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14

Abstract

16 Magnetoliposomes (MLs) are very pertinent candidates for biomedical applications. They can 

be used as drug delivery vectors, but also as magnetic resonance imaging (MRI) contrast agents. 

18 Their characterization in terms of size, and size distribution by dynamic light scattering (DLS), 

surface charge by electrophoretic light scattering, and morphology by (cryo)-transmission 

20 electron microscopy (TEM) is well documented in the literature. However, no study of the 

distribution of number of encapsulated magnetic nanoparticles (NPs) per ML has been 

22 described so far despite its importance in the design of efficient MLs for the targeted 

application. The work presented herein reveals that this information could be obtained thanks 

24 to a relatively innovative technique, i.e. single particle inductively coupled plasma-mass 

spectrometry (spICP-MS). This has required the development of an orderly calculation 

26 methodology and a mathematical treatment of raw data detailed herein, and validated on four 

different concentrations of MLs. The results about this number of encapsulated magnetic NPs 

28 per ML show a satisfactory agreement between all the concentrations, confirming the interest 

of this technique for such a characterization.

30

Keywords: Magnetoliposomes, single particle ICP-MS, magnetic nanoparticles, SPION.
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32 Introduction

34 Magnetoliposomes (MLs) are liposomes embedding magnetic nanoparticles (NPs). Firstly 

described by De Cuyper and Joniau in 1988 1, these objects have attracted an increasing interest 

36 over the last decades in drug delivery applications. Indeed, the association of a lipid carrier with 

NPs presenting excellent magnetic properties leads to a multifunctional platform able to control 

38 the delivery of encapsulated bioactive agents in a region of interest, which can be monitored by 

MRI. Although the prospects for clinical applications are still far, significant progress have 

40 been made in recent years, both in the development of MLs, and in the demonstration of a 

controlled delivery of bioactive agents under a pulsed magnetic field 2-5.

42 Two categories of MLs are generally developed, and distinguished according to the location of 

the magnetic NPs in the lipid self-assembly. Indeed, these NPs can be inserted inside the lipid 

44 membrane or encapsulated within the vesicular aqueous cavity 6. This location is conditioned 

by the hydrophilic or hydrophobic nature of surface coating of magnetic NPs. In the most cases, 

46 these NPs are superparamagnetic iron oxide NPs with a surface stabilized by electrostatic or/and 

steric interactions. The ones with a hydrophilic surface coating are preferentially located in the 

48 aqueous cavity of MLs, and those with a hydrophobic one are positioned in their lipid 

membrane. This location, and consequently, the nature of this surface coating of the magnetic 

50 NPs, is often selected according to the intended application 6. MLs as contrast agents for MRI 

often encapsulate the magnetic NPs in their aqueous cavity 7-8. Conversely, the lipid membrane 

52 is generally preferred for the applications in the delivery of hydrophilic bioactive agents in order 

to avoid possible interactions between the magnetic NPs and the encapsulated bioactive agents 

54 9-10. 

Concerning the encapsulation process, its homogeneity in magnetic NPs inside liposomes is a 

56 decisive challenge for obtaining MLs with optimal magnetic properties. Nevertheless, to the 

best of our knowledge, this aspect has never been reported in the literature. In contrast, the MLs 

58 are often examined by dynamic light scattering (DLS) to determine their size, size distribution, 

and by electrophoretic light scattering to measure their surface charge. Transmission electron 

60 microscopy (TEM), sometimes in cryogenic conditions, often complete these analyses by 

providing morphology information about these objects 11-13. Besides all these techniques, a few 

62 works use inductively coupled plasma-mass spectrometry (ICP-MS) 14, and atomic absorption 

spectroscopy 15 to determine the total concentration of iron (Fe) in the analyzed sample.

