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Abstract
Grafting of polyethylene glycol (PEG) to ultrasmall photoluminescent silicon dots (SiDs) is
expected to improve and expand the applications of these particles to aqueous environments and
biological systems. Herein we report a novel one-pot synthesis of robust, highly water
compatible PEG-coated SiDs (denoted as PEG-SiDs) of (3.3±0.5) nm size. The nanoparticles’
synthesis is based on the liquid phase oxidation of magnesium silicide using PEG as reaction
media and leading to high PEG density grafting. PEG-SiDs enhanced photophysical,
photosensitising, and solution properties in aqueous environments are described and compared to
those of 2 nm size PEG-coated SiDs with low PEG density grafting (denoted as PEG-NHSiDs)
obtained from a multistep synthesis strategy. PEG-SiDs form highly dispersed suspensions in
water showing stable photoluminescence and quantum yields of Φ=0.13±0.04 at 370 nm
excitation in air-saturated suspensions. These particles exhibited the capacity of photosensitising
the formation of singlet molecular oxygen, not observed for PEG-NHSiDs. PEG robust shielding
of the silicon core luminescent properties is further demonstrated in bio-imaging experiments
stressing the strong interaction between PEG-SiDs and Staphylococcus aureus smears by
observing the photoluminescence of particles. PEG-SiDs were found to be nontoxic to S. aureus
cells at concentrations of 100 mg ml−1, though a bacteriostatic effect on S. aureus biofilms was
observed upon UV-A irradiation under conditions where light alone has no effect.

S Online supplementary data available from stacks.iop.org/NANO/27/475704/mmedia

Keywords: photoluminescence, S. aureus, singlet oxygen, aqueous environments, silicon dots,
PEGylation, one-step synthesis

(Some figures may appear in colour only in the online journal)

Introduction

Luminescent silicon nanoparticles of 1–4 nm size (SiDs), also
known as silicon quantum dots, were shown to offer the
potential to significantly improve existing methods of

fluorescent labelling and cancer diagnosis and treatment, as
alternative materials for organic dyes and toxic cadmium-
based quantum dots [1–7]. Among the properties of interest of
SiDs are their high photoluminescence (PL), good bio-
compatibility, tuneable surface functionalization for drug
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delivery, and their capability for singlet oxygen (1O2) and
superoxide (O2

.−) photosensibilization [5, 8, 9]. Surface
modifications as coating/linking with substances leading to
an increased solubility, biocompatibility, targeting potential,
and circulation time of the particles in the biological systems
is an actual need [10, 11] to increase the biological uses of
SiDs. However, the PL, stability, and the yield of the gen-
eration of reactive oxygen species of SiDs strongly depend on
the control of the synthesis procedures and the nature of their
surface modification [8, 9, 12]. In this context, production of
SiDs that are chemically and optically stable in aqueous
environments and still maintain their photosensitising ability
is the foremost important step for their technological uses as
therapeutic agents. Besides, and not less important, ther-
apeutic photosensitizers (PS) should be of constant compo-
sition, of simple and inexpensive synthesis procedures, non-
cytotoxic in the dark but with the potential to induce cyto-
toxicity under irradiation.

Surface coating with nontoxic, highly water soluble,
polyethylene glycol (PEG) is a current strategy in therapeutic
delivery, as it is reported to lengthen the in vivo lifetime of
diverse drugs and nanomaterials by evading macrophage-
mediated uptake and removal from the systemic circulation
[13, 14]. Attached PEG conformations named as ‘mushroom’

and ‘brush’ are formed at low and high PEG chain densities,
respectively. Conformation is reported to affect PEG coating
flexibility and hydrophilicity, and consequently aqueous
solubility and the interaction with biomolecules [15]. Con-
formation may also affect the coating shielding of the reactive
zero-dimensional silicon semiconductor core, thus determin-
ing the SiDs chemical and optical stability in aqueous sus-
pensions. Accomplishing successful PEGylation of SiDs
depends on the synthesis procedure used for obtaining the
silicon core, its surface chemistry, and the method used for
conjugation, as demonstrated by recent literature reports on
the multistep synthesis of PEG-coated SiDs [8, 16].

Among the extended uses of PEG, several studies report
an inhibition of biofilm adhesion on various PEG-coated
surfaces [17–19]. In particular, S. aureus bacterial adhesion
has been reported to persist on newly formed brushy PEGy-
lated surfaces, but to be almost completely detached after
relaxation of the brushes in buffer for 12 h [20]. Since several
S. aureus strains are considered important human pathogens
in hospital-borne infections [21] and whose principal mode of
transmission is the handling of contaminated materials [22],
PEG coating of SiDs may be a viable strategy to provide the
particles’ resistance to S. aureus growth during storage
and use.

