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Various specially designed poly(N-isopropylacrylamide-co-acrylic acid) (NIPA-co-AAc)
nanogels (NGs) with different NIPA/AAc molar composition were synthesized by precipita-
tion/dispersion polymerization and evaluated as carriers for drug delivery systems (DDSs)
of doxorubicin hydrochloride (DOXO�HCl) for cancer therapies. The NGs presented excel-
lent dispersability in physiological environments (pH 7.4 and 5 at 37 �C), as shown by
dynamic light scattering (DLS). Moreover, the NGs exhibited high drug loading capacity
and efficiency due to the ionic interaction of the cationic drug with the anionic NGs. NG-
DOXO�HCl formulation presented excellent dispersability in water and minimal leakage
of the cargo at plasma simulated medium (pH 7.4 and 0.14 M NaCl) at 37 �C and a triggered
release at lysosomal simulated medium (pH 5 and 0.14 M NaCl). This release behavior
together with their size and the low cytotoxicity determined by the MTT assay converts
these NGs in great candidates for their application as carriers in cancer therapies based
on the enhanced permeability and retention effect (EPR) with drug pH-triggered release
after endocytosis in tumor cells.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The design of nanomaterials for their utilization as carriers in drug delivery systems (DDSs) of pharmaceuticals is an area
of tremendous interest for academics and industrial research in the last years [1–6]. Especially for cancer therapies, where
very toxic drugs are employed, the development of new nanocarriers that can transport the drug specifically to the action
site (tumor), release the drug only there, and reduce the side effects after drug administration is of vital relevance [7,8]. Dox-
orubicin (DOXO) is one of the most employed and effective drugs against a wide range of cancers. However, its clinical use
for the parenteral administration is accompanied by severe side effects such as high cardiological toxicity and myelosuppres-
sion. Therefore, there is a need for development of novel DDSs for DOXO to improve its therapeutic efficacy while minimizing
side effects. Ideally, DDSs of DOXO should prevent the release of the drug in plasma and only release it after achieving the
tumor site by the enhanced permeability and retention (EPR) effect or active targeting in the tumor cells via endocytosis. The
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noticeable difference between the pH from plasma (pH 7.4) to the tumor microenvironment (pH 6.5) and the lysosomes (pH
4.8–5) can be exploited as an internal trigger to release the drugs from DDSs [9–15]. Engineering nanogels (NGs) could be the
key to fulfill the DDSs requirements thanks to their intrinsic properties [16]. NGs are 3D water swellable and dispersable
crosslinked polymers that can be prepared in the nanometer range with excellent biocompatibility and softness. These nano-
materials have showed several important advantages over other nano DDSs (e.g., liposomes, micelles, polymersomes),
namely, stability, ease of synthesis, good control over particle size, a great variety of functional groups, and easy postsyn-
thetic functionalization [17]. The 3D structure, the nanometric size, the high dispersability in biological fluids, and the pos-
sibility of introducing several functional groups enable their utilization as biomaterials for transporting many active
pharmaceutical (siRNA, proteins, and drugs) that can be strategically released at cellular levels. The method for NGs synthe-
sis is an important factor when considering the scalable production of DDSs necessary for their translation to the clinic. Thus,
compared to other techniques such as inverse miniemulsion polymerization [18] or inverse nanoprecipitation [19], precip-
itation/dispersion polymerization [20,21] seems to be an easily scalable methodology for preparing NGs without the use of
organic solvents nor high ultrasonic energy and with acceptable control over particle size and dispersability. In addition,
though precipitation/dispersion polymerization is limited to the preparation of NGs using thermosensitive monomers like
NIPA or oligoethyleneglycol methacrylate (OEGMA), the procedure permits incorporation through copolymerization of
acceptable amounts of any class of vinyl monomers or vinyl functionalized polymers on the NGs structure, thereby increas-
ing the versatility of the obtained materials [22].

