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Abstract 

We report herein a straightforward and label-free approach to prepare luminescent mesoporous 
silica nanoparticles. We found that calcination at 400 °C can grant mesoporous organosilica na-
noparticles with strong fluorescence of great photo- and chemical stability. The luminescence is 
found to originate from the carbon dots generated from the calcination, rather than the defects in 
the silica matrix as was believed previously. The calcination does not impact the particles’ abilities 
to load drugs and conjugate to biomolecules. In a proof-of-concept study, we demonstrated that 
doxorubicin (Dox) can be efficiently encapsulated into these fluorescent mesoporous silica na-
noparticles. After coupled to c(RGDyK), the nanoconjugates can efficiently home to tumors 
through interactions with integrin αvβ3 overexpressed on the tumor vasculature. This calcina-
tion-induced luminescence is expected to find wide applications in silica-based drug delivery, 
nanoparticle coating, and immunofluorescence imaging. 

Key words: Silica nanoparticles; Drug delivery; Integrin αvβ3; Bioimaging; Doxorubicin. 

Introduction 
Mesoporous silica nanoparticles, due to their low 

toxicity and high loading capacity, have been widely 
used as a drug delivery vehicle [1-3]. Small molecule 
drugs, such as doxorubicin (Dox) and camptothecin, 
have been loaded onto mesoporous silica nanoparti-
cles and studied for cancer treatment [4-7]. Mesopo-
rous silica has also been widely used as a coating 
material [8, 9]. Nanoparticles made from a pyrolysis 
method, for instance, can be coated with a layer of 
silica and granted with good stability in aqueous so-
lutions [3, 10-20].  Both applications can benefit from 
the facile surface chemistry of silica that allows easy 
coupling of targeting ligands onto the particles [6].   

To facilitate the tracking of silica or silica-coated 
nanoparticles in a biological system, it is common to 
label silica particles with a fluorophore. This can be an 
organic dye molecule, which is loaded through either 
physical adsorption or chemical conjugation; alterna-
tively, a nanoparticle fluorophore--for instance a 
quantum dot [21] or a upconversion nanoparticle [22, 
23]--can be used, in which case the particles are en-
capsulated by a silica shell. These fluorophore-doping 
methods however, can be time-consuming and ex-
pensive, and are commonly associated with issues like 
high toxicity, increased particle size, and dye-leaking 
[21, 24, 25].  

 
Ivyspring  

International Publisher 



 Theranostics 2013, Vol. 3, Issue 9 

 
http://www.thno.org 

651 

We report herein that a simple calcination at 
400˚C can grant mesoporous silica nanoparticles lu-
minescence (Scheme 1/Figure A). The mild treatment 
does not cause changes to the particles’ size, shape, 
pore size, stability, and loading capacity. The result-
ing fluorescent mesoporous silica (FL-SiO2) nanopar-
ticles possess strong fluorescence that is stable against 
photo-bleaching and environmental changes. The 
luminescence, interestingly, was found attributed to 
small carbon dots generated from the calcination 
(Scheme 1/Figure A). We demonstrated that these 
label-free silica fluorophores can be tracked both in 
vitro and in vivo, suggesting the great potential of this 
technology in drug delivery, nanoparticle coating, 
and immunofluorescence imaging.  

Results 
We first prepared 3-aminopropyl triethoxy 

silane (APTES)-containing mesoporous silica particles 
[26], and subjected the products to calcination at 400 
°C for 2 h. Figure 1a and 1b are TEM images of 80 nm 
mesoporous silica nanoparticles before and after cal-
cination, respectively. The treatment caused no na-
noparticle aggregation and little change to the parti-
cles’ appearances. The resulting FL-SiO2 nanoparticles 
retained their ordered mesoporous structures with a 
pore size of about 3 nm (Figure 1c) [27, 28].  

