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Abstract
Rod-like mesoporous silica nanoparticles with pH-responsive amphiphilic hyperbranched polyester shells were prepared for
doxorubicin (DOX) delivery. First, rod-shaped mesoporous silica nanoparticles (MSNs) were obtained, then hydrophobic
hyperbranched polyester Boltorn H40 (H40) was grafted on their surface. The H40 coated MSNs were next treated with
amine-functionalized polyethylene glycol (PEG) to achieve the hydrophilic and pH-responsive material denoted as PEG-H40-
MSNs. The experimental results showed that PEG-H40-MSNs were successfully synthesized. BET analysis showed that rod
MSNs exhibits a type IV standard isotherm. TEM revealed that the thin gray polymer layer was formed around the SBA-15
particle with a diameter of around 150 nm. DOX was effectively loaded, which can be released according to the ambient pH
inside the cell as follow: at pH 7.4, only 9.7% of the DOX was released after 48 h; as the pH decreased to 5.5, the cumulative
release reached to 49% at the same time. PEG-H40-MSNs showed less than 1.6% of hemolytic activity and a slight effect on the
liver and kidney of treated mice were observed at a high disposal dosage implying negligible toxicities were caused by PEG-H40-
MSNs in both in vitro hemolysis analysis and in vivo biochemical in mice. However, the in vitro cytotoxicity evaluation of the
DOX-PEG-H40-MSNs showed that the cell cytotoxicity of both pure DOX and DOX-loaded PEG-H40-MSNs generally
enhanced by increasing the concentration of DOX.
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Introduction

In recent years, the number of published studies that focused
on investigating stimuli-responsive nanocarriers as a promis-
ing tool to improve the effectiveness of target-drug delivering
in medical therapy has been dramatically increased [1, 2]. In
this respect, Smart nanocarriers could provide the possibility
of safe drug delivery to diseased cells without damaging
healthy cells and reducing associated side effects [3].

Among the so far developed nanocarriers, organic-
inorganic hybrid nanocarriers based on utilizing polymeric
materials as organic part and mesoporous silica materials as
inorganic part have gained much interest. A variety of inor-
ganic materials have been used to fabricate polymeric based

nanocarriers. Among them, mesoporous silica nanoparticles
(MSNs) type SBA-15 have a special status in the area of
efficient drug delivery platform due to their unique features
such as highly robust and stable structure, high drug loading
capacity, great biocompatibility, high specific surface area and
high and tunable pore diameters [4].

Many types of research have focused on the effects of
shape, particle size, type of surface modification on the drug
delivery performance and cellular uptake of differentMSNs in
recent years [5–8]. For instance, Chun Xu and Yu have indi-
vidually proved that rod-shaped MSNs enhances the cellular
uptake compared with spherical ones [9, 10].

Fortunately, the presence of abundant –OH groups on the
surface of MSNs and availability of various silanol function-
alities allow anchor various types of materials such as PEG,
chitosan, Poly (N-isopropyl acrylamide) and aliphatic
hyperbranched polymeric materials onto their surface to sub-
sequently convert them to a smart nanocarrier [11, 12].

One of the most well-known aliphatic hyperbranched poly-
meric materials with the acceptable ability for drug loading is

* Rassoul Dinarvand
dinarvand@tums.ac.ir

1 Tehran University of Medical Sciences, Tehran, Islamic Republic of
Iran

https://doi.org/10.1007/s40199-020-00328-x
DARU Journal of Pharmaceutical Sciences (2020) 28:171–180

31/Published online: January 2020

http://crossmark.crossref.org/dialog/?doi=10.1007/s40199-020-00328-x&domain=pdf
http://orcid.org/0000-0003-0694-7556
mailto:dinarvand@tums.ac.ir


2,2-bis(methylol)propionic acid branching unite or Boltorn
H40 (H40). H40 is known for its simple synthesis route, am-
phiphilic core-shell structure, low toxicity, degradability into
lower molecular weight, compatibility in biological environ-
ments, commercial availability, and possessing a large number
of terminal functionalities which provide better interactions
with drug molecules [13]. Despite all these advantages, H40
may not be used directly due to its hydrophobic structure and
easy recognition and removal by macrophages. Therefore, it
needs to be modified with biocompatible and hydrophilic poly-
mers such as PEG, which also restricts the amount of uptake by
macrophages. Hence, the permeability of nanocarriers and the
efficiency of drug delivering will be enhanced [14].

