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Redox‑responsive colloidal mesoporous silica nanoparticles (CMS) drug delivery systems based on 
fluorescence resonance energy transfer (FRET) was successfully designed for targeting and real‑time 
monitoring in potential cancer therapy. FRET‑CMS indicated the typical type IV isotherm with uniform 
distribution and wormhole arrangement of mesopores. In vitro release studies indicate the redox‑
sensitive drug release behaviors. Furthermore, the release of entrapped drugs in real time is monitored 
by the changed FRET signals of FRET‑CMS, which is effectively controlled due to the eliminating FRET 
with the dissociation of FRET donor–acceptor pair. Fluorescent images of cellular uptake and cell viability 
test revealed that FRET‑CMS enhanced significantly 6‑MP accumulation in Hela cells with CD44 receptor 
over‑expressed compared to MCF‑7 cells due to the existence of hyaluronic acid and subsequently 
induced selective cytotoxicity to Hela cells. The obtained results illustrate that FRET‑CMS may be a 
promising nanocarrier for drug delivery systems in cancer therapy.

Introduction
In recent years, the ideal stimuli-responsive drug delivery sys-
tems (DDSs) are still in great challenges to have the following 
characteristics: (i) recognize and target tumor cell in high selec-
tive manner [1, 2]; (ii) modulate drug release profiles with spa- 
tial, temporal, and dosage control [2]; and (iii) monitor drug 
release in real time [3, 4]. In this regard, mesoporous silica 
nanoparticles (MSNs) have excellent potential as DDSs due to 
their high surface area and pore volume, tunable pore size, bio-
compatibility, and ease of surface functionalization [5, 6] for 
diverse biomedical applications including diagnostics [7, 8], 
biosensing [9, 10], biocatalysis [11, 12], bone repair and scaf-
fold engineering [13, 14], and especially drug delivery [5, 15]. 
The ordered pore network of MSNs allows for entrapping drugs 
by simple diffusion. Importantly, the pore entrances could be 
blocked by grafting either bulky molecular groups or nanopar-
ticles on the external surface of MSNs loaded with a particular 
cargo [16, 17], which were constructed for efficient sealing of the 

interior mesoporous environment and triggering the release of 
the entrapped drug in response to external or internal stimuli 
including temperature [18, 19], magnetic field [20], light [21, 
22], pH [23], redox potential [24], and biomolecule [25, 26].

The development of redox-responsive carrier for intracellu-
lar delivery of drug has attracted substantial attention in recent 
years. The disulfide bond as a redox-responsive bond can be 
cleaved under a high concentration of glutathione (GSH) with 
its advantages on the relative stability in extracellular fluids and 
plasma, and easy rupture in intracellular fluid, since the con-
centration of GSH in tumor cells (1–10 mM) is nearly 103-fold 
higher than that of GSH in the plasma environment (2–20 µM) 
[1, 2]. So drug can be released from nanomaterials functional-
ized with a nanovalve containing a disulfide bond in specific 
times in tumour cell.

Fluorescence imaging is one of the most sensitive tech-
niques among all current real-time monitoring strategies. The 
fluorescence resonance energy transfer (FRET) is a very ideal  
method to realize the goal [3]. FRET would work on condition 
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that a fluorescent molecule (donor molecule) has its fluores-
cence spectrum overlapped with the excitation spectrum of 
another fluorescent molecule (acceptor molecule), during which 
the excitation of the donor fluorescent molecule could induce 
the fluorescence of the acceptor molecule and the fluorescence 
intensity of the donor fluorescent molecule itself becomes weak-
ened [27, 28]. Furthermore, the degree of FRET is closely related 
to the spatial distance between the donor and acceptor mol-
ecules about 7–10 nm. FRET could be very sensitive to distances 
(typically less than 10 nm) and significantly attenuated as the 
donor–acceptor dissociation leads to longer distances, making 
this unique feature of FRET an ideal tool for monitoring drug 
release in real time [29, 30]. By engineering such a FRET-active 
donor–acceptor structure containing the integration of cou-
marin and FITC within the pore-unlocking event, the release 
of the drugs entrapped within the pores of the MSN nanocarrier 
would be monitored followed by the change in the FRET signal. 
So the use of FRET donor–acceptor pairs provides a new strat-
egy for monitoring drug release in real time.

Zinc is one of the trace elements essential for the human 
body and plays an important role in regulating the structure 
and function of enzymes, the transmission of nerve signal, and 
the expression of genes [31]. In addition, 8-hydroxyquinoline 
(8-Hq) and its derivatives have attracted a great deal of atten-
tion because of their tendency to form stable complexes with 
metal cations [32]. There was an overlap between the emission 
of zinc 8-hydroxyquinolinate complexes (Znq) and the maxi-
mum absorption of Rhodamine B (RhB), so Rhodamine B and 
Znq were designed as FRET donor–acceptor pairs for DDSs in 
this paper. Hyaluronic acid (HA) has been widely used for DDS 
due to a specific interaction with CD44 receptors that are over-
expressed on various cancer cells [33, 34]. So, the rhodamine 
B-ethylenediamine-hyaluronic acid (RhB-EA-HA) as a targeting 
ligand was designed to combine the targeting of materials with 
the real-time monitoring capabilities in this paper.

Herein, the DDSs of redox-responsive colloidal mesoporous 
silica nanoparticles based on FRET (FRET-CMS) have been suc-
cessfully constructed for drug targeting and real-time monitor-
ing. The synthesis route of Znq-CMS and drug-loaded FRET-
CMS are shown in Fig. 1a and b, respectively. The properties 
of particles were successfully characterized. The disulfide bond 
would be cleaved in the presence of GSH, resulting in the sepa-
ration of the energy donor (Znq-CMS) from the energy recep-
tor (rhodamine B), followed by the disappearance of FRET and 
the gradual recovery of green fluorescence of the energy donor 
(Fig. 1c). Meanwhile, the BSA adsorbance, cellular uptake, and 
cell viability of FRET-CMS were investigated in this paper.

