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1 
2 
3 Abstract 
4 
5 

Superparamagnetic  Iron  Oxide Nanoparticles  (SPIONs) have gained  increasing  interest in 

7 

8 nanomedicine, but most of those reached the clinical trials have been withdrawn due to toxicity 
9 
10 concerns. Therefore, there is an urgent need to design low-risk and biocompatible SPION 
11 
12 

formulations. In this work, we present an original safe-by-design nanoplatform made of silica 
13 
14 

15 nanoparticles loaded with SPIONs and decorated with polydopamine (SPIONs@SiO2-PDA) and the 

16 
17 study of its biocompatibility performances by an ad-hoc thorough in vitro to in vivo nanotoxicological 
18 
19 methodology. The results indicate that the SPIONs@SiO2-PDA have excellent colloidal stability in 
20 
21 

serum-supplemented culture media, even after long-term (24h) exposures, showing no cytotoxic or 

23 

24 genotoxic effects in vitro and ex vivo. Physiological responses, evaluated in vivo using 
25 
26 Caenorhabditis elegans as animal model, showed no impact on fertility and embryonic viability, 
27 
28 

induction of oxidative stress response, and a mild impact on animal locomotion. These tests indicate 

30 

31 that the synergistic combination of silica matrix and PDA coating we developed effectively protects 
32 
33 the SPIONs, providing enhanced colloidal stability and excellent biocompatibility. 
34 
35 

36 KEYWORDS 
37 

38 SPION; silica; coating materials; polydopamine; nanotoxicity; C. elegans 
39 
40 

41 Introduction 
42 
43 Superparamagnetic Iron Oxide Nanoparticles (SPIONs) are among the most investigated magnetic 
44 
45 

nanoparticles (MNPs) due to their high responsivity to magnetic fields. Namely, SPIONs possess null 

47 

48 magnetic remanence combined with high saturation magnetization that assures no inter-particle 
49 
50 magnetic interactions in the absence of external magnetic fields and a fast and robust response when 
51 
52 

the latter is applied 1. This characteristic fundamentally opens up broad horizons for their use in 

54 

55 guided and controllable nanoparticle (NP) targeting and activity under magnetic fields. Being easily 
56 
57 manageable by using external fields, SPIONs have gained interest in a wide range of applications, 
58 
59 from magnetic resonance imaging (MRI) 2 to cell/tissue targeting or magnetic hyperthermia 
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1 
2 
3 treatments (MHT) 3. SPIONs' architecture is mainly based on maghemite (γ-Fe2O3) or magnetite 
4 
5 

(Fe3O4) cores covered by an external coating 4 which steers NP interactions within the biological 

7 

8 environment. SPION surface coatings provide augmented colloidal stability 5, and several efforts 
9 
10 have been attempted to design and synthesize clinical-ready low-risk SPIONs coated with 
11 
12 

biocompatible shells mostly made of dextran or dextran-derivatives (e.g., Endorem® or Resovist®) 
13 
14 

6,7. In general, the nature of the surface shells (along with the size) represents a key factor in 

16 
17 determining SPION uptake, toxicity 8, and biodistribution profiles 4,9,10. In this regard, silica (SiO2) 
18 
19 and bioinspired polydopamine (PDA) coatings can endow SPIONs with interesting biological and 
20 
21 

optical properties. From a biological standpoint, it has already been demonstrated that silica shells 

23 

24 can lessen SPION cytotoxic effects by preventing corrosion and inhibiting iron ion release 11. On the 
25 
26 other hand, PDA emerged as promising NP coating material due to its natural origin 12. Furthermore, 
27 
28 

PDA is highly reactive and can be used to increase NPs' drug binding/loading processes and release 

30 

31 efficiencies 13, feasible for drug delivery in targeted therapies. Both silica-embedded and PDA- 
32 
33 functionalized SPIONs have already been applied in several in vitro and in vivo pre-clinical studies 
34 
35 

for their use as drug delivery systems 14,15, MHT 16, and MRI agents 17,18. Furthermore, PDA manifests 
36 
37 

UVA-induced fluorescence 19, which can provide silica-coated SPIONs with distinct optical 

39 
40 properties exploitable for in vitro or ex vivo fluorescent analysis. 
41 
42 PDA coating is usually made through PDA-self polymerization by immersing NPs in a PDA alkaline 
43 
44 

aqueous solution 12. Despite being considered a gold-standard method, several parameters like 

46 

47 temperature and pH can affect the coating efficiency of this process 13,20, leading to high-grade batch- 
48 
49 to-batch variability. Furthermore, chemical residues from Tris hydrochloride – commonly used to 
50 
51 

create an alkaline environment 13– can contribute to unexpected toxic side effects. In this case, a 

53 

54 different  safe-by-design  approach  can  help  reduce  risks,  safeguarding  SPIONs'  synthetic 
55 
56 reproducibility. Here, we present a novel nanoplatform made of silica nanoparticles loaded with 
57 
58 

SPIONs and functionalized with polydopamine (SPIONs@SiO2-PDA) by a biocompatible, highly 
59 
60 

reproducible, and cost-effective procedure. We also provide an extensive, stepwise biological and 
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1 
2 
3 nanotoxicological characterization in vitro, ex vivo, and in vivo as required in the Minimum 
4 
5 

Information reporting in bio-nano experimental literature (MIRIBEL)21. SPIONs@SiO2-PDA 

7 

8 biocompatibility was assessed by a broad set of toxicological assays in vitro, in A549 cancerous 
9 
10 alveolar epithelial lung cell line, and in monocyte/macrophage THP-1 cells, ex vivo in whole human 
11 
12 

blood, and in vivo using C. elegans as animal model. Throughout all the three biological 
13 
14 

15 characterization steps, we observed no cytotoxicity or genotoxicity and mild effects in vivo on animal 

16 
17 locomotion. Responsiveness to external magnetic fields and SPIONs@SiO2-PDA capability to be 
18 
19 effectively concentrated in sub-millimeters sized regions by external magnets confirmed their 
20 
21 

potential for future theranostic applications. 

23 

24 
Materials and methods 

26 

27 Synthesis of silica-embedded SPIONs functionalized with polydopamine (SPIONs@SiO2-PDA) 
28 
29 

30 SPIONs@SiO2-PDA  were  obtained  using  three  synthetic  steps,  including  co-precipitation, 
31 
32 microemulsion, and polymerization (Fig.1a). Step 1 led to the production of iron oxide NPs coated 
33 
34 

with oleic acid (SPIONs@OA) by co-precipitation, according to the reaction equation: 

36 Fe2+ + 2Fe3+ + 8OH- → Fe O 
 
+ 4H O → 2Fe(OH) Fe(OH) 

 
→ Fe O 

 
+ 4H O 

37 3  4 2 

38 

39 

3 2 3  4 2 

40 Keeping the molar ratio 1:2 for total precipitation of Fe3O4 in a reducing environment, as described 
41 
42 in González-Gómez et al. 22, with some modifications related to the washing procedure of the 
43 
44 

obtained hydrophobic MNPs (S1). In step 2, SPIONs@OA were coated with silica (SPIONs@SiO2) 

46 

47 by a water-in-cyclohexane reverse microemulsion process, as reported by Moldes et al.23. 
48 
49 Experimental details can be found in S1. SPIONs@SiO2 were washed four times using 2-propanol 
50 
51 

(IPA, C3H8O). SPIONs@SiO2 were retained with a permanent magnet for each wash, and the 

53 

54 supernatant was removed. SPIONs@SiO2 were washed twice with Milli-Q water, centrifuged at 9000 
55 
56 rpm for 15 min, and redispersed in Milli-Q water. Finally, step 3 led to the functionalization of 
57 
58 

SPIONs@SiO2 with polydopamine (SPIONs@SiO2-PDA) based on the dopamine polymerization on 

60 
SPIONs@SiO2. Firstly, SPIONs@SiO2 (31 mg) were dispersed in 10 mL of Milli-Q water. Then 
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1 
2 
3 NH4OH (1 mmol) and dopamine hydrochloride (DA, C8H11NO2·HCl, 0.19 mmol) were added and 
4 
5 

incubated at 70°C overnight. SPIONs@SiO2-PDA were separated from the reaction medium by a 

