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ABSTRACT

Photoluminescent silicon nanoparticles 1-2 nm in size were synthesized by a
wet chemical procedure and derivatized with propylamine (NH,SiNP). Surface
NH, groups were used as linkers for additional poly(ethylene glycol) (PEG)
and folic acid (Fo) attachment (PEG-NHSINP and Fo-NHSiNP, respectively) to
enable efficient targeting of the particles to tumors and inflammatory sites. The
particles were characterized by transmission electron microscopy, Fourier
transform infrared spectroscopy, X-ray photoelectron spectroscopy, ¢ potential,
dynamic light scattering, and time-resolved anisotropy.

The photophysical properties and photosensitizing capacity of the particles
and their interaction with proteins was dependent on the nature of the attached
molecules. While PEG attachment did not alter the photophysical behavior of
NH,SiNP, the attachment of Fo diminished particle photoluminescence. Particles
retained the capacity for 'O, generation; however, efficient 'O, quenching by the
attached surface groups may be a drawback when using these particles as 'O,
photosensitizers. In addition, Fo attachment provided particles with the capacity
to generate the superoxide anion radical (O3).

The particles were able to bind tryptophan residues of bovine serum albumin
(BSA) within quenching distances. NH,SiNP and PEG-NHSINP ground state com-
plexes with BSA showed binding constants of (3.1 +0.3) x 10* and (1.3 £ 0.4) x 10° M,
respectively. The lower value observed for PEG-NHSiINP complexes indicates that
surface PEGylation leads to a reduction in protein adsorption, which is required
to prevent opsonization. An increase in particle luminescence upon BSA binding
was attributed to the hydrophobic environment generated by the protein.
NH,SiNP-BSA complexes were also capable of resonance energy transfer.
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1 Introduction

Silicon nanoparticles (5iNP) 1-5 nm in size combine
size-dependent photoluminescence, the capacity for
'O, generation, and diverse Si surface chemistry [1-3].
Surface modifications, such as coating/linking with
folate, antibodies, adjuvants, and various other sub-
stances can increase particle solubility, biocompatibility,
targeting potential, and circulation time in biological
systems [4]. The latter properties are useful for
bypassing biophysical barriers and preventing opsoni-
zation. Linking non-toxic poly(ethylene glycol) (PEG)
reportedly prolongs the in vivo lifetime of drugs by
preventing their macrophage-mediated uptake and
removal from systemic circulation [5].

Preferential targeting of cancerous areas by NPs
can be achieved via the increased permeation and
retention effect (EPR) [6]. Besides being potentially
useful for drug transport in chemotherapy, EPR can
improve radiotherapy, since NPs can enhance the effects
of radiation [7]; the role of SiNPs in potentiating the
cytotoxic effects of radiation on cancer cells has been
demonstrated [8, 9]. Delivering SiNPs specifically to
tumor sites can minimize damage to healthy tissues
while maximizing damage to cancer cells. The overex-
pression of folate receptor as a folate-binding protein
is used to target drugs to cancer cells [10, 11]. Folic acid
(Fo) bound to different substrates has receptor-binding
capacity and endocytic properties. Thus, particle
derivatization with Fo and PEG are predicted to provide
efficient targeting to tumors and inflammatory sites.

However, there are challenges to using SiNPs as
sensors and photosensitizers: Particle photolumines-
cence and cytotoxicity depend on size and crystallinity,
but also on surface structure and chemistry [12, 13] as
well as interaction with components of biological
media [14, 15]. Nonetheless, through careful design it
is possible to develop multifunctional NPs with potential
applications in imaging, diagnosis, and therapy [16].
Herein we report the synthesis, characterization, and
effect of surface groups on the photophysical properties,
singlet oxygen-photosensitizing capacity, and protein
interactions of a propylamine-derivatized SiNP and
its derivatives functionalized with PEG and Fo.

Fetal bovine serum (FBS) was used to study the
interaction of SiNPs with proteins in biological media,

Nano Res. 2015, 8(6): 2047-2062

since it is the most widely used growth supplement
for cell culture [17]. Bovine serum albumin (BSA), the
most abundant protein in FBS, has intrinsic fluores-
cence largely attributed to tryptophan residues, with
minor contribution from numerous tyrosine residues.
Tryptophan is highly sensitive to its local environment
and can be used to measure changes in fluorescence
emission spectra resulting from altered protein con-
formation by substrate binding and denaturation [18].

2 Experimental
2.1 Materials

Toluene (99.7%, H,O 0.005%), methanol, cyclohexane,
9,10-diphenylanthracene (9,10-DPA), LiAlH, (95%),
SiCl, (99%), ethyl ether (p.a. 99.9%), tetraoctylammonium
bromide (TOAB, 98%), 2-propen 1-amine (AA), Fo,
dicyclohexylcarbodiimide (DCC), N-hydroxysucci-
nimide (NHS), and PEG of average molecular weight
(<Mw> =600 + 30 (PEG,4)) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used without further
purification. KH,PO,, K,HPO,, and NaOH (99.99%)
were from Merck (Whitehouse Station, NJ, USA). Tris-
acetate-EDTA (TAE) buffer was prepared in the
laboratory following established protocols [17].
Deionized water (>18 MQ-cm, <20 ppb organic
carbon) was obtained using a Millipore system (Billerica,
MA, USA). Nitrogen (four-band quality) and oxygen gas
were both from La Oxigena S.A. (Cordoba, Argentina).
The pH of SiNP suspensions in water was adjusted
using different 0.1 M KH,PO,/K,HPO, buffer solutions.
Unless otherwise specified, particle suspensions were
used at pH =7.0. To study the effect of biological con-
stituents on the photosensitizing properties of particles,
inactivated FBS (Natocor, Cérdoba, Argentina) was
added to phosphate buffer particle suspensions.

