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Synthesis and characterization of a nanostructured
porous silicon/carbon dot-hybrid for orthogonal
molecular detection

Naama Massad-Ivanir1,5, Susanta Kumar Bhunia2,5, Nitzan Raz1, Ester Segal1,3 and Raz Jelinek2,4

A new hybrid guest–host material consisting of a Fabry–Pérot porous silicon (PSi) thin film, a nanostructured high surface-area

matrix, and encapsulated fluorescent carbon quantum dots (C-dots) is described. The hybrid is synthesized by a facile in situ
pyrolysis treatment of the carbonaceous precursor incorporated within the nanoscale pores of the inorganic host. The effects of

nanoconfinement on the integrity of the C-dots and their optical properties are characterized. We show that the resulting hybrid

allows for label-free optical detection of target molecules using two orthogonal modalities, that is, the white-light reflectivity of

the PSi matrix and the fluorescence of the confined C-dots, and these two signals can be observed and collected simultaneously.

The resulting hybrid system exhibits superior sensing performance in comparison with that of the individual components.

Notably, we demonstrate that the confined C-dots exhibit greater sensitivity toward various analytes as well as an improved linear

response, thus providing evidence of the impact of the host nanoscale porous scaffold on the optical properties of the C-dots.

Moreover, we show that this orthogonal detection scheme increases the dynamic range of the sensor and minimizes false-

negative results.
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INTRODUCTION

Carbon dots (denoted C-dots) are recently synthesized quasi-spherical
carbonaceous nanoparticles (o10 nm average size) usually comprising
graphitic cores surrounded by various surface functional units.1 C-dots
have attracted significant interest because of their unique structural and
photophysical properties and applications in diverse fields.2,3 Specifi-
cally, C-dots exhibit broad excitation-dependent fluorescence emissions
(for example, multiple colors), bright luminescence and low photo-
bleaching, which are beneficial for sensing applications.4–6 In particular,
C-dots constitute a useful analytical platform because of their
biocompatibility and potentially lower cytotoxicity compared with
conventional semiconductor quantum dots (QDs).1 Moreover, C-dots
can be synthesized from diverse inexpensive and readily available
reagents through simple procedures, enabling straightforward modula-
tion of their structural properties.4,7 Importantly, the fluorescence
properties of C-dots are highly sensitive to their environments, and this
feature has provided opportunities for various sensing applications.6,8

C-dot-based sensors have several advantages: (1) they exhibit high
sensitivity toward various targets; (2) the sensing method is usually
simple and free of reagents; and (3) the change in their fluorescence
signal is very fast, which enables a very short response time.9–12

Porous silicon (PSi) and oxidized PSi (PSiO2) have emerged
in recent years as attractive and versatile nanomaterials for sensing
applications.13,14 PSi exhibits attractive, tunable properties that
contribute to its use as a biosensor. Specifically, diverse PSi
nano-architectures can be readily fabricated by electrochemical
anodization; these PSi nanostructures exhibit high surface areas (up
to 800 m2 g− 1) and can be functionalized by a wide range of chemical
and biological species. Importantly, white light reflectance-based
interferometry constitutes a robust optical transduction method in
PSi systems, making them powerful label-free detectors for various
biomolecules.15–17 However, PSi biosensors suffer from practical
limitations related to the single-mode optical sensing mechanism,
which mainly include poor sensitivity (typical limit of detection in the
micromolar range14,18) and lack of selectivity (for example, distin-
guishing between different analytes and the detection of more than
one target analyte at once14,19). Extensive research efforts have been
directed toward enhancing the sensing properties of PSi-based
systems.20–22 Experimental approaches have usually involved different
passivation chemical reactions or the design of complex optical
devices. A recent strategy is the use of dual-mode transduction to
enhance the biosensor sensitivity and expand the ability to detect
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several targets simultaneously. Recent work by the Weiss group
on a Psi-nanostructured host containing QD-labeled biomolecules
and colloidal gold nanoparticles demonstrated the potential of
PSi-nanoparticle hybrids in dual-mode-sensing applications.23,24 Other
studies have demonstrated the luminescence enhancement of the
fluorophore molecules of QDs co-embedded within PSi host
matrixes.25,26

Herein, we report the fabrication of a bimodal sensing platform
comprising C-dots integrated within a PSiO2 host matrix. Importantly,
the PSiO2/C-dot hybrid was constructed through a facile and robust
single-step synthetic scheme in which the carbon precursor was
incorporated into the PSiO2 matrix, and subsequent heating generated
the encapsulated C-dots. The resulting hybrid PSiO2/C-dot material
enabled the orthogonal, bimodal sensing of biomolecules via modula-
tion of both the optical reflectance associated with the PSiO2 matrix
and the fluorescence of the C-dots. As a proof-of-concept, we applied
the new system to the optical/fluorescence sensing of trypsin and
adenosine triphosphate (ATP). The resulting hybrid system exhibited
superior sensing performance in comparison to the individual
components.