64 With the aim of determining this distribution in number of magnetic NPs per ML, the innovative 

analytical single particle ICP-MS (spICP-MS) technique16-17 was used in this work. It combines 
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66 the benefits of an element specific atomic spectrometry technique (like ICP-MS), with those of 

a particle counting technique (measurements performed on a particle-by-particle basis). Thus, 

68 this technique can provide information on size, particulate and ionic concentrations, without 

being combined with other techniques. Initiated by Degueldre et al. 18 in 2003, it has been 

70 increasingly used up so far, and its real development for the analysis of NPs with different 

chemical natures has begun in 2010 (SI1). The principle of spICP-MS is based on that of ICP-

72 MS, a technique introduced in the mid-1980s. In “sp” mode, the sample follows the same path 

as in ICP-MS, with the difference that the sample is a very diluted NP suspension with a 

74 concentration of the order of a hundred ng/L, and that the apparatus operates in “time-resolved 

analysis” process with a high acquisition frequency. All this leads to the detection of signal 

76 pulses and each one corresponds to an ion cloud formed by only one NP by the assumption that 

the NP suspension dilution and the acquisition frequency are well adapted. The NP size is 

78 correlated with the intensity of the signal pulse, and the particulate concentration is given by 

the number of pulses whereas the ionic concentration is determined by the intensity of the 

80 baseline signal. This spICP-MS technique has already been used for the analysis of different 

types of NPs (e.g., titane dioxide 
19, gold 20, or silver 21 NPs, see SI1) which requires a specific 

82 methodology optimization due to the own specificities of each of them.

Concerning iron oxide NPs, due to their increasing valorization in the biomedical field, their 

84 characterization by spICP-MS has become necessary. However, one of the major problems in 

the analysis of these NPs by this technique is the interference of  40Ar16O+ polyatomic ion (argon 

86 being used as the plasma gas) on the most abundant iron isotope 56Fe isotope (both have the 

same m/z ratio of 56). Many efforts were made to overcome this interference without 

88 compromising the sensitivity of the analysis 22. We previously showed that this issue was settled 

by decreasing the forward power, and by using high energy helium as the collision gas 23. Based 

90 on this optimization of analytical conditions, the magnetic NPs inside magnetoliposomes have 

been studied herein.

92 The main aim of the work presented in this article is to show that it is possible to determine a 

distribution of magnetic NP number encapsulated in the MLs thanks to the spICP-MS 

94 technique. This determination has involved the development of a calculation methodology and 

mathematical treatment of raw data, presented in the first part of this article. In order to examine 

96 their robustness, the analyses of four different concentrations of a same purified ML suspension 

are detailed, and discussed in the second part.

98
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100 Experimental section

102 Materials

Iron (II) chloride tetrahydrate (FeCl2-4H2O, purity ≥ 99%), iron (III) chloride hexahydrate 

104 (FeCl3.6H2O, purity ≥99%), ammonium hydroxide (28%-30%), and citric acid (99%) were 

obtained from Sigma-Aldrich (France). Hydrochloric acid (HCl, 37%), chloroform, and sodium 

106 chloride were supplied by Carlo Erba Reagents (France). Ultrapure water was obtained from 

the Aguettant laboratory (France) for the syntheses of magnetic NPs and magnetoliposomes. 

108 Zwitterionic 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC, C40H80NO8P) lipid, 

cationic 1,2-dipalmitoyl-3-trimethylammonium propane (DPTAP, C38H76NO4Cl) lipid, and 

110 anionic 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethyleneglycol)-

5000] (DPPE-PEG5000, C265H531NO123P) polymer-lipid conjugate were purchased from 

112 Avanti Polar Lipids Inc. (USA). All lipids were used without further purification. The dialysis 

membrane with a molecular weight cut-off (MWCO) of 3.5 kDa used at the end of magnetic 

114 NPs synthesis was purchased from Spectrum Laboratories (USA). Magnetoliposomes extrusion 

kit and polycarbonate membrane with 200 nm and 400 nm pore diameters were obtained from 

