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Biofunctional Silicon Nanoparticles by Means of Thiol-Ene Click Chemistry
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On the occasion of the 10th anniversary of click chemistry

Abstract: The preparation and charac-
terization of butylene-terminated sili-
con nanoparticles (SiNPs) and their
functionalization using thiol-ene
chemistry is described, as well as the
coupling of DNA strands. Bromide-ter-
minated SiNPs were prepared by
means of the oxidation of magnesium
silicide and functionalized with butyl-
ene chains through treatment with the
corresponding Grignard reagent. The
successful coupling was confirmed by
NMR and FTIR spectroscopy. TEM

cence emission maximum is at A, =
525 nm when excited at A.,=430 nm.
The conjugation of these alkene-termi-
nated SiNPs by means of thiol-ene
chemistry is described for a variety of
functional thiols. Efficient coupling was
evidenced by NMR and FTIR spectros-
copy. Moreover, the characteristic fluo-
rescence properties of the SiNPs re-
mained unaltered, thus demonstrating
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the value of this approach towards
functional oxide-free SiNPs. Activation
of the attached carboxylic acid moieties
allowed for conjugation of NH,-termi-
nated oligo-ssDNA (ss=single strand)
to the SiNPs. Successful coupling was
confirmed by a characteristic new UV
absorption band at 260 nm, and by the
still-present distinctive fluorescence of
the SiNPs at 525 nm. Gel electrophore-
sis confirmed coupling of 2 to 3 DNA
strands onto the SiNPs, whereas no un-
coupled DNA was observed.

measurements revealed a silicon-core
diameter of (2.4+0.5) nm. The fluores-

Introduction

Bioimaging is essential in gaining a detailed understanding
of cellular processes and disease mechanisms. Organic dyes
have been successfully employed in the labeling of cells, ]
but are prone to photobleaching. This severely limits the
maximum exposure time,” thus rendering multigeneration
staining of cells practically impossible. Quantum dots (QDs)
provide an interesting alternativel since they are highly re-
sistant against photobleaching.>* Furthermore, since the
optical properties of QDs are dependent on their size due to
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the size-dependent bandgap energy, this allows for tuning of
their absorption and fluorescence emission wavelengths.”!
QDs in biological systems have already found several appli-
cations in bioanalysis™ and bioimaging.”>*® These QDs are,
however, not tolerant to many common solvents due to the
noncovalent manner in which their surface coating is typi-
cally attached. Moreover, the inherent toxicity of core
atoms like Cd and Pb impedes widespread application in
biological environments.”! Finally, the total size of typical
core-shell QDs, including the typically essential stabilizing
polymeric coating, is relatively large (20-50 nm). This affects
cell penetration!® and the residence time within the organ-
ism: only particles smaller than 5 nm in diameter are readily
excreted from the body through urinary excretion; larger
particles accumulate in the body and are disposed of in
other ways.[

Silicon nanoparticles (SiNPs) with sizes smaller than the
Bohr exciton radius (~5 nm) have optical properties com-
parable to conventional QDs.”! However, extensive studies
have indicated their intrinsic nontoxicity,'” depending on
the surface charge,™! thus demonstrating their potential for
imaging in biological systems. The protective organic coating
of the SiNPs may be very thin (/0.5 nm), thereby maintain-
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ing the total diameter at a relatively small size. Several
methods to obtain SiNPs have been developed thus far, such
as electrochemical dispersion of crystalline silicon,' ultra-
sonication of silicon wafers,"”! thermal degradation of silanes
in supercritical fluids'* and laser-driven pyrolysis of si-
lanes.”” Furthermore, a number of wet-chemical bottom-up
approaches have been developed, such as the synthesis in
micelles by using organosilanes as silicon source,’ and
through the reactions with Zintl salts."”’ These wet-chemical
methods typically result in SiNPs that are either hydrogen-
terminated or halogen-terminated, and hence highly prone
to oxidation. Since oxidation of the SiNPs dramatically af-
fects their optical properties,'®! passivation of the SiNPs by
using terminal alkenes!"® or alkyl-lithium reagents!'’¥ is es-
sential. The resulting stable Si—C bonds form a stable shell
around the Si core and prevent oxidation. However, for ap-
plication of such SiNPs in selective labeling, functional moi-
eties on the particle are desired.

