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Drug delivery represents one of the most important research fields within the pharmaceutical industry. 
Different strategies are reported every day in a dynamic search for carriers with the ability to transport 
drugs across the body, avoiding or decreasing toxic issues and improving therapeutic activity. One of the 
most interesting strategies currently under research is the development of drug delivery systems sensitive to 
different stimuli, due to the high potential attributed to the selective delivery of the payload. In this work, 
a stimuli-sensitive nanocarrier was built with a bifunctional acrylic polymer, linked by imine and disulfide 
bonds to thiolate chitosan, the latter being a biopolymer widely known in the field of tissue engineering and 
drug delivery by its biodegradability and biocompatibility. These polymer nanoparticles were exposed to 
different changes in pH and redox potential, which are environments commonly found inside cancer cells. 
The results proof the ability of the nanoparticles to keep the original structure when either changes in pH 
or redox potential were applied individually. However, when both stimuli were applied simultaneously, a 
disassembly of the nanoparticles was evident. These special characteristics make these nanoparticles suitable 
nanocarriers with potential for the selective delivery of anticancer drugs.

Key words polymeric nanoparticle; stimuli-sensitive nanoparticle; drug delivery; acrylic monomer; thiolated 
chitosan

The process of vectoring and encapsulation of existing 
drugs is one of the exploration fields that has attracted more 
attention in the pharmaceutical technology area.1) Many en-
capsulation systems have been proposed as vector agents 
such as liposomes,2) microspheres,3,4) polymeric micelles5,6) 
and other types of nanoparticles.7–10) However, most of them 
lack selectivity in the delivery of the payload. In order to 
overcome this problem, histological and molecular investiga-
tions of cancer cells have been done with the aim to make 
a general characterization of these cells.11) Some of the most 
important findings indicate that cancerous tissues are highly 
heterogeneous.12) However, there are a number of common 
characteristics in different types of cancer cells and tumoral 
tissues which differentiate them from healthy tissues, extracel-
lular pH being one of them. Normal tissues usually present 
an extracellular pH of 7.4 whereas carcinogenic tissues reach 
values of 6.5 mainly as a consequence of irregular angiogen-
esis in fast-growing tumors, which causes a rapid deficit of 
both nutrients and oxygen with a consequent shift towards 
glycolytic metabolism which leads to an increased production 
of acidic metabolites.13) At the intracellular level, the pH of en-
dosomes of cancer cells fluctuates around 5.0 while in normal 
ones is around 6.0. Other differential parameters noted are the 
almost 100-fold higher concentration of glutathione (GSH) and 
the higher temperature registered in tumor mass and cancer 
cells.14–16)

Thus, the development of drug delivery systems that take 
advantages of such differential properties between healthy 
and cancerous cells is highly desirable. Some researchers have 

developed pH stimuli sensitive nanocarriers based on ionic 
bonds17) however, those systems are no suitable when a soft 
stimulus is applied.

Other interesting tool that has been used in the develop-
ment of stimuli sensitive drug delivery systems relies on the 
concept of dynamic covalent bonds, which are sensitive to 
weak stimuli. The term ‘dynamic covalent bond’ describes 
any covalent chemical bond which possesses the capacity to 
be formed or broken as a function of the system conditions.18) 
Some examples can be found in imine, hydrazine, disulfide, 
oxime and acetal/ketal bonds.19) The imines, for example, 
result as the interaction of primary amines and aldehydes and 
are sensitive to changes in pH.20) Disulfides are the product of 
the reaction between thiols and are sensitive to reductant spe-
cies.21) In principle, nanocarriers that include dynamic cova-
lent bonds should be strong enough to reach the target tissue 
without significant changes in their structure and then respond 
to the specific environment conditions allowing the release of 
the drug payload.

In 2012, Jackson and Fulton provided one such example of 
a polymer nanocarrier based on two synthetic polymeric units 
structured with acrylamide derivative monomers.22) This vec-
tor has the ability to release the payload when it is exposed to 
environments with pH under 5.5 and high redox potential. The 
fact that the carrier must be exposed to two different stimuli 
at the same time to release the payload represents a tremen-
dous advantage in terms of selectivity of drug release.

Several materials have been reported for the design and 
production of drug vectorization systems, from inorganic ma-
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terials to materials of biological origin.10,23–25) In this regard, 
biopolymers like chitosan seems to be an attractive choice, not 
only for its bioavailability, biocompatibility and biodegrad-
ability propierties,26–33) but also its reported antiseptic and 
muco-adhesiveness characteristics.34–36) As a matter of fact, 
this polymer has been used in a wide variety of systems where 
it has been successfully combined with synthetic polymers 
having as a result the improvement of various mechanical and 
biological properties.37,38)

In line with the work of Jackson and Fulton,22) we wish to 
report here the synthesis of a a new stimuli-sensitive nano-
structured system in which one of the polymeric acrylamide 
subunits is replaced by thiolate chitosan of semisynthetic 
origin in order to have a potentially biocompatible material 
as part of the structural base of the nanoparticles. In addition, 
the material response towards pH and redox potential stimuli 
is reported.

