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persible calcium lignosulfonate-
capped MnO nanoparticles as a T1 MRI contrast
agent with exceptional colloidal stability, low
toxicity and remarkable relaxivity†

Mahdi Arian,a Ali Zamanian *a and Salman Taheri *b

A simple and efficient method to synthesize highly water-dispersible calcium lignosulfonate-coated

manganese oxide nanoparticles as a potential candidate for the current magnetic resonance imaging

(MRI) T1 contrast agents was reported. Hydrophobic MnO nanoparticles with dimensions of about 10 nm

were prepared by thermal decomposition of manganese(II)acetylacetonate in the presence of oleic acid

as a surfactant. The characteristics of the synthesized nanoparticles, cytotoxicity assay and in vitro MRI

properties were investigated in detail. Results showed that calcium lignosulfonate has a great influence

on the colloidal stability and biocompatibility of MnO nanoparticles in water. Furthermore, this coating

agent ensures abundant exposure of external Mn ion with protons of water, which endows the

nanoparticles with a longitudinal molar relaxivity (r1) of 4.62 mM�1 s�1. An efficient contrast

enhancement effect was observed in the study of MRI investigations.
Introduction

Magnetic resonance imaging (MRI) is one of the most prom-
inent methods of medical imaging which provides a non-
invasive approach to obtain accurate anatomical informa-
tion.1–3 However, in some cases, the use of contrast agents is
essential for improving sensitivity in clinical diagnostics.4 The
majority of MRI contrast agents are either paramagnetic ion
complexes or superparamagnetic particles.5–9 The spin of
unpaired electrons in paramagnetic compounds perturbs the
relaxation of protons of water and results in an effective short-
ening of longitudinal relaxation time (T1). These compounds
can increase the signal intensity of tissues and are known as
positive MRI contrast agents. The accumulation of these
compounds in the tissue will make it possible to have brighter
points in a T1-weighted MRI image. The rst introduced nega-
tive contrast agent in T2-weighted MRI imaging, which has been
used so far, was superparamagnetic iron oxide nanoparticles
(SPIONs).7,10–12 Applying SPIONs reduces transverse relaxation
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time (T2) and results in a darker contrast. However, SPIONs have
several drawbacks that limit their extensive clinical applica-
tions. Dark signals from negative contrast agents reduce the
accuracy of medical diagnosis. Furthermore, the high magnetic
susceptibility artifacts of T2 contrast agents induce distortion of
the magnetic eld and generates obscure images, which
demolishes the background around the lesions. Because of the
inherent limitations of SPIONs, application of gadolinium-
based compound as a positive contrast agent is more preva-
lent in clinical MRI.13–16 On the other hand, the inherent toxicity
of Gd3+ ion can increase the risk of nephrogenic systemic
brosis (NSF) and limits the use of these contrast agents.17–21