Results and discussion
Preparation and characterization of particles

The physicochemical feature of particles was investigated. SEM 
image of CMS-SH and FRET-CMS had an approximately spheri-
cal morphology with relatively uniform particle size and an aver-
age particle diameter of about 85 nm (Fig. 2a and b). TEM image 
of CMS-SH and FRET-CMS displayed a spherical morphology 
and uniform distribution with a wormhole arrangement of 
mesopores (Fig. 2c and d). However, compared with the obvious 
mesoporous structure of CMS-SH, the mesoporous structure of 
FRET-CMS became almost invisible due to the encapsulation of 
RhB-EA-HA on the surface of nanoparticles. The hydrodynamic 
diameter was increased from 113.2 nm for CMS-SH to 434.1 nm 
for FRET-CMS, even though the average size of nanoparticles 
measured by DLS was larger than that of TEM and SEM due to 
the hydration layer measured in aqueous conditions (Fig. 2g).

The surface area and average pore size of CMS-SH and 
FRET-CMS were substantiated by  N2 adsorption–desorp-
tion isotherms. The typical IV isotherm type of CMS-SH and 
FRET-CMS remained still after encapsulated with Rhb-EA-HA 
(Fig. 2e). From Table 1, the SBET, Vt, and WBJH of FRET-CMS 
were obviously decreased compared to that of CMS-SH, espe-
cially the SBET gradually decreased from 1225  m2/g of CMS-SH 
to 599  m2/g of FRET-CMS.

FT-IR spectra of CMS, CMS-SH, Znq-CMS, and Znq-CMS-
COOH are shown in Fig. 2f. Compared with the infrared spec-
trum of CMS-SH, the characteristic peak of mercapto group dis-
appeared at 2561  cm−1 after doping Znq by in-situ method and 
the appearance of peaks at 1500, 1465, 1384, and 1322  cm−1 were 
the vibrational peaks of the pyridyl and phenyl groups of Znq. 
The peak appeared at 1633  cm−1 was attributed to the stretching 
vibration of carbonyl.

The charge changes of nanomaterials were investigated 
(Fig. 2h). The zeta potential of CMS-SH had significant change 
from − 27.8 mV, to − 16.5 mV, to − 43.4 mV, to + 30.6 mV, suc-
cessively, due to the introduction of  Zn2+ and 8-hydroxyqui-
noline on the surface of CMS-SH, modified by –COOH [35]. 
After coating with Rhb-EA-HA, the zeta potential converted 
to − 36.8 mV due to the shielding effect of polymer, confirming 
the successful modification of Rhb-EA-HA.

RhB-EA-HA as FRET receptor was successfully synthesized 
with hyaluronic acid and rhodamine B by the amide reaction 
(Fig. 3a). The chemical structure of RhB-EA-HA was charac-
terized by FT-IR, UV, and 1H NMR. 1H NMR of RhB and RhB-
EA-HA are shown in Fig. 3b and c. The peaks at δ8.19, δ7.77, 
δ7.40, and δ7.00 were attributed to the chemical shifts of hydro-
gen protons on the aromatic ring in RhB and RhB-EA-HA. The 
peaks at δ2.0 and δ5.06 were ascribed to the hydrogen proton of 
methyl group on hyaluronic acid and attached to the hydroxyl 
group on hyaluronic acid, respectively. Moreover, the peaks at 
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Figure 1:  The synthesis route of particles and schematic representation of FRET principle. (a) The synthesis route of Znq-CMS. (b) The synthesis route of 
FRET-CMS. (c) Schematic representation of FRET principle.



Article

© The Author(s), under exclusive licence to The Materials Research Society 2021 

 
 J

ou
rn

al
 o

f M
at

er
ia

ls
 R

es
ea

rc
h 

 V
ol

um
e 

36
 

 I
ss

ue
 9

 
 M

ay
 2

02
1 

 w
w

w
.m

rs
.o

rg
/jm

r

1886

δ1.26 and δ1.12 were attributed to the two methylene proton 
of ethylenediamine coupling RhB and hyaluronic acid. FT-IR 
of RhB (I), RhB-EA (II), and RhB-EA-HA (III) is shown in 
Fig. 3d, the peaks at 2969  cm−1 and 2929  cm−1 can be attributed 
to the asymmetric stretching vibration of methyl and methylene 
groups in RhB, respectively. The absorption peak at 1500  cm−1 
was assigned to the skeleton stretching vibration of benzene 
ring. The peak of RhB retained and a new peak at 1633  cm−1 
appeared in the infrared spectra of RhB-EA and RhB-EA-HA 
were attributed to the carbonyl stretching vibration of the amide 
bond, indicating the formation of RhB-EA and RhB-EA-HA by 
amide reaction with ethylenediamine. The UV analysis of HA, 
RhB, and RhB-EA-HA was applied to further demonstrate the 

Figure 2:  Characterization of particles. (a) and (b) are SEM images of CMS-SH and FRET-CMS, respectively. (c) and (d) are TEM images of CMS-SH and 
FRET-CMS, respectively. (e)  N2 adsorption–desorption isotherms and pore size distributions of CMS-SH and FRET-CMS. (f ) FT-IR spectra of CMS (I), 
CMS-SH (II), Znq-CMS (III), and Znq-CMS-COOH (IV). (g) and (h) are DLS size and zeta potential of CMS-SH, Znq-CMS, Znq-CMS-COOH, Znq-CMS-
SS-NH2, FRET-CMS, respectively.

TABLE 1:  Nitrogen adsorption–desorption analysis of CMS-SH and FRET-
CMS.