116 Avanti Polar Lipids Inc. (USA). D-Tube Dialyzers Maxi® were obtained from Millipore 

(France). Sodium silicotungstate used for TEM observations was obtained from Sigma 

118 Chemical Co. (USA).

120 Synthesis of magnetic NPs surface-stabilized with citric acid

Superparamagnetic iron oxide NPs of magnetite (Fe3O4), hereafter named “magnetic NPs”, 

122 were synthesized using a co-precipitation method, as previously described 24. A solution of 50 

mL deionized water and 310 μL hydrochloric acid (HCl) was stirred at 60 rpm in a round-

124 bottom flask. Iron salts FeCl3.6H2O and FeCl2.4H2O were added in a 2:1 molar stoichiometric 

ratio (0.905 g and 0.333 g, respectively) along with an additional 50 mL of distilled water. The 

126 stirring rate was then increased to 80-90 rpm. The mixture was subjected to argon gas during 

the entire procedure. The flask was placed in an oil bath at 60°C for 1 hour. Subsequently, the 

128 stirring rate was increased to 170-180 rpm, and 15 mL of ammonium hydroxide were added 

dropwise, resulting in the immediate apparition of a black precipitate indicative of successful 

130 Fe3O4 magnetic NP synthesis. After 30 minutes, the temperature was raised to 90°C, and 0.967 

g of citric acid (CA) was added, with stirring continuing for an additional 90 minutes. Following 

132 this, heating and stirring were ceased, and the CA-coated Fe3O4 magnetic NPs (Fe3O4:CA) were 

isolated using magnetic decantation. The supernatant was discarded, and 5 mL of deionized 
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134 water were added to redisperse the magnetic NP suspension which was then transferred into a 

dialysis membrane (MWCO of 3.5 kDa), and dialyzed against deionized water for 24 hours (6 

136 different bathes, dialysate/bath volume ratio=1/200) in order to reach a neutral pH, and to 

remove any unabsorbed CA molecule. Subsequently, 1 mL of the Fe3O4 magnetic NP 

138 suspension was withdrawn and dried to evaluate mass concentration of magnetic NPs in the 

aqueous suspension.

140

Synthesis of MLs densely loaded with magnetic NPs

142 MLs were prepared using the Bangham film hydration technique 25. Briefly, predetermined 

quantities of DPPC, DPPE-PEG 5000, and DPTAP lipids (6.60 mg, 2.87 mg, and 0.32 mg, 

144 respectively) were dissolved in chloroform. The solvent was evaporated at 60°C under vacuum 

to form a uniform thin lipid film, which was subsequently hydrated (20 minutes, 60°C) under a 

146 rotating stirring, using 1 mL of an ultrasonicated Fe3O4 magnetic NP suspension at a 

concentration of 30 mg/mL. This resulted in a ML suspension with a lipid concentration of 10 

148 mM, with a DPPC/DPTAP/DPPE-PEG5000 molar ratio of 90/5/5. Then, the ML suspension 

was extruded at 70°C through two consecutive polycarbonate membranes with pore sizes of 

150 400 nm and 200 nm, respectively, passing 11 times through each membrane. This procedure 

yielded a final size monodisperse suspension of MLs.

152

Removal of unencapsulated magnetic NPs by salt induced aggregation from ML 

154 suspensions

A given volume of 5 M NaCl solution was added to the ML suspension to achieve a final NaCl 

156 concentration of 0.45 M. The mixture was then centrifuged during 3 minutes at 4,000 g at 25°C. 

The pellet containing unencapsulated magnetic NPs was removed, and the supernatant was 

158 subjected to overnight dialysis against deionized water (MWCO 12-14 kDa, dialyzate-to-bath 

volume ratio of 1/200) to remove any remaining salts from the ML suspension.

