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We propose a one-step procedure to stabilize mesoporous silicon nanoparticles in aqueous solutions by poly-
ethylene glycol (PEG) coating during grinding in a planetary ball mill. The milling is done in aqueous medium
that allows us to directly obtain the aqueous suspension of PEGylated nanoparticles. The prepared nanoparticles
are investigated by means of the scanning electron microscopy, energy dispersive X-ray spectroscopy, low-
temperature nitrogen sorption, dynamic light scattering, Fourier transform infrared spectroscopy, Raman and
photoluminescence spectroscopy, which reveal the nanoparticle size of 50-100 nm, preservation of the nano-

crystallinity and mesopores. The PEGylated nanoparticles are found to be stable in aqueous solution for at least
24 h. The proposed PEGylation method can be used to control the physical properties and stability of mesoporous
silicon nanoparticles for biomedical applications.

1. Introduction

Mesoporous silicon (mPSi) is a promising material for biomedical
applications because of its low toxicity, biodegradability, and ability to
act as an active agent for various therapeutic procedures [1]. Nano-
particles (NPs) of mPSi are widely explored as nanocontainers of anti-
cancer drugs [2-4] as well as they exhibit properties of sensitizers for
mild methods of cancer therapy [1,5]. When NPs are prepared by high
energy mechanical grinding of electrochemically grown mPSi films, they
represent typically 100 nm aggregates of small (2-5 nm) silicon (Si)
nanocrystallites [5]. It was found that both mPSi and crystalline Si (c-Si)
NPs can dissolve in water and aqueous solutions [3,6,7]. The dissolution
rate of c-Si wafers in water is known to be determined by the orientation
of c-Si surface and the pH level of the solution [8]. While the
pH-depended dissolution of mPSi and Si-NPs was also observed in
different studies (see, for example, Refs. [9,10]), the dissolution rate
depended on the morphology, size, and surface coating of NPs [7,11].

To prevent the rapid dissolution of mPSi-NPs and to stabilize their
properties in aqueous medium the NP’ surface should be coated by
desired molecules [2,12]. The surface coating can be realized by using
physical adsorption of biopolymer molecules [13]. It was found that
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dextran-coated mPSi-NPs were more stable against dissolution in water
and exhibited higher efficiency as a sonosensitizer in sonodynamic
therapy in comparison with uncoated mPSi-NPs [14].

Polyethylene glycol (PEG) is an inert hydrophilic polymer invisible
to the immunological response, and the former is commonly used for
surface coating of NPs, namely PEGylation [15-20]. In vivo tests of PEG
with molecular weight up to 20 kDa facilitate by its ability to be excreted
through urine [16]. Nevertheless, PEGylation of NPs usually requires
nonpolar organic solvents or the creation of micelles to perform the
coating with further solvent replacement. Such difficulties are caused by
fast oxidation of the surface of Si-NPs in water, while an effective
PEGylation requires the presence of hydrophobic Si-H bonds [15-20].

Our paper is aimed to develop an alternative method for the PEGy-
lation of mPSi-NPs to reduce the dissolution rate of NPs and their sta-
bility in aqueous solution. The proposed one-step approach is based on
mechanical grinding of mPSi films in aqueous solution of PEG, and it
allows us to prepare directly aqueous suspensions of PEGylated mPSi-
NPs.
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Fig. 1. Size distributions for mPSi-NPs (black curve) and mPSi-PEG-NPs (red
curve) in aqueous solutions. The size (hydrodynamic diameter) and ZP () were
measured by DLS. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

2. Materials and methods

First, mPSi films were formed by electrochemical etching (anodiza-
tion) of boron-doped c-Si wafers with a resistivity of 20 mQ cm in HF
(48%):CoHsOH solution (1:1) at a current density of 50 mA/cm? and
etching time of 1 h. The prepared films were separated from the sub-
strate by applying a short (1-2 s) pulse of current with the current
density of 500 mA/cm?. Dried mPSi films were ground in a mortar to
obtain powders.

