten-
tion as a solution to overcome this prob-
lem [2]. Among others, smart materials that 
are able to release drugs on demand are being 
explored for chemotherapeutic treatment of 
cancer [3]. Doxorubicin (DOXO) is one of 
the most widely used chemotherapy agents 
including three forms of nanomedicine on the 
market or in clinical trials, DOXIL®, Myo-
cet® and ThermoDox® [4]. The major draw-
back of chemotherapy is that cancer cells can 
develop drug resistance [5], which is typically 
mediated by P-glycoprotein, an efflux pump 
which decreases the intracellular drug con-
centration [6]. In fact, drug resistance occurs 
in over 50% of patients in the clinic [7]. Dif-
ferent nanocarriers have proved to be effec-
tive for delivering DOXO to the resistant 

cell lines. The mechanism of action of these 
nanocarriers is mostly based on the release of 
the drug inside the cell, thus avoiding P-gly-
coprotein-mediated drug resistance [8]. As 
shown in previous studies [9–12], in a system 
for overcoming drug resistance, it is impor-
tant that the drug is strongly encapsulated 
and not released before cellular uptake and 
transport to the cytoplasm. Among the dif-
ferent carriers, nanogels (NGs) are the most 
interesting systems due to their hydrophilic-
ity and high encapsulation efficiencies [13,14]. 
NGs are crosslinked polymer networks that 
are able to absorb large quantities of water. 
Smart NGs respond to an external stimulus, 
such as pH, light or temperature [15–17]. In 
particular, thermoresponsive NGs are mostly 
used as drug delivery systems because they 
can be easily triggered.

Poly-N-isopropylacrylamide-based (PNI-
PAM) NGs are widely used as thermore-
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sponsive drug delivery systems, because PNIPAM 
exhibits a lower critical solution temperature (LCST) 
of approximately 32°C, which is close to body tem-
perature [18]. Therefore, the polymer can undergo 
temperature-induced reversible coil-to-globule phase 
transitions, which can influence the release behaviors 
of  encapsulated drugs [19].

Our group has developed thermoresponsive den-
dritic NGs composed of a combination of thermore-
sponsive polymers with dendritic polyglycerol (dPG), 
that provide sizes in the biomedically relevant range 
between 50 and 200 nm [20–26]. The presence of dPG 
as a macro-crosslinker, attached via a biodegradable 
ester linkage, provides high biocompatibility and 
hydrophilicity and, more importantly, can prevent the 
precipitation of the NGs in the collapsed state above 
the transition temperature (Tp). In order to modify 
the properties of PNIPAM NGs, different co-poly-
mers [27,28] and composites [29–31] have been prepared 
and changes, e.g., in the release rate, the swelling 
behavior and lower critical solution temperature were 
obtained.

Novel materials where a polymer has been interlaced 
with another network are called either interpenetrat-
ing polymer networks (IPN) or semi-interpenetrating 
polymer networks (SIPN) [32]. The incorporation of 
a second polymer allows to improve the mechanical 
properties of the material and to introduce new func-
tionalities without significantly affecting the thermal 
sensitivity of the gel [33].

Considering the state-of-art and with the inten-
tion of developing a drug delivery system with a slow 
release rate for overcoming drug resistance in can-
cer, we describe herein the synthesis of ‘on demand 
charged’ thermoresponsive dendritic NGs by semi-
interpenetrating pH sensitive polymers into PNIPAM/
dPG NGs (Figure 1). (2-dimethylamino)ethyl methac-
rylate (DMAEM) and 2-acrylamido-2-methylpropane 
sulfonic acid (AMPS) were chosen as the pH sensitive 
monomers. We characterized the physico-chemical 
properties of the novel materials as well as their DOXO 
loading capacities and release profiles. The cytotoxicity 
and cellular uptake of the bare sIPN NGs was studied 
before the performance as drug carriers in a biologi-
cal context was evaluated using a DOXO resistant cell 
line in vitro and a resistant tumor model in vivo. Taken 
together, the results of the present study support the 
use of SIPN NGs as a new strategy to circumvent drug 
resistance mechanisms in cancer cells.

Materials & methods
The following chemicals were used as purchased: 
N-isopropylacrylamide (NIPAM; Sigma-Aldrich), 
AMPS (Sigma-Aldrich), DMAEM (Sigma-Aldrich), 

acryloyl chloride (AC; 96% Fluka), extra dry dimeth-
ylformamide (DMF; 99.8% Acros), triethylamine 
(TEA; Acros), ammonium persulphate (APS; 98% 
Sigma-Aldrich), sodium dodecyl sulphate (SDS; 98% 
Across), N,N,N′,N′-tetramethylenethylendiamine 
(TEMED; 99% Sigma-Aldrich).