160

Removal of empty liposomes by magnetic chromatography from ML suspensions

162 The ML suspension, previously purified using salt induced aggregation, was passed through a 

MACS® column (MS column, Miltenyi Biotech, Germany) positioned within a permanent 

164 magnet (Mini Macs Separator, Miltenyi Biotech). Empty liposomes without magnetic NPs were 

immediately eluted, whereas MLs containing encapsulated magnetic NPs were magnetically 

166 retained in the column. The immobilized MLs were then rinsed with 5 mL of deionized water 

before being eluted with 1 mL of deionized water by removing the column from the magnetic 
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168 field. This elution step was precisely controlled, as it determined the final concentration of the 

purified ML suspension. The water elution process was repeated twice.

170

Characterization of ML suspensions by dynamic light scattering (DLS)

172 The average hydrodynamic diameters of MLs were measured at 25°C in deionized water using 

a Zetasizer NanoZS (Malvern Instrument, U.K.). The laser used was a helium-neon type, 

174 operating at a wavelength of 633 nm, with a scattering angle of 173°. Magnetic NPs and 

unpurified ML suspensions were diluted 100-fold in ultrapure water prior to analysis, while 

176 liposomes and purified ML suspensions (following either the salt induced aggregation step 

alone or both salt induced aggregation and magnetic chromatography steps) were diluted 20-

178 fold in ultrapure water. The refractive index and viscosity of ultrapure water at 25°C were set 

to 1.33 and 0.8904 cP, respectively. Typically, three independent measurements were 

180 performed for the determination of average hydrodynamic diameter.

182 Characterization of ML suspensions by cryo-transmission electron microscopy (TEM)

A small volume (~3.5 μL) of ML suspensions was placed on a copper grid coated with a Lacey 

184 carbon film (EMS). The excess liquid was promptly blotted with filter paper, leaving a thin film 

of the sample spread across the grid. The grid was then rapidly vitrified by plunging it into 

186 liquid ethane, cooled by liquid nitrogen, using a Thermo Fisher Scientific Vitrobot. Once 

vitrified, the grid was transferred into liquid nitrogen and loaded into a cryo-holder (Fischione 

188 Instruments model 2550) maintained at -174°C. The holder was quickly inserted into the 

vacuum column of the transmission electron microscope. Observations were performed at CTµ 

190 (Villeurbanne, France) using a JEOL 1400 Flash microscope, equipped with a Gatan Rio16 

camera, in low-dose mode at an accelerating voltage of 120 kV.

192

Quantification of iron and phosphorous elements in ML suspensions by inductively 

194 coupled plasma mass spectrometry (ICP-MS)

Standard solutions of iron and phosphorus (1g/L) were diluted to produce calibration 

196 concentrations of 0, 5, 10, 20, 50, and 100 μg/L, all prepared in 2% vol. suprapur HNO3. The 

ML suspensions were digested using a microwave digestion system (UltraWAVE, Milestone, 

198 Italy), a process referred as "mineralization" in this study. In this procedure, 50 μL of each ML 

suspension was placed into a Pyrex® digestion tube, followed by the addition of 3 mL of 65% 

200 vol. suprapur HNO3. The mixture was digested according to a temperature program that 

involved heating to 220°C over 20 minutes, followed by a 20-minute hold at 220°C. After 
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202 digestion, the resulting solutions were diluted to 50 mL with deionized water, and further 

diluted to match the calibration curve concentrations. The total analyses were conducted using 

204 internal calibration with yttrium as the internal standard. Measurements were performed using 

an Agilent 8800 and Agilent 7900 ICP-MS (Agilent Technologies), equipped with a micromist 

206 nebulizer, a Scott-type spray chamber, and a torch with a 2.5 mm internal diameter injector. To 

address interferences during the measurement of 56Fe+ and 31P+, a collision reaction cell (CRC) 

208 was used. The high-energy helium (HEHe) mode was employed for iron, and oxygen was used 

as the reaction gas for phosphorus, in combination with a MS/MS in tandem mode. Note that it 

210 was checked that the mineralization step was total on an unpurified ML sample with a known 

iron concentration.

