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Table S1. Composition of the dialysate used in this work: BICAVERA 1.5 % Glucose, 1.75 mmol.L-1 
Calcium, solution for peritoneal dialysis (Fresenius Medical Care, Germany).

Active substance Mass concentration (g.L-1) Species in solution Molar concentration (mmol.L-1)
CaCl2.2H2O 0.2573 Ca2+ 1.75
NaCl 5.786 Na+ 134
NaHCO3 2.940 Mg2+ 0.5
MgCl2.6H2O 0.1017 Cl- 104.5
C6H12O6.H2O 16.5 HCO3

- 34
Eq. C6H12O6 15.0 C6H12O6 83.25
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SI.I. Post-synthesis coating of naked IONPs with the anionic surfactants
Protocols for the post-synthesis coating of naked IONPs with PAA and TA have been developed 

based notably on the works of Daou et al.1 and Basly et al.2. Indeed, these works aimed at grafting 
dendron molecules bearing a phosphonate anchoring group at the surface of naked IONPs synthesized 
by coprecipitation. These previous grafting have been performed in acidic pH water, i.e. a pH value 
where electrostatic attractions are favored between the dendron’s phosphate group (deprotonated, 
bearing a negative charge) and the iron oxide surface (protonated, conferring a positive ζ value to the 
IONPs). Indeed, IO surface possesses hydroxyl groups and Daou et al.3 report that all Fe-OH sites are 
not equivalent and only ~20 % are amphoteric. At pH values below the IO IEP (pHIEP ≈ 74), these surface 
groups are protonated giving a positive ζ to the IONPs. Above the IO IEP, these groups are 
deprotonated giving a negative ζ to the IONPs.
The same strategy is used here: coatings are performed at pH values intermediate between the IO IEP 
and the surfactant pKa (PAA: pKa = 4.3 – 4.55–7, TA: pKa ≈ 68) for favoring electrostatic attractions 
between them (Figure 2 in the main body of the article).

Step 1. First, the freshly synthesized naked IONPs are suspended in basic pH water (pH > 10). In a 
typical coating protocol, a suspension (10 mL) of IONPs (2 mg.mL-1) in basic pH water is prepared. Its 
φhydro distribution is monomodal with a φhydro value of 161 ± 86 nm (PDI = 0.15) and a mean ζ value of 
-36 ± 1 mV (Figure S1a,b).

Step 1 → 2. Then, the suspension is placed in an ultrasound bath and its pH is quickly decreased to 
pH ≤ 2 using ~milliliters of a hydrochloric acid (HCl) solution (2 mol.L-1) in order to limit nanoparticle 
aggregation when pH passes through the IO IEP. Sonication is continued for 15 min. There, the IONPs 
φhydro distribution stays monomodal with a φhydro value of 163 ± 84 nm (PDI = 0.16) and a positive ζ value 
of 35 ± 1 mV (Figure S1a,b). For this step, a nitric acid (HNO3) solution (2 mol.L-1) have also been used 
but the nanoparticle φhydro distribution, φhydro and ζ values are identical to those whose pH have been 
adjusted using HCl (Figure S1c). So, HCl has been used in all experiments. Also, it should be noted that 
the nanoparticle ζ value turns positive within 15 min only at pH ≤ 2: the ζ value stays negative at 2 < 
pH < IO IEP.

Step 2 → 3. The suspension pH is then carefully adjusted to 5 (for PAA coating) or 6 (for TA coating) 
using a sodium hydroxide (NaOH) solution (0.2 mol.L-1) before 15 min in an ultrasound bath. There, the 
IONPs φhydro distributions stay monomodal with φhydro values of 205 ± 115 nm (PDI = 0.21, pH 5, Figure 
S1a) and 214 ± 117 nm (PDI = 0.23, pH 6, Figure S1b). For each suspension, approaching the IO IEP 
results in a slight increase in aggregation state, although their ζ value remains slightly positive: 17 ± 1 
mV (pH 5) and 16 ± 1 mV (pH 6).
In parallel, PAA (0.113 mg.mL-1) and TA (0.238 mg.mL-1) solutions are prepared and their pH are 
adjusted to 5 or 6 respectively using a NaOH solution (0.2 mol.L-1). With TA, this step requires to be 
particularly cautious since TA catechol groups are reported – and were observed in our previous work9 
– to undergo oxidation into quinones in mild alkaline conditions (i.e. pH ≥ ~8)10–12, excessively lowering 
their adsorption on iron oxide surfaces9,13–16.
Then, 10 mL of surfactant solution is added to the nanoparticle suspension and the mixture is 
mechanically stirred overnight. Using these volumes and concentrations, 1.13 mg (PAA) or 2.38 mg 
(TA) are in contact with 20 mg of naked IONPs, corresponding to the theoretical quantities required to 
form a surfactant monolayer on the nanoparticle surface. Indeed, the naked IONP SSA have been 
measured at 101 m2.g-1 by BET measurement (Figure S1d) while the geometrical cross section of one 
TA molecule is reported to be 2.4 nm2 17 (we approximate the PAA cross section to be also 2.4 nm2).