Synthesis of acrylated dendritic polyglycerol 
(dPG-Ac 10%)
dPG with average Mw of 10 kDa was synthesized 
according to previously reported methodologies [34]. 
The dPG was dried overnight under vacuum at 140°C. 
A solution of AC (0.65 mmol, 52 μl) in dry DMF (1 
ml) was added dropwise to a stirred solution of dPG 
(1 g, 10 kDa, 13.51 mmol OH equivalent) and TEA 
(1.08 mmol, 150 μl) in DMF (7 ml) at 0°C. The reac-
tion was left at r.t. for at least 4 h. A small amount of 
water was added into the reaction mixture in order to 
dissolve the precipitated salt. The reaction mixture was 
purified by dialysis membrane (molecular weight cut-
off [MWCO] 2 kDa) in water for at least 24 h. The 
acrylated dPG was preferably used directly after puri-
fication. Otherwise the product was stored in dark, 
at 4°C in the presence of p-methoxyphenol and dia-
lyzed again before usage. 1H-NMR (500 MHz, D

2
O), 

đ: 3.2–4.3 (m, 5 H, polyglycerol scaffold protons), 
5.88–6.00 (m, 1 H, vinyl), 6.08–6.28 (m, 1 H, vinyl), 
6.32–6.44 (m, 1 H, vinyl).

Synthesis of NGs
PNIPAM- dPG NGs were synthesized following the 
procedure described before by our group [24]. Briefly, 
100 mg of monomers, 67 wt% NIPAM and 33 wt% 
of dPG-Ac, SDS (1.8 mg) and APS (2.8 mg) were dis-
solved in 5 ml of distilled water. Argon was bubbled 
into the reaction mixture for 15 min. The mixture was 
stirred under argon atmosphere for another 15 min, 
transferred into a hot bath at 68°C and polymerization 
was activated after 5 min with the addition of catalytic 
amount of TEMED (120 μl). The mixture was stirred 
at 500 rpm for at least 4 h. The product was purified 
by dialysis membrane (MWCO 50 kDa) in water for 
2 days and then lyophilized to obtain a white solid. 
1H-NMR of PNIPAM-33% dPG NGs: (500 MHz, 
D

2
O), đ: 1.13 (s, 6 H, isopropyl groups of NIPAM), 

1.57 (2 H, polymer backbone), 2.00 (1 H, polymer 
backbone), 3.35–4.10 (6 H, polyglycerol scaffold pro-
tons + 1 H NIPAM).

Alternatively, fluorescein isothiocyanate (FITC)-
labeled NGs were synthesized to be used in cellular 
uptake studies. For this purpose, dPG was labeled with 
FITC before acrylation. Briefly, FITC (4.7 mg) was 
dissolved in a small amount of DMSO (i.e., 100 μl and 
60 mg of dPG-NH2 (∼13.5 amino groups (10%)) and 
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Figure 1. Schematic representation of (A) SIPN NG from PNIPAM/dPG NG and charged monomers, 
(B) encapsulation and release of DOXO and (C) proposed mechanism to overcome multidrug resistance by slow 
drug release in the near of the cell nucleus.  
DOXO: Doxorubicin; PNIPAM: Poly-N-isopropylacrylamide.
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2 ml of phosphate-buffered saline (PBS; 10 mM, pH = 
7.4) were added. The reaction took place at r.t. for 1 h. 
Successful coupling of FITC was checked by thin layer 
chromatography (TLC). The product was purified by 
size-exclusion chromatography (SEC) with Sephadex 
G25 fine and then lyophilized.

Synthesis of SIPN NGs
For the synthesis of the SIPN, 40 mg of dry PNIPAM/
dPG NG were swollen in a solution of the monomer 
to be interpenetrated (5, 10 or 20 mol% AMPS or 

DMAEM referred to NIPAM mol) and APS for 2 h. 
The reaction mixture was bubbled with argon for 10 
min and transferred to an ice bath. After 5 min, the 
in situ polymerization was activated by the addition 
of TEMED (100 μl). The reaction was carried out 
for 2 or 12 h. The products were purified by dialysis 
(MWCO 50 kDa) in water for 2 days and then lyophi-
lized to obtain a white solid. The effective semi-inter-
penetration was tested by Fourier transform infrared 
spectroscopy (FT-IR) using a Bruker IFS 66 FT-IR 
spectrophotometer in the range of 4000–500 cm−1. 



10.2217/nnm-2016-0308 Nanomedicine (Lond.) (Epub ahead of print) future science group

Research Article    Molina, Wedepohl, Miceli & Calderón

Alternatively, FITC-labeled SIPN NGs were synthe-
sized using FITC-labeled PNIPAM/dPG as starting 
material.