Herein, we describe a novel one-pot synthesis strategy
developed to obtain water-dispersible, stable, covalently
bonded PEG-coated SiDs with high PEG density, denoted as
PEG-SiDs. The solution and photoluminescent properties and
the reactive oxygen species photosensitising ability of PEG-
SiDs in aqueous suspensions were determined and compared
to those of lower density PEGylated SiDs, denoted as PEG-
NHSiDs, obtained by a multistep synthesis procedure. The
conservation of the PL and photosensitising properties of
PEG-SiDs in aqueous suspensions and biological media were

evaluated. To that purpose, experiments with S. aureus bio-
films grown in the presence of PEG-SiDs were performed.

Experimental

Materials

Materials used are listed in the online supporting information
under the title ‘Experimental—Materials’.

Equipment and physicochemical assays. Details of standard
equipment used for particle characterisation, such as Fourier
transformed infrared spectroscopy (FTIR), dynamic light
scattering, transmission electron microscopy (TEM), PL and
anisotropy experiments, singlet oxygen phosphorescence
detection, and fluorescence microscopy are provided in the
online supporting information under the title ‘Experimental—
Equipment’.

Gel electrophoresis was performed using a 1% agarose
gel in Tris-acetate-EDTA (TAE) buffer of pH 8 as a support
and a TAE buffer of pH 8 as a moving phase. The
electrophoresis was run for 30 min at an applied constant
voltage of 100 V. The thermal behaviour of the powders in an
oxygen environment was studied by thermal gravimetric
analysis (TGA) using a Rigaku Serie Thermo Plus Evo
instrument. The thermal programme involved an initial
temperature of 30 °C followed by a 10 °Cmin−1 ramp up
to 900 °C.

The attenuation spectra were recorded with a double-
beam Shimadzu UV-1800 spectrophotometer in a 1 cm quartz
cuvette at a scan rate of 300 nmmin−1 and 1 nm bandpass.
Diffuse transmittance spectra were recorded with a double-
beam PGI-T90+ UV–vis spectrophotometer equipped with a
BaSO4 integrating sphere in a 0.1 cm quartz cuvette, and
compared to the attenuation spectra obtained under the same
excitation configuration to evaluate possible spectral distor-
tions due to scattering.

To estimate the PL quantum yield (Φ), emission spectra
were collected exciting suspensions of <0.1 absorption at
370 nm. Identical measurements (excitation conditions, lamp
energy, and spectrometer band-pass) were performed with
9,10-diphenylanthracene solutions in cyclohexane, used as PL
reference [23].

Singlet oxygen quantum yields, ΦΔ, were determined
from the comparison of the signal intensity of the 1270 nm
phosphorescence traces generated by the particles suspen-
sions upon excitation with different laser fluence and those of
the reference TPP under similar solution absorbance at
355 nm and experimental setup [24].

Steady-state 1O2 generation experiments involved the
irradiation of air-saturated aqueous suspensions of the
particles contained in a closed vessel with a Southern New
England Ultraviolet Co RMR-3500 lamp. The probe SOSG
was used to specifically detect 1O2 formation. To that
purpose, 1.45 ml aliquots of PEG-functionalized SiDs aqu-
eous suspensions of 0.46 absorbance at 350 nm were
irradiated in the presence of 0.63 mg l−1 of SOSG. The
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SOSG–1O2 adduct formed was detected by its fluorescence
with maximum emission at 525 nm upon 504 nm excitation.
To quantify 1O2 in these experiments, the 525 nm emission
was calibrated against the SOSG–1O2 fluorescence produced
by known amounts of 1O2 generated by aqueous suspensions
of methylene blue, MB, under similar experimental condi-
tions (ΦΔ=0.55) [25]. The lamp photon flux was measured
with the potassium ferrioxalate chemical actinometer [26].

Superoxide concentrations were measured indirectly by
an enzymatic colorimetric method employing a commercial
kit for cholesterol quantification, Colestat Wiener Lab
Argentina, determining [H2O2]. Calibration curves were
performed using standard H2O2 commercial solutions.

Bilinear regression analysis. For low chromophore
absorbance, the bilinear regression analysis takes advantage
of the linearity of the steady-state PL emission intensity at the
given emission wavelength, I(λem), with both, the absorption
coefficient of the fluorophore, ε(λexc), and the factor F (λem)
reflecting the shape of the emission spectrum. The analysis
retrieves information from the experimental excitation-
emission matrix on the minimum number of species and on
their relative emission and absorption spectra [27].

Biological standard procedures. Agar diffusion assay [28],
biofilm formation protocol [29], and bacterial counting are
described in the online supporting information under the title
‘Biological Standard Procedures’.

