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Chapter 2                                             
Development of Stable Iron Oxide 
Nanoparticles for Facile Surface 

Functionalization 

Abstract 

Water dispersed superparamagnetic iron oxide nanoparticles (SPIONs) have 
many applications in various fields and especially in biomedical research. The 
monodispersity and stability of these nanoparticles are critical factors for 
successful applications. Numerous approaches have been developed that aim at 
stable and monodispersed SPIONs in aqueous solution. Nevertheless, obtaining 
water-soluble SPIONs that are stable for prolonged periods (i.e. months) remains 
challenging. Here, a series of ligands was synthesized featuring nitrocatechol as 
SPIONs anchor and different polar groups for water solubility. We found that 
nanoparticles coated with zwitterionic ligands were stable for well over two 
months, which exceeded the stability of analogues containing negatively charged, 
positively charged or neutral ligands. A choline phosphate-based zwitterionic 
ligand was further functionalized with an aldehyde group that facilitated facile 
additional surface functionalization by means of hydrazone chemistry. These 
results establish SPIONs as a new platform for reversible covalent surface 
functionalization. 

 

 
 

 

 

 

This chapter is based on Xiaoming Miao, Niek N. H. M. Eisink, Piotr Nowak, Meniz 
Altay, Giulia Leonetti, Ivana Marić, Martin D. Witte, Adriaan J. Minnaard, Sijbren 
Otto, Development of Stable Iron Oxide Nanoparticles for Facile Surface 
Functionalization, to be submitted.   
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2.1. Introduction 
Superparamagnetic nanoparticles have many applications in various fields, 

especially in biomedical research, including magnetic resonance imaging (MRI)1-4, 
hyperthermia treatment of tumors5-6, magnetic separation of biomolecules and 
directional drug delivery7-8. Many of these applications place stringent demands on 
stability and monodispersity of the SPIONs under physiological conditions9. 
Although the preparation of monodisperse SPIONs in organic media is well 
established10-12, making SPIONs that exhibit long-term stability in aqueous solution 
remains challenging. The common strategies for preparing stable SPIONs in 
aqueous medium make use of ligands that prevent SPIONs from forming 
aggregates through electrostatic repulsion or steric effects13-17. For example, 
Reimhult and Textor have developed nitrocatechol grafted polymers as stabilizing 
ligand for SPIONs in aqueous solution15, 18-20. Also small-molecule spacers carrying 
charges are commonly applied, as SPIONs coated with relatively small ligands 
have a large core/shell ratio which is crucial for magnetic interactions13. While 
several procedures for preparing water soluble SPIONS have been reported, a 
systematic study comparing the stability of SPIONs coated with different types of 
polar ligands has not yet been performed.  

Here, we designed a set of ligands functionalized with the moiety that is most 
commonly used as the anchor to the SPIONs surface: a nitrocatechol group. The 
ligands were further equipped with different groups that were expected to endow 
them with water solubility, including zwitterionic, neutral, as well as anionic, and 
cationic ones. The stabilities of SPIONs grafted with these ligands were studied in 
aqueous solution at different pH and salt concentration by dynamic light scattering 
(DLS). We found that aqueous solutions of sulfobetaine conjugated zwitterionic 
ligand-coated SPIONs were remarkably stable, showing no signs of aggregation 
over a period exceeding two months. Another zwitterionic ligand containing a 
choline phosphate moiety was then synthesized and equipped with an aldehyde 
group to enable facile further surface functionalization through reversible covalent 
hydrazone chemistry. 
 

2.2. Results and Discussion 

2.2.1. Ligand design and synthesis 

The ligands were designed to contain nitrocatechol for anchoring to the SPION 
surface and a polar group for water solubility. The choice for the catechol anchor 
was based on the fact that 3,4-dihydroxyphenylalanine and dopamine (Scheme 2.1) 
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possess a catechol group that has a strong binding affinity for several metal ions15, 

19, 21-23. These catechol ligands play an essential role in the mussel adhesion 
mechanism24. Inspired by these observations, the catechol moiety has become a 
popular anchor for the functionalization of iron oxide and titanium oxide 
nanoparticles15, 25-26. However, catechols are readily oxidized by iron (III) to 
quinones which results in a loss of affinity for the SPION surface leading to the 
aggregation of the SPIONs. Introducing a nitro group on the ortho-position of the 
catechol ring largely prevents catechol oxidation15, 19.  

Water solubility may be achieved with anionic, cationic, zwitterionic or neutral 
ligands. We designed and synthesized ligands to represent each of these four 
classes (Scheme 2.1). Specifically, we designed the zwitterionic ligand 6 to contain 
a quaternary ammonium–sulfonate conjugate; the neutral ligand 8 features a 
biocompatible oligosaccharide27. We reasoned that the neutral but large 
oligosaccharide ligand could potentially stabilize the SPIONs by preventing the 
exchange of surface ligands with molecules from the environment due to the steric 
hindrance. Similar stabilizing effects of oligosaccharides are often encountered in 
biological systems, e.g. protein glycosylation can prevent proteases from accessing 
the peptide backbone, providing resistance to enzymatic degradation28-29. The 
anionic ligand 9 contains a carboxylic acid (deprotonated at neutral pH), while 
cationic ligand 11 features an amine group (protonated at neutral pH).  

The synthesis of these four ligands is depicted in Scheme 2.1. First dopamine 
was nitrated with NaNO2 in the presence of 20% H2SO4 and then reacted with 
succinic anhydride to provide compound 2 as an intermediate for further 
functionalization. The zwitterionic ligand was synthesized by a ring opening 
reaction between tertiary amine 3 and 1,3-propanesultone. Deprotection of the 
resulting compound 4 afforded 5, which was reacted with 2 to yield the desired 
ligand 6. Oligomaltose was used as a neutral solubilizing group. β-D-
maltoheptaosyl azide was reacted with compound 7 through a copper-catalyzed 
click reaction to obtain ligand 8. Anionic ligand 9 was synthesized by nitration of 
3,4-dihydroxyhydrocinnamic acid. Finally, amidation of monoprotected amine 10 
with carboxylic acid 2 and deprotection afforded cationic ligand 11. Detailed 
synthetic procedures and characterization of the four ligands are provided in the 
supporting information. 
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Scheme 2.1 Structures and synthesis of the zwitterionic, neutral, anionic and cationic 
ligands.  

The preparation of aqueously dispersed SPIONs is depicted in Figure 2.1. First, 
oleic acid stabilized hydrophobic SPIONs were made by the thermal 
decomposition of iron oleate which was synthesized by an exchange reaction of 
FeCl3 with sodium oleate11. Homogeneous ligand exchange was then applied to 
obtain water dispersed SPIONs. Here, a two-step exchange procedure was adopted, 
because we did not succeed in finding a solvent in which both the oleic acid 
stabilized SPIONs and the charged ligands could be dissolved13. An intermediate 
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ligand 2-(2-(2-methoxyethoxy)ethoxy)acetate (MEAA) was utilized to exchange 
the oleic acid attached to the surface of SPIONs. The resulting MEAA grafted 
intermediate SPIONs were soluble in a mixture of DMF and water which was a 
suitable medium for the subsequent exchange with the water-solubilizing ligands. 
The thus obtained water-dispersed SPIONs were purified by dialysis. The cationic 
SPIONs aggregated during purification, whereas the other three SPIONs could be 
dialyzed at least 6 times without any aggregates. All ligands exchange reactions 
were conducted in a sonication bath as magnetic stirring the nanoparticle 
dispersions was found to lead to their aggregation.  