2.2 Equipment and methods

Fourier transform infrared (FTIR) Spectra were
obtained in the 4,000-400 cm™ range with 1cm™
resolution on an Equinox spectrometer (Bruker, Billerica,
MA, USA), using KBr disks or Si wafers as holders.

Attenuated total reflection (ATR)-IR spectroscopy
Spectra were obtained on a Nicolet 380 FTIR ATR
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accessory (Thermo Scientific, Waltham, MA, USA) with
a ZnSe crystal and incident beam angle of 45°.

Absorbance measurements A double-beam UV-1800
spectrophotometer (Shimadzu, Kyoto, Japan) coupled
to an integrating sphere was used for measurements,
along with a quartz cuvette with an optical path length
of 1 cm.

Photoluminescence Measurements were made on a
Jobin Yvon Spex Fluorolog FL3-11 spectrofluorometer
(Horiba Scientific, Edison, NJ, USA). For continuous
irradiation experiments, the spectrofluorometer was
equipped with an Xe lamp as the excitation source, a
monochromator with a 1-nm bandpass gap for selecting
excitation and emission wavelengths, and a red-
sensitive R928 PM as a detector. Spectra were corrected
for wavelength-dependent sensitivity of the detector
and source; emission spectra were corrected for Raman
scattering using the solvent emission spectrum. In
all experiments, the temperature was maintained at
#0.1 °C using an F-3004 Peltier sample cooler with an
LFI-3751 temperature controller (Wavelength Electronics,
Bozeman, MT, USA). For time-resolved photolumine-
scence measurements, the fluorometer was equipped
with a time-correlated single photon counting instru-
ment with light-emitting diode excitation at 341 and
388 nm (full width at half-maximum, FWHM = ~400 ps).
Data were globally fitted as the sum of exponentials
and included instrument response deconvolution, until
optimal values for x2 residuals, and standard deviation
values were obtained.

Estimation of luminescence quantum yields (@)
Emission spectra were collected at various excitation
wavelengths. Identical measurements (excitation con-
ditions, lamp energy, and spectrometer band-pass)
were performed with 9,10-DPA in deaerated cyclo-
hexane, which emits between 400 and 500 nm with a
known efficiency of 90% upon excitation between 275
and 405 nm [1, 19]. The square of the ratio between
refractive indices of solvents was used to correct for
different media used in sample suspensions and the
reference solution [18].

Time-resolved singlet oxygen phosphorescence
detection Particle suspensions were irradiated with a
Nd:YAG Surelite II laser (7 ns FWHM and 14 m] per
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pulse at 355 nm) (Continuum, San Jose, CA, USA).
The radiation emitted at 1,270 nm arising from the
radiative relaxation of oxygen molecules from the lower
excited singlet state to the ground triplet state was
detected at right angles using an amplified Judson ]
116/8sp germanium detector (5-mm diameter) (Teledyne
Judson Technologies, Montgomeryville, PA, USA) after
passing through appropriate filters. Typically, 64 laser
shots were averaged to obtain signals with good signal-
to-noise ratio. Because the experimental system was
unable to detect traces below the 5-us time range, 'O,
emission in water (7, = 3.5 ps) could not be measured;
therefore, either toluene or D,O (7, = 68 us) was used
as a solvent. The signal intensity of the 1,270-nm traces
generated by particle suspensions were compared to
those of the reference 9,10-DPA [20] under a similar
solution absorbance of 355 nm [18].

Steady-state 'O, generation and quenching Air-saturated
aqueous suspensions of particles were irradiated in a
closed vessel with a Rayonet lamp (Southern New
England Ultraviolet Co., Branford, CT, USA) emitting
at 350 + 20 nm in the presence and absence of the 'O,
scavengers furfuryl alcohol (FFA) and sodium azide.
Oxygen concentration was measured throughout the
reaction with an oxygen-sensitive electrode (Orion97-
0899; Cole-Parmer, Vernon Hills, IL, USA).

Transmission electron microscopy (TEM) Micrographs
were acquired with a 2010 F microscope (JEOL Ltd.,
Tokyo, Japan) using a carbon-coated 300-mesh copper
grid. Images were analyzed using Image] software
(National Institutes of Health, Bethesda, MD, USA).
Particle diameters were determined assuming that the
particle area obtained from TEM micrographs was the
projection of a spherical particle. Due to poor contrast,
220 particles from different micrographs were manually
selected for size analysis. Particle size distribution was
described by a log-normal function.

X-ray photoelectron spectroscopy (XPS) Spectra were
obtained under ultra-high vacuum with an XR50
spectrometer (Specs GmbH, Berlin, Germany) with
Mg Ka as the excitation source and a PHOIBOS 100
half-sphere energy analyzer (Specs GmbH). Internal
calibration was performed with Au 4f 7/2 (binding
energy, BE = 84.00 eV) and with the adventitious C 1s
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peak at BE=284.4eV. To obtain better insight into
the chemical environment of different atoms, high-
resolution XPS spectra were resolved by Gaussian—
Lorentzian fitting until minimum x?2 values were
obtained.

