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In this study, a targeted cancer therapy, imaging system is designed based on doxorubicin (DOX)-loaded 
green fluorescence mesoporous silica nanoparticles (FMSN) conjugated with folic acid (FA) by linking -
amine- -propionic acid hexaethylene glycol (NH2-PEG-COOH). In situ formation method is adopted to 
prepare luminescent MSNs, which then act as the donor of fluorescence resonance energy transfer 
(FRET) since their emission at 500 nm overlapped with the absorption of acceptor DOX at 485nm. NH2-10 

PEG-COOH is  conjugated  to  the  outer  surface  of  FMSN at  one  end  and  modified  by  folate  acid  at  the  
other, so that the formed mesoporous silica composite has the merits of fluorescent imaging, mesoporous 
nanostructure for drug loading, receptor-mediated targeting and real-time monitoring intracellular drug 
release. It was found that the FA-grafted and PEGlated nanocomposite have excellent biocompatibility 
toward Hep2 cells, and the cytotoxicity of the loaded-DOX nanoparticles containing the folate targeting 15 

units in folate-receptor-rich Hep2 cancer cells is higher than that without folate targeting units under the 
same conditions. When the resultant nanoparticles enter into the cells, the green fluorescence of FMSN 
gradually recover along with the release of DOX, so as to achieve the purpose of real-time monitoring of 
intracellular drug release.  

1. Introduction 20 

In the field of human health, one key challenge is how to deliver 
an effective amount of drug to the targeted sites using non-toxic 
drug carriers and reduce the toxicity toward other tissues. 
However, due to poor pharmacokinetic profiles and broad 
mechanisms  of  action,  only  a  small  amount  of  the  drug  is  25 

delivered to the disease site.1 Therefore, to ensure an efficient 
therapy, a drug carrier should satisfy several prerequisites2,  3 
including good biocompatibility, high drug payloads, avoidance 
of the burst release, easily monitory such as by visual or imaging 
techniques, and cell or tissue targeting. In the past decades, 30 

several smart bio/nano materials, such as polymers,4,  5 
liposomes,6,  7 nanoemulsions,8,  9 dendrimer,10, 11 hydrogels,12, 13 
gold nanoparticles14-17 or quantum dots 18-20 (QDs) have been 
widely investigated for drug delivery.  The real  case,  however,  is  
that it hardly satisfies the above-mentioned prerequisites. 35 

Recently, mesoporous silica nanoparticles (MSN) have attracted 
much attention in the field of nanomedicine. The large surface 
and pore volume of MSN are suitable for high drug loading or 
imaging agents. Their highly ordered mesoporous structure 
avoids the “burst effect”. Furthermore, it may offer the possibility 40 

to target drug delivery and control release owing to the easy 
modification of the surface. In addition, the superior 
biocompatibility of MSN for pharmacological applications has 

been confirmed.21, 22 Currently,  MSN  have  been  acted  as  drug  
carrier to delivery different therapeutic agents for simultaneous 45 

imaging and therapeutic applications.23-27  
Fluorescence resonance energy transfer (FRET) is a non-

radiation process in which the energy is transferred from an 
excited state donor molecule to a ground state acceptor through 
dipole-dipole interaction.28-30 The emission of the donor and 50 

absorbance of the acceptor must be at the extent of spectral 
overlap. Being an efficient fluorescence technique, FRET has 
been widely used in the fields of biochemical sensing and 
imaging.31-35 Consequently, the FRET phenomenon can be 
potentially used to the development of therapeutic approaches for 55 

cancer treatment. Recently, Yeung et al.36 used luciferase 
chemiluminescence imaging to investigate ATP release from 
MCM-41-type mesoporous nanosphere. Lee et al.37 developed a 
versatile FRET based on MSNs for real-time monitoring of drug 
release, which is successful with the further two points that 60 

should be considered. One is that the mesoporous silica 
composites whether to be capable of targeted drug delivery, and 
that other is whether to really achieve real-time monitoring of the 
whole process of drug release through the FRET. The reason is 
that the disulfide bond is cleaved by GSH, which triggers the 65 

