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Abstract: Contrast Induced Nephropathy is the most severe side-effect arising after non-ionic iodinated 18 
contrast agents (CAs) intravenous administration. The use of antioxidants (i.e., N-Acetylcysteine; NAC) is 19 
one of the attempted prevention approaches. Herein, we describe the microfluidic-assisted synthesis of 20 
iodinated polymeric nanoparticles (NPs) as new multifunctional blood pool CA. The aim of this research is 21 
to co-encapsulate Iohexol (IOX; iodinated CA) and NAC (preventive agent) into poly-D,L-lactide-co-22 
glycolide (PLGA) and PEGylated-PLGA (PLGA-PEG) NPs to exploit CA diagnostic proprieties and NAC 23 
preventing antioxidant activity. A microfluidic-assisted nanoprecipitation protocol has been set-up for 24 
PLGA and PLGA-PEG NPs, evaluating the effect of formulation and microfluidic parameters by analysing 25 
the size, PDI and IOX and NAC encapsulation efficiency. The optimized NPs (PLGA-PEG, L:G 50:50, 5% 26 
PEG, Mw 90 kDa) formulated with a  size of 67±2.8 nm with PDI<0.2, spherical shape, and an IOX and 27 
NAC encapsulation efficiency of 38% and 20%, respectively. The IOX and NAC encapsulation was 28 
confirmed by FTIR and DSC. In vitro release study showed an IOX retention into the polymeric matrix and 29 
NAC sustained release up to 24-48h stating microfluidics as powerful tool for the formulation of 30 
multifunctional nanoplatforms. Finally, the protective effect of NPs and NAC were preliminary assessed on 31 
human kidney cells.  32 

Keywords: contrast-induced nephropathy; multifunctional contrast agent; iohexol; N-acetylcysteine; 33 
microfluidics; PLGA-PEG nanoparticles.  34 

 35 

1. Introduction 36 

X-ray computed tomography (CT) is a powerful non-invasive imaging method for which Hounsfield and 37 
McCormack were granted the Nobel prize in 1979 (Hounsfield, 1973). CT is primarily suitable to visualize 38 
bones whereas for soft tissues opaque compounds, based on heavy elements as iodine and barium that are 39 
recommended to reach a proper resolution (Hallouard et al., 2010). 40 

Usual clinical X-ray contrast agents (CAs) are hydrosoluble molecules, rapidly removed from the blood 41 
stream by the kidney (Hallouard et al., 2010; Lee et al., 2013). As well as for drugs, CAs present some 42 
drawbacks such as toxicity and accumulation in the organism, especially in patients with complicated clinical 43 
conditions. CAs side effects include mild reactions (incidence < 3%) as skin rashes, rhinorrhoea, headache, 44 
nausea, vomit, coughing and dizziness and moderate to severe reactions (incidence < 0.04%) as enhancement 45 
of mild reactions, thoracic pain, hypotension, facial and laryngeal edema (Andreucci et al., 2017).  46 

One of the most dreaded CAs side effect is the Contrast Induced Nephropathy (CIN), which is defined as 47 
a serum creatinine increase higher than 25% or 0.5 mg/dL (44 μmol/L) from baseline within 48−72 h after 48 
intravenous CAs administration, if other causes of renal failure are excluded (Chandiramani et al., 2020; Hong 49 
et al., 2020; Mehran et al., 2019). The exact CIN pathophysiology is still poorly understood. Current 50 
knowledge shows that CAs affect renal vessels and tubules functionality, further damaged by renal ischemia 51 
and reactive oxygen species overproduction, consequently assisting oxidative stress, vessels' narrowing and 52 
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apoptosis of renal cells. The combination of these factors decreases the renal blood flow and glomerular 53 
filtration rate (de Souza Santos et al., 2019). The CIN incidence ranges from 2% to 33%, depending on the 54 
harshness of the pre-existing renal failure, dialysis exigency, and the long-term outcome of the patient 55 
(Castaldo et al., 2019); it is the third leading cause of all hospital-acquired renal insufficiency with high 56 
morbimortality (de Souza Santos et al., 2019). To date, an effective treatment of CIN is lack and this 57 
pathology is still associated with high healthcare costs, long hospitalization and increased morbidity and 58 
mortality (Ali et al., 2018).  59 

Several prevention approaches have been adopted, such as volume expansion (hydration), administration 60 
of antioxidants (i.e., N-Acetylcysteine (NAC)), ascorbic acid, statins, and eventually, hemofiltration (Faucon 61 
et al., 2019; Mamoulakis et al., 2017; Mehran et al., 2019). However, the beneficial effects of these strategies 62 
are not supported by adequately powered clinical studies and thus further approaches need to be investigated 63 
(Faucon et al., 2019; Mamoulakis et al., 2017).  64 

The use of nanotechnology has been also evaluated to exploit its special features including protection of 65 
the payloads, prolonged circulation time and improved biodistribution (Hallouard et al., 2010; Lee et al., 66 
2013). Accordingly, several iodinated CAs loaded nanocarriers have been developed as blood pool contrast 67 
agents including liposomes, polymeric micelles and dendrimers (Delama et al., 2019; Hallouard et al., 2013; 68 
Wallyn et al., 2018; Yordanov et al., 2002). 69 

Special focus is presently given on polymeric nanoparticles (NPs) that show stronger stability and 70 
resistance to various stimuli (Balegamire et al., 2020). Polymeric NPs of diameter ~150 nm have been 71 
stabilized by PEG chains in a dense brush conformation were previously found stable in water and human 72 
serum, resistant against fast elimination by mononuclear phagocytes system and they provided increased 73 
Iodine concentration compared to the drug solution (Balegamire et al., 2020). The main advantage of using 74 
polymeric NPs is their potential for simultaneously encapsulating both drugs and a contrast agent to achieve 75 
multifunctional nanoplatforms (Durak et al., 2020; Mattu et al., 2018; Sokol et al., 2019). 76 

In the attempt to exploit the CAs diagnostic proprieties, preventing the correlated side effects and CIN, 77 
the main purpose of this research is to co-encapsulate Iohexol (IOX, iodinated CA) and NAC (preventive 78 
agent) into multifunctional nanoplatforms made of poly D,L-lactic-co-glycolic acid (PLGA) and poly D,L-79 
lactic-co-glycolic acid – polyethylene glycol copolymer (PLGA-PEG). PLGAs and PLGA-PEGs are well-80 
recognized, nontoxic, biocompatible, and biodegradable copolymers which are already approved by the 81 
United States Food and Drug Administration (FDA) for parenteral administration in humans, and have 82 
extensively studied to develop NPs with several payloads as small-molecule drugs, proteins and other 83 
macromolecules (Bala et al., 2004; Danhier et al., 2012). 84 

IOX was chosen as a non-ionic and water-soluble CA, which is used routinely in diagnostic field and 85 
eliminated exclusively by glomerular filtration (Olofsson et al., 1996; Stehle et al., 2020).  86 

NAC has drawn particular attention thanks to its antioxidant and anti-inflammatory proprieties and its 87 
capability to stimulate the production of vasodilatory mediators, including Nitric oxide (Hung et al., 2012; 88 
Ward and Valentovic, 2019). NAC may enable to decrease contrast-induced oxidative stress and to protect the 89 
renal function. Although NAC main drawback is the rapid clearance from blood due to the liver metabolism, 90 
it has previously demonstrated by our group that NAC encapsulation into PLGA-PEG NPs improves NAC 91 
pharmacokinetic profile after subcutaneous administration in mice compared to the drug solution (Chiesa et 92 
al., 2017). Furthermore, microfluidic-assisted nanoprecipitation protocol has already been set-up and 93 
optimized from our group as advanced manufacturing method for PLGA NPs with enhanced NAC loading 94 
capacity and prolonged release in comparison to the bulk nanoprecipitation method (Chiesa et al., 2018). 95 