These restrictions have led to new concerns and food and drug
administration (FDA) restrictions on the application of Gd-
based compounds as T1 MRI contrast agent. Therefore, the
current T1 contrast replacement is necessary for the new
generation of MRI contrast agent. Preparing T1 MRI contrast
agents with low toxicity, high colloidal stability, and large
relaxivity is the most challenging task. Manganese has many
effective properties such as high spin number, long electronic
relaxation time, natural prevalence, known as human
biochemistry, and lower toxicity than Gd, which make it as
a potential substitute for Gd-based contrast agents.22–28 The
synthesis of high-quality and uniform manganese oxide nano-
particles (MnO NPs) for biomedical applications is of key
importance because uniformly sized nanoparticles have effi-
cient magnetic resonance imaging contrast agents. Thermal
decomposition method is a commonly used approach for
synthesis of desired NPs in which a precursor is heated in high
This journal is © The Royal Society of Chemistry 2019
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boiling point solvent and reuxed to produce narrow size
distribution of NPs.29–32 The size and shape of the NPs have
a great inuence on their function as MRI contrast agent.33–37 As
the size of the MnO NPs gets smaller, its specic surface area
increases, and as a result, the contrast enhancement of the MRI
image increases. However, for successful usage of NPs in
biomedical applications, they should have good colloidal
stability in an aqueous medium and low toxicity in a biological
environment.38 Three efficient protocols have been used to
convert hydrophobic NPs to water-dispersible NPs, which
comprises ligand exchange with a water-soluble coating agent,
encapsulation in amphiphilic polymer and embedding into
micelles.39–41 The goal in all of the aforementioned approaches
is minimizing cytotoxicity and increasing biocompatibility as
well as maximizing contact between protons of water and
manganese ions. To achievemuch safer contrast agents, various
manganese-based NPs with different coating agents have been
prepared.38,42–50 Unfortunately, the longitudinal relaxivity (r1) of
most synthesized MnO NPs were considerably lower than those
of commercial Gd-based contrast agents.51–57 A suitable capping
agent has a signicant effect on the NPs performance with
changing their polarity. Lignin is one of the most plentiful
natural polymers and composed of complex cross-linked three-
dimensional phenolic polymers. Calcium lignosulfonate (CaLs),
as a byproduct from the papermaking process, has a high
solubility in an aqueous medium due to a large number of polar
functional groups.58,59 This renewable and biodegradable
chemical can be considered for phase transfer of magnetic
nanoparticles (Scheme 1).

Herein, we report a facile and single emulsion technique for
phase transfer of MnO NPs and their potential applications as
a T1 MRI contrast agent. Oleic acid-capped manganese oxide
NPs (MnO-OA NPs) with a size of z 10 nm were prepared using
thermal decomposition of manganese(II)acetylacetonate at high
temperature in benzyl ether. Then, highly water-dispersible NPs
were obtained by ligand exchange of oleic acid with CaLs. In this
case, the CaLs moiety played a role to enhance biocompatibility
and physiological stability. The CaLs provides abundant expo-
sure of water molecules to manganese ion, which endows the
MnO NPs with high longitudinal relaxivity. The colloidal
stability of MnO NPs in water is a critical issue that has been
improved by this coating agent. To the best of our knowledge,
this is the rst report on the use of CaLs to convert hydrophobic
NPs to hydrophilic NPs. Furthermore, the MTT assay was per-
formed to check the toxicity of CaLs and phase transferred NPs.
Finally, longitudinal molar relaxivity (r1) of MnO-CaLs NPs was
obtained using a 3.0 T clinical MRI scanner and then it was
compared with Gd-based and MnO-based contrast agents.
Scheme 1 Chemical structure of calcium lignosulfonate (CaLs).

This journal is © The Royal Society of Chemistry 2019
Experimental
Materials

Manganese(II)acetylacetonate (Mn(acac)2, Sigma-Aldrich), oleic
acid (extra pure, Samchun Chemical), benzyl ether, (98%,
Merck), dimethyl sulfoxide (DMSO 99.8%, Samchun Chemical),
calcium lignosulfonate (MW ¼ 18 000, Sigma-Aldrich), solvents
such as ethanol, acetone, n-hexane and chloroform (all from
Merck), phosphate buffered saline (Sigma-Aldrich), 3-(4,5-
dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) (Sigma-Aldrich), penicillin–streptomycin (Sigma-
Aldrich), RPMI 140 culture media (National Cell Bank of Iran
(NCBI)), fetal bovine serum (FBS) (Gibco-BRL, Life Technologies
Co. Ltd. (NY)), and argon (99.99%) as an inert atmosphere were
used without further purication. Also, ultrapure water was
used as a solvent for aqueous medium.
Synthesis of MnO nanoparticles

