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Graphical abstract 

 
Folic acid-conjugated polyacrylamide nanoparticles encapsulating doxorubicin were injected in zebrafish 

embryos. At hyperthermia temperature, the nanoparticles released doxorubicin into the xenografted cells, arresting 
the tumor.  

Abstract 
Several nanomedicine-based platforms, including polymeric micelles, dendrimers, and liposomes, 

have been developed and explored for targeted delivery of therapeutics in cancer. These nanoparticles 
are capable of delivering selectively antineoplastic agents to the tumor, reduce the untoward toxicity, 
and improve the therapeutic effect. In the present study, we propose new thermosensitive 
polyacrylamide-based nanoparticles) as polymer-based drug carriers. Polyacrylamide has a controllable 
swelling temperature, which enables a rapid release of an encapsulated drug above certain temperatures. 
PAA-NP was synthesized then functionalized with folic acid to improve selective targeting. Then 
doxorubicin, an antineoplastic agent, was encapsulated inside of the polymeric core. Our data show that 
these nanoparticles have a sol-gel transition temperature of 41°C. We investigated the effects of the 
folic acid functionalized PAA nanoparticles on HeLa cells both in vitro and in vivo, and on zebrafish 
larvae xenografted with human pancreatic cancer cell line Mia Paca-2. Functionalized NPs were 
internalized in a short time by the cancer cells, mainly localizing in the lysosomes. In vitro and in vivo 
cytotoxicity studies indicated high viability of cells treated with functionalized nanoparticles 
encapsulating doxorubicin signaling a minor release of doxorubicin at physiological temperatures. 
Conversely, at the temperature of 41 °C, they trigger apoptosis of the xenografted cells, resulting in a 
strong arrest of the increase of the tumor area. Our results suggest that the heat-activated DOX:PAA-
NP-FA could be used to implement combined therapies for the local treatment of solid cancers. 
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Rationale and Purpose  
The purpose of this study is to develop heat-

sensitive, and FA functionalized 
polyacrylamide nanocarriers capable of the 
efficient delivery and triggered release of 
doxorubicin by thermal modality to solid 
tumors. The rationale behind this study is to 
obtain a sol-gel transition temperature of 
polyacrylamide above the physiological 
temperature (37°C) and to trigger the 
doxorubicin release by increasing the 
temperature locally in cancer cells 
overexpressing FA until 41°C. To achieve the 
above goal, polyacrylamide is copolymerized 
with acrylamide (AA) and allylamine (AH). 
Copolymerization increases the sol-gel 
temperature of polyacrylamide, and the amine 
groups of allylamine provide more sites for the 
functionalization with FA. The conjugation of 
the copolymer with FA allows specifically 
targeting cancer cells of different solid tumors. 
In fact, most of the solid tumors, including 
testicle, prostate, pancreas, brain, lung, breast, 
ovary, and kidney cancer, overexpress the FA 
receptor. 

Introduction 
Cancer is a worldwide major public health 

problem in the 21st century, responsible for one 
in four deaths [1]. To date, conventional 
chemotherapy presents a major strategy for the 
treatment of solid tumors, particularly 
aggressive and rapidly growing form of 
cancers. However, chemotherapeutics lack 
efficient specificity toward tumor and healthy 
tissues, causing systemic toxicity and 
innumerable adverse effects in already 
debilitated patients [2, 3]. To overcome the 
drawbacks of anticancer drugs, the 
development of different specific nanocarriers 
represents an appropriate approach to transfer 
and release anticancer drugs in a selective and 
controlled manner to the target site, increasing 
the therapeutic efficacy and reducing systemic 
side effects [4-11]. These nanocarriers include 
metallic nanoparticles [12], dendrimers [13], 
polymeric micelles [14], carbon-based 
nanoparticles [15], liposomes [16] and 
polymeric nanoparticles [17]. Among these 
platforms, polymeric nanoparticles have gained 
importance due to their unique characteristics, 
such as their high drug-loading capacity, 
stability, tunable physicochemical properties, 
sustained drug release, biodegradability, and 