Bacterial cultures. S. aureus. ATCC 25923 were inoculated
in 100 ml of nutrient broth (NB) and grown overnight at
31 °C with shaking (250 rpm). The cultured S. aureus was
further diluted with fresh NB in a glass flask to an optical
density at 590 nm OD590=0.5 (ca. 1×109 bacteria ml−1).
This bacterial suspension was used for the biological assays.

Photodynamic antimicrobial assays. Planktonic bacteria
were grown (OD590=0.5) and 1 ml of an aqueous
suspension of PEG-SiDs of 2.6 absorbance at 355 nm was
added to the bacterial culture and incubated for biofilm
formation. Biofilmed glasses were thoroughly washed before
irradiation. The irradiation system consisted of a black box
enclosing a 6 cm diameter petri dish containing 10 ml of 1:10
diluted NB in PBS supporting the 0.25 cm2 glasses with the
biofilms. The dish was placed at 10 cm from a Southern New
England Ultraviolet Co RMR-3500 lamp emitting light of
350 nm. The photon flux reaching the glass slides was
3.5×10−11 Einstein s−1 cm−2, as determined by ferrioxalate
actinometry. Bacteria were counted before and after
irradiation, following the protocol already described.
Biofilms formed in the absence of SiDs were used as
controls. Experiments were performed in quadruplicate.

All biological experiments were statistically analysed
with the aid of the one way ANOVA test and Tukey HSD
post-hoc test.

Results and discussion

Synthesis and characterisation of PEG-coated silicon dots

Two methods were employed to obtain PEG-coated SiDs.
The experimental details of the synthesis are described in the
online supporting information under the title ‘Synthesis Pro-
cedures’. Synthesis method 1 involves a novel one-pot
synthesis in which magnesium silicide in PEG as reaction
media was oxidised to PEG-terminated SiDs, denoted as
PEG-SiDs. Synthesis method 2 consists of a multi-step pro-
cedure, starting with the oxidation of magnesium silicide to
H-terminated SiDs [30], further surface functionalization of
these particles with propylamine [8] to yield NH2SiDs, and
linking of the latter to carboxyl-terminated PEG through an
amide bond to obtain PEG-NHSiDs. Scheme 1 shows a flow
diagram of the particle synthesis. Both methods involve the
heterogeneous oxidation reaction of Mg2Si with NH4Cl at
temperatures of 100 °C–170 °C to obtain the SiDs core. While
oxidation of Mg2Si in organic solvents yields H-terminated
SiDs [31], the use of PEG as solvent in method 1 favours the
formation of stable Si–C and Si–O–C bonds with PEG chains
instead of reactive surface Si–H bonds, as will be discussed
later on.

The FTIR spectra of the different particles shown in
figure 1 and analysed in the online supporting information
under the title ‘FTIR Data’ confirm the surface derivatization
of the SiDs obtained from the different strategies. From this
analysis it is important to recall that the small peaks appearing

Scheme 1. Synthesis pathways followed to obtain NH2SiDs, PEG-
NHSiDs and PEG-SiDs. The green spheres represent 1.3–1.7 nm
size SiDs core comprised of ca. 40 surface Si atoms [32].
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at 1250 and 1450 cm−1 observed for PEG-SiDs assigned to
Si–C and Si–CH2 vibrations, strongly support the attachment
of PEG chains to SiDs through Si–C bonds. However, PEG
attachment through Si–O–C bonds cannot be unambiguously
determined as characteristic signals due to Si–O–C vibrations
also appear around 1100 cm−1 in the same region than C–O–
C stretch of PEG polyether chain [33].

On the other hand, the absence of a band at 880 cm−1

attributed to Si–N vibrations in the IR spectrum of NH2SiDs
indicates that N-bonding to Si in secondary products of the
radical mechanism involved in the synthesis reaction [9], are
not formed. Moreover, any oxidation of the NH2SiDs surface
is expected to be of little significance as any contribution of
Si–O–Si bond vibrations to the 1090 cm−1 peak is discarded
based on the fact that the C–N stretch (1090 cm−1) to NH2

scissoring (1600 cm−1) peak area observed here is on the
order expected for aliphatic primary amines. Finally, the
presence of a small peak at 1640 cm−1 in PEG-NHSiDs
assigned to NH2 in primary amines indicates the presence of
PEG-free propylamine groups.

Gel electrophoresis experiments using 1% agarose gels in
TAE buffer of pH 8 showed different running directions for
NH2SiDs and PEG-NHSiDs (see figure 2 in online supporting
information), as expected for the change in the surface charge
supported by NH3

+ groups in NH2SiDs and COO− in PEG-
NHSiDs, thus confirming the functionalization of NH2SiDs

with carboxyl-terminated PEG chains. On the other hand,
PEG-SiDs almost remained in the seeding channel as
expected from the particle efficient coverage with HO-ter-
minated PEG chains, in line with the reported decrease in Z-
potential with increasing PEG coverage of silica sur-
faces [14].

