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ABSTRACT 

Hypothesis: For some years, smart nano-objects are one of the main focuses of current research. 

In the framework of polymeric nanomedicine, o-nitrobenzyl alcohol derivatives lead to light-

responsive polymeric materials. At this day, nanomedicine based on polysaccharide/poly(o-

nitrobenzyl acrylate) (PNBA) copolymers have never been reported. 

Experiments: For the first time, PNBA core/dextran shell nanoparticles (NPs) were formulated 

by evaluating two different processes: i) nanoprecipitation of preformed Dextran-g-PNBA 

glycopolymers, ii) emulsion/evaporation using azido-functionalized PNBA and alkynated 

dextran, carrying out (or not) an interfacial click chemistry reaction. NPs’ characterization, 

colloidal stability in the presence of salts and an anionic competitive surfactant (SDS) and light-

induced disruption were assessed. Finally, the potential use of these NPs as photo-responsive 

drug delivery systems was investigated by a preliminary in vitro cytotoxicity study using Caco-2 

cells. 

Findings: Whatever the process, the photosensitive property and the colloidal stability of NPs in 

the presence of salts were proved. However, triazole rings between the dextran shell and the 

PNBA core avoid the dextran shell desorption in the presence of SDS. NPs' biocompatibility 

towards Caco-2 was proved and 100% cell viability was still observed after exposure to NPs 

following by 60 sec UV-irradiation.  

 

KEYWORDS: Drug Delivery System; Polysaccharide; Photo-responsive polymer; 

Biodegradable; Cancer treatment 
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1) INTRODUCTION 

For more than a decade, polymeric nanomedicine that includes micelles, nanoparticles (NPs) 

or nanocapsules received increasing attention, and many reviews dealing with this subject were 

published.[1-5] Drug may be loaded into such nano-objects to reduce dosage, minimize side-

effects, protect drug from degradation and thus to enhance its efficiency. Nevertheless, a long 

period in the bloodstream is often expected (case of stealthy nano-objects). To prevent the 

adsorption of opsonins (circulating proteins) on the nano-object's surface and its subsequent 

trapping by the reticuloendothelial system therefore its removing from blood flow,[6-7] 

polyethylene oxide (PEO, also called polyethylene glycol - PEG) is commonly used to cover the 

nano-object and to provide it stealthiness. However, although PEO is approved by Food and 

Drug Administration (FDA)[8] and after close to nearly half a century of clinical uses, it was 

shown that PEO induces hypersensitivity reaction, complement activation and anti-PEO antibody 

formation reactions.[8-9] Several neutral hydrophilic polysaccharides were already reported as 

promising alternatives of PEO due to their inherent biodegradability, immunogenicity, and 

bioactivity.[10] In fact, some polysaccharides as dextran allow the colloidal stability of such 

nano-objects,[11-13] prevent interactions with cells and proteins, thus extending the nano-

objects' circulation half-life,[9] and ensuring their stealthiness. After functionalization of such 

hydrophilic shell (PEG or dextran for instance) by adequate ligands as antibodies, carbohydrates 

or peptides, nano-objects can target specific cells to be treated. These nano-objects were called 

drug delivery system (DDS)[14-18] and some of them, based on biodegradable materials, were 

approved by FDA and are already commercially available.[19] 

After encapsulation of drug into DDS, the drug release occurs by DDS degradation or 

swelling, and/or by diffusion outside the nanocarrier. Commonly, biodegradable hydrophobic 
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(co)polyesters as poly(lactic acid) (PLA), poly(glycol acid) (PGA) and their poly(lactide-co-

glycolide) (PLGA) were used to formulate DDS. In these cases, drug release occurs by diffusion 

and degradation of the DDS. For some years, scientists took interest to introduce sensitive parts 

in polymeric materials to reach DDS that are sensitive to internal or external stimuli. Different 

types of smart or stimuli–responsive DDS are reported as thermosensitive DDS, pH-sensitive 

DDS, light-sensitive DDS, molecule-responsive DDS, …[20-24] After DDS formulation and 

according to adequate stimulation, the loaded drug is released when and where physicians and 

clinicians want. 

Among all the light-responsive polymeric materials described in literature,[25-30] o-

nitrobenzyl alcohol derivatives are today the most studied in polymer science. o-Nitrobenzyl 

ester bonds are known to be cleft by UV or two photons adsorptions, yielding to carboxylic acid 

functions.[31] Such bonds were already assessed to light-induce the disassembly of block 

copolymer micelles.[32-36] Very recently, some of us have reported the first controlled 

polymerization of o-nitrobenzyl acrylate (NBA), [37] then the synthesis of amphiphilic grafted 

photosensitive glycopolymers called Dex-g-PNBA, composed on dextran (Dex) as hydrophilic 

backbone and poly(o-nitrobenzyl acrylate) (PNBA) as photo-responsive grafts.[38] 
 
To the best 

of our knowledge, the formulation of nano-objects from polysaccharide/PNBA copolymers has 

never been reported. Indeed, only two papers are dealing with the light-disruption of nano-

objects based on diblock copolymers containing one PNBA block and one poly(2-ethyl-2-

oxazoline)[39] or polydimethylacrylamide[40] block.  

This study aimed to investigate for the first time the formulation of PNBA core / dextran shell 

NPs that can be used as DDS for anticancer treatments. Two different formulation processes 

were compared (nanoprecipitation and emulsion/organic solvent evaporation). More precisely, 
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within the emulsion/organic solvent evaporation process, an in situ Huisgen-type Copper(I)-

catalyzed Azide–Alkyne Cycloaddition (CuAAC) click-chemistry was carried out in some 

experiments. Then, NPs batches were characterized in term of size, zeta potential, dextran 

amount and colloidal stabilities in the presence of salts and of an anionic competitive surfactant. 