biocompatibility [18-21]. Recent investigations 
have focused on stimulus-responsive polymeric 
systems due to the possibility to release drugs 
upon internal or external triggers (temperature, 
pH, redox potential) [22-25]. In particular, 
thermo-responsive polymeric nanoparticles 
represent smart systems for the controlled 
release of anticancer agents into the tumor area, 
which is simultaneously heated by a thermal 
modality [26-28]. Heat-sensitive polymers are 
designed to maintain the drug entrapped around 
physiological temperature (37°C) and fast 
release it locally in the heated tumor (40–43°C) 
[29-34]. However, not all the thermosensitive 
carriers possess good stability at physiological 
temperature. For instance, different lysolipid-
containing thermosensitive liposomes, 
including the commercially available 
formulation known as ThermoDox [35], 
present a decrease in the thermal sensitivity and 
a massive release of drugs at the physiological 
condition when these nanosystems are 
administered in vivo [36, 37]. Polyacrylamide 
(PAA) is one of the most studied heat-sensitive 
polymers; it is biologically and chemically 
inert, optically transparent, and biodegradable 
[38-40]. PAA achieves a sol-gel transition 
temperature at about 32°C that can be increased 
by copolymerization with hydrophilic or 
hydrophobic monomers [41-43]. Thus, in this 
work, we have successfully developed folic 
acid (FA)-functionalized PAA nanoparticles as 
a novel nanosystem capable of efficient 
delivery and temperature-triggered release of 
doxorubicin (DOX) to cancer cells 
overexpressing the folate receptor. Our 
nanoparticles were synthesized through 
polymerization of N-isopropyl-acrylamide, 
acrylamide, and allylamine, which result in the 
formation of swellable PAA systems. PAA-NP 
was loaded with DOX. Moreover, their surface 
was decorated with FA that can lead to targeted 
site-specific therapy of solid tumors. FA 
functionalized, and DOX-loaded nanoparticles 
(DOX:PAA-NP-FA) were characterized by 
different techniques and evaluated in vitro in 
terms of cellular uptake and cytotoxic effects on 
HeLa cells. At physiological temperatures, our 
spherical and. DOX-containing nanoparticles 
showed no toxicity in cancer cells expressing 
the folate receptor. In addition, we investigated 
the intracellular localization of DOX:PAA-NP-
FA and found that they were mainly localized 
into the lysosomes. We also investigated the 
effectiveness of the nanoparticles in vivo on 
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zebrafish larvae xenografted with human 
pancreatic cancer cell line Mia PaCa-2. After 
increasing the temperature to 41°C, we 
observed a significant high doxorubicin release, 
demonstrating their temperature sensitivity. 
Our results show a high potential of 
DOX:PAA-NP-FA for efficiently triggered 
drug delivery and potential eradication of 
cancer cells in solid tumors. 

Materials and Methods  
Nanoparticle synthesis 
Synthesis of PAA-NPs containing doxorubicin 