The development of new and accurate biodiagnostic tools
makes the identification of infectious diseases faster and
thereby prevents unnecessary illness and loss of lives. Cur-
rent methods to detect pathogenic bacteria and viruses—
such as tuberculosis and influenza—are laborious and time-
consuming, since typically an amplification step is involved,
which may take several days."”! The search for faster tests
with even lower detection limits therefore remains impor-
tant. For DNA and RNA sensing in particular, hybridization
of the target sequence with a probe is a commonly em-
ployed approach because of its simplicity and effective-
ness.”” Recently developed nanomaterials for the detection
of DNA and RNA—which are based, among others, on
magnetic sensing, electronic detection, surface plasmon res-
onance, or fluorescence spectroscopy”?'l—are highly promis-
ing, as they combine fast analysis with high specificity and
low detection limits. For these detection systems, the conju-
gation of biomolecules is crucial. Fluorescence spectrosco-
py-based detection methods are increasingly employing
QDs as the source of fluorescence instead of organic dyes.*”!
This is due to their strongly diminished photobleaching®*
and size-tunable emission wavelength.”! The detection of
biomolecules in solution with QDs may be achieved in sev-
eral ways: by making use of Forster resonance energy trans-
fer (FRET), fluorescence quenching, and by changes in the
fluorescence anisotropy.'*»?! In FRET, the QD acts as a
FRET donor onto which a capture molecule is attached;
upon binding of the target molecule—that is, DNA or pro-
teins—a FRET acceptor is brought close enough to the
donor to display FRET emission.!! With this method, sensi-
tive detection of DNA target strands has been achieved.™!
Analogously, binding of target DNA may bring a fluores-
cence quencher into the close proximity of a QD,*! thereby
resulting in loss of fluorescence. Recently, changes in the
fluorescence anisotropy of QDs were used to detect binding
of a complementary DNA strand to a single-strand DNA-
functionalized QD.?" The rotation correlation time in-
creased drastically upon hybridization of the complementary
DNA strand, since a double-stranded DNA molecule is very
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rigid, and thus increases the hydrodynamic radius of the par-
ticle accordingly.

The conjugation of biomolecules such as antibodies and
proteins with fluorescent labels is of great importance for
targeted labeling of certain parts of cells or cell-wall recep-
tors. Jaiswal et al. reported a general method for coating
QDs with proteins or antibodies for targeting purposes.”!
Commercially available QDs were coated with avidin, after
which the biotinylated molecule of interest was coupled.
Nonetheless, it remains a challenge to prepare QDs that do
not remain in clusters but move independently and are effi-
ciently internalized by cells. Due to the relatively large di-
mensions of QDs (20-50 nm), regular uptake by cells would
entail endocytosis. This leads to encapsulated clusters of
QDs, which are only barely released from the capsules into
the cell.’” However, QDs functionalized with targeting pep-
tides have been successfully applied in the specific labeling
of cell nuclei,®™ " whereas proteins located in the cytoplasm
were specifically labeled by making use of His-tag modified
QDs.BY Specific labeling of a certain cell type was also ac-
complished with antibody-coated QDs, which may then bind
to membrane receptors. In this way, Nie and co-workers
achieved the specific targeting of human prostate tumor
cells in mice by coupling prostate-specific membrane anti-
gen monoclonal antibodies onto QDs.”?! Other examples are
the labeling of tumorous cells with peptide-conjugated QDs,
as well as the monitoring of diffusion dynamics of single re-
ceptors on cell membranes with antibody-coated QDs.’!
DNA-conjugated QDs are commonly applied in fluores-
cence in situ hybridization (FISH)®! that allows certain
parts of chromosomes to be labeled to detect chromosomal
defects.*!

Direct coupling of functional groups or biomolecules onto
SiNPs is not trivial due to the high reactivity of the passiva-
tion agent (alkyl lithium reagents or Grignard reagents for
bromide-terminated SiNPs), as well as the susceptibility of
hydrogen-terminated or halogen-terminated SiNPs towards
nucleophilic attack.®™ Several approaches have been pur-
sued, for example, the use of protective group chemistry™
or the use of innocent reactive groups, such as epoxides,®”
azides,"”) amines,* or terminal alkenes.””’ Wang et al. re-
ported on the conjugation of DNA strands onto alkyl-func-
tionalized SiNPs by using a photochemical reaction with an
aryldiazirine to activate the alkyl moiety by means of car-
bene-chemistry.*®) NHS groups attached in this way were
subsequently substituted by amine-terminated single-strand
(ss) DNA strands. Gel electrophoresis confirmed attachment
of the DNA strands. An alternative promising approach for
the functionalization of SiNPs is the use of “click chemistry.”
Click reactions are characterized by their mild reaction con-
ditions, the use of benign solvents, high regio- and chemose-
lectivity, and high yields.””) Thiol-ene chemistry, which in-
volves a radical-initiated coupling of a thiol to an alkene,
has been known for over a century.*] Recently, it has at-
tracted great interest as a click reaction, since it does not re-
quire a metal catalyst, proceeds under very mild conditions,
and is insensitive to water and oxygen.*” The ready availa-
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bility of thiol-functional biomolecules is an additional ad-
vantage. Several excellent reviews exemplify the many ap-
plications of the versatile thiol-ene reaction!**#*44] Ex.
amples of successful application are the modification of sur-
faces,™ polymers,®! and the preparation of dendrimeric
structures*! and soft polymeric stamps;[*’! this reaction was
even demonstrated to proceed in sunlight without extra irra-
diation with UV light.**! The versatility and mild conditions
of this reaction prompted us to employ thiol-ene click
chemistry in the modification of alkene-terminated SiNPs.
In this paper we present the development of alkene-termi-
nated SiNPs, their detailed characterization, and their subse-
quent functionalization with a variety of functional groups
using thiol-ene click chemistry (Scheme 1). Furthermore, the
functionalization of carboxylic acid-terminated SiNPs with
amine-functional DNA strands is described, and the detailed
characterization of the resulting bioconjugates is provided.