Step 3 → 4. Finally, suspension pH is carefully adjusted to 7 with a NaOH solution. All the results on 
colloidal stability of suspensions at each step are summarized in Table S2.
However, PAA and TA post-coated IONPs did not display a good colloidal stability with time in both pH 
7 water and dialysate. Colloidal stability of TA-coated IONPs has been tried to be improved using 10 



times and 100 times the TA quantity required to form a monolayer on nanoparticles, but a significant 
sedimentation is still observed within 4 hours in pH 7 water, resulting in a very low yield of colloidally 
stable IONPs. Also, colloidal stability in dialysate is not improved.
Thus, electrostatic interactions would not be high enough to induce a strong anchoring of surfactant. 
In the case of TA-coated IONPs, various works report a poor colloidal stability over time for post-
synthesis catechol-coated nanoparticles13,14,18,19 and explain this by a sequential oxidation of catechol 
groups forming complexes with nanoparticle surface iron ions. Notably, Kim et al.14 propose the 
following mechanism: first, catechol would form complexes with both surface Fe(II) and Fe(III). Then, 
an electron transfer would occur from catechol to Fe(III), forming an oxidized semiquinone and a 
reduced Fe(II). The so-formed semiquinone would then moves to an adjacent Fe(III) and oxidation 
would be repeated to form fully oxidized quinone detaching from the iron oxide surface since no 
anchor group is present anymore. Also, these works14,20 propose adding electronegative groups to the 
catechol ring to enhance electronic interactions with iron oxides18 and to prevent catechol oxidation 
into quinone14. Notably, they report a more stable catechol coating on iron oxide over time by adding 
an amine additive (AA) in the medium. They proposed that catechol and semiquinone could be 
recovered respectively from oxidized semiquinone and quinone through Michael addition of an AA, 
here the 2-(2-aminoethoxy) ethanol (AEE). In our work, some tests have been performed by adding 
AEE in the TA and nanoparticles mixture in pH 6 water before increasing the pH to 7, but without 
enhancing the nanoparticle colloidal stability.
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Figure S1. Hydrodynamic diameter distribution of (a) naked and post-synthesis PAA-coated IONPs 
along our coating protocol, (b) naked and post-synthesis TA-coated IONPs and (c) naked IONPs whose 
pH is adjusted from 10 to 2 using different acidic solutions. (d) BET curve of naked IONPs.

Table S2. Mean hydrodynamic diameter in intensity and mean zeta potential values of naked IONPs 
and post-synthesis surfactant-coated IONPs along our coating protocol.

PAA TA
φhydro (nm) PDI ζ (mV) φhydro (nm) PDI ζ (mV)

Step 1 161 ± 86 0.15 -36 ± 1 161 ± 86 0.15 -36 ± 1
Step 1 → 2 163 ± 84 0.16 35 ± 1 163 ± 84 0.16 35 ± 1
Step 2 → 3 205 ± 115 0.21 17 ± 1 214 ± 117 0.23 16 ± 1
Step 3 → 4 310 ± 150 0.22 -44 ± 1 318 ± 186 0.23 -36 ± 1



SI.II. Optimization of the recovery time of anionic surfactant-coated IONPs

An important rate-determining step to be accelerated to produce enough PAA- and TA-coated 

IONPs is their size separation. Experimentally, suspensions recovered just after one-pot syntheses 

contain different sizes of IONPs aggregates, up to φhydro ≥ 1000 nm (Figure S2a). After one-week natural 

sedimentation, only one population of mean φhydro of 80 – 140 nm remains in suspension and is 

recovered (Figure S2a). This process is relatively slow because multiple forces are applied on IONPs in 

suspension, mitigating the gravitational force responsible for sedimentation, notably the drag force, 

the buoyancy force and the thermal fluctuation forces (Brownian motion)21.