(DOX:PAA-NP) 
The acrylic nanoparticles are polymeric 

organic particles composed of N-isopropyl 
acrylamide (NIPA), acrylamide (AAm), 
allylamine hydrochloric acid (AH), and N,N-
methylene bisacrylamide (BIS) as a cross-
linking agent. They were synthesized by 
optimizing the radical polymerization protocol 
developed by Rahimi and colleagues [43] using 
ammonium persulfate (APS) as initiator, 
sodium dodecyl sulfate (SDS) as surfactant, and 
N,N,Nl,NI- tetramethyl ethylene diamine 
(TEMED) as an activator. 22.2% w/v of NIPA 
(Sigma-Aldrich®), 2.86% w/v of AAm 
(Sigma-Aldrich®), 7.6% w/v of AH (Sigma-
Aldrich®), and 26.2% v/v of 2% BIS (Sigma-
Aldrich®) were dissolved in 10 mL of de-
ionized water previously purged with argon at 
room temperature and under stirring. 1.15% v/v 
of SDS (Sigma-Aldrich®) was added, and the 
solution was purged with argon for 30 minutes 
4% v/v of 20 μg/mL doxorubicin (Sigma-
Aldrich®) was dissolved before to stop the 
argon flow, and 1.56% w/v of APS (Sigma-
Aldrich®) and 2% v/v of TEMED (Sigma-
Aldrich®) were added. Finally, de-ionized 
water purged with argon was added to the final 
volume of 20 mL, and the reaction was carried 
out at room temperature for 3 hours under 
continuous stirring in darkness. Dialysis was 
performed, transferring the sample into a 10 
kDa cut-off membrane kept in de-ionized water 
under stirring and replacing with new water 
each hour per four times. Finally, the sample 
was concentrated by a centrifuge using a 30 
kDa Vivaspin® tube (Sartorius Stedim 
Biotech) and kept at 4°C. 

Functionalization with folic acid (DOX:PAA-
NP-FA) 

The reaction was carried out adding 1 mg/mL 
of FA solution (Sigma-Aldrich®) to the NPs 

and mixing the suspension for 2 hours in ice 
under stirring. Finally, the unbounded vitamin 
was removed by centrifugation (15000 rpm for 
3 hours with 3 washing steps), and the sample 
was concentrated using a 30 kDa Vivaspin tube. 

2.2 Nanoparticle characterization 
The doxorubicin concentration and the lower 

critical solution temperature (LCST) 
determination were estimated in a range 
between 25–50°C by measuring the absorbance 
at 480 nm and at 650 nm, respectively.  

The structural morphology of the synthesized 
DOX:PAA-NP-FA were examined by 
transmission electron microscopy. Samples 
were suspended in distilled water, placed on 
copper grids, and dried overnight. All samples 
were examined under a JEOL 100Xl 
transmission electron microscope. Moreover, to 
study the nanoparticles' diffusion behavior in 
solution, dynamic light scattering (DLS) 
measurements were performed using a 
Zetasizer Nano 3600 from Malvern 
Instruments. The hydrodynamic diameter 
calculated from the diffusion coefficient 
depends on the size and shape of the particles. 

In vitro biological studies 
Cell culture  
For in vitro studies, HeLa (cervical epithelial 

cancer cells) cells were cultured in Dulbecco’s 
Modified Eagle Medium (DMEM) (Thermo 
Fisher Scientific) supplemented with 10% fetal 
bovine serum (FBS) (Thermo Fisher 
Scientific), and 1% penicillin/streptomycin 
(Thermo Fisher Scientific) in a humidified 
incubator at 37°C in an atmosphere of 5% CO2. 
Cells were passaged at 80% confluency, split 
1:10 in fresh medium, and discontinued after 
passage 15.  

Toxicity assessment 
The cytotoxic effects of DOX:PAA-NP-FA 

on HeLa cells were evaluated by WST1 assay 
(Roche Applied Sciences). Briefly, HeLa cells 
were seeded at a density of 5000 cells per well 
in 96-well plates and cultured overnight at 37°C 
in a humidified atmosphere with 5% CO2. 
Then, the cells were exposed for 48 and 72 
hours to polymeric nanoparticles without 
doxorubicin or different concentrations of 
DOX:PAA-NP-FA (0.01, 0.1 and 0.5 μM DOX 
equivalence) or free DOX (0.01, 0.1, and 0.5 
μM). A culture medium containing 10% of 
dimethyl sulfoxide (DMSO) was used as a 
positive control, while DMEM alone as a 
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negative one. A volume of 10 µl WST-1 reagent 
was added to each well. After 2 h of incubation 
in the same conditions, cell viability was 
determined by optical absorption at 450 nm 
using a microplate spectrophotometer with a 
reference wavelength of 690 nm. All 
measurements were performed in triplicate. 
Data collected were expressed as the mean 
value ± standard deviation (mean ± SD). One-
way analysis of variance (ANOVA) was used 
to make a comparison among groups, p < 0.05 
was considered significant. 