Characterization
The size and phase transition (Tp) of the nanopar-
ticles were studied by dynamic light scattering (DLS) 
using a Nano-ZS 90 Malvern equipped with a He-Ne 
laser (λ = 633 nm) under scattering of 173°. All the 
samples were maintained at the desired tempera-
ture for 5 min before testing, which was found to be 
suitable to achieve stabilization. The samples were 
prepared by dissolving 1 mg of dry NG in 1 ml of 
HEPES buffer solution pH 6, 1 day prior to the exper-
iments. Particle size and size distribution are given as 
the average of three measurements from the volume 
distribution curves. Tp was also determined by the 
cloud point temperature method measured on a Cary 
100 Bio UV-Vis spectrophotometer equipped with a 
temperature-controlled, six-position sample holder. 
HEPES buffered NGs solutions (1 mg ml−1) at pH 
6 were heated at 0.2°C min−1 while monitoring both 
the transmittance at 500 nm (1 cm path length) and 
the solution temperature (from 25 to 65°C), as deter-
mined by the internal temperature probe. The Tp of 
each NG was determined using the minimum of the 
first derivate of transmittance versus temperature. 
The shape of the NGs was studied by transmission 
electron microscopy (TEM). TEM was performed on 
Hitachi SU 8030 scanning electron microscope oper-
ating at 30 kV. For preparation, a droplet (2 μl) of the 
sample solution was attached onto a carbon-coated 
copper grid and dried by air followed by a droplet 
of uranyl acetate (1%). The zeta (ζ) potential of the 
NGs was determined below and above the Tp with a 
NanoZetaSizer.

Post-synthetic encapsulation of DOXO
DOXO was encapsulated in the previously synthesized 
NGs. DOXO (0.75 mg) in HEPES solution was added 
to the dry NGs (1.5 mg) in a microcentrifuge tube. The 
NGs were allowed to swell for 24 h. The samples were 
centrifuged in a filter unit of 3000 Da three times for 
10 min at 5000 rpm, and the concentration of DOXO 
in the filtrate was determined via UV-Vis spectroscopy 
(ε = 8800 M−1cm−1).

The loading capacity and loading efficiency of the 
drug in the NGs were calculated using Equations 1 & 2:

•	 Loading capacity = (w
i
-w

f
)/w

ng
 × 100%

•	 Loading efficiency = (w
i
-w

f
)/w

i
 × 100%

where w
i
, w

f
 and w

ng
 are the amounts of drug initial, 

final and the weight of NGs, respectively.

Release study
The release of the drugs was studied by a dialysis 
method. The centrifuged NGs with the encapsulated 
drug were re-dissolved in buffer at pH 5 or 7.4. Briefly, 
0.5 ml of the DOXO-loaded NG solution (1.5 mg) was 
placed in a 50 kDa MWCO dialysis tube and dialyzed 
against 10 ml of buffer with gentle stirring. Different 
pH (5, 6.8 and 7.4) and temperatures (r.t, 37 and 40°C) 
conditions were tested in order to study the influence of 
these stimuli to the release. At certain time intervals, 
200 μl of the outer solution were taken for UV-Vis 
analysis and replaced by addition of fresh release media. 
The results were plotted as the  cumulative release (%) 
versus time.

Biological studies
HeLa cells (German Collection of Micro-organisms 
and Cell Cultures [DSMZ] #ACC57) were routinely 
maintained in RPMI medium with 2 mM L-gluta-
mine, 10% FCS, 1% penicillin/streptomycin and 1% 
nonessential amino acids (Life Technologies) at 37°C 
and 5% CO

2
. KB-V1 cells (DSMZ # ACC 149) were 

maintained in Dulbecco’s modified Eagle medium 
with 15% FCS and 1 μM DOXO at 37°C and 5% 
CO

2
.

Cytotoxicity assay
1 × 105 cells ml−1 were seeded into 96-well plates and 
incubated overnight at 37°C and 5% CO

2
. The next 

day, medium was replaced for 50 μl fresh medium and 
50 μl dilutions of the test compounds (in triplicates). 
After 48 h of incubation at 37°C or 40°C, medium 
with compounds was discarded and 10 μl MTT (5 mg 
ml−1 stock solution in PBS) was added in 100 μl fresh 
medium. After incubation for 4 h at 37°C and 5% 
CO

2
, the supernatant was discarded and 100 μl isopro-

panol with 0.04 M HCl was added. Absorbance was 
read in a Tecan Infinite Pro M200 microplate reader 
at 570 nm. Assays were repeated three-times indepen-
dently. Relative cell viabilities were calculated by divid-
ing the average absorbance values by the absorbance 
value of untreated cells.

Cellular uptake studies
1 × 105 HeLa cells ml−1 were seeded on cover slips in 
24-well plates and grown overnight. A total of 200 μg 
of FITC-labeled NG in fresh growth medium were 
then incubated with the cells for 7 h at 37°C and 5% 
CO

2
. Afterward, the medium and NGs were removed 

and the cells were washed three-times with 1 ml PBS 
and then fixed in 10% neutral buffered formalin for 
20 min. After three-times washing with PBS, nuclei 
and cytoskeleton were stained with 2.5 μg ml−1 DAPI 
and 1:500 diluted PromoFluor-590 phalloidin (Promo-
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Figure 2. TEM images of (A) PNIPAM-s-AMPS and (B) PNIPAM-s-DMAEM.  
AMPS: 2-acrylamido-2-methylpropane sulfonic acid; DMAEM: (2-dimethylamino) ethyl methacrylate; 
PNIPAM: Poly-N-isopropylacrylamide.
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Kine) in PBS for 30 min. Cover slips were washed with 
PBS again, rinsed in water and mounted on micro-
scope slides using ProTaqs MountFluor mounting 
medium (Quartett, Germany). After drying overnight, 
samples were scanned with a Leica SP8 confocal laser 
scanning microscope and images were acquired with 
LASAF software.