Uniform MnO NPs were prepared by the method described
elsewhere with some modications.60 Typically, 4 mmol of
Mn(acac)2 as precursor and 4 mL oleic acid as surfactant were
dissolved in 40 mL of benzyl ether as a solvent. The mixture
while stirring was degassed at 100 �C for 30 min to remove any
moisture and oxygen. The reaction mixture was quickly heated
to 300 �C and reuxed at this temperature for 1 h under the
argon atmosphere using a standard Schlenk line. The color of
the solution gradually changed to deep green. Aer cooling to
room temperature, 200 mL of ethanol was added and precipi-
tated NPs collected by centrifugation (4000 rpm, 10 min). The
precipitated NPs were washed by a mixture of acetone, ethanol,
and n-hexane three times. Finally, the oleic acid-coated MnO
nanoparticles (MnO-OA NPs) were dispersed in n-hexane for
storage.
Phase transfer of MnO nanoparticles

Typically, 100 mg of synthesized hydrophobic MnO-OA NPs
were dispersed in 100 mL of chloroform in a three-necked ask
and were sonicated about 10 min until all NPs dispersed
completely. A solution of 400 mg of CaLs with an average
molecular weight of MW ¼ 18 000 in 100 mL of dimethyl sulf-
oxide (DMSO) was added dropwise to the reaction mixture. The
ligand exchange process was completed under an inert atmo-
sphere by stirring at 50 �C for 4 h. The NPs were collected by
centrifugation (4000 rpm, 10 min) and washed with a mixture of
acetone and hexane three times. Finally, hydrophilic MnO-CaLs
NPs were washed with ethanol and dispersed in ultrapure water.
Characterization

To identify crystal structure, X-ray powder diffraction (XRD) was
performed onz 100mg of dry MnO-OA NPs utilizing a PW 3710
X-ray diffractometer (PHILIPS) with Cu-Ka radiation (l ¼
1.54442 �A). Transmission electron microscopy (TEM) images
were obtained using Philips CM30 microscope operated at 150
kV. Samples for TEM were prepared by dropping the NPs
dispersions on a carbon-coated copper grid and the solvent was
RSC Adv., 2019, 9, 40498–40506 | 40499
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Fig. 1 XRD pattern of oleic acid-cappedMnO nanoparticles (MnO-OA
NPs).
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evaporated under vacuum. Field emission scanning electron
microscopy (FESEM) study was carried out using a MIRA3-XMU
microscope (TESCAN) at operating voltage of 15 kV. Fourier
transform infrared spectroscopy was recorded using Spectrum
65 FT-IR spectrometer (PerkinElmer) in the wavenumber range
of 400–4000 cm�1. The concentration of manganese ion was
measured using inductively coupled plasma optical emission
spectroscopy by SPECTRO ARCOS ICP-OES spectrometer.
Thermal gravimetric analysis (TGA) and derivative thermog-
ravimetry (DTG) were obtained by using TG 209 F1 Iris ther-
mogravimetric analyzer (NETZSCH) with temperature varying
from room temperature to 900 �C in a nitrogen atmosphere at
a heating rate of 20 �C min�1. The hydrodynamic diameter and
zeta potential of MnO NPs were obtained using HS C 1330-3000
Zetasizer (Malvern). The UV absorption spectrum was recorded
on a Lambda 35 UV/Vis spectrometer (PerkinElmer).

In vitro relaxivity measurement

In vitro MRI study was performed on a clinical 3.0 T MRI
scanner (SIEMENS, MAGNETOM PRISMA) at room tempera-
ture. Signal reception and radio frequency (RF) excitation were
performed using head coil. Dispersions of MnO-CaLs NPs with
six different concentrations of Mn (0.44, 0.53, 0.66, 0.88, 1.32,
and 2.64 mM) were prepared in ultrapure water (pH¼ 6.89). The
T1-weighted images were acquired with parameters as
following: standard spin echo, # of echoes ¼ 12, time to echo
(TE)¼ 15ms, repetition time (TR)¼ 100, 150, 200, 300, 400, 500,
600, 700, 900, 1100, 1500, and 2000 ms, matrix ¼ 384 � 252,
slice thickness ¼ 2 mm, ip angle (FA) ¼ 50�, NEX ¼ 1. The T2-
weighted images were acquired with parameters as following:
multiple-echo, # of echoes ¼ 12, time to echo (TE) ¼ 14.2, 28.4,
42.6, 56.8, 71, 85.2, 99.4, 113.6, 127.8, 142, 156.2, and 170.4 ms,
repetition time (TR) ¼ 3000 ms, matrix ¼ 384 � 252, slice
thickness ¼ 2 mm, ip angle (FA) ¼ 180�, NEX ¼ 2. Relaxation
times (T1, T2) and the corresponding relaxation rates (R1, R2) of
each concentration were calculated by tting the averaged pixel
intensity to Iz ¼ Io(1 � e�TR/T1) and Ix,y ¼ Io(e