In this work, the synthesis and characterization of different NGs using precipitation/dispersion polymerization based on
poly(N-isopropylacrylamide) [poly(NIPA)] and poly(acrylic acid) [poly(AAc)] are presented in detail. While poly(NIPA) based
NGs can be easily prepared by precipitation/dispersion polymerization [20,23], the presence of carboxylic groups would
allow electrostatic interaction with doxorubicin hydrochloride (DOXO�HCl) and a triggered release under acidic endocytosis
pH [24]. Although, NIPA-AAc-based micro/nanogels were studied in detail in the past, their use as DDSs of DOXO�HCl was
reported only by few groups [25–29]. Serpe and coworkers [27] reported the thermally regulated uptake and release of DOX-
O�HCl frommicrogel thin films built by a layer by layer assembly approach. Zhan et al. [25] developed a system using N,N-bis
(acryloyl)cystamine as crosslinker in order to introduce a redox sensitivity to the carrier which enabled drug release by
degradability of the carrier in the intracellular reductive conditions. Kumacheva and collaborators [26] reported the potential
of the NIPA-AAc NG systems as DOXO�HCl, however they limited they work to the mol% ratio 9:1 between NIPA and AAc.
Mao et al. [28] studied cross-linked microgel particles prepared by precipitation polymerization of NIPA, poly(ethylene gly-
col)diacrylate and AAc. Also, the cell penetrating peptide TAT and a fluorescent probe were immobilized on them. In this
case, the influence of temperature change on the cell viability after being incubated with DOXO-loaded microgel particles
and free DOXO was investigated. Hydrogel nanocapsules of NIPA-AAc [29] were prepared using hydroxypropylcellulose-p
oly(AAc) (HPC-AAc) template particles, followed by the surface polymerization of NIPA and the final removal of HPC cores.
The yielded capsules were loaded with DOXO�HCl and the release was responsive to the temperature and pH of the media,
showing a low-rate but sustained release behavior. Therefore there is still a lack of a systematic study regarding the best
NIPA/AAc ratio for an optimal encapsulation and release of DOXO�HCl in cancer cells. Hence, various NG-DOXO�HCl DDSs
formulations were prepared and the drug release was evaluated in vitro. In this context, the obtained results will give crucial
information for further developments of this highly versatile drug-carrier combination. Moreover, the concepts developed in
this work could result as a starting point for the development of different NGs with improving technologies such as
biodegradability and active targeting to cancer cells.
2. Experimental section

2.1. Materials

The following chemicals were used as purchased: acrylic acid (AAc, Aldrich 98%); N-isopropylacrylamide (NIPA, Aldrich
97%); ammonium persulphate (APS, Aldrich 98%); N,N0-methylenebisacrylamide (BIS, Aldrich 99%); sodium dodecyl sulphate
(SDS, Cicarelli); DOXO�HCl (Aldrich); 4-dimethylaminopyridine (DMAP, Aldrich); hydroxybenzotriazole (HOBt, Aldrich), 1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, Aldrich); cyanine 5 amino (Cy5.0-NH2, Mivenion); 3-(4,5-dimethylthia
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT); dimethylsulfoxide (DMSO, Across).
2.2. Synthesis of NGs

In a typical procedure for the synthesis of NGs, a certain amount of NIPA, AAc, BIS, SDS, and APS was dissolved in distilled
water (20 mL) in a 30 mL flask, hermetically closed with a septum and stirred for 5 min. Then, the mixture was deoxygenated
for 5 min with nitrogen and transferred to a hot bath at 70 �C to activate the polymerization process. After 15–20 min of
reaction, the solution became cloudy indicating that the polymerization had started. The mixture was stirred at 400 rpm
at 70 �C for 4 h. The product was dialyzed for 2 days in 1 L (4 changes of solvent) of distilled water using a dialysis membrane
(MWCO 10 kDa) and then lyophilized to obtain cotton like white solid with yields above 80%. NGs with different composition
were prepared by a systematic variation of the NIPA/AAc feed-ratio, while maintaining constant the total monomer molar
concentration, SDS, and BIS. Accordingly to the feed monomer composition the NGs were named as NIPA 100; NIPA:AAc
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(90:10); NIPA:AAc (80:20); NIPA:AAc (70:30), NIPA:AAc (60:40); NIPA:AAc (50:50). Table 1 presents the experimental con-
ditions for the synthesis of the NGs.

Alternatively, Cy5.0-labeled NGs were synthesized for use in cellular uptake studies. Briefly, 20 mg NGs, 0.55 mg of EDC,
0.2 mg DMAP, 0.38 mg HOBT and 0.75 mg Cy5.0-NH2 were dissolved in 1 mL of phosphate buffer (PB, 10 mM, pH 7.4). The
reaction took place in the dark, at room temperature (RT), and stirring overnight. Successfully coupling of the dye was
checked by TLC, and the product was purified by size exclusion chromatography (SEC) with Sephadex G25 Fine and then
lyophilized.

2.3. Potentiometric titration

The incorporated amount of AAc monomer in the NGs was obtained by titration with 0.01 M of NaOH using an automatic
potentiometric titrator KEM AT-510. Thus, 2.5–10 mg (according to AAc amount) of each freeze-dried NG was dispersed into
30 mL of deionized water. NaOH aliquots were added automatically for the titration equipment to the NGs solutions and the
pH was measured after each addition. The equivalence point was determined as the maximum of the first derivate of a pH vs.
volume of NaOH curve.