The rationale behind the IOX and NAC co-encapsulation is threefold: first, producing multifunctional 96 
polymeric nanoplatforms of suitable diameter (between 50nm and 200 nm) and low polydispersity (PDI) in 97 
order to avoid renal clearance and detection by reticuloendothelial system; secondly, reducing IOX leakage 98 
from the polymeric matrix to increase CA residence time in the blood pool and prevent both systemic and 99 
nephrotoxicity, and finally sustaining NAC release up to 48h to exploit its preventive antioxidant activity. 100 

In the present work, one-step microfluidic method to simultaneously encapsulate IOX and NAC into 101 
PLGA and PLGA-PEG NPs was developed in order to produce suitable nanoplatforms exploitable as 102 
multifunctional blood pool CAs for imaging associated with a preventive drug. NPs were characterized in 103 
terms of size, charge surface, molecules interaction and morphology. The encapsulation efficiency (EE%) and 104 
in vitro drug release were evaluated. Cytocompatibility studies were also performed on human embryonic 105 
kidney cells.  106 



  

 

2. Materials and Methods  107 

Uncapped PLGA (DLG 75-3A, lactide:glycolide molar ratio (L:G) 75:25, Mw 25kDa) was purchased by 108 
Lakeshore Biomaterials (Birmingham, Alabama, USA). Uncapped PLGA (DLG 50-5A, L:G 50:50, Mw 109 
48kDa - DLG 50-6A, L:G 50:50, Mw 66kDa), and PLGA-PEG (DLG 50-6P, L:G 50:50, 10% PEG, Mw 60 110 
kDa - DLG 50-7P, L:G 50:50, 5% PEG, Mw 90 kDa) were purchased by Merck KGaA (Darmstadt, 111 
Germany). 112 

Iohexol (IOX, Mw 821.14 g/mol), N-Acetyl-L-cysteine (NAC, Mw 163.19 g/mol), Phosphoric acid (Mw 113 
98 g/mol) and Potassium phosphate monobasic (Mw 136.09 g/mol) were purchased by Sigma-Aldrich (St. 114 
Louis, MO, USA). Tris(hydroxymethyl)methylamine (TRIS, Mw 121.14 g/mol) was obtained by BDH 115 
(Poole, England, UK). The water used was distilled and filtered through 0.22 μm membrane filters (Millipore 116 
Corporation, Billerica, MA, USA). Unless specified, all the solvents used were of HPLC grade and all other 117 
reagents were of analytical grade. 118 

Human Embryonic Kidney 239 (HEK239) cells were kindly provided by the Department of Clinical-119 
Surgical, Diagnostic and Pediatric Sciences (University of Pavia, Pavia, Italy). Thiazolyl Blue Tetrazolium 120 
Bromide (MTT, approx. 98% TLC), Dulbecco’s Modified Eagle’s Medium High glucose (DMEM), 121 
Dulbecco’s Phosphate Buffered Saline (PBS 10X, sterile) and fetal bovine serum (FBS) were obtained from 122 
Sigma Aldrich (St. Louis, MO, USA). Gentamicin sulfate was purchased from Immunological Sciences 123 
(Rome, Italy). 124 

2.1. Microfluidic device 125 

Polymeric NPs were prepared using the NanoAssemblr™ Benchtop from Precision NanoSystems Inc. 126 
(Vancouver, CA), which uses a Y-shape staggered herringbone micromixer (SHM). The platform is composed 127 
of disposable SHM cartridges, made of polypropylene, viton and cyclic olefin copolymer, syringe pumps and 128 
NanoAssemblr™ software (Chiesa et al., 2018; Chiesa et al., 2020). The NanoAssemblr™ software allowed to 129 
suitably set the process parameters as production speed (Total Flow Rate, TFR) and the aqueous to organic flow 130 
ratio (Flow Rate Ratio, FRR). Sample batches (3 mL) were collected from the cartridge outlet, the initial and 131 
final waste volumes were set at 0.35 and 0.05 mL respectively. 132 

2.2. Nanoparticles Synthesis by Microfluidics 133 

Microfluidic technology has been already validated to be a consolidated method for the PLGA and PLGA-134 
PEG NPs synthesis (Lim et al., 2014; Rhee et al., 2011).  135 

Uncapped PLGA (DLG 75-3A, DLG 50-5A and DLG 50-6A) or PLGA-PEG (DLG 50-6P and DLG 50-136 
7P) was separately dissolved in DMSO or Acetonitrile to evaluate the effect of the organic solvent on the NPs 137 
manufacture. Polymer concentration was set at 10 mg/mL in all the cases as previous established (Chiesa et al., 138 
2018). TRIS buffer 10mM pH 7.4 was used as aqueous phase. The influence of the production speed (6 and 13 139 
mL/min TFR) was evaluated whereas the aqueous-to-organic ratio (based to FRR) was kept constant at 4:1 as 140 
previously optimized (Chiesa et al., 2018). 141 

For the preparation of PLGA and PLGA-PEG based NPs encapsulating either IOX and NAC, drug 142 
ethanolic solution was added to the polymer phase at polymer solvent-to-ethanol ratio of 9:1 v/v achieving a 143 
drug concentration of 1 mg/mL and a polymer concentration of 10 mg/mL. 144 

NPs batches were recovered by centrifugation at 25,000 rcf for 20 min at 4 °C (Eppendorf Centrifuge 5417 145 
R, Eppendorf AG, Hamburg, D) and washed twice with distilled water to remove the solvent. Yield of process 146 
was evaluated on freeze-dried NPs batches (−50 ◦C, 0.01 bar for 24 h. Lio 5P, Cinquepascal s.r.l., Milano, 147 
Italy). 148 

2.3. NPs characterization  149 

2.3.1 Size, surface charge and morphology 150 

Particle size, PDI and ζ-potential were measured by dynamic light scattering using a NICOMP 380 ZLS 151 
apparatus (Particle Sizing System, Menlo Park, CA, USA) equipped with a 632.8 nm laser and a detection angle 152 
of 90°.  Polymeric NPs were diluted in ultrapure water down to 1 mg/mL NPs concentration. 1500 µL of diluted 153 
particles were added into a 2-mL cuvette. The dispersant (water) refractive index and viscosity values were 154 
1.330 and 0.887 cP respectively. 155 



  

 

For the ζ-potential evaluation, the analyses were carried out by the electrophoretic light scattering 156 
(NICOMP 380 ZLS apparatus, Particle Sizing System, Menlo Park, CA, USA), after the same samples dilution. 157 
All measurements were made in triplicate and results were expressed as mean values ± standard deviation (sd).  158 

Morphometric analysis of NPs was performed by transmission electron microscopy (TEM; JEOL JEM-159 
1200EXIII with TEM CCD camera Mega View III, Tokyo, Japan) by using 1% (w/v) uranyl acetate as a 160 
negative stain; the collected images were processed by ImageJ software (ImageJ 1.52a, NHI) to evaluate NPs 161 
sizes. 162 

FT-IR spectra were obtained by a Nicolet FT-IR iS10 Spectrometer (Nicolet, Madison, WI, USA) equipped 163 
with ATR (Attenuated Total Reflectance) sampling accessory (Smart iTR with diamond plate) by co-adding 32 164 
scans in the 4000–525 cm-1 range at 4 cm-1 resolution. 165 