In vivo studies
In vivo studies were performed in accordance with 
all national or local guidelines and regulations as 
described in the approved Tierversuchsantrag A 
0452/08 (Landesamt Berlin für Gesundheit) from 
28.11.2012 for the EPO GmbH Berlin-Buch.

The tolerability and therapeutic effect of DOXO-
loaded NGs was studied on adriablastin resistant MaTu 
carcinoma in nude mice. This cell line has been origi-
nally described as derived from a human mammary 
tumor, but has been found to be a mutated HeLa deriv-

ative [35]. 1 × 107 MaTu/ADR cells were transplanted 
subcutaneously into each female nude mouse (Charles 
River) at day 0. Mice were stratified on day 6, when the 
mean tumor volume (TV) was 0.105 ± 0.021 cm3, into 
eight groups with eight mice each. The mean TV at this 
time was 0.107–0.110 cm3 per group. The mice were 
intravenously injected with PNIPAM/dPG, PNIPAM-
s-AMPS, PNIPAM-s-DMAEM mixed or, in parallel, 
loaded with DOXO, or free DOXO as control at a con-
centration of 8 mg kg−1. The treatment was done on day 
6 and 13, followed by monitoring until day 39. Two 
to three-times a week, body weight and TV were mea-
sured; additionally, the blood composition was tested. 
For this, blood samples were drawn from the retro-
orbital sinus under iso-flurane anesthesia 3 days after 
the first treatment and at the end of the experiment (day 
9 and 39, respectively). Platelet and lymphocytes num-
bers were determined using a ZellDyn Emerald device. 
The experiment was finished on day 39.

Table 1. Properties of the synthesized nanogels.

NG Polymerization time 
second polymer [h]

ζ-potential at 25°C [mV]a) Tp [°C]b)

PNIPAM/dPG – -2.1 36.0

PNIPAM-s- 2% AMPS† 2 -2.7 35.5

PNIPAM-s- 2% AMPS‡ 12 -3.9 37.0

PNIPAM-s- 10% AMPS 12 -6.7 36.5

PNIPAM-s- 20% AMPS 12 -12.2 37.0

PNIPAM-s- 2% DMAEM† 2 -0.8 36.5

PNIPAM-s-2% DMAEM‡ 12 2.2 37.0

PNIPAM-s- 10% DMAEM 12 3.0 36.5

PNIPAM-s- 20% DMAEM 12 10.4 36.5
†Determined by Zetasizer in HEPES buffer at pH 6.
‡Determined by UV-Vis in HEPES buffer at pH 6.
AMPS: 2-acrylamido-2-methylpropane sulfonic acid; DMAEM: (2-dimethylamino) ethyl methacrylate.
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Figure 3. Influence of the pH (left) and temperature (right) in size and ζ potential of (A & B) PNIPAM-s-DMAEM and (C & D) PNIPAM-
s-AMPS.  
AMPS: 2-acrylamido-2-methylpropane sulfonic acid; PNIPAM: Poly-N-isopropylacrylamide.
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Results
Synthesis & characterization of SIPN NGs
NGs with positive (PNIPAM-s-DMAEM) or nega-
tive (PNIPAM-s-AMPS) charges were synthesized by 
semi-interpenetration and in situ polymerization of the 
corresponding pH sensitive monomer into PNIPAM/
dPG NGs (Figure 1). With this method, spherical 
NGs of ∼300 nm at pH 7 were obtained, as it can be 
observed by TEM (Figure 2). Furthermore low polydis-
persity index of ∼0.1 were measured by Dynamic Light 
Scatering (data not shown).

The charge density could be controlled by the ratio 
of pH sensitive monomer to NG as well as by polymer-
ization time. The successful semi-interpenetration was 
proven by FT-IR (Supplementary Figure 1, ESI). In the 
case of PNIPAM-s-AMPS NGs, a new band appeared 
at 1050 cm−1 corresponding to the S=O stretching. 
When DMAEM was semi-interpenetrated within the 

NGs, an 
enhancement in the amide band could be observed at 
1721 cm−1, while all the PNIPAM and dPG bands were 
still present.