MATERIALS AND METHODS

Materials
Single-side polished and heavily doped p-type Si wafers (0.0009 Ω cm
resistivity, ‹100› oriented, B-doped) were purchased from Sil'tronix Silicon
Technologies, Archamps, France. Aqueous HF (48%) and absolute ethanol
were supplied by Merck, Darmstadt, Germany. p-Phenylenediamine was
purchased from Alfa-Aesar, Heysham, England. Trypsin, 2′-deoxyadenosine
5′-triphosphate disodium salt (ATP) and all buffer salts were purchased from
Sigma-Aldrich Chemicals, Jerusalem, Israel. Phosphate-buffered saline at pH=
7.4 was prepared by dissolving 50 mM Na2HPO4, 17 mM NaH2PO4 and
68 mM NaCl in Milli-Q water (18.2 mΩ cm).

Preparation of PSiO2
Si wafers were anodized in a two-step process, and the conditions were
optimized to produce a highly porous nanostructure with pores that were large
enough to accommodate the C-dots (460 nm). First, a sacrificial layer was
etched in a 3:1 (v/v) solution of aqueous HF (48%) and ethanol (99.9%) for
30 s at a constant current density of 300 mA cm− 2 in a custom-made Teflon-
etching cell; a platinum ring was used as the counter electrode. Next, the freshly
etched porous layer was dissolved in a solution of 0.1 M NaOH, and a
subsequent etching step was performed under the above-mentioned conditions.
After each step, the silicon surface was thoroughly rinsed with ethanol and
dried under a stream of nitrogen. Finally, the PSi samples were thermally
oxidized in a tube furnace (Thermo Scientific, Lindberg/Blue M 1200 °C Split-
Hinge, Waltham, MA, USA) at 800 °C for 1 h in the ambient air to create a
PSiO2 matrix. The oxidation process chemically stabilized the porous layer and
created a hydrophilic surface that enabled a wide repertoire of chemical and
biological modifications.14

Characterization of PSiO2 films
The structural properties, that is, thickness and porosity, of the PSiO2 layer
were characterized by high-resolution scanning electron microscopy (HRSEM),
gravimetric analysis (for porosity) and the spectroscopic liquid infiltration
method, as previously described.27,28 The resulting porous layers were ~ 5 μm
thick, and the calculated porosity was ~ 80%.28

In situ synthesis of C-dots within PSiO2
The incorporation of C-dots in the porous nanostructure was achieved by
in situ synthesis within the pores. A C-dot precursor solution (25 mg ml− 1

p-phenylenediamine aqueous solution) was introduced onto the PSiO2 upper
surface and allowed to infiltrate the pores, followed by evaporation of the water
and mild, slow heating in an oven (180 °C, 12 h).

Synthesis of ‘free’ carbon dots
Preparation of ‘free’ C-dots was achieved by dissolving 100 mg of p-phenyle-
nediamine in 10 ml of ethanol followed by mild, slow heating in a Teflon-lined
autoclave chamber (180 °C, 12 h). The resulting C-dot solution was mixed
with 10 ml of distilled water, and the ethanol was removed from the mixture
by rotary evaporation. The resulting aqueous C-dot solution was used for
further experiments.

Scanning electron microscopy
HRSEM (Ultra Plus, Carl Zeiss, Oberkochen, Germany) studies of the neat
PSiO2 samples and the PSiO2/C-dot hybrids were carried out at an accelerating
voltage of 1 keV.

Confocal laser scanning microscopy
Immediately after the in situ preparation of C-dots within the porous structure,
the samples were scanned with an LSM 700 confocal laser scanning microscope
(CLSM; Carl Zeiss) connected to a Zeiss inverted microscope equipped with a
Zeiss × 63 oil immersion objective. Combinations of 405- and 555-nm laser
lines were used to excite the PSiO2 structure and the C-dots, respectively. To
obtain a three-dimensional projection of the porous structure, z-scans in
0.3 μm increments were taken over a depth of ~ 8 μm and projected by using
the ZEN 2009 (Carl Zeiss). Image analysis was performed with Imaris software
(Bitplane AG, Zurich, Switzerland).