Cellular uptake and intracellular localization  
To visualize the cellular uptake behaviour of 

DOX:PAA-NP-FA, HeLa cells were seeded on 
chambered coverglass (Thermo Scientific Nunc 
Lab-Tek II) and cultured in DMEM at 37 ˚C in 
a humidified atmosphere with 5% CO2 
overnight. Then, cells were treated with 
DOX:PAA-NP-FA (0.1 and 0.5 µM DOX 
equivalence) or free DOX (0.5 µM) for 24 h. 
After incubation, the cells were washed three 
times with phosphate-buffered saline (PBS) 
(0.1 M, pH 7.4), and stained for 15 min with a 
solution of Hoechst 33342 (5 μg mL−1; Sigma-
Aldrich) or LysoTracker Green (75 nM; Life 
Technologies) to visualize the nuclei and 
lysosomes respectively. Finally, the cells were 
washed three times and filled with PBS (0.1 M, 
pH 7.4), and the cellular uptake and 
intracellular distribution of DOX:PAA-NP-FA 
were visualized by a laser scanning confocal 
microscope and a plan Apo 20X DIC M 
objective (Nikon A1R, Japan).  

In vivo biological studies 
Animal handling 
Animals were handled in compliance with 

protocols approved by the Italian Ministry of 
Public Health and the local Ethical Committee 
in conformity with EU legislation (Directive 
2010/63/EU). Zebrafish embryos were obtained 
by natural mating of wild-type fishes and 
maintained in the incubator at 28°C, according 
to the ZFIN procedures. Before any injection, 
embryos were anesthetized in 0.02% tricaine. 

Cell culture and staining 
Human pancreatic cancer cell line Mia PaCa-

2 were cultured in DMEM supplemented with 
10% FBS, 100 U/mL penicillin, and 100 μg/mL 
streptomycin. Cells were incubated at 37°C in a 
saturated humidity atmosphere with 5% CO2. 
Cells were detached at 80% confluence with 
0.25% (w/v) trypsin −0.53 mM EDTA solution 

and stained with 10 μg/mL CM-Dil for 15 
minutes at 37°C followed by 15 minutes on ice 
in darkness. Cells were washed and centrifuged 
three times in Dulbecco's phosphate-buffered 
saline (DPBS) and resuspended in DPBS 
supplemented with 10% FBS to a final 
concentration of 100 cells/nL. 

Tumor cells microinjection and imaging 
Embryos were anesthetized in 0.02% tricaine 

and put on 1% agarose, laying on the right side. 
Four nanoliters (around 400 cells) of stained 
cell suspension were injected into the yolk at 
the left side of 48 hpf (hours post fertilization) 
embryos, using a heat-pulled needle connected 
to a PV830 Pneumatic PicoPump air 
microinjector. Xenografted embryos were 
maintained at 35°C in E3 medium 
supplemented with 100 U/mL penicillin and 
100 μg/mL streptomycin (E3 Pen/Strep 
medium) for two hours, and the presence of DiI 
fluorescence was checked using the 
tetramethylrhodamine channel of a Nikon Ti-
Eclipse microscope. Subsequently, embryos 
were randomly distributed in 24-well plates 
(one embryo/well) and anesthetized with a 
0.02% tricaine in E3 Pen/Strep medium 
solution. Bright-field and TRITC images of the 
fluorescent dye area at the left side of the 
embryos were acquired at 2 hpi (hours post-
injection) and finally analyzed using the ImageJ 
software. 