2.4. Chemical structure characterization

Water suppression 1H NMR analysis was performed using a Bruker 300 MHz NMR spectrometer at RT. To this effect,
4.5 mg of each NG were dispersed in 0.5 mL of distilled water (H2O) and 0.15 mL of deuterated water (D2O) at RT for 24 h
prior to the NMR measurement. Fourier Transformed Infrared Spectroscopy (FT-IR) analysis was carried out using a Bruker
IFS 66 FT-IR spectrophotometer over the dry NGs.

2.5. Scanning electron microscopy (SEM)

The shape of the re-dispersed (after lyophilization) NG particles was studied by SEM using a Hitachi Scanning Electron
Microscope (SU8030). The samples were prepared by deposition of the NGs (0.01 mg mL�1) onto a highly ordered pyrolytic
graphite sheet and stained after drying with an aqueous solution of uranyl acetate (1%).

2.6. Atomic force microscopy (AFM)

AFM measurements were recorded by tapping mode with a MultiMode 8 AFM equipped with a Nanoscope V controller
from Veeco Instruments, Santa Barbara, California. Data were analyzed using NanoScope Analysis 1.3 software. NG aqueous
redispersions (2 mg mL�1) were spin coated on a Mica sheet at 70 rps for 2 min. Samples were analyzed by Nano World tips,
Point Probe� Plus Non-Contact / Tapping Mode - Long Cantilever - Reflex Coating (PPP-NCLR20), with resonance frequency of
190 kHz and force constant of 48 N m�1.

2.7. Dynamic light scattering (DLS) and Zeta potential (ZP)

The NGs average particle sizes and the dispersity of the particles size distribution were measured in acetate buffer: pH 4
(50 mM), and 5 (50 mM) and phosphate buffer pH 7.4 (50 mM) at 25 or 37 �C by DLS using a Nano-ZS 90 Malvern equipped
with a He–Ne laser (633 nm) under a scattering detection angle of 173�. Samples were prepared by re-dispersion of the NGs
(2 mg mL�1) in the above-mentioned buffer solutions of pH 4, 5, and 7.4 one day prior to the experiments. All the samples
were maintained for stabilization at the designed temperature for 5 min before testing. Average particle sizes and size dis-
tribution are given as the average of 3 measurements. Zeta potential of the NGs was also measured in the same conditions.

2.8. NG-DOXO�HCl formulations

2.8.1. Incorporation of DOXO�HCl into the NG
For these experiments, 20 mg of the NG (NIPA:AAc (80:20), NIPA:AAc (70:30) and NIPA:AAc (60:40)) lyophilized powder

were re-dispersed in 4 mL of deionized water and stirred for 15 min. The pH of the dispersion was adjusted to pH = 6.3–6.4
with drops of NaOH 0.1 M. Then, pre-determined amounts of solid DOXO�HCl (for neutralization of 50 or 25% of the acid
groups in each NG) were added into the NG dispersion and the mixture was vigorously stirred for 24 h in the dark. The
obtained red dispersions were dialyzed against deionized water for 24 h (200 mL, the solvent was changed three times)
at RT using a dialysis membrane of 10 kDa (MWCO) in order to eliminate the non-loaded drug. Before each change of deion-
ized water, 1 mL of the dialysis solution was taken. The absorbance of each aliquot was measured at 485 nm to determine the
drug loading content (DLC) and drug loading efficiency (DLE) by difference calculated according to the following Eqs. (1) and
(2), respectively:
DLC ðwt%Þ ¼ ðweight of loaded drug=weight of drug-loaded NGÞ � 100 ð1Þ



Table 1
Experimental conditions for the preparation of NGs at 70 �C.

NGs NIPA (mol%) AAc (mol%) feed ratio AAc (mol%) in the product a Yield (%)

NIPA 100 100 0 0 89.9
NIPA:AAc (90:10) 90 10 9.5 85.2
NIPA:AAc (80:20) 80 20 17.2 89.5
NIPA:AAc (70:30) 70 30 29.3 85.5
NIPA:AAc (60:40) 60 40 34.1 83.5
NIPA:AAc (50:50) 50 50 47.2 95.3

Total monomers concentration (NIPA + AAc) = 0.086 M; BIS = 4% mol respect to monomers; APS = 4% mol respect to monomers; SDS 0.0034 M.
a Determined by titration.
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DLE ðwt%Þ ¼ ðweight of loaded drug=weight of feeding drugÞ � 100 ð2Þ