212

Characterization of ML suspensions by spICP-MS

214 ML suspension analyses were carried out using Agilent 7900 ICP-MS system (Agilent 

Technologies, Japan), equipped with the single particle analysis module of Agilent 

216 MassHunter® workstation software. The introduction system consisted of a micromist 

nebulizer, a Scott-type spray chamber, and a torch with an injector of 2.5 mm internal diameter. 

218 Instrument was fitted with an octopole collision reaction cell (CRC), and a quadrupole mass 

analyzer positioned downstream to detect mass-to-charge ratios.

220 Agilent 7900 ICP-MS system, with a plasma power of 1,200 W, uses helium as collision gas. 

Optimized gas flow was determined using the ramp cell tool in MassHunter software, 

222 incrementing of 0.5 mL.min-1 the flow rate from 0 to 8 mL.min-1 while monitoring background 

and iron signals. Optimal helium flow was identified to be equal to 4.8 mL.min-1 to maximize 

224 the signal-to-background (S/B) ratio.

The detector was an electron multiplier operating at high-frequency data acquisition rates, 

226 herein with a dwell time of 0.1 ms. The lowest dwell times lead to better definitions of signals, 

a dwell time of 0.1 ms was the lowest value achievable with the Agilent 7900 ICP-MS system. 

228 Operational parameters included an argon plasma gas flow of 15.5 mL.min-1, nebulizer gas flow 

of 1.0 mL.min-1, spray chamber cooling at 2°C, and a peristaltic pump speed of 0.1 rps. The 

230 flow rate of sample was 0.346 mL.min-1, with an optimal sample depth of 6.5 mm. The accuracy 

of this flow rate was verified by weighting a water quantity analyzed over a given time.

232 Daily lens tuning was performed prior to each batch analysis using a tune solution containing 

Co, Mg, Li, Y, Tl, and Ce at a concentration of 1 µg/L. A performance report, based on 10 

234 measurements, was generated to check sensitivity, relative standard deviation, oxide ratio 
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(140Ce16O+ / 140Ce+), and doubly charged ions (140Ce2+ / 140Ce+). The Pulse/Analog (P/A) factor 

236 was calibrated with a 150 µg/L multi-element solution.

For spICP-MS analysis, the iron sensitivity factor was determined using an ionic blank, and a 

238 10 µg/L iron ionic standard. The transport efficiency (TE) was calculated by the software using 

the size-based method with a 1 µg/L gold ionic standard, and a 60 nm gold NP suspension as 

240 the calibration standard 26. Obtaining an accurate transport efficiency is crucial for reliable 

results, which requires well-characterized NP suspensions. In this case, a 60 nm Au NP 

242 suspension from Sigma Aldrich was analyzed using spICP-MS, with a 50 nm NP standard from 

Nanocomposix for comparison. The measured size (59.4 ± 0.5 nm) was consistent with the 

244 specifications provided by the supplier. The iron concentrations in ML suspensions were 

determined without the “peak integration” mode in the Agilent MassHunter® workstation 

246 software.

248

Results and discussion

250

As before mentioned, the determination by spICP-MS of the number distribution of magnetic 

252 NPs encapsulated in MLs was never reported in the literature to the best of our knowledge. 

Thus, an optimization of spICP-MS technical conditions for analyzing magnetic NP 

254 suspensions was required, that has been previously published in a technical note 27, as well as 

the development of a specific calculation methodology and mathematical treatment for the ML 

256 suspensions, presented below. Indeed, the analysis of ML suspensions by spICP-MS, during 

which each signal pulse corresponds to each NP individually reaching the detector, is more 

258 complicated than one of “simple” NP suspensions. For the ML suspensions, one ML leads to 

several signal pulses on the detector which represent several encapsulated magnetic NPs in a 

260 ML. The crossing delay of one ML in front of detector has consequently to be determined, and 

linked to its encapsulated magnetic NP number. Moreover, this number of magnetic NPs has to 

262 be calculated from raw data comprising signals of magnetic NPs but also background ones. 