 
Figure 2.1 Preparation of different water-dispersed SPIONs.  

2.2.2. Characterization of SPIONs 

As NMR is difficult for paramagnetic materials the ligand exchange process was 
monitored by IR spectroscopy. The IR spectra are shown in Figure S2.1, C-C 
single bond and C-H vibrations at around 1470 cm-1 and 2870 cm-1 were observed 
for oleic acid@SPIONs. After ligand exchange with MEAA, strong absorptions 
appeared around 1100 cm-1 and 1200 cm-1 which were assigned to C-O single bond 
stretching, while the absorption at 2870 cm-1 became smaller, in agreement with 
oleic acid having been substituted by MEAA. For the SPIONs functionalized with 
the water-solubilizing ligands, absorptions due to C=O and C=C stretching at 1450 
cm-1 to 1650 cm-1 were found, together with a C-O single bond vibration at 1050 
cm-1, suggesting that nitrocatechol is present on the surface of the SPIONs. 
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However, it was not possible to quantify the degree of the ligand exchange from 
the IR spectra. The Fe-O bond around 600 cm-1 is excluded in all spectra since it is 
extremely strong compared to the other bands and would compromise the 
resolution of the remaining part of the IR spectrum. 

The morphologies and size distributions of SPIONs were characterized by TEM 
and DLS. The fresh oleic acid@SPIONs are well-dispersed in hexane which is 
confirmed by the TEM image in Figure S2.2. The water soluble zwitterionic, 
neutral, and anionic SPIONs are observed as well-dispersed spherical nanoparticles 
with diameters around 4-7 nm in TEM (Figure 2.2).  The hydrodynamic diameters 
measured by DLS are somewhat larger (Figure S2.4). However, since the inorganic 
nanoparticle cores are surrounded by a layer of organic material and (for the ionic 
ligands) ions and associated water molecules, which give poor contrast in TEM, 
these results are in good agreement. Cationic SPIONs precipitated during dialysis, 
leading to large aggregates found both in TEM (Figure 2.2) and DLS (Figure S2.4). 
The polydispersities measured by DLS for the prepared SPIONs are between 0.2 
and 0.3, indicating some degree of aggregation, which is probably inherited from 
the intermediate MEAA@SPIONs, as MEAA is not a good ligand for stabilizing 
SPIONs. The SPIONs were not further purified because the number of aggregates 
was rather low.  

The extent of surface coverage of the SPIONs was estimated by 
thermogravimetric analysis (TGA)15, 30-31. Figure S2.3 shows that, as the 
temperature is increased from 20 to 600 oC, several stages of weight loss occur. We 
interpret the slowly changing weight at 20 to 200 oC to be caused by evaporation of 
water. The coated ligands start to be decomposed in the range between 200 and 450 
oC. The corresponding weight decrease in this range amounts to 19, 27, 25 and 24% 
for zwitterionic, neutral, anionic, and cationic SPIONs, respectively. The grafting 
densities of the ligands were subsequently calculated using Equation S2.1.  

The coating density together with the average nanoparticle size, polydispersity 
and zeta potential are summarized in Table 2.1. The number of ligands per unit 
surface area correlates roughly with ligand size: this number is smallest for the 
large neutral ligand and largest for the anionic ligand, which is the smallest of all.  

2.2.3. Stability studies  

The stabilities of the SPIONs coated with different charged ligands were studied 
by DLS in aqueous solution at different pH and in the presence of different salts 
during a period of 70 days. Figure 2.3 shows the results after two hours. 
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Figure 2.2 TEM image of (A) zwitterionic SPIONs, (B) neutral SPIONs, (C) anionic 
SPIONs, and (D) cationic SPIONs. The inserts show histograms of the particle diameter as 
measured by TEM.  

 
Table 2.1 Characterization details of the four water-dispersed SPIONs. 

SPIONs Diameter 

(TEM)  

(nm) 

Ligand 

density 

(/nm2) 

Diameter 

(DLS)  

(nm) 

Polydispersity Zeta-

potential 

(mV) 

Zwitterionic 4.7  1.19 11.1 0.276 -9.8 

Neutral 6.0 0.77 29.0 0.279 -13.5 

Anionic 5.9 2.26 24.5 0.261 -19.18 

Cationic 6.1 1.50 668.0 0.347 -4.2 

As shown in Figure 2.3A, all of four SPIONs aggregated upon acidification to 
pH 1, as indicated by the large increase in hydrodynamic size. The zwitterionic 
SPIONs exhibited the lowest degree of aggregation (mean size of about 150 nm, 
while assemblies of around 1 μm were formed by the three other SPIONs). Also 
the onset of aggregation upon lowering the pH occurs at a more acidic environment 
for the zwitterionic SPIONs. The zwitterionic, as well as neutral and anionic 
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SPIONs are stable for at least two hours above pH 5 with a constant hydrodynamic 
diameter from pH 5 to pH 13. It is well established that the interactions between 
catechol and iron ions are influenced by pH32-34. At low pH the protonation of the 
catechol OH groups hampers their binding to the SPION surface35. No experiment 
was performed at pH > 13 as iron hydroxide precipitates under these strongly basic 
conditions due to ligand exchange with hydroxide ions.  

 

 
Figure 2.3 The mean hydrodynamic size (number fraction) of four SPIONs (A) at pH 1, 3, 
5, 7, 9, 11 and 13, respectively; (B) in the presence of 10, 100 and 1000 mM NaCl; (C) in 
the presence of 10, 100 and 1000 mM of Na2SO4; (D) in the presence of 10, 100 and 1000 
mM of MgCl2. All hydrodynamic sizes were measured by DLS at 25 oC after incubation for 
two hours. Black squares represent zwitterionic SPIONs; red rhombus: neutral SPIONs; 
blue triangle: anionic SPIONs and cyan inverted triangle: cationic SPIONs.  