Calorimetric measurements were performed by a differential scanning calorimetry (DSC) Q2000 apparatus 166 
interfaced with a TA 5000 data station (TA Instruments, New Castle, DE, USA). The DSC instrument was 167 
calibrated using ultrapure indium (99.999%; melting point = 156.6 °C; ΔH = 28.54 J∙g-1) as standard. The 168 
measurements were carried out at 5 K∙min-1, in open standard aluminium pans, under nitrogen flow (45 ml∙min-169 
1). The samples containing the copolymer PLGA-PEG were analysed with cyclic measurements to eliminate 170 
their thermal history. In particular the temperature reached in first ramp was 120 °C for the sample PLGA-PEG 171 
and 80 °C for the NP samples. The temperature reached in the cooling was -20 °C in all cases. 172 

2.4. Encapsulation efficiency of NAC and IOX  173 

NAC and IOX encapsulation efficiency (EE%) were quantified by High Performance Liquid 174 
Chromatography (HPLC) methods. The chromatographic analyses were performed by Agilent1260 HPLC 175 
apparatus (Agilent Technologies, Milano, Italy) composed by a spectra system with a pump (1260 Infinity 176 
Quaternary Pump VL), UV detector (Agilent 1260 Series UV–vis detectors, multi-wavelength detector), and 177 
manual injector (Agilent 1260 Infinity Manual Injector) equipped with a Zorbax Eclipse® Plus C18 178 
Chromatography Column, 4.6 × 150 mm, 5μm.  179 

To evaluate the NAC loading into NPs, an isocratic method with a mobile phase made of 0.05M 180 
KH2PO4 adjusted to pH 3 with phosphoric acid and acetonitrile (88:12 v/v) was used; for each analysis mobile 181 
phase was freshly prepared and sonicated for 15 min to eliminate gas bubbles. The flow rate was set at 0.8 182 
mL/min and UV detection wavelength was at 214 nm. The injection volume was 20 l. 183 

The calibration curve was obtained from NAC standard solutions of concentrations ranging from 11 to 50 184 
μg/mL. Each standard solution was analysed in triplicate. The calibration curve linearity was evaluated by linear 185 
regression analysis (R2= 0.999), and all measurements were within the limit of detection (LOD= 3.5 μg/mL) and 186 
limit of quantification (LOQ = 11 μg/mL). HPLC method showed a recovery of 99.8 ± 1.85%. 187 

For each batch the amount of NAC into the NPs was indirectly quantified by HPLC analysis of free drug in 188 
the supernatant collected after NPs centrifugation (25,000 rcf for 20 min at 4 °C - Eppendorf Centrifuge 5417 R, 189 
Eppendorf AG, Hamburg, D); results are expressed as EE% defined as the fraction of initial NAC that is 190 
encapsulated by NPs and calculated by the following equation: 191 

 192 
EE%=(NACw-NACsup)/(NACw)*100 193 
 194 
where the NACw is the drug amount used for the NPs batch synthesis, and NACsup is the drug detected in 195 

the supernatant. 196 
To quantify IOX, a mobile phase of water and acetonitrile 95:5 v/v adjusted to pH 3 with phosphoric acid 197 

was used; it was freshly prepared and sonicated for 15 min to avoid the gas bubbles. The chromatographic 198 
analysis parameters were 1 mL/min as flow rate and 245 nm as UV detection wavelength. The calibration curve 199 
was obtained by IOX standard solutions within a concentration range 4.26 - 50 μg/mL; each calibration point is 200 
the average of three analysis. The linearity was evaluated by linear regression analysis with R2 of 0.999. All 201 
measurements followed the limit of detection (LOD = 1.41 μg/mL) and limit of quantification (LOQ = 4.26 202 
μg/mL) and the HPLC method recovery was 100 ± 2.28%. 203 

As before, IOX encapsulated into NPs was calculated by evaluating the not-entrapped drug amount by the 204 
following equation: 205 

 206 
EE%=(IOXw-IOXsup)/(IOXw)*100 207 
 208 



  

 

where the IOXw is the initial drug amount used for the NPs batch synthesis, and IOXsup is the drug 209 
estimated in the supernatant. 210 

2.5. In vitro release studies 211 

In vitro release experiments were performed on selected NPs batches. Freshly prepared NPs batches 212 
were resuspended in PBS pH 7.4 at the concentration of 10 mg/mL and incubated at 37°C to simulate the 213 
physiologic conditions. At scheduled time points, samples were centrifuged (16,000 rpm, for 5 min at 25°C - 214 
Eppendorf Centrifuge 5417 R, Eppendorf AG, Hamburg, D) and the supernatants were analysed by HPLC 215 
accordingly to the analytical method previously described. Results were expressed as mean drug release 216 
percentage ± sd (n=3 independent batches).  217 

2.6. Cell viability 218 

An IC50 study was carried out to determine the toxicity of either IOX, NAC and IOX/NAC loaded PLGA-219 
PEG NPs towards HEK 239 cells. Cells were cultured in DMEM with 10% v/v FBS and 1% w/v gentamicin and 220 
they were seeded in 96-well plate, at the density of 10,000 cells per well, for 24 h till reaching 60-70% 221 
confluence. Then the medium was discharged, the cells were washed with PBS and incubated with IOX, NAC 222 
and IOX/NAC loaded PLGA-PEG NPs in a rank of 0.001–2500 µg/mL. Free drugs at equivalent concentration 223 
used as control. Samples were incubated with cells at 37°C in a humidified atmosphere containing 5% CO2 for 224 
24 h. MTT assay evaluated the cells viability after incubation and results were expressed as viability percentage 225 
compared to untreated cells. Percent viability vs dose curves was created by using PRISM 6.0 program from 226 
GraphPad Software Inc. (La Jolla, CA, USA) using the sigmoidal dose-response curve fit. IC50 values were then 227 
determined from the fitted curves. 228 

2.7 Statistical analysis 229 

Results are represented as mean ± SD of at least n=3 independent batches. ANOVA tests were used to 230 
assess statistical significance, with a Tukey’s post ad-hoc test (p-value of less than 0.05). All statistical analyses 231 
were performed in GraphPad Prism version 6 (GraphPad Software Inc., La Jolla, CA). 232 

3. Results and Discussion 233 

3.1 Microfluidic method (approach) optimization for IOX/NAC loaded nanoparticles synthesis 234 

Multi-functional NPs have unique properties, facilitating both therapeutic and diagnostic applications. 235 
They have attracted extensive interest for a wide variety of biomedical applications, including targeted 236 
delivery, combination therapy, and theragnostic. Among these multi-functional carriers, polymeric NPs are 237 
one type of widely studied delivery systems.  238 

Herein, PLGA and PLGA-PEG NPs were tested for simultaneously encapsulating IOX and NAC in 239 
order to produce a multifunctional blood pool CA for imaging associated with a prevention drug.  240 

Microfluidics has previously shown to be an effective tool for the reproducible and easily scalable 241 
manufacture of polymer-based nanoparticles with high payloads (Lim et al., 2014; Rhee et al., 2011). Within 242 
this study, the effect of the SHM production speed (TFR) and the impact of the choice of the raw polymer 243 
(Mw, L:G ratio and the surface modification by PEG chains) as well as polymer organic solvent on the size, 244 
polydispersity and Zeta potential of polymeric NPs was evaluated. 245 

A set of preliminary experiments were performed in which PLGAs (DLG 75-3A, DLG 50-5A and DLG 246 
50-6A) and PLGA-PEGs (DLG 50-6P and DLG 50-7P) were separately dissolved into acetonitrile or DMSO, 247 
as organic solvent approved for pharmaceutic purposes. TRIS buffer (pH 7.2 10 mM) was used as aqueous 248 
phase in the SHM keeping FRR constant at 4:1 v/v. As well-known in literature, FRR significantly impacts 249 
the diffusion length for solvent and non-solvent molecules and in turn the solvent jump which drives the 250 
nanoprecipitation process. According to Karnik et al, 2008, FRR is correlated to the mixing time the key 251 
parameter for the production of polymeric NPs in order to reach a theoretical equilibrium between mixing rate 252 
and polymer aggregation rate (Karnik et al., 2008). In the presence of low FRR a longer mixing time was 253 
obtained and these conditions allow the PLGA absorption on NPs surface burying the carboxylic end group 254 
before the complete mixing leading to larger NPs formation. NPs sizes can be modulated on-chip by adjusting 255 
the mixing time and FRR is main parameter involved. Placebo PLGA an PLGA-PEG based NPs were 256 