A calibration curve of DOXO�HCl was performed in deionized water (0.1; 1; 5; 10; 15; 25; 37.5; 50; and 75 lg mL�1) for

the determination of DOXO�HCl concentration in the dialysis solutions. The DOXO�HCl loaded-NGs dispersions were freeze-
dried in the dark, weighted, and stored for future utilization. As example, the formulations were named as NIPA:AAc (70:30)-
DOXO�HCl25 according to the name of the NG used, followed by DOXO�HCl and followed by the percentage of acid groups of
the NG neutralized with DOXO�HCl, in this case 25%. A control experiment of dialysis was realized for free DOXO�HCl in order
to be sure that the total of free DOXO�HCl could be eliminated by dialysis. Thus, 17.42 mg of DOXO�HCl (the same amount to
prepare the most loaded NGs) was dissolved in 4 mL of deionized water and dialyzed against deionized water (200 mL, three
changes of solvent). The amount of DOXO�HCl inside the dialysis bag was determined after finishing the dialysis process, by
measuring the absorbance at 485 nm.
2.8.2. In vitro release of DOXO�HCl from the formulations
To determine the drug release of DOXO�HCl from NG-DOXO�HCl formulations, a certain amount (2 mg of NG constant) of

the freeze-dried DOXO�HCl-loaded NGs were reconstituted in 1.5 mL of deionized water at 25 �C under stirring for 10 min
and then transferred into a circular plastic tube with a membrane of dialysis (MWCO 10 kDa) at the end of the tube held
with Teflon. The release experiment was initiated by placing the tube (beyond the level of the donor solution with the release
medium) into 30 mL of the release medium, phosphate buffer saline (PBS) pH 7.4 (10 mM buffer, 0.14 M NaCl) for simulation
of extracellular plasma release or acetate buffer saline (ABS) pH 5 (10 mM buffer, 0.14 M NaCl) for simulation of intracellular
endocytic release, at 37 �C with constant stirring. At selected time intervals, 1 mL of the release medium was taken out and
replenished with an equal volume of fresh media maintained at 37 �C. The amount of DOXO�HCl released was determined by
UV–vis spectrophotometry measuring the absorbance at 485 nm. A control release experiment was realized with free DOX-
O�HCl. Calibration curves were realized in ABS pH 5 and PBS pH 7.4 using the following DOXO�HCl concentrations (0.1; 1; 5;
10; 20; 30; 40; and 50 lg mL�1). The experiments of drug release were realized by duplicate.
2.9. Biological assays

2.9.1. Cytotoxicity assay
In vitro toxicity of the NGs was investigated by MTT assay on A549 lung cancer cells (#ACC 107, DSMZ-German collection

of Microorganisms and Cell Cultures). Cells were seeded at 10,000 cells/well in 96-well cell culture plates and grown over
night in Dulbecco’s Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS Superior, Millipore), 100 U mL�1 peni-
cillin and 100 lg mL�1 streptomycin at 37 �C and 5% CO2. The next day, medium was replaced with 50 lL fresh medium and
50 lL of 2-fold concentrated serial dilutions of the NG samples in triplicates. After 48 h incubation at 37 �C and 5% CO2, cell
culture medium was removed and replaced with 10 lL MTT (0.5 mg mL�1 in PBS) in 100 lL fresh medium and incubated
another 4 h. Formazan crystals were dissolved in 100 lL/well isopropanol / 40 mM HCl and absorbance was measured at
570 nm. Relative viabilities were calculated by dividing average absorbance values of the samples by values for untreated
control cells. Tests were performed at least three times independently.
2.9.2. Cellular uptake - Confocal laser scanning microscopy (cLSM)
Cellular uptake of DOXO�HCl loaded NIPA:AAc (80:20) NGs or Cy5.0-labeled NIPA:AAc (80:20) was monitored by confocal

microscopy. 100,000 A549 cells mL�1 were seeded on coverslips in 24-well plates and allowed to adhere overnight. For
expression of fluorescent lysosome marker protein GFP-LAMP-1, cells were transfected with CellLight� Lysosomes-GFP, Bac-
Mam 2.0 (Invitrogen) according to the manufacturer’s protocol.

After overnight incubation, a dispersion of DOXO�HCl loaded or Cy5.0-labeled NIPA:AAc (80:20) NG were added and incu-
bated for 1–24 h at 37 �C. After incubation with the NGs, cells were washed 3 times with PBS and fixed with 10% neutral
buffered formalin for 20 min. After 3 washing steps with PBS, cell nuclei were stained with 40,6-diamidino-2-phenylindole
(DAPI, 2.5 lg mL�1 in PBS) for 30 min. Slides were washed again, mounted on microscope slides using ProTaqs MountFluor
(Quartett GmbH, Germany) and dried overnight. Images were acquired using a Leica SP8 confocal laser scanning microscope
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and LASAF software (DAPI: Ex. 405 nm, Em. 380–385 nm, GFP: Ex. 488 nm, Em. 500–550 nm; DOXO: Ex. 496 nm, Em. 530–
749 nm, Cy5.0: Ex. 633 nm, Em. 641–769 nm).