Gel electrophoresis A 1% agarose gel in TAE buffer
(pH = 8.0) was used as support along with 1% TAE
buffer (pH = 8.0) as moving phase. Electrophoresis
was carried out for 30 min at 100 V. SiNPs were
detected by their photoluminescence upon irradiation
with UV light provided by a SWO06 filter.

Determination of H,0O, concentration H,O, levels
were measured with a commercial enzymatic colori-
metric kit (Wiener Laboratorios S.A.L.C., Rosario,
Argentina). Calibration curves were generated using
commercial H,O, standard solutions.

Bilinear regression analysis For low fluorophore
absorbance (< 0.05), the steady state emission intensity
at a given emission wavelength (I(A.y)) is proportional
to the absorption coefficient of the fluorophore at the
excitation wavelength (¢(A.)), the concentration of
the fluorophore, and the factor F(A.,) reflecting the
shape of the emission spectrum. The bilinear regression
analysis takes advantage of the linearity of I(A.,) with
respect to €(Ae) and F(Aem) to retrieve information
from the experimental excitation-emission matrix on
the minimum number of species and their relative
emission and excitation spectra [21].

2.3 Synthesis routes

SiNP synthesis involved an adaptation of the LiAlH,
reduction of SiCl, in the presence of TOAB reverse
micelles [21, 22]. Freshly prepared particles showing
H- and Cl-passivated surfaces were immediately
surface-derivatized to avoid Si oxidation to Si-OH.

Propylamine functionalization Several approaches
exist for the derivatization of freshly prepared particles
with AA [22-24]; photo-initiated silylation was used
here, involving the mixing of a colloid dispersion in
toluene with L quantities of AA (reactant in defect).
The resultant suspension was irradiated for 5 h with
a 254-nm light from eight Rayonet Lamps (RPR2537A;
Southern New England Ultraviolet Co.) to yield
NH,SiNP. The particles were transferred to water by
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solvent evaporation and redispersed in an ultrasound
bath to obtain stable aqueous dispersions. Long sonica-
tion time was avoided to prevent surface oxidation.

Fo functionalization Fo (10 mg), NHS (2.5 mg), and
DCC (3.3 mg) were dissolved in dimethylsulfoxide
(4 mL) and added slowly to an NH,SiNP aqueous
suspension (5 mL, 1.5 mg-mL™). The reaction mixture
was left in the dark with vigorous stirring for 12 h.
The conjugated Fo-NHSiINP was purified by dialysis
against deionized water and stored at room temperature
in the dark.

Polyethylene glycol functionalization The procedure
involved adding carboxyl (COOH)-terminated PEG
to NH,SiNP to obtain PEG-NHSINP particles that
were PEG-functionalized through an amide link. PEG-
COOH was first synthesized by bringing to reflux a
solution of PEGy, (6.6 g) and succinic anhydride (4.4 g)
in dry tetrahydrofuran (THF; 50 mL). After 12 h of
reflux, the mixture was treated with cold ether to
precipitate unreacted PEG and its mono- and dicar-
boxylated derivatives. The precipitate was further
dissolved in THF containing NHS and DCC (4.6 and
5.2 mg, respectively, per 0.04 mmol HCO,-PEG) and
stirred for 12 h. The resultant solution was added to
the NH,SiNP water suspension and stirred vigorously
for 12 h. Excess reactants were removed by dialysis
against deionized water.

2.4 Nanoparticle modeling methods

Nanoparticles containing 17, 29, 35, 47, 71, 87, 99, 123,
141, 153, 161, 185, 209, 221, 227, 236, and 240 Si atoms
in their core were modeled as portions of crystalline
bulk Si, in which the Si-Si bond length was initially
set to 2.35 A. These particle sizes roughly corresponded
to particle diameters between 0.7 and 2.2 nm.

SiNP geometry was optimized and the coordination
number of every Si atom was calculated for optimized
NPs. To calculate coordination numbers, a relaxation
of up to 10% was considered for equilibrium Si-Si
bond distances; that is, two Si atoms were considered
bonded when they were separated by < 2.60 A. Si atoms
with coordination numbers <4 were considered as
surface atoms and were candidates for functionalization.

Calculations were carried out using the self-
consistent-charge density—functional tight-binding
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method [19] with the aid of the dftb+ program [25, 26].
Geometries were considered convergent when the
maximum element of the gradient vector of the energy
with respect to nuclear coordinates was < 0.01 au.
The tolerance for charge self-consistency was fixed at
0.001 au.

3 Results and discussion

SiNPs 1-2 nm in size were obtained by adapting a
bottom-up approach [21, 23, 27, 28], which yielded
H-passivated NPs with Si—-H and Si—Cl surface groups.
These were derivatized with AA to obtain SiNPs with
surface propylamine groups (NH,SiNP) that were
used as linkers for PEG and Fo attachment. Scheme 1
summarizes the synthesis pathways and surface
chemistry of NH,SiNF, Fo-NHSIiNF, and PEG-NHSiNP.

3.1 Particle characterization

An average particle size of 1.6 + 0.6 nm was estimated
from TEM micrographs of NH,SiNP (Fig. 1), which
was within the experimental error and consistent with
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the size obtained from anisotropy experiments.