7 

8 magnetic field and washed six times with Milli-Q water. Finally, SPIONs@SiO2-PDA were re- 
9 
10 dispersed in Milli-Q water to a final concentration of 0.1 % wt (256 μg) determined by 
11 
12 

thermogravimetric analysis (TGA) and flame atomic absorption spectroscopy (FAAS). All solvents 

14 

15 and chemicals were analytical grade and purchased from Sigma-Aldrich. 
16 
17 Physicochemical, optical and magnetic characterization of SPIONs@SiO2-PDA 
18 
19 

X-ray diffraction was performed with an X-ray diffractometer using a Philips PW1710 diffractometer 

21 

22 (Panalytical) operated at 40 kV and 30 mA, and the spectrum was recorded by Cu-Kα radiation source 
23 
24 (λ= 1.54186 Å). Measurements were collected in the 2Ɵ angle range between 10ᵒ and 80ᵒ with steps 
25 
26 

of 0.02ᵒ and 10 s/step. Surface functional groups of dried SPIONs were analyzed by Fourier 

28 

29 Transform Infrared (FTIR) Spectroscopy with a Thermo Nicolet Nexus spectrometer (Thermo Fisher 
30 

31 Scientific) using the attenuated total reflectance (ATR) method from 4000 to 400 cm-1. The 
32 
33 

morphology and size were studied by transmission electron microscopy (TEM) using a JEOL JEM- 
34 
35 

36 1011 microscope operating at 100 kV. Samples were placed on copper grids with Formvar® films 
37 
38 for analysis, and the diameter was measured using ImageJ software. Iron content in the MNPs samples 
39 
40 was determined by FAAS performed with an Atomic Absorption Spectrometer (Perkin Elmer 3110, 
41 
42 

Perkin). The composition of the samples was analyzed with a TGA Perkin Elmer model 8000 

44 
45 (Perkin). SPIONs@SiO2-PDA fluorescence was acquired with a Leica TCS SP8 SMD confocal 
46 
47 microscope with an HC PL APO CS 63×1.40 OIL objective with a 54.4% 405 nm laser (1024×1024- 
48 
49 

pixel images, bidirectional scan direction). SPIONs@SiO2-PDA magnetic properties were measured 

51 

52 by using a vibrating sample magnetometer (VSM) (DMS/ADE Technologies) and a superconducting 
53 

54 quantum  interference  device  (SQUID)  magnetometer  (Quantum  Design,  model  MPMS-5). 
55 
56 

Magnetization data were normalized to the magnetic mass (Wmag) amount for each sample 
57 
58 

59 (determined by TGA). A microscope-connected CCD camera (Dino-Lite Pro, AnMo Electronics 
60 

Corporation, Hsinchu City, Taiwan) has been used to follow the behavior of SPION solutions 
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1 
2 
3 contained inside 500 µm wide quartz capillaries (WJM-Glass/Müller GmbH, Berlin, Germany) under 
4 
5 

the influence of the magnetic field. A 0.9 mm wide tubing in medical-grade silicon (Silastic® Rx 50 

7 

8 medical grade tubing, Dow Corning, Midland, Michigan (USA) connected to a peristaltic pump 
9 
10 (120s, Watson Marlow, Cheltenham, UK) feds the capillary with nanoparticle solutions. 
11 

12 
Cell culture 

14 

15 A549 cells (ATCC; CCL-185) were cultured in high-glucose Dulbecco’s Modified Eagle Medium: 
16 
17 Nutrient Mixture F-12 (DMEM:F-12) (ThermoFisher Scientific, 31331-028) supplemented with 5% 
18 
19 

(vol/vol) fetal bovine serum (FBS) (ThermoFisher Scientific, 10500-064) and 100 U/mL penicillin 

21 

22 and 100 μg/mL streptomycin (P/S; Sigma-Aldrich, P4333) hereafter referred to as 
23 

24 completeDMEM:F12 media (cDMEM:F12) . The human monocytic leukemia THP-1 cell line 
25 
26 

(ECACC 88081201) was maintained in culture with RPMI 1640 medium (Gibco, Life Technologies, 
27 
28 

29 52400-025) supplemented with heat-inactivated 10% FBS (Gibco, Life Technologies, 10270-106) 

30 

31 and 1% P/S (Gibco, Life Technologies, 15070-063), hereafter referred to as completeRPMI (cRPMI). 
32 
33 Differentiated THP-1 monocytes with a macrophage-like phenotype M0 (THP-1 M0) were obtained 
34 
35 

by treating cells with 200 nM phorbol 12-myristate-13-acetate (PMA; Sigma, P8139) for 72 hours. 

37 

38 A549 and THP-1 cells were maintained in a humidified incubator at 37°C in 5% carbon dioxide 
39 
40 (CO2). 
41 
42 

Dynamic light scattering measurements in culture media 

44 
45 SPIONs@SiO2-PDA fresh aliquot (1mg/mL) was vortexed for 3 minutes and then centrifuged at 4 
46 
47 °C for 10 minutes at 1000 g. 50 µg/mL SPIONs@SiO2-PDA dispersions were prepared in the 
48 
49 

following buffers: (i) milliQ H2O, (ii) RPMI + 1% P/S [RPMI], (iii) cRPMI, (iv) DMEM:F12+ 1% 

51 

52 P/S [DMEM:F12], (v) cDMEM:F12. Samples were put into quartz cuvettes and incubated at 37 °C 
53 
54 for 0h, 4h, and 24h. The cells were transferred in a cell compartment of a BI200-SM goniometer 
55 
56 

(Brookhaven Instruments), thermostated at 20 °C, and equipped with a He-Ne laser (JDS Uniphase 

58 

59 1136P) with wavelength λ = 633 nm and a single-pixel photon counting module (Hamamatsu 
60 

C11202-050). Scattered light intensity and its autocorrelation function g2(t) were measured 
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1 
2 
3 simultaneously at a scattering angle θ = 90° using a BI-9000 correlator (Brookhaven Instruments). 
4 
5 

The electric field autocorrelation function g1(t) was calculated by using the Siegert relation 

7 

8 g2(t) = 1 + β |g1(t)|
2 (1) 

9 
10 where β is an instrumental parameter 24 and g1(t) is the field autocorrelation function, associated with 
11 
12 

the size (σ) of diffusing particles and their size distribution (Pq(σ)) by the relation 
13 14 

g (t) = ∫ P (σ) exp{-D(σ)q2t} dσ (2) 
15 1 q 

16 

17 where q = 4πñλ−1sin(θ/2) is the scattering vector in a medium with ñ refractive index and D(σ) is the 
18 
19 diffusion coefficient of a particle of hydrodynamic diameter Dh = σ, determined by the Stokes- 
20 
21 

Einstein relation D(σ) = kBT[3πησ]−1, with T being the temperature, η the medium viscosity and kB 

23 

24 the Boltzmann constant. The refractive indexes (ñ) of each medium were measured by using an Abbe 
25 
26 refractometer and taken as (i) 1.3320, (ii) 1.3346, (iii) 1.3350, (iv) 1.3347, (v) 1.3355. The medium 
27 
28 

viscosities (η) were calculated by interpolating the value reported in ref. 25 and taken as (i) 1.002, (ii) 

30 

31 1.111, (iii) 1.311, (iv) 1.115, (v) 1.457. The size distribution Pq(σ) was calculated by assuming that 
32 
33 the diffusion coefficient distribution was shaped as a Schultz distribution, which is a two-parameter 
34 
35 

asymmetric distribution, determined by the average diffusion coefficient <D> and its variance V 26,27. 
36 
37 

38 Two robust parameters derived from this analysis: Dz, the z-averaged hydrodynamic diameter (the 
39 
40 diameter corresponding to the average diffusion coefficient <D>), and PDI, the polydispersity index 
41 
42 (here calculated as PDI = V <D> −2), an estimation of the distribution width. The buffers containing 
43 
44 

FBS displayed a non-null intensity autocorrelation function due to the presence of several NPs. In 

46 

47 this case, the field autocorrelation function of the medium g1
M(t) was measured, and then the NP 

48 
49 autocorrelation function g1

NP(t) was calculated by a forced fit fixing the medium component: 
50 
51 

|g1(t)|
2 = | α g1

M(t) + (1-α) g1
NP(t) |2 (3) 