Measurement of fluorescence emission spectra
The fluorescence emission spectra of the PSiO2/C-dot hybrids at
different excitation wavelengths were recorded on a FL920 spectrofluorimeter
(Edinburgh Instruments, Livingston, UK). For the trypsin- and ATP-sensing
experiments, 100 μl of trypsin or ATP at different concentrations (4.3–43 μM
and 0.1–10 mM, respectively) were employed. After incubation of the target
analyte with the PSiO2/C-dot hybrid for 1 h, the emission spectra were
measured at an excitation wavelength of 475 nm. All sensing experiments were
conducted in triplicate for each concentration.

Transmission electron microscopy
High-resolution transmission electron microscopy (HRTEM) studies of ‘free’
(prepared in solution) and confined (extracted from the hybrids) C-dots were
carried out using a JEOL JEM-2100F HRTEM at an accelerating voltage of
200 keV. The transmission electron microscopy (TEM) studies of ‘free’ C-dots
(prepared in solution) were carried out on an FEI Tecnai 12 G2 TWIN TEM at
an accelerating voltage of 120 keV. The confined C-dot samples were prepared
for observation by dissolving the PSiO2 matrix in a 3:1 (v/v) HF (48%):ethanol
(99.9%) solution, followed by extraction of the C-dots from the matrix. Next,
the C-dot solution (in absolute ethanol) was dropped on a graphene-coated
copper grid.

Fourier transform infrared spectroscopy
Fourier transform infrared (FTIR) spectra of the C-dots synthesized in the
PSiO2/C-dot matrix and in solution were recorded on a Thermo Scientific
Nicolet 6700 FTIR spectrometer by application of few mg of dry sample.

X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) was performed using an X-ray
photoelectron spectrometer ESCALAB 250 ultrahigh vacuum (1×10− 9 bar)
apparatus with an AlKα X-ray source and a monochromator. The X-ray beam
size was 500 μm, and survey spectra were recorded with a pass energy (PE) of
150 eV; high-energy resolution spectra were recorded with a PE of 20 eV.
Processing of the XPS results was carried out using Avantage software (Thermo
Scientific, East Grinstead, UK).

Measurement of interferometric reflectance spectra
Interferometric reflectance spectra of the samples were collected using a
charge-coupled device (CCD) spectrometer (USB4000, Ocean Optics, Largo,
FL, USA) fitted with a microscope objective lens coupled with a bifurcated fiber
optic cable. A tungsten light source was focused onto the center of the sample
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surface with a spot size of ~ 1–2 mm2. Reflectivity data were recorded in a

wavelength range of 500–900 nm with a spectral acquisition time of 100 ms.

Both illumination of the surface and detection of the reflected light were

performed along an axis coincident with the surface normal. All the

optical experiments were conducted in a fixed cell to assure that the sample

reflectivity was measured at the same spot during all measurements.

Spectra were collected in real time and analyzed by applying fast Fourier

transform. The optical data in this paper are presented as relative ΔEOT, and
ΔEOT(t)/EOT0= (EOT(t)−EOT0)/EOT0, where the term EOT0 refers to the

averaged effective optical thickness obtained during baseline establishment at

the beginning of the optical experiments. All sensing experiments were

conducted in triplicate for each concentration of trypsin or ATP.

Interferometric reflectance spectral measurements and fluorescence
imaging—simultaneous bimodal sensing
To collect both the interferometric reflectance spectra and the fluorescence

signal, we used a customized Zeiss upright microscope equipped with an Ocean

Optics CCD USB 4000 spectrometer. A two-port adapter was utilized to

selectively transmit the light either to the collimator, which was coupled to a

fiber optic cable, or to the microscope camera (Axio Cam MRc, Zeiss).

Supplementary Figure S12 (Supporting Information) depicts an image of this

experimental set-up. The PSiO2/C-dot hybrid was fixed to the microscope stage

under the microscope objective. The light from a halogen source was focused

through the microscope objective, and the size of the illumination spot was

controlled with the iris of the microscope. Both the illumination of the surface

and the detection of the reflected light were performed perpendicular to the

surface. Optical reflectivity spectra were collected using the CCD spectrometer

and analyzed by applying fast Fourier transform, as previously described.