Next, the stabilities of the SPIONs to different salts were studied, including 
NaCl (containing only monovalent ions), MgCl2 (featuring a divalent cation) and 
Na2SO4 (containing a divalent anion). As shown in Figure 2.3B, zwitterionic 
SPIONs are stable to NaCl concentrations as high as 1.0 M. We attribute the slight 
size increase at high concentration of NaCl to ions doping to the SPION surface 
through the association between the counterions in the solution36. In contrast, the 
neutral and anionic SPIONs are not able to withstand the high concentration (1 M) 
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of NaCl. The stabilities of SPIONs in salt solutions containing divalent ions are 
shown in Figure 2.3C and D. The SPIONs are relatively stable up to 100 mM 
Na2SO4, while a high concentration (1 M) of this salt induces aggregation of all 
SPIONs. MgCl2 causes aggregation already at lower concentrations (10 mM). Only 
the zwitterionic SPIONs remain stable in the presence of 10 mM MgCl2. Mg2+ 
most likely competes with the SPION surface for the ligands by forming 
magnesium catechol adducts37. Note that the cationic SPIONs were already 
aggregated prior to these experiments. These aggregates did not change in size very 
much subsequently. 

 

 
Figure 2.4 Mean hydrodynamic size (number fraction) of zwitterionic (A), neutral (B), 
anionic (C) and cationic (D) SPIONs at different pH as a function of time. Hydrodynamic 
sizes were measured by DLS at 25 oC 2 hours after sample preparation (black); after 1 day 
(red); 30 days (blue) and 70 days (cyan). 
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Figure 2.5 Mean hydrodynamic size (number fraction, measured by DLS at 25 oC) of 
zwitterionic (A), neutral (B) and anionic (C) SPIONs in the presence of different salts at 
different salt concentration measured 2 hours after sample preparation (black); after 1 day 
(red); 30 days (blue) and 70 days (cyan). 

We compared the DLS data of the four SPIONs after 2 h with the corresponding 
data obtained after 1, 30 and 70 days at different pHs and salt concentrations 
(Figure 2.4 and Figure 2.5). Zwitterionic NPs are stable at pH 7 - 13 during the 
entire period. At pH 1 - 5 they had formed precipitates after 70 days. Interestingly, 
their size became smaller after 30 days at pH 5 which may be due to ligand 
exchange with citric acid present in the buffer. Neutral SPIONs slightly aggregated 
at pH 5 - 9 over time, while anionic SPIONs showed only short-term stability. 
Anionic SPIONs are stable only at pH 13, presumably as a result of a greater 
degree of charge repulsion between these SPIONs at elevated pH. Cationic SPIONs 
aggregated during all tests. 

In the presence of different salts, zwitterionic SPIONs remain well dispersed 
even after 70 days, as indicated by Figure 2.5A. In contrast, neutral and anionic 
SPIONs had aggregated after 70 days as shown in Figure 2.5B and 2.5C. Thus, 
zwitterionic SPIONs display promising long-term stability compared to the neutral, 
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anionic and cationic counterparts, which makes these a good candidate for further 
application.  
 

 
Figure 2.6 (A) Synthesis of zwitterionic aldehyde ligand 14. (B) Bio-orthogonal hydrazone 
formation upon reaction between zwitterionic SPIONs and NBD-CO-Hz. 

2.2.4. Aldehyde functionalization and hydrazone conjugation 

Given that the zwitterionic ligand yields remarkably stable SPIONs and given 
that zwitterionic ligands are also reported to minimize nonspecific absorption of 
the SPIONs13, we decided to develop these materials as a platform for further 
conjugation. We grafted benzaldehyde groups to the surface of the zwitterionic 
SPIONs since aromatic aldehydes can react with many nitrogen nucleophiles under 
mild aqueous conditions to yield imines, hydrazones and oximes. As the 



Chapter 2 

40 

benzaldehyde group is quite hydrophobic, obtaining well-dispersed nanoparticles 
with a high surface coverage of benzaldehydes in aqueous solution put stringent 
demands on the design of the ligand38. We decided to incorporate the zwitterionic 
choline phosphate moiety in the ligand39. Ligand 14 (Figure 2.6A) was prepared in 
four steps, including a phosphorylation and a ring open reaction as well as 
amidation. The overall yield was low partly due to the challenges posed by the 
EDC-mediated amidation step, which had to be conducted in water-containing 
solvents to dissolve 13 and to prevent this compound from forming imines. EDC is 
easily hydrolyzed by water, requiring the use of an excess of EDC, causing its 
conjugation with one of the hydroxyl group of catechol (Scheme S2.1). It was 
possible to convert this side-product into the desired ligand 14 through the two-step 
procedure shown in scheme S2.1.  

It was possible to control the aldehyde surface density of the SPIONs by 
working with different ratios of zwitterionic ligand 6 and zwitterionic aldehyde 14. 
We prepared four sets of SPIONs with 25%, 50%, 75% and 100% of the aldehyde 
ligand. The hydrodynamic size was measured by DLS (Figure S2.5), showing that 
all of these SPIONs were well-dispersed in aqueous solution. This conclusion was 
confirmed by TEM analysis of the SPION sample prepared from a 1:1 mixture of 6 
and 14 (Figure S2.6). All the four SPIONs are stable up to 70 days. We also 
noticed that only a few aggregates formed in the sample of SPIONs coated with 
100% 14 after four months’ storage. Together with the zwitterionic SPIONs made 
from 6 only, these samples were characterized by UV, which showed the presence 
of the aromatic aldehyde group in 14, which has a maximum absorption at 270 nm. 
As shown in Figure 2.7A the peak at 270 nm increases with increasing fraction of 
the benzaldehyde ligand. To show that these aldehyde-functionalized SPIONs can 
be readily functionalized further we reacted them with the fluorescent hydrazide 
dye NBD-CO-Hz in the presence of aniline as a catalyst (Figure 2.6B). After 
purification by centrifugal filtration, the resulting zwitterionic SPIONs were 
characterized by UV (Figure 2.7B) and fluorescence (Figure S2.7) spectroscopy. 
The normalized UV spectrum shows a peak around 470 nm which increases as the 
14:6 ratio increases, which indicates that more NBD molecules become attached to 
the surface of the SPIONs which have a higher aldehyde coverage. The maximum 
absorption of NBD shifts from 425 nm in solution to 470 nm on the surface of 
nanoparticles, which implies that NBD molecules experience a different 
environment on the nanoparticles. Also by fluorescence we find an increased signal 
intensity of NBD as the aldehyde surface density is increased (Figure S2.7; NBD 
emits at 540 nm). 
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Figure 2.7 (A) UV spectra of zwitterionic NPs prepared using a mixture of 
zwitterionic ligand 6 and zwitterionic aldehyde 14 in different ratios. (B) 
Normalized UV spectra of these zwitterionic NPs after hydrazone formation upon 
reaction with NBD-hydrazide (λmax = 425 nm), with the UV spectrum of the latter 
shown as well. The ratios of 14:6 are: 0:100 (black); 25:75 (red); 50:50 (blue); 
75:25 (cyan) and 100:0 (purple).  

 

2.3. Conclusions 
We have systematically investigated the stability of water-dispersed SPIONs 

coated by differently charged ligands (neutral, anionic, cationic and zwitterionic) 
across a range of pHs and ionic strengths. The results show that the zwitterionic 
ligands are most efficient at stabilizing the aqueous solutions of SPIONs, which 
remain well-dispersed for the entire 2-month period during which we monitored 
the samples. Furthermore, a zwitterionic ligand carrying an aldehyde group has 
been synthesized that allows for facile further surface modification and potentially 
also bioconjugation. The aldehyde can be grafted on the surface of the SPIONs at 
an arbitrary percentage of coverage readily reacts with a hydrazide under mild 
condition. These results suggest that this SPION platform holds considerable 
promise for biological and biomedical studies and surface supported dynamic 
combinatorial chemistry40.  
 