While untreated mesoporous silica nanoparticles 
are transparent, FL-SiO2 nanoparticles displayed a 
broad absorption spectrum with a shoulder at ca. 360 
nm (Figure 1d). When excited in the range of 320-360 

nm, FL-SiO2 nanoparticles exhibited strong fluores-
cence (Figure 1d). Figure 1e is a photograph of 
FL-SiO2 nanoparticles in a powder and solution under 
excitation at 365 nm. Strong blue luminescence was 
visualized even by the naked eye. Increasing the ex-
citation wavelength resulted in a red-shift of the 
emission; the shift, however, was at a cost of the lu-
minescence intensity (Figure 1d). For instance, when 
excited at 460 nm, the emission peak was shifted to 
520 nm, and the maximum intensity was ~50% of that 
excited at 380 nm. The same treatment also works for 
mesoporous nanoparticles of different sizes and even 
solid silica nanoparticles (Supplementary Material: 
Figure S1). 

For conventional organic fluorophores, two 
primary drawbacks are the poor photostability and 
chemical stability. Figure 1f (red spots) shows that the 
emission intensity of Texas Red (a commonly used 
dye molecule, ex/em: 589/615 nm) dropped rapidly 
after exposure to excitation light, and was completed 
bleached within 120 s [29]. In contrast, FL-SiO2 nano-
particles exhibited no drop in fluorescent intensity 
under continual illumination for 10 min (Figure 1f, 
blue dots). In fact, we found no change of fluorescence 
intensity even after 24 h of UV irradiation (data not 
shown). The luminescence was also stable against 
environmental changes, as we found a constant fluo-
rescence intensity at different pH (from 4 to 9) and in a 
strong reducing environment (100 mM dithiothreitol, 
or DTT) (Figure 1g).   

 
 
 

 
Figure A. (Scheme 1). Schematic illustration of the particle formation and drug loading. After being calcinated at 400 ˚C, mesoporous organosilica 
nanoparticles are rendered fluorescent due to the generation of carbon dots in the matrix. These fluorescent silica nanoparticles can be loaded with drug 
molecules (e.g. Dox) and coupled with targeting motifs (e.g. RGD peptide) for simultaneous imaging and drug delivery. 
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Fig 1. TEM images of mesoporous silica nanoparticles before (a) and after (b&c) calcination. No obvious morphology change was observed. Scale bars: 100 
nm. d) Absorption and emission spectra of FL-SiO2 nanoparticles. The fluorescence intensity was at the maximum when the particles were excited at ~380 
nm. e) FL-SiO2 nanoparticles in powder and solution under excitation at 365 nm. f) Photostability of Texas Red (red dots) and FL-SiO2 nanoparticles (blue 
dots). When exposed to excitation light, Texas Red was quickly bleached. FL-SiO2 nanoparticles, on the other hand, showed robust photostability. g) The 
fluorescence intensities of FL-SiO2 nanoparticles remained constant at different pH (from 4 to 9), and in a highly reducing environment. The incubation was 
carried out at room temperature for 24 h. 

 
We next examined the impact of calcination on 

the particles’ biocompatibility and drug loading effi-
ciency. The cytotoxicity studies were performed with 
U87MG human glioblastoma cells by MTT assays, 
which found no toxicity of FL-SiO2 nanoparticles in 
the tested concentration range (0-100 μg/mL) (Figure 
2a). Drug loading was studied with 80 nm FL-SiO2 
nanoparticles using Dox as a model drug. After over-
night incubation, we observed a high loading rate of 
~70 wt% (i.e. ~ 0.7 g Dox/g FL-SiO2). This number is 
similar to what was reported previously with com-

mon mesoporous SiO2 nanoparticles [4-6, 26, 30], 
suggesting that the calcination causes no pore clog-
ging. The loaded Dox can be gradually released (Fig-
ure 2b) [31]. When studied in a PBS buffer (pH 7.4), 
we found a cumulative release rate of ~20% in 50 h, 
which is also similar to the previous reports [32, 33]. 
When tested with U87MG cells, these Dox-loaded 
FL-SiO2 nanoparticles induced a concentration de-
pendent viability drop (Figure 2a).  

For bio-conjugation purposes, we coated FL-SiO2 
nanoparticles with APTES. The resulting, aminated 
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FL-SiO2 (NH2-FL-SiO2) nanoparticles were covalently 
coupled with c(RGDyK), which has a high affinity 
toward integrin αvβ3, a tumor biomarker overex-
pressed on tumor vasculature and tumor cells of var-
ious types [34-38]. The coupling had little impact on 
the particles’ stability (Supplementary Material: Fig-
ure S2) and Dox loading rate (remained at 70 wt%). 
When incubated with U87MG cells, which overex-
press αvβ3 on the surface, the RGD-conjugated 
FL-SiO2 (RGD-FL-SiO2) were efficiently internalized 
(Figure 2c). NH2-FL-SiO2 nanoparticles, on the other 
hand, showed little cellular uptake under the same 
conditions. 