Modification of H40 with tertiary amine PEGs enables it to
show both hydrophilicity and pH responsiveness behaviors
and works from the physiological environment (pH 7.4) to
cancer and tumors cells (pH 5.5). The prominent feature of
this hybrid is that H40 swells at low pH and shrinks at higher
pH one, therefore, allows opening and closing the pores of
MSNs and the diffusion of drug molecules in and out of the
pores respectively. Also, due to the fact that the cell surface
has a negative charge, the cellular uptake of nanoparticles
enhances with the surface modification by a positively
charged polymer [15].

In this study, a novel hybrid nanocarrier based on
rod-shaped mesoporous silica and the pH-responsive
polymeric shell composed of PEG and also tertiary
am i n e d e c o r a t e d o n H4 0 t h r o u g h g r a f t i n g
diethylaminopropylamine (DEAPA) and m-PEG to hy-
droxyl end groups of polyester for DOX delivery is
reported. The synthesized hybrid nanoparticles displayed

essential features that are required for drug delivery,
such as lower toxicity, acceptable biocompatibility, and
the ability to control DOX release in different pHs
(Fig. 1).

Materials and methods

Materials

T e t r a e t h y l o r t h o s i l i c a t e ( T E O S ) , N , N ′ -
Dicyclohexylcarbodiimide (DCC), 4-(Dimethylamino)
pyridine (DMAP), thionyl chloride, succinic anhydride,
toluene, tetrahydrofuran (THF), Boltorn-H 40, N-
Methyl-2-pyrrolidone (NMP), acetone, dioxane, pyridine,
D E A PA , c a r b o n y l d i i m i d a z o l e ( C D I ) , 3 -
aminopropyltriethoxysilane (APTES) and Pluronic P123
(EO20PO70EO20, Mac = ca. 5800) were purchased from
Sigma Aldrich. O-Methyl-O′-succinylpolyethylene glycol
1000 (mPEG-COOH 1000) was purchased from Nanocs
Inc. Doxorubicin, in the form of hydrochloride salts, was
purchased from Korea United Pharm. INC (Chungnam,
Korea). Deionized water used for all experiments was
purified with a Milli-Q water system. All the chemicals
were of analytical grade and used without purification
except for THF, which were further purified. Human red
blood cells (HRBCs) stabilized with EDTA were prepared
from Iran Blood Transfusion Institute. The bouncing male
Balb/c mice (bodyweight about 20 g and 5–6 weeks) were
prepared from Pasteur Institute, Tehran, Iran.

Fig. 1 Schematic pattern for preparation, cellular uptake and DOX release of PEG-H40-MSNs
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Instrumentation

Fourier transform infrared (FTIR) spectroscopy (Bruker,
Germany) was used by the KBr disk method over the range
400–4000 cm−1 with the resolution of 2 cm−1. Transmission
electron microscope (TEM) operating at an accelerating volt-
age of 80 kV by Zeiss-EM10C was used and samples were
prepared by placing ultrasonicated drops of PEG-H40-MSNs
suspension onto Formvar carbon-coated grid Cu Mesh 300.
The grid was wholly dried and used for TEM analysis.
Thermogravimetric analysis Q50 V6.3 Build 189 was con-
ducted at a rate of 10 °C/min under nitrogen blanket over
the temperature range from 25 to 600 °C. Ultraviolet-visible
spectroscopy (UV-Vis) carry 100 Bio spectrophotometer was
used. Dynamic light scattering (DLS) and Zeta measurements
were used with Malvern Zetasizer Nano-ZS (Malvern
Instruments, Malvern, UK) at 25 °C. X-ray diffraction
(XRD) pattern was conducted with Bruker D8FOCUS X-ray
diffractometer.