2.4. Experimental section 
Experimental methods are described in detail in the supporting information. 
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2.6. Supplementary materials 
 

Materials and Methods 

Iron (ш) chloride hexahydrate, sodium oleate, oleic acid, 1-octadecene, succinic 
anhydride, triethylamine, N,N-dimethylethane-1,2-diamine, di-tert-
butylpyrocarbonate, N,N-diisopropylethylamine (DiPEA), pent-4-ynoic acid, 
CuSO4, sodium ascorbate, 1-hydroxybenzotriazole (HOBt), 3Å molecular sieves, 
4-dimethylaminopyridine (DMAP) and imidazole were purchased from Sigma-
Aldrich. 2-(2-(2-Methoxyethoxy)ethoxy)acetic acid (MEAA), sodium nitrite, 
sulfuric acid, 3,4-dihydroxyhydrocinnamic acid, N-(3-dimethylaminopropyl)-N-
ethylcarbodiimide hydrochloride (EDCI), 2,2-(ethylenedioxy)bis(ethylamine), tert-
butyldimethylsilyl chloride (TBSCl), 2-chloro-1,2,3-dioxaphospholane-2-oxide, 4-
(N-hydrazinocarbonylmethyl-N-methylamino)-7-nitro-1,2,3-benzoxadiazole 
(NBD-CO-Hz), dopamine, 4-(2-hydroxyethoxy)benzaldehyde and tert-
butyldimethylsilyl chloride (TBSCl)  were purchased from TCI. NMR solvents and 
buffer salts were purchased from Sigma-Aldrich. All chemicals, including solvents, 
were used without further purification. Centrifugal filters (Amicon Ultra Ultracel 
with 30 kDa cutoff) were purchased from Merck-Millipore. Dialysis tube 
(Regenerated Cellulose membrane with 10-12 kD cutoff) was purchased from 
Spectrum labs. 1H- and 13C-NMR spectra were recorded on a Varian AMX400 
spectrometer (400 and 100.59 MHz, respectively). DLS and zeta potential were 
measured on a Brookhaven ZetaPALS zeta potential analyzer. High Resolution 
Mass spectra were measured on a Thermo Scientific LTQ Orbitrap XL 
spectrometer. Infrared (IR) measurements were conducted on a Perkin Elmer 
spectrometer. TGA data were recorded on a TGA Q50 instrument, manufactured 
by Universal V4.5A TA instruments.  UV-Vis spectra were recorded on a Jasco V-
650 spectrometer. Fluorescence spectra were recorded on a SpectraMax M3 
spectrometer, produced by Molecular Devices. All purifications were done using a 
Reveleris® & GraceResolv™ Flash system; the cartridges (Silica, 40 µm) were 
used for normal phase and C-18 (40 µm) for reverse phase. 
 

 

Synthesis of 1 

A volume of 300 mL doubly distilled water was cooled to 0 °C before addition 
of sodium nitrite (13.6 g, 200 mmol) and dopamine hydrochloride salt (18.9 g, 100 
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mmol). Sulfuric acid (50 mL, 20%) was added dropwise into the mixture while 
keeping the temperature at 0-5 °C under magnetic stirring. The orange precipitate 
was collected by vacuum filtration and washed three times with methanol and dried 
in vacuum. The product was obtained as a brown powder (15.12 g, 51%). Spectral 
data matched with the literature1. 1H-NMR (400 MHz, DMSO) δ 7.42 (s, 1H), 6.51 
(s, 1H), 3.05 – 2.96 (m, 4H). 13C-NMR (101 MHz, DMSO) δ 160.09, 148.43, 
139.08, 130.60, 121.42, 114.03, 42.28, 34.76. HRMS (ESI): [M+H]+: calculated 
199.0719, observed 199.0713. 
 

Synthesis of 2 

To a solution of nitrodopamine (5.92 g, 20.0 mmol) and triethylamine (2.8 mL, 
20 mmol) in DMF (50 mL) was added succinic anhydride (2.0 g, 20 mmol). The 
mixture was stirred at room temperature for 3 hours, then 500 mL of distilled water 
was added. The pH of the mixture was adjusted to 1 by dropwise addition of 1% 
HCl under stirring. The solution was cooled to 4 °C for 2 hours and the product 
was collected by vacuum filtration and washed three times with cold distilled water. 
The brown powder was dried by freeze drying to yield 2 (4.85 g, 82%). 1H-NMR 
(400 MHz, DMSO) δ 7.30 (s, 1H), 6.55 (s, 1H), 3.09 (t, J = 7.0 Hz, 2H), 2.71 (t, J = 
7.0 Hz, 2H), 2.25 (t, J = 7.0 Hz, 2H), 2.12 (t, J = 7.0 Hz, 2H). 13C-NMR (101 MHz, 
DMSO) δ 176.94, 173.60, 154.33, 147.04, 142.33, 131.04, 121.10, 115.14, 42.26, 
35.82, 33.14, 32.27. HRMS (ESI): [M+H]+: calculated 299.0879, observed 
299.0875. [M+Na]+: calculated 321.0699, observed 321.0695. 

 

Synthesis of 3 

To a solution of N,N-dimethylethane-1,2-diamine (2.4 g, 27 mmol) in dioxane 
(30 mL) was added (Boc)2O (8.92 g, 40.0 mmol). The solution was stirred at 0 °C 
for 2 hours. The reaction was allowed to reach room temperature and stirred for 
another 16 hours. The solvent was removed under vacuum and 50 mL water was 
added. The product was extracted with EtOAc 3 times. The combined organic 
layers were dried over magnesium sulfate. The crude product was obtained as a 
viscous oil after removal of the solvent under vacuum and purified by flash 
chromatography (normal phase, silica column, DCM/MeOH as eluents). The yield 
was 87% (4.4 g) after purification. 1H-NMR (400 MHz, CDCl3) δ 5.43 (s, 1H), 
3.41 – 3.29 (m, 2H), 2.75 – 2.64 (m, 2H), 2.47 (s, 6H), 1.43 (s, 9H). 13C-NMR 
(101 MHz, CDCl3) δ 156.09, 58.15, 45.14, 38.00, 28.40, 28.12. HRMS (ESI): 
[M+H]+: calculated 189.1603, observed 189.1596. 
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Synthesis of 4 

To a solution of tert-butyl (2-(dimethylamino)ethyl)carbamate (1.98 g, 10.5 
mmol) in DMF (15 mL) was added 1,3-propanesultone (1.42 g, 11.6 mmol) under 
a nitrogen atmosphere. The mixture was stirred for 2 days at room temperature 
under a nitrogen atmosphere. Ether (100 mL) was added under stirring and the 
product precipitated as a white powder. The solvent containing excess starting 
material was decanted, followed by further drying of the precipitate under vacuum 
to yield a white powder (3.0 g, 89%). The product was used in next step without 
further purification. 
 