After semi-interpenetration of the PNIPAM/dPG 
NGs, the absolute ζ-potential value of the network 
increased, which is shown in Table 1 along with the 
properties of the synthesized NGs. When the NG 
was semi-interpenetrated with the cationic or anionic 
polymer, the ζ-potential was more positive or negative, 
respectively. The ζ-potential also increased with higher 
percentages of the pH sensitive polymer in the network 
or with the polymerization time. The Tp’s of the NGs 
did not change after semi-interpenetration with the 
pH sensitive polymers.

Two different behaviors could be obtained depend-
ing on the chosen polymer for the semi-interpene-
tration. As a general tendency, the size of the NG 
increased with the charge of the network. Thus, upon 
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Figure 4.  Biological evaluation of sIPN NGs (A) Cytotoxity profile after 48 h of exposition at 37°C as determined 
by MTT test. (B & C) Cellular uptake of FITC-labeled NGs into HeLa cells (B) PNIPAM-s-DMAEM, (C) PNIPAM-s-
AMPS. Blue areas represent the DAPI stained nucleus and red areas represent the phalloidin stained cytoskeleton 
of the cells. Shown is the merged image. Scale bar: 10 μm. AMPS: 2-acrylamido-2-methylpropane sulfonic acid; 
DMAEM: (2-dimethylamino) ethyl methacrylate; PNIPAM: Poly-N-isopropylacrylamide.
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increase of the pH, the PNIPAM-s-DMAEM NGs 
decreased in size and the PNIPAM-s-AMPS NGs 
increased (Figure 3A & C). The opposite trend in size 
is due to the apparition of the charges, while the trend 
in ζ potential is the same the net charge is not. In the 
case of PNIPAM-s-DMAEM NGs, the size decreased 
at higher pH (pKa 6.8) from ∼430 nm at pH 3 to ∼175 
nm at pH 10 with a change in the ζ-potential from 20 
to -2 mV. The ζ-potential of PNIPAM-s-AMPS NGs 
(pKa -2) changed from 3 to -3 mV with the increase of 
pH from 2 to 10, followed by an increase of size from 
150 to 400 nm.

After analyzing the properties of the different NGs 
we decided to continue the study using the 10% sIPN 
NGs in order to have charges enough to ensure a good 
encapsulation, but not too many that would inhibit the 
release of the drug.

Cytotoxicity & cellular uptake of sIPN NGs
In order to analyze the feasibility of the prepared mate-
rials for biomedical applications, first the in vitro cyto-
toxicity of the bare SIPN NGs (PNIPAM-dPG/AMPS 
10% and PNIPAM-dPG/DMAEM 10%) was studied 
in HeLa cells by MTT assay (Figure 4A). Both carriers 

did not reduce relative cell viability below 70% up to 
a concentration of ∼200 μg ml−1. To study the in vitro 
cellular uptake of the bare NGs, FITC-labeled NGs 
were exposed to HeLa cells for 7 h and after fixing and 
staining, were visualized by confocal laser scanning 
microscopy (Figure 4B & C). Cellular uptake could be 
clearly detected for PNIPAM-s-AMPS and PNIPAM-
s-DMAEM NGs as a punctate pattern in the perinu-
clear region within the cells, indicating cellular com-
partments of the endocytotic pathway.

DOXO encapsulation & release
For their potential application in drug delivery, the 
encapsulation of an anticancer drug into the sIPN NGs 
(PNIPAM-s-AMPS 10% and PNIPAM-s-DMAEM 
10%) was studied. The results of the encapsulation 
study are shown in Table 2.

With about 9% of loading capacity, PNIPAM-
s-AMPS encapsulated twice the amount of DOXO 
compared with PNIPAM-s-DMAEM. For compari-
son, the loading capacity of PNIPAM/dPG NG with-
out charges was between the loading capacities of both 
charged NGs. After the encapsulation, the release of 
DOXO was studied in vitro. For each NG, differ-

Table 2. Loading capacity (% L.C.) and loading efficiency (% L.E.) of doxorubicin; in poly-N-
isopropylacrylamide/dPG, poly-N-isopropylacrylamide-s-2-acrylamido-2-methylpropane sulfonic 
acid and poly-N-isopropylacrylamide-s-(2-dimethylamino) ethyl methacrylate.

NG %L.C. %L.E.

PNIPAM/dPG 6.48 13.25

PNIPAM-s-AMPS 8.97 17.50

PNIPAM-s-DMAEM 4.30 9.00

AMPS: 2-acrylamido-2-methylpropane sulfonic acid; DMAEM: (2-dimethylamino) ethyl methacrylate; PNIPAM: Poly-N-isopropylacrylamide.
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Figure 5. Cumulative release of DOXO from (A) PNIPAM-s-AMPS, (B) PNIPAM-s-DMAEM and (C) PNIPAM-dPG at different conditions 
of pH and temperature.  
AMPS: 2-acrylamido-2-methylpropane sulfonic acid; DOXO: Doxorubicin; DMAEM: (2-dimethylamino) ethyl methacrylate; 
PNIPAM: Poly-N-isopropylacrylamide.
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ent conditions were tested, below (25°C) and above 
(40°C) the Tp at pH 5 and 7.4 in order to analyze if the 
release had been triggered by temperature or pH and at 
pH 6.8 under body temperature which simulates the 
tumor microenvironment in vivo (Figure 5).