In vivo imaging studies were performed on 
U87MG subcutaneous tumor models. 0.14 mg of 
RGD-FL-SiO2 nanoparticles were intravenously (i.v.) 
injected (n = 3), and fluorescence images were ac-
quired on a Maestro II scanner at different time 
points. We found good accumulation of fluorescence 
activities in the tumors at 4 and 24 h (Figure 3a). In 
addition to the tumors, activities were also found in 
the liver and backbone, which were attributed to par-
ticle uptake by the Kupffer cells in the liver and mac-
rophages in the bone marrow, respectively [39, 40]. In 
the control group, NH2-FL-SiO2 nanoparticles at the 
same dose were injected (n = 3). Despite a certain de-
gree of tumor accumulation, the intensity in the tu-
mors was significantly lower than that in the 
RGD-FL-SiO2 group. After the 24 h imaging, the ani-
mals were sacrificed. The tumors as well as major 

organs were harvested for ex vivo imaging. The dis-
tribution pattern is similar to the in vivo results except 
a high level of activities in the intestine is seen (Figure 
3a). The signals from intestine however, showed a 
spectrum that is different from that of RGD-FL-SiO2 

nanoparticles (Supplementary Material: Figure S3). 
These signals were due to digested food, not the par-
ticles [31, 41, 42]. The relatively low intensity in the 
liver and spleen is attributed to the strong tissue ab-
sorption. The luminescence is the most intense in the 
region of 400-550 nm where body tissue is less trans-
parent than in the NIR spectrum window. 

We also studied the potential of FL-SiO2 nano-
particles in histology. In a separate study, we injected 
Dox loaded RGD-FL-SiO2 (Dox-RGD-FL-SiO2) nano-
particles into U87MG tumor models (5 mg Dox/kg 
mice, n = 3). In the control group, Dox loaded 
NH2-FL-SiO2 nanoparticles (Dox-FL-SiO2) at the same 
dose were injected. We sacrificed the animals after 24 
h, and performed histology studies with the tumor 
sections. In the Dox-RGD-FL-SiO2 group, we observed 
strong fluorescence from both silica and Dox. The 
signals were well correlated (Figure 3b), and clearly 
delineated the shape of blood vessels, suggesting that 
most of the Dox-RGD-FL-SiO2 nanoparticles were 
retained within the blood vessels, presumably 
through interactions with integrin αvβ3 expressed on 
the tumor vasculature [43, 44]. This concept was 
supported by results from the control group, where 
few signals from either Dox or silica were observed. 

 

 
Fig 2. a) Cytotoxicity studies. FL-SiO2 nanoparticles were not toxic to U87MG cells in the tested concentration range (0-100 µg/mL). On the other hand, 
Dox-FL-SiO2 nanoparticles showed concentration dependent toxicity against U87MG cells. b) Drug release study with Dox-FL-SiO2 nanoparticles in PBS. 
c) Cellular uptake studies. After being incubated with U87MG cells for 1 h, we observed good uptake with RGD-FL-SiO2 nanoparticles, but not with 
NH2-FL-SiO2 nanoparticles. The fluorescence signals are from the FL-SiO2 nanoparticles. Scale bar: 50 µm. 
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Fig 3. a) In vivo and ex vivo imaging results. RGD-FL-SiO2 and NH2-FL-SiO2 nanoparticles were i.v. injected into U87MG tumor-bearing mice. The images 
were acquired at 1, 4 and 24 h post injection. After 24 h imaging, tumors and major organs were dissected and laid on a sheet of black paper for ex vivo 
imaging. The tissues were arranged by the following order: 1) tumor; 2) heart; 3) liver; 4) spleen; 5) lung; 6) kidneys; 7) intestine; 8) muscle; 9) brain. b) 
Microscopic fluorescence imaging studies with tumor sections that were taken from U87MG tumor-bearing mice injected with either Dox-RGD-FL-SiO2 

or Dox-NH2-FL-SiO2 nanoparticles. Scale bars: 50 µm. 