Data were expressed values as mean ± SD (n = 3).
a SBET is the B–E–T surface area calculated at a relative pressure of 
P/P0 from 0.064 to 0.199.
b Vt is the total pore volume measured at a relative pressure of 
0.974.
c WBJH is the pore size distribution calculated by the B–J–H 
method on the desorption branches of the nitrogen isotherms.

Materials SBET  (m2/g)a Vt  (cm3/g)b WBJH (nm)c

CMS-SH 1225 ± 11.8 1.26 ± 0.03 2.1 ± 0.04

FRET-CMS 599 ± 6.1 0.83 ± 0.01 1.46 ± 0.03
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Figure 3:  The synthesis route and characterization of RhB-EA-HA. (a) The synthesis route of RhB-EA-HA. (b) 1H NMR spectra of RhB in CD3OH. (c) 1H 
NMR spectra of RhB-EA-HA in D2O:CD3OH = 1:1. (d) FT-IR spectra of RhB (I), RhB-EA (II), and RhB-EA-HA (III). (e) UV spectra of HA (I), RhB (II), and RhB-
EA-HA (III).
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successful synthesis of RhB-EA-HA. The strong absorption peak 
at 554 nm attributed to the presence of aromatic fused hetero-
cycles was shown in the RhB-EA (II) and RhB-EA-HA (III) and 
there was no UV absorption in HA (I) (Fig. 3e).

Fluorescence intensity changes of FRET-CMS at 495 nm 
(green) and 571 nm (red) were investigated in the presence of 
different concentrations of GSH in pH 7.4 PBS (Fig. 4f). With 
the increase concentration of GSH, the fluorescence intensity 
at 571 nm gradually decreased and the fluorescence intensity 
at 495 nm gradually increased. Only single peak at 495 nm 
appeared in the presence of 10 mM GSH. The phenomenon 
indicated that the cleavage of disulfide bond in GSH results 
in the dissociation of donor–acceptor, further leading to the 
FRET closed and the green fluorescence of nanocarrier gradu-
ally recovered. So, GSH could control the switch of FRET, which 
provided a potential application for real-time monitoring of 
GSH-induced release of nonfluorescent drugs.

Fluorescence properties of nanoparticles

The fluorescence properties of nanoparticles were very 
important and were also investigated by the fluorescence 

spectrophotometer in this paper (Fig. 4). The dispersion of Znq-
CMS had a strong green fluorescence under UV light irradia-
tion, with a fluorescence emission wavelength of 510 nm at an 
excitation wavelength of 380 nm and a slit of 10 nm (Fig. 4a). 
The fluorescence emission wavelength and intensity did not sig-
nificantly change after 1 and 2 months in ethanol solution, indi-
cating that the fluorescence properties of Znq-CMS were rela-
tively stable in a certain period of time. In addition, the effects 
of different pH on the fluorescence properties of Znq-CMS were 
also investigated (Fig. 4b and g). The fluorescence intensity of 
Znq-CMS remained relatively stable with abroad pH range from 
5 to 9 in PBS. However, the fluorescence intensity was greatly 
diminished in PBS with pH < 5 and almost completely vanished 
when the pH dropped to 3, indicating the excellent fluorescent 
stability of Znq-CMS. It was reported [36] that pH of endosomes 
or lysosomes in the tumor micro-environment reaches a mini-
mum of about 5.0 [37]. Therefore, the fluorescence intensity of 
Znq-CMS in physiological conditions and tumor microenviron-
ment would not be greatly affected.

The fluorescence spectra of nanomaterials obtained after 
modification were determined to confirm changes of the fluo-
rescence spectra of mesoporous silica nanoparticles. Although 

Figure 4:  The fluorescence spectra and characterization of particles. (a) The fluorescence spectra of Znq-CMS at different times. (b and g) The 
fluorescence spectra and characterization of Znq-CMS in different pH buffers, respectively. (c) The fluorescence spectra of Znq-CMS, Znq-CMS-COOH, 
and Znq-CMS-SS-NH2. (d) Spectrum overlaps between UV of RhB and the emission of FRET-CMS. (e and h) The fluorescence signal changes by FRET-
CMS excited at 380 nm and the corresponding fluorescent photos of the samples under 365 nm UV light, respectively. (f ) The fluorescence intensity 
changes of FRET-CMS at 495 nm and 571 nm in different concentrations of GSH at pH 7.4.
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the maximum fluorescence emission peak of Znq-CMS was 
shifted from 510 to 495 nm after two steps of modification, the 
fluorescence spectra still overlap with the absorption spectrum 
of FRET receptor RhB without affecting the construction of 
FRET-CMS (Fig. 4c). In addition, the fluorescence intensity of 
each step of modification nanoparticles was gradually weakened 
consistent with the results of the fluorescent photos (Fig. 4h). 
Znq in Znq-CMS can be excited by absorbing light with a 
wavelength of 380 nm, resulting in the emission of light in the 
range of 450–550 nm (Fig. 4d). When the disulfide bond was 
intact, the Znq in Znq-CMS excited at 380 nm would act as a 
FRET donor for the RhB-EA-HA with absorbance maximally 
at 554 nm. The dual emission peaks at 495 nm and 571 nm dis-
played in the fluorescence spectra of FRET-CMS upon excitation 
at 380 nm were attributed to the fluorescence of Znq-CMS and 
RhB, respectively, indicating that the induce of donor–accep-
tor FRET system lead to the production of fluorescence of the 
energy receptor rhodamine B (Fig. 4e). The different FRET-CMS 
obtained with the increasing concentration of RhB-EA-HA 

lead to an increase in the fluorescence of RhB with negligible 
quenching of fluorescence of quinoline zinc, indicating that the 
fluorescence resonance energy transfer could be promoted by 
increasing the amount of energy receptor.

Drug release study in vitro

The highest drug loading efficiency and encapsulation efficiency 
of 6-MP@FRET-CMS were up to 6.3% and 37.8%, respectively.