  

 

prepared testing both 6 mL/min and 13 mL/min TFR and evaluated the effects on NPs size and size 257 
distribution. Fig. 1 shows the size and the PDI of NPs produced by varying TFR and using acetonitrile (Fig. 258 
1A) and DMSO (Fig. 1B) as organic solvent. 259 

 260 

Fig. 1. Effect of the production speed (TFR) and organic solvent (acetonitrile, DMSO) on the physicochemical 261 
features of placebo PLGAs NPs (DLG 75-3A, DLG 50-5A and DLG 50-6A) and PLGA-PEGs (DLG 50-6P and 262 
DLG 50-7P) NPs produced by microfluidics at aqueous-to-organic ratio 4:1 using TRIS buffer pH 7.2 (10 mM) 263 
as aqueous buffer. NPs were purified via centrifugation. Size (left axis, blue bars at 6 mL/min TFR and yellow 264 
bars at 13 mL/min) and polydispersity index (right axis, grey circles at 6 mL/min TFR and green circles at 13 265 
mL/min) of the NPs produced with acetonitrile (A) and DMSO (B) as organic solvent. Results represent the 266 
mean of at least 3 independent batches. 267 

By using acetonitrile, the NPs size was below to 200 nm with no significant differences observed across 268 
the production speeds except for DLG 75-3A (Fig.1A). PLGA-PEG NPs showed the smallest particles size at 269 
all TFRs tested: the mean size varied from 49 ± 2.2 nm to 46 ± 1.3 nm (DLG 50-6P NPs) and from 57± 1.1 270 
nm to 59 ± 0.5 nm (DLG 50-7P NPs) by working at 6 or 13 mL/min, respectively.  271 

Regardless the production speed used, DLG 50-5A NPs and DLG 50-6A NPs had particles size of 272 
around 66 nm. For DLG 75-3A NPs, particle size significantly decreased (p value < 0.05) from 149 ± 4.08 nm 273 
to 88.8 ± 1.25 nm along with increasing speed from 6 mL/min to 13 mL/min. All PLGAs and PLGA-PEGs 274 
NPs revealed homogeneous size distributions with a PDIs ranging from 0.328 to 0.033. In particular DLG 50-275 
6P NPs and DLG 50-7P NPs showed the narrowest size distribution (PDI values in a rank 0.033-0.127).  276 

Using DMSO gave rise to a remarkable NPs enlargement (Fig. 1B). At TFR of 13 mL/min, PLGAs NPs 277 
size were 173 ± 18.9 nm, 73.2 ± 7.86 nm and 107 ± 10.5 nm for DLG 75-3A, DLG 50-5A and DLG 50-6A 278 
respectively, while DLG 50-6P NPs showed mean size of 340 ± 94.2 nm. A significant size reduction was 279 
detected by decreasing the TFR to 6 mL/min showing NPs size ranging from 60 nm to 170 nm. By using 280 
DMSO for all the experimental conditions tested DLG 50-7P NPs were not recovered. Moreover, changing 281 
the organic solvent from acetonitrile to DMSO the NPs were more heterogeneous in nature with PDIs ranging 282 
from 0.149 to 0.572. The reduction of the NPs uniformity during the NPs synthesis into a microfluidic device 283 
can likely be ascribed to the increase of the polymer solution viscosity and it is consistent with the classical 284 
nucleation-growth mechanism for the NPs formation in the microfluidic system (Liu et al., 2015 ; Xu et al., 285 
2017). Despite the good water miscibility of both polymer solvents used, the higher viscosity of DMSO 286 
induces an increased size of the originating droplets. The larger the originating droplets are, the longer the 287 
time they take to shrink: a lower TFR (6 mL/min) promotes a higher reduction in NPs sizes. 288 



  

 

Zeta potentials of NPs reflected the polymeric structure: free carboxylic groups for uncapped PLGAs 289 
and no ionic groups in PLGA-PEGs. Regardless the experimental conditions used, PLGAs NPs revealed a 290 
strong negative surface charge of about -25mV whereas PLGA-PEGs NPs were neutral showing a Zeta 291 
potential from -0.8 mV to -5 mV. 292 

Based on the preliminary results acetonitrile was selected as organic solvents and the microfluidic 293 
operating parameters applied for further experimentations were 4:1 v/v FRR and 13 mL/min TFR. 294 

This choice is also supported by the strict correlation between these microfluidic parameters and the NPs 295 
features described by Karnik 2008 (Karnik et al., 2008). FRR and TFR massively affected the mixing time 296 
during the NPs synthesis tuning the diffusion length for solvent and non-solvent molecules, and thus 297 
controlling the solvent jump which drives the nanoprecipitation process. More in detail, low FRR (aqueous-298 
to-organic ratio) and low TFR enable an increase of the mixing time and under this condition PLGA was 299 
adsorbed on NPs aggregates burying carboxylic end group before complete mixing leading to larger NPs 300 
formation (Karnik et al., 2008). 301 

 Aiming to simultaneously load NAC and IOX, ethanol was added, a suitable solvent for the both drugs, 302 
to the polymer solution at acetonitrile-to-ethanol ratio of 9:1 v/v achieving a polymer concentration of 10 303 
mg/mL. Ethanol was also used as well-known co-solvent (driving solvent) able to actively promote the 304 
synthesis of well-formed PLGA-based NPs; ethanol concentration was set up considering the polymers used, 305 
their Mw and L:G ratio (Peltonen et al. 2020; Murakami et al., 2000). 306 

 Placebo DLG 75-3A NPs had a mean diameter of 111 ± 2.42 nm with a PDI of 0.260 ± 0.010. Placebo 307 
DLG 50-5A NPs and DLG 50-6A NPs showed dimensions of 80.8 ± 11.7 nm and 92.2 ± 29.6 and high PDI of 308 
approximately of 0.40 and 0.36 respectively. NPs surface charge was unchanged, Zeta potential values ranged 309 
from -20 to -30 mV for all PLGAs NPs 310 

By using PLGA-PEGs polymers the particles size significantly decreased (p value < 0.05) to 49.4 ± 1.26 311 
nm and 65.4 ± 4.53 nm for DLG 50-6P and DLG 50-7P respectively. Moreover, these formulations resulted in 312 
highly monodisperse size distributions, with PDI values below 0.1 (0.083 ± 0.035 and 0.095 ± 0.042 for DLG 313 
50-6P and DLG 50-7P, respectively). Zeta potential values were neutral for both formulations.  314 

After evaluation of the formulation and microfluidic operating parameters on the size characteristics of 315 
the empty PLGAs and PLGA-PEG NPs, the next step was to evaluate the impact of the encapsulation of the 316 
different payloads within these nanoplatforms. The effect of NAC loading into PLGAs and PLGA-PEGs NPs 317 
is reported in table 1. As can be noted NAC loading caused a significant enlargement (p value < 0.05) of 318 
PLGAs NPs: NAC_DLG 75-3A NPs disclosing mean size of approximately 180 nm with PDI of 0.199 ± 319 
0.021 while NAC_DLG 50-5A and 50-6A NPs size increased up to 176 nm and 224 nm, respectively, 320 
showing PDIs values around 0.2. Otherwise, NAC loaded PLGA-PEGs NPs did not undergo significant 321 
changes in size (p value > 0.05) with respect to placebo NPs showing a mean diameter of 61 nm and 88 nm 322 
for NAC_DLG 50-6P and NAC_DLG 50-7P, respectively. However, NAC encapsulation triggered an 323 
important increase of size distribution of PLGA-PEGs NPs: NAC_DLG 50-6P and NAC_DLG 50-7P and 324 
PDIs increased up to 0.188 ± 0.050 and 0.200 ± 0.057, respectively.  325 