2.9.3. In vitro cancer cell growth inhibition
The in vitro cancer cell growth inhibition was studied by MTT following the same procedure described above in Sec-

tion 2.9.1. Different concentrations of NIPA:AAc (80:20)-DOXO�HCl25 ranging from 0.0001 to 10 lM based on DOXO�HCl
were tested and compared with the same concentrations of free DOXO�HCl.
3. Results and discussion

3.1. Synthesis and chemical characterization of the NGs

The synthesis of NGs based on NIPA and AAc was carried out by the radical precipitation/dispersion polymerization tech-
nique schematized in Fig. 1. The reaction temperature is above the LCST of NIPA and, consequently, after achieving a critical
molecular weight, the growing polymers were separated from the homogeneous phase generating particles that were sta-
bilized by the surfactant to prevent decantation. It was visible due to the presence of turbidity in the previous transparent
homogeneous solution.

The incorporation of AAc into the NG networks was made by copolymerization of AAc with NIPA in different molar ratios.
A systematic variation of the NIPA/AAc monomer feed ratio up to 50% of AAc (Table 1) was realized in order to introduce acid
functionality over the NIPA based NGs structures. It should be noted that the addition of high amounts of AAc could prevent
or retard the precipitation process and drastically increase the size and size dispersity of the obtained NGs, which is not
desirable. All the prepared NGs were obtained as white, cotton like products in very good yields of 85–95% after exhaustive
dialysis and lyophilization. The final percentages of AAc incorporated to the NGs were determined by potentiometric titra-
tion (see Fig. S3 in SI) and resulted very close to the initial feed ratio for all the prepared NGs as shown in Table 1. An accept-
able amount of AAc (up to 34.1% in mol) could be incorporated in the NGs structures without losing the particle size and
dispersity control as shown by DLS (Table 2). On the other hand, high polydispersity index (PDI) was observed for higher
AAc contents like NIPA:AAc (50:50). Note that, a high incorporation of AAc is important in order to obtain NGs with major
acid functionality and therefore to increase the loading of DOXO�HCl by ionic interaction.

Chemical composition of the NGs was also supported by 1H NMR and FT-IR (Figs. S1 and S2 in SI). In the NMR spectra of
the NGs, a decreasing change is clearly observed in the signals at 3.76 and 7.69 ppm (corresponding to CH(CH3)2 and NH of
NIPA, respectively) with respect to the polymer backbone signals (ACHCH2A) between 1.2 and 2.2 ppm from NIPA 100 to
NIPA:AAc (50:50). In addition, an increment in the signal at 2.62 ppm, corresponding to the OH of AAc, was observed from
NIPA 100 to NIPA:AAc (50:50). FT-IR spectra showed a relative increment in the signal at 1710 cm�1 corresponding to the
carbonyl groups (C@O) of AAc and a relative diminution in the signal of band I at 1639 cm�1 and II at 1538 cm�1 of amide
(NIPA signals) from NIPA:AAc (90:10) to NIPA:AAc (50:50).

3.2. Physicochemical characterizations of the NGs

3.2.1. SEM and AFM microscopy
SEM and AFM images show that the NGs presented quite spherical 3D morphology and acceptable narrow size distribu-

tion. As an example, NIPA:AAc (80:20) images are shown in Fig. 2. The size of the NG NIPA:AAc (80:20) is around 60 nm as
determined by SEM image (Fig. 2a) and 130 nm by AFM image (Fig. 2b). The observed difference in size rely in the measure-
ment conditions of both techniques; while SEM is measure in dry vacuum, AFM is measured in ambient conditions where the
NGs are slightly swollen.

3.2.2. Dynamic light scattering (DLS)
The hydrodynamic average diameter and PDI of NIPA:AAc based NGs were measured under different conditions of pH and

temperature. Thus, the size of the NGs at pH 4, and relevant physiological pH, pH 5 (inside of the endosomes) and 7.4
(plasma) at 25 or 37 �C were measured. The results are shown in Table 2. Regarding the potential biomedical applications
of these nanomaterials as carriers for DDSs of anticancer drugs to cellular levels, the NGs NIPA:AAc (90:10), (80:20),
(70:30), and (60:40) showed very good dispersability and presented average sizes from 207 to 275 nm at simulated plasma
conditions (pH 7.4 and 37 �C) and 125–261 nm at simulated endosomal conditions (pH 5 and 37 �C). According to previous
studies [30], nanoparticles with sizes between 10 and 200 nm could elude more easily the reticuloendothelial system (RES)
therefore avoiding systemic elimination after injection and increasing the systemic circulation. The NG NIPA 100 precipi-
tated at pH 7.4 or 5 at 37 �C and it is consequently not interesting for utilization as carrier for systemic applications. In addi-
tion, NIPA:AAc (50:50) showed a size of 553 and 389 nm with high PDI at both pH 7.4 and 5, respectively, at 37 �C, and, for
this reason, it was also discarded for future application in drug delivery. Except for NIPA 100, no significant difference in the
size of the NGs at pH 7.4 and 5 at both temperatures 25 and 37 �C was observed suggesting that the total ionization of the
acid groups of the poly(AAc) segments (pKa = 4.35) was the driving force of the network expansion against the collapsed
force imposed for poly(NIPA) segment above its LCST, 32 �C. At simulated conditions of lysosome internalization, pH 5