N2 adsorption-desorption isotherms were performed by
BELSORP-miniII instrument at liquid nitrogen temperature.

Synthesis of amine-functionalized SBA-15 (MSN-NH2)

SBA-15 was synthesized based on the Karimi and et al. pro-
cedure [16]. Briefly, Pluronic P123 (11.7 g) and HCl (73.3 g)
were poured in deionized water (303.4 mL) and stirred for 3 h
at 55 °C. Next, TEOS (25 g) was added to the above solution
and the reaction continued for 24 at 55 °C. Afterward, the
reaction vessel was kept in a 100 °C oven for 24 h and, then,
resultant product was centrifuged and dried at room tempera-
ture. To synthesis amine-modifiedMSNs, APTES (1 mL) was
added to SBA-15 (1 g) suspended in toluene (80 mL) and the
mixture was refluxed for 24 h. Finally, the resultant product
was washed several times with ethanol/HCl solution for re-
moving the surfactant. The final amine-functionalized SBA-
15 was denoted as MSN-NH2.

The synthesis of acyl chloride functionalized MSNs

100 mg of prepared MSN-NH2 was suspended into 5 mL
acetone under the stirring condition at room temperature for
4 h. Then, 3.5 mL acetone solution containing 1.5 M succinic
anhydride was dropwisely added and stirred at room temper-
ature for another 24 h resulting in carboxylic acid functional-
ized SBA-15 powder (MSN-COOH) which was then filtered
and washed with an excess amount of deionized water and
ethanol to remove the remaining solvents and dried overnight
at ambient temperature. Dried MSN-COOH was reacted with
excess neat SOCl2 (5 mL) at 70 °C for 24 h. The residual
SOCl2 was removed under vacuum, with yield of around
88%. Final Acyl chloride functionalized MSNs were denoted
as MSN-COCl.

Synthesis of hyperbranched MSN-15 (H40-MSN)

To a 100 mg H40 dissolved in 10 mL dioxane was added 3
drops of pyridine as acid-neutralizing agent followed by
adding 50 mg of MSN-COCl. After that, the reaction vessel
was kept in an ultrasound bath for 1.5 h. Next, the temperature
of the reaction mixture was elevated to 70 °C and kept con-
stant for 24 h at this temperature. The resulting precipitate was
collected with a centrifuge at room temperature and washed
several times with deionized water and, then, dried at 40 °C
for 24 h in a vacuum oven resulting in a 79% yield. The final
product was denoted as H40-MSN.

Synthesis of DEAPA–carbonylimidazole (DEPA-CDI)

DEPA-CDI was synthesized based on the Reul and et al. pro-
cedure [13]. Dry THF (15 mL) under argon atmosphere was
inserted into a round-bottomed flask equipped with a gas inlet
and a septum cap. Then, CDI (2.71 g, 16.7 mmol) was added
to THF. For obtaining an equivalent molar ratio of
CDI:DEAPA, DEAPA (2.18 g, and 16.7 mmol) was injected
at 60 °C, and the reaction was continued for 20 h at 25 °C.
Finally, the solvent was evaporated to obtain oily and slight
yellow products. The resultant was denoted as DEPA-CDI.

Synthesis of DEAPA decorated H40-MSN

To a dispersion of H40-MSN (75 mg) in NMP (1 mL), a solu-
tion of DEPA-CDI (0.115 g, 0.39 mmol) in NMP (0.7 mL) was
dropwisely added and, then, 0.072 g of DMPU was poured to
the vessel and the reaction continued for 5 days at 80 °C. The
resulted product denoted as aminated H40-MSN was centri-
fuged five times and dried in a vacuum oven.