As expected, the release from PNIPAM-s-AMPS 
(Figure 5A) showed a pH dependent release with a 
faster and higher release of DOXO for both tempera-
tures at pH 5. This behavior is due to the electrostatic 
interaction of the drug with the carrier at pH 7.4. At 
this neutral pH, the release was quite low and reached 
a value of 30% after 24 h, while at pH 5 a release of 
70% is observed after 9 h. Moreover, this pH-depen-
dent release is not so strong for PNIPAM-s-DMAEM 
(Figure 5B). For both the semi-interpenetrated NGs, 
under tumor microenvironment conditions the release 
was similar to the observed at pH 7.4 below and above 
the Tp, indicating that the trigger release is affected 
more by a strong change in pH than in temperature. 
When comparing with PNIPAM-dPG, the release is 
clearly driven by the collapse of the NG above the Tp 
since the network is not pH responsive. The perfor-
mance of PNIPAM-s-AMPS/DOXO is highly desired 
for nanocarriers aiming to release the drug inside the 
lysosomes and not before their uptake into cells.

DOXO-resistant cancer cell proliferation 
inhibition in vitro
We compared the cancer cell proliferation inhibition 
performance of the DOXO-loaded NGs with free 
DOXO in two different cell lines: HeLa cells, which 
are sensitive to DOXO, and the HeLa-derived resistant 
cell line KB-V1 (Figure 6). Exposure of NGs and free 
DOXO to the cells was performed in the presence of 
serum and at the slightly elevated temperature of 40°C 
for 48 h in order to ensure seeing the effects above the 

Tp of the NGs. The dose response curves of DOXO-
loaded NGs, obtained by MTT Test, were similar 
to that of free DOXO in HeLa cells. The curve for 
PNIPAM-s-DMAEM showed a slightly different pro-
file. For the DOXO resistant cell line (KB-V1) how-
ever, a concentration of free DOXO up to 10 μM or 
DOXO encapsulated in PNIPAM-dPG up to 1 μM 
caused no growth inhibition below ∼90% relative via-
bility. At this concentration, the DOXO-loaded NGs 
caused a reduction in cell viability to about 40%, while 
the dose-response curves appeared similar to the ones 
obtained with non-resistant cells.

Therapy of DOXO-resistant tumor in vivo
The tolerability and therapeutic effect of the SIPN 
NGs loaded with DOXO was studied in vivo in nude 
mice bearing a tumor from transplanted DOXO-resis-
tant MaTu/ADR cells. Free DOXO and empty NGs 
mixed with free DOXO served as controls. First, we 
studied the tolerability of the nanocarriers and con-
trol compounds by monitoring body weight and blood 
composition for 39 days after intravenous administra-
tion. As it can be seen in Figure 7A, treatment with 
free DOXO in combination with empty NGs and 
with DOXO-loaded NGs caused a moderate and tran-
sient body weight reduction between -1.9 and -8.0%. 
DOXO-loaded NGs were slightly better tolerated than 
the corresponding combination of free DOXO and 
the empty NG. The formulations had no effect on red 
blood cells, platelets, hemoglobin, and hematocrit val-
ues (Supplementary Figure 2B–E, ESI). All formulations 
except of DOXO-loaded PNIPAM-s-DMAEM exhib-
ited bone marrow toxicity as a side effect. All other for-
mulations reduced the white blood cell number by up to 
29% (Supplementary Figure 2A, ESI). A similar effect was 
observed for lymphocytes (Supplementary Figure 2F, ESI). 
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Figure 6.  In vitro cancer cell proliferation inhibition of PNIPAM-s-AMPS/DOXO and PNIPAM-s-DMAEM/DOXO 
compared with PNIPAM-dPG/DOXO and free DOXO at 40°C (A) HeLa cells (B) (DOXO resistant) KB-V1 cells.  
AMPS: 2-acrylamido-2-methylpropane sulfonic acid; DMAEM: (2-dimethylamino) ethyl methacrylate; 
DOXO: Doxorubicin; PNIPAM: Poly-N-isopropylacrylamide.
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The strongest effect was observed after treatment with 
PNIPAM-dPG and PNIPAM-s-AMPS, both in com-
bination with free DOXO, with a reduction of 35% 
(Supplementary Figure 2F, ESI). However, the mice 
recovered by the end of the study and the white blood 
cells and lymphocytes increased again to about the 
level of the control mice.

After the tolerability data was obtained, the thera-
peutic effect of the NGs was studied by monitoring 
the tumor volume (TV) during 39 days of treatment. 
Figure 7B summarizes the obtained results expressed as 
percentage tumor volume over control (T/C). In this 
study, free DOXO had a moderate inhibitory effect on 
the growth of the DOXO-resistant MaTu/ADR tumor 
with an inhibition of about 27% (T/C 73%). It can 
be clearly seen that only DOXO-loaded PNIPAM-s-
AMPS caused a significant tumor growth inhibition of 
up to 75% (T/C 25%).