TEM micrographs of NH2SiDs and PEG-SiDs are
depicted in figures 2(A) and (B), respectively. Corresponding
Feret diameter (DF) distribution histograms are shown in the
inset of the figures. From the histogram shown in figure 2(A),
an average DF=(1.8±0.4) nm is obtained for NH2SiDs.
The size histogram of 420 well-dispersed PEG-SiDs depicted
in figure 2(B) inset allows a Lognormal-type distribution
fitting yielding an average DF=(3.3±0.5) nm. Since
HRTEM images (not shown) of NH2SiDs and PEG-SiDs
showed no evidence of crystalline structures, these particles
are assumed to be amorphous.

Photoluminescence experiments. The PL emission spectrum
of aqueous suspensions of NH2SiDs, PEG-NHSiDs, and
PEG-SiDs show a clear dependence with the excitation
wavelength. Such dependence strongly suggests the
contribution to the overall luminescence of particles of
different size and surface morphology and composition.
Particle suspensions used for PL analysis were of <0.075
absorbance at 300 nm. Under such conditions, dilution of the
suspensions retrieved the same emission spectrum and the
area under the emission spectrum linearly decreases with the
dilution factor, as depicted in the supporting information
under the title ‘Photoluminescence’. Therefore, any
contribution to the observed PL due to particle
agglomeration may be discarded under the experimental
conditions used [34].

The contribution of different emitters to the overall PL
excitation–emission matrix, EEM, was analysed on the
assumption that the SiDs suspension comprises distinct,
individual chromophores, exhibiting excitation wavelength-
invariant PL emission spectra. A minimum of two well
differentiated family of contributing emitters to the overall PL
is predicted from the bilinear analysis of the PL EEM of
aqueous suspensions of each SiDs sample. Namely, a′ and b′
represent the contributing emitters to the PL-EEM of
NH2SiDs, a″ and b″ those of PEG-NHSiDs, and a″′ and b″′
those of PEG-SiDs, all shown in figure 3. However, it should
be recalled that the contribution of highly superposing species
to emitters ‘a’ and ‘b’ cannot be neglected.

Within the error of the determination, the excitation and
emission spectra of contributing species b′, b″, and b″′ are
similar thus suggesting that the PL of these contributing
chromophores might involve comparable transitions. A
similar observation holds for species a′, a″, and a″′ (see
superposing normalised spectra for species ‘a’ and ‘b’ in
figure 4 of the online supporting information). The mean
energy gap (EG) of charge carriers was evaluated for each
individual contributing species using the PL excitation
spectrum threshold, see table 1. EG values of ca.
2.5–2.6 eV were observed for species a′, a″, and a″′ while

Figure 1. FTIR spectra of NH2SiDs (top, blue spectrum a), PEG-
NHSiDs (red, medium spectrum b), and PEG-SiDs (green, bottom
spectrum c). Circles denote the peaks discussed in the text.
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values of ca. 3.0 eV were observed for species b′, b″, and b″′.
Despite the similar transitions involved, PEG-SiDs and PEG-
NHSiDs luminescence quantum yields in air-saturated
aqueous suspensions, Φ=0.13±0.04 and 0.010±0.005,
respectively, are extremely different.

On the other hand, time-resolved PL anisotropy experi-
ments (see online supporting information—anisotropy) yield
complementary information of the overall size of the SiDs
core and its surface coating, since size estimation relays on
the rotational correlation time of the particles. PL anisotropy
measurements were performed at 298 K by detecting
selectively species a′, a″, and a″′ (388 nm excitation and
450 nm PL detection). Each PL anisotropy decay could be
well fitted to a single exponential function, r(t)=r0×exp(t/
θ), which confirms the spherical shape of the emitting SiDs
core. The values for the intrinsic anisotropy (r0) and the
rotational correlation time (θ) obtained as best-fit parameters
are shown in table 1. All the particles show, within the
experimental error, r0≈0.4 thus indicating that a′, a″, and a
″′ show parallel absorption and emission transition moments,
and further supports that coating with either PEG or
propylamine does not affect the overall density of states
within the capture volume of spatially confined carriers
leading to PL in amorphous SiDs [35].

Using the value 0.0091 poise for the shear viscosity of
water at 25 °C and the observed θ values, the mean
hydrodynamic sizes (Dhyd) of species a′, a″, and a″′ were
determined from the Stokes equation and shown in table 1.
NH2SDs and PEG-SiDs sizes obtained from anisotropy data
are in line with those determined from TEM images, see
table 1. Dhyd values of 1.9(4) and 2.2(5) nm obtained for
NH2SiDs and PEG-NHSiDs indicate that PEG multistep
derivatization does not significantly contribute to the hydro-
dynamic size.