Experimental
General Information IR spectra were obtained from a 

PerkinElmer, Inc. Spectrometer (Spectrum Two, FT-IR) by 
attenuated total reflectance (ATR) (16 scans). Routine 1H- 
and 13C-NMR spectra of acrylic monomers and polymers 
were run on a Bruker AVANCE Spectrometer operating at 
300 MHz, correlation spectroscopy (COSY), heteronuclear 
multiple bond connectivity (HMBC), heteronuclear single 
quantum coherence (HSQC) and nuclear Overhauser effect 
spectroscopy (NOESY) were run on a Bruker DPX 400 NMR 
spectrometer. All spectra of chitosan and derivatives were 
run on a Bruker AVANCE III 600 MHz NMR spectrometer 
with 5 mm TCI probe. Tetramethylsilane (TMS) was used as 
internal standard. A microtitration plate reader (BIO RAD 
IMark) was used to measure the absorption. Particle size and 
Z potential were analyzed by Dynamic Light Scattering (DLS) 
in a Malvern Zetasizer NanoZS90. Nanoparticles micro-
graphs were recorded via Transmission Electron Microscopy 
(TEM) using a Tecnai G2 F20 TEM. Differential Scanning 
Calorimetry analyses was run on a TA DSC Q20 and TA DSC 
Q100; the sample was heated under nitrogen from room tem-
perature up to 200°C at a rate of 20°C/min and then cooled 
to −30°C at a rate of 10°C/min, finally was heated again 

up to 200°C at a rate of 20°C/min. The molecular weight of 
chitosan was determined using a MicroTube µ-Ubbelohde: 
type 53710/I n° 1016187 Schott Geräte Capillary Viscometer 
(K=0.01022 mm3/s) equipped with an AVS400 detection Sys-
tem. Analyses were carried out using a solution of acetic acid 
0.1 M and NaCl 0.2 M as a solvent at 25°C. Molecular weight of 
acrylic polymers was determined by Size Exclusion Chroma-
tography (SEC) using two columns from Polymer Laboratories 
(PL-gel MIXED-D; 300×7.5 mm; bead diameter, 5 µm; linear 
part, 400–4×105 g/mol) and a Differential Refractive Index 
Detector (Spectrasystem RI-150 from Thermo Electron Corp.), 
using chloroform (CHCl3) as eluent, and toluene as a flowrate 
marker at a flow of 1 mL/min. Samples were filtered with a 
0.2 µm polytetrafluoroethylene (PTFE) filter before analysis. 
The calibration curve was based on poly(methyl methacrylate) 
(PMMA) standards from Polymer Laboratories. The samples 
were Freeze-dry in a BenchTop Pro with Omnitronics VirTis 
SP SCIENTIFIC freeze drier.

Synthesis of Acrylic Monomers
General Procedure for the Preparation of the Acrylic 

Monomer with Aldehyde Functionality (M1)
Synthesis of Methyl-4-(dimethoxymethyl)benzoate
Methyl-4-(dimethoxymethyl) benzoate (II) was synthe-

sized following a procedure described in the literature39) with 
some modifications (higher amount of sulfuric acid and the 
reprocess of the sample). The reaction is shown in the Chart 
1. Briefly, 4-carboxybenzaldehyde (I) (770.0 mg), trimethy-
lorthoformate (5.0 mL), concentrated H2SO4 (25 drops) and 
methanol (5.0 mL) were mixed and heated up to 75°C in a 
reflux system for 48 h. The reaction mixture was transferred to 
a separating funnel with saturated NaHCO3 (aq) (5.0 mL) and 
extracted with CH2Cl2 (3×10.0 mL). The organic extracts were 
combined and dried over Na2SO4, filtered, and evaporated to 
dryness in order to obtain a crude yellow liquid. The reaction 
crude was again refluxed with a solution of trimethylorthofor-
mate (5.0 mL) and concentrated H2SO4 (25 drops) in methanol 
(5.0 mL) and extracted as before to afford a pale yellow liquid. 
Yield 95%. 1H-NMR (300 MHz, CDCl3) δ: 8.04 (d, J=8.3 Hz, 
2H), 7.53 (d, J=8.1 Hz, 2H), 5.44 (s, 1H), 3.92 (s, 3H), 3.33 
(s, 6H). 13C-NMR (75 MHz, CDCl3) δ: 166.99 (s), 143.07 (s), 
130.35 (s), 129.65 (s), 126.93 (s), 102.50 (s), 52.78 (s), 52.23 

Chart 1. Synthesis of N-Ethylacrylamide-2-(4-formylbenzamide) Monomer (M1) and Pyridyldisulfide Ethylacrylate Monomer (M2)
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(s). FT-IR (wavenumber, cm−1) 2995, 2954, 2902, 2832, 1724, 
1577, 1509, 1438, 1280.