Nanoformulation efficacy assessment 
Two hours after the xenograft, four nanoliters 

of 2.5 μg/mL of DOX or DOX:PAA-NP-FA or 
de-ionized water were injected into the yolk of 
48 hpf xenografted embryos, using a heat-
pulled needle connected to a PV830 Pneumatic 
PicoPump air microinjector. Before any 
injection, embryos were anesthetized in 0.02% 
tricaine and put on 1% agarose, lying on the 
right side. Embryos were maintained at 35°C in 
E3 Pen/Strep medium for 1 hour and then 
transferred into a 41°C bath for 5 minutes. 
Bright-field and TRITC images of the DiI-
stained area at the left side of the embryos were 
acquired after 24 and 48 hpt (hours post-
treatment). At 48 hpt, the embryos were fixed 
with 4% PFA for 1 hour at RT, then incubated 
with Hoechst 10 μg/mL for 2 hours at RT. 
Xenografts were acquired by Nikon A1 
confocal microscope at 60 × magnification with 
5 μm interval z-stacks. Quantification analysis 
of both tumor area and pyknotic cells were 
performed using the ImageJ software.
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Results and discussion 
Characterization of DOX:PAA-NP 
DOX:PAA-NP were synthesized, modifying 

the protocol of Rahimi [32] to obtain particles 
with a hydrodynamic size of 50 nm. The DLS 
measurements showed an average diameter of 
50 nm and a concentration of around 1.04∗108 
particles per μl (Figure 1A, black line). The size 
distribution of particles was also confirmed by 
TEM observations. The DLS measurements of 
DOX:PAA-NP-FA showed that the 
functionalization with folic acid does not affect 

the stability and dimensions of our acrylic 
particles (Figure 1A, red line).  

 
To quantify the doxorubicin loaded into the 

NPs, a spectrophotometer assay was carried out 
showing a concentration of 5.6 μg/mL. Then, in 
order to evaluate the temperature at which the 
phase transition occurs, a second 
spectrophotometer assay was performed by 
measuring the absorbance at different 
temperatures. The results showed a solid-gel 
phase transition between 40–45°C, which 
allows us to perform a drug release in a time and 
physically controlled manner (see Figure 1).

 

 
Figure 1. (A) Hydrodynamic size distribution of acrylic nanoparticles before (black) and after (red) functionalization with 

folic acid. The peaks at 10 and 50 nm highlight the presence of particle populations with different dimensions, while the 800 
nm peak could represent clustered particles. (B) transmission electron microscope analysis. These observations confirm the 
dimensional distributions of particles. (C) Calibration curve for the determination of the doxorubicin content into the 
nanoparticles. (D) Lower critical submission temperature determination. 

In vitro studies 
Toxicity assessment 
The biosafety of the nanocarriers is very 

important in the development of biocompatible 
drug delivery systems. Hence, the effects of 
DOX:PAA-NP-FA was evaluated against HeLa 
cells by the colorimetric WST1 assay. HeLa 
cells were treated for 48 and 72 hours, with 
increasing concentrations of nanoparticles and 
free doxorubicin. Moreover, cells were also 
exposed to blank polymeric nanoparticles (no 

doxorubicin), cell medium (negative control), 
and DMSO (positive control). Notably, the 
cellular viability of cells treated with 
DOX:PAA-NP-FA was greater than 80% at the 
equivalent concentrations of doxorubicin of 
0.01, 0.1 to 0.5 μM (Figure 2), demonstrating 
the negligible cytotoxic effects of our 
nanoparticles toward cancer cells at 
physiological conditions. In the meantime, cells 
treated with free doxorubicin showed a 
decrease in the cellular viability under the same 
conditions (0.01, 0.1, 0.5 μM). HeLa cells 
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presented a high sensitivity to free doxorubicin, 
reaching 50% of cell viability at the highest 
concentration used. Our polymeric 
nanoparticles without doxorubicin did not 
produce any reduction in the cell viability at 
both time points and the cellular medium. On 
the other side, as a positive control, HeLa cells 

exposed to DMSO presented a decrease in the 
viability, reaching a value of 30% after 72 hours 
of treatment. These results indicated that the 
developed nanoplatforms could retain the 
chemotherapeutic agent at body temperature, 
reporting their suitability as biocompatible and 
stable drug carriers. 