SiDs of different synthesis procedures and of ca.
1.8–1.9 nm size, are reported to show emission maxima
around 450 nm [6] and EG values of 2.5 eV [36–38]. The PL
properties and size of species a′ being in coincidence with
literature reports for 1.8 nm size SiDs, may be regarded at a
first glance, as of quantum confinement origin. However, as
already discussed, the similar PL properties and r0 values of
species b′″ and b′ strongly indicate a comparable nature of the
emissive sites for both emitters. Such analysis is difficult to
sustain for a recombination of excitons due to the presence of
alkyl-terminated silicon atoms (Si–O–R) on the surface of
PEG-SiDs. In fact, Si–OR groups are expected to introduce
surface states able to participate in the overall PL [6, 9, 39–
41] with reported PL red shifts of ca. 0.4 eV compared to
alkyl-terminated SiDs of the same size distribution [41]. A
most important experimental condition not yet taken into
account in the present discussion is the fact that water is the
solvent used in these experiments. Literature reports are
irrefutable in indicating that the optical properties of silicon
quantum dots are strongly influenced by circumjacent
surface-adsorbed water molecules [5, 6, 39, 42]. Recently
reported density functional calculations investigating the
effect of water on Si quantum dots [42] indicate that in
humid environments PL is dominated by the stretching of Si–
Si bonds, which could be explained by a self-trapped exciton
model. The similar transitions observed here for PEG-
NHSiDs and PEG-SiDs could be easily understood if a self-
trapped model is responsible for the observed PL.

Yet more striking is the coincidence between the PL
excitation and emission spectra of species ‘a’ with those of
3 nm size silicon dots with Si–SiOx(−OC3H7CO2CH3)
terminations in aqueous suspensions [5]. It should be recalled
that no Si–SiOx structures were observed for NH2SiDs before
being suspended in an aqueous environment, though partial
oxidation of constrained surface Si–Si bonds to more

Figure 2. TEM image of (A) NH2SiDs and (B) PEG-SiDs. Inset A: size histogram of 105 well-dispersed NH2SiDs. Inset B: associated size
histogram of 420 well-dispersed PEG-SiDs and fitting to a lognormal distribution (solid line).
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chemically stabilised Si–O–Si and Si–O–H bonds in the
presence of water cannot be discarded [43].

From the previous discussion it becomes clear that the PL
origin of species ‘a’ and ‘b’ cannot be determined from the
present experiments since water as a solvent has an important
role which still needs being elucidated. To unambiguously
understand the effect of water on the particles photophysics
and morphology, a systematic survey on the effect of the
solvent, size, and nature of the surface functional groups on
the particles PL and morphology is needed, which is out of
the scope of the present study.

Estimation of PEG content from TGA measurements. TGA
measurements of PEG-NHSiDs and PEG-SiDs in O2

atmosphere were obtained to determine the PEG content of
the particles. The corresponding TGA curve for PEG-SiDs,
see figure 3, shows an important weight loss of ca. 90.5%
between 100 °C and 350 °C, which may be assigned to the
loss of surface-attached PEG chains, in line with the TGA
curve of PEG, also shown in figure 4, and with the reported
behaviour of surface unbound and bound PEG [44, 45].
Silicon loss might take place at T>350 °C, as also reported
for poly(vinylpyrrolidone)-capped SiDs [46]. Moreover,
literature reports on bare SiDs indicate that oxidation of Si
powder in air is not significant below 600 °C [47]. Therefore,
the 9% weight remaining at T>350 °C may be assigned to
the silicon content in the core.

As already discussed, estimates of PEG-SiDs silicon core
sizes from PL experiments are of the order of 1.8 nm.
Theoretical calculations [34] for this particle size predict ca.
185 Si atoms, of which 76 surface atoms may be derivatized
[8]. A rough estimate taking the average molecular weight of
PEG and that calculated for a 1.8 nm size Si core (5195),
yields ca. 78 PEG chains attached to each core size
considering the TGA losses. Thus, all surface silicon atoms
are bonded to PEG chains, in line with a high PEG density
coating. A rough estimation of the PEG shell thickness of
0.8 nm is obtained from the difference in Dhyd values depicted
in table 1 for NH2SiDs and PEG-SiDs. Considering that water
is a good solvent for PEG chains, the end-to-end length of
free PEG600 in aqueous solution reported in the literature [48–
50], 〈h2〉1/2≈1.5 nm may be an upper estimation of the
average PEG-shell thickness in a brush-type configuration.
Therefore, PEG conformation in PEG-SiDs may be assumed
more like a brush-type than a ‘mushroom’ conformation.