Aqueous suspensions of mPSi-NPs were prepared by high-energy
milling of mPSi powders in water or in 30% solution of PEG-400 (mo-
lecular mass of 400 Da) using a FRITSCH planetary ball mill Pulverisette
7 premium line (ZrO, milling balls with diameter of 3 mm, milling time
30 min amd rotation speed from 600 to 800 rpm) [9]. The prepared
suspensions of mPSi-PEG-NPs were centrifuged to separate
non-conjugated PEG in an Eppendorf Centrifuge 5804 for 30 min at
15000 rpm (21000 rcf). Resuspended samples were kept in distilled
water in dialysis bags (pore sizes of 6-8 kDa) at room temperature with
constant stirring. Aliquots of suspensions were analyzed after 3, 6 and
24 h of the dialysis.

To study the porosity and pore size distributions for mPSi-NPs and
mPSi-PEG-NPs the corresponding aqueous suspensions were dried at
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60°C for 12 h in air and then the obtained powers were investigated by
means of the low-temperature nitrogen sorption analysis with a NOVA
4200e gas sorption analyzer (Quantachrome Instruments, USA). Prior
the sorption experiment, 50 mg powders of mPSi-NPs and mPSi-PEG-
NPs were additionally subjected to the standard degassing in vacuum
at 150°C for 24 h.

The colloidal stability of mPSi-NPs and mPSi-PEG-NPs in aqueous
medium was analyzed by using a method of the dynamic light scattering
(DLS) with a Zetasizer Nano ZS apparatus (Malvern, UK), which was also
used for zetta-potential (ZP) measurements. The DLS data were pro-
cessed using the Zetasizer Software. The structural properties and
composition of the dried NPs were investigated by means of the scanning
electron microscopy (SEM) with a Tescan MAIA 3 SEM (Tescan, Czech
Republic) equipped with an Inca X-act energy dispersive X-ray (EDX)
spectroscopy analyzer.

Chemical bonds in the prepared samples were studied by using a
Bruker IFS-66v/S Fourier-transform infrared (FTIR) spectrometer in the
spectral range of 350-7500 cm ™! with resolution of 4 cm ™. The pre-
pared dried samples of mPSi and mPSi-PEG NPs were mixed with KBr to
make tablets and tested for gradual release of PEG and silicon retention.
The spectrum of PEG solution in water was also recorded by using a
method of the attenuated total reflectance (ATR) with a ZnSe ATR-
prism. Also, the nanocrystalline Si phase in the dried samples was pro-
bed by using a confocal Raman microscope Confotec MR350 (SOL in-
struments, Belarus) equipped with a semiconductor laser at a
wavelength of 633 nm. The diameter of the laser spot was about 10 pm,
and special attention was paid to reducing the excitation intensity to
prevent photoheating of the studied samples.

3. Results and discussion
3.1. Dynamic light scattering

The binding of PEG to the surface of mPSi-NPs dispersed in water was
probed by using the DLS method. Fig. 1 shows that the hydrodynamic
diameter of NPs decreases and ZP becomes more negative for mPSi-PEG-
NPs in comparison with that for mPSi-NPs. The observed change of the
size distribution indicates a decrease of the agglomeration probability of
mPSi-PEG-NPs where PEG molecules act as a surfactant. In other words,
PEG molecules create a hydrophilic surface coating of mPSi-NPs that
makes those NPs more negatively charged and it prevents the agglom-
eration of NPs in aqueous medium.
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Fig. 2. SEM images: (a) mPSi-NPs and (b) mPSi-PEG-NPs.
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Fig. 3. (a) Typical SEM image with marked individual mPSi-NPs for the neural network analysis [21] and (b) histogram of the size distribution for mPSi-NPs.
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Fig. 4. Isotherms of adsorption and desorption of molecular nitrogen for mPSi-
NPs (black curve) and mPSi-PEG-NPs (red curve). (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

3.2. Scanning electron microscopy

Fig. 2 shows SEM images of mPSi-NPs and those after PEGylation.
The size distribution of NPs obtained by using a neural network analysis
[21] is characterized by an average particle size of 80 + 25 nm (see
Fig. 3). The average NP’ size and morphology do not change signifi-
cantly after PEGylation. The molecular weight of PEG-400 corresponds
to the relatively small chain length and, therefore, the physical size of
NPs hardly changes (compare Fig. 2a and b). At the same time, the
PEGylation of mPSi-NPs results in the decrease of their sizes according to
the DLS data (see Fig. 1).