NAC encapsulation efficiency (EE%) ranged from 28.61 ± 1.86% to 61.40 ± 2.17% (Table 1). For both 326 
PLGAs and PLGA-PEGs based NPs, the highest EE% were obtained increasing polymer Mw and the best 327 
results were obtained by using DLG 50-6A (61.40 ± 2.17, table 1) for PLGA NPs and DLG 50-7P (41.05 ± 328 
0.74, Table 1) for PLGA-PEG NPs.  329 

Table 1. NAC loaded NPs: mean size (nm), PDI and Encapsulation Efficiency (EE%). 330 

Sample code †Mean Size ± sd (nm) PDI ± sd Z-Pot ± sd EE% ± sd 

NAC_DLG 75-3A 177.18 ± 37.98*** 0.199 ± 0.021 -23.42 ± 3.43 28.61 ± 1.86 

NAC_DLG 50-5A 175.70 ± 14.24**** 0.186 ± 0.010 -25.34 ± 5.29 50.59 ± 0.17 

NAC_DLG 50-6A 223.92 ± 10.40**** 0.205 ± 0.018 -22.57 ± 6.17 61.40 ± 2.17 

NAC_DLG 50-6P 61.33 ± 12.79ns 0.188 ± 0.050 -5.91 ± 2.11 32.41 ± 0.16 

NAC_DLG5 50-7P 87.72 ± 25.08ns 0.200 ± 0.057 -3.06 ± 1.88 41.05 ± 0.74 

*Statistical differences compared to placebo counterpart: ns (p value > 0.05), *** (p value < 0.001),**** (p value < 331 
0.0001) 332 
†Calculated on three independent batches 333 



  

 

Drug EE% can be affected by several factors including solvent, drug/ polymer interaction, drug 334 
solubility and overall, the manufacturing method (Sah and Sah, 2015).  In drug delivery field the 335 
encapsulation of small hydrophilic drugs is still tricky, and several approaches have been applied to reduce 336 
the leaching of hydrophilic drug in external aqueous phase. Herein, it is demonstrated that microfluidic 337 
technology for the encapsulation of small hydrophilic drugs leads to obtain best results in term of 338 
encapsulation efficiency for all the polymers used compared to optimized bulk mixing method (NAC EE%= 339 
21.3 %, as previous reported by Chiesa et al. (Chiesa et al., 2017). Moreover, NAC encapsulation efficiencies 340 
were on average higher than those obtained for NAC containing liposomes or niosomes prepared by 341 
conventional methods (Mitsopoulos et al., 2008; Mitsopoulos and Suntres, 2011; Hamedinasab et al., 2020; 342 
Firozian et al., 2020) 343 

The effect of IOX encapsulation on the PLGAs and PLGA-PEGs NPs sizes was then evaluated and 344 
reported in table 2. Unlike NAC loaded NPs, IOX did not affect the size of PLGAs and PLGA-PEGs NPs 345 
produced by microfluidics if compared to the placebo counterparts: these formulations sizes ranged from 47 346 
nm to 124 nm. PLGA-PEG NPs confirmed the highest size uniformity showing a PDI values always below to 347 
0.2. IOX encapsulation varied from 15.57 ± 1.22% to 39.52 ± 0.68%. If compared to IOX loaded liposomes 348 
or polymeric nanocarriers obtained by traditional methods (Burke et al., 2007; Kao et al., 2003; Zheng et al., 349 
2006) satisfactory EE% of IOX were obtained by the set-up microfluidics technique for all polymers tested 350 
confirming the SHM versatility in incorporating polar drugs in hydrophobic matrices. 351 

Table 2  IOX loaded NPs: mean size (nm), PDI and Encapsulation Efficiency (EE %) 352 

Sample code †Mean Size ± sd (nm) PDI ± sd Z-Pot ± sd EE% ± sd 

IOX_DLG 75-3A 123.58 ± 26.47 ns 0.271 ± 0.025 -26.21 ± 5.12 15.57 ± 1.22 

IOX_DLG 50-5A 100.85 ± 12.48 ns 0.314 ± 0.018 -22.74 ± 1.03 22.57 ± 0.74 

IOX_DLG 50-6A 112.13 ± 14.47 ns 0.329 ± 0.026 -27.03 ± 8.28 31.89 ± 2.08 

IOX_DLG 50-6P 47.23 ± 0.92 ns 0.143 ± 0.050 -4.91 ± 1.05 39.52 ± 0.68 

IOX_DLG 50-7P 61.58 ± 2.85 ns 0.148 ± 0.050 -7.18 ± 3.25 24.62 ± 0.50 

*Statistical differences compared to placebo counterpart: ns (p value > 0.05)  353 
†Calculated on three independent batches 354 

Based on the previous results and considering the advantages of PEGylated polymers in prolonging NPs 355 
circulating half-life, DLG 50-7P was selected for the further IOX and NAC co-encapsulation (IOX/NAC) 356 
experiments. IOX and NAC ethanolic solution was added to the DLG 50-7P solution at acetonitrile-to-ethanol 357 
ratio of 9:1 v/v achieving a concentration of 1 mg/mL for each drug and a polymer concentration of 10 mg/mL. 358 
IOX/NAC loaded DLG 50-7P NPs (IOX/NAC_DLG50-7P) disclosed particle size of 67 ± 2.8 nm, a 359 
monodisperse size distributions (PDI value of 0.140 ± 0.016) and a neutral surface charged ( -5.4 ± 1.3 mV). 360 
The simultaneous entrapment of the CA and the prevention agent (NAC) significantly affected the 361 
encapsulation efficiency of each payload: NAC encapsulation efficiency was reduced to 20.50 ± 2.25% 362 
instead IOX encapsulation efficiency was increased from 24.62 ± 0.50% to 38.4 ± 6.96%. The set-up 363 
microfluidic method allowed to reach a yield of the process of 71.5%. 364 

3.2 Nanoparticles characterization 365 

Fig. 2 shows the TEM images of placebo DLG 50-7P NPs (A), NAC loaded DLG 50-7P NPs (B), IOX 366 
loaded DLG 50-7P NPs and NAC/IOX loaded DLG 50-7P NPs (D). All the formulations have homogeneous 367 
spherical shape, TEM images elaboration by ImageJ software 1.52a reveals particles size of 65 ± 9.9 nm, 75 ± 368 
8.1 nm, 56 ± 9.3 and 54 ± 8.0 nm for A, B, C and D respectively confirming the DLS analysis. Iodinated CA 369 
characterized by high electron density was detected inside the NPs as highlighted in Fig. 2E and as previously 370 



  

 

reported in literature (Zou et al., 2017).371 

 372 

Fig. 2. TEM images of placebo DLG 50-7P NPs (A), NAC_DLG 50-7P NPs (B), IOX_DLG 50-7P NPs and 373 
NAC/IOX_DLG 50-7P NPs (D). Magnification 50KX, scale bar= 500nm. Enlargement of NAC/IOX_DLG 374 
50-7P NPs (E) to visualize the entrapment of IOX, high electron dense iodinated compound, into the NPs. 375 
Magnification 75KX, scale bar=200 nm. 376 