On the other hand, PEG-NHSiDs show a more complex
TGA pattern observing almost overlapped elimination of the
propyl amine coating and grafted PEG. However, following
the previous discussion, the mass loss of ca. 60% at
T<350 °C may be assigned to the elimination of the
attached PEG and propylamine moieties. The remaining 40%
mass at T<350 °C might be assigned to the silicon core.
Taking the average molecular weight of 5195 μ for a 1.8 nm
size Si core, vide supra, an average number of propylamine-
attached PEG chains per PEG-NHSiDs in the range between 5
and 11 are estimated on the assumption that all surface Si

Figure 3. PL emission (solid lines) and PL excitation (dashed lines)
spectra at 298 K of aqueous suspensions of the two contributing
emitters (identified by the red and black curves) obtained from the
bilinear analysis of the PL-EEM of NH2SiDs (a′ and b′), PEG-
NHSiDs (a″ and b″), and PEG-SiDs (a″′ and b″′).

Figure 4 TGA of (a) PEG-NHSiDs, (b) PEG-SiDs, and (c) PEG,
performed in oxygen atmosphere. Dotted lines (c) and (d) stand for
PEG-NHSiDs and PEG-SiDs derivative curves, respectively.
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atoms are covered with propylamine groups and only those
attached to the PEG chains, respectively. Therefore, between
5% and 15% of the surface silicon atoms are functionalized,
thus supporting a low PEG density coating in line with a PEG
shell thickness �0.3 nm, as estimated from the difference in
Dhyd values depicted in table 1 for NH2SiDs and PEG-
NHSiDs.

PEG-SiDs having a luminescence ten times higher than
that of PEG-NHSiDs may be attributed to the shielding effect
exerted by the thick PEG shell on PEG-SiDs silicon core.
PEG-shielding of the silicon core provides PEG-SiDs of
stable PL under a number of situations of importance for the
technological uses of the particles in biological systems, such
as: three months storage in air-saturated aqueous suspensions
in the dark at room temperature, resuspension after freezing,
and sterilisation at 121 °C and 2 atm during 20 min. More-
over, PEG-SiDs irradiation with light of 350 nm and
3.3×10−11 Einstein cm−3 s−1 absorbed photon flux,
bleaches the PL of 1 mg ml−1 particles by 1.5% and by

10% after 2 and 4 h irradiation, respectively, thus supporting a
photostable particle structure in aqueous suspensions.

Singlet oxygen generation. The singlet oxygen, 1O2,
photosensitising capacity of the particles in organic solvent
suspensions was evaluated using the characteristic 1O2 NIR
phosphorescence at 1270 nm via time-resolved laser
techniques already described. Mainly PEG-SiDs showed the
generation of traces at 1270 nm upon 355 nm irradiation, as
shown in figure 5. A quantum yield of 1O2 generation
ΦΔ=0.12±0.04 was obtained in acetonitrile considering
ΦΔR=0.6 for the reference TPP in the same solvent [24].
The obtained value is of the order reported for SiDs of
different synthesis procedures and suspended in organic
solvents [5]. From the fitting to an exponential decay of the
traces in figure 4, 1O2 lifetimes (τΔ) were determined to be
43±7 and 19±1 μs for the reference and PEG-SiDs in
acetonitrile, respectively. While values of 39±10 μs are on
the order expected for 1O2 lifetime in acetonitrile [25], the

Table 1. Energy gap (EG), maximum PL emission ( )l ,em
max intrinsic anisotropy (r0), rotational correlation time (θ), and hydrodynamic

diameter (Dhyd) of the contributing species to the overall emission of NH2SiDs, PEG-NHSiDs, and PEG-SiDs aqueous suspensions at 298 K.
ND stands for ‘not determined’. DF stands for the Feret diameter determined from TEM images. Numbers in brackets stand for the error in
the last digit.

Particle Species EG (eV) lem
max (eV) r0 θ (ns) Dhyd (nm) DF (nm)

NH2SiDs a′ 2.45(5) 2.53–2.43 0.38(5) 1.0(2) 1.9(4) 1.8(4)
b′ 2.95(5) 2.9(5) ND ND ND

PEG-NHSiDs a″ 2.50(5) 2.75–2.58 0.35(5) 1.1(2) 2.2(5) ND
b″ 3.01(5) 2.91(5) ND ND ND

PEG-SiDs a′″ 2.48(5) 2.75–2.58 0.39(5) 1.8(3) 3.6(7) 3.3(5)
b′″ 3.06(5) 3.02(5) ND ND ND

Figure 5. (A) 1O2 NIR phosphorescence traces at 1270 nm obtained upon 355 nm excitation of TPP (upper curve) and PEG-SiDs (lower
curve) suspensions in air-saturated acetonitrile solution. Black lines stand for the curve fitting to a single exponential decay. (B) Plot of [1O2]
generated during 350 nm irradiation of different (PEG-SiDs) in aqueous suspensions versus the absorption intensity of the suspensions at
350 nm. Inset: [1O2] produced by a singlet oxygen reference against SOSG-1O2 fluorescence (see text).
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smaller value observed for PEG-SiDs might suggest a
reaction between 1O2 and the particles surface. In fact, PEG
terminal hydroxyl groups are expected to be reactive towards
1O2 [51].