drug release and eliminates FRET. In fact, a smart 
multifunctional drug carrier should be capable of sensing the drug 
release in a simple and easily detectable manner. 
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Based on the aforementioned consideration, we develop a 
FRET based MSN drug delivery system. The procedure for the 
synthesis of DOX-FMSN-PEG-FA is shown in Scheme 1. MSNs 
were initially prepared by the procedure described in the 
literature.38, 39 After  the  removal  of  the  surfactant,  the  8-5 

hydroxyquinoline (8-Hq) was embedded into the channels of 
MSNs containing-zinc ions to form the metalloquinolates by in 
situ formation method. The formed luminescent MSNs serve as 
energy donor and drug delivery device. The surface of FMSN 
was then functionlized with amino groups by refluxing with 3-10 

aminopropyl trimethoxysilane (APTMS), which were further 
reacted with the carboxyl groups of amino-PEG-Carboxyl (NH2-
PEG-COOH). The anticancer drug doxorubicin as energy 
acceptor were loaded into the mesopores. Finally, Folic acid (FA) 
was conjugated to the other end of NH2-PEG-COOH through the 15 

amide reaction for targeted drug delivery. The formed 
multifunctional nanoparticles could be capable of targeted drug-
delivery and sensing the intracellular release of drug. When the 
nanoparticles enter into the cells, the green fluorescence of 
FMSN gradually recover along with the release of DOX, so as to 20 

achieve the purpose of real-time monitoring of intracellular drug 
release based on the mechanism of FRET. 

2. Experimental section 

2.1 Material 

Tetraethylorthosilicate (TEOS, 99%), 3-aminopropyl 25 

trimethoxysilane (APTMS), and 3-
Mercaptopropyltrimethoxysilane (3-MPTS, 95%) were purchased 
from Sigma-Aldrich. Doxorubicin hydrochloride (DOX·HCl, 
98%) was obtained from Dalian Meloney Biotechnology Co., Ltd 
(Dalian, China). Hexadecyltrimethylammonium chloride 30 

(CTACl)  was  acquired  from  J&K  Technology  Co.,  Ltd.  8-
Hydroxyquinoline (8-Hq) and dicyclohexylcarbodiimide 
hydrochloride (EDC.HCl) were purchased from Aladdin 
(Shanghai, China). Triethanolamine (TEA) and zinc acetate 
dehydrate were obtained from Taixin Chemical Co., Ltd 35 

(Chongqing, China). Folic acid (FA) was acquired from Beijing 
Dingguo Changsheng Biotechnology Co., Ltd. -amine- -
propionic acid hexaethylene glycol (NH2-PEG-COOH) was 
purchased from Jiaxing Bomei Biotechnology Co., Ltd (Zhejiang, 
China). N-hydroxysuccinimide (NHS) was obtained from Acros 40 

Organics (New Jersey, America). All other reagents were of 
analytical grade. Millipore water with 18.2 M  was used in the 
experiment.  

2.2 Synthesis of mesoporous silica (MSN-SH) 

Colloidal mesoporous silica (CMS) was prepared according to the 45 

procedure described in the literature with slight modification.38, 39 
The typical  synthetic process is  as follows: 14.3 g (96 mmol) of 
TEA and 2.23 mL (10 mmol) of TEOS plus the corresponding 
quantity of 1 mmol of 3-MPTS were combined. The two-phase 
solution  was  heated  in  an  oil  bath  at  90  °C for 20 min without 50 

stirring. After the mixture was taken out of the oil bath, 26.7 g of 
aqueous solution (2.5% wt) of CTACl which had been heated to 
60 °C was added. The final mixture was stirred (600 rpm) for 3 h 
at 23 °C. 50 mL of ethanol were added to the translucent, 

colloidal aqueous suspension, and the resulting precipitate was 55 

separated by centrifugation. The final product was dried at room 
temperature under vacuum. 

  Template extraction was performed with 15 mL conc. HCl in 
120 mL EtOH solution. Usually, the sample was treated two or 
three times with 120 mL of the extraction solutions by stirring at 60 

60 °C for 12 h. The solid was centrifuged and washed with 
deionized water for several times. The solid was dried at room 
temperature under vacuum. 