  

Discussion and conclusions 
Incorporating an organic functional group into 

the silica matrix, in this case amine (from APTES), is 
essential to the generation of luminescence. For mes-
oporous SiO2 nanoparticles made from pure TEOS, 
the calcination failed to render the particles fluores-
cent. The functional group, however, is not limited to 
amine. When a thiol-containing silane (e.g. 
3-mercaptopropyltrimethoxysilane) was used as a 
precursor, the resulting SiO2 nanoparticles, after cal-
cination, also showed strong luminescence (Supple-
mentary Material: Figure S1g&1h). The luminescence 
is dependent on the calcination temperature. Calcina-
tion at 210 °C resulted in nanoparticles with moderate 
emission intensity (Supplementary Material: Figure 
S4 & S5), whereas calcination at a high temperature 
(600 °C) resulted in much weaker fluorescence (Sup-
plementary Material: Figure S5).  

Similar calcination-induced luminescence was 
observed by the Tan and Schmedake groups with 
solid silica nanoparticles [45, 46], and by Sailor et al. 
with silica sol-gels [47]. To our knowledge, however, 
there have been no reports on calcination-induced 
fluorescence of mesoporous silica nanoparticles, and 
no investigations on the potential of the fluorescence 
in bioimaging. In all the previous studies, the fluo-
rescence was attributed to the defects in the silica 
matrix [45, 47]. Briefly, calcination-induced decompo-
sition creates a C substitutional defect for Si, which is 
believed to be a luminescent species [47]. To test the 
theory, we incubated FL-SiO2 nanoparticles with hy-
drofluoric acid (HF, 37%) to decompose the silica 
matrix. Surprisingly, the resulting solution remained 
fluorescent with an almost unchanged intensity, sug-
gesting that the previous hypothesis is untrue (Figure 
4a&b). Further TEM studies with the HF-treated 
FL-SiO2 solution confirmed the complete destruction 

of the silica matrix (Figure 4c). Instead, we found 
many ca. 3 nm carbon dots (C-Dots) in the remaining 
solution (Figure 4c), which we believe are the true 
luminescence source. Indeed, previous studies with 
C-Dots showed a luminescence spectrum that is sim-
ilar to ours [48-50]. It is noted, however, that synthesis 
of C-Dots was mostly achieved through harsh chem-
ical synthesis and required post-synthesis surface 
passivation to be rendered strong fluorescence [51]. 
Our discovery suggests an alternative and milder 
synthetic approach for C-Dot preparation. Though not 
the direct source, the defects in the silica skeleton are 
critical to the generation of C-Dots, as calcination is 
unable to illuminate pure silica particles (data not 
shown). It is possible that these defects serve as the 
originating sites where C-Dots begin to grow. The 
porous silica structure is also believed to be essential, 
providing small nanoreactors for particle formation 
and preventing overgrowth. Further investigations on 
the formation of C-Dots and their differences from 
those made by the previous methods are ongoing.  

Aside from rendering nanoparticles fluorescent, 
the calcination does not affect the particles’ other 
characteristics, such as the size, shape, pore size, and 
biocompatibility. The resulting nanoparticles can be 
treated as uncalcined ones in terms of loading drugs 
and conjugation with biomolecules. In this study, we 
showed that Dox can be loaded onto FL-SiO2 nano-
particles with high efficiency. We expect that other 
small molecule-based drugs can be loaded via a simi-
lar mechanism. Different peptide sequences, as well 
as antibodies and aptamers, should also be able to be 
tethered onto the particle surface [52-54]. Integrin 
specific cytotoxicity and in vivo treatment were not 
studied with Dox-RGD-FL-SiO2 nanoparticles. But 
due to comparable drug loading and release, we ex-
pect that the therapeutic profiles are similar to the 
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uncalcinated ones.   

 
Fig 4. a) Photographs taken before and after incubation of FL-SiO2 nanoparticle with HF. The solution remained luminescent after the treatment. b) 
Emission spectra of FL-SiO2 nanoparticles, taken before and after HF treatment. c) TEM image of FL-SiO2 nanoparticles after being treated with HF. Silica 
matrix was removed, leaving C-Dots with a diameter of ~3 nm. 