Results and Discussion
Alkene-Terminated SiNPs

Bromine-terminated SiNPs were synthesized following an
adapted procedure by Kauzlarich and co-workers by means
of oxidation of Mg,Si with bromine.'”™ Capping these bro-
mine-terminated SiNPs with 3-butenylmagnesium bromide
yielded alkene-terminated SiNPs (SiNP-ene, 1). The result-
ing SiNPs were purified by size-exclusion chromatography
(SEC) with ethyl acetate as eluens to yield per reaction
batch SiNPs in 30 mg quantities as an orange waxy material.

The size of the SiNP core was determined by TEM.
Figure 1 shows a typical TEM image of 1; the observed par-
ticle size is (2.4 £0.5) nm, with a radius-based polydispersity
(PDI) of 1.12. (see the Supporting Information) The alkene-
terminated SiNPs have a slightly smaller radius than ob-
served earlier for butyl-terminated SiNPs.*¥! This is likely
due to the use of SEC instead of silica chromatography as
part of the purification procedure. SEC is based on hydrody-
namic radius, and may result in a different size distribution
than that obtained by a predominantly polarity-based sepa-
ration.

SiNP-ene (1) was characterized by NMR spectroscopy.
Figure 2 (top) shows an '"H NMR spectrum in which the Si—
CH, protons result in a signal at 6=0.87 ppm (Figure 2a),
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Figure 1. TEM image of alkene-terminated SiNPs (1), with corresponding
size-distribution histogram (inset).

whereas the double bond protons are observed at 6=4.96
(Figure 2c) and 6=5.79 ppm (Figure 2d). The observed
signal broadening is most likely due to the many different
chemical environments of the protons, caused by attachment
to different surface sites of the butylene chains. Moreover,
due to substantial bromination of the reaction solvent, the
attachment of linear and branched octyl chains as well as
octyl bromides is also observed (6 =3.5-4.5 ppm). Diffusion-
ordered NMR spectroscopy (DOSY; see the Supporting In-
formation) revealed that the alkene moieties as well as
these brominated species are attached to the SiNPs, since
they have the same relatively low diffusion coefficient. The
low diffusion coefficient (as compared to solvent) indicates
that the signal stems from a relatively large moiety, that is,
an SiNP. The amount of (brominated) octyl chains was de-
termined by 'H NMR spectroscopy to be butene/octyl =2.78
(see the Supporting Information). The C NMR spectrum
(Figure 2, bottom) shows signals that correspond to alkene
moieties at 0 =112 ppm (Figure 2b) and 6 =136 ppm (Fig-
ure 2¢), whereas the alkyl chain appears as multiple signals
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Scheme 1. Functionalized fluorescent SiNPs obtained by using thiol-ene click chemistry.
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Figure 2. '"H NMR (top) and *C NMR (bottom) spectra of SiNP-ene (1).

in the 0=21-31ppm region
(Figure 2a). The assignment of
these signals was confirmed by
2D COSY and 2D heteronu-
clear single quantum coher-
ence (HSQC) spectra (see the
Supporting Information). In
the COSY spectrum, protons b
and ¢ were confirmed to be
positioned on neighboring
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Furthermore, the antisymmetric C—H stretch of the alkene
moiety is visible at 3077 cm™". Silicon oxide stretch frequen-
cies are normally observed at approximately 1000-
1100 cm™!, and characterized by strong signals due to the
high polarity of the Si—O bond. The silicon oxide stretch
signal in the IR spectrum of the SiNP-ene (1) is, however,
weak, which indicates that only minor oxidation of the
SiNPs took place during synthesis. Since no increases of the
Si—O signals were observed for aged samples (several
months), the Si core of such butylene-coated SiNPs (1) is
presumably well protected against further oxidation.
SiNP-ene (1) was further characterized by X-ray photo-
electron spectroscopy (XPS) to obtain information about
the elemental composition. The wide-scan XPS spectrum re-
vealed the presence of silicon (21.1%), carbon (61.7%),
bromine (0.4%), and oxygen (16.9%). The oxygen in the
sample is most likely largely due to environmental entrap-
ment in the deposited SiNPs within the XPS and not as sili-
con oxide, since the silicon narrow-scan spectrum displays
only a single signal at 101.8 eV, with a full width at half-
maximum (FWHM) of 1.3 eV (Figure 4, right), which is
near-identical to what is observed under similar instrumental
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carbon atoms, furthermore, the 204 202 290 288
'"H-"C HSQC confirms the as-
signment of carbon atoms a, b,
and c in the “CNMR spec-
trum, due to coupling with the
corresponding signals in the 'H NMR spectrum. A broad
signal at 0 =130 ppm (Figure 2d) in the *C NMR spectrum
indicates the presence of internal alkenes, most likely result-
ing from elimination reactions that take place on the afore-
mentioned brominated octyl chains due to the Grignard re-
agent acting as a base.