2.3 Synthesis of green fluorescence MSNs (FMSN) 

The synthetic progress of mesoporous silica containing zinc 8-65 

hydroxyquinolinate (Znq) were synthesized according to the 
literature.40 MSN-SH (0.55 g) were dispersed in aqueous solution 
of  zinc  acetate  dehydrate  (49.7  mL,  0.05  mol/L)  and  stirred  at  
room temperature for 12 h. The resulting products of Zn2+-
containing MSN (MSN-SH-Zn) were collected by centrifugation 70 

and washed several times with ethanol. The product was dried at 
room temperature under vacuum. 

The above obtained MSN-SH-Zn (0.49 g) were dispersed in 
deionized water, then ethanol solution of 8-Hq (0.33 mmol) was 
added and stirred for 48 h at room temperature. The products 75 

were collected by repeated centrifugation and washed several 
times with ethanol, and then dried at room temperature under 
vacuum. 

2.4 Ammonization of Fluorescent MSN (FMSN-NH2) 

FMSN-NH2 was prepared according to the literature.41 0.45 g of 80 

FMSN was refluxed with 80 mL of anhydrous toluene containing 
0.75 mL of APTMS for 24 h. The products were collected by 
centrifugation, washed extensively with deionized water and 
methanol. The resulting products were dried at room temperature 
under vacuum. 85 

2.5 Synthesis of FMSN-PEG-NH2 

NH2-PEG-COOH (100 mg) was activated by EDC.HCl  (68  mg)  
and NHS (38 mg) dissolved in dimethyl sulfoxide (DMSO) (8 
mL) solution with stirring for 24 h at 25 °C. Subsequently, the 
FMSN-NH2 nanoparticles (100 mg) were added to the activated 90 

NH2-PEG-COOH solution and allowed to react with stirring 
under anhydrous conditions at 25 °C for 24 h. After the reaction, 
the mixture was centrifuged and washed with deionized water 
and ethanol several times to obtain FMSN-PEG-NH2. The 
resulting products were dried at room temperature under vacuum. 95 

2.6 Loading of doxorubicin to FMSN -PEG-NH2 

Doxorubicin hydrochloride (7.3 mg) was stirred with FMSN-
PEG-NH2 (80 mg) dispersed in deionized water solution (8 mL) 
in dark at room temperature for 24 h. The products were collected 
by repeated centrifugation with deionized water until the 100 

supernatant became colorless. The loading efficiency (LE%) of 
DOX on FMSN-PEG-NH2 was calculated using the following 
formula: LE% = (MDOX1-MDOX2)/MDOX1,  where  MDOX1 is  the  
original DOX content and MDOX2 is the unloaded DOX content. 
The loading content (LC) = (weight of loaded drug / weight of 105 

drug carrier). 
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2.7 Synthesis of DOX-FMSN-PEG-FA 

FA (5 mg) was activated by EDC.HCl (30 mg) and NHS (10 mg) 
dissolved in DMSO (12 mL) solution with stirring for 24 h at 
25 °C. Subsequently, the DOX-FMSN-PEG-NH2 nanoparticles 
(20 mg) were added to the activated FA solution and allowed to 5 

react with stirring for 24 h at 25 °C. After the reaction, the 
mixture was centrifuged and washed with deionized water and 
ethanol several times to obtain DOX-FMSN-PEG-FA. The 
resulting products were dried at room temperature under vacuum. 

2.8 In vitro drug release 10 

PBS solutions with pH of 5.0 and 7.4 were first prepared. DOX-
FMSN-PEG-FA  was  dispersed  in  2  mL  buffer.  The  dispersion  
was then transferred into a dialysis bag (molecular weight cut off 
=14 000 kDa), and the bag was subsequently placed in a 100 mL 
buffer solution at 37 °C and shaken at 150 rpm. At timed intervals, 15 

5 mL of solution was withdrawn from the solution. The released 
DOX  was  analyzed  by  UV-vis.  The  volume  of  the  release  
medium kept constant by adding 5 mL fresh medium after each 
sampling. 

2.9 In vitro cytotoxicity assay 20 

Hep2 cells were seeded into a 96-well plate at a density of 1 × 105 

cells per well and cultured at 310 K and 5% CO2 for 24 h. Then, 
MSN-SH1, FMSN-PEG-NH2, DOX-FMSN-PEG-NH2, DOX-
FMSN-PEG-FA were added to the medium, and the cells were 
incubated in 5% CO2 at  310  K  for  24  h.  Cell  viability  was  25 

determined by MTT assay. 