The FTIR spectrum of NH,SiNP (Fig. 2(a), top)
showed N-H vibrations at 3,400 cm™ and 1,650-
1,580 cm™, which are characteristic of primary amines.
The bands at 1,450 and 1,250 cm™ corresponding to
Si-C deformation in Si—-CH, and the peaks in the
2,930-2,890 cm™ region due to CH, stretching and
bending confirmed the presence of propylamine
groups on the surface of NH,SiNPs [29]. Peaks at
1,020-1,100 cm™ corresponded to C-N stretching of
primary amines [30]. However, since peaks at around
1,040-1,115 cm™ are also characteristic of Si—-O-Si
vibrations [12], surface oxidation as a result of aging
could not be excluded. The XPS spectrum of NH,SiNP
(Fig. 1(b)) showed Si2p signals at 99.6eV (27%),
100.8 eV (37%), and 101.6 €V (37%), characteristic of
Si’, Si-C, and Si* environments, respectively [31]. The
C 1s signal at 282.7 eV implied the formation of Si-C
bonds [31]. N 1s signals at 399.4 and 401.4 eV were
assigned to C-NH, and C-NH;X" bonds, respectively
[31]. Si2p signals at 103.0eV and O 2s signals at
533.0 eV—which are characteristic of SiO2 groups—were
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ngp i [ e } C—NH Ny HC:
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i AN
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Synthesis pathways and surface chemistry of NH,SiNP, Fo-NHSiNP, and PEG-NHSiNP.
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Figure 1 (a) TEM micrograph of NH,SiNP. (b) N Is and Si 2p
XPS signals of NH,SiNP.

absent, indicating that functionalization with propy-
lamine protects SiNPs from strong age-associated
oxidation.

The FTIR spectrum of Fo-NHSINP (Fig. 2(a), bottom)
was compared to that of free Fo deposited onto a clean
Si wafer. The Fo-NHSiNP spectrum showed absorption
at 1,510 and 3,360 cm™, which were assigned to the
carbonyl and NH groups of amides, respectively.
Characteristic Fo bonds at 1,450 and 1,410 cm™ due to
C=C bonds in phenyl and pterin rings, respectively,
were also observed [32]. The absorption bands at
3,000 and 2,940 cm™ were assigned to C-H stretching
in aromatic and alkyl groups, respectively. The peaks
at 1,030 and 997 cm™ were due to C-O deformation
in -CONH-.

The FTIR spectrum of PEG-NHSINP (Fig. 2(b))
showed characteristic bands at 2,960-2,850, 1,150-1,050,
and 950 cm™ due to C-H, C-O-C, and C-OH, respec-
tively, in polyethylene glycol derivatives [33]. Moreover,
intense peaks at 1,740-1,660 cm™ corresponding to
C=0 stretching vibrations in acids and amides, as well
as a peak at 3,480 cm™! due to NH in amides, were
also observed. The small peak at 1,250-1,270 cm™ was
attributed to Si—C vibrations.

Different running directions for NH,SiNP and Fo-
NHSINP were observed by gel electrophoresis (Fig. 3(a)),
as expected for the change in surface charge arising
from NHj groups in NH,SiINP and COO~ in Fo-
NHSINP, confirming the efficient functionalization of
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Figure 2 FTIR spectra obtained using KBr disks as holders.
(a) NH,SiNP (top) and Fo-NHSiNP (bottom). (b) PEG-NHSiNP.

NH,SiNP with Fo. On the other hand, PEG-NHSiNTP
remained in the seeding channel, indicating neutral
coverage, in agreement with a measured ¢ potential
of 0.7+4mV. Average hydrodynamic particle size
distribution as determined by dynamic light scattering
(DLS) was several fold higher than that observed
in TEM micrographs or determined by anisotropy
experiments (Table 1), indicating particle aggregation
in the aqueous solution. The nature of surface groups
strongly influences aggregation; smaller aggregates
were observed for Fo-NHSINP and NH,SiNP, con-
sistent with their higher surface charge.

3.2 Particle modeling

SINP modeling was performed to determine the
number of surface Si atoms that were amenable to
functionalization. This information allows the average
molar mass of the particles and thus, of the particle
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Figure 3 (a) Agarose gel electrophoresis of NH,SiNP (lane 1 from left), Fo-NHSiINP (lanes 2 and 3), and PEG-NHSINP (lanes 4 and 5).
(b) Plot of computer-modeled Ns;.term, VS. D* fitted to a hyperbolic function.

Table 1 Emission quantum yields (@), luminescence decay times () in Ar-saturated suspensions, anisotropy at time zero (ry), and
hydrodynamic diameters obtained from TEM (Drgy), anisotropy (Dax), and DLS (Dpig) measurements, 'O, physical quenching rate
constants in toluene suspensions (kip,), and SiNP binding constants to BSA (Kgsa).

NH,SiNP PEG-NHSiNP Fo-NHSiNP
0.008
Dern (350 nm exc.) 0.020 0.025 0.004 (390 nm exc.)
. 10.2 (60) 11.4 (44) 8.3 (74)
0
7(ns) (% em. light) 4.2 (40) 3.8 (56) 4.2 (26)
o 0.16 +0.02 0.18 +0.02 —
DTEM (nm) 1.6+ 0.6 — —
Dy (nm)* 1.6 1.8 _
140 £ 30 (12)
Dpug/(nm) (% viv) 230 + 45 (100) 1700 + 500 (33) 2?8 : 30(2)7)
5250 + 750 (54) -
kig, M 1s7h)™ 2+0.2)x10° (2.1+0.5)x 108 —
Kgsa (M) 2+1)x10* 4+2)x10° (15+1)x10*

Unless otherwise indicated, values were obtained from experiments with air-saturated aqueous phosphate buffer particle suspensions at

pH = 7.0. “Anisotropy experiments corresponding to the major contributing species emitting at 450 nm. ~“Experiments performed in toluene

suspensions.

concentration in suspensions to be estimated. These
values are necessary to determine the magnitude of
the effects of surface groups on particle properties,
including toxicity.