The drug release of 6-MP@FRET-CMS was investigated 
in different pH of PBS and the different concentrations of 
GSH (Fig. 5). With the increasing concentration of GSH, 
the amount of 6-MP released was significantly increased 
(Fig.  5a). The cumulative release of 6-MP reached 5.2%, 
7.5%, 28.2%, and 81.3% within 24 h when concentrations of 
GSH were 0 mM, 0.01 mM, 2 mM, and 10 mM, respectively. 
Meanwhile, almost no premature release was observed in the 
low concentration of GSH within 24 h, indicating that 6-MP 
might effectively avoid abrupt release from FRET-CMS due 

Figure 5:  Drug release in vitro profile of 6-MP@FRET-CMS in different release media. (a) Different concentrations of GSH in pH 7.4 PBS. (Values shown 
mean ± SD; n = 3) (b) Different pH of PBS. (Values shown mean ± SD; n = 3) (c) Different pH PBS in 0.01 mM GSH. (Values shown mean ± SD; n = 3) (d) 
Different pH PBS in 10 mM GSH. (Values shown mean ± SD; n = 3).
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to the RhB-EA-HA blocking up the mesopores on the sur-
face of particles. With the concentration of 10 mM GSH, the 
release of drug reached 39% within the first 2 h due to the 
cleavage of disulfide bonds. Hence, FRET-CMS as the effec-
tive drug carrier had ability to control the drug release by 
GSH. The amount of 6-MP released was less than 12% in 
pH 5.0, 6.5, and 7.4 PBS solution within 24 h, However, the 
release of drugs was promoted slightly with the pH reducing 
(Fig. 5b). The release behavior was affected by GSH and pH 
(Fig. 5c and d). The cumulative release reached less than 16% 
in pH 5.0, 6.5, and 7.4 PBS with 0.01 mM GSH. With further 
increase in the concentration of GSH to 10 mM (Fig. 5c), the 
cumulative release reached up to 81% within 24 h and the 
drug release rate was promoted slightly with the pH reducing 
(Fig. 5d). Therefore, the grafting of RhB-EA-HA on the sur-
face of CMS-SH via a disulfide linkage could possibly render 
the carrier with redox-responsive and weak pH-responsive 
drug delivery capability, which might be beneficial to control 
the drug release.

BSA adsorption and hemolytic behavior of blank 
nanoparticles

BSA could be nonspecific adsorbed by mesoporous silica nano-
particles in vitro [38]. So BSA adsorbed to the surface of nano-
materials was measured to investigate the effectiveness of the 
different modification nanomaterials in our paper. The amounts 
of BSA adsorbed by CMS-SH, Znq-CMS, Znq-CMS-SS-NH2, 
and FRET-CMS were 14.5%, 12%, 10%, and 2.5%, respectively 
(Fig. 6a). The results of BSA adsorption indicated that RhB-EA-
HA might affect the adsorption of BSA by changing the steric 
hindrance of the nanoparticles and the charge ability on the 
surface of nanomaterials.

The hemolytic images of CMS-SH, Znq-CMS, Znq-CMS-
SS-NH2, and FRET-CMS were in the concentration range from 
20 to 1500 μg/mL (Fig. 6c). The percentage hemolysis of nano-
materials was related to the concentration over a wide concen-
tration range of 20 to 1500 μg/mL (Fig. 6b). When the con-
centration of the samples reached 500, 1000, and 1500 μg/mL, 
the percentage hemolysis of CMS-SH, Znq-CMS, Znq-CMS-
SS-NH2, was (3%, 9%, 87%), (2%, 10%, 98%), and (1%, 32%, 
64%), respectively. The percentage hemolysis of FRET-CMS as 

Figure 6:  The minimum BSA adsorbance measurements. (A) The minimum BSA adsorbance of CMS-SH, Znq-CMS, Znq-CMS-SS-NH2, and FRET-CMS. 
(Values shown mean ± SD; n = 3) (b) and (c) The hemolysis percentages and hemolytic photographs of CMS-SH, Znq-CMS, Znq-CMS-SS-NH2, and FRET-
CMS at different concentrations (μg/mL), respectively.
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expected decreased significantly to 2.3% at an extremely high 
concentration (1500 μg/mL). The hemolytic images show that 
FRET-CMS presented excellent dispersibility and stability in 
saline containing rabbit blood cells (RBCs) at high concentra-
tions up to 1500 μg/mL. The percentage hemolysis of nanomate-
rials was related to the concentration over a wide concentration 
range of 20 to 1500 μg/mL. The high degree of hemolysis raised 
serious safety concerns regarding the application of nanoma-
terials for drug delivery. The explanations for the hemolysis 
included reactive oxygen species (ROS) induced via the surface 
of the silica [39, 40], denaturation of membrane proteins by elec-
trostatic inter-actions with silicate [41], and the high affinity of 
silica for binding with tetra-alkyl ammonium groups that are 
plentiful in RBC membranes [40]. Therefore, the modification of 
the RhB-EA-HA on the surface of CMS-SH could significantly 
improve the biocompatibility of CMS-SH by reducing ROS, the 
electrostatic interactions, and the affinity between CMS and the 
tetraalkylammonium groups.

Cytotoxicity assay in vitro

There was no significant difference in cell viability incuba-
tion with 6-MP between Hela and MCF-7 cells. The viability 
of MCF-7 cells after incubation with FRET-CMS for 48 h at 
the concentrations of 10 and 30 μg/mL was 76.1% and 62.5%, 
respectively. In contrast, the viability of Hela cells with the same 
concentration of FRET-CMS reduced to 50.2% and 40.8%, 
respectively. With the same concentration of FRET-CMS, the 
viability of MCF-7 cells after incubation for 48 h was more 
than Hela cells. The results were all consistent with the live/
dead staining images, in which the cells with 6-MP and 6-MP@
FRET-CMS were stained red (dead cells), only few cells were 
green (live cells) at high concentration. The significantly dif-
ferent viability between the two cells could be explained by the 
improved cellular uptake of FRET-CMS with HA receptor-medi-
ated endocytosis [42, 43].