2.10 Cell uptake 

Hep2 cells were seeded into 8 mm square glass coverslips placed 
in  24-well  plates  and  cultured  24  h.  The  cells  were  treated  with  
DOX-FMSN-PEG-FA for 12, 24, 36, 48, 72 h (DOX 30 

concentration = 2 µg/mL). Then, the cells were washed and fixed 
with  4%  formaldehyde  for  30  min.  Fluorescence  images  were  
observed by confocal laser scanning microscopy (CLSM). 

2.11 Characterization 

High resolution-transmission electron microscopy (HR-TEM) 35 

was conducted on JEM-2100 operated at 200 kV. Zeta potentials 
were measured on a zeta potential analyzer (Zetasizer Nano ZS90, 
Malvern). The concentration of DOX solution was measured with 
a Hitachi UV-3010 spectrometer. The fluorescence spectra of the 
FMSN derivates were measured with a Hitachi F2500. The 40 

surface area, pore size, and pore volume were determined by N2 
adsorption–desorption isotherms obtained at 77 K on a 
Quantachrome Autosorb-1 (USA). The sample was outgassed at 
10-3 Torr and 60 ºC for approximately 6 h prior to the adsorption 
experiment. An Olympus IX81LCS-DSU disk scanning confocal 45 

microscope (Olympus, Japan) was used for cell imaging. Fourier 
Transform Infrared (FT-IR) spectra were recorded on a 
SHIMADZU IRprestige-21 spectrometer. 

 
Scheme 1. A diagram showing the synthesis of DOX-FMSN-50 

PEG-FA and sensing of the drug release process by FRET in 
cancer cell. 

3. Results and Discussion 

3.1 Preparation and characterization of DOX-FMSN-PEG-

FA  55 

Transmission electron microscopy (TEM) images of the MSN-
SH nanoparticles are shown in Figure 1A. The higher 
magnification image revealed that the diameter of MSN-SH 
nanoparticles was about 60 nm (Figure 1B). When the 8-Hq 
embedded into the nanoparticles, the nanoparticle shape did not 60 

change significantly and the pore structure of nanoparticles still 
could be seen, indicating that the 8-Hq did not fill the channel of 
MSN-SH completely and the formed composite still could load 
drug (Figure 1C and D). In addition, the pore of nanoparticles 
could not be clearly observed after the conjunction of NH2-PEG-65 

COOH, due to the masking of the polymers (Figure 1E and F). 

 
Figure 1. TEM images of the as-prepared MSN-SH (A), FMSN 
(C),  FMSN-PEG-FA (E).  Fig.  B,  D,  F  is  a  higher  magnification  
TEM image of MSN-SH, FMSN, FMSN-PEG-FA, respectively. 70 
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FT-IR spectra were employed to study each the modification 
and conjugation process on the nanoparticles (Figure 2A). For 
pure MSN-SH, the characteristic band of 1085 cm-1, which was 
attributed to asymmetric stretching vibration of Si-O-Si. 
Compared to MSN-SH, FMSN displayed additional absorption 5 

band of 1578 cm-1, which was attributed to the C–C stretching 
vibration associated with the quinoline group of ligands Hq. The 
absorption bands at 1328 and 1393 cm-1 involved to the C–C/C–
N stretching and C–H bending of the quinoline fragments of Znq 
42. This suggested that the 8-Hq successfully embedded into the 10 

channel of the MSN-SH nanoparticles to form metal complex. 
After ammonization of FMSN, the new emerging absorption 
band at around 1556 cm-1 was assigned to the stretching vibration 
of –NH2 bending. When NH2-PEG-COOH was linked to FMSN-
NH2, the feature peaks at 1473 cm-1 could be assigned to the 15 

stretching  vibration  of  C-C  in  the  NH2-PEG-COOH chains 43 
(Figure 2B).  
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Figure 2.  (A) FT-IR spectra of (a) MSN-SH, (b) FMSN, (c) 20 

FMSN-NH2, (d) FMSN-PEG-NH2 , (e) NH2-PEG-COOH. (B) 
Expanded FT-IR spectra of (a) NH2-PEG-COOH, (b)FMSN-
PEG-NH2. 