Optimized SiNP geometries exhibit diameters in
the range of 0.7-2.2 nm. The number of surface or
terminal Si atoms (Ns;.rm) Was determined according
to their coordination numbers. Atoms with coordination
numbers equal to 1, 2, or 3 were considered as
candidates for functionalization. Figure 3(b) shows
the dependence of Ng;.m On the squared diameter of
the NP (D?); the solid line in the figure represents the
fitting of Ns;.term to the function 189.6 x D%/(5.345 + D?).

Based on this equation and an average particle diameter
of 1.6 nm, it was determined that an average of 61-62
terminal Si atoms per particle were available for
functionalization.

The average molar mass of the particles’” Si core
(Msi.core = 3,010 g) was estimated by assuming a spherical
1.6-nm-size particle with a Si density of 2.33 g-em™, in
accordance with the density of bulk Si crystals. The
average mass of a mole of NH,SiINP (My,sine) Was
estimated by assuming that 62 terminal Si atoms of the
1.6-nm particle were functionalized with propylamine,
as supported by FTIR, XPS, and surface charge data
indicating a significant degree of functionalization.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Therefore, the value Myusine =6,606 g and experi-
mentally determined weight of dried residue from
a 1-1 volume of NH,SINP aqueous suspension (w;)
were used to calculate the molar concentration of the
particle suspension as NH,SiNP = w,/Myu,sive. Even if
75% of surface Si atoms were attached to propylamine
and the remainder bonded to HO groups, based on
the fact that Si-H surface groups are unstable in air-
saturated aqueous suspensions [1], the error in the
determination of [NH,SiNP] would be predicted to
be on the order of 10%.

A similar procedure was applied to determine the
molar concentration of PEG-NHSINP. In this case,
time-resolved anisotropy experiments indicated a low
percent coverage of NH,SiNP particles with PEG chains.
Therefore, Mprg nmsine = 8,900 g was estimated assuming
a 6% functionalization of NH,SiNP terminal amino
groups. Given that the expected surface coverage was
in the range of 10%-1.5%, the error in the determination
of [PEG-NHSINP] was on the order of 25%.

3.3 Photoluminescence properties

Bare and surface-modified SiNPs exhibited photo-
luminescence in the wavelength range of 250-600 nm.
The dependence of the emission spectrum on the
excitation wavelength indicated the contribution of
various families of emitters due to differences in
particle size, agglomeration, and/or surface morphology
and chemistry [21]. Therefore, a bilinear regression
analysis of the emission—excitation matrix was per-
formed to determine the minimum number of species
contributing to the overall emission.

NH,SiNP suspensions at pH = 7.0 showed a major
contribution of species with an excitation—emission
maximum (A, (nm), A, (Nm)) at (360, 450), with a less
significant contribution of species emitting at (450,
500) (Figs. 4(a) and 4(b)). PEG-NHSINP also shows a
major contribution of species with (A, (Nm), Ao (NM))
at (360, 450), with a less significant contribution of
emitters at (430-450, 500). Excluding their relative
contributions to overall luminescence, these species
were in agreement with those observed for NH,SiNP.

Surface coverage with PEG did not change the shape
of excitation—emission spectra, suggesting a common
origin of the luminescence. Therefore, the observed
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Figure 4 Excitation and emission spectra (left and right panels,
respectively) of contributing species obtained from a bilinear
analysis of the emission—excitation matrix of NH,SiNP (red), Fo—
NHSINP (blue), and PEG-NHSiINP (white) aqueous suspensions
(0.01 M and pH = 7.0). For comparison, the excitation—emission
spectrum of each particle was arbitrarily normalized to the emission
at 450 nm. However, the intensity ratio between the two families
of emitting species of each particle was maintained to show their
relative contribution to overall luminescence.

increase in contribution of species emitting at around
500 nm could not be attributed to an increase in the
concentration of particles of different size, geometry
and/or surface morphology, since both NH,SiNP and
PEG-NHSINP were from the same synthesis batch.
However, since larger aggregates were observed by
DLS for PEG-NHSINP than for NH,SiNP (Table 1), it
was speculated that aggregation may have affected
the 500-nm emission, as previously reported for SiNP
[21] and CdSe nanocrystals [34].