The photosensitive character of these PNBA-based NPs was evaluated by varying different 

irradiation parameters. Finally, and because the colorectal cancer is known to be the third most 

common cancer worldwide[41-43], preliminary study on the in vitro cytotoxicity of these 

PNBA-based NPs (before and upon UV-irradiation) towards human epithelial colorectal 

adenocarcinoma (Caco-2) cells was reported. 

 

2) EXPERIMENTAL  

2.1) Materials 

Amphiphilic alkynated dextran was derived from dextran.[38] The yield of substitution () of 

such alkynated dextran was estimated equal to 15% (15 pending alkynyl groups per 100 

glucopyranosic units), and its surface tension property was checked (Figure S1). Azido-

functionalized poly(o-nitrobenzyl acrylate) PNBAM-N3, where M is the number average 

molecular weight, was derived from PNBAM-Br obtained via a controlled Single Electron 

Transfer-Living Radical Polymerization (SET-LRP) of o-nitrobenzyl acrylate (NBA).[37] Dex-

g-PNBA glycopolymers were obtained by carrying out CuAAC in DMSO.[38] For more 

information, such glycopolymers are called Dex()-g-PNBAM, where  is the number of 

PNBAM grafts per 100 glucopyranosic units. Weight fractions of PNBA (FPNBA) into such Dex-
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g-PNBA are varying from 40 to 85% as shown in Table 1. Whatever FPNBA, all Dex-g-PNBA are 

insoluble in water, but soluble in DMSO or in THF/H2O mixtures. 

Tetrahydrofuran (THF), dichloromethane (DCM), copper bromide (CuBr, 99.9%), sodium 

dodecylsulfate (SDS), ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-

Aldrich and used without further purification. 

2.2) Elaboration of nanoparticles 

2.2.1) Nanoprecipitation  

25 mg of Dex-g-PNBA were dissolved in 5 mL of THF/H2O mixture (95/5, v/v; except in case 

of Dex(15)-g-3PNBA3,700 where 75/25, v/v was used) for 24 h, then added drop wise (0.1 mL per 

min) into 10 mL of distilled water under magnetic stirring. After complete addition, 10 mL of 

distilled water were added portion-wise to freeze the NPs dispersion. Finally, THF was removed 

by centrifugation (15,000 rpm, 15 °C, 30 min). NPs were washed twice by using distilled water, 

and then were freeze-dried.  

2.2.2) Emulsion/Organic Solvent Evaporation  

25 mg of either PNBA-Br, PNBA-N3 or mixtures (from 0/1 to 1/0) were dissolved in 1 mL of 

DCM. Meanwhile, 50 mg of alkynated dextran were dissolved in 10 mL of distilled water 

(DCM-saturated). The organic phase was added under vigorous stirring to the aqueous one, then 

the mixture was sonicated (pulsed mode, 46 W, 2 min, ice bath) using a Vibracell 75043 model 

(Bioblock Scientific). After sonication, DCM was evaporated at 37°C for 2.5 h under stirring. 

Suspension was then centrifuged (10,000 rpm, 15°C, 60 min) and the collected NPs were  
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Table 1. Characterizations of nanoparticles.  

 

Run 
(a)

 Method used to produce nanoparticles 
(b)

 Used polymers 
(c)

 Wt of dextran 

(mg/g PNBA) 

(d)
 Z-Average 

diameter (nm) 
(d)

 PDI 
(e)

 PZ 

(nm)
 

1 Nanoprecipitation Dex(15)-g-3PNBA3,700 - FPNBA = 40% 916 129±3 0.216 10 

2 Nanoprecipitation Dex(15)-g-14PNBA3,500  - FPNBA = 75% 310 118±3 0.080 5 

3 Nanoprecipitation Dex(15)-g-12PNBA9,800  - FPNBA = 85% 153 185±2 0.040 3 

4 Emulsion/Evaporation without CuAAC PNBA7,900-Br / PNBA8,100-N3 (1/0) 140 109±2 0.144 ND 

5 Emulsion/Evaporation without CuAAC PNBA7,900-Br / PNBA8,100-N3 (0.5/0.5) 109 132±2 0.124 ND 

6 Emulsion/Evaporation without CuAAC PNBA7,900-Br / PNBA8,100-N3 (0/1) 114 140±0 0.170 9 

7 Emulsion/Evaporation without CuAAC PNBA10,300-Br / PNBA10,300-N3 (0/1) 109 145±1 0.165 8 

8 Emulsion/Evaporation with CuAAC PNBA7,900-Br / PNBA8,100-N3 (0.75/0.25) 174 131±3 0.107 ND 

9 Emulsion/Evaporation with CuAAC PNBA7,900-Br / PNBA8,100-N3 (0.5/0.5) 185 125±1 0.069 ND 

10 Emulsion/Evaporation with CuAAC PNBA7,900-Br / PNBA8,100-N3 (0.25/0.75) 174 117±1 0.047 ND 

11 Emulsion/Evaporation with CuAAC PNBA7,900-Br / PNBA8,100-N3 (0/1) 185 118±1 0.103 10 

12 Emulsion/Evaporation with CuAAC PNBA10,300-Br / PNBA10,300-N3 (0/1) 215 141±2 0.181 7 
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(a) Alkynated dextran (=15%) was used as surfactant within emulsion/evaporation process 

(b) In bracket are given PNBA-Br/ PNBA-N3 weight ratios used. FPNBA is the weight fraction of PNBA in the glycopolymer, 

calculated from 
1
H NMR spectrum (DMSO-d6) using . ACH2 and AHa are the areas under 

characteristic peaks of OCH2 protons of each NBA monomer unit (molecular weight = 207 g/mol) and anomeric proton of each 

glucopyranosic unit, respectively. 176.1 g/mol is the average molecular weight of alkynated glucopyranosic unit ( = 15%).[38] 

(c) Weight fraction of dextran per gram of PNBA in NPs. See experimental part. 