53 

54 where α = 0.95 is the fraction of integer medium in the sample 28,29. 
55 

56 

57 

58 
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1 
2 
3 Preparation of SPIONs@SiO2-PDA dispersions in culture media and cell treatments 
4 
5 

For A549 cell treatments, SPIONs@SiO2-PDA solutions (1 mg/mL) were vortexed for 3 minutes at 

7 

8 the highest speed using the Advanced IR Vortex Mixer Zx4 (VELP®scientifica) and diluted 1:10 in 
9 
10 DMEM:F12 with GlutaMAX™, with or without 5% FBS. The 1:10 dilution was sonicated for 1 min 
11 
12 

with the Pals sonic ultrasonic cleaner (ALLPAX Germany) and finally, the suspensions were diluted 
13 
14 

15 to final concentrations and immediately used for cell exposures. For THP-1 cell treatments, 

16 
17 SPIONs@SiO2-PDA solutions (1 mg/mL) were vortexed and resuspended as described above in 
18 
19 cRPMI 1640 medium and immediately used for cell treatment. A549 and THP-1 M0 cell treatments 
20 
21 

were carried out in 24-well (Corning, 3524) and 96-well (Corning, 3598) tissue culture plates, 

23 

24 respectively, and cells were exposed to SPIONs@SiO2-PDA dispersions in four different 
25 
26 concentrations ranging from 0.1 µg/mL up to 50 µg/mL (corresponding to a range of 0.3 µg/cm2 – 
27 
28 

13.16 µg/cm2 for A549 and 1.8 µg/cm2 – 78.96 µg/cm2 for THP-1 M0). For A549 exposures, cells 

30 

31 were seeded as 3.5 x 104 cells/cm2 in cDMEM: F12 media and treated for 4h or 24h in DMEM:F12 
32 
33 media (supplemented with 1% P/S) with or without 5 % serum. For THP-1 M0 exposures, cells were 
34 
35 

seeded as 1.0 x 105 cells/cm2 in cRPMI media and treated for 24h, 48h, and 72h in cRPMI media. 
36 
37 

38 Endotoxin assessment 
39 
40 Since endotoxins may interfere with the functional immunoassays, the potential presence of 
41 
42 

endotoxins in the sample preparations was assessed using the Multi-test Limulus Amebocyte Lysate 

44 

45 (LAL) pyrogen plus test (Lonza, N594-03) (Gel Cloth LAL assay endogenous endotoxin content ≤ 
46 

47 0.003 EU/mL). Serial two-fold dilutions of each sample were tested until an endpoint was reached. 
48 
49 

SPIONs@SiO2-PDA were compared to an internal standard control corresponding to decreasing 
50 
51 

52 endotoxin concentrations with positive (high concentration of endotoxin) and negative control (H2O 
53 

54 LAL as pyrogen-free water). The lysate sensitivity was calculated by determining the geometric mean 
55 
56 of the endpoint. Each endpoint value was converted to log10. The individual log10 values were 
57 
58 

averaged, and the lysate sensitivity was taken as the antilog10 of this average log value. 
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1 
2 
3 Alamar blue assay 
4 
5 

Alamar Blue assay was used to evaluate the metabolic activity of A549 cells. The exposure medium 

7 

8 was removed, and A549 cells were washed once with DPBS 1X without CaCl2 and MgCl2 (Gibco, 
9 
10 14190-094) before adding 500 μl of pre-warmed fresh exposure media (DMEM: F12 + 1 % P/S with 
11 
12 

or without 5 % FBS) containing 10% PrestoBlue™ HS Cell Viability Reagent (ThermoFisher 
13 
14 

15 Scientific, A13262). After an incubation of 1 h at 37°C in 5% CO2, the fluorescence (Ex 565nm; Em 
16 
17 590nm) was measured using the Varioskan LUX plate reader equipped with SkanIt Software 4.1 for 
18 
19 Microplate  Readers  RE,  ver.  4.1.0.43  (MULTISKAN  SKY  Microplate  Spectrophotometer, 
20 
21 

ThermoFisher Scientific). Background fluorescence (PrestoBlue solutions in medium with or without 

23 

24 serum) was subtracted from each well, and data were normalized to the control cells. Data from three 
25 
26 independent experiments are expressed as mean ± standard error mean (SEM). 
27 
28 

Lactate dehydrogenase assay 

30 

31 The Lactate Dehydrogenase (LDH) assay was used to assess the cytotoxicity in A549 cells by 
32 
33 measuring the LDH leakage into the cell culture media upon plasma membrane disruption. After the 
34 
35 

exposure, supernatants from each well were collected, and the assay was carried out using the LDH 
36 
37 

38 activity kit (Roche, S-11644793001) with 100 µL of the supernatant following the supplier's 
39 
40 instructions. Untreated cells incubated for 20 minutes with 0.2 % Triton-X (Sigma-Aldrich, 9036-19- 
41 
42 5) were used as positive controls (PC). Absorbance at 490 nm and 630 nm were recorded with a 
43 
44 

Varioskan LUX plate reader provided with SkanIt Software 4.1 for Microplate Readers RE, ver. 

46 

47 4.1.0.43 (ThermoFisher Scientific). The absorbance values of the background controls (medium with 
48 
49 or without serum) were removed from each sample. The results from three independent experiments 
50 
51 

are expressed as LDH (%) = [(average of treated cell values - lowest control value)/ (average of 

53 

54 positive control – lowest control value) × 100] and the corresponding SEM. The lowest control value 
55 
56 corresponds to spontaneous LDH activity, while the positive control represents the maximum. 
57 
58 

Colony Forming Efficiency assay 
59 
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1 
2 
3 The Colony Forming Efficiency (CFE) assay was applied to measure the clonogenicity of A549 cells 
4 
5 

upon treatment. The exposure medium was removed, and cells were washed once with DPBS. Cells 

7 

8 were trypsinized with 0.05 % trypsin-EDTA solution (Sigma-Aldrich, T4174) for 1 minute at RT, 
9 
10 and the trypsin-EDTA solution was removed, and the cells were incubated for further 3 minutes at 
11 
12 

37°C. Cells were then resuspended in 500 µL of 5 % FBS DMEM: F12 media and centrifuged for 7 
13 
14 

15 minutes at 200 g with a Heraeus Fresco17 microcentrifuge (ThermoFisher Scientific) at 4°C. The 

16 
17 supernatant was discharged, and cells were resuspended in 300 µL of complete media (5% FBS). 
18 
19 Cells were diluted 1:1 with Trypan Blue (logosbio, T13001) and counted with a Neubauer chamber 
20 
21 

(Marienfeld). Cells were finally seeded as 300 cells/well in 6-well plates in duplicates for each 

23 

24 treatment. The medium was changed every two days. After ten days, cells were fixed with 3.5% (v/v) 
25 
26 of formaldehyde solution (Carl Roth, 4980.1) in DPBS 1× without CaCl2 and MgCl2 and stained with 
27 
28 

10% (v/v) Giemsa solution (PanReac AppliChem, 251337) in MilliQ water. Colonies composed of 

30 

31 at least 50 cells were counted with Fiji software 30. The results from three independent experiments 
32 
33 are expressed as CFE (%) = [(average number of treatment colonies/average number of control 
34 
35 

colonies) × 100] and the corresponding SEM (n=3). 
36 
37 

38 Genotoxicity 
39 
40 Single- and double-strand DNA breaks were assessed using the alkaline mini-gel COMET assay 
41 
42 described in Di Bucchianico et al. 31. Briefly, A549 cells were harvested, and 20 µl of cell suspension 
43 
44 

(250000 cells/mL) were mixed with 140 µl of 1% low gelling temperature agarose (Sigma–Aldrich, 

46 

47 A9414) at 37°C. 20 µl aliquots were loaded as drops onto microscopy slides coated with 0.5% 
48 
49 standard gelling temperature agarose (Sigma-Aldrich, 05066). Mini-gels underwent 1 h of lysis, 
50 
51 

followed by 40 min of alkaline treatment and subsequent electrophoretic separation for 25 min (270– 