Formation of singlet oxygen in aqueous suspensions was
further confirmed with the probe Singlet Oxygen Sensor
Green, SOSG. After continuous irradiation with light of
350 nm, aqueous suspensions of PEG-SiDs in the presence of
SOSG show green fluorescence due to the formation of
SOSG–1O2 adduct [52, 53]. The fluorescence of the adduct
was calibrated (r2=0.998) against [1O2] produced upon
350 nm irradiation of an aqueous solution of MB of 0.01
absorbance (1 cm optical path length) at 350 nm, on the
assumption that all 1O2 produced reacts with SOSG, see
figure 5(B) inset. Therefore, from the slope of the plot of
[1O2] versus the absorbed light intensity (Iabs) of PEG-SiDs
aqueous suspensions of different concentrations, see
figure 5(B), a lower limit ΦΔ=0.03±0.01 is obtained, of
the order reported for SiDs of different origin in aqueous
suspensions [5]. In line with the observed water quenching of
the luminescence quantum yields [9], lower ΦΔ values are
observed in aqueous suspensions than in organic solvents.
Thus, compared to organic solvents, water plays a major role
in non-radiative deactivation channels of the photoactive
excited state.

Organic suspensions of NH2SiDs and PEG-NHSiDs
showed no emission traces at 1270 nm upon excitation with
light of 355 nm. These results are in line with previously
reported studies involving SiDs obtained from a different
synthesis procedure but with identical surface groups [8]. An
enhanced quenching efficiency by propylamine groups grafted
to SiDs was suggested to be the cause of the severe diminution
in the 1O2 photosensitising capacity of the particles.

Formation of superoxide radical anion, ⋅-O ,2 upon
350 nm irradiation of aqueous suspensions of PEG-SiDs
and PEG-NHSiDs was investigated employing an indirect
commercial enzymatic colorimetric method measuring
[H2O2]. Since, within the sensibility of the method, no traces
of formed H2O2 was observed for both particle suspensions, it
was assumed that [ ⋅-O2 ]=1×10−5 M.

Toxicity evaluation of NH2SiDs, PEG-NHSiDs, and PEG-
SiDs. The toxicity of NH2SiDs, PEG-NHSiDs, and PEG-
SiDs in aqueous suspensions against bacteria was evaluated.
A diffusion method based on the aura inhibition on sense
discs soaked with the particles which is placed on the surface
of the Muller Hinton agar medium inoculated with S. aureus
was used following the protocol described in the online
supplementary information. None of the particles exhibited a
significant inhibition zone indicating that the particles showed
no toxicity towards S. aureus under concentrations of
100 mg ml−1.

Bacterial growth in the presence of PEG-SiDs. Considering
that PEG-SiDs showed lower aggregation tendency in
aqueous suspensions than PEG-NHSiDs and the capacity
for 1O2 formation (not observed for PEG-NHSiDs), they are

suitable for biological studies and were selected to test the
interaction with bacteria in biofilms. Thus, biofilms were
grown on normal glass substrates in a growth medium
containing PEG-SiDs in suspension, as described in the
experimental section. After 2 h incubation, the obtained
biofilms were thoroughly washed to eliminate loosely
adherent particles.

Biofilms were observed by fluorescence microscopy
using HQ365/30 and HQ430/30 excitation and emission
filters, respectively, to detect the luminescence of PEG-SiDs
and to avoid cells autofluorescence. In these experiments,
staining dyes were not used to avoid interferences. Corresp-
onding images depicted in figure 6(A) clearly show that the
micrometric colonies formed may be easily distinguished in
experiments performed in the presence of PEG-SiDs while
colonies formed in control experiments in the absence of
particles remain dark. Thus, PEG-SiDs intense interaction
with S. aureus cells is strongly suggested. Taking into
account that the particles were not peeled off upon a thorough
sample washing and that bacterial counting showed no
statistical differences between colonies grown in the presence
and absence of PEG-SiDs, see figure 6(B), a potential use of
these particles for the detection of sessile S. aureus is
suggested.

