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Porous and nonporous silicon (Si) nanoparticles (NPs) prepared by ball-milling of electrochemi-

cally etched porous Si layers and crystalline Si wafers were studied as potential agents for enhance-

ment of the proton spin relaxation in aqueous media. While nonporous Si NPs did not significantly

influence the spin relaxation, the porous ones resulted in strong shortening of the transverse relaxa-

tion times. In order to investigate an effect of the electron spin density in porous Si NPs on the

proton spin relaxation, we use thermal annealing of the NPs in vacuum or in air. The transverse

relaxation rate of about 0.5 l/(g s) was achieved for microporous Si NPs, which were thermally

annealing in vacuum to obtain the electron spin density of the order of 1017 g�1. The transverse

relaxation rate was found to be almost proportional to the concentration of porous Si NPs in the

range from 0.1 to 20 g/l. The obtained results are discussed in view of possible biomedical applica-

tions of Si NPs as contrast agents for magnetic resonance imaging. Published by AIP Publishing.
https://doi.org/10.1063/1.5006846

I. INTRODUCTION

Magnetic resonance imaging (MRI) is a powerful

biomedical diagnostics method, which is usually tuned on

nuclear magnetic resonance of hydrogen atoms (protons).

The contrast for MRI is known to be provided by changes of

the longitudinal (T1) and transverse (T2) times of the proton

spin relaxation. In order to improve the contrast, several

intravenously administered contrast agents (CA) such as

paramagnetic ions, e.g., Gd3þ, Fe3þ, Mn3þ, are used.1–6 CAs

change the MRI signal of an investigated area by changing

the relaxation times of the nearby protons. The most wide-

spread CAs available for clinical use are Gd-based ones.

However, Gd3þ ions can cause nephrogenic systemic fibrosis

and can also prevent calcium-ion passage through muscle

cells that block the flow of calcium in bone epiphyses.2–5

Superparamagnetic NPs of iron oxide (SPIO) demonstrate

the enhancement of the T2-weighted MRI contrast, but their

toxicity still remains significant.6

Silicon (Si) nanoparticles (NPs) are promising for bio-

medical applications. There are many in vitro studies of the

toxicity of Si NPs which reveal the low level of their toxicity

and biodegradability.7–9 In vitro toxicity of Si NPs was

evaluated by various well-known approaches including: (i)

MTT and calcein assays showed complete absence of the

cytotoxicity for the concentrations up to 0.2 mg/ml,7 (ii) flow

cytometry showed negligible cytoxicity and low apoptotic

activity for concentration of microporous Si (lPSi) NPs about

0.1 mg/ml,8 (iii) impedance-based growth control

(xCELLigence) showed stable cell growth rate up to 1 mg/ml.9

While in vivo studies of the toxicity of silica (SiO2) based NPs

were performed, the in vivo studies of safety profiles of silicon

(Si) based NPs are not yet completed. However, several papers

were devoted to the in vivo studies of porous Si NPs toxicity.

Si NPs were injected intraperitoneally to the mice which

caused no genotoxicity and reproductive toxicity up to

50 mg/kg according to DNA comet assay in contrast to silica

nanoparticles.10–12 Porous Si NPs (20 mg/kg) were injected

intravenously into mice and it was shown that mice continue

to mature without any significant toxic effects.7 Intravenous

tail vein injection of dextran covered porous Si NPs of a dose

of 30 mg/kg was found to be almost nontoxic.13 Additionally,

Si NPs can dissolve in aqueous media by forming orthosilicic

acid Si(OH)4, which is withdrawn from the body.7,14 Si NPs

may be coated with biocompatible polymers that protect them

from rapid dissolution and reduce their toxicity.9,13,15

Si NPs can provide therapeutic modalities acting as

photosensitizers,16 sonosensitizers,13,17 and radiofrequency

radiation-induced hyperthermia sensitizers.18 Si NPs have also

been shown to be hyperpolarized MRI agents.19 Si NPs with

incorporated Gd3þ ions were proposed as CAs for MRI.20

Recently, we have shown that porous Si NPs themselves

could act as efficient CAs for MRI in phantom experiments.21

The most probable explanation of the contrast property of

porous Si NPs is based on a hypothesis of the magnetic dipo-

le–dipole interaction between electron spins on the surfaces

of the NPs and surrounding protons (see Fig. 1). While a solid
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NP itself can be a sensitizer of the proton spin relaxation [see