53 

54 300 mA, 1.2 V/cm2). Slides were neutralized by washing twice with 0.4 M TRIS (Carl Roth, A411.1) 
55 
56 and once with ultrapure water. The slides were air-dried at least overnight, and DNA was stained with 
57 
58 

SYBR GOLD (Invitrogen, S7563) in a 1:10000 dilution. Pictures were taken with a fluorescence 
59 
60 

microscope (20× magnification, BioTek Lionheart FX), and CometScore 2.0 software (TriTek Corp) 
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1 
2 
3 was used to manually score 50 nucleoids per mini-gel. Two mini-gels per sample were prepared, and 
4 
5 

three independent exposures were performed. Results were expressed as mean % DNA in tail ± SEM 

7 

8 (n = 3). Cells treated with 30 μM hydrogen peroxide (H2O2, Merck, Darmstadt, Germany, 107209) 
9 
10 for 5 min on ice were used as a positive control. 
11 
12 

Malondialdehyde quantification 
13 
14 

15 Malondialdehyde (MDA) content, an end product of lipid peroxidation, was measured to investigate 

16 
17 oxidative stress. After the exposure, 80 µL of each well's supernatant was collected and frozen at - 
18 
19 80°C. Samples were analyzed by LC-MS/MS according to an already published method without 
20 
21 

modifications 32. MDA contents (ng/mL) were normalized with the Metabolic Cell Equivalents 

23 

24 (MCE) 33 derived from the LDH data of the corresponding treatment wells and expressed as the mean 
25 
26 of two independent experiments, each with two technical replicates, ± SEM (n=2). 
27 
28 

29 MTS Assay 

30 

31 THP-1 cell viability was determined in vitro by 3-(4,5-dimethylthiazol-2-yl)-5-(3- 
32 
33 carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) MTS assay, using the CellTiter 96® 
34 
35 

Aqueous One Solution Cell Proliferation Assay kit (Promega, G3582) according to the manufacturer's 

37 

38 protocol. After the exposure, 20 𝜇l of MTS solution were added, and the cells were further incubated 
39 
40 under the same conditions for an additional 2 h. The absorbance of the dissolved formazan was 
41 
42 

measured with an automated microplate reader (Imark Plate Reader, BioRad) at 490 nm. Cell viability 

44 

45 percentage was determined as the ratio between the absorbance (OD) of treated and control cells x 
46 
47 100. Control cells were defined as cells treated with the medium only. 
48 
49 

Hemolysis assay 
50 
51 

52 Heparinized blood samples were obtained from three healthy human subjects. SPIONs@SiO2-PDA 
53 
54 were added to an 8% human erythrocytes solution and incubated at 37 °C for 30 min. The samples 
55 
56 were centrifuged at 2000 x g for 5 min, and the supernatant absorbance was measured at 415 nm 
57 
58 

through the iMark™ Microplate Absorbance Reader (BioRad, Hercules) to determine the percentage 

60 

of hemolysis. Triton X-100 1% solution and 1X PBS were taken as 100% and 0% of hemoglobin 
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1 
2 
3 release, respectively. Haemolysis percentage was determined as the ratio between the OD of treated 
4 
5 

cells and positive control cells. 

7 

8 Flow cytometry-based basophil activation test 
9 
10 Heparinized peripheral blood was obtained from 4 volunteers, and SPIONs@SiO2-PDA potential 
11 
12 

allergenic activity was studied by basophil activation in whole blood samples by flow cytometry 
13 
14 

15 detecting the combination of the CCR3 and CD63 markers. Blood aliquots (100 µl) were incubated 

16 
17 with SPIONs@SiO2-PDA dilutions in cRPMI for 15 minutes at 37°C. PBS and anti-FcEpsilonRI 
18 
19 were used as negative and positive controls, respectively. Basophils were detected, as previously 
20 
21 

reported in Bonura et al. 34. The study was approved by the local Ethics Committee (Comitato Etico 

23 

24 Palermo 1, 24 February 2021, resolution n. 02/2021). 
25 
26 Confocal microscopy 
27 
28 

A549 cells were seeded on 12 mm-sized coverslips as 45000 cells in 150 µL of complete media. After 

30 

31 24 h, cells were exposed to 50 µg/mL (corresponding to 13,16 µg/cm2) in media with or without 5% 
32 
33 serum for 4 h and 24 h. The culture media was removed at each endpoint, cells were washed with 
34 
35 

DPBS without CaCl2 and MgCl2 and then fixed with 3.5 % formaldehyde solution for 15 minutes at 
36 
37 

38 RT. Cells were washed twice with 0.05 % Tween-20 (Chem Cruz, K0316) in DPBS (washing buffer) 
39 
40 and permeabilized with 0.2 % Triton X-100 (Sigma Aldrich, 7BJ3924) in DPBS for 15 minutes at 
41 
42 RT. After two other washing steps in DPBS unspecific binding was blocked with 1 % BSA and 0.1 
43 
44 

% Triton-X 100 (blocking buffer) in DPBS for 30 min at RT. The cytoskeleton was stained with 

46 

47 Alexa594 phalloidin (1:40 in blocking buffer; ThermoFisher Scientific, A12381) for 1 h at RT. Slides 
48 
49 were washed three times with washing buffer and further incubated with NucGreen™ Dead 488 (3 
50 
51 

drops in 1.5 ml H2O; Invitrogen, R37109) for 15 min. Coverslips were washed three times with the 

53 

54 washing buffer and then embedded by using mounting medium (Glycergel, DAKO, Agilent, 
55 
56 C056330-2). 1636 x 1636 pixel images were acquired with a Zeiss LSM880 with a C-Apochromat 
57 
58 

63x/1.20 W Korr M27 objective. 
59 
60 

Assays in vivo in C. elegans 
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1 
2 
3 Nematodes have been grown and handled following standard procedures under uncrowded conditions 
4 
5 

on nematode growth medium (NGM) agar plates seeded with Escherichia coli strain OP50 35. Strains 

7 

8 used in this work have been provided by the Caenorhabditis Genetics Center (CGC), which is funded 
9 
10 by NIH Office of Research Infrastructure Programs (P40 OD010440): wild-type strain N2, Bristol 
11 
12 

variety; CL2166 dvIs19 [(pAF15) pgst-4::GFP::NLS] that expresses an oxidative stress-responsive 
13 
14 

15 GFP. Animal treatments with SPIONs@SiO2-PDA and Milli-Q water as mock were performed in 
16 
17 liquido in 96-multiwell plates for the entire life-cycle of the animals (chronic treatment) 36. 
18 
19 Synchronized eggs, obtained by bleaching, were resuspended in M9 buffer (3 g KH2PO4; 6 g 
20 
21 

Na2HPO4; 5 g NaCl; 1 M MgSO4; H2O to 1 litre) with 2x antibiotic/antimycotic solution (Sigma- 

23 

24 Aldrich, A5955), 5 ng/ml cholesterol and OP50. 60µL containing ~30 eggs were aliquoted in each 
25 
26 well. SPIONs@SiO2-PDA solutions were prepared for animal treatment as described before, diluted 
27 
28 

in Milli-Q water and added to the solution containing the animals at the final concentrations of 0.01, 

30 

31 0.1, 1, 10, and 50 µg/mL for thrashing assay, and 50 µg/mL for brood size, embryonic lethality, 
32 
33 SWIP, and pgst-4::GFP expression. To evaluate SPIONs@SiO2-PDA effects on brood size and 
34 
35 

embryonic lethality, 20 hermaphrodite animals at L4 stage treated as described above were transferred 
36 
37 

38 to new plates every 24 hours for all the fertile period of the animals (4 days) and the number of laid 
39 
40 and hatched eggs were counted every day. Treatments were performed twice and in triplicate. To test 
41 
42 SPIONs@SiO2-PDA effect on animal movement, a thrashing assay was performed on young adult 
43 
44 

hermaphrodite animals transferred in 7µL of M9 buffer. Animals were left 5 minutes in buffer and 

46 

47 then video recorded for 30 seconds. The measurement of thrashing was done counting every change 
48 
49 of direction respect to the longitudinal axis of the body. Treatments were performed twice and in 
50 
51 

triplicate. SWimming-Induced Paralysis (SWIP) assay was performed to test a putative effect of 