 

 
Figure 2. Cellular viability of HeLa cells treated with medium alone, polymeric nanoparticles (NPs) without DOX (NPs), 

DOX:PAA-NP-FA (DOX NPs), free DOX and DMSO for 48 and 72 hours. Data were expressed as the mean ± standard error 
as calculated from three independent experiments (*p<0.05).

 
Figure 3. Confocal live images of HeLa cells incubated for 24 hours with DOX:PAA-NP-FA (0.1 and 0.5 μM DOX 

equivalence) or DOX (0.5 μM). (A, D and G) Cell nuclei stained by Hoechst 33342 (blue); (B and E), intracellular distribution 
of nanoparticles (DOX, red); (H) distribution of free DOX, (red); (C, F and I) overlays of all images (merged). Scale bars=10 
µm. 
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Cellular uptake and intracellular localization 
The delivery of therapeutic agents into the 

cytoplasm is critical for successful cancer 
therapy. Therefore, we investigated the cellular 
uptake behavior and intracellular localization of 
our nanoparticles. HeLa cells were treated with 
DOX:PAA-NP-FA or free DOX and were 
observed after 24 hours of treatment by 
confocal microscopy, thanks to the intrinsic 
fluorescence properties of doxorubicin. As 
shown in Figure 3C, the DOX:PAA-NP-FA 
were efficiently internalized in cancer cells by 
endocytosis and were predominantly 

distributed in the cytoplasm around the nuclei. 
When the DOX:PAA-NP-FA concentration 
increased (Figure 3F), a remarkable increase in 
fluorescence intensity of doxorubicin was 
observed. On the other hand, free doxorubicin 
presented its typical localization in the cell 
nuclei (Figure 3I). Our results indicated a high 
uptake of DOX:PAA-NP-FA by cancer cells. 
Moreover, the different uptake patterns of 
DOX:PAA-NP-FA in comparison to free 
doxorubicin, demonstrated the stability of the 
intact DOX:PAA-NP-FA into the cells without 
being subjected to degradation.

Moreover, we investigated in more detail the 
intracellular localization of DOX:PAA-NP-FA. 
To study the possible distribution of NPs in 
vesicular compartments, HeLa cells treated 
with DOX:PAA-NP-FA were stained with a 
lysosome specific dye (Lysotracker Green). As 

shown by the merged confocal live images 
(Figure 4), the red intrinsic fluorescence of the 
doxorubicin overlapped with the Lysotracker 
Green (yellow signal), indicating that 
DOX:PAA-NP-FA accumulated totally in the 
lysosomes.

 
Figure 4. Confocal live images of HeLa cells incubated for 24 h DOX:PAA-NP-FA (0.5 μM DOX equivalence). The images 

from left to right show the intracellular distribution of nanoparticles (DOX, red), the lysosomes stained with Lysotracker Green 
(green), and overlays of all images (merged). Scale bars = 20 µm. 

In vivo studies 
The therapeutic efficacy of the 

nanoformulation was evaluated by injecting 
saline or DOX, DOX:PAA-NP, or DOX:PAA-
NP-FA into 48 hpf zebrafish embryos, 
previously xenografted with DiI-labelled Mia 
PaCa-2 cancer cells. Embryos were held at 
41°C for 5 minutes to promote doxorubicin 
release from the polymeric matrix. The 
exposure of the embryos to the temperature did 
not induce death or malformations of embryos 
(100% of embryos survived at 40, 41, and 42°C 
for 2-5 minutes, n=18 for each condition). 
Bright-field and TRITC images of the left side 
of each embryo were acquired before treatment 
(at 2 hpi) and after treatment (at 24 and 48 hpt), 
and the Dil-stained areas were analyzed and 
normalized with respect to the first time point 
(2 hpi). In the absence of any treatment (K), the 
DiI-stained area showed a statistically 
significant increase over time. The block or 