Discussion
The pH sensitive monomers DMAEM or AMPS were 
polymerized inside thermoresponsive PNIPAM-dPG 
NGs leading to sIPN NGs networks. Interestingly, the 
Tp values did not change after semi-interpenetration 
with the pH sensitive polymer. This is likely due to 
the fact that there was no covalent interaction between 
both interpenetrated materials, which left the ther-
mosensitive properties almost unaffected, as already 
shown by a previous study by our group [36,37]. This 
invariability of the new system was advantageous com-
pared with copolymerization, where the Tp shifted 
and widened [23,33]. As a general rule, the sizes of the 
NGs increased with the charge due to the osmotic 

pressure. In the case of the sIPN NGs we observed a 
pH-dependent size change. For the positively charged 
PNIPAM-s-DMAEM, the size was decreased with 
increasing pH since the DMAEM is charged below 
pH 6.8, and for the negatively charged PNIPAM-s-
AMPS, the size increased with increasing pH together 
with its charge density. This behavior was attributed 
to charge repulsion in the network that confers a more 
hydrophilic character to the NG, thus increasing its 
swelling ratio. More importantly, after the collapse 
of the NG, the ζ-potential of the network increased 
(Figure 3B & D) due to the exposure of the pH sensitive 
polymer on the surface of the NG following the col-
lapse of the thermoresponsive network. This behavior 
can be exploited in different fields and applications, for 
example, to encapsulate or release a cargo on demand. 
On this regard, we have demonstrated the pH and 
thermo-release of proteins from sIPN NGs attached 
on honeycomb surfaces [37]. Several works have shown 
charge-conversional NGs [38–40] after a pH trigger but 
in the best of our knowledge this is the first time that 
the charge conversion is triggered by temperature.

The introduction of charged monomers into PNI-
PAM NGs is an extensively used strategy in order to 
increase the encapsulation of DOXO. For the nega-
tively charged SIPN NGs, it was possible to double the 
encapsulation of DOXO. PNIPAM-s-AMPS encap-
sulated twice the amount of DOXO compared with 
PNIPAM-s-DMAEM, likely because of the electro-
static interaction. Even though we expect electrostatic 
repulsion, we observe about 4% loading capacity of 
DOXO inside the PNIPAM-s-DMAEM NGs; this 
is likely due to the partition of the drug in the NG/
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Figure 7. Treatment of nude mice bearing DOXO- resistant transplanted MaTu/ADR tumors. DOXO-loaded NGs 
(NG/DOXO) compared with free DOXO and empty NGs mixed with free DOXO (NG + DOXO) were applied at 
days 3 and 12. (A) Tolerability as monitored by body weight change over time (%) and (B) Therapeutic effect as 
monitored by change of tumor volume (percentage tumor over control T/C).  
DOXO: Doxorubicin.
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water dispersion. The release profile of PNIPAM-s-
AMPS showed an ideal behavior, with a slow release 
at pH 6.8 or 7.4 reaching a value of 30% after 24 h 
and a burst release at pH 5. The decreased diffusion 
of the drug at pH 6.8 and 7.4 could be assigned to 
the electrostatic attraction of the drug with the car-
rier. This result was very important to guarantee the 
low leakage of the drug until reaching the cytoplasm, 
thus overcoming resistance mechanisms in cancer 
cells, which confirms our hypothesis. The performance 
of the DOXO-loaded sIPN NG as drug carriers was 
studied by cancer cell proliferation inhibition of HeLa 
cells and HeLa-derived multidrug resistant KB-V1 
cells. The contribution of nonspecific toxicity of the 
bare NG material was negligible at this range of con-
centrations tested, because 200 μg ml−1 of NG which 
proved to be non toxic by MTT test (Figure 4) corre-
lated to DOXO-loaded NG at 10 μM equivalents. At 
the slightly elevated temperature of 40°C we wanted 
to ensure to measure the effect of drug release from 
the NGs in the collapsed state. The comparison of the 
drug action at lower temperatures would not be mean-
ingful in the cellular context since most physiological 
processes need 37°C for a regular function, and below 
37°C drug action is impaired. Dose-response profiles 
of the NGs were overall similar to free DOXO, which 
indicated a different release in the cellular context than 
in the in vitro release studies. The difference here is 
that after cellular uptake, the NGs end up in perinu-
clear vesicles (Figure 4) which are probably acidic com-
partments such as lysosomes and we have shown that 

the NGs can expose charged moieties upon a change 
of pH. DOXO would thereby be released near to the 
nucleus where it can intercalate in the DNA, rather 
than being transported out of the cell by P-gp which 
resides in the outer cell membrane. Multidrug-resis-
tant cells (KB-V1) were resistant to free DOXO at the 
tested concentrations and to DOXO encapsulated in 
PNIPAM-dPG up to 1 μM, however DOXO encapsu-
lated in the SIPN NGs could still efficiently inhibit cell 
proliferation, showing that SIPN NGs as drug carriers 
could indeed successfully bypass the resistance mecha-
nism of the cells. Interestingly, on similar studies per-
formed by our group using pH and thermo-sensitive 
NGs, no overcoming of the multidrug resistance was 
observed by DOXO-loaded NGs when the pH sensi-
tive monomers are copolymerized [41].