IR spectroscopy (Figure 3) shows characteristic signals

that correspond to the CH, groups at 2871 and 2959 cm™!.

Transmittance
1

T T
2000 1000

Alcm™!

T
4000 3000

Figure 3. IR spectrum of SiNP-ene (1).
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Figure 4. XPS spectra of SiNP-ene (1). Left: C,; narrow scan; right: Si,, narrow scan.

conditions for the base peak of Si at 99.4 eV with a FWHM
of 0.5 eV in a silicon(111) wafer. The shift in binding energy
from 99.4 to 101.8 eV is thus at least partially caused by
charging effects, which would indeed be expected for a
small object that is well surrounded by an electrically insu-
lating organic shell. Moreover, XPS analysis of samples of
intentionally oxidized SiNPs resulted in two signals in the
silicon region, the first at 101.8 eV corresponding to silicon,
and a second signal at 104.9 eV for silicon oxide (see the
Supporting Information). The peak shift is in line with the
observation that the binding energy shifts to higher levels
with decreasing nanoparticle size relative to bulk silicon.!*”!
The narrow scan of the C;, region (Figure 4, left) reveals
two types of carbon: carbon-bound carbon at 285.0 eV, and
a minor fraction (14 %) of carbon atoms bound to electro-
negative elements such as Br or O (broad shoulder around
287 eV). The precise identity of this peak can, however, not
be deduced from XPS analysis alone.
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Figure 5. UV/Vis absorption (left) and fluorescence emission map (right) of SiNP-ene (1). [,,,=relative intensity.

The UV/Vis absorption spectrum of 1 (Figure 5, left) was
recorded. However, the spectrum does not display a maxi-
mum, it only shows a gradually higher absorption for de-
creasing wavelengths, as was observed before for this type
of SiNPs.'’7#%! From these samples, the absorption coeffi-
cient was determined to be 0.14 (mgmL™")'cm™' at 300 nm
and 0.035 (mgmL~")"'em™ at 350 nm. The extinction coeffi-
cient was determined in (mgmL™")"'cm™, since the exact
molecular mass of the SiNP is unknown. Based on a molecu-
lar weight of 10000 gmol '—estimated from TEM measure-
ments in combination with a dense packing of butylene
chains—approximate molar extinction coefficients of 3.0x
10°m'em ™! at 350 nm and 1.4x10°m 'cm™! at 300 nm were
calculated. These values are lower than observed for the
1.5nm SiNPs prepared by other wet-chemical methods
(9.4x10°m'em™; 1.1 (mgmL ') 'em ") or for those re-
ported for 1.5nm QDs of II-VI semiconductors, such as
CdSe and CdS (7x10*m'ecm™").P"! However, bulk silicon
has an indirect bandgap, which makes optical transitions
without the assistance of a phonon inefficient. The optical
transition in an SiNP is very efficient in comparison to the
transitions in bulk silicon. In the nanometer size regime, the
distinction between indirect and direct bandgaps is blur-
red.P!

The fluorescence emission spectrum is strongly dependent
on the excitation wavelength. Figure 5 (right) depicts fluo-
rescence emission spectra of 1 at several excitation wave-
lengths that range from 350 to 450 nm. The spectra are cor-
rected for the UV/Vis absorption at each excitation wave-
length. The relatively highest fluorescence emission is ob-
served at 525nm at an excitation wavelength of 430 nm.
This is distinctly redshifted as compared to butyl-terminated
SiNPs described previously,'™ which showed an emission
maximum at 390 nm (obtained for irradiation at 340 nm).
For SiNPs with a gradual increase in UV/Vis absorption at
shorter wavelengths, correction for UV/Vis absorption re-
sults in a redshifted fluorescence emission maximum.