IOX, NAC and polymer interaction during the NPs formation was evaluated by comparing 377 
IOX/NAC_DLG 50-7P NPs FTIR spectrum with the raw materials (IOX, NAC and DLG 50-7P) spectra (Fig. 378 
S1, Supplementary data). The naïve IOX presented the characteristic signals at 3239 cm-1 and 1635 cm-1 379 
corresponding to O-H stretching and C=O stretching vibration of amide I respectively (Abd El-Rahman et al., 380 
2018). NAC FTIR spectrum showed characteristic signal at 3370 cm-1 and 2545 cm-1 assigned to NH and SH 381 
respectively (Picquart et al., 1998). DLG 50-7P polymer has strong band at 1746 cm–1 due to stretch of the 382 
carbonyl groups present in the two monomers. Instead, bands at 2995 cm-1, 2947 cm-1 and 2880 cm-1 are 383 
attributable to the -CH vibrations. The spectrum of IOX/NAC_DLG 50-7P NPs is very similar to that of pure 384 
DLG 50-7P even if IOX signals are evident at 3186 cm-1 and 1630 cm-1. NAC signals were not revealed in 385 
NPs spectrum probably because its concentration is too low. 386 

IOX/NAC_DLG 50-7P NPs were analyzed by DSC to assess their thermal behaviour and they were 387 
compared to the raw materials NAC, IOX and DLG50-7P as such. The samples were analyzed with cyclic 388 
measurements to eliminate their thermal history. As can be noted, DLG 50-7P in the second heating, shows the 389 
glass transition at 39.5 °C followed by the sample decomposition after 200 °C (Fig. S2, Supplementary data). 390 
IOX did not presented any melting peak; and therefore, conclude that the CA is not crystalline while NAC 391 
raw material shows an endothermic peak at 111.2 °C (146 J/g) due to melting. 392 

IOX/NAC_DLG 50-7P NPs thermogram shows the polymer glass transition at 38.3°C and the NAC 393 
melting point at 110.7°C (0.67 J/g) corresponding to the 0.5% of NAC in the sample (Fig. S2, Supplementary 394 
data).  395 

3.3 In vitro release study from NAC and IOX loaded PLGA - PEG nanoparticles 396 

In the present work, IOX and NAC containing polymeric NPs were developed in order to produce 397 
suitable nanoplatforms to be used as multifunctional blood pool CAs for imaging associated with a preventive 398 
drug. The aim is to avoid the IOX leakage from the polymeric matrix to reduce the IOX renal failure and 399 
prolong its blood circulation. On other hand NAC should undergo a sustained release to achieve its preventive 400 
antioxidant activity. 401 

In vitro release test was performed in PBS pH 7.4 at 37°C to simulate the physiologic conditions by 402 
resuspending NPs at the concentration of 10 mg/mL. Fig. 3A, shows the NAC release profile from 403 
NAC_DLG 50-7P NPs (dash line) and IOX/NAC_DLG 50-7P NPs (full line). As can be noted, the IOX/NAC 404 



  

 

co-encapsulation affected the initial release of NAC, at 2h of incubation the NAC released was 28 ± 5% and 405 
50 ± 9% from NAC_DLG 50-7P NPs and IOX/NAC_DLG 50-7P NPs, respectively. It may be speculated that 406 
NAC is in the outer layer of NPs polymeric matrix that it can diffuse through the polymer chain faster when 407 
exposed in the physiological fluids. NAC release profiles were comparable starting from 5h of incubation and 408 
it was completed at 120h. 409 

IOX release profile is reported in Fig. 5B, the co-encapsulation significantly reduced the IOX release 410 
over the time reaching approximately 33% and 10% of IOX released after 168h of incubation for IOX_DLG 411 
50-7P NPs and IOX/NAC_DLG 50-7P NPs, respectively. The small amount of IOX released should be 412 
rapidly eliminated in vivo, since the elimination half-life of the free iohexol in patients with normal renal 413 
function is 1 to 2 h. 414 

Moreover, considering IOX released profile variation, it can be hypothesised that the IOX is confined 415 
into the inner core of the polymeric matrix and its release due to the diffusion through the polymeric matrix 416 
was delayed. Considering 2h as the CA elimination half-life, IOX/NAC_DLG 50-7P NPs have proven useful 417 
to avoid IOX systemic leakage, potentially increasing its effect as diagnostic agent, and meanwhile to sustain 418 
NAC release. 419 

 420 

Fig. 3. (A) In vitro NAC release from NAC_DLG 50-7P NPs (dashed line) and NAC/IOX _DLG 50-7P NPs 421 
(full line); insert: NAC release from 0 to 2h of incubation. (B) In vitro IOX release from IOX_DLG 50-7P NPs 422 
(dashed line) and NAC/IOX_DLG 50-7P NPs (full line). NPs were suspended in PBS pH 7.4 at the concentration 423 
of 10 mg/mL. 424 

 425 

3.4 Cell viability  426 

To investigate the cytotoxicity of NAC_DLG 50-7P NPs, IOX_DLG 50-7P NPs and IOX /NAC_DLG 427 
50-7P NPs in renal environment. HEK 239 cells were treated with increasing NPs concentration from 0.001 to 428 
2,500 µg/mL for 24 h. Equal dose of free drugs was used as control and results were reported in Fig. 4.  429 

Results claim that IOX/NAC_DLG 50-7P NPs were less toxic respect to the free drug and IOX_DLG 430 
50-7P NPs confirming the polymeric network ability to control and reduce the CA release as well as to exploit 431 
the NAC protective activity preventing IOX-related side effects.  432 

More in detail, the IOX free drug IC50 was 5.35 µg/mL (R2 98%) and it was three-fold more toxic than 433 
IOX_DLG 50-7P NPs (IC50=17.6 µg/ml with R2 98%). The protective effect of NAC is also correlated to the 434 
lowest cytotoxic profile showed by NAC_DLG50-7P NPs and free NAC: IC50 values of both formulations 435 
are always higher than 2,500 µg/mL. The cell viability of NAC_DLG 50-7P NPs and free NAC is always 436 
higher than 60% for all concentrations tested  437 

  Comparing IOX_DLG 50-7P NPs and IOX/NAC_DLG 50-7P NPs, the co-encapsulation of the CA 438 
and a protective drug as NAC triggers an important reduction (p value < 0.05) of cytotoxicity, 439 
IOX/NAC_DLG 50-7P NPs showed a IC50 value of 453 µg/mL (R2 96%) significantly higher than IC50 of 440 
IOX_DLG 50-7P NPs.  441 



  

 

The results obtained until now are very encouraging: IOX/NAC loaded PLGA-PEG NPs could be 442 
considered an advantageous formulation able to safely prevent IOX leakage exploiting its CA proprieties and, 443 
in the same time, protect the cells from the related side effects.  444 

 445 

Fig. 4. Cytotoxicity results obtained by incubating HEK 239 cells with IOX_ DLG 50-7P NPs and free IOX 446 
(A) NAC_DLG 50-7P NPs and free NAC (B) IOX/NAC_DLG 50-7P NPs and free IOX/NAC (C) and free 447 
NAC, IOX and IOX/NAC (B). The graph shows the cell viability curves for the experimental conditions fitted 448 
with a sigmoidal dose-response curve. Results were expressed as mean ± sd. 449 

4. Conclusions 450 

In this study, a microfluidic assisted nanoprecipitation method was set-up for the synthesis of PLGAs 451 
and PLGA-PEGs NPs co-delivering IOX, an iodinated non-ionic contrast agent, and NAC, a molecule with 452 
antioxidant properties to obtain multifunctional nanoplatforms with diagnostic and prevention purpose. The 453 
suitability of microfluidic technique for PLGAs based NPs preparation was confirmed, in order to achieve a 454 
more effective and easy scalable preparation method enabling a rapid screening of NPs formulation. 455 
Moreover, IOX/NAC loaded PLGA-PEGs NPs revealed required size and size uniformity and overall a 456 
proper release profile of both payloads: low IOX release in order to increase its residence time in the blood 457 
pool avoiding both systemic and nephro-toxicity and NAC sustained release up to 48h ensuring its antioxidant 458 
preventive activity. 459 