inversion of this tendency was considered a 
hallmark of the chemotherapy effect. The 
analysis of the Dil-stained areas of the control 
group showed a statistically significant increase 
in the size of the relative areas over time as 
expected, and the same result was obtained 
treating the cells with DOX or DOX:PAA-NP. 
On the contrary, no statistically significant 
differences were observed in the size of 
fluorescent areas in the DOX:PAA-NP-FA 
treatment group over time (Figure 5B). 
Moreover, the analysis of pyknotic nuclei 
revealed a significant increase of apoptosis in 
the DOX:PAA-NP-FA treatment group with 
respect to the DOX and control groups (Figure 
5C–F). All evidence suggests a strong ability of 
these particles to be internalized into the cells, 
exploiting the presence of the FA on their 
surface, and promote the anticancer activity of 
the doxorubicin cargo. 
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Figure 5. (A) Experimental timeline. Mia PaCa-2 cancer cells and saline or DOX or DOX:PAA-NP-FA were injected into 

the yolk sac of 48 hpf zebrafish embryos. Imaging of DiI-stained areas at 2 hpi and 24 and 48 hpt was performed and the 
embryos were fixed at 48 hpt and Hoechst counterstained. (B) Nanodevice efficacy assessment. The graph represents the 
analysis of the relative DiI-stained areas recorded at 2 hpi, 24 hpt and 48 hpt and normalized with respect to the first time 
point (2 hpi). The DOX:PAA-NP, the DOX, and the control groups show a statistically significant increase in tumor area over 
time with respect to the DOX:PAA-NP-FA group. n>30 from three independent assays. (C) Percentage of pyknotic nuclei of 
Mia PaCa-2 cancer cells recorded at 48 hpt. A statistically significant increase in the apoptosis rate in the DOX:PAA-NP-FA 
group with respect to the DOX and the control groups was observed (n³12 from three independent assays). Data were 
expressed as mean ± SEM and analyzed by ANOVA test followed by Bonferroni correction (** p<0.01; *** p<0.001; **** 
p<0.0001). (D) Confocal images of control xenografts, (E) xenografts treated with DOX (F), and xenografts treated with 
DOX:PAA-NP-FA. Stars denote  cells with pyknotic nuclei. 

Conclusion  
In this study, we propose an approach of precision nanomedicine, combining the principles of 

physical-activation and active targeting of the drug release. More specifically, we developed FA-
functionalized thermosensitive polyacrylamide platforms encapsulating doxorubicin by 
copolymerization of PAA, acrylamide, and allylamine. These nanoparticles presented a swelling 
temperature above the physiological conditions (at 41°C), with high stability and minimized drug 
release at body temperature, and a quick release of the drug in response to changes in the local 
temperature (hyperthermia temperature) both in vitro (HeLa cells) and in vivo (xenografted zebrafish). 
The quick release of the chemotherapeutic drug by thermic responsiveness denotes that our 
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thermosensitive carriers will be powerful platforms for solid tumor treatment, considering that the 
aggressive release of chemotherapeutic drugs is needed to inhibit tumor proliferation. Moreover, our 
platforms are functionalized with FA and consequently possess a high selective target ability for solid 
tumors. This conjugation increases the therapeutic efficiency of our nanoparticles, reducing potential 
side effects. This is another advantage in comparison to other drug delivery systems. In fact, several 
nanocarriers, including the lipid-based one, can reach the tumor area by passive targeting, entering the 
lymphatic circulation. However, this approach presents different limitations, including a problematic 
control of the system, leading to a non-specific accumulation in the spleen and liver and multidrug 
resistance. Our systems do not possess these defects since they actively target the tumor area and release 
doxorubicin in the cancer cells, which is triggered by the increase of temperature. In conclusion, our 
FA functionalized thermosensitive polyacrylamide nanoparticles represent new powerful temperature-
triggered and active tumor-targeting drug delivery systems. 
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