Synthesis of 5 

3-((2-((tert-butoxycarbonyl)amino)ethyl)dimethylammonio)propane-1-sulfonate 
(3.0 g, 9.3 mmol) was dissolved in 50 mL DCM and added 5 mL of 4 M HCl in 
dioxane. The mixture was stirred at 0 °C for 30 minutes and then the solvent was 
decanted. The product was obtained as a white powder after drying in vacuum. The 
yield was 2.1 g as a hydrochloride salt (85%).  1H-NMR (400 MHz, D2O) δ 3.59 – 
3.53 (m, 2H), 3.45 – 3.37 (m, 4H), 3.07 (s, 6H), 2.84 (t, J = 7.0 Hz, 2H), 2.16 – 
2.05 (m, 2H). 13C-NMR (101 MHz, D2O) δ 68.24, 64.15, 56.43, 52.16, 37.79, 
23.36. HRMS (ESI): [M+H]+: calculated 211.1116, observed 211.1112. [2M+H]+: 
calculated 421.2155, observed 421.2148. 
 

 

Synthesis of 6 

To a solution of compound 2 (1.19 g, 4.00 mmol), compound 5 (1.13 g, 4.00 
mmol), HOBt (540 mg, 4.00 mmol) and EDCI (1.52 g, 8.00 mmol) in a mixture of 
DMSO (20 mL) and H2O (10 mL) was added DiPEA (3.7 mL, 12 mmol). The 
reaction mixture was stirred at room temperature for 24 hours, and then an 
additional batch of EDCI (1.52 g, 8.00 mmol) was added and reacted for another 
24 hours. When the reaction was completed, the solvents were evaporated under a 
stream of air. The crude product was purified by reversed phase flash 
chromatography (C18 column, water and acetonitrile containing 0.1% TFA as 
eluents). The product (0.40 g, 20%) was obtained as a yellow powder after freeze 
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drying. 1H-NMR (400 MHz, DMSO) δ 7.45 (s, 1H), 6.69 (s, 1H), 3.47 – 3.36 (m, 
4H), 3.29 (t, J = 6.4 Hz, 2H), 3.21 (t, J = 7.0 Hz, 2H), 3.01 (s, 6H), 2.84 (t, J = 7.0 
Hz, 2H), 2.53 (t, J = 7.0 Hz, 2H), 2.30 – 2.22 (m, 4H), 2.01 – 1.94 (m, 2H). 13C-
NMR (101 MHz, DMSO) δ 172.72, 171.71, 151.39, 144.12, 139.94, 128.44, 
118.60, 112.51, 62.93, 61.73, 50.93, 47.92, 40.27, 33.02, 30.84, 30.69, 19.05. 
HRMS (ESI): [M+H]+: calculated 491.1812, observed 491.1806. [M+Na]+: 
calculated 513.1631, observed 513.1611. [M+K]+: calculated 529.1371, observed 
529.1347. 
 

Synthesis of 7 

To a solution of compound 1 (888 mg, 3.00 mmol), 4-pentynoic acid (294 mg, 
3.00 mmol), HOBt (405 mg, 3.00 mmol) and EDCI (863 mg, 4.50 mmol) in DMF 
(20 mL) was added DiPEA (1.6 mL, 5.0 mmol). The reaction mixture was stirred at 
room temperature overnight. When the reaction was completed, the solvents were 
evaporated under a stream of air. The crude product was purified by reversed phase 
flash column (C18 column, water and acetonitrile containing 0.1% TFA as eluents). 
The product (410 mg, 42%) was obtained as yellow powder after freeze drying. 1H-
NMR (400 MHz, DMSO) δ 10.40 (s, 1H), 9.85 (s, 1H), 8.00 (t, J = 5.4 Hz, 1H), 
7.46 (s, 1H), 6.66 (s, 1H), 3.26 – 3.20 (m, 2H), 2.86 (t, J = 7.0 Hz, 2H), 2.74 (s, 
1H), 2.30 (t, J = 7.5 Hz, 2H), 2.21 (t, J = 7.2 Hz, 2H). 13C-NMR (101 MHz, DMSO) 
δ 173.26, 154.34, 147.00, 142.34, 131.02, 121.39, 115.44, 86.87, 74.23, 45.40, 
37.32, 35.86, 17.31. HRMS (ESI): [M+H]+: calculated 279.0981, observed 
279.0976. 
 

Synthesis of 8 

To a solution of compound 7 (30 mg, 0.10 mmol), β-D-maltoheptaosyl azide2 
(60 mg, 0.050 mmol) in a mixture of DMSO (100 μL) and water (100 μL) was 
added CuSO4 (0.5 mg, 2 μmol) and sodium ascorbate (0.8 mg, 4 μmol). The 
mixture was reacted at room temperature for 24 hours. The reaction was monitored 
by HPLC and the crude product was purified by preparative HPLC (column: 
Jupiter C5, 10 µm, 300 Å, 250×21.2 mm), water and acetonitrile containing 0.1% 
TFA as eluents). The product (50 mg, 56%) was obtained as a yellow powder after 
freezing drying. 1H-NMR (400 MHz, DMSO) δ 10.38 (s, 1H), 9.84 (s, 1H), 8.01 – 
7.95 (m, 2H), 7.49 (s, 1H), 6.70 (s, 1H), 5.55 (d, J = 9.1 Hz, 1H), 5.07– 4.98 (m, 
6H), 3.79 (t, J = 9.1 Hz, 2H), 3.73 – 3.43 (m, 34H), 3.41 – 3.23 (m, 16H), 3.06 (t, J 
= 9.1 Hz, 2H), 2.90 (t, J = 6.9 Hz, 2H), 2.85 – 2.79 (m, 2H), 2.45 – 2.38 (m, 2H). 
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13C-NMR (101 MHz, DMSO) δ 174.15, 154.30, 147.03, 142.65, 131.20, 126.06, 
123.99, 121.40, 115.31, 104.98, 103.92, 103.89, 103.87, 103.80, 103.78, 103.55, 
103.51, 103.43, 103.39, 103.35, 90.16, 82.50, 82.48, 82.46, 82.44, 82.33, 82.29, 
80.96, 79.67, 76.57, 76.41, 76.27, 76.20, 75.62, 75.15, 75.13, 75.08, 74.87, 74.82, 
74.80, 74.75, 74.69, 74.67, 73.02, 63.46, 63.41, 63.38, 63.36, 43.28, 43.08, 42.87, 
37.84, 35.85, 24.38. HRMS (ESI): [M+H]+: calculated 1456.4849, observed 
1456.4844. 
 