Fluorescence imaging was carried out concurrently to the reflectivity measure-

ments at a constant exposure time of 100 ms using the camera.

Statistical analysis
Statistical analysis was performed using Student’s t-test with a minimum

confidence level of 0.05 for statistical significance, assuming unequal sample

sizes and variance. All values are reported as the mean and the s.d. of the mean.

The detection limits were calculated from the linear correlation plot using
3Se/m, where Se is the s.e. and m is the slope.

RESULTS AND DISCUSSION

Synthesis of the PSiO2/C-dot hybrid
Figure 1 depicts the synthetic scheme for the generation of the
PSiO2/C-dot hybrid and the bimodal sensing achieved with the
material. We began with the anodization of a heavily doped p-type
crystalline Si wafer (Figure 1a), which, after dry thermal oxidation,
yielded a highly porous SiO2 film (Figure 1b). Subsequent incorpora-
tion of the carbonaceous precursor and pyrolysis produced the hybrid
material, in which fluorescent C-dots were embedded within the
PSiO2 pores (Figure 1c). Figure 1d and e illustrate the orthogonal
sensing modes of the PSiO2/C-dot hybrid. Specifically, Figure 1d
shows a typical reflectivity spectrum (left) comprising a series of
Fabry–Pérot interference fringes resulting from reflections at the top
and bottom interfaces of the porous thin film.29 The maxima of these
fringes are governed by the following relationship (Fabry–Pérot
equation):29

ml ¼ 2nL ð1Þ
where m is an integer, n is the average refractive index, L is the
thickness of the porous film and λ is the wavelength of the incident
light. The 2nL term in Eq. 1 is referred to as the EOT. A change in the
average refractive index (n) leads to a shift in the observed reflectivity
spectrum that is correlated with changes in the EOT. The incorpora-
tion and accumulation of molecules within a porous nanostructure
generally result in redshifts of the EOT due to the increase in the
average refractive index of the thin film layer.13 Application of fast
Fourier transform to the reflectivity data yielded a peak with
characteristic EOT and intensity (Figure 1d, right), which are
distinctive features of the detected analytes.30,31 Figure 1e depicts a
representative fluorescence emission spectrum generated by the C-dots
embedded within the PSiO2 pores. Modulation of the fluorescence of

Figure 1 Construction of the C-dot/PSiO2 hybrid and the two sensing modalities. (a) Anodic electrochemical etching is used to prepare a PSi layer from a
single-crystal Si wafer; (b) the freshly etched sample is thermally oxidized at 800 ºC; (c) the carbonaceous precursor is incorporated in the PSiO2 pores for
the in situ synthesis of the C-dots. Subsequent water evaporation and slow heating results in the formation of C-dots. (d) Optical reflectivity and (e)
fluorescence emission generated simultaneously in the C-dot/PSiO2 hybrid. C-dot, carbon dot; PSiO2, porous silicon oxide.
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the C-dots, that is, both the wavelength and intensity, is induced upon
adsorption of molecules in close proximity to the embedded carbon
nanoparticles.32

Characterization of the PSiO2/C-dot hybrids
Figures 2 and 3 depict the microscopic analyses of the PSiO2/C-dot
hybrid, which were designed to probe the structural features of the
material. To validate the occurrence of in situ synthesis of C-dots
within the PSiO2 nanostructure, the hybrid was examined with CLSM
(Figure 2). Figure 2 clearly reveals the dispersion of C-dots within the
PSiO2 pores. Specifically, the blue photoluminescence corresponding
to the PSiO2 scaffold (λex= 405 nm, λem≥ 420 nm, long pass filter)33

allows for the analysis of the host matrix (Figure 2a) and can be
spatially correlated to the fluorescence of the red C-dots (λex= 555 nm,
λem≥ 560 nm, long pass filter) within the porous layer (Figure 2b).
Indeed, the fluorescence of the C-dots was observed throughout the
entire depth of the porous scaffold over a distance of ~ 4 μm. Residual
fluorescence signals of the C-dots were also detected in a region
slightly above the PSiO2 interface (Figure 2b and c), likely because of
attachment of the particles to the PSiO2 surface. To confirm that the
C-dots did not leach out of the PSiO2 layer, the hybrid was incubated
in a buffer solution for several hours, and the optical reflectivity
spectrum was continuously monitored. Indeed, no baseline drift was
observed in these experiments (Supplementary Figure S1, Supporting
Information), confirming the stability and retention of the encapsu-
lated C-dots within the PSiO2 host matrix.
The microscopy analyses presented in Figure 3 reveal the morphol-