 460 

Author Contributions: For research articles with several authors, a short paragraph specifying their individual 461 
contributions must be provided. The following statements should be used “Conceptualization, E.C, I.G and D.A.L; 462 
methodology, E.C. and G.B; software, E.C.; validation, E.C, A.G. and R.D.; formal analysis, E.C; investigation, E.C and 463 
A.G.; resources, I.G. and R.D.; data curation, E.C.; writing—original draft preparation, E.C.; writing—review and editing, 464 



  

 

I.G. and D.A.L; visualization, E.C; supervision, I.G; project administration, I.G.; funding acquisition, B.C. and I.G. All 465 
authors have read and agreed to the published version of the manuscript. 466 

Funding: This research was partially funded by FRG 2020 – Research quote. 467 

Acknowledgments: The authors would like to thank Dr Federica Riva (Department of Public Health, Experimental and 468 
Forensic Medicine, Histology and Embryology Unit) and Dr Cinzia Ferrari (Department of Clinical-Surgical, Diagnostic 469 
and Pediatric Sciences) who kindly provided human renal cells, Prof Marco Biggiogera and Dr Gloria Milanesi 470 
(Department of Biology and Biotechnology) for the TEM analysis. 471 

Conflicts of Interest: The authors declare no conflict of interest. 472 
 473 

Appendix A. Supplementary data 474 

References 475 

Abd El-Rahman, M., Riad, S., Fawaz, E., Shehata, M., 2018. Three Different Spectrophotometric 476 
Methods Exploiting Ratio Spectra for the Selective Determination of Iohexol in the Presence of its Acidic 477 
Degradate. Curr Pharm Anal 14, 627-634. 478 

Ali, A., Bhan, C., Malik, M.B., Ahmad, M.Q., Sami, S.A., 2018. The Prevention and Management of 479 
Contrast-induced Acute Kidney Injury: A Mini-review of the Literature. Cureus 10, e3284. 480 

Andreucci, M., Faga, T., Serra, R., De Sarro, G., Michael, A., 2017. Update on the renal toxicity of 481 
iodinated contrast drugs used in clinical medicine. Drug Healthc Patient Saf 9, 25-37. 482 

Bala, I., Hariharan, S., Kumar, M., 2004. PLGA nanoparticles in drug delivery: The state of the art. Crit 483 
Rev Ther 21, 387-422. 484 

Balegamire, J., Vandamme, M., Chereul, E., Si-Mohamed, S., Azzouz Maache, S., Almouazen, E., 485 
Ettouati, L., Fessi, H., Boussel, L., Douek, P., Chevalier, Y., 2020. Iodinated polymer nanoparticles as 486 
contrast agent for spectral photon counting computed tomography. Biomater Sci 8, 5715-5728. 487 

Burke, S.J., Annapragada, A., Hoffman, E.A., Chen, E., Ghaghada, K.B., Sieren, J., van Beek, E.J., 488 
2007. Imaging of pulmonary embolism and t-PA therapy effects using MDCT and liposomal iohexol blood 489 
pool agent: preliminary results in a rabbit model. Acad Radiol 14, 355-362. 490 

Castaldo, P., Frascà, G.M., Brigante, F., Ferrante, L., Magi, S., Pavani, M., Skrami, E., Giuseppetti, 491 
G.M., Polonara, G., Amoroso, S., 2019. Low incidence of nephrotoxicity following intravenous 492 
administration of iodinated contrast media: a prospective study. Eur Radiol 29, 3927-3934. 493 

Chandiramani, R., Cao, D., Nicolas, J., Mehran, R., 2020. Contrast-induced acute kidney injury. 494 
Cardiovasc Interv Ther 35, 209-217. 495 

Chiesa, E., Dorati, R., Modena, T., Conti, B., Genta, I., 2018. Multivariate analysis for the optimization 496 
of microfluidics-assisted nanoprecipitation method intended for the loading of small hydrophilic drugs into 497 
PLGA nanoparticles. Int J Pharm 536, 165-177. 498 

Chiesa, E., Monti, L., Paganini, C., Dorati, R., Conti, B., Modena, T., Rossi, A., Genta, I., 2017. 499 
Polyethylene Glycol-Poly-Lactide-co-Glycolide Block Copolymer-Based Nanoparticles as a Potential Tool 500 
for Off-Label Use of N-Acetylcysteine in the Treatment of Diastrophic Dysplasia. J Pharm Sci 106, 3631-501 
3641. 502 

Chiesa, E., Riva, F., Dorati, R., Greco, A., Ricci, S., Pisani, S., Patrini, M., Modena, T., Conti, B., Genta, 503 
I., 2020. On-Chip Synthesis of Hyaluronic Acid-Based Nanoparticles for Selective Inhibition of CD44+ 504 
Human Mesenchymal Stem Cell Proliferation. Pharmaceutics 12, 260. 505 

Danhier, F., Ansorena, E., Silva, J.M., Coco, R., Le Breton, A., Preat, V., 2012. PLGA-based 506 
nanoparticles: An overview of biomedical applications. J Control Release 161, 505-522. 507 



  

 

de Souza Santos, V., Peters, B., Côco, L.Z., Alves, G.M., de Assis, A.L.E.M., Nogueira, B.V., 508 
Meyrelles, S.S., Porto, M.L., Vasquez, E.C., Campagnaro, B.P., Pereira, T.M.C., 2019. Silymarin protects 509 
against radiocontrast-induced nephropathy in mice. Life Sci 228, 305-315. 510 

Delama, A., Teixeira, M., Dorati, R., Genta, I., Conti, B., Lamprou, D., 2019. Microfluidic encapsulation 511 
method to produce stable liposomes containing iohexol. J Drug Del Sci Tec 54. 512 

Durak, S., Arasoglu, T., Ates, S., Derman, S., 2020. Enhanced antibacterial and antiparasitic activity of 513 
multifunctional polymeric nanoparticles. Nanotechnology 31. 514 

Faucon, A.L., Bobrie, G., Clément, O., 2019. Nephrotoxicity of iodinated contrast media: From 515 
pathophysiology to prevention strategies. Eur J Radiol 116, 231-241. 516 

Firozian, F., Karami, S., Ranjbar, A., Azandaryani, M.T., Nili-Ahmadabadi, A., 2020. Improvement of 517 
therapeutic potential N-acetylcysteine in acetaminophen hepatotoxicity by encapsulation in PEGylated nano-518 
niosomes. Life Sci 255, 117832. 519 

Hallouard, F., Anton, N., Choquet, P., Constantinesco, A., Vandamme, T., 2010. Iodinated blood pool 520 
contrast media for preclinical X-ray imaging applications - A review. Biomaterials 31, 6249-6268. 521 

Hallouard, F., Briançon, S., Anton, N., Li, X., Vandamme, T., Fessi, H., 2013. Poly(ethylene glycol)-522 
poly(ε-caprolactone) iodinated nanocapsules as contrast agents for X-ray imaging. Pharm Res 30, 2023-2035. 523 

Hamedinasab, H., Rezayan, A.H., Mellat, M., Mashreghi, M., Jaafari, M.R., 2020. Development of 524 
chitosan-coated liposome for pulmonary delivery of N-acetylcysteine. Int J Biol Macromol 156, 1455-1463. 525 

Hong, W.Y., Kabach, M., Feldman, G., Jovin, I.S., 2020. Intravenous fluids for the prevention of 526 
contrast-induced nephropathy in patients undergoing coronary angiography and cardiac catheterization. 527 
Expert Rev Cardiovasc Ther 18, 33-39. 528 