To evaluate the cytotoxicity of 6-MP, Znq-CMS-SS-NH2, 
FRET-CMS, and 6-MP@FRET-CMS, the HeLa cells and MCF-7 
cells were incubated with these samples with various concen-
trations for 48 h. The cell viabilities were evaluated via live/
dead staining and MTT assay. Nearly all of the cells with Znq-
CMS-SS-NH2 and FRET-CMS were stained green (live cells) at 
different concentrations, only few cells were stained red (dead 
cells) at a high concentration (Fig. 7a and b). Consistent with 
the live/dead staining of the blank materials, no obvious cyto-
toxicity could be seen both in HeLa cells (Fig. 7c) and MCF-7 
cells (Fig. 7d), and the cell viabilities were all above 87% within 
the examined concentration range, indicating the good safety 
of nanoparticles as carriers. 6-MP dose-dependent behavior 
was shown in Hela and MCF-7 cells treated with free 6-MP and 
6-MP@FRET-CMS.

Cellular uptake in vitro

The specific uptake of nanocarriers by cancer cells is particu-
larly critical for the efficient antitumor drug delivery except 
for the applicable biocompatibility. The cellular uptake of 
FRET-CMS was systematically investigated with Hela and 
MCF-7 cells by incubation with Rhb-EA-HA, Znq-CMS-SS-
NH2, and FRET-CMS for 1, 2, or 4 h, respectively. Compar-
ing the uptake of RhB-EA-HA by the two kinds of cells, the 
fluorescence intensity of RhB-EA-HA in Hela cells at 4 h was 
obviously stronger than that at 1 h and 2 h (Fig. 8a). It was also 
obvious to observe the red fluorescence in Hela cells at 4 h 
(Fig. 8e), and there was almost no red fluorescence observed 
in MCF-7 cells (Fig. 8b and f ). Compared with FRET-CMS, 
there was no obvious difference of the green fluorescence 
observed in both cells at 4 h (Fig. 8c and d). The fluorescence 
intensity of RhB-EA-HA in Hela cells indicated that the uptake 
of RhB-EA-HA by Hela cells was time-dependent. It was also 
obvious to observe the red fluorescence in Hela cells at 4 h 
due to the RhB-EA-HA of the surface of FRET-CMS. How-
ever, the results of almost no red fluorescence in MCF-7 cells 
proclaimed the targeting of RhB-EA-HA and FRET-CMS to 
Hela cells. A small amount of green fluorescence of the mate-
rial gradually emerged in cells incubated with FRET-CMS due 
to the cleavage of the disulfide bonds of the material in GSH 
over-expressed in the cells. Compared with FRET-CMS, no 
obvious difference of the green fluorescence was observed in 
both cells at 4 h. These results indicated that the Rhb-EA-HA 
played a important role in targeting the materials to Hela cells 
with CD44 receptor over-expressed.

Based on the results of this study, FRET-based redox-
responsive mesoporous silica nanoparticles as a promising 
nanocarrier would have great potential for drug targeting 
delivery. Further studies are warranted to evaluate the in vivo 
process of 6-MP@FRET-CMS by animal experiments.

Conclusions
In summary, we have successfully prepared a redox-respon-
sive mesoporous silica nanoparticles drug delivery systems 
based on fluorescence resonance energy transfer (FRET-
CMS) for drug targeting and real-time monitoring. The 
RhB and Znq of FRET-CMS could be integrated as FRET 
donor–acceptor pair to monitor the release of 6-MP from 
the pores in real time. In vitro release studies indicated the 
redox-sensitive drug release behaviors. Furthermore, the 
changed FRET signals of FRET-CMS with the dissociation 
of FRET donor–acceptor pair were controlled by the cleav-
age of disulfide bond in glutathione (GSH), which rendered 
the nanomaterials with the ability to monitor the release of 
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Figure 7:  Cytotoxicity assay in vitro. (a) and (b) Fluorescence images of Hela cells and MCF-7 cells for Znq-CMS-SS-NH2, FRET-CMS, free 6-MP, and 6-MP@
FRET-CMS with different concentrations for 48 h, respectively. (Note The live cells were stained green, and the red indicates the dead cells.) (c) and (d) 
Cell viability of Hela cells and MCF-7 cells after incubated with the above samples with different concentrations for 48 h, respectively. (Values shown 
mean ± SD; n = 3).
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entrapped drugs in real time. The results of BSA adsorption 
and hemolytic behavior of blank nanoparticles revealed that 
the RhB-EA-HA as a targeting ligand modified on the sur-
face of Znq-CMS could improve the stability and biocom-
patibility of Znq-CMS. The cellular uptake performance of 
FRET-CMS showed a higher cellular uptake performance via 
CD44 receptor-mediated endocytosis in Hela cells with CD44 
receptor over-expressed than in MCF-7 cells. 6-MP-loaded 

FRET-CMS exhibited greater cytotoxicity against Hela cells 
than MCF-7 cells due to the enhanced cell uptake behavior 
of FRET-CMS. The cellular targeting assay demonstrated that 
FRET-CMS could specifically target tumor cells, suggesting 
that the nanomaterials might minimize the potential dam-
age to the normal cells. Therefore, the excellent properties 
of FRET-CMS might make it a excellent redox-responsive 
nanocarrier for targeting drug delivery and monitoring drug 
release in real time.