(d) Estimated by Dynamic Light Scattering (DLS). See experimental part. 

(e) Dextran layer thickness, obtained from zeta potential measurements. See experimental part. ND means not determined.  
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resuspended in water, centrifuged again in order to remove the non-adsorbed alkynated dextran, 

and finally freeze-dried.  

In some experiments an in situ CuAAC was carried out by adding 5 mg of CuBr to the first 

emulsion under N2 flow and prior to the sonication step. To remove residual copper, EDTA (5 eq 

per CuBr) was added to the final washed NPs suspension, which was left under stirring for 24 h 

at room temperature, then centrifuged (10,000 rpm, 15°C, 30–60 min), and finally washed twice 

with deionized water.  

In the case of uncoated NPs, the initial aqueous phase was composed of 3 g/L of SDS instead 

of alkynated dextran. 

2.3) Characterization of nanoparticles  

The Dynamic Light Scattering (DLS) at low concentration was evaluated using a Malvern 

High Performance Particle Sizer (HPPS) instrument. The average scattering intensity during the 

measurement is called Mean Count Rate (MCR) and the analysis of the intensity fluctuations 

allows to estimate the NPs' size and the polydispersity index (PDI). Although this apparatus is 

able to measure relatively concentrated samples, 200 µL of NPs suspension were diluted in 2 mL 

of NaCl aqueous solution (10
−3 

M). In case of irradiated NPs (see below), 200 µL of irradiated 

suspension were mixed with 2 mL of Phosphate Buffer Saline (PBS, KH2PO4/Na2HPO4, pH = 

7)/H2O mixture (50/50, v/v)). The final NPs dispersion concentration was equal to 0.11 mg/mL. 

The mean diameter Dz (nm) is the so-called Z-average from cumulated analysis, i.e. an 

intensity–average diameter, and was measured three times with deviation remaining below 5 nm. 
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After freeze-drying, NPs were dissolved in DMSO-d6 and the weight of dextran (mg) per gram 

of PNBA was estimated from 
1
H NMR spectrum (Figure 1), according to equation (1). 

1
H NMR 

spectra were recorded on a Bruker Avance 300 apparatus (300.13 MHz, 25°C) in DMSO-d6.  

       (1) 

where AHa (4.7 ppm) and ACH2 (5.25 ppm) are the areas of anomeric protons and PNBA 

benzylic methylene ones, respectively. 162 and 207 are the molecular weights (g/mol) of 

glucosidic and NBA monomer units, respectively. 

2.4) Zeta potential and adsorption layer thickness  

The electrophoretic mobility was measured in NaCl solutions of variable concentration (10
−5

 to 

10
−2

 M) using a Malvern Zetasizer Nano-Z instrument. Calculations of zeta potential () were 

done from the electrophoretic mobility using the modified Booth equation.[44] As already 

reported,[12,45] this equation allows the calculation of values for any kH and a values, where 

kH
 −1 

is the Debye length related to the ionic strength, and a the radius of NPs. On the opposite, 

the classical Smoluchowski and Huckel equation are applicable only under two limiting cases, 

i.e., (kH  a) > 100 and (kH  a) < 0.1, respectively.  values were used to estimate the thickness 

of the adsorption layer (PZ) by using the Eversole and Boardman equation (2).[46] 

        (2) 

where Z = 1 (charge of Na
+
, Cl

-
 ions),  is the surface potential of the NP, e is the elementary 

charge of electron, kB is the Boltzmann constant, T is the absolute temperature and PZ is the 
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Figure 1. 
1
H NMR spectra (DMSO-d6) of NPs prepared by emulsion/organic solvent evaporation with (A) and without (B) in situ 

interfacial CuAAC. 
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distance of the shear plane from the surface of the NP, corresponding approximately to the 

adsorbed layer thickness. Thus, the plot of  versus kH gave a straight line with 

PZ as slope (determined at lower kH values), as already described.[11,12,45]  

2.5) Colloidal stability of nanoparticles 

The colloidal stability of NPs dispersions in the presence of NaCl was assessed by turbidimetry 

using UVikon XL Spectrophotometer (Bio-Tek Instruments). Typically, 0.5 mL of NPs 

dispersion (0.11 mg/mL) was added to 3 mL of NaCl solutions (concentrations ranging from 

10
−4

 to 5 M). The samples were allowed to stand in the dark before the analysis. Their optical 

density (OD) was measured over the range 450–650 nm at 50 nm intervals. For each NaCl 

concentration, the curve log (OD) as a function of log () was plotted, where  is the 

wavelength. The slope d(log OD)/d called n, was calculated and taken as an indication of NPs 

size.[11,12,45] Indeed, the occurrence of flocculation upon increasing ionic strength was 

evidenced by a sharp decrease in n values. 