Synthesis of N-Ethylacrylamide-2-(4-(dimethoxymethyl)-
benzamide)

Methyl-4-(dimethoxymethyl) benzoate (700.0 mg) and 1,2-di-
aminoethane (10.0 mL) were mixed and heated up to 80°C for 
24 h and then evaporated to dryness under vacuum. The yel-
low solid obtained was dissolved in dry CH2Cl2 (20.0 mL) and 
triethylamine (Et3N) (20.0 mL) was added. The solution was 
cooled to 0°C in an ice bath. Acryloyl chloride (520.0 mg) in 
CH2Cl2 (10.0 mL) was added dropwise for a period of 30 min. 
The reaction was stirred overnight at room temperature and 
then transferred to a separating funnel with saturated NaHCO3 
(aq) (30.0 mL). The aqueous layer was extracted with CH2Cl2 
(3×30.0 mL). The organic extracts were combined and dried 
over Na2SO4, filtered, and evaporated to dryness under vac-
uum to afford a crude solid, which was purified by column 
chromatography using silica gel as stationary phase and a 
mixture of CH2Cl2–MeOH (90 : 10 v/v) as eluent to obtain a 
white solid. 1H-NMR (300 MHz, CDCl3) δ: 7.81 (d, J=8.3 Hz, 
1H), 7.50 (d, J=8.2 Hz, 1H), 6.27 (dd, J=17.0, 1.6 Hz, 1H), 6.13 
(dd, J=17.0, 10.0 Hz, 1H), 5.63 (dd, J=10.0, 1.6 Hz, 1H), 5.41 
(s, 1H), 3.59 (s, 2H), 3.31 (s, 3H). 13C-NMR (75 MHz, CDCl3) 
δ: 168.23 (s), 167.17 (s), 141.59 (s), 133.99 (s), 130.61 (s), 127.00 
(s), 126.78 (s), 102.43 (s), 52.69 (s), 41.10 (s), 39.98 (s). FT-IR 
(wavenumber cm−1) 3300, 3072, 2986, 2942, 2903, 2831, 1643, 
1544, 1505, 1436, 1250.

Synthesis of N-Ethylacrylamide-2-(4-formylbenzamide) (M1)
A solution of N-ethylacrylamide-2-(4-(dimethoxymethyl)-

benzamide) (500.0 mg) in 1.0 M HCl(aq) (5 mL) was stirred 
at room temperature for 2 h and then neutralized with satu-
rated NaHCO3(aq) (30.0 mL). The aqueous layer was extracted 
with EtOAc (50.0 mL) 3 times and the organic extracts were 
combined and dried over MgSO4, filtered, and evaporated to 
dryness under vacuum to obtain a pale yellow solid which 
was purified by column chromatography using silica gel as 
stationary phase and a mixture of CH2Cl2–MeOH (96 : 4 v/v) 
as eluent to afford a white solid. 1H-NMR (300 MHz, dimethyl 
sulfoxide (DMSO)) δ: 10.14 (s, 1H), 8.84 (s, 1H), 8.32 (s, 1H), 
8.13–8.02 (m, 4H), 6.27 (dd, J=17.1, 9.8 Hz, 1H), 6.15 (dd, 
J=17.1, 2.3 Hz, 1H), 5.65 (dd, J=9.8, 2.3 Hz, 1H), 3.41 (dd, 
J=11.0, 6.1 Hz, 4H). 13C-NMR (101 MHz, DMSO) δ: 192.87 
(s), 165.56 (s), 164.90 (s), 139.49 (s), 137.73 (s), 131.77 (s), 
129.35 (s), 127.92 (s), 125.07 (s), 38.15 (s). FT-IR (wavenumber, 
cm−1) 3270, 3094, 2986, 2940, 2820, 2783, 2773, 1702, 1643, 
1547, 1503, 1447, 1382. The final product was also analyzed 
by COSY, HSQC, HMBC and NOESY NMR spectroscopy as 
supplementary characterization and is available in the Supple-
mentary Materials from S7 to S10.

General Procedure for the Preparation of the Acrylic 
Monomer with Disulfide Functionality (M2)

Synthesis of Hydroxyethyl Pyridyldisulfide
Hydroxyethyl pyridyldisulfide (HPDS) (V) was synthesized 

according to the literature.40) The reaction is shown in the 
Chart 1. Briefly, dithiodipyridine (DTDP) (IV) (5.0 g) was dis-
solved in methanol (25.0 mL) and glacial acetic acid (350 µL) 
was then added. After that, a solution of mercaptoethanol 
(530 µL) in methanol (5.0 mL) was added dropwise at room 
temperature during 30 min under continuous stirring. Once 
the addition was over, the reaction mixture was stirred at 
room temperature for 4 h. The stirring was stopped and the 

solvent was evaporated to get the crude product as yellow oil. 
The crude product was then purified by column chromatogra-
phy using silica gel as stationary phase and a mixture of ethyl 
acetate–cyclohexane (15 : 85, v/v) as eluent. The purification 
was monitored by TLC, the fraction with Rf=0.33 was col-
lected and the solvent was removed to get the desired product 
as pale yellow oil. Yield: 68%. 1H-NMR (300 MHz, CDCl3) 
δ: 8.50 (d, J=4.1 Hz, 1H), 7.57 (td, J=7.7, 1.8 Hz, 1H), 7.40 
(d, J=8.0 Hz, 1H), 7.14 (dd, J=6.9, 5.5 Hz, 1H), 3.82–3.77 (m, 
2H), 2.98–2.91 (m, 2H).