Time-domain anisotropy experiments were per-
formed by exciting with a 388-nm light and detecting
the emission at 430 nm in order to identify the major
species contributing to overall luminescence. Anisotropy
profiles obtained for NH,SiNP and PEG-NHSiNP
were described by a single exponential, with (t) =
o x exp(—t/8). The rotational correlation time (&)
and anisotropy at time zero (r;) are shown in Table 1.
The single exponential was consistent with emission
primarily originating from a population of particles
with three identical perpendicular rotational axes,
suggesting a spherical form. The time for Brownian
rotation of a molecule (#) provides information on
the hydrodynamic diameter (D) based on the Stokes—
Einstein-Debye equation. Considering the shear
viscosity of water at 300 K (7 =1.00 mPa-s), D =1.6 nm
was obtained for NH,SiNP which, within experimental
error, was consistent with TEM data. In fact, the
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broad photoluminescence bands (FWHM of about
AE = 500 meV) and decay lifetimes in the nanosecond
range (Table 1) were in agreement with those reported
for 1-2 nm Si core particles [35]. On the other hand,
PEG-NHSINP showed slightly higher D values (1.8 nm).
An estimate of particle size after functionalization
with PEG was obtained by assuming that the polymer
retained a random coil structure after covalent linking
to the particle surface [4]. The gyration radius, R; =
(n % ¢/6)>—where n = 14 and ¢=3.1 A are the number
and length of oxyethylene units, respectively, assumed
as rigid segments of the PEG chain—was ~5A.
Therefore, predicted sizes of highly covered PEG-
NHSiNPs were 2.6-3.6 nm. The fact that the measured
D =1.8 nm was smaller than the predicted value could
indicate that grafted PEG chains lie almost parallel to
the particle surface, a conformation made possible by
low coverage.

Moreover, r, values of 0.16 and 0.18 obtained for
NH,SiNP and PEG-NHSINP, respectively, were con-
sidered to be within the 10% experimental error. These
values suggest different orientations for absorption
and emission transition moments of the particle, and
are in agreement with the large Stokes shifts between
excitation and emission spectra. Moreover, the con-
currence between the r, values of NH,SiNP and PEG-
NHSIiNP confirms that PEG functionalization does
not modify NH,SiNP electronic states.

Table 1 also lists emission quantum yields obtained
at 350 nm excitation (D) in air-saturated aqueous
suspensions at pH=7.0 for the three synthesized
particles. The emission quantum yield of NH,SiNP
was 10 times smaller than that reported in toluene
suspensions [12], possibly because the surrounding
medium had a profound effect on particle photophysics
[3]. The ~25% higher @, observed for PEG-NHSiNP
than for NH,SiNP may be due to the surface protection
conferred by attached PEG molecules.

The luminescence intensity—but not spectrum
shape—of NH,SiNP and PEG-NHSiNP was dependent
on the presence of dissolved molecular oxygen, with a
~10% difference in intensity observed between argon-
and air-saturated aqueous suspensions. Oxygen quen-
ching is reversible, since the luminescence is recovered
upon displacement of oxygen with argon.
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The excitation-emission matrix of Fo-NHSiNP also
revealed the contribution of the two main families of
emitters. The major contributing species with (e (nm),
Aem (Nm)) at (380, 450) showed an emission spectrum
closely resembling that of NH,SiNP, although the
excitation spectrum was shifted ~ 20 nm towards the
red range. A similar shift was reported upon covalent
binding of Fo to graphene oxide [6]. A second family
of species with (Aex (NM), Ao (NM)) at (430, 490) also
contributed to the overall luminescence. Anisotropy
experiments showed extremely noisy and rapid
depolarized signals that could not be analyzed within
the time resolution of our experimental set-up. These
trends, as well as the lower @, and smaller aggregate
sizes measured for the particles (Table 1) suggest a
perturbation of NH,SiNP electronic states due to
covalent binding of Fo.

3.4 Singlet oxygen generation

SiNPs are well-known 'O2 photosensitizers [1, 2, 36-38].
The effect of surface derivatization on 'O, photo-
sensitizing capacity was evaluated in two sets of
experiments using continuous and pulsed irradiation.

3.4.1 Time-resolved detection of 'O, luminescence at
1,270 nm

Air-saturated toluene and D,O suspensions of NH,SiNP,
Fo-NHSINP, and PEG-NHSINP excited with 355-nm
laser showed no emission traces at 1270 nm. However,
'O, traces generated upon 355-nm irradiation of DPA
solutions were quenched by adding the particles
(NH,SiNP shown in Fig. 5 inset). Fitting an exponential
decay function to 'O, traces yielded information on
the lifetime of 'O, in the presence (7,) and absence
(%) of SiNPs. A Stern-Volmer plot of the inverse of
10, lifetimes vs. [SiNP] (Eq. (1)) yielded 'O, quenching
rate constants of the particles (ky = ks + ks) due to
physical and reactive mechanisms (described by reac-
tions (4) and (5) in Fig. 5, respectively) [39]. A value
of % = 31 ps was obtained, in agreement with values
reported in toluene [40]. The slopes of the lines of
75" vs. [SINP] shown in Fig. 5 yielded 'O2 quenching
constants (k; + ks) of (2 £ 0.2) x 10° and (2.1 + 0.5) x
108 M5! for NH,SiNP and PEG-NHSINP in toluene,
respectively.
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equation. The reactions in each experiment are also shown.

3.4.2 Detection of O, consumption in continuous
irradiation experiments

SiNP suspensions were irradiated with a 350-nm light
in the presence and absence of specific 'O, scavengers,
i.e.,, FFA and sodium azide (N3) [36]. Irradiation of
air-saturated aqueous suspensions of either NH,SiNP
or PEG-NHSINP showed no O, depletion (Fig.6
inset). However, the addition of 10° M FFA to the
particle suspension resulted in O, depletion. Since FFA
is a well-known chemical scavenger of 'O, (reaction
(7) in Fig. 6), the latter observations strongly support
the capacity of NH,SiNP and PEG-NHSINP to produce
'O, upon 350-nm irradiation. To test this assumption,
a physical quencher of 'O,, i.e.,, N3 (reaction (6)) was
added in excess, which was expected to diminish the
rate of O, depletion due to the competition of N3~ with
FFA for 'O,, as observed experimentally. In the absence
of chemical 'O, quenchers, no molecular oxygen
consumption was expected due to efficient relaxation
of 10, to 30, (reactions (2) and (3)). These observations
provide evidence for the production of 'O, upon
irradiation of NH,SiNP and PEG-NHSINP, as well as
a negligible chemical reaction between 'O, and the

article surface k5 NH,SiNP and k5 PEG-NHSiNP < 10° Mﬁl‘sil).
7 2 i

Therefore, the efficient quenching of 'O, phosphores-
cence by NH,SiNP and PEG-NHSiNP mainly occurred