ogies of both the PSiO2 matrix and the embedded C-dots. The
HRSEM image of a cross-section of the untreated PSiO2 provided in
Figure 3a shows the typical aligned pore structure of the PSiO2

matrix.28 The comparative HRSEM micrographs of the PSiO2/C-dot
hybrid shown in Figure 3b and c reveal the nanostructure of the
hybrid and the presence of organic material throughout the porous
scaffold.34 Moreover, electron-charging effects were encountered
throughout the entire cross-sections shown in Figure 3b and c, which

was ascribed to the abundant C-dots—an organic substance—within
the PSiO2 pores.

35,36

The TEM and HRTEM images shown in Figure 3d and e,
respectively, reveal the structural features of the C-dots prepared
in situ within the nanoscale pores. The C-dots extracted from the
PSiO2 matrix by dissolving the porous host in hydrofluoric acid
appear uniform (see Figure 3d; the size distribution analysis indicates
a value of 3.7± 0.6 nm, Supplementary Figure S2, Supporting
Information). A representative HRTEM image of the collected
nanoparticles (Figure 3e) highlights the crystalline graphite cores of
the in situ synthesized C-dots. It should be noted that the ‘free’ C-dots
prepared in solution were significantly larger (average diameter of
~ 10 nm, see Supplementary Figure S3, Supporting Information) than
the confined C-dots synthesized in situ within the porous nanos-
tructure. Thus, these results indicate that the C-dots formed under
nanoscale confinement of the carbonaceous precursor within the
PSiO2 host differed in their nanostructures and thus in their
physicochemical properties relative to the C-dots synthesized in
solution.
Figure 4 presents the spectroscopic characterization of the C-dots

formed through the synthetic scheme outlined in Figure 1 in
comparison with the C-dots prepared in solution from the same
carbonaceous precursor. The FTIR data shown in Figure 4a show the
expected surface functional groups, which are apparent in both C-dot
samples. Specifically, Figure 4a reveals FTIR bands corresponding to
O–H and N–H stretching4,7 (3330 cm− 1), the C=O band of carbonyl
and amide groups (1690 cm− 1), C=C stretching/N–H bending
(1620 cm− 1) and amide II and amide I groups (1500 and 1300 cm− 1,
respectively). Note that the peak positions exactly coincide in the two
C-dot samples, indicating their similar C-dot surface structures; the
differences in some of the peak intensities are consistent with the
distinct synthetic environments of the two C-dot samples, that is,
within the PSiO2 matrix (i) and in solution (ii).
The XPS data shown in Figure 4b depict the atomic species present

in the C-dots and further highlight the differences between C-dots
prepared in situ from the confined precursor within the PSiO2 matrix
and the C-dots synthesized in solution. Like the FTIR data shown in
Figure 4a, the same XPS C 1 s, O 1 s and N 1 s signature peak
positions were observed for the C-dots extracted from the PSiO2/C-
dot hybrids (Figure 4bi) and for the C-dots synthesized in solution
(Figure 4bii). Specifically, the deconvoluted C 1s spectrum displays
peaks at 284.6 eV, corresponding to sp2 carbon atoms (C=C),
285.8 eV, assigned to C–OH groups and 287.5 eV, for -COOH
and/or -COOR groups.4,7 The O 1s spectrum shows peaks at
531.3 eV for C=O groups and 532.5 eV for O=C=OH and/or
C-OH groups, and the N 1s data present a peak at 399.2 eV for C–N
and/or C=N groups and a signal at 400.5 eV corresponding to an
N–O group (Figure 4b). Importantly, Figure 4b demonstrates the
different deconvoluted XPS peak intensities for the C-dots prepared
in situ inside the PSiO2 matrix, confirming that distinctive C-dots were
formed within the nanopores.
The excitation-dependent fluorescence emission spectra of

the C-dots extracted from the PSiO2 matrix and synthesized in
solution are depicted in Figure 4c. Interestingly, both the shifts
and relative intensities of the excitation-dependent emission peaks
differed between the two C-dot samples. The relative intensities of
the excitation-dependent spectra, however, were dependent on the
synthetic scheme. In particular, the peaks of the C-dots prepared
within the nanoscale pores (Figure 4c–i) were blueshifted compared
with those of the C-dots prepared from the solution-dissolved
precursor (Figure 4cii). This fluorescence spectral shift is consistent