Fig. 1(a)] as it was discussed in Ref. 22, porous Si NPs pro-

vide additional opportunities to increase the spin center den-

sity [see Fig. 1(b)] due to both the pore morphology and

surface treatments. Indeed, porous Si usually contains a lot of

paramagnetic centers as unpaired (dangling) Si bonds and the

center number can be significantly modified by physical and

chemical treatments.23 In this paper, we investigate aqueous

suspensions of Si NPs prepared from mesoporous, micropo-

rous, and nonporous crystalline silicon in order to reveal the

role of paramagnetic centers in NPs for the proton spin relaxa-

tion and to find a possible way to improve the CA properties

of Si NPs for MRI applications.

II. EXPERIMENTAL

Porous silicon (PSi) films were formed by the electro-

chemical etching of (100)-oriented c-Si wafers in a solution

based on hydrofluoric acid and ethanol [HF(49%):C2H5OH

¼ 1:1] (see, for example, reviews23,24). In order to remove

the surface oxide, c-Si wafers had been preliminarily dipped

into a 5 M HF solution. Mesoporous Si (MPSi) were pro-

duced by etching of p-type heavily boron-doped wafer with

specific resistivity of 25 mX cm for 60 min under 60 mA/cm2

current density. Samples of microporous Si (lPSi) were pre-

pared from lightly boron-doped (100)-oriented c-Si wafers

with specific resistivity of 10–20 X cm and etching time of

30 min. The prepared PSi films were lifted off by a short

increase of the current density up to 500–600 mA/cm2. NPs

were prepared by grinding of the PSi films in deionized water

in a “FRITSCH Pulverisette 7 premium line” planetary-type

mill for 30 min. The concentration of NPs in suspensions

was determined by a gravimetric method and it was about

25 g/l for as-prepared samples. The suspensions were diluted

by pure water to obtain the NP concentrations in the range from

0.1 to 22 g/l for further experiments. Nonporous crystalline

Si nanoparticles (c-Si NPs) were prepared by milling (100)-ori-

ented p-type heavily boron-doped c-Si wafers with specific

resistivity of 10–25 mX cm in deionized water for 30 min.

The structural properties of Si NPs were investigated by

using a LEO912 AB OMEGA transmission electron micro-

scope (TEM). TEM images were additionally obtained with

negative staining of porous Si NPs by phosphotungstic acid.

Sizes and zeta-potentials of the prepared Si NPs in water

solutions were studied by means of dynamic light scattering

(DLS) with a Malvern Zetasizer Nano ZS. Prior DLS mea-

surements, the NP suspensions were additionally diluted

by water to the concentration of 0.01 g/l to ensure lowering

optical losses, and avoid multiphoton scattering and NPs

agglomeration.

The surface composition of Si NPs was analyzed with a

Bruker IFS 66v/S Fourier-transform infrared (FTIR) spec-

trometer. The FTIR transmission spectra were measured for

dried NPs deposited on double-side optically polished c-Si

wafers (lightly boron-doped, specific resistivity 10–20 X cm).