Synthesis of 9 

A volume of 30 mL doubly distilled water was cooled to 0 °C before addition of 
3,4-dihydroxyhydrocinnamic acid (1.8 g, 10 mmol). To this solution was added 
sodium nitrite (1.4 g, 20 mmol) slowly at 0 - 5 °C under magnetic stirring. An 
orange precipitate was formed after addition of sodium nitrite. The product was 
collected by vacuum filtration and washed three times with methanol and dried in 
vacuum. The product was obtained as a yellow powder (1.20 g, 52%). Note that 
this substrate could be nitrated even without sulfuric acid most likely due to the 
strong acidity of the substrate. 1H-NMR (400 MHz, DMSO) δ 7.17 (s, 1H), 6.17 (s, 
1H), 2.79 (t, J = 7.7 Hz, 2H), 2.19 (t, J = 7.7 Hz, 2H). 13C-NMR (101 MHz, DMSO) 
δ 178.17, 167.65, 148.86, 137.61, 133.91, 120.30, 111.49, 38.67, 33.69. HRMS 
(ESI): [M+Na]+: calculated 250.0328, observed 250.0323. 
 

Synthesis of 10 

To a solution of 2,2-(ethylenedioxy)bis(ethylamine) (4.1 g, 23 mmol) and 
DiPEA (1.6 mL, 9.0 mmol) in DCM (50 mL) was injected a solution of di-tert-
butyl dicarbonate (2.1 g, 9.2 mmol) in DCM (20 mL) by syringe pump (10 
mL/hour) at room temperature under a nitrogen atmosphere. After injection, the 
reaction mixture was stirred for one more hour and the mixture was concentrated 
and purified by flash chromatography (normal phase, silica column, DCM and 
MeOH containing 10% TEA as eluents). The collected fractions were dried under 
vacuum to yield compound 8 (2.5g, 42%). 1H-NMR (400 MHz, CDCl3) δ 3.55 (t, J 
= 5.1 Hz, 4H), 3.36 – 3.25 (m, 2H), 2.98 – 2.82 (m, 2H), 1.99 – 1.95 (m, 4H), 1.44 
(s, 9H). Spectral data matched with the literature3. 

 

Synthesis of 11 
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To a solution of compound 2 (350 mg, 1.20 mmol), compound 10 (344 mg, 1.00 
mmol), HOBt (162 mg, 1.20 mmol) and EDCI (228 mg, 1.20 mmol) in DMF (15 
mL) was added DiPEA (0.46 mL, 2.5 mmol). The reaction mixture was stirred at 
room temperature overnight. When the reaction was completed, the solvents were 
evaporated using a stream of air. The crude product was purified by reversed phase 
flash chromatography (C18 column, water and acetonitrile containing 0.1% TFA as 
eluents). The product (250 mg, 47%) was obtained as yellow powder after freeze 
drying. 1H-NMR (400 MHz, DMSO) δ 7.91 (t, J = 5.6 Hz, 1H), 7.85 (t, J = 5.3 Hz, 
1H), 7.46 (s, 1H), 6.74 (t, J = 4.9 Hz, 1H), 6.67 (s, 1H), 3.58 – 3.47 (m, 4H), 3.38 – 
3.33 (m, 4H), 3.24 – 3.14 (m, 4H), 3.06 – 3.01 (m, 2H), 2.85 (t, J = 7.1 Hz, 2H), 
2.29 – 2.20 (m, 4H), 1.35 (s, 9H). 13C NMR (101 MHz, DMSO) δ 180.92, 174.04, 
161.13, 154.42, 147.07, 142.54, 131.11, 121.34, 115.26, 88.76, 72.67, 72.29, 69.69, 
69.45, 40.46, 39.82, 39.33, 39.00, 36.69, 35.78, 31.06. HRMS (ESI): [M-100 (Boc) 
+H]+: calculated 429.1985, observed 429.1979. 

To a solution of the above product (240 mg, 0.530 mmol) in 10 mL DCM was 
added 3 mL of TFA. The mixture was reacted at 0 °C for 30 minutes, and then the 
volatiles were removed under vacuum. The crude product was purified by reversed 
phase flash chromatography (C18 column, water and acetonitrile containing 0.1% 
TFA as eluents). The product (110 mg, 54%) was obtained as yellow powder after 
freeze drying. 1H-NMR (400 MHz, DMSO) δ 7.91 (m, 4H), 7.47 (s, 1H), 6.68 (s, 
1H), 3.57 (t, J = 5.2 Hz, 2H), 3.52 (d, J = 4.3 Hz, 4H), 3.37 (t, J = 5.9 Hz, 2H), 3.26 
– 3.14 (m, 4H), 2.95 – 2.94 (m, 2H), 2.85 (t, J = 7.0 Hz, 2H), 2.26 (t, J = 4.3 Hz, 
4H). 13C-NMR (101 MHz, DMSO) δ 174.73, 174.41, 161.63, 154.29, 147.15, 
142.57, 131.12, 121.22, 115.29, 72.71, 72.49, 72.13, 69.72, 41.72, 41.62, 35.77, 
33.83, 33.78. HRMS (ESI): [M+H]+: calculated 429.1985, observed 429.1982. 
 

Synthesis of 12 

To a solution of 4-(2-hydroxyethoxy)benzaldehyde (4.98 g, 30.0 mmol) in 
anhydrous THF (30 mL) was added TEA (4.75 mL, 33.0 mmol) at -20 °C under a 
nitrogen atmosphere. 2-Chloro-1,3,2-dioxaphospholane 2-oxide (4.26 g, 30.0 mmol) 
dissolved in anhydrous THF (20 mL) was added to the mixture dropwise over 1 
hour at -20 °C under a nitrogen atmosphere. The reaction mixture was allowed to 
warm to room temperature and stirred for 2 hours. The white suspension of TEA 
hydrochloride salt was filtered through a short pad of celite. The filtrate was 
concentrated under vacuum and purified by flash chromatography (normal phase, 
silica column, hexane and EtOAc as eluents). The collected fraction was dried 
under vacuum to give product (4.84 g, 56%). 1H-NMR (400 MHz, CDCl3) δ 9.94 
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(s, 1H), 7.89 (d, J = 8.7 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 4.60 – 4.54 (m, 2H), 4.52 
– 4.46 (m, 2H), 4.45 – 4.37 (m, 2H), 4.35 – 4.30 (m, 2H). 13C-NMR (101 MHz, 
CDCl3) δ 193.18, 166.29, 134.71, 132.69, 117.46, 71.89, 69.64, 68.56, 63.61. 31P 
NMR (162 MHz, CDCl3) δ 17.86. HRMS (ESI): [M+H]+: calculated 273.0528, 
observed 273.0523. 
 