The colloidal stability of NPs suspension toward SDS was carried out after adding SDS aqueous 

solution (1% weight) to the suspension. The sample was allowed to stand for 24 h under stirring, 

in the dark. NPs were then centrifuged, washed twice with deionized water, freeze-dried and 

dissolved in DMSO-d6 to quantify the amount of residual dextran on the surface of NPs.[12,45] 

The percentage of desorbed dextran was calculated using equation (3), where Wtinital and Wtfinal 

correspond to the weight of dextran (mg) per gram of PNBA before and after treatment by SDS, 

respectively.  
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        (3) 

2.6) Light irradiation of PNBA-based nanoparticles 

To study the light-induced disruption of PNBA-based NPs, 3 mL of NPs suspension (0.11 

mg/mL) in PBS (pH = 7) were irradiated in 1 cm × 1 cm quartz cuvette with a OmniCure®S1000 

UV spot cure lamp in the power range of 54-1150 mW/cm
2
. A light guide of 8 mm diameter 

equipped with a 320–500 nm filter was used. After irradiation, the Mean Count Rate value 

(MCR) was measured on the one hand. On the other hand, NPs were washed by DCM using 

separatory funnel to dissolve and extract o-nitrosobenzaldehyde (Figure S2). Finally, NPs 

suspension was freeze dried for 48 h prior to NMR characterizations. 

2.7) In vitro cytotoxicity and cells viability  

Caco-2 cells were cultivated in an appropriate culture medium (Dulbecco modified eagle's 

medium - DMEM) with high glucose concentration (4.5 g/L), 4 mM L-glutamine, supplemented 

with 10% foetal bovine serum, and 1% antibiotic antimycotic solution (Sigma). The cells were 

usually split when reaching 80% confluence (5–7 days). They were first rinsed with Dulbecco’s 

phosphate-buffered saline without calcium (D-PBS) (Sigma), then trypsinized with a solution 

containing 0.25% trypsin and 1 mM EDTA (GIBCO).  

Caco-2 cells were seeded into 96-well microplates at 1.10
4
 cells/well in 200 µL of culture 

medium. After 24 h, two sets of experiments were performed: i) cells were irradiated and 

incubated for another 24 h or 48 h at 37 °C, under 5% CO2 atmosphere, ii) cells were incubated 

with various NPs dispersion concentrations (< 230 µg/mL), then irradiated (or not) and incubated 

for another 24 h or 48 h at 37 C, under 5% CO2 atmosphere. In some experiments, the culture 

medium was changed 4 h after the irradiation, then cells were incubated for another 24 h or 48 h 
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at 37 °C, under 5% CO2 atmosphere. Also, cells without irradiation and without NPs addition 

were cultivated as controls. 

After incubation, culture medium was removed and 200 µL of fresh medium were then added. 

The cell viability was determined using MTT assay, using mitochondrial succinate 

dehydrogenase activity of viable cells by the reduction of the yellow coloured tetrazolium salt, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide, into a blue coloured formazan 

product.[47] More precisely, 50 µL of MTT solution (2 g/L) were added in each well. After 

incubation for 3 h at 37°C, formazan crystals were observed, dissolved with 150 µL of isopropyl 

alcohol, then spectrophotometrically quantified at 550 nm using a multi-well plate reader. OD 

value was subjected to the percentage of cell viability using equation (4): 

   (4) 

All these cytotoxicity experiments were performed in triplicate. Error bars (see below) represent 

standard deviation (SD) of the mean value for two independent experiments. One-way analysis 

of variance was performed by ANOVA procedure. Significant differences between means were 

determined by Duncan’s Multiple Range tests. Differences at p > 0.05 were considered 

significant. 

 

3) RESULTS AND DISCUSSION 

3.1) Nanoparticles by nanoprecipitation 

None of the Dex-g-PNBA glycopolymers were soluble in acetone/H2O mixtures commonly 

used in nanoprecipitation method.[12] Fortunately, THF/H2O mixture can be used to dissolve 
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Dex-g-PNBA with FPNBA higher than or equal to 40% (Table 1) to formulate PNBA-based NPs 

by nanoprecipitation. In this process, another surfactant was not required in the water phase 

according to the amphiphilic properties of such Dex-g-PNBA. As shown in Table 1, only one 

population of NPs was obtained with low PDI, whatever the glycopolymer used. The Z-average 

diameter of NPs based on Dex(15)-g-12PNBA9,800 (Run 3, Table 1) was larger than that of the 

two other batches (Runs 1-2, Table 1) due to its high weight fraction of PNBA. For each NPs 

batch, electrophoretic mobility was measured in different NaCl concentrations and compared to 

uncoated PNBA NPs (Figure 2). In the case of low NaCl concentration (10
-5

 M), we estimated 

zeta potential values () equal to -31.7 and -42.6 mV for NPs based on Dex(15)-g-14PNBA3,500 

and Dex(15)-g-12PNBA9,800, respectively (Runs 2-3, Table 1, Figure 2), that was higher than the  
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Figure 2. Evolution of zeta potential for NPs made by nanoprecipitation of Dex-g-PNBA (Runs 

2 and 3, Table 1) or by emulsion/evaporation with (or not) in situ CuAAC (Runs 6, 7 and 11, 

Table 1) against concentration of NaCl. 
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value estimated in case of uncoated NPs. These values indicate the presence of negative charges 

at the NPs surface according to the ester groups of PNBA chains that may lead to ionized 

carboxylic groups on the surface, as currently reported for polylactide NPs.[12] Nevertheless, 

these charges were screened by increasing the ionic strength of NaCl concentration evidencing 

the presence of a neutral dextran outer layer covering NPs (not in case of uncoated NPs, Figure 

2). This effect was already reported in case of PLA core / dextran shell NPs.[12] 

Using Eversole and Boardman equation (2), the outer dextran shell thickness (∆PZ) was 

estimated from  measurements. Increasing FPNBA in glycopolymer led to decrease both the 

weight fraction of dextran per gram of PNBA and the ∆PZ. Indeed, the increase of the 

hydrophobicity of such glycopolymers (increase of FPNBA) leads to a lower expansion of the 

outer dextran layer shell and decrease of ∆PZ (Table 1). 