Figure 8:  Cellular uptake in vitro. (a) and (b) Fluorescence microscopy images of Hela and MCF-7 cells incubated with RhB-EA-HA for different times (1 h, 
2 h, and 4 h), respectively. (c) and (d) Fluorescence microscopy images of Hela and MCF-7 cells incubated with Znq-CMS-SS-NH2 for different times (1 h, 
2 h, and 4 h), respectively. (e) and (f ) Fluorescence microscopy images of Hela and MCF-7 cells incubated with FRET-CMS for different times (1 h, 2 h, 
and 4 h), respectively. (Note RhB-EA-HA and FRET-CMS containing RhB were visualized with red fluorescence, the nuclei were stained blue with DAPI, 
and the images below indicated the merged fluorescence.).
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Materials and methods
Materials

Tetraethoxysilane (TEOS), triethanolamine (TEA), cetyltri-
methylammonium chloride (CTAC), 3-(Triethoxysilyl) propan-
1-amine (APTES), bovine serum albumin (BSA), and rhodamine 
B were obtained from Aladdin Chemistry, Co., Ltd. 3-Mercapto-
propyltriethoxysilane (MPTES, 95%), 8-Hydroxyquinoline (Hq), 
N-hydroxysuccinimide (NHS, > 98%), and Cystamine dihydro-
chloride were all purchased from Shanghai Macklin Biochemical 
Technology Co., Ltd. N-(3-dimethylaminopropyl)-N-ethylcar-
bodiimide hydrochloride (EDC, 99%) and 6-mercaptopurine 
(6-MP) were purchased from J&K Scientific. Zinc acetate dihy-
drate, ethylenediamine, Dichloromethane, dimethyl sulfoxide 
(DMSO), and hydrochloric acid (HCl, 37%) were supplied by 
Sinopharm Chemical Reagent Co., Ltd. Sodium hyaluronate 
(HA) (Mw 10,000 kDa) was obtained from Fusheng Industrial 
Shanghai Co., Ltd. Fluorescein diacetate (FDA) and glutathione 
(GSH) were obtained from Sigma-Aldrich. 3-(4,5-Dimethylthia-
zol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) was supplied 
by Guangzhou Saiguo Biotech Co., Ltd. Cell culture Dulbecco’s 
modified Eagle’s medium (DMEM), trypsin, phosphate-buff-
ered saline (PBS), penicillin–streptomycin, fetal bovine serum 
(FBS), Paraformaldehyde, and 4,6-diamidino-2-phenylindole 
(DAPI) were obtained from Bestbio. Propidium Iodide (PI) 
was obtained from Beijing Solarbio Science & Technology Co., 
Ltd. Rabbit anticoagulant whole blood was supplied by Beijing 
Borsi Technology Co., Ltd. All other chemicals were of analytical 
grade and used without further purification.

Synthesis of CMS‑SH

CMS-SH was prepared by the co-condensation method [44]. 
A mixture of 64 mL of water, 10.5 mL of ethanol, and 10.4 mL 
of 25 wt% CTAC were stirred for 10 min at room temperature, 
followed by an addition of 4.125 mL of triethanolamine and the 
mixture was stirred for another 15 min as a stock solution. The 
40 mL of the stock solution was heated to 60 ℃ in the oil bath, 
followed by a dropwise addition of a mixture of 2.9 mL TEOS 
and 0.325 mL MPTES within 2–3 min and stirred for 2 h at 60 
℃ under nitrogen atmosphere. The product was collected by 
centrifugation at 10,000 rpm for 30 min and washed twice with 
ethanol. The resulting product was refluxed twice in the solution 
of 10 mL of hydrochloric acid and 90 mL of ethanol at 60° C for 
2 h, and then the surfactant-removed CMS-SH was centrifuged, 
washed with distilled water and ethanol several times, and redis-
persed in ethanol solution (5 mg/mL) for the following use.

Synthesis of Znq‑CMS

20 mL of CMS-SH was centrifuged and washed with ultrapure 
water, and then centrifuged and redispersed in 9.5  mL of 

0.05 mol/L Zn(Ac)2 solution. The mixture was stirred at room 
temperature for 12 h. The nanoparticles were collected by cen-
trifugation at 8000 rpm for 10 min and washed with ethanol 
three times, and then redispersed in water. 9.7 mg of 8-hydrox-
yquinoline (8-Hq) dissolved in 25 mL of ethanol was added 
dropwise to 20 mL of 5 mg/mL of the above solution at room 
temperature under stirring for 48 h. The resulting solids of 
fluorescent mesoporous silica nanoparticles (Znq-CMS) were 
centrifuged at 10,000 r/min for 20 min and washed with etha-
nol until the supernatant was colorless, and finally dispersed 
in ethanol.

Synthesis of Znq‑CMS‑SS‑NH2

20 mL of Znq-CMS ethanol solution (5 mg/mL) was added 10 
μL of ammonia water, and followed by the addition of 104 mg 
of APTES-COOH dissolved in 2 mL of ethanol which was syn-
thesized by APTES and maleic anhydride stirring at 0 ℃ for 
15 min. The mixture solution was stirred at room temperature 
for 12 h. The Znq-CMS-COOH was obtained by centrifuging at 
10,000 r/min for 15 min and washing with ethanol three times. 
The Znq-CMS-COOH was redispersed in 20 mL of water and 
then activated by 120 mg of EDC·HCl and 80 mg of NHS at 
room temperature for 1 h, followed by the addition of 0.5 g 
cystamine dihydrochloride dissolved in 5 mL water. The mix-
ture was stirred at room temperature for 12 h in the dark. The 
amino-terminated fluorescent mesoporous silica nanoparticles 
containing disulfide bonds (Znq-CMS-SS-NH2) were obtained 
by centrifuging at 10,000 r/min for 15 min and washing with 
distilled water three times, and then redispersing in water.