Among the various protocols reported in the literature, magnetic separation is particularly adapted for 

accelerating this step while maintaining a high nanoparticle yield. Indeed, it is known that 

superparamagnetic nanoparticles combined into aggregates increase their overall magnetic moment, 

which is the sum of the moments of all individual nanoparticles22. As a result, the magnetic response 

of larger aggregates to an external magnetic field is increased compared to small aggregates or 

individual nanoparticles22. In addition, larger aggregates have a lower diffusion coefficient, simplifying 

their magnetic recovery since the Brownian motion highly contributes to colloidal stability22,23.

Just after their synthesis in one-pot, IONP@PAA and IONP@TA suspensions are diluted in 400 mL of 

distilled water in a 500 mL-capacity bottle (width = 8 cm, height from bottom to suspension water line 

≈ 8.5 cm) then placed on a neodymium magnet (1.2 T). Then, their φhydro distribution is measured over 

time. In Figure S2a, the IONPs@TA φhydro distribution evolve towards a monomodal and moderately 

polydisperse distribution with a final φhydro value of 136 ± 59 nm (PDI = 0.19) after 4 days. In 

comparison, a monomodal distribution with similar φhydro (135 ± 68 nm, PDI = 0.22) is reached after 1-

week natural sedimentation (Figure S2b). Also, continuing this magnetic separation process beyond 4 

days do not further decrease the nanoparticle φhydro.

This protocol has also been used with IONPs@PAA and allowed us to obtain a monomodal distribution 

of φhydro = 100 ± 26 nm, PDI = 0.19 (i.e. slightly larger than after one-week sedimentation: φhydro = 81 ± 

36 nm, PDI = 0.16) after 2 days magnetic separation (Figure S2b).

Thus, this protocol using magnetic sedimentation allowed us to accelerate the nanoaggregate size 

separation step and obtain suspensions with monomodal distribution, suitable φhydro value and high 

colloidal stability in only 4 days (IONPs@TA) or 2 days (IONPs@PAA) instead of 1-week natural 

sedimentation.



(a) (b)

Figure S2. Hydrodynamic diameter distribution of (a) IONPs@TA in pH 7 water over time performing 

magnetic separation and (b) of IONPs@PAA and IONPs@TA in pH 7 water after 1-week natural 

sedimentation and 2 days (IONPs@PAA) or 4 days (IONPs@TA) magnetic separation.



Figure S3. XRD pattern of naked IONPs and surfactant-coated IONPs.



SI.III. Analysis of FTIR spectra of surfactant-coated IONPs

Surfactant presence on IONPs have been first investigated by FTIR spectroscopy. In Figure S4a, each 

nanoparticle exhibit a Fe-O band localized at 594 cm-1 (IONPs@PAA), 592 cm-1 (IONPs@TA) and 584 

cm-1 (IONPs+PDADMAC). In each case, the Fe-O band possesses a broad shoulder towards the high 

wavenumbers, which is characteristic of an oxidized magnetite phase9,24,25. Indeed, the IR spectrum of 

non-oxidized magnetite displays one Fe-O band at ~580 cm-1 while that of maghemite exhibits several 

bands in the wavenumber range 800 – 400 cm-1 and whose resolution depends on the ordering of 

vacancies in maghemite25.

Compared to the naked IONPs spectrum, a new band at 1727 cm-1 appears on the IONPs@PAA 

spectrum (Figure S4b) and is attributed to the stretching mode of the PAA C=O bond, which has been 

shifted from 1710 cm-1 in the PAA spectrum (Figure S4a). Similarly, a new band at 1455 cm-1 is assigned 

to the in-plane bending mode of CH2
 bond located at 1454 cm-1 in the PAA spectrum26,27. Furthermore, 

two very broad bands at 1406 cm-1 and 1577 cm-1 would contain the symmetrical (νs) and asymmetrical 

(νas) stretching vibration modes of the COO- bond26,28 respectively. As discussed in the main body of 

the article, the PAA carboxylate groups can interact with iron oxide surfaces to form different types of 

complexes and in the literature, analyzing the separation between νas and νs bonds may allow 

identifying which type of complex is on surface26,28,29. However, a HRTEM image (Figure 3f in the main 

body of the article) shows multiple layers around our IONPs@PAA. Therefore, PAA in IONPs@PAA is 

expected not only to form complexes with the iron oxide surface, but also having free deprotonated 

carboxylate and carboxyl groups whose contributions are included in the broad bands at 1406 cm-1 

and 1577 cm-1. It is therefore difficult to identify which complex is formed on the iron oxide surface. 