The fluorescence quantum yield (QY) was determined
using a comparative method® at A..=350, 366, and
496 nm. These dyes have a fluorescence emission that
broadly overlaps the fluorescence emission of the SiNPs.
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The QYs are (1.5+0.2) % and (1.8+0.3) % for A.,,=350 nm
and 366 nm, respectively. The QY increases further with in-
creasing excitation wavelength; the highest QY is observed
at an excitation wavelength of 496 nm, and is (7.1+1.2)%.
This is about 2% higher than observed for highly similar
butyl-terminated SiNPs,*! but still considerably smaller
than the highest QY reported for SiNPs (60% ). It has
been suggested that a high oxidation grade of the SiNPs re-
sults in lower quantum yields,*" however, such high degrees
of oxidation are absent in this case as follows from IR and
XPS data. The larger size (2.5 nm in this case) is therefore a
more likely cause.

Time-resolved fluorescence spectroscopy was performed,
and the amplitude-weighed fluorescence lifetime (see the
Supporting Information) was determined to be 3.40 ns,
which is similar to the lifetimes observed for butyl-terminat-
ed SiNPs."! These results indicate that the optical properties
of the SiNPs are not significantly influenced by the change
in coating from butyl to butylene.

Thiol-Ene Functionalization of Alkene-Terminated SiNPs

With the alkene moieties present on the surface of the
SiNPs, functionalization by means of thiol-ene chemistry is
possible. Functional groups may be attached, which make
the SiNPs suitable for applications that require specific
labels. The SiNPs were mixed with an excess amount of the
respective thiol and 0.2 equiv (with respect to the thiol) of
2,2-dimethoxy-2-phenylacetophenone (DMPA) as photoini-
tiator or 4,4’-azobis(4-cyanovaleric acid) (ACVA) as thermal
initiator. The mixture was exposed to UV light (DMPA,
365 nm) or heated to 80°C (ACVA) while stirring under am-
bient atmosphere. After 1 h, 'H NMR spectroscopy revealed
complete conversion of the alkene moieties, and the func-
tionalized SiNPs were purified by means of SEC. A number
of thiols with different functionalities was selected: thiolace-
tic acid (SiNP-TAA, 2) and 2-mercaptoethanol (SiNP-OH,
3)—which provide for a functional group that may be used
in further conjugation reactions—as well as thiolated tri-
ethylene glycol monomethyl ether (SiNP-EQO;, 4), to render
the SiNPs water-soluble and biocompatible. Furthermore,
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carboxylic acid terminated thiols with three different spacer
lengths (no spacer (6), an EO, spacer (7), and a PEG3000
spacer (8)) were coupled to the SiNPs to obtain functional
groups available for bioconjugation on the surface of the
SiNPs (Scheme 1).

The functionalized SiNPs 2, 3, 4, 6, 7, were purified by
means of SEC, whereas pegylated SiNPs (8) were purified
with a Amicon Ultra 3K nominal weight cutoff (NWCO)
centrifugal units. To obtain SINP-TGA (6), direct coupling
of thioglycolic acid is possible and results in full conversion
by means of the thiol-ene reaction. However, it appeared
that the SINP-TGA (6) obtained in this manner could not
be purified. Therefore, the ethyl ester-protected SiNP-
TGAEE (5) was hydrolyzed with potassium tert-butoxide
(KOrBu) to obtain thioglycolic acid-modified SiNPs (SiNP-
TGA, 6). The sample was neutralized and purified by evap-
oration of the solvents.

In the 'HNMR spectrum of purified SiNP-TAA (2)
(Figure 6), no terminal alkenes are observed. Furthermore,

[ NS
O :
CHCl,
CH,Cl,
T T T T T T T T L T T T T T
8 7 6 5 4 3 2 1 0
S5/ ppm

Figure 6. '"H NMR spectrum of SiNP-TAA (2).

a new signal at 0 =2.86 ppm (Figure 6d) corresponds to the
newly formed thioester; signals that correspond to the CH,
next to the thioester appear at 6=1.57 ppm (Figure 6¢),
whereas the signal of the methyl group next to the carbonyl
appears at 6 =2.32 ppm (Figure 6e).

The 'HNMR spectrum of SiNP-TGAEE (5) (Figure 7)
displays characteristic signals of the newly formed thioether

a c 0 f
i /\/\/s\)J\ N
Si b p - O 9

CHCl,

S5/ ppm
Figure 7. '"H NMR spectra of SINP-TGAEE (5).
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at 0=2.62 ppm (Figure 7d) (CH,-CH,-S) and 6=3.19 ppm
(Figure 7¢) (S-CH,-COOQE). The signals of the ethyl ester
moiety were observed at 0=4.17 ppm (Figure 7f) and 6=
1.26 ppm (Figure 7g), which correspond to the CH, and
CH,;, respectively. After hydrolysis with KOzBu, these sig-
nals are no longer present. The NMR spectra of the thiol-
ene-modified SiNPs were assigned with 2D COSY NMR
spectroscopy, and in all cases confirm quantitative coupling
of the indicated thiols to the SiNPs, since no terminal al-
kenes are observed after modification, whereas the intensi-
ties of the new signals fit accordingly. '"H NMR spectra of
other modified SiNPs can be found in the Supporting Infor-
mation.