Fig. 1. Synthesis of NGs by free radical precipitation/dispersion polymerization using BIS as crosslinker, APS as initiator, and SDS as stabilizer.

Table 2
Size of the NGs under different conditions measured by DLS.

NG Size (nm)
(PDI)

25 �C 37 �C

pH 4 pH 5 pH 7.4 pH 4 pH 5 pH 7.4

NIPA 100 114.0
(0.158)

110.6
(0.131)

108.8
(0.119)

a a a

NIPA:AAc (90:10) 114.3
(0.180)

131.1
(0.198)

197.9
(0.179)

74.7
(0.053)

124.5
(0.169)

206.7
(0.177)

NIPA:AAc (80:20) 147.1
(0.136)

176.4
(0.168)

210.0
(0.201)

113.5
(0.164)

179.7
(0.160)

221.2
(0.257)

NIPA:AAc (70:30) 187.2
(0.177)

226.6
(0.200)

242.0
(0.210)

127.0
(0.137)

233.3
(0.187)

254.2
(0.196)

NIPA:AAc (60:40) 201.3
(0.152)

246.1
(0.180)

259.9
(0.199)

165.7
(0.124)

260.5
(0.180)

274.9
(0.191)

NIPA:AAc (50:50) 337
(0.295)

370
(0.394)

414
(0.657)

329
(0.251)

389
(0.344)

553
(0.621)

a Precipitation was observed. All buffers were 50 mM; pH 4 and 5, buffer acetate; pH 7.4 buffer phosphate.

Fig. 2. (a) SEM and (b) AFM images of NG NIPA:AAc (80:20).
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and 37 �C, the four selected NGs, NIPA:AAc (90:10), (80:20), (70:30) and (60:40), maintained the dispersability (no visible
turbidity was observed) with a small decrease in their sizes which was less noticeable when major amount of AAc was pre-
sent in the network compared to pH 7.4 at 37 �C. This small decrease in the size was due to the partial protonation of acid
groups of poly(AAc) segments at pH 5, which generated a less expanded network. The decrease on size from pH 7.4 to 5 is
almost undetectable for the NGs NIPA:AAc (80:20), (70:30) and (60:40). Identical to the size of the NGs at pH 7.4 at 25 or
37 �C, no difference in the size of NGs at pH 5 at 25 or 37 �C was observed. Finally, though it is not relevant for bio-
applications but could possibly support the protonation-collapse theory, slight turbidity and a smaller size were observed
for NIPA:AAc (90:10), (80:20) and (70:30) at pH 4 at 37 �C. In this case, almost all NGs acid groups are protonated at pH
4, and therefore avoided network expansion for ionization. Consequently the networks could be more easily collapsed in
response to the negative temperature dependence swellability of the poly(NIPA) segments.

The zeta potential of all AAc-containing NGs was negative at all studied pHs (pH 4; 5; and 7.4, see Table S1 in SI). The zeta
potential of NGs decreased with the pH from pH 4 to pH 7.4 according to the amount of ionized carboxylic groups at each
particular pH.
3.3. NGs-DOXO�HCl formulations

3.3.1. Preparation and characterization of the formulations
Based on NG characterization, especially in the size and good dispersability at pH 5 and 7.4 at 37 �C and acceptable

amount of AAc, the three most promising NGs [NIPA:AAc (60:40); NIPA:AAc (70:30) and NIPA:AAc (80:20)] were used for
the preparation of new NG-DOXO�HCl DDSs. Different DOXO�HCl formulations using the NGs as carrier were prepared by
simple mixing the NG and DOXO�HCl in aqueous solution at pH 6.2. At this pH, NIPA:AAc based NGs presented negative
charge (pKa of poly(AAc) = 4.35) while DOXO�HCl exhibited positive charge (pKa DOXO-NH3

+ = 8.3) resulting in the formation
of an efficient ionic interaction system between the polymer and the drug, as it is shown in Fig. 3.