3.3. Porosity analysis

Fig. 4 shows typical nitrogen sorption isotherms for the dried pow-
ders of mPSi-NPs and mPSi-PEG-NPs. The isotherm shape is inherent for
mesoporous Si formed by electrochemical etching of heavily doped p-
type Si wafers [22]. The capillary condensation of nitrogen molecules
takes place in the mesopores that results in the characteristic hysteresis
loop. The molecule condensation in mPSi-PEG-NPs begins at lower
pressures, that is explaned broader pore size distribution and presence of

Table 1
Porosity parameters of mPSi-NPs and mPSi-PEG-NPs form the BJH method.

Sample Surface area by BET, m%/g Pore volume, %
mPSi-NPs 220 57
mPSi-PEG-NPs 224 60
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Fig. 5. Pore size distribution of mPSi-NPs (black curve) and mPSi-PEG-NPs (red
curve) according to the BJH method. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

smaller pores. The specific surface area estimated by using the BET
method is about 220 and 224 m?/g for mPSi-NPs and mPSi-PEG-NPs,
respectively (see Table 1).

The BJH method was used to determine the pore size distribution and
porosity (volume of pores) for mPSi-NPs and mPSi-PEG-NPs. As one can
see from Fig. 5 the pore size distribution in mPSi-NPs (black curve in
Fig. 5) consists of two main types of pores, i.e. small (with radiusr < 2-3
nm) pores and larger (r > 5 nm) ones. The larger pores are probably
formed during mechanical grinding of mPSi layers in water followed by
drying in air [23]. The pore size distribution for mPSi-PEG-NPs exhibit
the main broad peak with a maximum at about 3 nm with low-size and
large-size shoulders at r < 1.5 nm and r > 5 nm, respectively. While the
low-size shoulder can be related to micropores formed during the drying
of PEG coatings of mPSi-PEG-NPs, the main peak and large-size
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Fig. 6. EDX analysis of mPSi-PEG-NPs: (a) distribution map of elements and (b) EDX spectra in different points.

Table 2
Content of the main chemical elements in mPSi-PEG-NPs estimated from the
corresponding EDX spectra with subtracted c-Ge background.

Element Line Type Weight % Atomic %
Si K series 46 31
(0] K series 44 53
C K series 10 16
Total 100.00 100.00
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Fig. 7. FTIR absorption spectra of mPSi-NPs after 6 h dialysis (black curve),
mPSi-PEG-NPs (red curve), mPSi-PEG-NPs after 6 h dialysis (blue curve), and
PEG 400 Da (green curve); 30 scans, 4 cm ! spectral resolution. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the Web version of this article.)

shoulders in the size distribution are probably related to the mesopores
in mPSi-NPs and in agglomerates of those NPs, respectively. The
porosity of mPSi-NPs and mPSi-PEG-NPs accounts 57 and 60% (see
Table 1) that indicates the preservation of porous structure of mPSi-NPs

after the used PEGylation procedure.

3.4. EDX spectroscopy

Fig. 6 (a) shows a SEM image and maps of the main chemical ele-
ments for mPSi-PEG-NPs deposited on crystalline germanium (c-Ge)
substrate. The carbon mapping clearly indicates the presence of PEG on
the surface of mPSi-PEG-NPs. Detailed values of the atomic and weight
parts for three main elements, i.e. silicon (Si), oxygen (O) and carbon
(Q), in the investigated sample are given in Table 2.

According to the EDX data (see Table 2), mPSi-PEG-NPs consist of
silicon (31 at.%), oxygen (53 at.%) and carbon (10 at.%). Note, the
chemical composition of mPSi-NPs comprises only silicon and oxygen
with concentration of about 45 and 55 at.% (see Fig. S1 and Tabl.S1 in
Supplementary Materials). Despite the EDX spectroscopy is suitable for
only approximate evaluations of the chemical composition of materials,
the obtained EDX data indicate unambiguously both the presence of
organic molecules of PEG-400 and an increase of the silicon oxide phase
in mPSi-PEG-NPs in comparison with initial mPSi-NPs. More detail in-
formation about the chemical composition of the prepared samples is
obtained from their FTIR spectra discussed below.