Synthesis of Pyridyldisulfide Ethylacrylate (M2)41)

To a solution of HPDS (V) (1.5 g) in dry CH2Cl2 (20.0 mL), 
Et3N (1.0 g) was added and the mixture was cooled in an ice 
bath. After that, a solution of acryloyl chloride (1.0 g) in dry 
CH2Cl2 (10.0 mL) was added during 30 min. The mixture was 
stirred at room temperature for 12 h. The stirring was stopped 
and the solid was removed by filtration. The obtained product 
was mixed with water (20.0 mL). The aqueous layer was ex-
tracted with CH2Cl2 (3×30.0 mL). The organic extracts were 
combined and dried over Na2SO4, filtered, and evaporated to 
dryness under vacuum to afford a crude product as brown oil, 
which was purified by column chromatography using silica 
gel as stationary phase and a mixture of ethyl acetate–cy-
clohexane (25 : 75, v/v) as eluent to afford a pale yellow oil. 
Yield: 78 wt%. The reaction is shown in the Chart 1. 1H-NMR 
(300 MHz, CDCl3) δ: 8.52–8.40 (m, 1H), 7.72–7.57 (m, 2H), 
7.12–7.05 (m, 1H), 6.40 (dd, J=17.3, 1.4 Hz, 1H), 6.09 (dd, 
J=17.3, 10.4 Hz, 1H), 5.83 (dd, J=10.4, 1.4 Hz, 1H), 4.41 (t, 
J=6.4 Hz, 2H), 3.08 (t, J=6.4 Hz, 2H). 13C-NMR (101 MHz, 
CDCl3) δ: 165.93 (s), 159.82 (s), 149.88 (s), 137.14 (s), 131.40 
(s), 128.16 (s), 120.98 (s), 119.96 (s), 62.42 (s), 37.51 (s). The 
final product was also analyzed by COSY, HSQC, HMBC and 
NOESY NMR spectroscopy as supplementary characteriza-
tion and is available in the Supplementary Materials from S14 
to S17.

Synthesis of Bi-functionalized Acrylic Copolymer (P1)  
The copolymer P1 was made by RAFT polymerization fol-
lowing a procedure described in the literature.22) S-1-Dodecyl-
S′-(α,α-dimethyl-α″-acetic acid) trithiocarbonate (DDMAT) 
(20.8 mg) and AIBN (1.9 mg) were added to a small Schlenk 
tube. N,N′-Dimethylacrylamide (910 mg, 9,18 mmol), N-
ethylacrylamide-2-(4-formylbenzamide) (281.0 mg, 1,14 mmol), 
and 2-pyridyl disulfide ethylacrylate (276,0 mg, 1,14 mmol) 
were then added followed by N,N-dimethylformamide (DMF) 
(4 mL). The reaction mixture was degassed by 5 cycles of 
freeze-vacuum-thaw and then it was bubbled for 30 min with 
argon. The vessel was backfilled with argon and allowed to 
warm to room temperature. The reaction mixture was then 
placed in an oil bath at 70°C with constant magnetic stirring, 
and the polymerization was quenched after 21 h with liquid 
nitrogen. The reaction mixture was dissolved in a minimal 
amount of tetrahydrofuran (THF) and added dropwise to a 
large excess of ice-cold diethyl ether. The solid polymer was 
then isolated by filtration, and the precipitation was repeated 
once before drying under high vacuum. Polymer P1 was 
obtained as a pale yellow solid. A schematic reaction can be 
seen in Chart 2. 1H-NMR (400 MHz, CDCl3) δ: 10.06 (s), 8.44 
(s), 8.11 (s), 7.91 (s), 7.66 (s), 7.09 (s), 4.30 (s), 3.72 (s), 3.09 (s), 
2.87 (s), 2.62 (s), 2.14 (s), 1.83 (s), 1.61 (s), 1.23 (s), 0.85 (s). P1 
was also analyzed by size exclusion chromatography (SEC) to 
evaluate the molecular weight and differential scanning calo-
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rimetry (DSC) to evaluate the thermal behavior of the final 
copolymer.

Preparation of Low Molecular Weight Chitosan (Hydro-
lyzed Chitosan)  Depolymerization of high molecular weight 
chitosan using the nitrous acid hydrolysis method was made 
according to literature42) to afford a low molecular weight 
polymer. In general, a 2% (w/v) solution of chitosan in acetic 
acid (6% (v/v)) was prepared. Then a solution of sodium ni-
trite 0.13 M (25.0 mL) was added dropwise in about 20 min and 
stirred for two hours at room temperature to get the desired 

viscosity level. The depolymerized chitosan was then neutral-
ized by a 4.0 M solution of NaOH. The precipitate chitosan was 
then isolated by filtration and washed thrice with acetone. The 
solid product was dissolved in a minimal amount of acetic 
acid solution and dialyzed using dialysis tubing (molecular 
weight cutoff 3500 Da) against alkaline water pH 8.0. The 
polymer solution was recovered and freeze-dried. The mo-
lecular weight was determined by viscosimetry using chitosan 
solutions with different concentrations and Mark–Houwink 
equation.43)