Thus, a methodical mathematical selection of signal pulses corresponding to only magnetic NPs 

264 has to be performed from a raw analysis data file which is composed up to 600,000 lines. As a 

result of all of this, the exploitation of spICP-MS data files needs to be carefully carried out by 

266 developing a rational calculation methodology, and a mathematical program, as described in 

the first part of this article.
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268 Secondly, the robustness of these developed calculation methodology and mathematical 

treatment was checked by analyzing four different concentrations (corresponding to iron 

270 concentrations: 69, 138, 276, 553 ppt measured by ICP-MS) of a same purified ML suspension. 

These results in terms of average magnetic NP number per ML, and the distribution of this 

272 number, are compared and discussed in the second part of this article.

274 1. Description of the calculation methodology and mathematical treatment of spICP-MS 

raw data 

276 A processing of spICP-MS raw measurement data was developed to obtain the distribution in 

encapsulated magnetic NPs per ML, and its average. It includes a calculation methodology and 

278 mathematical treatment constituted of seven different steps, below summarized and presented.

280 Step 1. Determination of threshold between background and magnetic NP signals.

The threshold defines the limit between the background and magnetic NP signals. Its 

282 determination is crucial, and was the subject of a dedicated technical note 27. Briefly, the 

threshold position was obtained by using Rstudio® software, and an iterative method well 

284 described by Pace et al. 26. Signal data are averaged, and a standard deviation (σ) is calculated. 

All the data points above the mean plus 3σ are removed, and this process is repeated until there 

286 are no more data points 3σ above the final mean. Thereby, the resulting mean is considered as 

the threshold. It is assumed that the background data points have a normal distribution. In this 

288 work, an additional preliminary step, described in the technical note, was introduced, it consists 

of removing the most frequent blank values to improve threshold reliability and reduce false 

290 positives.

292 Step 2. Selection of signal pulse intensities above the threshold.

All the signal pulse intensities above the pre-determined threshold are selected and retained in 

294 the final measurement file (the signal pulse intensities below this threshold are eliminated from 

this file).

296

Step 3. Transformation of each signal pulse intensity in a mass of magnetic NPs.

298 The mass of magnetic NPs for each signal pulse intensity, 𝑚𝑁𝑃, was determined by using the 

following equation (Equation 1):

300
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302 Equation 1

mNP =
I ― Ibg  . IE . TE

a . 60
Dt . Q . 1000

. f

304 in which  𝑚𝑁𝑃: magnetic NP mass, I: pulse intensity value (cps), Ibg: background intensity (cps), 

IE: ionisation efficiency (that is considered as equal to 1), TE: transport efficiency, a: sensitivity 

306 (cps.ppb-1), Dt: dwell time (ms), Q: sample flow (mL.min-1), f: mass fraction of the element in 

the magnetic NP (f = (3 x 56 + 4 x 16)/(3 x 56) = 1.38).

308

Step 4. Determination of crossing delay of one ML in front of detector.

310 To determine the crossing delay of one ML in front of detector, the total number of MLs 

crossing the detector during the total acquisition time delay of analysis (60 s) was firstly 

312 calculated. This total number of MLs was calculated on the basis of the measurement by ICP-

MS of the phosphorous concentration of the considered sample. This phosphorous 

314 concentration is transformed in a total number of lipids in the analyzed suspension. This total 

number of lipids is divided by the number of lipids composing one ML (determined by the 

316 division of total area of one spherical ML with a DLS average diameter of 120 nm, PDI = 0.09, 

by the area of one lipid head), giving the total number of MLs. Secondly, the crossing delay of 

318 one ML in front of detector is obtained by dividing the total acquisition time delay of analysis 

(60 s) by this total number of MLs corrected of TE (3.2 %). This crossing delay of one ML was 

320 found to be 48, 24, 12, and 6 ms for suspensions with iron concentrations of 69, 138, 276, and 

553 ppt, respectively. Note that Toska et al. 23, who have determined an iron mass distribution 

322 in suspensions of hybrid silica methacrylate colloids (not in MLs), did not determine this 

crossing delay for one colloid. They used a suspension dilution that they considered to be 

324 sufficient to detect only one colloid in front of detector during their dwell time of 0.1 ms.