Preparation of RhB‑EA‑HA

2.40 g of Rhodamine B was dissolved in 60 mL of ethanol, fol-
lowed by adding dropwise 0.43 mL of Ethylenediamine under 
vigorous stirring at room temperature. The reaction solution 
was refluxed for 12 h. After the mixture solution cooled to room 
temperature, the solvent was distilled off under reduced pres-
sure. In order to remove the unreacted ethylenediamine, 1 M 
HCl (about 100 mL) was added to the residue, followed by the 
addition of 1 M NaOH (about 140 mL) under stirring until the 
pH of the solution reached 9–10. The resulting solution was 
extracted three times with dichloromethane (3 × 100 mL). The 
organic phase was washed with 50 mL of water and dried with 
 Na2SO4. The RhB-EA was obtained by evaporating the solvent 
and dried under vacuum at 40 ℃ for 12 h. 100 mg of HA was 
dissolved in 50 mL of water, and activated by adding 150 mg 
of EDC·HCl and 100 mg of NHS at room temperature reac-
tion for 1 h. Then, 10.5 mg of RhB-EA dissolved in water was 
added dropwise to the solution, followed by stirring for 24 h at 
room temperature in the dark. The product was dialyzed against 
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Ultra-pure water for two days (6 times water change) with dialy-
sis bag (Mw cutoff 14 kDa) to remove unreacted free HA, EDC, 
and NHS, and finally freeze-dried for the following use.

Synthesis of Znq‑CMS‑SS‑RhB‑EA‑HA (FRET‑CMS)

1 mg/mL of RhB-EA-HA aqueous solution was obtained by dis-
solving 30 mg of RhB-EA-HA in 30 mL of water and activated 
by 90 mg EDC·HCl and 60 mg of NHS at room temperature for 
1 h, followed by an addition of 20 mL of the Znq-CMS-SS-NH2 
suspension (5 mg/mL) and the solution was allowed to stir for 
24 h at room temperature in the dark. The FRET-CMS particles 
were then obtained after centrifugation at 10,000 rpm for 15 min 
and washed with deionized water for several times, and finally 
dispersed in water.

Preparation method of samples for evaluating FRET 
switch

5 mg of FRET-CMS was dispersed in 20 mL of PBS buffer (pH 
7.4) in the presence of different concentrations of glutathione 
(0 mM, 3 mM, 6 mM, 10 mM) and stirred for 15 min at room 
temperature, respectively. The nanoparticles were then centri-
fuged, washed three times with pH 7.4 PBS, redispersed in PBS, 
and finally the fluorescence emission spectra of these dispersions 
were measured at excitation of 380 nm, respectively.

Drug loading for FRET‑CMS

20 mL of Znq-CMS-SS-NH2 aqueous dispersion (5 mg/mL) 
washed with appropriate amount of DMSO was dispersed in 
20 mL of DMSO. 10 mL of 6-MP in DMSO (1 mg/mL) was 
added to the dispersion, and further stirred at room tempera-
ture for 12 h. The reacted solution was centrifuged, washed with 
DMSO to remove the free 6-MP, and redispersed in 20 mL of 
water, followed by adding slowly the already activated 30 mL 
of RhB-EA-HA solution (1 mg/mL) under stirring at room 
temperature for 24  h in the dark. FRET-CMS loaded with 
6-MP (6-MP@FRET-CMS) were obtained by centrifugation at 
10,000 rpm for 10 min and washed with water. The free 6-MP 
was determined by UV at 333 nm. The loading capacity and 
encapsulation efficiency were calculated by the following for-
mulas: Loading efficiency = (weight of loaded drug)/(total 
weight of nanocarrier and drug) × 100%, and encapsulation 
efficiency = (weight of loaded drug)/(weight of initially added 
drug) × 100%.

Drug release study in vitro

6-MP@FRET-CMS nanoparticles (2 mg) were dispersed in 2 mL 
of corresponding buffer solution, which was sealed in a dialysis 
bag (cut off Mw = 14 Ka). The dialysis bag was soaked in 10 mL 

of 0.1 M of PBS corresponding solution (pH 5.0, 6.5, or 7.4) 
and placed in shaker at 37 ℃ with a shaking rate of 200 rpm, 
respectively. For the drug release, the different concentrations of 
glutathione (0 mM, 0.01 mM, 2 mM, 10 mM) were designed in 
this system. At predetermined time intervals, 1 mL of the sam-
ple solutions were withdrawn for analysis, and equivalent fresh 
corresponding buffer solutions were supplemented. The calibra-
tion curve of 6-MP was determined by the absorbance values 
of different concentrations of 6-MP at 333 nm. The amount of 
released 6-MP was based on a calibration curve with a series 
of diluted pure 6-MP solutions. The calibration curve fits the 
Lambert and Beers law well: A = 0.0935C + 0.005 (R2 = 0.999), 
where A is the absorbance and C is the concentration of the 
sample (mg/mL).

BSA adsorption measurements

BSA adsorption measurements were investigated according to 
the reported method [38]. 60 mg bovine serum albumin (BSA) 
was completely dissolved in 100 ml of distilled water. 5 mg of 
CMS-SH, Znq-CMS, Znq-CMS-SS-NH2, and FRET-CMS were 
dispersed in 5 ml of PBS solution, respectively, followed by the 
addition of 5 ml of BSA solution. Meanwhile, the control group 
was the mixture of 5 mL PBS and 5 mL BSA solution. The mixed 
solutions were shaken on a shaker for 4 h (150 rpm, 37 ℃). Sub-
sequently, the mixtures were centrifuged, and then the superna-
tant of the solutions were collected. The concentrations of the 
residual BSA were determined by staining with Coomassie Bril-
liant Blue solution. 1 mL of the supernatants diluted tenfold with 
water were mixed with 5 mL of Coomassie Brilliant Blue solu-
tion to measure the absorbances of residual BSA using an auto-
mated microplate spectrophotometer at 595 nm. The amount of 
BSA adsorbed can be calculated using the following formula [1].

where Ci and Cf are the concentration of BSA in a control group 
and the residual BSA after adsorption, respectively; V is the total 
volume of the solution and m is the weight of the nanoparticles 
added to the solution.