Infrared spectroscopy was performed on the SiNPs to
confirm the presence of the characteristic groups and to de-
termine whether the functionalized SiNPs retained their low
oxidation grade (Figure8). The C=CH, antisymmetric
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<
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06 - T T - .
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Figure 8. FTIR spectra of SiNPs 2, 4, and 7. FTIR spectra of SiNP 3, 5, 6,
and 8 can be found in the Supporting Information.

stretch signal, which appeared at 3077 cm™' in the case of

SiNP-ene, was absent in the spectra of the functionalized
SiNPs. All functionalized SiNPs display the typical symmet-
ric and antisymmetric stretch vibrations for CH, bonds. Sig-
nals for the attached functional groups are readily observed.
SiNP-TAA (2), for example, displays a distinct carbonyl
stretch signal at 1690 cm™, which confirms the presence of a
thioester. SINP-OH (3) displays a broad OH stretch vibra-
tion at 3354 cm !, whereas SiNP-EO, (4) displays character-
istic ether bonds at 1108 cm™'. The spectra of SINP-TGAEE
(5), SINP-TGA (6), and SiNP-EO,-COOH (7) display dis-
tinct carbonyl stretch signals at 1732 cm™'. The signal is,
however, hardly observed in the case of SiNP-PEG3000-
COOH (8), most likely due to the large amount of ether
groups (approximately 170 per chain, at 1103 cm™) relative
to other characteristic groups present in the sample. The
presence of ether groups also results in broadening of the
signals for the CH, symmetric and antisymmetric stretch
(they appear as a single peak at 2880 cm™). In the IR spec-
trum of SINP-EO,-COOH (7) the characteristic ether bonds
are observed at 1108 cm™'. Importantly, the signal that cor-
responds to Si—O (1000-1100 cm™") continues to be weak in
all spectra, despite the high polarity of the Si—O bond. This
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characterizing the different
functional groups. A thin film
of SINP-TAA (2) was cast onto
a gold surface and analyzed.
The XPS narrow scan spectrum of the C region of 2 was fit
with four components, of which the main peak at 285.0 eV is
assigned to carbon-bound carbon atoms (Figure 9, left). The

Figure 10. UV/Vis absorption spectra (left) and fluorescence emission (right) of SiNPs 1, 2, and 4. Spectra of
SiNPs 3, 5, 6, 7, and 8 can be found in the Supporting Information.

rescence emission spectra were recorded. In Figure 10
(right), the UV/Vis absorption-normalized fluorescence
emission spectra of SiNPs excited at 430 nm are shown, at
which excitation wavelengths

is obtained. The fluorescence

emission maxima do not shift

significantly for the modified

SiNPs and remain at 525 nm.

The signal intensity, however,

does change to some degree.

A slight shift in maximum is
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Figure 9. XPS spectra of SINP-TAA (2). Left: C; narrow scan; right: S,, narrow scan.

intensity of this signal is relatively high (78 % of the total
carbon content), due to the earlier mentioned side reactions
that occur, thereby leading to substantial attachment of
alkyl chains (see the Supporting Information). The signals
for the C=0 (288.0eV) and C—S (286.4 ¢V) carbon atoms
integrate to a 1:1 ratio. The signal at 289.3eV (2% of the
C,, total area) may arise from slight oxidation of the C=C
bond. The XPS narrow scan of the Si,, region (Figure 9,
center) reveals only a single signal at 101.8 eV, similar to
that observed for SiNP-ene (1). The sulfur region shows a
clear signal of a single type of sulfur, which was fit with a
single spin-orbital doublet (Figure 9, right), in agreement
with the thioether that results from the attachment step.
XPS spectra of other modified SiNPs can be found in the
Supporting Information.

To determine whether the SiNPs retain their optical prop-
erties after thiol-ene functionalization, the UV/Vis absorp-
tion spectra were recorded (Figure 10, left). As evidenced
by the spectra, with normalized absorption at 320 nm, the
absorption is not significantly affected by the modification
of the SiNPs. This confirms that the Si core remains unal-
tered under thiol-ene coupling conditions. In addition, fluo-
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SiNPs. This is likely as a result
of the size-based purification
process of 8, which may alter
the size distribution of the
SiNPs. Since the fluorescence
emission of SiNPs is size-dependent, changes in the size dis-
tribution consequently result in changes in the fluorescence
emission maxima.'™ This shift is not expected to result
from the thiol-ene conjugation, since fluorescence originates
from the Si core, with only a small electronic coupling to the
covering organic layer, which is unlikely to extend to the
distance at which the conjugation reaction takes place.”