Synthesis of PEG decorated H40-MSNs

Amixture of H40-MSNs (50 mg), mPEG-COOH (0.5 g), and
DMAP (1 mmol) in anhydrous DMF (40 mL) was prepared
and sonicated in a probe-type sonicator for 10 min (5 s on/2 s
off). Then, anhydrous DMF (10 mL) containing DCC
(0.01 mol) was dropwisely added and the reaction was con-
tinued for 12 h at 30 °C. In the end, the resulting precipitate
was collected by a centrifuge at room temperature and washed
with deionized water and ethanol several times and, finally,
freeze-dried. The obtained nanocarrier was denoted as PEG-
H40-MSNs.

DOX loading and release

In order to load DOX into PEG-H40-MSNs, 10 mg of nano-
particle and 10 mg of DOX hydrochloride were treated with
2 mol of triethylamine dissolved in 3 mL of DMF and 7 mL
deionized water at 4 °C with pH of 3.0 with stirring for 24 h in

DARU J Pharm Sci (2020) 28:171–180 173



the dark place. Then, pH was adjusted to 8.0 followed by
stirring the solution for further 2 h. Subsequently, DOX-
loaded PEG-H40-MSNs separated by centrifuge was washed
twice by a NaOH solution with a pH of 8.0. The drug loading
content was determined by the following equation:

To measure the percentage of drug release, 1 mg DOX-
loaded PEG-H40-MSNs were suspended in 2 mL fresh phos-
phate buffer solution followed by stirring at 120 rpm at 37 °C.
Then, at a predetermined interval, an aliquot of the supernatant
was taken. The Encapsulation efficiency was determined by
the following equation:

To simulate the related biological conditions, pH values
were adjusted to 5.5, 6.8, and 7.4. UV-Vis measurements at
a wavelength of 480 nm (three times for each sample) were
recorded to calculate the amount of loaded DOX into the
nanocarriers. By using the provided UV-Vis data and the
equations of (1) and (2), both the drug loading content and
the Encapsulation efficiency were estimated.

Drug loading content %ð Þ

¼ Weight of the drug in particles
Weight of the particles

� 100 ð1Þ

Etrapment efficiency %ð Þ

¼ Weight of the drug in particles
Weight of the feeding drug

� 100 ð2Þ

In vitro cytotoxicity

TheMCF-7 cells were used to investigate the in vitro cytotox-
icity. The cells which seeded in 96-well cell culture plate
(density of 1 × 104 cells per well) were cultured under 5%
CO2 at 37 °C for 24 h. After removing media, the cells were
exposed to a fresh mediumwith various concentrations of free
drug, pure nanocarrier, and drug-loaded nanocarrier or various
pH values, containing the same concentration of DOX follow-
ed by further incubation for 48 h. Then, 20 μL of 5.0 mg/mL
MTT solution was added into each well and they were incu-
bated for another 4 h. Then, the supernatants were eliminated
and, then, 150 μL DMSO was poured into each well. Finally,
the absorbance of the obtained solutions was recorded at
570 nm, and data were reported as means ± SD.

Hemolysis assay

In vitro cellular uptake measurements were conducted accord-
ing to the method described in our previous work [11]. The
HRBCs were collected by eliminating the serum from the
blood using a centrifuge and washing it with sterile isotonic
PBS solution five times. Then, following solutions were ob-
tained by mixing 0.3 mL of a diluted mixture of the cells and

PBS solution with a) 1.2 mL deionized water as a positive
control; b) 1.2 mL PBS as negative control, and c) 1.2 mL
suspension of PEG-H40-MSNs with the concentrations of 50,
100, 200, and 400 μgmL−1. After moderately shaking, sus-
pensions were standing for 2 h at ambient temperature follow-
ed by centrifuging and recording absorbance spectra of the
supernatants in the range of 500 to 600 nm. Finally, dividing
the difference between the sample and the negative control
absorbance by the difference between negative and positive
control absorbance both recorded at 541 nm gave the hemo-
lysis values of the samples.