3.2) Nanoparticles by Emulsion/Organic Solvent Evaporation 

Emulsion/organic solvent evaporation method is another technique commonly used to formulate 

NPs dispersion with narrow polydispersity.[12,13,48] In the present study, the organic phase was 

loaded with either PNBAM-N3, PNBAM-Br or mixtures (from 0/1 to 1/0), while the aqueous one 

was containing amphiphilic alkynated dextran. Using such emulsion/evaporation process 

provides a colloidal system based on a hydrophobic PNBA core surrounded by a physically 

adsorbed alkynated dextran shell. When using PNBA7,900-Br only (run 4, Table 1), a Z-average 

diameter of NPs equal to 109 nm and the amount of dextran per gram of PNBA equal to 140 mg 

were estimated. When using PNBA7,900-Br / PNBA8,100-N3 (0.5/0.5) mixture or PNBA-N3 only 

(PNBA8,100-N3 or PNBA10,300-N3), both similar amounts of dextran per gram of PNBA (around 

110 mg) and Z-average diameters of NPs (130-145 nm) were measured, whatever the PNBA 

molecular weight (runs 5-7, Table 1). A lower weight fraction of dextran (mg) per gram of 
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PNBA was estimated, that may be due to the lower hydrophobicity of azide end functions 

compared to bromide ones. 

In some other experiments, "clicked" NPs were prepared by emulsion/evaporation process 

carrying out an in situ interfacial CuAAC click reaction.[12,45] For instance, when using 

PNBA7,900-Br / PNBA8,100-N3 mixtures, an in situ CuAAC occurred at the liquid/liquid interface 

by adding CuBr into the medium, prior to sonication step. Carrying out such in situ click 

chemistry between azide and alkyne functions during the sonication step [12,45] leads to produce 

amphiphilic Dex(15)-g-PNBA8,100 glycopolymers at the liquid/liquid interface, allowing to 

covalently link the dextran shell on the PNBA core via triazole rings. Such Dex(15)-g-

PNBA8,100 in situ produced at this interface are more hydrophobic than alkynated dextran, 

leading to increase the amount of dextran (> 170 mg/g PNBA) while similar Z-average diameters 

of NPs (around 120 nm) were estimated (runs 8-11, Table 1). Increasing the molecular weight of 

PNBA-N3 (run 12, Table 1) increases both the Z-average diameter and the weight fraction of 

dextran (mg) per gram of PNBA according to a higher hydrophobic Dex-g-PNBA in situ 

produced. Such in situ CuAAC can also be carried out in absence of N2 flow without affecting 

the Z-average diameter of NPs, as shown in Figure S3. 

For each NPs batch formulated by emulsion/organic solvent evaporation, with and without in 

situ CuAAC, electrophoretic mobility was measured in different NaCl concentrations, as already 

done in the case of nanoprecipitation process (Figure 2). In the case of low NaCl concentration 

(10
-5

 M), we estimated  equal to -15.6, -18.5 and -25.6 mV for NPs made by 

emulsion/evaporation process with (or not) in situ CuAAC, respectively (Runs 6, 7 and 11, Table 

1, Figure 2). Such charges were screened by increasing the ionic strength of NaCl concentration, 

evidencing the presence of a neutral dextran outer layer covering PNBA core NPs. ∆PZ estimated 
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by equation (2) were similar (from 7 to 10 nm) whatever the occurrence of the in situ CuAAC, 

which means that carrying out (or not) such a reaction does not significantly influence the ∆PZ. In 

situ CuAAC leads to the formation of Dex(15)-g-PNBA8,100 glycopolymers at the liquid/liquid 

interface (run 11, Table 1). By comparison with data of run 3 (NPs produced by 

nanoprecipitation of Dex(15)-g-12PNBA9,800), we can observe a thicker dextran shell in the case 

of run 11. This result could be explained by a faster formation of NPs by nanoprecipitation than 

using emulsion/evaporation process, even with CuAAC, in agreement with work done by 

Couvreur et al. [50] 

3.3) Nanoparticles dispersion stability  

Firstly, the colloidal stability of NPs dispersions in NaCl medium was assessed during at least 

15 days in the dark by turbidimetry as a function of different ionic strengths. As already reported 

for other dextran-covered NPs[11,12,45], all the PNBA-based NPs dispersions were proved to be 

stable over the whole NaCl concentrations (from 10
-4

 to 5 M), whatever the formulation process 

used (Figure S4). Same experiments were carried out under exposure to natural light and we 

observed a 5 nm decrease in NPs diameter. According to these results, injection of such NPs in 

the bloodstream may be considered as ionic strength of blood equal to 0.15. Nevertheless, 

circulating proteins may desorb the dextran shell of NPs.  

To evaluate the stability of the dextran outer shell towards circulating proteins, NPs suspension 

was stirred over 24 h in presence of an anionic drastic competitive surfactant (SDS) that will 

mimic the proteins action. Desorption of adsorbed polymers by SDS has already been reported in 

the literature to evaluate the strength of amphiphilic copolymers adsorption.[51-53] In recent 

papers, we proved that one physically absorbed dextran outer layer onto PLA-core NPs[12] or 

onto PLA shell / oily core nanocapsules[45] cannot ensure colloidal stability against such SDS. 
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On the one hand, NPs were formulated by emulsion/evaporation process carrying out an in situ 

CuAAC. As above written, triazole rings were produced to covalently link dextran shell onto the 

PNBA core. On an opposite way, without interfacial CuAAC, alkynated dextran was only 

physically adsorbed at the NPs surface. Figure 3(A,B) shows 
1
H NMR spectra of such "clicked" 

NPs before and after contact with SDS. As one can see, dextran characteristic peaks were still 

present in the spectrum after SDS contact, testifying the presence of triazole rings are preventing 

the desorption of dextran shell. More precisely, only 4% (15%) of the dextran shell were 

desorbed by the competitive SDS when the in situ CuAAC was occurred under N2 flow (without 

N2 flow). On the other hand, when NPs were formulated without in situ CuAAC, 85% of the 

dextran shell were desorbed after SDS contact. Finally, in the case of NPs produced by 

nanoprecipitation, no desorption of the dextran shell was observed according to the triazole links 

between dextran and PNBA parts in glycopolymers. 