Synthesis of 13 

To a solution of compound 12 (4.84 g, 17.0 mmol) in anhydrous acetonitrile (30 
mL) was added tert-butyl (2-(dimethylamino)ethyl)carbamate (3.45 g, 18.6 mmol) 
under a nitrogen atmosphere. The mixture was dried over 3 Å molecular sieves for 
3 hours and transferred to a dry flask under a nitrogen atmosphere. The reaction 
mixture was stirred at 70 °C under a nitrogen atmosphere. After 5 days, the mixture 
was cooled to room temperature and added to anhydrous ether (300 mL), resulting 
in a white suspension. The supernatant was carefully decanted and the remainder of 
the solution was centrifuged to isolate the solid. The white solid was dried in 
vacuum.  

 The crude product was dissolved in 20 mL of DCM and TFA (6.0 mL) was 
added. The reaction mixture was stirred at room temperature for 30 minutes, and 
then the volatiles were removed under vacuum. The crude product was purified by 
reversed phase flash chromatography (C18 column, water and acetonitrile 
containing 0.1% TFA as eluents). The product (1.1 g, 22% over two steps) was 
obtained as a viscous pale yellow oil after freeze drying. 1H-NMR (400 MHz, D2O) 
δ 9.62 (s, 1H), 7.79 (d, J = 8.6 Hz, 2H), 7.02 (d, J = 8.6 Hz, 2H), 4.27 – 4.22 (m, 
2H), 4.17 – 4.10 (m, 4H), 3.64 – 3.58 (m, 2H), 3.56 – 3.52 (m, 2H), 3.45 – 3.38 (m, 
2H), 3.07 (s, 6H). 13C-NMR (101 MHz, D2O) δ 194.81, 163.59, 132.68, 129.56, 
115.00, 67.65, 64.40, 64.17, 59.83, 59.13, 52.11, 32.60. 31P NMR (162 MHz, D2O) 
δ -0.67. HRMS (ESI): [M+H]+: calculated 361.1523, observed 361.1521. [2M+H]+: 
calculated 721.2973, observed 721.2970. 
 

Synthesis of 14 

To a solution of compound 2 (408 mg, 1.37 mmol), compound 13 (450 mg, 1.25 
mmol), HOBt (185 mg, 1.37 mmol) and EDCI (352 mg, 1.87 mmol) in a mixture 
of DMSO (5 mL) and H2O (5 mL) was added DiPEA (921 µL, 5.00 mmol). The 
reaction mixture was stirred at room temperature for 24 hours, then three additional 
batches of EDCI (1.0 g, 6.7 mmol) were added with 24 hours intervals and the 
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reaction mixture was reacted for another 24 hours. When the reaction was 
completed, the solvents were evaporated using a stream of air. The crude product 
was purified by reversed phase flash chromatography (C18 column, water and 
acetonitrile containing 0.1% TFA as eluents). The product (120 mg, 15%) was 
obtained as yellow powder after freeze drying. 1H-NMR (400 MHz, DMSO) δ 
9.84 (s, 1H), 8.22 (t, J = 5.4 Hz, 1H), 8.00 (t, J = 4.5 Hz, 1H), 7.85 (d, J = 8.7 Hz, 
2H), 7.45 (s, 1H), 7.13 (d, J = 8.6 Hz, 2H), 6.71 (s, 1H), 4.32 – 4.24 (m, 4H), 4.18 
(t, J = 8.8 Hz, 2H), 3.68 – 3.61 (m, 2H), 3.49 – 3.44 (m, 2H), 3.41 – 3.38 (m, 2H), 
3.23 – 3.18 (m, 2H), 3.10 (s, 6H), 2.83 (t, J = 6.9 Hz, 2H), 2.32 – 2.25 (m, 4H). 
13C-NMR (101 MHz, DMSO) δ 191.61, 172.58, 171.59, 163.60, 151.89, 144.43, 
139.64, 132.19, 130.14, 128.37, 118.58, 115.32, 112.48, 68.12, 68.05, 64.53, 64.47, 
63.20, 59.67, 51.58, 33.30, 33.23, 30.97, 30.71. 31P NMR (162 MHz, DMSO) δ -
1.95. HRMS (ESI): [M+H]+: calculated 641.2218, observed 641.2218. 

 
Scheme S2.1 Recovery of ligand 14 from EDC adduct 15. 

 

Synthesis of Iron Oleate 

Iron (ш) chloride hexahydrate (1.50 g, 5.47 mmol) and sodium oleate (5.00 g, 
16.7 mmol) were dissolved in a mixture of distilled water (30 mL), hexane (70 mL) 
and ethanol (40 mL). The mixture was refluxed at 70 °C with vigorous stirring 
under N2 for 4 hours. After the mixture was cooled to room temperature, the dark 
red organic phase was collected, washed three times with distilled water and dried 
over magnesium sulfate. The solvent was evaporated under vacuum at 40-50 °C to 
yield a viscous, dark red liquid. The product was further dried using an oil pump 
overnight. The drying process was crucial in order to obtain well-defined 
nanoparticles in the next step. The product was stored at -20 °C4-5. 
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Synthesis of Oleic Acid@SPIONs 

The oleic acid functionalized SPIONs were synthesized by thermal 
decomposition of iron oleate 4-6. In brief, iron oleate (2.76 g, 3.00 mmol) and oleic 
acid (1.38 mL, 4.33 mmol) were dissolved in 1-octadecene (25 mL) under a 
nitrogen atmosphere. The mixture was heated by a heating mantle with a constant 
heating rate of 3 °C per minute to 310 °C with vigorous stirring under a nitrogen 
atmosphere. The reaction mixture was kept at 310-320 °C and refluxed for 30 
minutes under a nitrogen atmosphere. After cooling down to room temperature, the 
nanoparticles were precipitated by a mixture of hexane, isopropanol and acetone 
(1:2:2 with respect to the reaction solution volume). The supernatant was discarded 
and the precipitate was washed twice with a mixture of hexane and acetone (1:2 
with respect to the reaction solution volume). Then the nanoparticles were 
collected by centrifugation, dried under vacuum and finally dissolved in hexane. 
The synthesized oleic acid@SPIONs with a concentration of 5 mg/mL were stored 
at room temperature.  
 

Synthesis of MEAA@SPIONs 

To the above solution of SPIONs (5 mg/mL) in hexane (20 mL) was added 
ethanol to the point of turbidity. The mixture was then centrifuged and decanted to 
yield about 100 mg of dry oleic acid@SPIONs. The pellet was dissolved in CHCl3 
(50 mL) and 5.0 mL of neat MEAA ligand was added. The reaction mixture was 
sonicated at 50 °C for 5 hours in a sealed flask under a nitrogen atmosphere and 
subsequently precipitated by adding 400 mL hexane. Centrifugation at 2000 RPM 
for 4 minutes and decantation of the supernatant yielded MEAA@SPIONs which 
were soluble in polar solvents (DMF and water). The MEAA ligand was 
subsequently replaced by other nitrocatechol ligands upon re-dispersal in a mixture 
of DMF (60 mL) and water (30 mL)7. 
 