53 

54 polydopamine on animal motility 37. Hermaphrodite animals were cleaned from bacteria by allowing 
55 
56 them to crawl on an empty plate for 5 minutes before each experiment. 10 young adult hermaphrodite 
57 
58 

animals were placed into 40µL of M9 buffer in a watch glass, and their paralysis was scored after 10 
59 
60 

minutes. Treatments were performed in triplicate. pgst-4::GFP expression was quantified after 
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1 
2 
3 treatment when hermaphrodite animals reached the young adult stage. 5 animals were transferred on 
4 
5 

each glass slide with 4% agar pad and immobilized alive for microscopy analysis with 100mM NaN3 

7 

8 (Sigma-Aldrich, S8032) 38. Epi-fluorescence images were collected with a Leica TCS SP8 AOBS 
9 
10 inverted microscope, using a 10x objective and FITC filter. Fluorescence quantification was 
11 
12 

performed using ImageJ, and the Corrected Total Fluorescence (CTF) was calculated for each image: 
13 
14 

15 (Integrated Density of the area containing the animals) – [(Area containing the animals) x (Mean 

16 
17 fluorescence of background)]. For all the experiments the sample size was determined considering 
18 
19 the estimated variability of similar experiments reported in literature and of previous experiments 
20 
21 

performed in the laboratory. Animal have been divided by simple randomisation, since all animals 

23 

24 originate from one plate with thousands of animals that are isogenic and clonal siblings from self- 
25 
26 fertilizing homozygous hermaphrodites; no inclusion or exclusion criteria have been set and all 
27 
28 

animals scored have been included. To minimise potential confounders, we standardized treatment 

30 

31 conditions by simultaneously treating animals with mock and SPIONs@SiO2-PDA in the same 96- 
32 
33 well plate. We performed a blind quantification when the pgst-4::GFP expression were evaluated by 
34 
35 

ImageJ software that provides unbiased data analysis. No blind analysis has been performed in other 
36 
37 

38 experiments considering the complex manipulation of animals required to perform them. No primary 
39 
40 outcome measure has been used in this study. All animal experiments comply with ARRIVE 
41 
42 guidelines and the U.K. Animals (Scientific Procedures) Act, 1986 and associated guidelines and 
43 
44 

with EU Directive 2010/63/EU for animal experiments. 

46 

47 Statistical analysis 
48 
49 For A549 toxicity screening, statistical analysis was performed using GraphPad Prism software with 
50 
51 

a regular two-way analysis of variance (ANOVA) followed by the Tukey multiple comparison test. 

53 

54 All comparisons were considered significant when p was < 0.05. For the in vivo experiments in C. 
55 
56 elegans non-parametric tests (One-way ANOVA Kruskal-Wallis test and Mann-Whitney t-test) were 
57 
58 

used for statistical analyses performed with GraphPad Prism and no relevant assumption has been 

60 
tested. The effect size was calculated through dividing the difference between the two groups (the 
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1 
2 
3 mean of treatment group minus the mean of the control group) with the pooled standard deviation 
4 
5 

(Cohen's d formula with 95% Confidence Interval). 

7 

8 Results and discussion 
9 
10 Silica-coating and polydopamine functionalization 
11 
12 

The effectiveness of the silica coating and the polydopamine surface functionalization was confirmed 

14 

15 by XRD and FTIR. In figure 1b, the diffraction peaks at 2Ɵ = 18.80ᵒ, 30.01ᵒ, 35.60ᵒ, 43.51ᵒ, 53.78ᵒ, 
16 
17 57.46ᵒ, 62.97ᵒ, 71.41ᵒ and 74.54ᵒ can be assigned to (1 1 1), (2 2 0), (3 1 1), (4 0 0), (4 2 2), (5 1 1), 
18 
19 

(4 4 0), (6 2 0) and (5 5 3) planes by comparison with International Centre for Diffraction Data (ICDD 

21 

22 no. 00-019-629), which correspond with an inverse spinel structure crystalline phase of magnetite 39. 
23 
24 In addition, we observed a broad band located between 15ᵒ-30ᵒ (blue pattern), representing the 
25 
26 

distinguishing feature of the amorphous nature of silica shells 40. In figure 1c, SPIONs@SiO2-PDA 

28 

29 (blue pattern) and SPIONs@OA (black pattern) FTIR spectra showed similar bands around 580 cm- 
30 
31 1, attributed to the stretching vibration mode associated with the metal-oxygen Fe – O bonds in the 
32 
33 

crystalline lattice of Fe3O4 
41. For SPIONs@OA, 2915, 2843, 1513, and 1409 cm-1 bands 

34 
35 

36 corresponded to stretching vibrations of CH2 (asymmetric and symmetric) and the stretching modes 
37 
38 (asymmetric COO-, symmetric COO-) of the oleic acid 41. On the other hand, in SPIONs@SiO2-PDA 
39 
40 spectra, the silica-coating was further confirmed by the appearance of three peaks at 960, 440, and 
41 
42 

810 cm-1, corresponding to the stretching modes of Si-O-Si (asymmetric and symmetric) and the 

44 

45 scissoring vibration of Si-O-Si, respectively. In addition, PDA functionalization was demonstrated 
46 
47 by the presence of absorption bands at 3370, 2936, 2869, 1503, 1432, and 1340 cm-1, associated with 
48 
49 

-NH stretching, -CH2 (asymmetric and symmetric), -C=N stretching, -NH bending and -C-N-C 

51 

52 stretching vibrations, respectively 42. 
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1 
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16 
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18 

19 

20 

21 

22 
23 

Figure 1. Demonstration of silica-coating and polydopamine functionalization. (a) Scheme of the 
24 

25 synthetic protocol used to obtain SPIONs@SiO2-PDA; (b) X-ray diffraction (XRD) pattern of 
26 SPIONs@OA (black pattern) and SPIONs@SiO2-PDA (blue pattern) compared to the XRD pattern 
27 of magnetite from the ICDD no. 00-019-629 database; (c) FTIR spectrum of the SPIONs@OA (black 
28 

29 pattern) and SPIONs@SiO2-PDA (blue pattern), with the characteristic bands as evidence. 
30 

31 

32 
Morphological, optical, and magnetic characterization 

34 

35 SPIONs@SiO2-PDA displayed spherical morphologies ranging in size around 20 nm (Fig. 2a-b) with 
36 

37 magnetite cores (dark contrast) embedded inside a remarkable silica-coating, differently from what 
38 
39 

was observed with uncoated SPIONs@OA, which showed an irregular spherical shape with an 
40 
41 

42 average size of around 10nm (Fig. S2a-b. For further details, see supporting information). 

43 
44 SPIONs@SiO2-PDA presented a blue-colored fluorescent signal confirming the presence of 
45 
46 fluorescent PDA on the surface, while no signals were observed SPIONs@OA (Fig. 2c-d). 
47 
48 

49 

50 

51 

52 
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1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 
27 

28 Figure 2. Morphological and optical properties of SPIONs@SiO2-PDA. (a) Representative TEM 
29 picture of SPIONs@SiO2-PDA; (a) Size distribution of SPIONs@SiO2-PDA performed with Image J 
30 

software with N=400 nanoparticles; (c) Confocal fluorescence image of SPIONs@SiO2-PDA and (d) 

32 SPIONs@OA. 
33 

34 
35 

SPIONs@OA NPs presented negligible coercive fields (H = 3.5 Oe) and remanence (M = 0.6 
36 
37 

38 emu/gFe3O4), corresponding to a superparamagnetic behavior at room temperature (Fig. S2c). In 
39 
40 addition, the saturation magnetization of 𝑀𝑁𝑃 = 63.7 emu/gFe3O4 below the bulk magnetite value (92 
41 
42 

emu/gFe3O4) was consistent with a surface inactive magnetic layer, a characteristic signature of the 
43 
44 

45 small size of the particles 43. SPIONs@SiO2-PDA magnetic properties were assessed under an applied 
46 

47 magnetic field of 100 Oe in the field-cooled (FC) and zero-field-cooled (ZFC) regimes as a function 
48 
49 of temperature (Fig. 3a). The ZFC curve reached the maximum at about 84 K, which corresponds to 
50 
51 

the blocking temperature (TB) of the particles 44,45. In contrast, at temperatures higher than 84K, they 

53 

54 are in a superparamagnetic (SPM) regime since magnetization can randomly flip direction under the 
55 
56 influence of temperature, and their time-averaged value is zero when there is no external field. In 
57 
58 

contrast, at temperatures higher than 84K, they are in a superparamagnetic (SPM) regime since 
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1 
2 
3 magnetization can randomly flip direction under the influence of temperature, and their time-averaged 
4 
5 

value is zero when there is no external field. 