Chart 2. Synthesis of Acrylic Copolymer (P1) by RAFT

Chart 3. Schematic Representation of Cross-Linking Process between Thiolated Chitosan and Acrylic Polymer (P1) via Dynamic Covalent Bonds
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Functionalization of Hydrolyzed Chitosan  One gram of 
hydrolyzed chitosan was dispersed in water (50.0 mL) by stir-
ring, then HCl 1 M (2.0 mL) was added and the concentration 
adjusted with water to obtain a 1% (w/v) polymer solution. 
The mixture was kept under magnetic stirring for 2 h to guar-
antee the complete dissolution of the polymer. Afterwards, 
thioglycolic acid (640 µL) was added under continuous stir-
ring. 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) 
(3.5 g) addition follows and the pH adjusted to 5.5 using HCl 
(0.1 M). The reaction mixture was kept for 3 h at room tempera-
ture under stirring. To eliminate unbound reagents, the result-
ing functionalized polymer was dialyzed using dialysis tubing 
(molecular weight cutoff 3500 Da) first, against HCl 5.0 mM, 
then twice against HCl 5.0 mM containing NaCl (1% (w/v)), 
and finally twice against HCl 1 mM. Controls were prepared 
in the same way but omitting EDC during the coupling reac-
tion. Finally, the aqueous polymer solution was freeze-dried at 
−50°C (0.01 mbar) and stored at 4°C until further use.

Determination of Degree of Functionalization in Chito-
san  The amount of modified chitosan was evaluated with 
Ellman’s reagent.44) Briefly, functionalized polymer (0.5 mg) 
was dissolved in water (250 µL). Then phosphate buffer [pH 
8.0, 0.5 M (250 µL) and Ellman’s reagent (500 µL) (3 mg of 
5,5-dithiobis(2-nitrobenzoic acid) dissolved in 10.0 mL of 0.5 M 
phosphate buffer pH 8.0], were added. The reaction was al-
lowed to proceed for 3 h at room temperature. Afterwards, 
the precipitated polymer was removed by centrifugation 
(24000×g; 5 min) and 300 µL of the supernatant fluid was 
transferred to a microtitration plate. The absorbance was im-
mediately measured at a wavelength of 450 nm with a microti-
tration plate reader. The amount of thiol moieties was calculat-
ed from a standard curve obtained with cysteine HCl. Further 
analyses were done by NMR to confirm functionalization.

Preparation of Cross-Linked Nanoparticles  Initially, 

two solutions were prepared: thiolated chitosan (25.0 mg) was 
dissolved in water (5 mL) and copolymer P1 (25.0 mg) was 
dissolved in THF (1 mL). These two solutions were combined 
under rapid stirring. Afterwards, the pH was adjusted to 8.0 
with NaOH 0.1 M and the reaction was stirred for 24 h to allow 
the organic solvent to evaporate. Then a solution of dithioth-
reitol (30.0 mg in 65.0 mL of water pH 8.0) was added, and 
the reaction was left to stir at room temperature for 16 h. To 
eliminate low molecular weight products of the reaction and 
the unreacted reagents, the mixture was dialyzed using di-
alysis tubing (molecular weight cutoff 3500 Da) twice against 
water pH 8.0. Finally the reaction mixture (nanoparticles) was 
analyzed by DLS and TEM, and freeze dried to be analyzed 
by DSC. A schematic illustration of the cross-linking process 
between the polymers can be seen in Chart 3.

Functionalization of Nanoparticles  To a sample of cross-
linked nanoparticles in water (0.5 wt%, pH 5.5, 3 mL) NHS 
end-functionalized poly(ethylene glycol) (PEG) 5000 (6.0 mg) 
under magnetic stirring was added (PG1-SC-5k NANOCS). 
The reaction was left to stir at room temperature for 24 h. To 
eliminate unreacted PEG, the mixture was dialyzed using di-
alysis tubing (molecular weight cutoff 8000 kDa) twice against 
water pH 8.0. Finally the nanoparticles were analyzed by DLS.

Evaluation of Nanoparticle Sensibility to pH and Redox 
Potential Stimuli  Four samples of cross-linked nanopar-
ticles were exposed to four different environment condi-
tions: a) acid pH (5.5), b) higher redox potential with tris(2-
carboxyethyl) phosphine (TCEP), c) acid pH (5.5) and higher 
redox potential (with TCEP), and d) neither acid pH nor higher 
redox potential (pH 8.0, without TCEP) as control. For a) the 
pH of a sample of cross-linked nanoparticles (pH 8.0, 6 mL) 
was adjusted to 5.5 with small aliquots of HCl 0.1 M. The re-
action was left to re-equilibrate at room temperature for 16 h. 
For b) a sample of cross-linked nanoparticles (pH 8.0, 6.0 mL) 

Fig. 1. DSC Profiles of Different Polymers
(A) Homopolymer of monomer M1, (B) copolymer of monomers M1, M2 and M3 (P1), (C) homopolymer of monomer M3, (D) copolymer of monomers M2 and M3.
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was treated with tris(2-carboxyethyl) phosphine (TCEP) (1 mg) 
(approximately 5 eq per each disulfide bond) and the reaction 
was left to stir at room temperature for 16 h. For c) a sample 
of cross-linked nanoparticles was exposed to the effect of 
both stimuli, change of pH and reductant agent as described 
above and left to react for 16 h and for d) a sample of cross-
linked nanoparticles was left to stir at room temperature for 
16 h without modifications of original conditions. Finally the 
samples were analyzed by DLS. Furthermore, the structural 
changes of the nanoparticles by the effect of the change in pH 
were also followed by 1H-NMR.