�TE/T2) equations
using Matlab program. Longitudinal and transverse molar
relaxivity (r1, r2) were obtained from the relaxation rate (R1, R2)
by the general relation: R(1,2) ¼ 1/T(1,2) + r(1,2) � C. In this
equation C shows Mn concentration of NPs and T(1,2) are the
relaxation times in pure media. The r(1,2) can be obtained by
plotting the relaxation rates (R1, R2) as a function of Mn
concentration and calculating slope of the tted curve.

In vitro cytotoxicity evaluation

To evaluate the possible cytotoxicity of CaLs and MnO-CaLs
NPs, cell viability was assessed with colorimetric MTT assay.
For this purpose 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-
tetrazolium bromide (MTT) with the concentration of 5 mg
mL�1 was prepared in phosphate buffered saline (PBS) and
stored at 4 �C. Human broblast cells HFFF2 line, which
purchased from National Cell Bank of Iran (NCBI) were seeded
in a 96-well plate for 24 h at a density of 1 � 104 cells per well
and then incubated at 37 �C under 90% humidity at 5% CO2.
The medium (RPMI 140) supplemented with 10% fetal bovine
40500 | RSC Adv., 2019, 9, 40498–40506
serum (FBS) and 1% penicillin–streptomycin was used to
culturing the cells. To examine the cytotoxicity, different
concentrations of CaLs and MnO-CaLs NPs (0, 5, 10, 25, and 50
mg mL�1) were added to each well and incubated for 24 h. The
MTT solution (100 mL, 10%) was added to each well and incu-
bated for another 4 h in the dark. Aer the medium was dis-
carded, 100 mL of DMSO added to each well until precipitated
formazan dissolved completely. The optical density (OD) value
was measured using an ELISA reader Titertek spectrophotom-
eter at a wavelength of 570 nm. The cells cultured in medium
without CaLs and MnO-CaLs NPs served as control (100% cell
viability). According to measuring optical density value, which
carried out in triplicates, the cell viability was obtained. The
results were presented as the mean value with standard devia-
tions from independent measurements.
Results and discussion
Synthesis and characterization of MnO-CaLs nanoparticles

Oleic acid-capped MnO NPs were synthesized by thermal
decomposition of manganese(II)acetylacetonate in benzyl ether.
The crystalline structure of synthesized MnO NPs was
conrmed by X-ray powder diffraction (XRD). All characteristic
peaks of (111), (200), (220), (311), and (222), can be indexed to
a cubic structure of MnO without other phases (Fig. 1).

Crystallite size of MnO NPs was calculatedz 9 nm using the
Debye–Scherrer equation. Transmission electron microscopy
(TEM) image (Fig. 2a) and FESEM micrograph of MnO NPs
(Fig. 2c) depict that NPs before phase transfer is composed of
20–60 nm aggregates of several 8–12 nm cores. The TEM image
taken aer the phase transfer, showed separate MnO NPs that
were attached to the polymeric structure of CaLs (Fig. 2b).