326 Step 5. Determination of the mass in magnetic NPs during the crossing delay of one ML 

in front of detector.

328 To determine the mass in magnetic NPs during the crossing delay of one ML in front of detector, 

Python® software was used to gather the masses detected during the crossing delay of one ML 

330 previously determined, and to add them in one mass corresponding to the mass of all the 

magnetic NPs encapsulated in one ML.

332
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Step 6. Determination of magnetic NP number during the crossing delay of one ML in 

334 front of detector.

In order to obtain the number of magnetic NPs during the crossing delay of one ML in front of 

336 detector, each mass calculated in step 5 (contained in one ML) was divided by the mass of one 

magnetic NP, 𝑚𝑜𝑛𝑒 𝑁𝑃, obtained from the following equation (Equation 2):

338 Equation 2

mone NP =  
d3.ρ.π

6
340 in which 𝑚𝑜𝑛𝑒 𝑁𝑃: mass of one magnetic NP d: magnetic NP diameter, : volumic mass, and 

by considering that these magnetic NPs are spherical, with a diameter of 10 nm, as previously 

342 observed and measured by TEM 24.

344 Step 7. Determination of average and distribution of magnetic NP number per ML.

Finally, the average and the distribution of magnetic NP number per ML were represented by 

346 a log-normal distribution (see equation in SI2).

348

2. Exploitation of spICP-MS raw data by using the developed calculation methodology 

350 and mathematical treatment.

Based on the previously developed calculation methodology and mathematical treatment, the 

352 raw data of four different ML concentrations (see SI3) were processed to obtain the distribution 

in encapsulated magnetic NPs per ML, and its average. These four concentrations were obtained 

354 by performing an initial ML suspension with an iron concentration of 0.069 g/L (= 69.106 ppt), 

and by diluting it in water per 106, 5.105, 2.5. 105, 1.5. 105, corresponding to final iron 

356 concentrations of 69, 138, 276, and 553 ppt, respectively. The iron concentrations of these four 

suspensions (69, 155, 247, and 520 ppt), measured thank to Agilent MassHunter® spICP-MS 

358 workstation software, and by integrating all the signal pulses of magnetic NPs, were found to 

be in agreement with expected iron concentrations. This reveals the validity of steps 1 and 2 of 

360 the calculation methodology that we developed before.

For information purposes, the step 5 allows to calculate the total number of MLs detected during 

362 the total acquisition time (60 s) for each analyzed concentration. This ML number corresponds 

to number of lines obtained from Python® software. As expected, these numbers increase with 

364 iron concentration (69, 138, 276, and 553 ppt), and were found to be 883, 1 788, 3 288, 6 811 

MLs, respectively. 
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366 Concerning the step 7, it gives the number of encapsulated magnetic NPs per ML. This number 

can be represented in a log-normal distribution as a function of the iron concentration (Figure 

368 1).

370

Figure 1. Log-normal distributions of encapsulated magnetic NP number per 

372 magnetoliposome (ML) measured by spICP-MS as a function of the iron concentration 

(ppt) measured by ICP-MS.