3.4) Light irradiation of PNBA-based nanoparticles 

Photosensitive properties of both PNBA[37] and dextran-g-PNBA glycopolymers[38] were 

already reported by some of us. We also proved that dextran part in such glycopolymers does not 

prevent, but delays the PNBA photolysis. Consequently, Dex-g-PNBA glycopolymers give 

dextran-g-poly(acrylic acid) (Dex-g-PAA) ones at total photolysis conversion (Figure S2). 

Nevertheless, if photolysis is not quantitative, dextran-g-P(NBA-co-AA) are produced.[38] 

To investigate the light irradiation effect on PNBA-based NPs, we arbitrarily selected NPs based 

on either Dex(15)-g-14PNBA3,500 (run 2, Table 1) or produced by emulsion/evaporation process 

with (or not) in situ CuAAC (runs 5 and 9, Table 1). Firstly, we monitored the pH of the NPs 

dispersion during UV irradiation. As shown in Table 2, pH of dispersion decreased, confirming 

the formation of free carboxylic groups according to Figure S2. Similar results were observed for  
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Figure 3. 
1
H NMR spectra (DMSO-d6) of NPs produced with (A, B) or without (C) in situ CuAAC. Click chemistry was carried out 

under (A) or without (B) N2 flow. Spectra are given before and after SDS contact. 
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Table 2. Photolysis conversion of 3 mL dispersion of NPs based on Dex(15)-g-14PNBA3,500 

(0.11 mg/mL) versus UV irradiation. 

Duration of irradiation 
(a)

 ACH2/AHa 
(b)

 % Photolysis 
(c)

 pH of dispersion 

Without irradiation 5.05 0  7.18 

2 min 3.38 33  6.40 

5 min 0.51 90  5.30 

10 min - - 3.81 

(a) UV-lamp power = 1150 mW/cm² 

(b) ACH2 and AHa are the areas under characteristic peaks of CH2 protons of each NBA 

monomer unit and anomeric proton (Ha) of each glucopyranosic unit, respectively. 

(c)  

 

both formulation processes. Consequently to simplify the reading, we will show only results for 

NPs made by nanoprecipitation. 

1
H NMR spectra (DMSO-d6) of irradiated NPs show a decrease of ACH2/AHa ratio depending 

on the irradiation duration, where ACH2 and AHa are the areas under characteristic peaks of CH2 

protons of each NBA monomer unit and anomeric proton (Ha) of each glucopyranosic unit, 

respectively. From this ACH2/AHa ratio, the yield of photolysis can be estimated (Table 2). As 

shown, 90% photolysis was reached after 5 min UV-irradiation (power 1150 mW/cm²). These 

results are in agreement with our previous results wherein no further evolution of the absorbance 

at 325 nm (characteristic of o-nitrosobenzaldehyde by-product) was observed after 5 min 

irradiation of Dex-g-PNBA under this power irradiation.[38] After 10 min UV irradiation, no 
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peak was observed on the 
1
H NMR spectrum and we think that PNBA grafts were totally 

hydrolyzed in PAA grafts at this time, leading to Dex-g-PAA not soluble in DMSO-d6 or D2O.  

FT-IR charts of non-irradiated and irradiated NPs based on Dex(15)-g-14PNBA3,500 are shown in 

Figure 4A. In case of non-irradiated NPs, one can see stretching bands at 1345 and 1579 cm
-1

 

characteristic of NO2 groups, and one sharp band (1739 cm
-1

) characteristic of ester carbonyl 

group. OH band from 3000 to 3600 cm
-1

 was characteristic of dextran hydroxyls. After 10 min 

UV-irradiation (power 1150 mW/cm²), FT-IR chart shows a total disappearance of above 

mentioned NO2 characteristic bands, while one new band characteristic of carboxylic acid groups 

appears at 1650 cm
-1

. In addition, a very broad band centered at 3440 cm
-1

, characteristic of OH 

from CO2H interfering with OH of dextran, was observed.  

A) B)
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Figure 4. A) FT-IR charts of NPs before and after 10 min UV-irradiation. B) Evolution of UV 

spectra of NPs during UV-irradiation and of PAA in DMSO (0.1 mg/mL). NPs are based on 

Dex(15)-g-14PNBA3,500 (Run 2, Table 1). Power irradiation was 1150 mW/cm². 

UV spectra of NPs, irradiated or not, washed by DCM then dissolved in DMSO, are shown on 

Figure 4B. One peak at 275 nm, corresponding to o-nitrobenzyl ester, was observed in the case 

of non-irradiated NPs and its intensity decreased with increasing the irradiation duration. No 
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band at 325 nm, characteristic of o-nitrosobenzaldehyde by-product, was observed according to 

the good DCM washing. After 10 min UV-irradiation, we still observed a small band over range 

250-280 nm that may correspond to the electronic transitions as π→π* and n→π* of carboxylic 

acid groups (PAA grafts) and of the esters linking grafts onto dextran backbone.[54] Indeed, the 

UV spectrum of PAA (  = 1,800 g/mol) in DMSO shows one band over range of wavelengths 

from 250 to 280 nm (Figure 4B). 