Complete band attribution in PAA and IONPs@PAA spectra is detailed in Table S3.

Then, the IONPs@TA spectrum (Figure S4c) displays new TA bands compared to that of naked IONPs, 

and are identified according to our previous work (characterization of TA-coated iron oxide 

nanoclusters synthesized in a one-pot polyol solvothermal synthesis)9. The broad band at 1585 – 1619 

cm-1 is attributed to the stretching of aromatic C-C bonds in TA (in TA spectrum: 1614 cm-1) while the 

new bands at 1198 cm-1 and 1049 – 1098 cm-1 are assigned to bonds from the phenolic groups of TA9,30, 

i.e. symmetrical stretching of C-O-C (in TA spectrum: 1085 cm-1), stretching of O-CO and Car-CO and in-

plane bending of Car-O-H at 1196 cm-1 despite the band shape modifications9,31,32. In addition, the new 

TA band at 1363 cm-1 would be characteristic of the complex formed by TA on iron oxide surface9. 

Similar to the spectrum of TA-coated iron oxide nanoclusters in our previous work9, the C=O band at 

1717 cm-1 attributed to phenolic ester in TA disappears in IONPs@TA spectrum. This has been 

proposed to be due to organisation and interactions of TA molecules on the iron oxide surface or 

between multiple TA molecules coating the iron oxide surface9. Also, it should be noted that a band at 

948 cm-1 attributed to the skeletal vibration of tetramethylammonium ions N(CH3)4
+ is still present in 

IONPs@TA spectrum even if more than three washes by an ultrafiltration protocol are performed (see 

Section 4.2.2 in the main body of the article). A proposal of IR band attribution in TA and IONPs@TA 

spectra is given in Table S3.

Finally, in Figure S4d, the FTIR spectrum of IONPs+PDADMAC showed little evidence of the surfactant 

presence, with only one new band located at 1467 cm-1 and previously attributed to the in-plane 



bending mode of CH2 bond. Thus, FTIR spectroscopy alone is unable to confirm the presence of the 

cationic surfactant, suggesting a purely physical adsorption of PDADMAC on the iron oxide surface. 

This would be consistent since PDADMAC does not have any anchoring group for the iron oxide surface 

and therefore cannot form covalent bonds with the surface hydroxyl groups. IR band attribution in 

PDADMAC and IONPs+PDADMAC spectra is proposed in Table S3.
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Figure S4. Superimposed FTIR spectra of the surfactant-coated IONPs in the region of the Fe-O 

vibration band of iron oxide. FTIR spectra of (b) IONPs, PAA and IONPs@PAA; (c) IONPs, TA and 

IONPs@TA and (d) IONPs, PDADMAC and IONPs+PDADMAC. ν, stretching; δ, bending.

 



Table S3. Proposal for band attribution in IONPs@PAA, IONs@TA and IONs+PDADMAC FTIR spectra 

and the associated surfactants.

PAA IONPs@PAA
Wavenumber (cm-1) Wavenumber (cm-1) Attribution26–28,33

2937 – 2975m 2852 – 2922m CH2 or CH stretching
1710vs 1727w C=O stretching
- 1577m Contains COO- asymmetric stretching
1454m 1455w CH2 bending
1415m - C-O stretching and O-H bending
- 1406m Contains COO- symmetric stretching
1180 – 1270s - C-O stretching and O-H bending
1104w - C-CH2 stretching
927w - O-H bending
805w - CH2 bending and C-COOH stretching
- 594vs Fe-O
TA IONPs@TA
Wavenumber (cm-1) Wavenumber (cm-1) Attribution9,30–32,34