Hemolysis assay

The hemolysis assay was carried out according to the previ-
ous report [45]. Rabbit blood cells (RBCs) were collected from 
6 mL of rabbit whole blood by centrifugation at 1000 r/min for 
10 min and washed five times with saline. 2 mL of washed RBCs 
was diluted with saline to a concentration of 2% (v: v). Then 
2 mL of the diluted RBCs solution was mixed 2 mL of CMS-SH, 
Znq-CMS, Znq-CMS-SS-NH2, and FRET-CMS dispersions at 
the different concentrations ranging from 20 to 1500 μg/mL, 
respectively, and then kept static for 4 h. The mixtures were 

(1)q = (Ci − Cf)× 10× V/m
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centrifuged at 1000 rpm for 10 min, and the absorbances of the 
supernatant were measured on a microplate reader at 541 nm. 
The hemolysis of RBCs in distilled water and saline was used as 
the positive and negative control, respectively. The hemolysis 
percentage was calculated through equation: Hemolysis percent-
ages (%) = (absorbances of the sample − absorbances of nega-
tive control)/(absorbances of the positivecontrol-absorbances 
of negative control) × 100% [1].

Cell lines and culture

Both Hela and MCF-7 cells were cultured in DMEM culture 
medium supplemented with 10% (v/v) fetal bovine serum, 1% 
streptomycin–penicillin in a humidified atmosphere contain-
ing 5%  CO2 at 37 ℃. The medium was routinely changed every 
2 days and the cells were separated by trypsinization before 
reaching confluency.

Cytotoxicity assay in vitro

The cytotoxicity of 6-MP, Znq-CMS-SS-NH2, blank, and 6-MP 
loaded of FRET-CMS was investigated with the standard MTT 
assay. Typically, HeLa and MCF-7 cells were incubated in a 
96-well plate at a density of  104 cells/mL with 100 μL of culture 
medium per well. After full adhesion of cells, the medium was 
replaced with 100 μL of fresh medium containing different con-
centrations of the samples (serial concentrations of the 6-MP 
ranged from 0.01 to 30.0 μg/mL and the concentrations of the 
blank nanocarriers were equivalent to those in 6-MP-loaded 
nanoparticles). After being cocultured for 48 h, 20 μL of MTT 
PBS (5 mg/mL) was added into each well and incubation was 
carried out for another 4 h, the medium was removed and the 
formazan crystals formed by the living cells was dissolved in 
150 µL of DMSO per well. The absorption of solution in per well 
was measured on a microplate reader at 490 nm. Cells without 
any treatment served as a normal control. Live/dead staining 
method was carried out to make the viable cells visualized. HeLa 
and MCF-7 cells were seeded in a 96-well plate at a density of 
1 ×  104 per well and incubated with the samples with various 
concentrations for 48 h, the medium was removed and the 
cells were washed with PBS for three times. Each well was filled 
with 100 μL of staining reagent containing fluorescein diacetate 
(FDA, 6 mM) and propidium iodide (PI, 4 mM) for 10 min, 
washed twice with PBS, then added with 120 μL of PBS buffer 
and photographed under a fluorescence microscope. Viable cells 
were stained green, while dead cells were stained red.

Cellular uptake in vitro

Fluorescence microscope was used to investigate the tar-
geted intracellular uptake of HA-Rhb (5 μg/mL), Znq-CMS, 

FRET-CMS, and 6-MP@FRET-CMS (25 μg/mL) (containing 
with 6-MP concentration of 2.5 µg/mL). Hela and MCF-7 cells 
were incubated in a 24-well plate at a density of 105 cells/
mL with a volume of 1 mL per well for full adhesion. Next, 
the medium was replaced with fresh medium containing the 
samples (6-MP concentration of 2.5 µg/mL) and incubated for 
different times (1 h, 2 h, or 4 h). The cells were then slightly 
rinsed with PBS three times to remove residual materials and 
fixed with 4% paraformaldehyde for 15 min, followed by the 
counterstaining with DAPI (100 ng/mL in PBS) for 10 min 
and washing with PBS twice. The fluorescent and phase con-
trast images of the cells were captured on the Olympus IX73 
fluorescence inverted microscope with different channels and 
focus.

Characterization and statistical analysis

The TEM images were obtained on the JEOL JEM-2100F instru-
ment and the FESEM images on S-4800 instrument. The DLS 
size and zeta potential of the nanoparticles were investigated 
by Malvern Zetasizer Nano ZS90. The isotherms of  N2 adsorp-
tion/desorption were obtained at 77 K using an ASAP 2020 
accelerated surface area and porosity analyzer (Micromerit-
ics, USA). The specific surface areas and the pore character-
istics were estimated by Brunauer–Emmett–Teller (BET) and 
Barrett–Joyner–Halenda (BJH). 1H NMR measurements were 
conducted in  CDCl3 using a Bruker AM-400 NMR spectrom-
eter. Fourier transform infrared (FT-IR) spectra were noted on 
Nicolet 6700 FTIR spectrometer. UV–Vis absorption spectra 
were recorded on a PerkinElmer Lambda 35 spectrophotom-
eter. Fluorescence emission spectra were measured on a Perki-
nElmer LS-55 fluorescence spectrophotometry. Fluorescence 
images were acquired with Olympus IX73 fluorescence inverted 
microscope. MTT assay was recorded at 490 nm using a Biotek 
Epoch Flash multifunctional microplate reader. The experimen-
tal data have been expressed as mean ± standard deviation (SD). 
The statistical analysis of variance (DAS ver1.0, Math Commit-
tee, Pharmacological Academy, China) was performed for com-
parison between the groups. P < 0.05 was considered as statistical 
level of significance.
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