Figure 2 CLSM 3D projection images of (a) neat PSiO2, (b) the C-dot/PSiO2
hybrid and (c) the C-dot/PSiO2 hybrid in which the fluorescence signal of the
C-dots is falsely colored red to aid observation. Panels (b and c) demonstrate
the location of the C-dots within the porous layer in the z-direction.
The scale bar is 3 μm. Shown are the net photoluminescence and
fluorescence signals (after background subtraction). C-dot, carbon dot;
CLSM, confocal laser scanning microscopy; PSiO2, porous silicon oxide; 3D,
three-dimensional.
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with the FTIR and XPS data presented in Figure 4a and b and
is ascribed to slight differences in the surface characteristics of the
C-dots resulting from their synthetic conditions and environment.
Ultraviolet–visible (UV–vis) absorbance spectra of the two samples
(Supplementary Figure S4, Supporting Information) reveal distinct
spectral shifts and extinction coefficients for the two C-dots, further
highlighting the different structural features of the two types of carbon
nanoparticles. To further confirm that the fluorescence signal of the
hybrid originates from the C-dots and not from the PSiO2 nanos-
tructure, the photoluminescence spectra of neat PSiO2 was measured
(Supplementary Figure S8, Supporting Information). A very weak
photoluminescence signal was recorded from the PSiO2 matrix,
confirming that the fluorescence signal of the hybrid was derived
from the C-dots present within the nanostructured host.

Bimodal detection of trypsin and ATP
To investigate the application of the new PSiO2/C-dot hybrid as a
bimodal sensor for biomolecular analytes, we tested its optical
and fluorescence responses to trypsin (a model protein target) and
ATP (a model small analyte). Trypsin is a digestive enzyme produced
in the pancreas as the proenzyme trypsinogen, and its concentration in
the human body is correlated to pancreatic diseases, for example,
pancreatic cancer and inflammation.37,38 ATP is known as the basic
biological energy source of life. In addition, ATP is a marker for cell
viability as it is present in all metabolically active cells, and its
concentration may change in the case of disease.39,40

Figure 5a depicts the relative EOT changes of the PSiO2/C-dot
hybrid during exposure to different concentrations of trypsin.
Specifically, the infiltration of trypsin was monitored in real time by

acquisition of the reflectivity spectra of the porous film and the
normalized EOT. Notably, Figure 5a shows a rapid increase of ~ 0.1,
0.25 and 0.65% in the EOT in the presence of increasing concentra-
tions of trypsin (4.3, 21.5 and 43 μM, respectively), which is attributed
to the infiltration and accumulation of trypsin in the nanostructured
pores. A subsequent gradual increase was observed until the EOT
values became stable (Figure 5aii), corresponding to saturated levels
of the infiltrated protein. Control experiments with only buffer
(no trypsin) produced no change in the EOT (Figure 5a, orange trace).
The bar diagram provided in Supplementary Figure S5 (Supporting

Information) displays the maximal EOT values recorded upon the
addition of different trypsin concentrations to the PSiO2/C-dot hybrid.
The reflectivity response was found to be proportional to the trypsin
concentration, and a linear correlation was demonstrated (R2= 0.95).
Control experiments with neat PSiO2 (no C-dots) produced smaller
changes in the EOT (Supplementary Figure S6, Supporting Informa-
tion), a higher signal to noise ratio and a weaker linear correlation
(R2= 0.75) relative to the hybrid system. Thus, these results indicate
that the presence of the C-dots within the nanostructure improved
the sensitivity of the thin film through refractive index changes.
The larger shifts observed in the hybrid system are ascribed to the
presence of C-dots within the PSiO2 host, which reduces the nanoscale
pore diameter and enhances the sensitivity of the thin film structure
to refractive index changes.41,42 Importantly, the sensitivity of the
PSiO2/C-dot sensor, with a calculated limit of detection of ~ 4 μM, is
comparable to those of previously reported PSiO2 optical biosensors.

43

Supplementary Table S1 (Supporting Information) summarizes the
trypsin-sensing performance of the hybrid system in comparison with
that of the control systems (for example, neat PSiO2 and ‘free’ C-dots).