Synthesis of nitrocatechol ligands functionalized SPIONs 

To a 10 mL solution of MEAA@SPIONs (1 mg/mL) in DMF and water, was 
added 20 mg of ligand 6 and the pH was adjusted to 9 by dropwise addition of a 
100 mM NaOH solution. The reaction mixture was sonicated at 70 °C for 7 hours 
in a sealed flask under a nitrogen atmosphere. After cooling to room temperature, 
the mixture was concentrated to 3 mL using a stream of air and 20 mL of doubly 
distilled water was added. Then the solution was transferred to a dialysis tubing 
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(regenerated cellulose, 10 kD to 12 kD) and dialyzed against 20 mM of MOPS 
buffer (pH=7) 7 times and milliQ water 3 times. The water-dispersed SPIONs were 
concentrated to 10 mL using a stream of nitrogen and transferred to a 20 mL glass 
vial for long-term storage. The same procedure was used for exchange with other 
ligands but with different times of dialysis depending on the stability of the 
resulting SPIONs during dialysis. An aliquot of 2 mL of each of the stored SPIONs 
with nitrocatechol ligands was lyophilized to obtain the NPs as powder, which was 
used for characterization, including TGA, FTIR and determination of concentration. 
 

 
Figure S2.1 IR spectrum of (A) oleic acid@SPIONs ( black), (B) MEAA@SPIONs (red), 
(C) zwitterionic SPIONs (green), (D) neutral SPIONs (blue), (E) anionic SPIONs (cyan) 
and (F) cationic SPIONs (purple). 
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Fourier-transform infrared spectroscopy (FTIR) 

The lyophilized NPs powder was placed onto the sample loader and the 
spectrum was recorded from the wavelength of 800 cm-1 to 4000 cm-1. The stacked 
spectra are shown in Figure S2.1.  
 

Transmission electron microscopy (TEM) 

 A solution of SPIONs was dropped onto a copper TEM grid and loaded into the 
microscope. The image was recorded and the average diameter was measured using 
Image J (Figure S2.1).  
 

 
Figure S2.2 TEM image of oleic acid functionalized hydrophobic SPIONs. The insert 
shows the histogram of the particle diameter as measured by TEM.  

 

Thermal gravimetric analysis (TGA)  

The freeze dried SPION powder was placed in a platinum TGA pan, and loaded 
into the instrument. The temperature was then ramped at 10 °C per minute up to 
600 °C under N2. The starting mass was taken to be the mass at 20 °C, and the final 
mass was that after the mass loss event. The coating density in molecules/nm2 was 
then calculated by Equation S1: 
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𝐶𝐶𝐶𝐶𝐶𝐶𝐶 𝐷𝐷𝐶𝐷𝐶𝐶𝐷 =
𝑚𝑙𝑙𝑙𝑙𝑙𝑙
𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙
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𝑚𝑙𝑙𝑙𝑙𝑙𝑙∗𝑁𝐴∗𝜌𝐹𝐹3𝑂4∗𝐷𝑁𝑁
𝑚𝑁𝑁∗𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙∗(6∗1021)

               Equation S1 

where 𝑚𝑙𝑙𝑙𝑙𝑙𝑙  is the mass fraction of the ligand by TGA, 𝑁𝐴  is Avogadro’s 
number, 𝜌𝐹𝐹3𝑂4 is the density of Fe3O4 (5.17 g/cm3), 𝑚𝑁𝑁 is the nanoparticle mass 
fraction, 𝑀𝑀𝑙𝑙𝑙𝑙𝑙𝑙 is the molecular weight of ligand, 𝐷𝑁𝑁 is the average diameter 
of nanoparticles, and 6 ∗ 1021  contains geometric constant " 6 "  (volume and 
surface area ratio: DNP/6 ) and an appropriate scaling factor " 1021" (1 cm3 = 1021 
nm3). MOPS (3-(N-morpholino)propanesulfonic acid) is the counterion of the 
anionic and cationic SPIONs and included in the MW of the ligand. The results are 
shown in Figure S2.3. 
 

 
Figure S2.3 TGA analysis of (A) zwitterionic SPIONs, (B) neutral SPIONs, (C) anionic 
SPIONs and (D) cationic SPIONs. The green line corresponds to the weight decrease 
during temperature ramping, the blue line is the derivative of the weight change. The black 
line shows the weight loss due to dissociation of the ligands. 
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Dynamic light scattering (DLS) 

A concentrated solution of SPIONs (2 mg/mL) was filtered through a 0.2 µm 
membrane (Waterman, regenerated cellulose) and diluted to a concentration of 0.1 
mg/mL by various buffer solutions with different pH and ionic strength which were 
also filtered through a 0.2 µm membrane prior to use. The cationic SPION solution 
was not filtered since it was already precipitated after preparation. Before each 
measurement, the diluted sample was sonicated for 3 minutes to remove air 
bubbles and break up agglomerates. The solution was then placed into the chamber 
of the instrument and the hydrodynamic size was measured at 25 °C and monitored 
for a period of 70 days. The zeta potential at neutral pH was also recorded using 
the same instrument. 

 
Figure S2.4 The mean hydrodynamic diameters of four SPIONs at pH 7.0 determined by 
dynamic light scattering. 

 

Orthogonal conjugation of NBD-CO-Hz on the surface of zwitterionic 
aldehyde SPIONs 

An aliquot of 0.5 mL of each zwitterionic aldehyde SPIONs (1 mg/mL) was 
mixed with 0.5 mL of an aqueous NBD-hydrazide solution (100 μM) and 10 μL of 
an aqueous aniline solution (0.1 M). The mixtures were shaken at a speed of 1200 
RPM at 20 °C for 48 hours and then purified by centrifugal filtration (4000 RPM, 8 
minutes) with centrifugal filters (cutoff 30 kD, Millipore) 3 times. The resulting 
SPION solutions were diluted to 1 mL by miliQ water for further UV and 
fluorescence measurements.  
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Figure S2.5 The mean hydrodynamic size of SPIONs grafted with different ratios of 
zwitterionic ligand 6 and zwitterionic aldehyde 14. Black: 100% 6; red: 25% 14; blue: 50% 
14; purple: 75% 14; cyan: 100% 14. 

 

 
Figure S2.6 TEM image of SPIONs functionalized with a 1:1 ratio of zwitterionic ligand 6 
and zwitterionic aldehyde 14. The insert shows the histogram of the particle diameter as 
measured by TEM. 

 

Ultraviolet-visible spectroscopy (UV) 

Each of the aldehyde functionalized zwitterionic SPIONs was diluted to 0.02 
mg/mL and transferred to a quartz cuvette. The spectrum was taken at the 
wavelength range of 800 nm to 190 nm.  
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Fluorescence spectroscopy 

After reaction with NBD-CO-Hz and purification by ultrafiltration, the sample 
was diluted to 0.5 mg/mL and transferred to a black 96-well plate. The emission 
spectrum shown in Figure S2.7 was recorded in the wavelength range of 500 nm to 
650 nm using an excitation wavelength of 470 nm.  

 
Figure S2.7 Fluorescence spectrum of zwitterionic SPIONs with different aldehyde surface 
coverage after reacting with NBD-CO-Hz.  
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