Tolerability and therapeutic effect of nanocarriers 
are usually studied in vivo to check the feasibility of 
new materials to be applied in medicine. Through the 
evaluation of the tolerability of the NGs in vivo, we 
found similar effects on the body weight of all formu-
lations and free DOXO. Similarly, blood composition 
analysis revealed no effects on red blood cells, platelets, 
hemoglobin and hematocrit. Nevertheless, a reduction 
in white blood cell counts was observed as known 
for free DOXO [42]. In this study, mice treated with 
PNIPAM-dPG only exhibited the same side effects, 
so we could conclude that the slightly enhanced tox-
icity of the NG/DOXO formulations on white blood 
cells compared with DOXO alone is a combination 
of both compounds. The reduction occurred at day 9 
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during treatment but the counts recovered until day 
39. The therapeutic effect in vivo on DOXO-resistant 
tumor transplants was clearly seen only for PNIPAM-
s-AMPS with encapsulated DOXO, as opposed to the 
mere combination of the two compounds. This differ-
ence observed for DOXO-loaded PNIPAM-s-AMPS 
is likely due to the slow release rate of DOXO, which 
could ensure that the drug was mainly being released 
after uptake into the cells and thereby could reach 
the nucleus or other sites of action rather than being 
expelled by the efflux transporter of the resistant cells 
that mediate the drug resistance. In our in vitro stud-
ies, both DOXO-loaded NGs were able to overcome 
drug resistance, which reflects the different cell expo-
sure conditions in a cell culture dish compared with an 
organism. Here, a slower release mechanism seemed to 
be beneficial for both conditions.

Conclusion
Novel drug carriers were developed by semi-interpene-
tration of a pH sensitive polymer inside a thermorespon-
sive dendritic NG. These systems increased the superfi-
cial charge on demand, after an increase in temperature. 
The charge of the thermoresponsive NG could be fine-
tuned by the choice of the pH sensitive polymer, the 
ratio of pH sensitive polymer per NG and the polymer-
ization time of the pH sensitive polymer inside the NG. 
As a proof of concept, DOXO was encapsulated and 
efficiently released after a temperature trigger that was 
given by increasing the temperature. While encapsula-
tion was increased due to the electrostatic interactions, 
the release was slower when this interaction was pres-
ent. On the other hand, when electrostatic repulsion 
was observed, the release of the drugs was much faster. 

Good cytocompatibility profile and internalization of 
NGs by tumor cells, important for a later use as drug 
carriers, were shown. In comparison with free DOXO, 
the loaded NGs were able to efficiently overcome the 
resistance mechanism of drug resistant tumor cells, 
resulting in an efficient proliferation inhibition. More 
importantly, DOXO-loaded PNIPAM-s-AMPS proved 
to efficiently overcome the resistance of tumor cells also 
in vivo. Hence, these pioneering SIPN NGs are promis-
ing drug carriers for cancer therapy.
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Executive summary

Background
•	 Semi-interpenetration of pH sensitive polymers inside thermoresponsive nanogels (NG) leads to potential 

drug carrier system with enhanced drug encapsulation and slower release to help overcome drug resistance 
mechanisms.

Methods
•	 Poly-N-isopropylacrylamide (PNIPAM)-dPG NGs were semi-interpenetrated with (2-dimethylamino) ethyl 

methacrylate (positively charged) or 2-acrylamido-2-methylpropane sulfonic acid (AMPS) (negatively charged) 
in different ratios and characterized regarding size and charges at different temperatures and pH.

•	 Doxorubicin (DOXO) encapsulation and release was studied in vitro.
•	 Cell proliferation inhibition of DOXO-loaded semi-interpenetrating polymer networks (SIPN) NG was studied 

on DOXO sensitive and resistant cells in vitro and in an in vivo tumor model.
Results
•	 PNIPAM NGs semi-interpenetrated with (2-dimethylamino) ethyl methacrylate or AMPS exposed charged 

moieties upon a thermal trigger.
•	 DOXO loading into SIPN NG was enhanced and release was slowed.
•	 Multidrug resistance could be overcome in cell culture by sIPN NG/DOXO.
•	 PNIPAM-s-AMPS/DOXO inhibited resistant tumor growth in vivo more efficiently than free DOXO.
Conclusion
•	 SIPN NG are a promising drug carrier for multidrug resistant cancer therapy.
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