Figure 3 Microscopic characterization of the in situ synthesized C-dots. Cross-sectional HRSEM images (secondary electrons) of (a) the neat PSiO2 layer
(etched for 30 s at 300 mA cm−2); (b) the C-dot/PSiO2 hybrid; (c) and the C-dot/PSiO2 hybrid at a higher magnification, showing the carbonaceous materials
(that is, C-dots) interspersed within the pores. (d) TEM and (e) HRTEM images of the C-dots extracted from the PSiO2 host matrix. C-dot, carbon dot;
HRSEM, high-resolution scanning electron microscopy; HRTEM, high-resolution TEM; PSiO2, porous silicon oxide; TEM, transmission electron microscopy.
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It should be emphasized that conjugation of recognition elements or
surface-displayed binding agents to the PSiO2/C-dot hybrid would
likely facilitate even greater sensitivity to the biomolecular targets.44

Figure 5b presents the fluorescence emission spectra (excitation at
475 nm) of the PSiO2/C-dot hybrid upon incubation with different
trypsin concentrations. Figure 5b demonstrates a direct relationship
between the trypsin concentration and quenching of the C-dot
fluorescence. Moreover, the quenching of the C-dot fluorescence
was found to be proportional to the trypsin concentration, and a linear
correlation was demonstrated (R2= 0.95, Supplementary Figure S7,
Supporting Information). Quenching of the C-dot fluorescence by
various analytes has been widely reported and is generally ascribed to
electron and energy transfer between the target molecules and surface
residues on the C-dots, inducing non-radiative decay processes of the
C-dot excitons.45 In the case of trypsin, the quenching of the
fluorescence signal of the C-dots may be ascribed to π–π interactions

between the aromatic ring system of the C-dots and the hydrophobic
units of trypsin.46,47 Notably, the ‘free’ C-dots prepared in solution
exhibited an inferior degree of fluorescence quenching when exposed
to trypsin (Supplementary Figure S9, Supporting Information) in
comparison with the confined C-dots, underscoring the significance of
the PSiO2 matrix in promoting the adsorption of the target analytes
and their subsequent effect on the embedded C-dots.
To further investigate the applicability of the new PSiO2/C-dot

hybrid as a dual-mode analytical platform, we studied its optical and
fluorescence responses to ATP, a model small analyte. Small molecules
are difficult to detect by reflectivity, as the change in the average
refractive index of the porous film is too low at relevant analyte
concentrations.48 Indeed, RIFTS experiments employing different
concentrations of ATP (Figure 5c) revealed a detection threshold of
5 mM, which is generally too high for practical sensing applications,
and similar results were obtained for neat PSiO2 (as shown in

Figure 4 Characterization of the C-dots (i) extracted from the C-dot/PSiO2 hybrid and (ii) synthesized in solution. (a) FTIR spectra; (b) XPS showing the
different functional groups on the C-dot surface; and (c) fluorescence emission spectra from excitation at different wavelengths (indicated by the different
colors). C-dot, carbon dot; FTIR, Fourier transform infrared; PSiO2, porous silicon oxide; XPS, X-ray photoelectron spectra.
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Supplementary Figure S10, Supporting Information). However,
this drawback could be overcome by utilizing the fluorescence
properties of the embedded C-dots. As apparent in the fluorescence
spectra shown in Figure 5d, exposure to a low ATP concentration
of 0.1 mM resulted in a decrease in the fluorescence signal of the
C-dots. Figure 5d also illustrates the occurrence of a direct
relationship between the ATP concentration and the quenching of
the C-dot fluorescence. It is suggested that the quenching of the C-dot
fluorescence signal by the ATP molecules may be related to electron
transfer from the nucleotides to the excited C-dots.49 Moreover, when
comparing the sensing performance of the hybrid system to that of the
‘free’ C-dots (Supplementary Figure S11, Supporting Information), the
quenching of the C-dot fluorescence in the hybrid system was found
to be proportional to the ATP concentration, and a strong linear
correlation was demonstrated (R2= 0.98), whereas for the ‘free’
C-dots, a constant quenching effect was observed for high ATP
concentrations (≥1 mM). Supplementary Table S2 (Supporting Infor-
mation) summarizes the ATP-sensing performance of the hybrid
system in comparison with that of the control systems (for example,
neat PSiO2 and ‘free’ C-dots). Moreover, when comparing the

sensitivity of the PSiO2/C-dot sensor to ATP to that of previously
reported QDs and carbon QD-based optical sensors, the limit of
detection of the hybrid system is superior.49,50