Electron paramagnetic resonance (EPR) spectra of dried Si

NPs were measured at room temperature by using a Bruker

EPR spectrometer ELEXSYS-500 (f� 9.4 GHz, B� 1.4 T)

and an EPR spectrometer CMS 8400 ADANI (f� 9.4 GHz,

B� 0.7 T). The effective g - factors of samples have been cal-

culated with respect to a reference sample of BDPA (a,g-bis-

diphenyline-b-phenylallyl) with g-factor 2.00359. To estimate

the concentration of paramagnetic centers from EPR data, the

reference sample of CuCl2�2H2O has been used. The relaxa-

tion times T1 and T2 were measured by a Bruker Minispec

NMR Relaxometer with 20 MHz probe and magnetic field

0.5 T at 40 �C.

III. RESULTS AND DISCUSSION

Figure 2 shows typical TEM images of the investigated

NPs of c-Si, MPSi, and lPSi. One can see that c-Si NPs con-

sist of monocrystalline grains with typical sizes 100–200 nm

[see Fig. 2(a)]. MPSi and lPSi NPs reveal porous morphol-

ogy with minimal sizes of Si nanocrystals about 10–20 nm,

which are agglomerated into larger NPs with sizes above

100 nm [see Figs. 2(b) and 2(c)]. The corresponding electron

diffraction patterns [insets in Figs. 2(b) and 2(c)] indicate

that the porous NPs are composed of randomly oriented Si

nanocrystals. TEM images of the stained porous NPs give

additional evidences on their porous morphology and sizes

(see Fig. 1 in supplementary material).

According to DLS data, the most probable size (hydro-

dynamic diameter) of lPSi NPs is 60 nm, while a broad

shoulder of the size distribution in the region from 100 to

200 nm is present [see Fig. 3(a)]. NPs of MPSi and c-Si are

characterized by the mean size about 100 nm and broad tails

of the size distribution till 300–400 nm. Zeta-potentials of all

investigated NPs were found to be about �25…�45 mV,

which are typical for Si NPs. The relatively large absolute

value of the zeta-potential prevents NPs from agglomeration

and thereby stabilizes suspension characteristics.

Figure 3(b) shows FTIR transmittance spectra of the

prepared NPs after deposition on c-Si substrates and dry-

ing in air. The FTIR spectra reveal a strong absorption

band in the region of 1000…1200 cm�1 related to the

Si-O-Si bond vibrations that indicates the silicon oxide

coating of NPs.

Typical transients of the longitudinal and transverse pro-

ton magnetization of pure water and aqueous suspensions of

NPs are shown in Fig. 4. One can see that the longitudinal

magnetization [Fig. 4(a)] is less sensitive to the presence

of NPs than the transverse one [Fig. 4(b)] and the both

FIG. 1. (a) Schematic view of the shortening of proton spin relaxation in

water (blue regions) nearby the NP (brown spot) without unpaired electron

spins; (b) the same scheme for the NP with a number of unpaired electron

spins. Black and yellow arrows correspond to the proton and electron spins,

respectively.
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transients reveal faster and slower decay times in the case of

lPSi NPs and c-Si ones, respectively. The corresponding T1

and T2 times for the suspensions with NP concentration of

1 g/l are shown in Table I.

The observed shortening of the relaxation times can be

related to the effect of paramagnetic centers on the surfaces

of NPs as it is schematically shown in Fig. 1. PSi NPs

obtained by electrochemical etching contain a large number

of paramagnetic centers as Si dangling bonds (DBs), which

were detected by EPR spectroscopy and the corresponding

numbers are given in Table I.

Several types of Si DBs, e.g., Pb0 and Pb1 centers, where

Pb0 centers are DBs on the (111) and (100) Si/SiO2 surface

interface,25–28 can contribute to the total density of paramag-

netic centers in the investigated NPs. Although c-Si NPs pos-

sess a valuable number of Si DBs �1016 g�1, they did not

induce significant shortening of the proton relaxation times

(see Table I). It can be related to the nonporous morphology

of c-Si NPs that determines their relatively low surface area.

The shortening of T2 is stronger for lPSi NPs than for MPSi

ones and this fact can be explained by the larger number of

Si DBs in the former (see Table I). Note, the difference in

FIG. 2. TEM images of NPs prepared from (a) c-Si, (b) MPSi, and (c) lPSi. Insets show fragments of the corresponding electron diffraction patterns.