Besides steady-state fluorescence spectroscopy, time-re-
solved fluorescence emission was studied as well. The Sup-
porting Information summarizes the amplitude-weighted
averages of the fluorescence lifetimes of the functional
SiNPs excited at 372 nm. The results are all in the same
time range (&4 ns), thereby further confirming that thiol-
ene modification does not significantly affect the SiNPs.

DNA Conjugation

To obtain biofunctional SiNPs with possible applications in
biosensors, single-strand deoxyribonucleic acid (ssDNA)
with a length of 100 bases with a 3’-amino modification was
coupled to the SiNPs by using 1-ethyl-3-(3-dimethylamino-
propyl)carbodiimide and N-hydroxysuccinimide (EDC/

Chem. Asian J. 2011, 6, 2776 -2786
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Scheme 2. ssDNA attachment onto SiNPs by means of EDC/NHS chemistry (example shown: SINP-TGA (6)).

NHS) chemistry (Scheme 2). Samples were purified with
50 k NWCO Amicon centrifugal filter units. Control experi-
ments revealed that both uncoupled ssDNA and uncoupled
SiNPs readily pass through 50 k NWCO filters, as evidenced
by UV/Vis absorption spectroscopy.

After coupling of the ssDNA and subsequent purification
to obtain ssDNA-functionalized SiNPs, the amount of DNA
in the NP sample was determined by UV/Vis absorption
measurements to determine its concentration. The comple-
mentary 3'-Atto 488 dye-modified ssDNA strand was added
(1.5 equiv) and incubated at 80°C for 1 min, after which the
sample was allowed to cool to room temperature followed
by cooling on ice. Excess amounts of complementary
ssDNA were removed by filtration over a 50 k NWCO
Amicon centrifugal filter unit. This resulted in double-
strand (ds) DNA-modified SiNPs SiNP-TGA-dsDNA (9),
SiNP-EO,-dsDNA  (10), and SiNP-PEG-dsDNA (11)
(Figure 11).

distance / nm

Figure 11. Schematic representation of SiNPs conjugated to a dsDNA
strand; complementary strand contains a 3'-Atto 488 dye. (Dimensions
scaled, spacers in blue.)

To confirm coupling of the DNA strands to the SiNPs, gel
electrophoresis on an agarose gel was performed. Figure 12
shows the agarose gel after a run time of 1 h. Lane 1 con-
tains the reference ladder; the numbers correspond to the
number of base pairs (bp) in the respective band. Lane 2
contains SINP-TGA-dsDNA (9); lane 3 SiNP-EO,-dsDNA
(10); and lane 4 contains SiNP-PEG-dsDNA (11). Lane 5 is
a reference lane that contains uncoupled dsDNA (100 bp)
with the same sequence as the strands coupled to the NPs.
The band in lane5 runs slightly lower than the 100 bp
ladder reference (Figure 12, arrowI). No DNA of this
length is observed in lanes 3 and 4, thus indicating successful
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Figure 12. Agarose gel with dsDNA-modified SiNPs. Lane 1: 1kb+
ladder; lane 2: SiNP (9); lane 3: SiNP (10); lane 4: SiNP (11); lane 5: un-
coupled 100 bp dsDNA.

purification of the conjugated SiNPs. The heights of the
bands in lanes 3 and 4 correspond to approximately 300 bp
(Figure 12, arrow II). The SiNPs to which the DNA are cou-
pled are of a specific size, which may influence the height of
the band slightly. As such, the bands are proposed to indi-
cate the presence of two to three DNA strands per NP for
SiNP-EO,-dsDNA (10) and SiNP-PEG-dsDNA (11). A
slightly less distinct band at the same height is observed in
lane 2, which indicates that in the SiNP-TGA-dsDNA (9)
sample, up to three strands are also attached to the SiNP.
The clearer band in lane?2 just above the 100 bp level
(Figure 12, arrow III) most likely corresponds to SiNP-
TGA-dsDNA (9) with only a single dsDNA strand attached.
Tailing of the bands may be due to the range of NP sizes
present in the samples (due to a different number of poly-
meric chains attached), or different numbers or orientations
of DNA strands on the SiNPs, thereby resulting in different-
ly sized DNA-functional particles.