7 
8 

9 

10 

11 
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39 
Figure 3. SPIONs@SiO2-PDA magnetic characterization and experimental realization of 

41 confinement by permanent magnets (a) ZFC and FC magnetization curves measured under an 
42 applied magnetic field of 100 Oe; (b) Configuration of the magnets in the experimental set-up; (c) 
43 

SPION@SiO2@PDA are concentrated between the magnets in a clepsydra-shaped region spanning 

45 across the entire capillary section. 

46 

47 
48 

The remarkable magnetic properties of SPIONs@SiO2-PDA indicate their potential use as vehicles 
49 
50 

51 for drug delivery or hyperthermia treatments. Indeed, they can be effectively concentrated and 

52 

53 confined in submillimeter-wide regions by a specially designed arrangement of commercial static 
54 
55 magnets. It is composed of a couple of cubic 5x5x5 mm3 NdFeB permanent magnets with a 
56 
57 

remanence field of 1.3 T, spaced by 5 mm and oriented as shown in Fig. 3b. A transparent 500-µm 

59 

60 wide quartz capillary, placed at the mid-point between the magnets, allows optical inspection of the 



19 

ACS Paragon Plus Environment 

 

6 

22 

29 

45 

52 

Page 21 of 36 ACS Biomaterials Science & Engineering 
 

 
1 
2 
3 magnetic concentration. After a uniform solution of 1 mg/mL of SPION@SiO2@PDA in de-ionized 
4 
5 

water (18 MΩ) was introduced in the capillary, the nanoparticles get concentrated (in ca.10 minutes) 

7 

8 into a stable configuration between the magnets. It consists of two lobes at the capillary's walls united 
9 
10 by a sharp vertex in the middle of the capillary (Fig. 3c). It is worth noticing here that, since the 
11 
12 

nanoplatforms can be easily collected by a magnetic field as experimentally demonstrated here, this 
13 
14 

15 can eliminate the cumbersome centrifugation procedures for collecting them. 

16 
17 Colloidal stability and physicochemical properties in cell culture media 
18 
19 Understanding NP's behavior in biological media is the first line of developing safe and effective 
20 
21 

nanomaterials. In complex biological solutions, NPs interact with the biomolecules presented in the 

23 

24 media before getting in touch with cells. Fetal Bovine Serum (FBS) is a necessary supplement for 
25 
26 cell culturing and is usually used to mirror a physiological environment in biological assays. FBS- 
27 
28 

derived constituents can affect NP physicochemical properties, influencing their biological 

30 

31 performances 46. For these reasons, we investigated SPIONs@SiO2-PDA behavior in media with or 
32 
33 without serum regarding colloidal stability and physicochemical properties (e.g., hydrodynamic 
34 
35 

diameter). Since cell culture media composition can vary according to the different cell types, DLS 
36 
37 

38 measurements were carried out in the two different cell culture media used for the biological in vitro 
39 
40 assays, namely RPMI and DMEM:F12 with and without FBS. Data revealed that - once immersed in 
41 
42 FBS-containing media (complete media) - SPIONs@SiO2-PDA z-averaged hydrodynamic diameter 
43 
44 

Dz appeared 20% and 25% (cRPMI and cDMEM:F12, respectively) higher when compared to the 

46 

47 size in water, likely due to the formation of an enhanced bio-corona around NPs (Table 1). On the 
48 
49 other hand, SPIONs@SiO2-PDA average diameters and size distributions remained unchanged in 
50 
51 

FBS-free media. It is worth noting that the measured size Dz = 105 nm was larger than the size 

53 

54 determined by TEM measurements; these values are comparable if one converts from intensity 
55 
56 averaged to number averaged size distribution 29. DLS was also used to assess the stability of 
57 
58 

SPIONs@SiO2-PDA in different media (S3). Interestingly, a slight fraction of aggregates below 1% 
59 
60 

was detected after 4h and 24h incubation in FBS-free media, indicating a marginal instability in these 
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1 
2 
3 buffers after long storage (Fig. S3a-c). At the same time, no changes in size distributions and stability 
4 
5 

were observed in complete media after 24h (S3b-d). 

7 
8 

9 

10 

11 

12 
13 

14 

15 

16 
17 

18 

19 

20 

21 

22 

23 

24 

25 
26 

27 

28 

29 
Table 1. Physicochemical properties of SPIONs@SiO2-PDA in culture media. z-averaged 

31 hydrodynamic diameter Dz and the polydispersity indexes (PDI) in the different media; the same 
32 values were measured at each incubation time (4h and 24h). 
33 
34 In vitro cytotoxicity and genotoxicity in the presence or not of serum 
35 
36 

One of the significant drawbacks contributing to the SPIONs' withdrawal from the market is the 

38 

39 activation of unwanted immunological responses 47. In most cases, immunotoxicity and toxicity can 
40 
41 be driven by impurities and pyrogenic contamination derived from the synthetic process. 
42 
43 

SPIONs@SiO2-PDA were analyzed for their endogenous content in LPS. For each sample, serial 

45 

46 two-fold dilutions were tested until an endpoint was reached. The obtained values are depicted in 
47 
48 Table 2. The endotoxin concentration was expressed as EU/mL for a correlation between the 
49 
50 

concentration of endotoxins in our materials and the LPS concentration used in the internal standard 

52 

53 showing a small amount of endotoxins' contamination in the range of concentration used in the 
54 
55 following biological assays. 
56 
57 

58 

59 

60 

Solvent Diameter z 

 
nm 

PDI 

Water 105 ± 5 0.27 

RPMI 105 ± 5 0.27 

DMEM:F12 105 ± 5 0.27 

cRPMI 120 ± 10 0.19 

cDMEM:F12 120 ± 10 0.19 
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1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 
18 

19 Table 2. Assessment of endotoxin contamination of SPIONs@SiO2-PDA dispersions at the 
20 concentrations used for the biological assays. + sign is used to define a positive endotoxin signal 
21 

(i.e., gel cloth formation), while - or -/+ signs are used for samples where the endotoxin level is below 

23 the threshold level of detection (0,03 EU/mL). The negative control corresponds to pyrogen-free 
24 water and the positive control to the high concentration of endotoxins. 
25 
26 

In cell culture media (as well as in biological fluids), NPs come surrounded by proteins and other 

28 

29 biomolecules, forming a protein corona (PC) through a reversible process that exchanges over time 
30 
31 48. It has already been demonstrated that the PC derived from proteins in FBS-containing cell culture 
32 
33 

media can alter NP colloidal stability 49, impacting cellular interactions and leading to unexpected 
34 
35 

36 toxic effects or impaired intracellular internalization. Cellular uptake, tissue penetration, and toxicity 
37 
38 of protein-coated SPIONs differ significantly from the pristine ones 7,50,51, and an overall analysis in 
39 
40 different conditions is required. However, the toxicological effects of FBS-derived protein corona 
41 
42 

around the particles are unclear and differ from cell lines 49,52,53. As expected, we observed that the in 

44 
45 vitro toxic effects of SPIONs@SiO2-PDA depended on the exposure media characteristics. LDH 
46 
47 assay showed mild toxic effects (< 10%) in cells exposed for 4h in both complete and serum-free 
48 
49 

media (Fig. 4a). We observed a slight increase in the cytotoxicity levels when cells were treated with 

51 

52 10 µg/mL for 24h in serum-free media compared to the untreated cells (Fig. 4b). As shown in Fig. 
53 
54 4b, the highest concentration of SPION dispersions (50 µg/mL) in serum-free media caused a severe 
55 
56 

and significant increase in cytotoxicity, reaching ≥ 50% of cell death. No cytotoxicity was observed 
57 
58 

following 24h exposures in complete media. Analogously, Reczynska et al. 54 also obtained no 