Solvent dispersity of MnO NPs shows that oleic acid-coated
NPs are dispersed in chloroform and aer ligand exchange,
they have good colloidal stability in water (Fig. 3a). A sample of
MnO-CaLs NPs was prepared in an aqueous medium and stored
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 TEM images of (a) hydrophobic MnO-OA NPs; (b) hydrophilic MnO NPs, which stick in calcium lignosulfonate polymeric network (MnO-
CaLs NPs) and (c) FESEM micrograph of hydrophobic MnO NPs.
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at room temperature. Aer two months, the MnO-CaLs NPs had
exhibited exceptional colloidal stability and no aggregation
found in suspension. This high colloidal stability can be
attributed to the hydrophilic nature of CaLs and strong bonding
between MnO NPs and CaLs. The observed average hydrody-
namic size of the MnO-CaLs NPs by dynamic light scattering
(DLS) analysis (Fig. 3b) was 141 nm, which was bigger than the
value of 20–60 nm measured by TEM (Fig. 2). This size differ-
ence can be explained by the fact that the larger size measured
by DLS originates from the hydration layer of CaLs coated onto
the surface of NPs.

Zeta potential was also conrmed the high colloidal stability
of the MnO-CaLs NPs in the aqueous medium (ESI, Fig. S1†). To
Fig. 3 (a) Solvent dispersity of MnO NPs (left oleic acid-coated MnO N
dynamic light scattering (DLS) of MnO-CaLs NPs.

This journal is © The Royal Society of Chemistry 2019
verify the exchange of oleic acid with CaLs, Fourier transform
infrared (FT-IR) spectroscopy was carried out on the pure CaLs,
MnO NPs before and aer phase transfer (Fig. 4a). In the FT-IR
spectrum of hydrophobic MnO NPs, a pair of bands at 2920 and
2855 cm�1 were attributed to asymmetric and symmetric
stretching of the CH2 bands of oleic acid, respectively. A pair of
bands observed at 1550 and 1410 cm�1 correspond to
symmetric and asymmetric stretching of the carboxylate group
(COO�) of oleic acid. These two bands almost disappeared in
the FT-IR spectrum of MnO-CaLs NPs. In the FT-IR spectra of
CaLs, absorption bands at 1460, 1514, and 1602 cm�1 are
characteristic peaks of benzene rings, which were observed in
the FT-IR spectrum of MnO-CaLs NPs. Additionally, the peak at
Ps and right after phase transfer with calcium lignosulfonate) and (b)

RSC Adv., 2019, 9, 40498–40506 | 40501
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Fig. 4 (a) FT-IR spectra and (b) UV absorption spectra of oleic acid-coatedMnONPs (MnO-OA NPs); calcium lignosulfonate (CaLs); and calcium
lignosulfonate-coated MnO NPs (MnO-CaLs NPs).
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3420 cm�1 attributed to the hydroxyl (O–H) stretching vibration.
The obvious increase in the intensity of this band assigned to
the exchange of oleic acid by CaLs. Also, absorption bands at
520 and 655 cm�1 were assigned to Mn–O stretching vibrations.
The attachment of CaLs was further conrmed by the appear-
ance of three characteristic peaks of CaLs in UV spectrum of
MnO-CaLs NPs (Fig. 4b).

Furthermore, solid-state UV absorption spectra of MnO-CaLs
NPs was showed a characteristic shoulder (l z 216 nm), which
was attributed to CaLs on the MnO NPs surface (ESI Fig. S2†).

The immobilization of CaLs onto MnO NPs was further
conrmed by thermal gravimetric analysis (TGA) of CaLs and
MnO-CaLs NPs as shown in (Fig. 5). A weight loss of about 4%
and 7% wt% before 100 �C in the TG curves of MnO-CaLs NPs
and CaLs, respectively was due to the evaporation of water. The
decomposition of CaLs moiety takes place from 200 to 400 �C in
both curves but with low intensity in TG curve of MnO-CaLs
Fig. 5 Thermal gravimetric analysis (TGA) and derivative thermog-
ravimetry (DTG) of calcium lignosulfonate-coated MnO NPs (MnO-
CaLs NPs) and calcium lignosulfonate (CaLs).

40502 | RSC Adv., 2019, 9, 40498–40506
NPs, due to high thermal stability of MnO-CaLs NPs. The total
loss of mass in the MnO-CaLs NPs and CaLs were 23.64% and
72.54%, respectively. Calculations showed that the total amount
of CaLs on MnO-CaLs NPs was 51.1% and the remaining mass
(48.9%) was due to the MnO NPs.