3.5. FTIR spectroscopy

Fig. 7 shows FTIR absorption spectra of mPSi-NPs and mPSi-PEG-NPs
after 6 h of dialysis as well the FTIR spectra of PEG and as-prepared
mPSi-PEG-NPs.

The FTIR spectrum of mPSi-NPs (black curve in Fig. 7) consists of
intense absorption bands at 467 and 553 cm ™! related to the different
vibration modes in SiOy (x = 1.5-2) and intense absorption band at
1095 cm ™! (Si—O-Si) [1]. The spectrum shows also weaker absorption
bands at 613 cm ! (bending region) [1,24], 775 em! (bending region)
[25] and 2250 cm ! (stretching vibrations) [24,25] related to the sur-
face Si-Hy (x = 1,2,3) bonds as well a band at 810 and 890 cm !
attributed to the Ox-Si-Hy (y = 1-3) bonds [1]. The appearance of the
Si-0O-Si and O-Si-Hy groups is obviously related to the oxidation of the
samples in air.

The huge internal specific surface of as-prepared porous silicon is
known to be covered by the Si-Hy bonds. According to the established
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Fig. 8. FTIR absorption spectra of mPSi-NPs after 6 h dialysis (black curve), mPSi-PEG-NPs (red curve), mPSi-PEG-NPs after 6 h dialysis (blue curve), and PEG 400
Da (green curve): (a) region of the C-H bonds in PEG, (b) region of the Si-H, and O,Si-H, bonds in mPSi. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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Fig. 9. Raman spectra of mPSi-NPs (black curve), mPSi-NPs after 3 h dialysis
(red curve), mPSi-NPs after 6 h dialysis (green curve) and mPSi-NPs after 24 h
dialysis (blue curve). Insert shows dependence of the Raman peak position
during dialysis time. ND filter 1 dB, acc. time 60s. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

concept of the electrochemical formation of porous silicon, the Si-Hy
bonds form during etching in aqueous hydrofluoric acid solution [24]. A
lot of research is devoted to learning about the possibility of using
porous silicon as hydrogen reservoirs [26,27]. However, during storage
of porous silicon in air or in aqueous media the Si-Hy groups are replaced
by the Oy-Si-Hy and Si-Ox groups and dehydrogenation of the surface
takes place [24,25]. Thus, the FTIR data demonstrate a mixed
oxide-hydride composition of the pore surface coating in mPSi-NPs that
ensures their hydrophilic properties and effective loading with drugs,
including those with a low degree of solubility in water.

Red curve in Fig. 7 shows the FTIR spectrum of mPSi-PEG-NPs,
which reveals both the mPSi-related bonds and PEG vibration modes.
The latter modes result in the intense narrow bands at 1250, 1300, 1456
and 2930 cm ™! assigned to the C-H stretching vibrations [18].

The PEG content in mPSi-PEG-NPs was determined from the in-
tensity of the peak at 1456 cm™! (see Fig. 8a). About 50% of PEG was
bound to mPSi-NPs during grinding and centrifugation. The dialysis for
6 h reduces the PEG content by 30%. We also observe the retention of
Si-Hy and Ox-Si-Hy bonds after the interaction of mPSi-NPs with PEG
(see Fig. 8b), which indicates the protective effect of PEG. The intensity

—— supernatant mPSi-PEG-NPs
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sediment mPSi-PEG-NPs

Mwwwwwwmmwwkﬂk
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T
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Fig. 10. Raman spectra of supernatant mPSi-PEG-NPs (black curve), PEG 400
Da (red curve), and sediment mPSi-PEG-NPs (green curve). ND filter 0.4 dB,
acc. time 60s. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

of the peaks of Si-O bonds in the mPSi-PEG-NPs increases. It can be
assumed that the PEG coating of NPs prevents the dissolution of the
latter, while the silicon oxide layer becomes more developed.

Thus, according to the FTIR absorption spectra, we can say that PEG
is a preservative for mPSi-NPs not only at the initial stage, but also re-
mains on the surface after a while.