60 

cytotoxic effects in A549 cells exposed to 10µg/mL silica-coated SPIONs in media supplemented 
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1 
2 
3 with FBS. Results from the LDH assay were confirmed by the Alamar Blue assay, in which we 
4 
5 

analyzed the viability of metabolically active cells. Indeed, we did not observe any significant 

7 

8 differences in cellular viability after 4h in both cell exposure conditions at each concentration, 
9 
10 consistent with the low amount of LDH leakage (Fig. 4c). However, we saw a significant decrease in 
11 
12 

cell viability of approximately 90-fold in cells treated with 50 µg/mL in serum-free media for 24h 
13 
14 

15 compared to the relative control (Fig. 4d). 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 
39 

40 Figure 4. In vitro toxicity screening in A549 cells in the presence or not of serum. 
41 (a-b) Cytotoxicity measured by the LDH assay upon 4h (a) and 24h (b) exposures (n=3). (c-d) Cell 
42 

viability measured by the Alamar Blue assay after 4h (c) and 24h (d) exposures (n=3); Legend: * = 

44 p ≤ 0.05, **** = p ≤ 0.0001. 
45 

46 
47 

We also investigated clonogenicity, analyzing the ability of cells to survive and proliferate in colonies 
48 
49 

50 up to 10 days post-exposure. Though not statistically significant, we observed a slight decrease in the 
51 
52 percentage of clonogenicity in A549 cells treated with all concentrations for 4h (Fig. 5a) and with the 
53 
54 middle concentrations (1 µg/mL and 10 µg/mL) following 24h exposure in media with serum (Fig. 
55 
56 

5b). Cells treated in serum-free media with the lowest (0.1 µg/mL) and middle concentrations showed 

58 

59 a mild decrease in clonogenicity after 4h (Fig. 5a) and no significant increase after 24h with 0.1 
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1 
2 
3 µg/mL and 1 µg/ml treatments (Fig. 5b). Cells exposed to the highest concentration (50 µg/mL) for 
4 
5 

4h in serum-free media presented a marked and significant decrease in clonogenicity of 

7 

8 approximately 80 – 70-fold compared to the untreated and the cells treated with the same 
9 
10 concentration but in media with serum (Fig. 5a). 24h exposures in serum-free media to the highest 
11 
12 

concentration caused a severe decrease in clonogenicity of approximately 80 – 60-fold, although not 
13 
14 

15 statistically relevant (Fig. 5b). The significant impairment in clonogenicity obtained with the highest 

16 
17 concentration in the 4h and 24h serum-free exposures (Fig. 5a-b) might result from single and double 
18 
19 DNA strand breaks. Genotoxicity analyses confirmed that SPIONs@SiO2-PDA significantly 
20 
21 

increased strand breaks up to 4.9% to 8.9% when cells were treated for 4h (Fig. 5c) and 24h (Fig. 5d), 

23 

24 respectively. Interestingly, the earlier time point (4h) showed significant damage also with the 10 
25 
26 µg/mL formulation compared to the untreated cells (4.4% DNA in tail) (Fig. 5c). On the other hand, 
27 
28 

we did not observe significant genotoxic effects when cells were treated in complete media at distinct 

30 

31 time points and concentrations. In sum, both cytotoxic and genotoxic data confirmed the high 
32 
33 biocompatibility of SPIONs@SiO2-PDA once immersed in FBS-containing media at each time point 
34 
35 

and concentration. 
36 
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59 Figure 5. In vitro toxicity screening in A549 cells in the presence or not of serum. 
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1 
2 
3 (a-b) Cytotoxicity measured by clonogenicity with the Colony Forming Efficiency assay (CFE) in 
4 

cells treated for 4h (e) and 24h (f) (n=3). (c-d) DNA damage upon 4h treatments (g) and 24h (h) 

6 treatments. Legend: * = p ≤ 0.05, *** = p ≤ 0.001, **** = p ≤ 0.0001. 
7 

8 

9 
In vitro and ex vivo immunotoxicity 

11 

12 Immunotoxicity was evaluated in THP-1 cell line with M0 macrophage-like phenotype in media 
13 
14 supplemented with FBS. As for A549 cells, SPIONs@SiO2-PDA did not affect cell viability after 
15 
16 

24h and 48h hours at all the tested concentrations, but we observed a mild effect (<10%) following 
17 
18 

19 72h exposures at the highest concentrations (Fig. 6a). Furthermore, to address immunotoxicity on 

20 

21 human PBMC, we performed an ex vivo red blood cell hemolysis test (n=3) showing that 
22 
23 SPIONs@SiO2-PDA did not induce significant lysis of erythrocytes at the tested concentrations (Fig. 
24 
25 

6b). Moreover, to study the potential allergenicity of the SPIONs, we applied an additional ex vivo 

27 

28 assay using whole blood from healthy subjects (n= 4) on the attempt to detect possible immediate 
29 
30 basophil activation. Our data showed that SPIONs@SiO2-PDA do not display the ability to activate 
31 
32 

human basophil cells per se, showing a percentage of basophil activation similar to the negative 

34 

35 control at the tested concentrations (Fig. 6c). 
36 

37 
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42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 
Figure 6. In vitro and ex vivo immunotoxicity screening. (a) Immunotoxicity measured by the MTS 

55 assay upon 24h, 48h and 72h (n=3); (b) Hemolytic potential in whole human blood sample; (c) 
56 Human basophil activation. 
57 
58 
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1 
2 

3 

4 

5 
In vivo toxicity 

7 

8 The animal model C. elegans was used to evaluate SPIONs@SiO2-PDA toxicity and bioactivity in 
9 
10 the context of a whole living animal. Previous work demonstrated that exposure to iron NPs, uncoated 
11 
12 

or functionalized with different coating materials, can cause lethality, defects in growth and offspring, 
13 
14 

and defects in animal movement 55,56,57 We assessed the effects of the highest concentration (50 

16 
17 µg/mL) on animal fertility after chronic treatment, and, importantly, we did not observe any effect on 
18 
19 animal brood size (Fig. 7a) nor on embryonic survival (Fig. 7b). However, at the same concentration, 
20 
21 

we observed a slight reduction in animal motility in water, a behavior called thrashing (Fig. 7c), 

23 

24 similarly to what previously observed 56. The biological significance calculated with Cohen's method 
25 
26 corresponds to a d=0.68 (lower limit on d: 0.49, upper: 0.89), thus suggesting a medium effect size. 
27 
28 

Moreover, after treating animals with different concentrations of SPIONs@SiO2-PDA (0.01, 0.1, 1, 

30 

31 and 10 µg/mL), we confirmed a mild reduction of thrashing at all the concentrations used, except for 
32 
33 0.01 µg/mL, with a dose-dependent trend (Fig. 7c). Therefore, SPIONs@SiO2-PDA are more 
34 
35 

compatible than other iron-NPs in respect to the fitness of the animal, but still cause a slight defect in 
36 
37 

38 locomotion. This interesting feature of SPIONs@SiO2-PDA underlines the necessity of testing also 
39 
40 locomotion as a more subtle and sensitive assay for assessing nanoparticles toxicity. Importantly this 
41 
42 peculiar aspect deserves further investigation, but paves the way for further improvements to enhance 
43 
44 

SPIONs@SiO2-PDA biocompatibility. In C. elegans alterations in dopamine content affect animal 

46 

47 motility. In particular, a reduction in dopamine release causes a defect of thrashing 58, while excess 
48 
49 of dopamine induces a SWimming Induced Paralysis (SWIP) 59. Thus, we verified whether 
50 
51 

polydopamine in SPIONs@SiO2-PDA could influence animal motility similarly to an excess of 

53 

54 dopamine by performing the SWIP assay on treated animals and we did not observe any difference 
55 
56 when comparing animals treated with mock or SPIONs@SiO2-PDA (Fig. S4). These data strongly 
57 
58 

support for PDA not affecting animal motility per se. 
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1 
2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 
13 

14 Figure 7. In vivo toxicity screening. (a) Effect of SPIONs@SiO2-PDA (SPIONs) on egg deposition. 
15 Each dot represents the number of laid eggs per P0 worm in the fertile period of the animal; n is the 
16 

number of P0 parental animals analyzed. (b) Effect of SPIONs@SiO2-PDA on embryonic survival. 