FIG. 3. (a) DLS spectra of diluted aqueous suspensions of NPs prepared from c-Si (blue line) MPSi (black line) and lPSi (red line); (b) FTIR spectra of the

corresponding dried NPs.

FIG. 4. Transients of (a) longitudinal and (b) transverse proton magnetization of pure water (black dashed line) and aqueous suspensions of NPs (with concen-

tration of 1 g/l) prepared from c-Si (blue line) MPSi (black line) and lPSi (red line).
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pore sizes of lPSi (�2 nm) and MPSi (2–50 nm),23 which

determines different specific surface area, can also influence

the interaction of water molecules with Si NDs on the sur-

face of NPs.

In order to investigate the role of Si DB concentration in

lPSi NPs, we have performed their thermal annealing (TA)

in vacuum with residual pressure of 10�3 Torr at 380 �C for

2 h (TA lPsi NPs). It is well known that the surface of as-

prepared porous Si is passivated by hydrogen atoms.23

During the heating in vacuum, the hydrogen coating is des-

orbed from the surface and new Si DBs can be formed.25

Figure 5(a) shows EPR spectra of lPSi NPs before and after

TA treatment. The EPR spectrum of as-prepared lPSi NPs is

characterized by effective g-factor of about 2.005, which can

be related to a superposition of different types of Pb cen-

ters.29,30 The TA lPSi NPs resulted in an increase in the

EPR intensity by 10 times and the spectrum became more

symmetric [red curve in Fig. 5(a)]. The measurement of the

relaxation times showed that the TA in vacuum resulted in

shortening of the transverse times from 1.7 s to 1.2 s [see Fig.

5(b)]. Although the concentration of Si DBs (Ns) increased

by 10 times (from 1016 to 1017 g�1), the shortening of the

relaxation times decreased only 3 times. The reason for that

is partial passivation of the DBs on NPs surface by water

molecules.

In order to decrease the concentration of Si DBs, we

used MPSi NPs, which were thermally oxidized in air for 2 h

at 300 �C and then for 1 h at 900 �C [thermally oxidized

meso porous Si (TO MPSi)]. DLS spectra of the aqueous

suspensions of TO MPSi NPs and FTIR spectra of the dried

NPs are shown in Fig. 2S of supplementary material. EPR

spectra of MPSi NPs before (red curve) and after oxidation

(blue curve) are shown in Fig. 6. The spectrum of TO MPSi

was multiplied 10 times for visual convenience. After oxida-

tion, the DBs concentration was decreased by 3 times due to

their passivation by oxygen and the EPR signal markedly

broadened and deviated from the Lorenz function.23,31,32

This fact is probably related to a superposition of different

types of Pb centers contributing to the EPR signal.29

The transverse relaxation rate, R2, which is induced by

NPs, can be calculated according to the following equation:21

R2 � TNP
2

� ��1 ¼ T2ð Þ�1 � TW
2

� ��1
; (1)

where TNP
2 is the effective time of transverse relaxation due

to the presence of NPs, T2 is measured transverse relaxation

time for the NP suspension and TW
2 is the measured trans-

verse relaxation time in pure water.

Figure 7 shows dependences of R2 on concentration of

MPSi NPs. The concentration dependences are nearly linear

for both as-prepared and TO MPSi. This fact indicates that

both types of NPs do not aggregate in concentrated suspen-

sions and the pores are still open in the TO MPSi. Indeed,

the latter NPs are characterized by nearly three times lower

concentration of paramagnetic centers in comparison with

the as-prepared ones (see Fig. 6) that causes 3 times lower

R2 in the whole range of the NP concentration (see Fig. 7).

It is known that CAs can be characterized by as-called

relaxivity, which is defined as the change in relaxation

rate after addition of CAs divided into the concentration of

CAs.1,21,33 The value of r2 for NPs can be expressed as

follows:

r2 ¼
R2

CNP
; (2)

where R2 is the proton relaxation rate governed by Si NPs,

CNP is the concentration of NPs in suspensions.