In vitro relaxivity

To investigate the effectiveness of the MnO-CaLs NPs as a MRI
contrast agent, T1 and T2 weighted images were obtained using
a clinical 3.0 T MRI scanner. The MnO-CaLs NPs was shortened
the longitudinal relaxation times of protons of water leading to
signal enhancement effect in the T1-weighted image (Fig. 6a).
Brightening in the T1-weighted MRI image was directly
proportional to the Mn concentration but saturation effect was
shown in the high concentration of Mn ion (2.64 mM), which
results in darkening the image. Longitudinal relaxation rate (R1)
was calculated for each concentration of Mn and molar relax-
ivity, which shows the efficiency of contrast agent, was obtained
r1 ¼ 4.62 mM�1 s�1 from the slope of the tted curve. This
enhanced relaxivity of MnO-CaLs NPs might be due to facile
water permeation inside the CaLs polymeric network and
abundant exposure of protons of water to manganese para-
magnetic center, which endows the MnO NPs with high longi-
tudinal relaxivity. Furthermore, MnO-CaLs NPs seems to exhibit
additional potential as an efficient T2 contrast agent. In the T2-
weighted images, the transverse relaxation rate (R2) was calcu-
lated for each concentration of Mn and molar relaxivity was
obtained r2 ¼ 22.86 mM�1 s�1 (Fig. 6b).

Signal intensity against TR and TE in T1 and T2 weighted
images for each concentration of Mn was drawn up (ESI, Fig. S3
and S4†). Results showed that in T1-weighted MRI images
optimum concentration of Mn for maximum signal intensity
was 0.66 mM but in T2-weighted MRI images maximum T2
effect, which results in reducing signal intensity was seen at
2.64 mM of Mn. It is highly desirable that a T1 MRI contrast
agent has a high longitudinal molar relaxivity value (r1) and
relaxivity ratio (r2/r1) close to one. Also, the transverse molar
This journal is © The Royal Society of Chemistry 2019
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Fig. 6 (a) Longitudinal relaxation rate R1 and (b) transverse relaxation rate R2 as a function of different Mn concentrations.
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relaxivity (r2) in T2 contrast agents is close to z30 mM�1 s�1.
The r1 value determined for MnO-CaLs NPs is greater than that
of most MnO NPs reported in articles (Table 1). Also, the
comparison between molar relaxivity of clinical gadolinium-
based contrast agents and MnO-CaLs NPs show acceptable
results. Most of the gadolinium-based contrast agents (such as
MAGNEVIST, GADOVIST, OMNISCAN, and DOTAREM) have
longitudinal molar relaxivity about r1 ¼ 3 mM�1 s�1 in water at
3.0 T magnetic eld.61 The only manganese-based contrast
agent ever approved for clinical use is mangafodipir (sold under
the brand name Teslascan), which has r1 ¼ 1.5 mM�1 s�1 and r2
¼ 2.3 mM�1 s�1 in water at 3.0 Tmagnetic eld.61 The r1 value of
MnO-CaLs NPs is considerably higher than those of clinical Gd-
based contrast agents and also Teslascan. Additionally, high
longitudinal molar relaxivity (r1 ¼ 4.62 mM�1 s�1) and low
relaxivity ratio (r2/r1 ¼ 4.95) of MnO-CaLs NPs in comparison
Table 1 The reported relaxivity of various MnO-based contrast agents