3.6. Raman spectroscopy

A Horiba Jobin Yvon LabRAM HR Visible micro-Raman spectrometer
was used to measure Raman spectra of dried mPSi-NPs and mPSi-PEG-
NPs. Fig. 9 shows Raman spectra of mPSi-NPs before and after storage
in water in dialysis mode. The Raman intensities of these samples were
very low relative to the signal from undoped c-Si wafers, so a lens with
50x magnification was used for better detection. This can be explained
by amorphization of some Si nanocrystals in the process of their prep-
aration by mechanical grinding of porous layers. The Raman spectrum
contains broadband with a maximum at 480-490 cm !, which is usually
associated with the amorphous silicon phase [28].

The peak corresponding to the Raman scattering by optical phonons
of the ¢-Si lattice (520.5 cm™ 1) in mPSi-NPs spectrum is shifted to 513
cm™! due to the heating of the samples. Moreover, the peak gradually
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shifts to the left with increasing dialysis time, i.e. the dissolution is
accompanied by a decrease of size. This manifestation of the size effect is
shown in the inset in Fig. 10 where the Raman shift decreases with time
of the dialysis. There is also an increase in the relative contribution of
the amorphous phase in mPSi-NPs (shoulder at 480-490 cm™) during
dialysis, and it can be explained by the fact that for nanocrystals with
small sizes, the degree of disordering of the crystal lattice increases
because of interaction with water and oxygen molecules [29]. The large
width of the peak indicates the presence of silicon nanocrystals with a
wide size distribution, that is in good agreement with the SEM data (see
Fig. 3). Also, when the samples are kept in water, there is a significant
decrease in the intensity of the Raman spectrum, that is explained by the
dissolution of some of the nanocrystals.

After grinding mPSi in PEG, the centrifugation at high speed (30 min,
15000 rpm, 21000 rcf) was performed to separate mPSi-PEG-NPs from
unbound PEG molecules. As one can see from Fig. 8 the supernatant’s

Microporous and Mesoporous Materials 331 (2022) 111641

spectrum coincides with that of PEG, in which the grinding was carried
out, and the spectrum of mPSi-PEG-NPs sediment consists of the PEG-
related peaks of low intensity.

Fig. 11 shows spectra of the Raman scattering of mPSi-PEG-NPs
before and after dialysis in water for the time up to 24 h. As one can
see from the comparison of Figs. 10 and 11 the intensity of PEG asso-
ciated peaks is very low for mPSi-PEG-NPs, while the Raman peak of c-Si
lattice at 520.5 cm ™! is well detectible for these NPs. Moreover, the
Raman peak position does not change with the time of dialysis (see inset
in Fig. 11). Therefore, mPSi-NPs with PEG coating retain both the
crystalline lattice and the mean size of Si nanocrystals that is in contrast
with uncoated mPSi-NPs (compare Figs. 9 and 11). The larger noise in
the Raman spectra of mPSi-PEG-NPs (see Fig. 11) in comparison with
that for mPSi-NPs (see Fig. 9) can be related to the photoluminescence
(PL) of the former NPs.

Fig. 12 shows spectra of both the Raman scattering and PL of mPSi-
NPs and mPSi-PEG-NPs just after preparation and after dialysis in water.
The stronger PL of mPSi-PEG-NPs indicates that PEG stabilizes the inner
surface of mPSi-NPs, which leads to the passivation of non-radiative
recombination centers on the surface. Because mPSi-PEG-NPs don’t
show significant changes in the Raman signal after exposure to water,
the passivation is obviously related to the higher stability of PEGylated
NPs to dissolution in water.

4. Conclusions

Nanoparticles of porous silicon are covered with PEG-400 molecules
by using a simple and convenient method of the mechanical grinding of
porous silicon films in aqueous medium. The method allows us to
perform the PEGylation simultaneously with the nanoparticle formation
and to stabilize the nanoparticles against dissolution in water. The
ability to inhibit the dissolution of mesoporous silicon nanoparticles by
PEGylation has been confirmed by means of the dynamic light scat-
tering, energy dispersive spectroscopy, Fourier transform infrared
spectroscopy, photoluminescence and Raman spectroscopy. The pre-
pared nanoparticles have porous morphology that can be used to
accommodate various payloads. Furthermore, because of the demon-
strated luminescence property, PEG-grafted mesoporous silicon nano-
particles can be also used as luminescent labels in biomedicine.
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