 
FL-SiO2 nanoparticles show exceptional pho-

to-stability, exhibiting constant fluorescence even af-
ter hours of UV irradiation. The fluorescence was also 
proved stable against environmental changes, no 
matter at high/low pH or in a strong reducing envi-
ronment (Figure 1g). This quality is important be-
cause chemical surroundings change drastically 
across cell membranes, and among different cellular 
organelles. For instance, glutathione (GSH), a thi-
ol-containing reducing molecule, is at a level of 70 
mM inside tumor cells, which is ~7 times higher than 
that in the circulation [55, 56]. And while pH stays 
neutral in most cell organelles, it drops to as low as 4.5 
in endosomes/lysosomes [57, 58]. The chemical- and 
photo-stability ensures constant and enduring fluo-
rescence output, which is critical for quantitative 
analyses.   

The emission of FL-SiO2 nanoparticles is the 
most intense in the visible spectrum region. Such a 
short emission wavelength may limit their uses in in 
vivo imaging, as a high level of tissue autofluorescence 
may intervene. On the other hand, autofluorescence is 
less a concern in a histology setting. As demonstrated, 
the fluorescence of FL-SiO2 nanoparticles can benefit 
immunofluorescence investigations. And since 
FL-SiO2 nanoparticles are extremely stable in an acidic 
environment, it is also possible to harness the fluo-
rescence for accurate biodistribution analysis.  

Overall, we developed a straightforward and 
label-free method to grant mesoporous silica nano-
particles with strong and stable fluorescence. We 
identified the calcination-induced C-Dots, rather than 
the defects in the silica matrix, as the true source of 
luminescence. These findings are expected to have 
extensive and profound impact considering the wide 

use of silica in drug delivery and particle coating. 

Methods and materials 
Synthesis and characterizations of FL-SiO2 nanopar-

ticle: Mesoporous silica nanoparticles were prepared 
following a previously published procedure [26]. 
Briefly, 0.2 g cetyltrimethylammonium bromide 
(CTAB) was dissolved in 96 mL water. With magnetic 
stirring, 0.7 mL of 2 M sodium hydroxide (NaOH) 
was added, and the resulting solution was heated up 
to 80 °C. Subsequently, 1.4 mL tetraethyl orthosilicate 
(TEOS), 3 mL ethylacetate, and desired amounts of 
organosilanes, (e.g. APTES, N-[3-(trimethoxysilyl) 
propyl]ethylenediamine, or 3-mercaptopropyltrime-
thoxysilane), were added, and the mixture was stirred 
at 80 °C for 2 h. The raw product was collected by 
centrifugation, washed 3 times with ethanol, and 
re-dispersed in ethanol. To remove CTAB, 40 µL sat-
urated HCl was added to the particle suspension and 
the solution was stirred for 3 h at 60 °C. The particles 
were washed twice with ethanol, and dried at 60 °C 
overnight. The powders were first treated at low 
temperatures (< 200 °C), and then calcined in a muffle 
furnace at 400 °C for 2 h in the open air. The resulting 
particles were functionalized by APTES in dry toluene 
to obtain amine-functionalized FL-SiO2 (NH2-FL-SiO2) 
nanoparticles. Transmission electron microscopy 
(TEM) was carried out on a FEI Tecnai20 transmission 
electron microscope operating at 200 kV accelerating 
voltage. Fluorescence spectra were recorded on a Hi-
tachi F-7000 fluorescence spectrophotometer. UV-Vis 
absorbance spectra were measured on a BioTek Syn-
ergy MX multi-mode microplate reader. Hydrody-
namic size distribution was measured by dynamic 
light scattering (DLS) on a Malvern Zeta Nanosizer. 
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RGD conjugation: NH2-FL-SiO2 nanoparticles 
were dispersed in PBS buffer (pH = 7.4). Into the so-
lution, bis(sulfosuccinimidyl) suberate (BS3) (100×) in 
DMSO was added. After incubation at room temper-
ature for 30 min, the activated particles were collected 
by centrifugation, washed 3 times with PBS, and re-
dispersed in PBS. c(RGDyK) (200×) in DMSO was 
added to the activated NH2-FL-SiO2 solution, and the 
mixture was incubated at room temperature for 2 h. 
The resulting RGD conjugated FL-SiO2 (RGD-FL-SiO2) 
nanoparticles were collected by centrifugation, 
washed, and redispersed in PBS (pH = 7.4).  