Evidence of a strong interaction between DOXO�HCl and anionic NGs was demonstrated by UV–Vis comparing the spec-
trum of free DOXO�HCl with the spectrum of the mixture NGs-DOXO�HCl at the same DOXO�HCl concentration (see Fig. S4 in
SI). Diminution of the absorbance and a bathochromic effect ware clearly observed when DOXO�HCl was in presence of the
NG NIPA:AAc (70:30), suggesting a strong interaction of the drug with the polymer. Six formulations were prepared and their
properties are presented in Table 3. The superscript 25 or 50 in the name of the formulations, indicates that a total of 25 or
50 mol% of acid groups were neutralized with DOXO�HCl. Drug loading efficiency (DLE) for the NGs was excellent (above of
90%) for all the prepared formulations as determined after non-drug loaded elimination by dialysis. In addition, good to
excellent drug loading content (DLC) from 15.9 to 45.8%, were obtained depending on the amounts of DOXO�HCl added in
the preparation of the formulations. All the formulations prepared with 25% of acid neutralization [NIPA:AAc (80:20)-
DOXO�HCl25; NIPA:AAc (70:30)-DOXO�HCl25; NIPA:AAc (60:40)-DOXO�HCl25] were able to be quickly re-disperse after
lyophilization which is highly desirable for a possible future parenteral administration. On the other hand, though it was
possible to load greater amounts of DOXO�HCl with 50% of NG acid neutralization for the three NGs, these formulations
[NIPA:AAc (80:20)-DOXO�HCl50; NIPA:AAc (70:30)-DOXO�HCl50; NIPA:AAc (60:40)-DOXO�HCl50] presented serious problems
for the total re-dispersion after lyophilization and consequently they were discarded for potential applications.
Fig. 3. Schematic representation of the ionic NG-DOXO�HCl formulations. Photo: NIPA:AAc (80:20)-DOXO�HCl25. The superscript 25 in the name of the
formulations indicate that a total of 25% in mol of acid groups present in the NG structure were neutralized with DOXO�HCl.



Table 3
Properties of the prepared NG-DOXO�HCl formulations.

Formulations DLC (%) DLE (%) Precipitation after 24 h of loading Dispersibility after lyophilization

NIPA:AAc (80:20)-DOXO HCl25 15.9 90.6 No Yes
NIPA:AAc (80:20)-DOXO HCl50 27.7 91.9 No No
NIPA:AAc (70:30)-DOXO HCl25 24.4 87.8 No Yes
NIPA:AAc (70:30)-DOXO HCl50 40.6 93.0 No No
NIPA:AAc (60:40)-DOXO HCl25 29.8 97.4 No Yes
NIPA:AAc (60:40)-DOXO HCl50 45.8 97.2 No No

Fig. 4. Release profiles from NG-DOXO�HCl formulations at 37 �C under constant ionic force (0.14 M NaCl) and different pH conditions: NIPA:AAc(80:20)-
DOXO�HCl25 at pH 5 ( ) and 7.4 ( ); NIPA:AAc(70:30)-DOXO�HCl25 at pH 5 ( ) and 7.4 ( ); NIPA:AAc(60:40)-DOXO�HCl25 at pH 5 (N) and 7.4 ( ).
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3.3.2. In vitro release studies
In order to study the release behavior of the different formulations, various in vitro release experiments were carried out

in physiological and lysosomal conditions. Fig. 4 shows the in vitro DOXO�HCl release profiles from the formulation: NIPA:
AAc (80:20)-DOXO�HCl25, NIPA:AAc (70:30)-DOXO�HCl25, and NIPA:AAc (60:40)-DOXO�HCl25 in physiological [phosphate
buffer pH 7.4 (10 mM) + NaCl 0.14 M] and lysosomal [acetate buffer pH 5 (10 mM) + NaCl 0.14 M] simulated media at 37 �C.

It can be seen that, at any time, all formulations released major percentage of DOXO�HCl release at pH 5 compared with
pH 7.4. For example, the formulation NIPA:AAc(80:20)-DOXO�HCl25 released 84 and 39% of DOXO�HCl at pH 5 and 7.4,
respectively. Possibly, at pH 5, most of the carboxylic groups in the NG (from poly(AAc) with pKa = 4.3) could be newly pro-
tonated, disrupting consequently the NG-DOXO ionic interaction of the formulations and increasing the DOXO�HCl release.
On the other hand, there is not a favorable breaking of the NG-DOXO�HCl ionic interaction at pH 7.4 (almost neutral pH) and
consequently a minimal DOXO�HCl release is observed.