Results and Discussion
Synthesis of Acrylic Monomers  The first part of the 

work focused in the synthesis of acrylic monomers with 
certain functional groups as starting material to build bifunc-
tional polymers. The synthesis of N-ethylacrylamide-2-(4-for-
mylbenzamide) (M1) was accomplished in four steps (Chart 
1) starting from 4-formylbenzoic acid (I). Thus, treatment of 
4-formylbenzoic acid (I) with trimethylorthoformate afforded 
the corresponding methyl benzoate acetal (II). Monoacylation 
of ethylendiamine with this protected benzoate was followed 

by the introduction of the acrylate moiety by means of acyla-
tion of the free amino group with acryloyl chloride. Hydroly-
sis of the acetal afforded M1 in a 95% global yield.

The synthesis of monomer M2, involved the substitu-
tion of dithiodipyridine (IV) with mercaptoethanol followed 
by acylation with acryloyl chloride to afford 2-(pyridin-2-
yldisulfaneyl) ethyl acrylate (M2) in a 68% global yield.

Mercaptoethanol was chosen instead of the usual cyste-
amine in order to decrease the synthetic cost at the expense of 
changing a stronger amide bond by a more labile ester bond. 
However, a minimum detrimental effect was expected due to 
the crowded environment of such a group in the final material.

Reversible Addition-Fragmentation Chain-Transfer Po-
lymerization (RAFT) Polymerization of Acrylic Monomers  
In order to build a bifunctional acrylic polymer (P1), the syn-
thetized monomers M1 and M2 were polymerized with N,N-
dimethyl acrylamide as structural monomer (M3). The struc-
tural heterogeneity of the three monomers suggested a living 
radical polymerization strategy. Specifically, RAFT using 
S-1-dodecyl-S′-(α,α-dimethyl-α″-acetic acid) trithiocarbonate 
(DDMAT) as RAFT agent was considered the most suitable 
strategy to obtain the desired polymer with low dispersity. 
Thus, polymerization of monomers M1–M3 in a molar ratio 
of 1 : 1 : 8 was performed as previously reported,22) with 
changes in the monomer with disulfide functionality (M2), 
which in this work was an acrylate instead of an acrylamide, 
to obtain the desired polymer P1. Size exclusion chromatogra-
phy analysis (SEC) of P1 afforded one peak with an average 
molecular weight (Mw) of 12500 g/mol and a polydispersity 
index of 2.3. NMR analysis displayed signals characteristic of 
each monomer, however, the lack of vinylic signals strongly 
suggested the absence of free monomeric units. The propor-
tion of monomers in the copolymer can be roughly determined 
by comparing the integral ratios of the aldehyde protons of 
M1, the aromatic protons of M2 and the N(CH3)2 protons of 

Fig. 2. Size Distribution of Cross-Linked Polymer Nanoparticles and Polydispersity Index Measured by Dynamic Light Scattering

Fig. 3. TEM Photography of Cross-Linked Polymer Nanoparticles
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M3. The monomer composition was determined to be 12 : 1 : 1 
(M3 : M1 : M2) which differs to the feed ratio, presumably due 
to the difference in reactivity between the monomers and or 

incomplete polymerization.
A comparative differential scanning calorimetry analysis 

(DSC) of P1 against homopolymers of M1 and M3 and copo-

Fig. 4. DSC Profiles of Different Nanoparticles
(A) Stimuli sensitive nanoparticles, (B) thiolated chitosan nanoparticles, (C) acrylic polymer nanoparticles, (D) mixture of thiolated chitosan nanoparticles and acrylic 

polymer nanoparticles.

Fig. 5. Particle Size of Polymer Nanoparticles Functionalized with PEG 5000 NHS
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lymers of M2 and M3 (50 : 50 ratio) can be seen in Fig. 1. An 
homopolymer of M2 could not be obtained despite literature 
reports.45)

The homopolymer of M3, exhibited an endothermic event 
at 110°C in agreement with the glass transition temperature 
(Tg) reported in the literature.46) Interestingly, the homopoly-
mer of M1, presented a Tg at 100°C, which is quite close to the 
value found for P1 (Tg 101°C) despite the fact that the molar 
ratio composition of P1 is 12 : 1 : 1 (M3 : M1 : M2). These 

results indicate a higher flexibility in the P1 copolymer due 
to the incorporation of more bulky monomers M1 and M2 
in comparison to homopolymer of PDMA (M3). It is worth 
to mention that only one Tg signal is observed in P1, which 
suggest an adequate copolymerization of the monomers. The 
thermal behavior of the copolymer made with M2 and M3, 
depicts two successive Tg events, one at 84°C and the second 
at 103°C. These results indicate that M2 decrease the Tg of the 
polymer when it is copolymerized with M3. In general these 

(A) pH 5.5 without TCEP. (B) TCEP+pH 8.0. (C) TCEP+pH 5.5. (D) Polymer nanoparticles without treatment.