374

Figure 1 reveals similar distributions in encapsulated magnetic NP number per 

376 magnetoliposome regardless of the iron concentration. All these distributions are large, since 

ranging from 1 to 1 500, and are centered between 350 and 450. The table 1 shows the data 

378 coming from the analysis of these log-normal distribution. According to it, the average of 

magnetic NP number per ML of four concentrations is 417 with a standard deviation of 23, 

380 representing a satisfactory analytic variation of 6%. The distribution width (i.e., the standard 

deviation of the log-normal distribution, Table 1) also displays for the four concentrations a 

382 satisfactory variation (9%) since the average value is 341 ± 32. As a result, these variations (6 

and 9%) reveal a correct repeatability of analyses, as well as a validation of the calculation 

384 methodology and mathematical treatment for these four independent suspensions.

386
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Table 1. Averages and distributions (= standard deviations) calculated from log-normal 

388 distributions of magnetic NP number per magnetoliposome (ML) measured by spICP-MS 

as a function of the iron concentration measured by ICP-MS.

Iron concentration Average Standard deviation

69 ppt 428 315

138 ppt 416 373

276 ppt 384 312

553 ppt 438 362

Average 417 341

Standard deviation 23 32

Variation % 6 9

390

Concerning the distribution in encapsulated magnetic NP number per ML (i.e., 341 ± 32, Table 

392 1), it has been found to be very extended as this encapsulated magnetic NP number ranges from 

approximately 75 to 760 (for 68% of data around the mean, 417 ± 341). This very large number 

394 distribution can be correlated to cryo-TEM observations of these samples showing MLs with 

very different loading in magnetic NPs (Figure 2). It is unfortunately impossible to calculate an 

396 average number of magnetic NPs per ML directly from these cryo-TEM images, because these 

2D images are projections of 3D objects, with overlays of magnetic NPs at different z positions. 

398 Nevertheless, cryo-TEM provides a complementary information that supports the broad 

distribution in NP encapsulation revealed by spICP-MS.

400

402
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Figure 2. Cryo-TEM of MLs showing the expanded number width of encapsulated 

404 magnetic NP number per magnetoliposome (ML).

406 Finally, for a comparison, a standard ICP-MS analysis was applied to determine the average 

number of magnetic NPs per ML of the same initial ML batch. This technique presents two 

408 main drawbacks versus spICP-MS in this context: it does not give access to number distribution, 

and it requires a mineralization step. The calculation the average number of magnetic NPs per 

410 ML by ICP-MS was based on the assayed phosphorous and iron concentrations, mass density 

of Fe3O4, the average sizes of magnetic NPs and MLs (10 and 120 nm, respectively), the lipid 

412 concentration and the surface of a lipid head. The details of this calculation, given in SI4, leads 

to an average of 315 ± 37 magnetic NPs per ML (on 3 replicates), to be compared to 417 ± 23 

414 found by spICP-MS. This comparison very promisingly reveals a same order of magnitude of 

this number average. This value of 315 ± 37 by ICP-MS is close of the top of the spICP-MS 
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416 curves in Figure 1. Note that the difference between the both techniques is relatively small 

given the very large dispersion in encapsulated magnetic NP number per ML (i.e., ± 341, Table 

418 1), as well as the different technical constraints specific to each of these techniques 

(supplementary mineralization step, and required total digestion in ICP-MS, necessary 

420 calculation of crossing delay of one ML in front of detector, and extreme dilution in spICP-

MS).

422

Conclusion

424 In conclusion, this work demonstrates that spICP-MS can be very useful to determine not only 

the average number of encapsulated magnetic NPs per ML, but also its distribution in the 

426 suspension. This requires a calculation methodology and a mathematical treatment of raw data, 

detailed in seven steps in this article, and which have been validated on four different 

428 concentrations of purified ML suspensions. To the best of our knowledge, this notion of number 

dispersion is obtained herein for the first time by spICP-MS, and by any other technique, while 

430 this information can be very important to increase the homogeneity of magnetic NP loading of 

MLs by optimizing the different stages of the ML elaboration. Moreover, it can improve the 

432 understanding of the link between the design of MLs and their efficiency in the biomedical 

applications.
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