Consistently, the zeta potential of the resultant nanoparticles 
are monitored after each modification step (Figure 3). Owing to 25 

the  existence  of  Si-OH  on  the  exterior  surface  of  MSN-SH,  an  
approximately -21.7 mV correspond to as prepared MSN-SH. 
Due to the embedded 8-Hq do not change Si-OH the surface of 
MSN-SH-Zn, the zeta potential was still -16.3 mV. However, the 
zeta potential of the FMSN  increased from -16.3 mV to +38.9 30 

mV indicating that amino groups anchor on the surface of the 
nanoparticles. After conjugation of NH2-PEG-COOH, the 

obtained nanoparticles still exhibited a zeta potential of +36.7 mV 
due to the existence of –NH2 on the exterior surface of FMSN-
PEG-NH2 . The FT-IR spectra and zeta potential experiments 35 

confirm the successful functionalization MSN-SH nanoparticles. 
Figure 4 gives the nitrogen adsorption-desorption isotherms and 
the pore size distribution diagram of the MSN-SH and FMSN. 
Both samples show the type-  isotherms. The embedded 8-Hq 
into the channel of MSN-SH make the BET surface area, total 40 

pore volume, and pore size slightly samller than MSN-SH, which 
was summarized in Table 1. The test results also confirmed that 
the pore of MSN-SH was not doped with 8-Hq completely. 
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Figure 3. Zeta potential measured at each step of the modification 45 

process. 
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Figure 4. Nitrogen adsorption-desorption isotherms (A) and pore 
size distributions (B) for the as-synthesized MSN-SH and FMSN . 50 
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Figure 5A shows UV-vis absorption spectra of FA, DOX-
FMSN-PEG-FA nanoparticles. It can be observed that the main 
characteristic absorption peak of FA at 280 nm is found in the 
spectrum of DOX-FMSN-PEG-FA nanoparticles, which suggests 
that FA has been successfully grafted to the surface of the 5 

nanoparticles. 

Table 1 Physico-chemical parameters of the MSN-SH and FMSN. 

Sample SBET (m2/g)  Vpore (cm3/g) Dpore (Å) 

MSN-SH 1019 0.87 27 

FMSN 968.4 0.78 24 

In order to investigate whether each modification change the 
fluorescence spectrum of the nanoparticles, we measured the 
fluorescence spectra of FMSN, FMSN-NH2 and FMSN-PEG-10 

NH2 nanoparticles. As shown in Figure 5B, it can conclude that 
each step of the modification does not change the maximum 
fluorescence emission peak of the nanoparticles. 
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Figure 5. (A) UV/vis spectra of FA, DOX-FMSN-PEG-FA 
nanoparticles. (B) The fluorescence spectrum of the FMSN, 
FMSN-NH2, FMSN-PEG-NH2 nanoparticles at excitation 350 nm. 

3.2 Drug Loading and Release 

DOX.HCl, an anticancer drug, was used to load into FMSN-PEG-20 

NH2 nanoparticles.  The  loading  efficiency  of  DOX  on  FMSN  -
PEG-NH2 nanoparticles was 60.8 % and the drug-loading content 
was 90 µg/mg. The in vitro drug release profile of DOX from 
DOX-FMSN-PEG-FA nanoparticles in different PBS ( pH= 5.0, 
7.4) at 37 °C were shown in Figure 6. After 72 h, about 65.5% of 25 

the  DOX is  released  in  the  pH 5.0,  while  14.8% of  the  DOX is  
released in the pH 7.4. This difference in release rates should 
mainly be attributed to the different solubility of DOX in the 
different pH  buffer solution. It is known that DOX is dissolved 

in water at low pH, but insoluble in alkaline environment. As a 30 

result, the insoluble DOX could not be freely distributed out of 
mesopores at pH=7.4 44. 
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Figure 6. Cumulative drug release from DOX-FMSN-PEG-FA 
nanoparticles in PBS of different pH values. 35 