Hounsfield, G.N., 1973. Computerized transverse axial scanning (tomography). 1. Description of 529 
system. Br J Radiol 46, 1016-1022. 530 

Hung, Y.M., Lin, S.L., Hung, S.Y., Huang, W.C., Wang, P.Y., 2012. Preventing radiocontrast-induced 531 
nephropathy in chronic kidney disease patients undergoing coronary angiography. World J Cardiol 4, 157-532 
172. 533 

Kao, C.Y., Hoffman, E.A., Beck, K.C., Bellamkonda, R.V., Annapragada, A.V., 2003. Long-residence-534 
time nano-scale liposomal iohexol for X-ray-based blood pool imaging. Acad Radiol 10, 475-483. 535 

Karnik, R., Gu, F., Basto, P., Cannizzaro, C., Dean, L., Kyei-Manu, W., Langer, R., Farokhzad, O.C., 536 
2008. Microfluidic platform for controlled synthesis of polymeric nanoparticles. Nano Letters 8, 2906-2912. 537 

Lee, N., Choi, S., Hyeon, T., 2013. Nano-Sized CT Contrast Agents. Adv Mater 25, 2641-2660. 538 

Lim, J.M., Bertrand, N., Valencia, P.M., Rhee, M., Langer, R., Jon, S., Farokhzad, O.C., Karnik, R., 539 
2014. Parallel microfluidic synthesis of size-tunable polymeric nanoparticles using 3D flow focusing towards 540 
in vivo study. Nanomedicine 10, 401-409. 541 

Liu, D., Cito, S., Zhang, Y., Wang, C., Sikanen, T., Santos, H., 2015. A Versatile and Robust 542 
Microfluidic Platform Toward High Throughput Synthesis of Homogeneous Nanoparticles with Tunable 543 
Properties. Adv Mater 27, 2298-2304. 544 

Mamoulakis, C., Tsarouhas, K., Fragkiadoulaki, I., Heretis, I., Wilks, M.F., Spandidos, D.A., 545 
Tsitsimpikou, C., Tsatsakis, A., 2017. Contrast-induced nephropathy: Basic concepts, pathophysiological 546 
implications and prevention strategies. Pharmacol Ther 180, 99-112. 547 



  

 

Mattu, C., Brachi, G., Menichetti, L., Flori, A., Armanetti, P., Ranzato, E., Martinotti, S., Nizzero, S., 548 
Ferrari, M., Ciardelli, G., 2018. Alternating block copolymer-based nanoparticles as tools to modulate the 549 
loading of multiple chemotherapeutics and imaging probes. Acta Biomater 80, 341-351. 550 

Mehran, R., Dangas, G., Weisbord, S., 2019. Contrast-Associated Acute Kidney Injury. N Engl J Med 551 
380, 2146-2155. 552 

Mitsopoulos, P., Omri, A., Alipour, M., Vermeulen, N., Smith, M.G., Suntres, Z.E., 2008. Effectiveness 553 
of liposomal-N-acetylcysteine against LPS-induced lung injuries in rodents. Int J Pharm 363, 106-111. 554 

Mitsopoulos, P., Suntres, Z.E., 2011. Protective Effects of Liposomal N-Acetylcysteine against 555 
Paraquat-Induced Cytotoxicity and Gene Expression. J Toxicol 2011, 808967. 556 

Murakami, H., Kobayashi, M., Takeuchi, H., Kawashima, Y., 2000. Further application of a modified 557 
spontaneous emulsification solvent diffusion method to various types of PLGA and PLA polymers for 558 
preparation of nanoparticles. Powder Technology 107, 137-143. 559 

Olofsson, P., Krutzen, E., NilssonEhle, P., 1996. Iohexol clearance for assessment of glomerular 560 
filtration rate in diabetic pregnancy. Eur J Obstet Gynecol Reprod Biol 64, 63-67. 561 

Picquart, M., Abedinzadeh, Z., Grajcar, L., Baron, M., 1998. Spectroscopic study of N-acetylcysteine 562 
and N-acetylcystine hydrogen peroxide complexation. Chem Phys 228, 279-291. 563 

Peltonen, L., Koistinen, P., Karjalainen, M., Häkkinen, A., Hirvonen, J., 2002. The effect of cosolvents 564 
on the formulation of nanoparticles from low-molecular-weight poly(l)lactide. AAPS PharmSciTech 3, E32. 565 

Rhee, M., Valencia, P.M., Rodriguez, M.I., Langer, R., Farokhzad, O.C., Karnik, R., 2011. Synthesis of 566 
Size-Tunable Polymeric Nanoparticles Enabled by 3D Hydrodynamic Flow Focusing in Single-Layer 567 
Microchannels. Adv Mater 23, H79-H83. 568 

Sah, E., Sah, H., 2015. Recent Trends in Preparation of Poly(lactide-co-glycolide) Nanoparticles by 569 
Mixing Polymeric Organic Solution with Antisolvent. J Nanomater 2015. 570 

Sokol, M., Nikolskaya, E., Yabbarov, N., Zenin, V., Faustova, M., Belov, A., Zhunina, O., Mollaev, M., 571 
Zabolotsky, A., Tereshchenko, O., Severin, E., 2019. Development of novel PLGA nanoparticles with co-572 
encapsulation of docetaxel and abiraterone acetate for a highly efficient delivery into tumor cells. J J. Biomed. 573 
Mater. Res. B 107, 1150-1158. 574 

Stehle, T., El Karoui, K., Audard, V., Prie, D., 2020. Comparison of Iohexol Plasma Clearances 575 
Calculated From 5 Early-Compartment Correction Equations With Urinary Clearance of Iohexol. Kidney Int 576 
5, 1842-1843. 577 

Wallyn, J., Anton, N., Serra, C., Bouquey, M., Collot, M., Anton, H., Weickert, J., Messaddeq, N., 578 
Vandamme, T., 2018. A new formulation of poly(MAOTIB) nanoparticles as an efficient contrast agent for in 579 
vivo X-ray imaging. Acta Biomater 66, 200-212. 580 

Ward, D.B., Valentovic, M.A., 2019. Contrast Induced Acute Kidney Injury and Direct Cytotoxicity of 581 
Iodinated Radiocontrast Media on Renal Proximal Tubule Cells. J Pharmacol Exp Ther 370, 160-171. 582 

Xu, J., Zhang, S., Machado, A., Lecommandoux, S., Sandre, O., Gu, F., Colin, A., 2017. Controllable 583 
Microfluidic Production of Drug-Loaded PLGA Nanoparticles Using Partially Water-Miscible Mixed Solvent 584 
Microdroplets as a Precursor. Scientific Reports - Nature 7, 4794.   585 

Yordanov, A., Lodder, A., Woller, E., Cloninger, M., Patronas, N., Milenic, D., Brechbiel, M., 2002. 586 
Novel iodinated dendritic nanoparticles for computed tomography (CT) imaging. Nano Lett 2, 595-599. 587 



  

 

Zheng, J., Perkins, G., Kirilova, A., Allen, C., Jaffray, D.A., 2006. Multimodal contrast agent for 588 
combined computed tomography and magnetic resonance imaging applications. Invest Radiol 41, 339-348. 589 

Zou, Y., Wei, Y., Wang, G., Meng, F., Gao, M., Storm, G., Zhong, Z., 2017. Nanopolymersomes with 590 
an Ultrahigh Iodine Content for High-Performance X-Ray Computed Tomography Imaging In Vivo. Adv 591 
Mater 29. 592 

 593 

 

© 2020 by the authors. Submitted for possible open access publication under the terms and 

conditions of the Creative Commons Attribution (CC BY) license 

(http://creativecommons.org/licenses/by/4.0/). 

 594 