1717s - C=O stretching (phenolic ester)
1614s 1585 – 1619m C-C stretching (aromatic), H2O (IONPs@TA)
1535m - Ring stretching, C-OH bending, C-H bending
- 1488m CH3 asymmetric deformation (N(CH3)4

+)
1448s - C=C stretching (aromatic), O-H stretching
- 1363m Iron complex
1320s - Car-O-C stretching, Car-O-H bending
- 1198m Phenolic groups of TA
1196s - O-CO stretching, Car-CO stretching, Car-O-H bending
1085m - C-O-C symmetric stretching (aryl phenolic ester)
- 1049 – 1098w Phenolic groups of TA
1027m - C-O asymmetric stretching
960w, sh - C-COOH stretching
- 948m N(CH3)4

+ skeletal vibration
870w - O-H bending, C-H bending
828 w - C-H bending (aromatic)
758w - C-H and O-H bending
- 592vs Fe-O
PDADMAC IONPs+PDADMAC
Wavenumber (cm-1) Wavenumber (cm-1) Attribution35–37

2865 – 3007s - CH2 stretching
1630w 1613w O-H bending or C-N+(CH3)3 stretching
1467s 1467w CH2 bending
1040 – 1124s - C-N stretching
- 584vs Fe-O

vs, very strong; s, strong; m, medium; w, weak; sh, shoulder.



SI.IV. Analysis of TGA curves of surfactant-coated IONPs

TGA under air have been performed to confirm the presence and quantify the surfactants on each 

nanoparticle. The results are presented in Figure S5. For IO-CP@PAA, TGA and DTG curves show two 

main thermal phenomena starting at ~150 °C and ~240 °C respectively, with DTG maxima at ~200 °C 

and ~280 °C. The final weight loss at 800°C is ~49 %. In the literature, a multi-step thermal degradation 

of PAA is often reported (with a first thermal event above 200 °C) attributed to dehydration of 

carboxylic groups, to decarboxylation and/or to chain scission38. Our IONPs@PAA TGA/DTG curves 

display similar events so the first one starting at ~150 °C is attributed to dehydration of adsorbed and 

hydrogen-bonded water molecules on iron oxide surface while the second is attributed to PAA 

decarboxylation and degradation39,40. Hayashi et al.39 also reported a third event at ~600 °C but it is 

not observed with our IONPs@PAA.

TGA/DTG curves of IONPs@TA display one thermal event starting at 180 °C (DTG maximum at ~280 °C) 

and the final weight loss at 800 °C is 58 %. Such a main DTG peak between 250 – 300 °C have already 

been observed in a previous work9 for iron oxide nanoclusters coated with the highest TA-loading 

studied, and have been attributed to the decomposition of TA.

Finally, multiple thermal events are identified in the TGA/DTG curves of IONPs+PDADMAC: at ~210 °C, 

~405 °C and ~635 °C with DTG maxima at ~330 °C, ~450 °C and ~665 °C respectively. The final weight 

loss at 800 °C is 66 %. These results are in accordance with the work of Francis et al.41, where a first 

event with maximum DTG at 320 °C have been attributed to quaternary ammonium dissociation with 

the formation of alkyl halide while a second event with maximum DTG at 453 °C have been observed 

but not attributed to a specific PDADMAC decomposition mechanism.

Figure S5. TGA (solid lines) and DTG curves (dotted lines) of each surfactant-coated nanoparticle.
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Figure S6. Hydrodynamic diameter distributions of PAA- and TA-coated IONPs at t0 and after three 
weeks in (a) pH 7 water, (b) reconstituted dialysate and (c) alkaline dialysate. (d) IONPs@PAA and 
IONPs@TA hydrodynamic diameter distributions at t0 in ph3 water and acidic dialysate.



(a)  (b)

(c)

Figure S7. TEM images of (a) commercial PAA-coated maghemite nanoparticles (fluidMAG-PAA) and 
(b) PDADMAC-coated nanoparticles (fluidMAG-Q). (c) TEM diameter distribution of fluidMAG-PAA and 
fluidMAG-Q.

(a) (b)

Figure S8. Hydrodynamic diameter distribution in pH 7 water and dialysate of (a) our own and 
commercial (“fluidMAG-PAA”) PAA-coated nanoparticles and (b) our own and commercial (“fluidMAG-
Q”) PDADMAC-coated nanoparticles.
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