3.3 In Vitro Cytotoxicity of the nanoparticles 

To evaluate the biocompatibility of the FMSN-PEG-NH2 
nanoparticles, the particle-induced cytotoxic effects on Hep2 cells 
were  measured  by  MTT assay.  As  shown in  Figure  7A,  the  cell  
viability were all greater than 90% after a 24 h exposure. These 40 

datas show that the FMSN-PEG-NH2 nanoparticles have a small 
level of cytotoxicity under the measured concentration range up 
to 100 µg/ml as a drug delivery vehicle.  
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Figure 7. (A) Cell viabilities of the MSN-SH1 and FMSN-PEG-
NH2 against Hep2 cells. (B) Cell viabilities of DOX-FMSN-PEG-
NH2 and DOX-FMSN-PEG-FA nanoparticles against Hep2 cells 
at different concentrations for 24 h. 
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Table 2. Half-maximal inhibitory concentrations (IC50) of DOX-
FMSN-PEG-NH2, DOX-FMSN-PEG-FA nanoparticles after 24 h 
incubation with cells. 

Cell line DOX-FMSN-PEG-NH2 
(µg/mL) 

DOX-FMSN-PEG-FA 
(µg/mL) 

Hep2 cells 10.708 3.028 

In order to confirm the folate-receptor-mediated targeted drug 
delivery, the cytotoxic effect of DOX-FMSN-PEG-NH2 and 5 

DOX-FMSN-PEG-FA nanoparticles at different concentrations 
against Hep2 cells are tested, and then determined the half 
maximal inhibitory concentration (IC50) of DOX (Table 2). 
Figure 7B shows that both DOX-FMSN-PEG-NH2 and DOX-
FMSN-PEG-FA nanoparticles could inhibit the growth of cells 10 

after incubation 24 h, which presented dose-dependent 
cytotoxicity behavior. But the DOX-FMSN-PEG-FA 
nanoparticles exhibit higher cytotoxicity than the DOX-FMSN-
PEG-NH2  nanoparticles.  The  measurement  of  IC50  dose  of  
DOX-FMSN-PEG-NH2 resulted in the relatively high value 15 

(IC50 = 10.708 µg/mL). Targeting DOX-FMSN-PEG-FA 
conjugates specifically to Hep2 cells led to the statistically 
significant increase in toxicity and decrease in IC50 value (IC50 
=  3.028  µg/mL).  These  datas  correlate  well  with  the  results  of  
figure 7B.  20 

Because DOX-FMSN-PEG-FA nanoparticles can be taken 
up by receptor-mediated endocytosis, Hep2 cells can take up 
more DOX-FMSN-PEG-FA nanoparticles than DOX-FMSN-
PEG-NH2 nanoparticles, which induces more cell death. 
Meanwhile, the results of the CLSM images also prove receptor-25 

mediated endocytosis of the nanoparticles. Figure 8 shows the 
cell uptake of DOX-FMSN-PEG-NH2 and DOX-FMSN-PEG-FA 
nanoparticles in Hep2 cells after incubation of 12 h under the 
same condition. The red-emitting points distributed in cells from 
DOX-FMSN-PEG-FA nanoparticles are much more than DOX-30 

FMSN-PEG-NH2 nanoparticles. In addition, owing to the release 
of DOX from DOX-FMSN-PEG-FA is more than DOX-FMSN- 

PEG-NH2, the fluorescence intensity in the nucleus is higher than 
DOX-FMSN-PEG-NH2 nanoparticles. 

 35 

Figure 8. Confocal luminescence images of Hep2 cells were 
incubated with DOX-FMSN-PEG-NH2 (A) and DOX-FMSN-
PEG-FA (B) nanoparticles at 37 °C for 12 h (DOX concentration 
= 2 g/mL). 

3.4 FRET between FMSN nanoparticles and DOX 40 

Figure 9A shows the emission spectrum of FMSN and the 
absorption spectrum of DOX. Obviously, the spectral overlap 
between emission of donor FMSN nanoparticles at 500 nm and 
the broad absorbance of acceptor DOX around 484 nm enable

 45 
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Figure 9. (A)The emission spectrum of FMSN and the UV-vis absorption spectrum of DOX. (B) The emission spectra of FMSN (3 mg) 
after reaction with DOX at different quantity. 
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energy transfer to occur between the FRET pair. As shown in Figure 9B, sequential decreases the fluorescence intensity of FMSN at 500 
nm were  observed  when  a  fixed  quanlity  of  FMSN (3  mg)  was  incubated  with  an  increasing  the  quantity  of  DOX from 0  to  500  µg.  
Quenching  the  fluorescence  of  FMSN  by  DOX  attributed  to  the  energy  transfer  from  FMSN  to  DOX.  Thus  the  existence  of  FRET  
between FMSN nanoparticles and DOX is confirmed. 