TSINGHUA
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via a physical interaction, yielding ky npsine = (2 = 0.2) x
10° M™s™! and ky prgnmsine = (2.1 £ 0.5) x 108 M™-s7". In
fact, NH groups are known to support the relaxation
of 'O, to the ground state [41]. The individual con-
tribution of propylamine groups to the overall quen-
ching would yield a rate constant of 3 x 107 M™-s™
per propylamine group, which is almost two orders
of magnitude higher than that reported for the
propylamine molecule, but on the order of amines
capable of stabilizing a [0 N* Ry] partial charge
transfer intermediate [40]. The enhanced quenching
efficiency by propylamine groups grafted to SiNPs
suggests a stabilized charge transfer intermediate
via chemical bonding to Si. These observations are
consistent with the diminished 'O, photosensitization
efficiency of propylamine-terminated, hydrophilic
porous Si compared to the surface-oxidized material
[38]. On the other hand, the smaller quenching constant
observed for PEGylated particles suggest a protective
effect exerted by PEG against the particle’s reactivity
towards 'O,.

Experiments performed with Fo-NHSiNP showed
O, depletion as a function of irradiation time in the
absence of 'O, scavengers. The addition of 10> M FFA
resulted in further O, depletion, which was partially
restored upon addition of excess Nj. These results

@ Springer | www.editorialmanager.com/nare/default.asp
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NH,SiNP with 10~ MFFA and 10 M azide (). The reactions in each experiment are also shown.

provide evidence of 'O, generation. As previously
discussed, O, depletion in the absence of scavengers
could indicate the chemical reaction of 'O, with particle
surface groups. Fo is known to quench 'O, physically
(rate constant of kr = 3.0 x 107 M™s?) [42] and
chemically (rate constant of k, = 2.8 x 10° M"-s™") [43].
If the Fo moiety attached to the Si particle were to
maintain a reactivity similar to that of solution-free

Fo, then 'O, quenching by the anchored folate moiety
would be mainly physical and O, would not be
significantly consumed in the absence of 'O, chemical
scavengers, contrary to the observed trend. The
generation of superoxide radical anion (O;) involving
electron transfer from photoexcited particles to O, is
among the possible O,-consuming reactions that occur,
as reported for surface-oxidized SiNPs [1].

3.5 O, generation

Since O; recombination leads to H,O, production, a
commercial enzymatic colorimetric assay was used to

measure [H,O,] as an indirect method for determining
O; generation. H,O, formation was primarily observed
in irradiation experiments with aqueous suspensions of
Fo-NHSINP (~1.3 x 10 M), while negligible amounts
were detected (<1x10°M) in experiments with
NH,SINP and PEG-NHSINP. The different behavior
observed for Fo-NHSiNP further supports the involve-
ment of Fo complex photophysics in the photophysical/
photochemical processes of Fo-NHSiNP.

3.6 Interaction with FBS proteins

The addition of FBS to NH,SiNP and PEG-NHSiNP
aqueous suspensions enhanced the luminescence
intensity of the particles without altering spectrum
shape (NH,SiNP shown in Fig. 7(a)). On the other hand,
adding NH,SiNF, PEG-NHSIiNF, or Fo-NHSiNP to FBS
aqueous solutions decreased the intensity of tryptophan
fluorescence (maximum emission of 345-350 nm at
290-300 nm excitation) without shifting the emission
band (Fig. 7(b)). The fluorescence decay of tryptophan
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Figure 7 (a) Emission spectra (350 nm excitation) of 1.9 x 10~ M NH,SiNP in the absence (solid line) and presence of 10% FBS
(broken line). (b) Fluorescence emission (300 nm excitation) of tryptophan residues in 10% FBS before (solid line) and after (broken
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residues was fitted to a bi-exponential decay equation
with decay times 7; =1.88 +0.03 ns and 7 =6.60+0.03 ns,
which were unaffected (within the experimental
error) by the addition of NH,SiNP and PEG-NHSiNP,
suggesting a static quenching due to the formation of
BSA ground state complexes with NH,SiNP and PEG-
NHSINP, respectively [44]. The stabilization of NPs
by bovine or human SA [45] has been ascribed to the
hydrophobic environment created by these proteins
[46, 47]. On the other hand, the surface stabilization of
SiNP by hydrophobic solvents and organic coverage
has been shown to increase SiNP photoluminescence
[12]. Therefore, the observed results strongly support
an interaction between FBS protein structure and
SiNPs. It was recently reported that the formation of

propylamine abolished Si quantum dots:BSA ground
state complexes [48].