UV/Vis absorption and fluorescence emission data of the
DNA-modified samples with different spacer lengths un-
fortunately do not display characteristics that allow for dif-
ferentiation. The UV/Vis absorption spectrum of the pegy-
lated SiNPs conjugated to ssDNA is shown in Figure 13
(left). However, the main absorption observed originates
from the DNA. This points to attachment of the DNA
strands to the SiNP, since otherwise these would have been
removed in the purification process. The absorption of the
SiNP core is still observed when ssDNA is conjugated to the
particle, albeit only as a minor contribution, since the ex-
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Figure 13. Left: normalized UV/Vis absorption of SiNP-PEG-ssDNA and dsDNA (11). Right: normalized
fluorescence emission of SINP-PEG-ssDNA (4., =430 nm) and SiNP-PEG-dsDNA (11) (4., =501 nm).

tinction coefficient of ssDNA (9.8 x10°mM™'cm™, for this par-
ticular sequence) is approximately 1000-fold higher than
that of the SiNPs at 350 nm (~3x10°mM 'cm™). Further-
more, the fluorescence emission of the SiNPs with ssDNA is
still observed, although again as a relatively small signal
(Figure 13, right). Fluorescence emission contributions from
the SiNP core as well as the UV absorption of the ssDNA
moiety, indicate that both the SiNPs and ssDNA are present
in the sample.

The UV absorption spectrum of the SiNPs that contain
dsDNA (9, 10, 11) is shown in Figure 13 (left). The spectrum
is dominated by the absorption of dsDNA and additionally
the Atto 488 dye. This is similar to the ssDNA SiNP samples
due to the high extinction coefficient for dsDNA (1.6x
10°m'em™!, for this particular sequence). The fluorescence
emission of the Atto 488 dye fully dominates the fluores-
cence spectra of the samples that contain dsDNA-conjugat-
ed SiNPs (Figure 13, right).

The fluorescence contribution of the Atto dye indicates
that the complementary strand is indeed hybridized to the
DNA strand present on the SiNP. The dominance of the
Atto 488 dye in the fluorescence spectra with dsDNA is due
to the rather low quantum yield (QY) of the SiNPs (7 %),
whereas the QY of the Atto 488 dye is 80%. Figure 13
(right) shows the UV/Vis absorption and fluorescence emis-
sion of SINP-dsDNA. The spectra are dominated by the ab-
sorption and emission of the coupled dsDNA strands and
the Atto 488 dye. This indicates that the fluorescent dye is
indeed coupled to the SiNPs through the complementary
DNA strand, since all uncoupled DNA strands are removed
by purification as observed by gel electrophoresis.

Conclusion

The synthesis of silicon nanoparticles (SiNPs) by means of
the oxidation of Mg,Si and subsequent capping with 3-bute-
nylbromide resulted in alkene-functionalized SiNPs with a
silicon core size of 2.4 (£0.5) nm. Thiol-ene chemistry per-
formed on these SiNPs proved to be a facile, efficient, and
versatile approach to obtain a variety of functional SiNPs,
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amine-terminated DNA to the
carboxylic acid-terminated
SiNPs was confirmed by UV/
Vis absorption and fluores-
cence spectroscopy, which indicated both the presence of
DNA and SiNPs in the purified samples. Addition of a fluo-
rescently labeled complementary DNA strand yielded SiNPs
with two to three covalently coupled dsDNA strands, as
confirmed by UV/Vis absorption and fluorescence spectros-
copy and by gel electrophoresis. These results demonstrate
the successful bioconjugation of DNA onto SiNPs. The em-
ployed coupling technique is very mild, and the presented
concept is therefore readily extended to proteins or other
biomolecules, thus bringing the application of biofunctional
SiNPs in sensing devices within reach.

Experimental Section

Experimental details can be found in the Supporting Information. In
brief, the SiNPs were synthesized under an argon atmosphere by the oxi-
dation of Mg,Si by Br, while heating to reflux in octane for 72 h. Subse-
quently, freshly synthesized 4-bromo-1-butene in THF was added to
obtain alkene-terminated SiNPs. The SiNPs were purified by extraction
and size-exclusion chromatography. For the thiol-ene reaction, in general,
an excess amount of the thiol and the radical initiator (0.2 equiv) with re-
spect to the thiol were added to a solution of SiNP-ene (1; 10 mg)
(approx. 0.1 mmol alkene groups as determined by 'H NMR spectrosco-
py with an internal standard) in chlorobenzene or DMF. The reaction
was stirred at room temperature while being exposed to UV light
(365 nm) (DMPA) or stirred at 80°C to activate the thermal initiator
(ACVA), under ambient atmosphere. The resulting SiNPs were purified
by size-exclusion chromatography. Coupling of DNA strands was per-
formed under sterile conditions by adding an excess amount of EDC/HCI
to SiNPs terminated with carboxylic acid, followed by the addition of
NH,-terminated ssDNA. Samples were purified with Amicon centrifugal
filters.
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