3.4.1) Effect of the medium 

We choose to irradiate NPs (made by nanoprecipitation of Dex(15)-g-12PNBA9,800, run 3, 

Table 1) in two different media: distilled water and PBS.  

Firstly in the case of NPs dispersed in H2O, the evolution of Normalized Mean Count Rate 

(MCR/MCRo) with the duration of irradiation (power 1150 mW/cm²) was drawn on Figure 5A. 

The Mean Count Rate value (MCR) was measured initially (MCRo) and after each irradiation 

duration (30 sec intervals). As shown, normalized MCR decreased until 120 sec irradiation, then 

increased according to the swelling of the NPs. Actually, according to our previous results, 

PNBA grafts were not totally converted into PAA ones after 60 sec of irradiation under this UV-

lamp power.[38] Consequently, after 60 sec of irradiation, grafts are based on NBA and acrylic 

acid monomer units (P(NBA-co-AA) grafts). At full photolysis, PNBA grafts were converted 

into PAA ones as shown on Figure S2. But, as PAA is insoluble in pure water, PAA grafts 

present onto the dextran backbone, and thus in the core of NPs, lead to swell NPs, scattering 

laser beam of DLS as native NPs do.  

Secondly, we carried out the same experiments in PBS buffer. When running irradiation, we 

observed a continuous decrease of normalized MCR until 90 sec irradiation due to the  

.
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Figure 5. Normalized Mean Count Rate of NPs against duration of irradiation. A) Effect of the dispersion medium, irradiation power 

1150 mW/cm² (run 3, Table 1). B) Effect of the irradiation power in PBS. Run 2, Table 1 (solid symbols) and run 3, Table 1 (open 

symbols). C) Effect of the irradiation power in PBS. Run 6, Table 1 (solid symbols) and run 11, Table 1 (open symbols). 
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progressive solubilisation of Dex-g-P(NBA-co-AA) glycopolymers in PBS, leading to the 

disappearance of NPs (Figure 5A). After 90 sec irradiation, normalized MCR was constant to 

low value. At this time, all NPs were disappeared and converted to dissolved Dex-g-P(NBA-co-

AA) glycopolymers. Indeed, in such a buffer, PAA grafts were converted to their salts, that are 

readily soluble. 

3.4.2) Effects of the irradiation power and of the nanoparticles chemistry  

Firstly, NPs based on Dex(15)-g-14PNBA3,500 (FPNBA =75%, run 2, Table 1) were irradiated 

under various powers (Figure 5B) in PBS. For one given irradiation power, normalized MCR 

decreased with increasing the irradiation duration until reaching a stable value. Secondly, NPs 

based on Dex(15)-g-12PNBA9,800 (FPNBA =85%, run 3, Table 1) show a slower decrease of MCR, 

that is explained by both the higher number of NBA monomer units in glycopolymer and the 

higher hydrophobicity of the NPs. Therefore, for one given irradiation power, higher duration of 

irradiation is necessary to obtain water-soluble Dex-g-P(NBA-co-AA) glycopolymers from run 3 

compared to run 2 (Table 1). Increasing the irradiation power leads to disrupt a higher NPs 

number for the same irradiation time. Same observation was done for NPs made by 

emulsion/evaporation process (Figure 5C). Moreover, if we compare the decreasing of 

normalized MCR for NPs made with or without an in situ CuAAC (runs 6 and 11, Table 1), we 

can conclude that the presence of triazole rings does not prevent the NPs disruption as the 

kinetics appeared close. At higher irradiation duration, MCR of irradiated "clicked" NPs (run 11, 

Table 1) seems to be higher than that observed in case of NPs produced without CuAAC (run 6, 

Table 1). In fact, in the case of NPs produced without CuAAC, total photolysis will lead to a 

blend of dextran and PAA chains in comparison with Dex-g-PAA produced after quantitative 

photolysis of "clicked" NPs that may organize themselves in aqueous phase.  
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3.5) Light-sensitive nanoparticles cytotoxicity  

3.5.1) Nanoparticles cytotoxicity 

In order to evaluate the biocompatibility of such PNBA-based NPs, their cytotoxicity was 

determined towards Caco-2 cells using MTT assay. In literature, diblock copolymers containing 

one PNBA part or some o-nitrobenzyl ester linkages were already proved to be not cytotoxic 

towards human breast cancer cells (MDA-MB-231)[55], (MDA-MB-435)[56] or human 

umbilical vein endothelial cells (HUVEC cells).[33] But to the best of our knowledge, studies 

dealing with the cytotocixity of o-nitrobenzyl-based copolymers or PNBA-based NPs towards 

Caco-2 have never been reported. The Caco-2 cells viability was measured after 24 h (Figure S5) 

and 48 h (Figure 6) incubation with various NPs batches formulated by either nanoprecipitation 

or emulsion/organic solvent evaporation with (or without) in situ CuAAC, and using various NPs 

dispersion concentration (less than or equal to 227 µg/mL). As shown in Figure 6, NPs until 

113.5 µg/mL do not exhibit cell toxicity (cell viability ~ 100%) whatever the NPs formulation 

process or the use of an in situ CuAAC. At the NPs concentration corresponding to 227 µg/mL, a 

very low decrease of the cell viability can also be observed for some NPs. Consequently, for 

experiments hereafter described, the NPs concentration equal to 113.5 µg/mL will be used as it 

has been considered that same results are observed whatever the NPs batch. 