The quenching of luminescence intensity of tryp-
tophan residues by the addition of SINP was described
by the Stern—-Volmer equation (8), where Ijps and Irgs
are the integrated fluorescence intensities (areas under
the fluorescence curves) in the absence and presence
of NPs, respectively, corrected for inner filter effects
[44], and Kgy is the Stern—Volmer quenching constant.
The ratio Iorss/Irss showed a linear dependence with
particle concentration (Fig. 7(c)), consistent with a
static mode as the main quenching process. Therefore,
tryptophan residues and SiNPs were bound to the
same protein within quenching distances, with Ksy
representing the SiNP:BSA binding constant. The
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slope of the plot yielded Ksy = (3.1 £ 0.3) x 10* M for
NH,SiNP:BSA ground state complexes, which is on
the order reported for the interaction of most molecules
with albumin [44], and Ksy = (1.3 £ 0.4) x 10° M for
PEG-NHSINP:BSA complexes. The lower binding con-
stant observed for PEG-NHSINP indicated diminished
binding within the quenching distance.

Since NH,SiNP and PEG-NHSINP fluorescence
increased with the addition of increasing amounts
of FBS at excitation wavelengths where FBS does not
absorb (i.e., 350 nm), the binding interaction was also
studied using the double reciprocal plot following
the Benesi-Hildebrand equation (9), where Ionpsi, Inrsi,
and I nps; are the integrated fluorescence intensities
of SiNPs in the absence of protein, at an intermediate
protein concentration, and at a concentration producing
total interaction, respectively. The binding constant
Kpy was obtained from the slope and ordinate of the
linear plots of (Inpsi — Ionpsi))™ vs. [FBS]™ for NH,SiNP
and PEG-NHSINP (Fig. 7(d)).

Given that commercial FBS is 3.0%—4.5% total protein
and assuming that albumin is the main constituent
protein [49], binding constants of (2+1)x 10* and
(4+2)x10°M! were estimated for NH,SiNP and
PEG-NHSINP, respectively. These values were on the
order of binding constants obtained from the fluores-
cence quenching experiments, suggesting that the
increase in luminescence of NH,SINP and PEG-
NHSINP is related to the formation of SiNP:BSA
ground state complexes.

Fo-NHSINP luminescence was not enhanced by
adding increasing amounts of FBS. However, adding
Fo-NHSINP to FBS solutions quenched the fluorescence
and decay times of tryptophan residues (i.e., 7 =1.38 +
0.03ns and = 555 = 0.03ns in the presence of
0.075 g-L! Fo-NHSiNP). Dynamic and static interactions
of Fo-NHSIiNP with BSA were responsible for the
upward curvature observed in the Stern—Volmer plot
(Fig. 7(c) inset). The Ksy of (1.5 + 1) x 10* M was on
the order calculated for NH,SiNP:BSA ground state
complexes.

The observation that the tryptophan emission and
particle excitation spectra overlap (shown for NH,SiNP
in Fig. 7(e) inset) implies the occurrence of resonance
energy transfer (RET) between tryptophan (donor)
and SiNP (acceptor). In fact, the appearance of the
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tryptophan excitation spectrum during detection of
NH,SiNP emission in NH,SiNP-FBS mixtures (Fig. 7(e))
indicated RET between BSA tryptophan residues and
NH,SiNP. However, this behavior was not observed
for FBS mixtures with Fo-NHSINP and PEG-NHSiNF,
suggesting that RET was negligible in these systems.
Considering that all three particles would be expected
to show similar capacity for energy transfer, the latter
observations indicate that BSA:SiNP interactions
strongly depend on the particle’s surface coverage,
since Fo-NHSINP and PEG-NHSiNP are not located
within RET distances.

4 Conclusions

Propylamine-functionalized particles (NH,SiNP) may
be used as intermediates for surface derivatization
involving amide links. At physiological pH, NH,SiNPs
showed positive surface charges and formed stable,
highly dispersed aqueous suspensions. NH,SiNPs
bound to tryptophan residues of BSA within quenching
distance, leading to a net increase in particle lumines-
cence and to RET. Collectively, these properties open
new opportunities for the application of NH,SiNP as
luminescent sensors in biological systems based on
RET.

Surface functionalization of NH,SIiNP with PEG
did not modify the luminescence properties of the
particles, but reduced the surface charge with a
consequent increase in the size of particle aggregates.
The binding of PEG-NHSIiNP to BSA was one order
of magnitude lower than that of NH,SiNP. Since
protein adsorption is the preliminary step for immune
system recognition by macrophages, PEG grafting to
SiNPs is a good strategy for reducing protein adsorp-
tion. On the other hand, NH,SiNP functionalization
with Fo yielded a negatively charged surface at
physiological pH, diminished luminescence quantum
yield, and a capacity for O; production upon light
irradiation.

The results of this study clearly indicate that surface
coating with propylamine decreases the 'O,-photo-
sensitizing capacity of particles as compared to
surface-oxidized derivatives due to the enhanced
quenching properties of propylamine groups attached
to SiNPs. PEG-functionalized particles reduce protein
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adhesion; however, their 'O,-quenching ability prec-
ludes their use as 'O, photosensitizers. Functionaliza-
tion with Fo, which shows greater capacity for O,
production, is potentially useful for photodynamic
therapy.

The present study provides insight into the effects of
surface coating on the photophysical properties and
photosensitizing capacity of SiNPs, which is essential
for therapeutic and sensing applications. The important
parameters obtained in the present work, i.e., emission
quantum yields, luminescence decay times, anisotropy
at time zero, hydrodynamic diameters, 'O, physical
quenching rate constants, and SiNP binding constants
to BSA are summarized in Table 1.
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