In addition, the diffusion of free DOXO�HCl trough the dialysis membrane (using the same amount of DOXO loaded in
NIPA:AAc(80:20)-DOXO�HCl25) at pH 5 or 7.4 (see Fig. S5 in SI)) were very similar between them and also between the
release profile of NIPA:AAc(80:20)-DOXO�HCl25 at pH 5. This result, suggests that the NG participates actively controlling
the release profiles with minimal release at pH 7.4 and high release at pH 5. At this last pH, a rapid NG-DOXO ionic disso-
ciation appears immediately upon contact with the pH release medium, activating the fast release of the drug.

The increased release of DOXO�HCl from this novel NG-DOXO�HCl formulations from pH 7.4 to 5 shows great potential for
cancer therapies based on the antiproliferative effect. These formulations could present less adverse effects of cancer drugs
after parenteral administration because of the release of DOXO�HCl inside the cells (pH 5) while limiting its release in blood
circulation (pH 7.4). In addition the formulations could be accumulated in tumor sites by the known EPR effect and release
the drug only in tumor cells after cell internalization.
3.4. Biological characterizations of NGs

3.4.1. Intrinsic toxicity
The promising physicochemical properties of these carriers encourage us to perform the biological characterization in

order to use them in biomedical applications. The cytotoxicity of NGs was evaluated in A549 tumor cells by the MTT assay.



Fig. 5. Intrinsic toxicity of NGs determined by the MTT assay.

Fig. 6. (a) Toxicity of the formulation NIPA:AAc(80:20)-DOXO�HCl25 on A549 cancer cells determined by MTT test. (b) Cellular localization of Cy5.0-labeled
NIPA:AAc(80:20) NG, blue: DAPI stained cell nuclei, green: lysosome marker LAMP-1-GFP, red: Cy5.0 labeled NG. (c) Delivery of DOXO to the cell nuclei
from NIPA:AAc(80:20)-DOXO-HCl25 compared with the same concentration of free DOXO after 1, 2, 6, and 24 h of incubation. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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As it can be seen in Fig. 5, a viability of more than 60% was observed in the MTT assay after 48 h of treatment for all NGs,
demonstrating a good cytocompatibility of the synthesized carriers up to a concentration of 1 mg mL�1.

3.4.2. Tumor cell growth inhibition
Since the use of these carriers was proposed for anticancer therapy, the performance of the DOXO�HCl-loaded NGs com-

pared with free DOXO�HCl in A549 tumor cells was studied. NIPA:AAc(80:20)-DOXO�HCl25 was chosen to carry out the
experiment of tumor cell growth inhibition because it shown the best release profile of DOXO�HCl combined with high
biocompatibility.

The dose - response relationship, determined by MTT test, of both NIPA:AAc(80:20)-DOXO�HCl25 and free DOXO�HCl on
A549 cells after 48 h of exposure, was similar (Fig. 6a) with a half-maximal inhibitory concentration (IC50) of about 0.1 lM
for both. Comparing with the release profiles in Fig. 6, it seems plausible that the NGs have passed acidic conditions in the
(intracellular) environment, enabling all DOXO�HCl to be released and to inhibit cell growth after 48 h. This intracellular
pathway was also supported by the cellular uptake experiments shown in Fig. 6b, where it can be seen that Cy5.0-
labeled NIPA:AAc(80:20) is mainly localized within compartments labeled with a fluorescent lysosome marker protein
(GFP-LAMP-1). Additionally, in order to prove that the drug is not being release outside the cell, the kinetics of DOXO�HCl
delivery to the cell nuclei was monitored over time and compared to free DOXO�HCl (Fig. 6c).

The images after selected incubation times (1, 2, 6, and 24 h) shown in Fig. 6c confirm that in contrast to free DOXO,
which is quickly accumulated in the nuclei in 1 h already, the same concentration of DOXO needs over 24 h to accumulate
when it was encapsulated within the NG. This desirable feature would greatly reduce side effects caused by passive diffusion
and uptake of the free drug before the carrier reaches the target cells.
4. Conclusions

NIPA-co-AAc NGs with different NIPA/AAc molar composition have been designed as carriers of DOXO�HCl for cancer
therapies. The NGs showed excellent properties for their further use in vivo, as good dispersability in simulated physiological
environment, low cytotoxicity, and excellent cellular penetration properties. Moreover, the NGs exhibited high DOXO�HCl
loading capacity and efficiency due to the ionic interaction. The formulations showedminimal leakage of the cargo at plasma
simulated medium and a triggered sustained release of DOXO�HCl at lysosomal conditions. As the formulation showed the
same IC50 of the free drug after 48 h of incubation, no drug activity is lost due to the encapsulation within the carriers,
because the whole cargo can be released at low pH, making these NGs great candidates for application as carriers in cancer
therapies. In comparison with previous works [25–29], the effect of NIPA/AAc composition on the behavior of the NGs to be
used al DDS of DOXO�HCl was here considered.
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