TABLE I. Electron spin concentration in dried NPs, T1, and T2 times for

aqueous suspensions of NPs (concentration of 1 g/l) and those for pure

water, for comparison.

Sample

Paramagnetic center

concentration (1/g)

Proton relaxation

times (s)

T1 T2

Crystalline Si (c-Si) NPs 2	 1016 3.6 6 0.2 2.7 6 0.2

Thermally oxidized meso

porous Si (TO MPSi) NPs

3	 1014 3.5 6 0.2 2.5 6 0.2

Meso porous Si (MPSi) NPs 1015 3.6 6 0.2 2.3 6 0.2

Micro porous Si (lPSi) NPs 1016 3.1 6 0.2 1.7 6 0.2

Micro porous Si NPs after

thermal annealing (TA) in

vacuum (TA lPSi)

1017 2.7 6 0.2 1.2 6 0.2

Water 0 4.0 6 0.1 2.7 6 0.1

FIG. 5. (a) EPR spectra of as-prepared (black line, the intensity is multiplied by 10 times) and thermally annealed in vacuum (red line) lPSi NPs. (b)

Transients of the transverse proton magnetization in aqueous suspensions of as-prepared (black line) and thermally annealed in vacuum (red line) lPSi NPs.
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The data of Table I allow us to estimate the transverse

relaxivity r2 � 0:5 l/(g s) for TA lPSi NPs, which possess

the paramagnetic center concentration �1017 g�1. One can

also estimate the relaxivity divided on the average number of

Si atom in NPs and it gives rSi
2 � 10�2 l/(mmol s). The later

value seems to be significantly smaller than that for conven-

tional Gd3þ and SPIO CAs, which are about 4–5.7 l/(mmol

s) and 152–178 l/(mmol s).34–36 However, the relaxivity of

Si-based NPs divided on the number of Si DBs is rather sig-

nificant, i.e., rDB
2 � 103 l/(mmol s). Note that TA lPSi NPs

possessed approximately one DB per NP. This analysis indi-

cates that Si NPs can be attractive CAs for biomedical appli-

cation in MRI when they will possess largest amount of

DBs, which will result in strongest enhancement of the trans-

verse proton relaxation.

IV. CONCLUSIONS

The obtained experimental results confirm the role of Si

dangling bonds in porous Si NPs for the enhancement of pro-

ton relaxation. The samples of nonporous crystalline Si NPs

exhibited the weak decrease of the both longitudinal and

transverse relaxation times because of the low efficiency of

the interaction of Si DBs in c-Si NPs with surrounding water

molecules. On the one hand, thermally oxidized mesoporous

Si NPs did not affect strongly the proton spin relaxation due

to the low density of Si DBs. On the other hand, the micro-

porous Si NPs thermally annealed in vacuum exhibited the

strong decrease of the relaxation times, especially the trans-

verse one. The transverse relaxation rate was found to

depend almost linearly on the concentration of porous Si

NPs in suspensions varied from 0.1 to 20 g/l. The relaxation

rate induced by NPs was approximately proportional to the

number of Si DBs on their surfaces, which ranged from

3	 1014 to 1017 1/g, indicating a way to enhance the proton

relaxation. The transverse relaxivity of thermally annealed

microporous Si NPs is estimated to be 0.5 l/(g s), which is

already promising for MRI applications. The relaxivity of

porous Si NPs can be additionally improved by using physi-

cal and chemical treatments, which will lead to increasing

the number of paramagnetic centers in the NPs, ensuring

further progress in the exploring of Si NPs as prospective

contrast agents for MRI.

SUPPLEMENTARY MATERIAL

See supplementary material, which consists of the

experimental data on porous morphology and sizes of porous

Si NPs (Fig. 1S), and characterization of thermally oxidized

mesoporous Si NPs (Figs. 2S and 3S). The measured concen-

tration dependence of the transverse relaxation rate of a Gd-

based contrast agent (Magnevist) is shown in Fig. 4S.
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