Dox loading and release: NH2-FL-SiO2 or 
RGD-FL-SiO2 nanoparticles (1 mg/mL, 1 mL) and Dox 
(2 mg/mL, 0.5 mL) were mixed in PBS, and the solu-
tion was stirred overnight at room temperature. The 
products, Dox-loaded NH2-FL-SiO2 or RGD-FL-SiO2 

nanoparticles (Dox-NH2-FL-SiO2 and Dox-RGD-FL- 
SiO2), were collected by centrifugation. The superna-
tant was collected for UV-Vis spectroscopic studies to 
determine the amount of Dox that was loaded. The 
drug release studies were performed at room tem-
perature with a slide-A-lyzer dialysis device (10K 
MWCO, Pierce). Dox-NH2-FL-SiO2 and Dox-RGD-FL- 
SiO2 nanoparticles were loaded onto the device, and 
the device was immersed in 15 mL PBS (pH 7.4). At 
selective time points, 1 mL solution was taken from 
the tube and replaced with 1 mL fresh PBS. The Dox 
concentrations in the sample solutions were measured 
by fluorescence spectrometry and compared to a 
standard curve. Experiments were performed in trip-
licates. 

In vitro cell uptake: U87MG human glioblastoma 
cells were cultured in MEM supplemented with 2 
mM L-glutamine, 1.5 g/L sodium bicarbonate, 0.1 
mM nonessential amino acids, 1.0 mM sodium py-
ruvate, and 10% fetal bovine serum at 37°C in a hu-
midified atmosphere with 5% CO2. To study the cel-
lular uptake, 105 U87MG cells were seeded onto each 
well of a 4-chamber slide (Lab-Tek) one day prior to 
the studies. Briefly, RGD-FL-SiO2 nanoparticles were 
added into the chambers to reach a final concentration 
of 25 µg/mL. In the control group, NH2-FL-SiO2 na-
noparticles of the same amount were added. The in-
cubation was stopped after 1 h, and the cells were 
rinsed 3 times with PBS (pH 7.4). The slides were 
mounted and imaged under an Olympus X71 fluo-
rescence microscope. The cell viability was assessed 
by MTT assays using a gradient of Dox-RGD-FL-SiO2 

nanoparticles (Dox concentrations of 1, 5, 10, 25, 50 
and 100 μg/mL). For controls, free Dox and 
NH2-FL-SiO2 nanoparticles were studied.  

Animal models: Animal studies were performed 
according to a protocol approved by the Institutional 

Animal Care and Use Committee (IACUC) of Uni-
versity of Georgia. The U87MG tumor models were 
generated by subcutaneously injecting 5 × 106 cells in 
100 μL PBS into the right hindlimb of 4-6 week 
athymic nude mice (Harlan).  

In vivo imaging studies: The imaging studies were 
performed on U87MG tumor-bearing mice when the 
tumors reached a size between 200 and 500 mm3. 
RGD-FL-SiO2 and NH2-FL-SiO2 nanoparticles at the 
same amount (7.1 mg/kg) were intravenously inject-
ed (n = 3). Whole body fluorescence images were ac-
quired on a Maestro II imaging system (PerkinElmer) 
at 1, 4, and 24 h post injection using a 500-720 nm 
emission filter with exposure time of 0.3 sec. After the 
24 h imaging, the animals were sacrificed. Tumors as 
well as major organs were harvested and subjected to 
ex vivo imaging. To evaluate FL-SiO2 nanoparticles in 
in vivo tracking, Dox-RGD-FL-SiO2 or Dox-NH2- 
FL-SiO2 at 5 mg Dox/kg were intravenously injected 
(n = 3). Animals were sacrificed after 24 h, and the 
tumors were collected, snap-frozen, and sectioned 
into 10 μm slices. Images were taken on an Olympus 
IX71 fluorescence microscope and analyzed by a 
software provided by the vendor. 

Supplementary Material 
Fig.S1 – S5. http://www.thno.org/v03p0650s1.pdf 
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