While Figure 5 presents the optical and fluorescence signals
recorded separately by different instrumentation, the PSiO2/C-dot
hybrid enables simultaneous orthogonal analyses of multiple adsorbed
species. To demonstrate this capability, Figure 6 presents the optical
reflectance data collected in parallel with the fluorescence emission
upon placing the PSiO2/C-dot hybrid under a fluorescence microscope
equipped with a CCD spectrometer (the experimental set-up is shown
in Supplementary Figure S12, Supporting Information). Figure 6
shows a small and slow change in the relative EOT prior to trypsin
addition, whereas a rapid and significant increase of ~ 0.55% in
the EOT was clearly apparent upon introduction of trypsin (43 μM),
which was attributed to the infiltration and accumulation of the
protein in the nanostructured pores. In parallel, the microscopy
images shown in Figure 6 demonstrate that the fluorescent intensity
of the hybrid was significantly quenched 20 min after the introduction
of trypsin, consistent with the spectral data presented in Figure 4c.
Overall, Figures 5 and 6 attest to the feasibility of bimodal sensing

Figure 5 Bimodal sensing of trypsin (upper panel) and ATP (lower panel) by the C-dot/PSiO2 hybrid. Optical responses to trypsin (a) and ATP (c), expressed
in terms of the relative EOT of the C-dot/PSiO2 hybrid versus time of analyte infiltration into the nanostructure. (i) PBS buffer and (ii) introduction of
the target analyte. The hybrid was fixed in a custom-made flow cell, and the reflectivity spectra were recorded every 15 s. Fluorescence spectra of the
C-dot/PSiO2 hybrid (exc. 475 nm) after incubation with trypsin (b) and ATP (d) at different concentrations. C-dot, carbon dot; EOT, effective optical
thickness; PBS, phosphate-buffered saline; PSiO2, porous silicon oxide.
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through the simultaneous detection of trypsin and ATP by both
optical reflectance of the PSiO2 matrix and quenching of the C-dot
fluorescence. We are currently exploring several routes to enhance the
selectivity of the hybrid sensor, including the use of appropriate
surface chemistry and biofunctionalization of both components of the
hybrid (that is, the PSiO2 nanostructure and the embedded C-dots)
with specific capture probes (such as antibodies and aptamers). The
suggested that a hybrid system reveals a new way of designing dual-
mode surface chemistry for two analytes simultaneously, as each of the
hybrid elements can be modified with different capture probes.

CONCLUSIONS

We report the synthesis of a hybrid guest–host material comprising
C-dots embedded within a PSiO2 matrix. To the best of our knowl-
edge, this is the first report demonstrating the integration of C-dots
within a nanoporous silicon host matrix. The preparation of the
hybrid material was simple and involved incorporation of the C-dot
carbonaceous precursor in the PSiO2 pores and subsequent heating.
Spectroscopy and microscopy experiments confirmed the successful
in situ synthesis of C-dots within the PSiO2 nanostructure host and
showed that the C-dots retained their unique fluorescence properties
while being embedded within the PSiO2 pores. We demonstrated
that the PSiO2/C-dot hybrid enabled bimodal fluorescence/optical
detection of different target analytes, including trypsin and ATP.
The potential of this hybrid system for modulating the photo-

physical properties of both components and for sensing applications is
significant. The integration of PSiO2 and C-dots enhances the sensing
performance of these optically responsive materials in comparison
with the individual components. Specifically, the PSiO2/C-dot sensor
exhibited both a significant increase in the effective refractive index of
the porous layer and simultaneous quenching of the C-dot fluores-
cence signal upon addition of the analytes. Importantly, the C-dots
embedded within the PSiO2 matrix exhibited a higher sensitivity than
the solubilized C-dots, attesting to the significance of the nanoporous
environment in promoting interactions between the carbon nanopar-
ticles and adsorbed analytes and highlighting a useful strategy for

enhancing the sensing capabilities of C-dots. Moreover, it should be
emphasized that the hybrid allowed for real-time sensitive detection of
small molecules, which is one of the main limitations of reflectivity-
based PSi sensors. We are currently exploring several approaches for
enhancing the sensitivity and selectivity of the reported hybrids,
including the use of capture probes and changing the PSiO2 matrix
from a single porous layer to a multilayered structure. Thus, the proof-
of-concept work presented here provides a generic sensing platform
that can potentially be applied to the rapid detection and identification
of a variety of analytes.
The orthogonal sensing modes of PSiO2/C-dot provide a powerful

method for sensing and identifying diverse analytes and are superior to
the sensors based on the individual methods.
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