Chart 4. Particle Size Distribution of Polymer Nanoparticles under Different Environments
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analysis suggest that the thermal behavior of P1 is the result 
of the interaction of three different monomers in which the 
effect of the major component (M3) imparts the brittleness 
property while M1 and M2 exert a plasticizer effect.

Chitosan Hydrolysis and Functionalization  In order to 
obtain low size chitosan particles, it was necessary to submit 
the polymer to partial hydrolysis with sodium nitrite. Further 
functionalization by means of thioglycolic acid esterifica-
tion mediated by EDC afforded a polymer, sensitive to redox 
potential, with a viscosity average molecular weight (Mv, 
according to the Mark–Houwink equation) of 12300 g/mol. 
Similar molecular weights have been reported as suitable 
to make chitosan nanoparticles with sizes between 100 and 
200 nm.47,48) The degree of functionalization with thiol groups 
was assessed with Ellman’s reagent and the result found was 
290 µmol/g of functionalized polymer which means that ca. 
6% of the primary amine groups of the chitosan chain were 
functionalized. Comparable results were reported when chi-
tosan was functionalized with 2-iminothiolane or thioglycolic 
acid.49,50) 1H-NMR analysis confirm a change in the chemical 
environment for the hydrogen linked to the anomeric carbon 
(C-1) of the glucosamine units, and the hydrogen linked next 
to it (C-2). This suggests that functionalization took place 
over the primary amine bonded to C-2. These results were 
also confirmed by HSQC and HMBC analysis available in the 
Supplementary Material.

Stimuli Sensitive Polymer Nanoparticles  Final cross-
linked polymer nanoparticles were made using different pro-
portions of polymers; however, the size of nanoparticles made 
with 50% of the acrylic polymer (P1) and 50% of thiolated 
chitosan showed the lowest polydispersity index (PDI) (0.158) 
in which a single peak that represent 100% of the intensity 
with a mean particle size of 103 nm was observed (Fig. 2). To 
confirm the results found by DLS and to know the morphol-
ogy of the nanoparticles, transmission electron microscopy 
(TEM) analysis was conducted using uranyl acetate as con-
trast agent. Figure 3 shows spherical nanoparticles with sizes 
around 90 nm, which are in agreement with the range of sizes 
found by DLS. As has been reported in several reviews and 
research articles, particle size is a parameter with high rel-
evance in many fields, but especially in nanomedicine where 
particles are going to be used as drug delivery systems, be-
cause they will be easily detected and degraded by the mono-
nuclear phagocytic system (MPS) when the particles have a 
size higher than 200 nm.51) On the other hand, if the particles 
have a size smaller than 10 nm, they can be removed from the 
circulation by glomerular filtration.52) In our case, DLS and 
TEM analysis confirm the suitability of the synthesized par-
ticles in terms of size. Another important aspect to consider in 
the development of drug carriers is the Z potential, since high 
positive or negative charges can be detected as well by the 
MPS.53) The Z potential observed was around +2 mV for the 

(A) pH 8.0; (B) pH 5.5.

Chart 5. 1H-NMR Spectrum of Stimuli Sensitive Polymer Nanoparticles at Different pH
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cross-linked polymer nanoparticles. This level of charge on 
the particles surface makes them less immunogenic and there-
fore potentially suitable for drug delivery. In order to assess 
the linkage between the acrylic polymer (P1) and the thiolated 
chitosan, thermal analysis by DSC was conducted. For this 
goal, a comparative thermal behavior analysis of acrylic poly-
mer nanoparticles, thiolated chitosan nanoparticles, a physical 
mixture of acrylic polymer nanoparticles and thiolated chi-
tosan nanoparticles, and the final assembled stimuli sensitive 
nanoparticles (cross-linked) was conducted. Nanoparticles 
instead of polymers were used in order to discard any change 
in the thermal behavior induced by the nanoparticles prepara-
tion method. The results, shown in Fig. 4, display a Tg event 
at 118°C for the acrylic nanoparticles and a Tg event at 114°C 
for the physical mixture of acrylic nanoparticles and thio-
lated chitosan nanoparticles. However, the thiolated chitosan 
nanoparticles and the stimuli sensitive nanoparticles did not 
present any thermal event. This fact indicates that there was 
a strong interaction between the chemical groups of P1 and 
thiolated chitosan with the generation of a new polymeric 
structure with greater stiffness between the chains due to fa-
vorable intermolecular interactions. This is in agreement with 
the curing or crosslinking processes between polymeric chains 
where the Tg temperature of the new polymeric material can 
increase or even disappear of the range of analysis generally 

due to restriction on main-chain motion by the crosslinks.54,55) 
Another reason that supports the disappearance of the Tg in 
the thermal behavior of the stimuli sensitive nanoparticles, is 
the random interconnection between the polymers which does 
not allow a movement pattern in the backbone of the polymer 
as a product of the heating and makes the measure of the Tg 
truly difficult.56)