3.5.2) Irradiation of Caco-2 cells 

The Caco-2 cells viability was investigated after cells exposure to UV-irradiation, by varying 

power and duration of irradiation. As shown in Figure 7, 100% Caco-2 cell viability was 

observed after 24 h or 48 h incubation by applying 30 sec irradiation with a power of 60 

mW/cm
2
. However, this viability decreased when increasing either the irradiation duration or the  
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Figure 6. Cytotoxicity of NPs (see runs Table 1) towards Caco-2 cells after 48 h incubation. Values not followed by the same letter 

are significantly different at the 0.05% level (Duncan’s test). 
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Figure 7. Effect of the irradiation power/duration on the Caco-2 cell viability after (A) 24 h and 

(B) 48 h incubation. Values not followed by the same letter are significantly different at the 

0.05% level (Duncan’s test). 
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Figure 8. Effect of the culture medium renewal 4 h after the irradiation treatment (power: 60 

mW/cm
2
) on the Caco-2 cell viability. The viability was estimated after (A) 24 h and (B) 48 h 

incubation. Values not followed by the same letter are significantly different at the 0.05% level 

(Duncan’s test). 

irradiation power. In order to reduce the side-effects of the UV-irradiation treatment, the 

replacement of the culture medium was performed 4 h after the irradiation, then cells were 

incubated during an additional 24 h or 48 h before carrying the MTT assay. As shown in Figure 

8, this change has clear benefits on the cell viability as around 85-90% was still observed after 48 
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h incubation (300 sec of irradiation at power 60 mW/cm
2
) versus less than 40% without medium 

culture renewal.  

3.5.3) Irradiation of Caco-2 cells incubated with nanoparticles 

 Finally, Caco-2 cells were exposed to 0.114 mg/mL of NPs (run 7, Table 1) and to irradiation 

(power 60 mW/cm
2
). In some experiments and as previously done, the culture medium was 

renewed 4 h after the irradiation, then cells were incubated during 24 h or 48 h before carrying 

the MTT assay. With 30 sec irradiation and when the culture medium was not replaced, cell 

viability reached 100% after 24 h incubation (Figure S6) but decreased up to 45% after 48 h 

incubation (Figure 9) in agreement with the possible cytotoxicity[55] of the o-nitrobenzaldehyde 

by-product produced during the photolysis of PNBA part (Figure S2). Nevertheless, with the 

same irradiation duration, a clear improvement of the cell viability can be observed when 

renewing the culture medium (Figure 9), which also mimics the dilution of the o-

nitrobenzaldehyde by-product in fluid body. The cell viability still reached 100% after 60 sec 

irradiation, but longer irradiation led to the decrease of the cell viability. For instance, up to 55% 

of cell viability was observed after 3 min irradiation. 

 

 

4) CONCLUSIONS 

PNBA core/Dex shell NPs were formulated by comparing two different processes: 

nanoprecipitation of amphiphilic Dex-g-PNBA glycopolymers or emulsion/organic solvent 

evaporation. Within this later process, we carried out (or not) an in situ CuAAC. Whatever the 

process used, NPs with average diameter from 120 to 140 nm were obtained, then characterized 

in terms of dextran amount per gram of PNBA (from 100 to around 300 mg of dextran / g of  
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Figure 9. Caco-2 cell viability (after 48 h incubation) after exposure to NPs, then UV irradiation 

(power: 60 mW/cm
2
) with various durations. The medium culture was renewed (or not) 4 h after 

the irradiation. Concentration of NPs (run 7, Table 1) was 0.114 mg/mL. Values not followed by 

the same letter are significantly different at the 0.05% level (Duncan’s test). 

PNBA). From the zeta potential values, one dextran surface layer thickness of 3-5 nm was 

measured in the case of NPs made by nanoprecipitation, while an 8-10 nm thickness was 

estimated using emulsion/organic solvent evaporation, carrying or not in situ CuAAC. The 

colloidal stability of all NPs batches in the presence of salt was proved, but in the presence of 

SDS we observed 85% desorption of the dextran shell for NPs formulated by emulsion/organic 

solvent evaporation without CuAAC. Fortunately, less or equal up to 4% desorption was reached 

in the case of NPs made by emulsion/organic solvent evaporation with in situ CuAAC or 

nanoprecipitation processes, due to the triazole ring links between the dextran shell and the 

PNBA core. 

Photosensitive property of such PNBA-based NPs was evaluated under UV light irradiation by 

firstly studying the photolysis kinetics, then varying either the suspension medium or the 

irradiation parameters. We observed that NPs disappeared in PBS medium and were converted to 
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dissolved Dex-g-P(NBA-co-AA) glycopolymers before their total photolysis. Such photolysis 

may be controlled depending on the irradiation mode and the chemical composition of NPs. NPs 

disappearance kinetics depend also on the irradiation power: higher the power was, faster the 

NPs disruption was. 

The biocompatibility of these photosensitive NPs towards Caco-2 cells was proved by MTT 

assay, whatever the NPs formulation process and the in situ CuAAC occurrence. In parallel, the 

cell viability after UV-irradiation treatment was studied. It was shown that the replacement of the 

culture medium 4 h after the irradiation allows an irradiation treatment of the Caco-2 with power 

corresponding to 60 mW/cm
2
 up to 300 sec: after 48 h incubation, the cell viability remained at 

85-90%. Finally, after exposure to PNBA-based NPs then to UV-irradiation (power: 60 

mW/cm
2
), 100% cell viability was still observed after 60 sec irradiation. These results open the 

way to future experiments dealing with such light-sensitive PNBA/Dex NPs. In the very next 

future, the loading of such NPs with anticancer drugs, then their release induced by UV-

irradiation will be investigated. Moreover, we will show that the o-nitrobenzaldehyde side-effect 

is negligible in comparison to the anticancer drug activity.  
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