Photodynamic activity of PEG-SiDs interacting with biofilms.
To investigate the potential photodynamic antimicrobial
activity of the particles, S. aureus biofilms grown in the
presence of around 0.2–0.4 μmole of PEG-SiDs, vide supra,
were irradiated with light of 350 nm and 8.7×10−12 Einstein
s−1 incident photon flux, as described in the experimental
section. Corresponding blank experiments involve biofilms
grown in the absence of attached PEG-SiDs. Figure 7 shows
that 2 h irradiation does not affect, within the experimental
error, the number of bacteria in biofilms grown in the absence
of particles. However, irradiation under identical conditions
reduces the number of bacteria in biofilms grown in the
presence of PEG-SiDs to ca. 55%; thus indicating that PEG-
SiDs show potential capacity as photosensitizer for the
photodynamic reduction of viable attached bacteria.

Since the participation of ⋅-O2 may be discarded due to
its negligible formation, a rough estimation considering the
experimental set-up used for the photodynamic antimicrobial
assays, vide supra, and assuming that the incident photo flux
is completely absorbed by the attached PEG-SiDs, indicates
that a delivered 1O2 dose of <0.06 μg was capable of
reducing about 45% of S. aureus cells on the biofilm grown
on the 0.25 cm−2 glass support. Thus a bacteriostatic effect of
1O2 towards sessile S. aureus cells is suggested. The observed
results are in line with reported studies sustaining that
photodynamic therapy has the potential to rapidly reduce S.
aureus load in infected burns, though the authors also report a
fast recovery of bacterial activity following photodynamic
inactivation [54]. The optimisation of the experimental
variables (increasing photon irradiance, irradiation times and
particle concentration) is in progress to determine a minimum
inhibitory concentration for comparison with other molecular
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PS. However, an advantage of the use of PEG-SiNPs when
compared to molecular PS is its high photostability in
aqueous suspensions showing low photobleaching effects.

Conclusions

In conclusion, we synthesised highly water-dispersible, high
density PEG-functionalized, blue emitting, 3 nm size bio-
compatible SiDs via a facile synthesis strategy which
involved the wet oxidation of Mg2Si and the attachment of
PEG in a one-pot procedure. The particles, denoted as PEG-

SiDs were compared to those obtained from a multistep
strategy (denoted as PEG-NHSiDs) involving the wet oxi-
dation of Mg2Si synthesis of H-terminated SiDs, further
coating by silylation with 2-propenylamine, and subsequent
carboxyl-terminated PEG attachment through amide bonds.
PEG-SiDs showed particular properties which were not
observed for PEG-NHSiDs, as a high PEG density coverage
compatible with a brush type conformation and the capacity
for singlet oxygen photosensitisation with quantum yield
ΦΔ�0.03 in air-saturated aqueous suspensions. Moreover,
PEG-SiDs suspended in air saturated aqueous solutions are
stable for months, show no tendency to agglomerate, and
present a PL quantum yield Φ=0.13 upon 370 nm excitation
which is higher than those of other reported water-compatible
SiDs. In summary, the present results strongly indicate that
surface modification with high density PEG coatings is an
excellent strategy for SiDs uses in aqueous environments as it
avoids water quenching of the particles luminescence, pre-
serves the particles singlet oxygen photosensitising capacity,
improves their stability, and prevents them from aggregating.
Therefore, the thus obtained PEG-SiDs enhanced properties
fulfil the foremost important requirements for SiDs techno-
logical uses in biology: they are of facile synthesis, are che-
mically and optically stable in aqueous environments, and
still maintain their photosensitising ability.

Biological experiments with S. aureus biofilms revealed
a strong bacteria/nanoparticle interaction which enabled
bacteria microscopic observation by PEG-SiDs PL. PEG-

Figure 6. Fluorescence microscopy images (100×) of the smears incubated (A) in the presence and (B) absence of PEG-SiDs. Bars stand for
20 μm size scale.(C) Bar plot showing the number of bacteria (N0) in biofilms grown in the presence (PEG-SiDs) and absence (w/o SiDs) of
PEG-SiDs. Error bars represent standard errors of the mean. ‘ns’ indicates no statistically significant differences. Each data is the average of
four replicates.

Figure 7. Ratio of the number of bacteria after 2 h irradiation with
light of 350 nm to that in the biofilms treated in the same way but
without irradiation (N/N0) for both, films grown in the absence (w/o
SiDs) and presence (PEG-SiDs) of PEG-SiDs. Dark controls are also
depicted. Error bars represent standard errors of the mean.
Statistically significant differences are indicated by *** p<0.001, ns
no significant. Each bar is the average of four replicates.
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SiDs showed no toxicity towards S. aureus cells in the dark
under concentrations of 100 mg ml−1, but a bacteriostatic
effect was observed under UV-A light irradiation. These
observations opened new promising technological uses of the
particles that worth further investigation: their use as stable
fluorophores for microscopic observation of bacteria films
and as PS of bacterial biofilm inhibition. Moreover, PEG-
SiDs might be finely tuned upon further derivatization with
active molecules as labels to obtain a new generation of tar-
get-directed bacterial sensors and PS.
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