                     5 

 
Figure 10. Confocal images of Hep2 cells incubated with DOX-FMSN-PEG-FA nanoparticles for 12 h, 24 h, 36 h, 48 h, 72 h at 37 °C 
(DOX concentration = 2 g/mL). 

3.5 Intracellular monitoring/imaging drug release using FRET 

The intracellular drug release process was evaluated after 10 

incubation DOX-FMSN-PEG-FA with Hep2 cells by CLSM in 
optical windows between Cy3 channel and GFP475 channel. In 
the first 12 h, only a few nanoparticles could be uptaken by Hep2 
cells and accumulated near the cell nucleus. The red fluorescence 
of DOX-FMSN-PEG-FA nanoparticles was observed in both the 15 

cytoplasm and the cell nucleus in the Cy3 channel, while almost 
no green fluorescence was observed in the GFP475 channel in the 
perinuclear region, signifying FRET is on with high efficiency 
(the  first  column  in  Figure  10).  After  12  h,  a  relative  strong  
intensity of DOX fluorescence was seen in the cell nucleus while 20 

a weak green fluorescence was observed in the cytoplasm 
suggesting  the  efficiency  of  FRET  between  DOX  and  DOX-
FMSN-PEG-FA nanoparticles decreased relatively due to the 
release of DOX from DOX-FMSN-PEG-FA nanoparticles (the 
second column in Figure 10). With time processing (36-72 h), 25 

more and more nanoparticles were taken up by receptor-mediated 
endocytosis and appeared in the perinuclear region. Owing to the 
gradual release of DOX from DOX-FMSN-PEG-FA 
nanoparticles, the intensity of green fluorescence of FMSN in the 
GFP475 channel gradually recovered. Meanwhile, the red 30 

fluorescence in the cell nucleus also became stronger (the third to 
fifth column in Figure 10).  

The above results prove that the nanoparticles could be uptake 
effectively by Hep2 cells through receptor-mediated endocytosis. 
The release of DOX from DOX-FMSN-PEG-FA nanoparticles 35 

pass through the nuclear membrane into nucleus and eventually 
accumulate in the cell nuclei to kill the cell by inhibiting 
macromolecular biosynthesis. 
Conclusions 
In summary, we have designed a multifunctional drug delivery 40 

system based on DOX-FMSN-PEG-FA nanoparticles combining 
receptor-mediated targeting, therapy and real-time 
monitoring/imaging of intracellular drug release through FRET 
mechanism. In vitro cell cytotoxicity results suggest that DOX-
FMSN-PEG-FA nanoparticles exhibit greater cytotoxicity than 45 

DOX-FMSN-PEG-NH2 nanoparticles due to the increase of cell 
uptake by receptor-mediated endocytosis. The quenching and 
recovery of the drug carrier could serve as an optical probe to 
monitor intracellular release of doxorubicin. Such drug delivery 
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system has potential applications in targeted anticancer drug 
delivery, imaging for cancer therapy. 
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A graphic abstract 

for 

Real-time Imaging of Intracellular Drug Release from 

Mesoporous Silica Nanoparticles Based on Fluorescence 

Resonance Energy Transfer 

Jun Wang, Peng Pei Gao, Xiao Xi Yang, Ting Ting Wang, Jian Wang* and Cheng Zhi 

Huang* 

 

A targeted cancer therapy, imaging and sensing system is designed based 

on doxorubicin (DOX)-loaded green fluorescence mesoporous silica 

nanoparticles (FMSN) conjugated with folic acid (FA) by linking 

α-amine-ω-propionic acid hexaethylene glycol, achieving the real-time 

monitoring of intracellular drug release based on fluorescence resonance 

energy transfer. 
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