Functionalization of Polymer Nanoparticles  The stabil-
ity of colloidal systems can be considered a drawback in the 
development of drug delivery systems. It is commonly ac-
cepted that colloidal systems with a Z potential between +30 
and −30 mV could be very unstable.57,58) Considering that our 
stimuli sensitive polymer nanoparticles possess a charge in 
that range, it was deemed necessary to functionalize the sur-
face of the nanoparticles with a hydrophilic polymer. For this 
aim PEG functionalization was considered the most suitable 
option. Additionally pegylation was done thinking in long-
term stability of the nanoparticles in biological media when 
they will be used in-vivo. Is well known that PEG increases 
the circulation time in blood because PEG reduces a fast 
clearance of the nanoparticles and hence improves efficiency 
by enhanced permeability and retention effect. PEG has 
been extensively used to increase surface hidrophilicity and 
improve circulation half-life by decreasing interactions with 
blood proteins and MPS cells.59–62)

Chart 6. Schematic Behavior of Stimuli Sensitive Polymer Nanoparticles in 4 Different Environments
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In this work PEGylation was conducted by covalently at-
taching PEG chains onto the surface of nanoparticles, a pre-
activated PEG was used (PEG-NHS). N-Hydroxylsuccinimide 
(NHS) functionalized polyethylene glycol (PEG-NHS) is an 
amino (–NH2) reactive PEG derivatives that can be used to 
modify protein, peptide or any other surfaces with available 
amino groups, such as the stimuli-sensitive nanoparticles sur-
face due to chitosan chains. NHS esters react with primary 
amine groups to form stable amide bonds. Compared to other 
NHS ester, succinimidyl carbonate linker provides much high-
er stability in aqueous solution with good yield in the coupling 
reaction.63–65)

The new PEG functionalized particles displayed one peak 
with an average particle size of 131 nm as measured by DLS. 
This is 30 nm higher than the non-functionalized nanoparticles 
(Figs. 2, 5). An increase of the Z potential up to +10 mV and 
an improvement in the colloidal stability was also experiment-
ed after the functionalization process with PEG.

Stimuli Sensitive Assessment  The polymer carrier de-
veloped in this work was designed with the intention of being 
disassembled under pH and redox potential conditions com-
monly found in cancer cells.66,67) This ability was assessed 
in four different environments and monitored by DLS using 
the particle size and the PDI as indicators of disassembly or 
disintegration of the particles. The first environment assessed 
was basically water with a pH value of 5.5. This environment 
applies only to the pH stimuli and has as target the imine 
bond that was formed by the coupling of the aldehyde groups 
present in the pendant chains of the acrylic polymer (P1) and 
the primary amine groups available in the thiolated chito-
san. Imines are accepted to be stable at normal physiological 
pH values but can be easily broken at pH values around 5.5 
which are pH values commonly found in cancer cells.66,68) 
DLS analysis showed one peak with an average particle size 
of 136 nm and a PDI of 0.216 as is depicted in Chart 4A. 
In addition, NMR analysis (Chart 5) of the integral ratio 
between imine signals around 8.2–8.4 ppm and aldehydes 
around 10 ppm for the control (A) and pH stimuli sensitive 
nanoparticle (B) revealed significant changes in favor of an 
increase of aldehyde groups when the pH changes from 8.0 
to 5.5. This result indicates an expansion of the particle size 
probably as a consequence of imine breaking, which is one of 
the bonds that allow the integration between P1 and thiolated 
chitosan. In the second environment, the target was the disul-
fide bonds product of the reaction between thiols groups from 
P1 and thiolate chitosan, pH was kept at a value of 8.0, which 
is the original pH of the nanoparticles (non pH stimulus), 
and the effect of changing the redox potential by means of 
tris(2-carboxyethyl) phosphine hydrochloride (TCEP) addition 
was measured. TCEP is an effective reagent for the cleavage 
of disulfide bonds in aqueous solution.69) The particle size 
distribution found in this second environment depicts a wide 
peak with a particle size of 85 nm, which represents a small 
contraction of the original particle size as seen in Chart 4B. 
A third environment was assessed in which both stimuli were 
applied at the same time with hard effects in the nanoparticle 
structure as shown in Chart 4C. Several random populations 
were evidenced which could be interpreted as the final result 
of the simultaneous breaking of the imine and disulfide bonds 
which suggest the separation of the structural polymers of the 
nanoparticles. The last environment was a control were neither 

pH nor redox potential stimuli were applied, therefore non 
change was found (Chart 4D). A schematic representation that 
summarizes the structural changes undergone by the stimuli 
sensitive nanoparticles as a result of the exposition to specific 
environments is depicted in Chart 6.

Conclusion
In the present work, polymeric nanoparticles with sizes 

around 100 nm were obtained by means of the cross-linking 
between low molecular weight thiolated chitosan and a bi-
functional acrylic copolymer (P1) using imines and disulfides 
as dynamic covalent bonds. The particles were able to keep 
their structure when single pH or redox stimuli were applied. 
However, simultaneous application of both stimuli resulted 
in disassembly of the macrostructure. These stimuli sensitive 
polymer nanoparticles can be considered a promising alterna-
tive to deliver an active substance in a desired environment.
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