18 The percentage of unhatched eggs on the total number of laid eggs was calculated. Bars represent 
19 the mean, error bar is SEM. n is the number of P0 parental animals analyzed. (c) Effect of 
20 

SPIONs@SiO2-PDA on animal movement. Violin plots show the distribution of thrashes performed 

22 by the animals in a minute. Bold dashed line in the center correspond to the median while upper and 
23 lower dashed lines correspond to the quartiles. n is the number of total animals analyzed. Legend: ns 
24 

corresponds to a p>0.9999; *** to a p<0.0005; **** p<0.0001 (One-way ANOVA Kruskal-Wallis 

26 test).. 
27 In vitro and in vivo oxidative stress evaluation 
28 
29 

Oxidative stress represents one of the biggest concerns with the use of SPIONs. After being taken up 

31 

32 by cells, SPIONs can be degraded inside lysosomal compartments, releasing free iron ions into the 
33 
34 cytoplasm 7. High levels of free iron ions increase the production of radical oxygen species (ROS), 
35 
36 

causing the oxidation of several biomolecules, including DNA and lipids. Silica coating has literature 

38 

39 precedence in preventing particle intracellular degradation 11. Still, the presence of a proteins around 
40 

41 silica-coated SPIONs might have an active role in favoring the degradation of the silica-coating and, 
42 
43 consequently, the iron ion leakage from the core 52. Oxidative stress was assessed in vitro by 
44 
45 

measuring malondialdehyde (MDA) content in the culture media and in vivo in C. elegans by 

47 

48 evaluating the expression levels of the homolog of the Glutathione S-transferase, gst-4, an essential 
49 
50 gene involved in the detoxification process that promotes the oxidative stress resistance 60,61. MDA 
51 
52 

is one of the final products of polyunsaturated fatty acids peroxidation in the cells, and it is often used 

54 

55 as a marker of MDA as a marker of lipid peroxidation and oxidative stress. We observed no significant 
56 
57 effects following 4h exposure both in media with and without serum (Fig. 8a). Twenty-four hours 
58 
59 

after exposure, MDA levels in cells treated in complete media were relatively lower than what we 
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1 
2 
3 observed after 4h exposures, indicating a time-dependent recovery process (Fig. 8b). On the other 
4 
5 

hand, we observed relevant increases of MDA levels after serum-free media treatments when cells 

7 

8 were exposed to the higher concentration. In C. elegans, exposure to iron NPs can activate oxidative 
9 
10 stress response and ROS accumulation 56. To evaluate gst-4 expression levels, we used a transgenic 
11 
12 

strain expressing GFP under the control of the gst-4 promoter 38. After treatments, we observed a 
13 
14 

15 significant increase in the expression of pgst-4::GFP fluorescence compared to animals treated with 

16 
17 mock (Fig. 8c-d) and a very large size effect (Cohen's d=1.88, lower limit on d: 1.39, upper: 2.36), 
18 
19 suggesting that chronic exposure to SPIONs@SiO2-PDA can also induce an oxidative stress response 
20 
21 

in vivo. 

23 
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26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 
44 

45 Figure 8. Activation of oxidative stress response in vitro and in vivo. Malondialdehyde (MDA) levels 
46 [ng/ml] after 4h (a) and 24h (b) in A549 cells exposed to SPIONs@SiO2-PDA measured in 
47 

supernatant via LC-MS/MS. Data were normalized with the MCE derived from LDH values of the 

49 corresponding wells; (c) Representative images of pgst-4::GFP animals treated with mock (0)(upper 
50 panels) and SPIONs@SiO2-PDA 50µg/mL (lower panels) and acquired with brightfield (BF) and 
51 

epi-fluorescence (FITC) methods. The anterior part of the animal is on the left. Scale bar 75µm. (d) 

53 Quantification of the fluorescence in wild-type and pgst-4::GFP animals, after treatment with no 
54 SPIONs (0) or SPIONs@SiO2-PDA 50µg/mL. Wild-type animals were also imaged to exclude any 
55 

contribution of the intestinal autofluorescence to the analysis. Each dot represents the total 

57 fluorescence in the picture corrected for the background (CTF). Bars represent the mean, error bars 
58 are SEM. n is the total number of animals analyzed. Mann-Whitney t-test was used to establish the 
59 

significance of treated pgst-4::GFP animals versus mock. Legend: ** p=0.0016. 



60 

28 

ACS Paragon Plus Environment 

 

6 

22 

29 

ACS Biomaterials Science & Engineering Page 30 of 36 
 

 
1 
2 
3 Intracellular uptake 
4 
5 

Several studies reported that the FBS-derived proteins can also affect cellular uptake could lead to 

7 

8 significant decreases in cellular uptake (Kiliç et al. 2015) 53. Thus, the low cytotoxicity levels 
9 
10 observed in our work might be related to a notable decrease in SPIONs@SiO2-PDA cellular uptake 
11 
12 

when dispersed in complete media. The cellular uptake efficiency in the presence of serum proteins 
13 
14 

15 was markedly lower than for SPIONs@SiO2-PDA incubated in serum-free conditions particularly 
16 
17 following 24h exposure (Fig. 9). Notably, a certain degree of cytoskeleton disturbance can be 
18 
19 observed after short term exposures in both tested conditions (Phalloidin staining, Fig. 9). Due to the 
20 
21 

role of the actin cytoskeleton in endocytosis, its disturbance might explain the minor uptake reduction 

23 

24 observed following the shorter time-point exposures in both conditions. This observation is in line 
25 
26 with the findings of Francia and co-authors on the complex role of cell receptors, protein corona 
27 
28 

formation, and actin disruption with inhibitors in the mechanisms used by cells to internalize silica 

30 

31 NPs 63. These aspects are of particular importance for the potential use of the developed 
32 
33 SPIONs@SiO2-PDA nanoplatform for nanomedicine purposes since in vivo NPs encounter much 
34 
35 

higher serum concentrations compared to in vitro scenario. 
36 
37 
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41 
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43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 
57 Figure 9. Intracellular uptake. Confocal microscopy after 4h and 24h exposures in A549 cells with 
58 50 µg/mL SPIONs@SiO2-PDA in media with and without 5% serum. Actin cytoskeleton was stained 
59 

with phalloidin, nuclei were stained with NucGreen Dead 488. Scale bar 100 µm. 
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1 
2 
3 Conclusions 
4 
5 

SPIONs’ clinical application is hindered by several limitations related to safety and toxicity concerns. 

7 

8 In the last years, the implementation of safe-by-design approaches to discover novel biocompatible 
9 
10 shells contributed to minimize SPION toxicity. However, the flexibility in their synthetic route and 
11 
12 

the absence of gold standard methods often result in complex bio-nano interactions difficult to predict. 
13 
14 

15 As such, a comprehensive and systematic biological characterization – from in vitro to in vivo – is 

16 
17 needed to assess toxicity risks and efficacies. In this study, we developed biocompatible silica-coated 
18 
19 SPIONs functionalized with PDA with magnetic and fluorescent features. SPIONs@SiO2-PDA were 
20 
21 

physicochemically characterized by complementary techniques, defining shape, morphology, and 

23 

24 magnetic properties. SPIONs@SiO2-PDA showed high stability in culture media supplemented with 
25 
26 FBS,  foreseeing  their  colloidal  behavior  in  more  complex  true-to-life  biological  fluids. 
27 
28 

SPIONs@SiO2-PDA proved to be biocompatible in vitro in FBS-containing media and in vivo in the 

30 

31 invertebrate  animal  model  C.elegans.  Furthermore,  the  possibility  of  confining  them  in 
32 
33 submillimeter-wide regions paves the way for their implementation for theranostic applications. 
34 
35 

36 Supporting Information Available 
37 
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39 The following files are available free of charge: 
40 
41 
42 S1. Chemical details of the synthesis of silica-coated SPIONs functionalized with polydopamine. 
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45 S2. Morphological and magnetic characterization of SPIONs@OA precursor. 
46 
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48 S3. Dynamic Light Scattering measurements. 
49 
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51 S4. SWIP assay on animals treated with mock or SPIONs@SiO2-PDA. 
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