Nanoparticle@coating

Relaxivity (mM

r1

MnO@CaLs 4.62
MnO@dextran 0.44
MnO@PEG@dopamine@succinic anhydride 5.98
MnO@PEG@dopamine@poly aspartic acid 10.2
MnO@phospholipid 4.1
Hollow MnO@mesoporous SiO2@PEG 0.17
Hollow MnO@doxorubicin 1.42
MnO@SiO2 nanocomposites 1.34
Nanoplate MnO@PEG-NH2 5.5
MnO@D-glucuronic acid 2.5
Hollow MnO@mesoporous SiO2 1.72
MnO@carboxymethyl-dextran 5.42
MnO@poly(lactic-co-glycolic acid) 1.24
MnO@TETT silane 4.84
MnO@arginine–glycine–aspartic acid peptide 12.1
MnO@mercaptosuccinic acid 2.55
MnO@pluronic F127 1.91
MnO@poly(maleic anhydride-alt-1-octadecene) 2.42
MnO@SiO2 0.29
Hollow MnO@mesoporous SiO2 0.99

This journal is © The Royal Society of Chemistry 2019
with other results of MnO-based contrast agents that have been
reported so far (Table 1), can be considered as a good result.
These results suggest that the MnO-CaLs NPs is a potential
candidate as a T1 MRI contrast agent.

Cell culture

For MRI applications, it is a vital need that the toxicity of the
NPs themselves is rather low. For this purpose, the cytotoxicity
of CaLs and MnO-CaLs NPs against human broblast cells
HFFF2 was assessed by using the MTT assay. Cell viability was
measured aer incubation with CaLs and MnO-CaLs NPs at the
concentration from 0 to 50 mg mL�1 for 24 h (Fig. 7).

At low concentration (5 mg mL�1) the cell viability of CaLs
and MnO-CaLs NPs were reasonably good (both was z98%). At
high concentration (10 and 25 mg mL�1), the cell viability of
MnO-CaLs NPs was observed to be slightly less compared to
�1 s�1)

H (T) Ref.r2 r2/r1

22.86 4.95 3.0 This study
3.45 7.84 3.0 56
— — 3.0 62
62.3 6.1 3.0 63
18.9 4.6 3.0 64
1.75 10.29 3.0 45
7.74 5.45 3.0 51
— — 3.0 37
9.86 1.79 1.5 35
7.02 6.83 1.5 38
11.30 6.56 1.5 53
31.32 5.78 1.5 54
— — 4.0 44
— — 7.0 47
— — 9.4 50
— — 11.7 55
— — 11.7 55
— — 11.7 55
— — 11.7 55
11.02 11.13 11.7 53
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Fig. 7 The viability of human fibroblast cells HFFF2 treated with different concentration of CaLs and MnO-CaLs NPs for 24 h measured by MTT
assay.
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CaLs. The treated cells maintained over 76% and 77% cell
viability for CaLs and MnO-CaLs NPs, respectively which indi-
cate that MnO-CaLs NPs are biocompatible even at high
concentration (50 mg mL�1). The concentration of Mn ion in 50
mg mL�1 solution of MnO-CaLs NPs was measured 0.77 mM.
Maximum signal intensity on T1-weighted images were ob-
tained in 0.66 mM concentration of Mn ion, which means the
toxicity of MnO-CaLs NPs is low and demonstrate the high
potentiality of it for biomedical application.
Conclusion

In summary, the calcium lignosulfonate-capped manganese
oxide nanoparticles with improved longitudinal relaxivity as
a T1 contrast agent for magnetic resonance imaging were
synthesized and characterized. For rst time, biodegradable
and well-accessible calcium lignosulfonate was introduced as
a robust coating agent that can be used in a simple, facile,
single-phase, and inexpensive route to convert hydrophobic NPs
to the highly water-dispersible and biocompatible NPs. The in
vitro MRI studies demonstrated that the NPs exhibited prom-
ising longitudinal molar relaxivity (r1 ¼ 4.62 mM�1 s�1), low
relaxivity ratio (r2/r1 ¼ 4.95) and efficient contrast enhancement
effect. The calculated longitudinal molar relaxivity (r1) of this
contrast agent is greater than most clinical gadolinium-based
contrast agents. In comparison with the other manganese-
based contrast agents, the synthesized MnO-CaLs NPs have
excellent colloidal stability, high relaxivity, low cytotoxicity and
good biocompatibility which make it as a great potential
candidate for a T1 MRI contrast agent.
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