In vivo toxicity studies

The healthy bouncing male Balb/c mice (body weight about
20 g and 5–6 weeks) were obtained from Pasteur Institute,
Tehran, Iran. The study was approved by the Institutional
Animal and Ethics Committee (Faculty of Pharmacy, Tehran
University of Medical Sciences, Iran). According, 0.2 mL dis-
persion of PEG-H40-MSNS in physiological saline
(10 mg.kg−1) was injected into Balb/c mice (n = 5 per group)
through the tail vein. Balb/c mice injected just by physiolog-
ical saline was chosen as a control group.

Serum biochemical analysis

After 4 h and also 10 days after injection and before scarifying
the mice, the blood samples were taken from an ophthalmic
vein and, then, the serums were separated using a centrifuge at
3500 rpm for 10 min. In this step, most important kidney
functions (blood urea nitrogen creatinine and (BUN)) and he-
patic indexes (aspartate and alanine aminotransferase (ALT)
aminotransferase (AST)) were characterized.

Results

XRD analysis

Figure 2 represents the XRD patterns of the rod-shaped meso-
porous silica powder. Generally, mesoporous silica materials
exhibit three diffractions, one intense diffraction around 2θ =
1° reflected from (100) plane and two weak diffractions
around 2θ = 1.8° reflected from (110) and (200) planes. The
existence of these three diffractions together in XRD patterns
confirms the formation of long-range periodic order and two-
dimensional hexagonal (p6mm) mesostructure. Since those
above-mentioned diffractions were a presence in Fig. 2, it
can be concluded that this rod mesoporous silica possesses
the specific structure of SBA-15.
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FTIR analysis

Figure 3 showed the main FTIR spectra of the synthesized
materials. The FTIR spectrum of the aminated SBA-15
showed two weakly peaks at 1310 cm−1 and 1381 cm−1 at-
tributed to the C −N group stretching bands (Fig. 3a). Two
peaks at 1476 cm−1 and 1563 cm−1 were associated with the
bending vibration of N −H groups [17]. A clear visible band
at 1100 cm−1 corresponded to the Si −O − Si groups. After
grafting Boltorn H40 on the surface of MSN, significant dif-
ferences at several wavelengths appeared (Fig. 3b). A large

absorption band at 3440 cm−1 was ascribed to the hydroxyl
end groups on the hyperbranched Boltorn H40. The charac-
teristic absorption bands of the carbonyl ester groups were
shown at 1729 cm−1 [13]. The peaks around 1223 cm−1 and
two weakly sharp peaks at 2955 cm−1 and 2884 cm−1 were
suggested to be caused by the ether groups and the aliphatic
−CH2− of Boltorn H40, respectively. In the FTIR spectra of
the aminated H40-MSN, a new peak appeared at 1705 cm−1

was related to the carbamate bond (Fig. 3c) accompanied by
decreasing the intensity of the broad band of hydroxyl groups
around 3400 cm−1. At the same time, the intensity of broad
peaks at 3400 cm−1 significantly increased and the intensity of
carbonyl ester groups of boltorn H40 at 1732 cm−1 decreased
for PEG-H40-MSNs, which related to the presence the PEG
(Fig. 3d).

Nitrogen adsorption and desorption analysis

The mesoporous nature of the SBA-15 and PEG-H40-MSNs
were investigated by N2 adsorption and desorption measure-
ments. Ordered mesoporous silica material, generally, exhibits
a type IV standard IUPAC isothermwith anH1 type hysteresis
loop and sharp capillary condensation steps at P/P0 of 0.6–0.8.
According to Fig. 4a and b, the isotherms of both samples
showed characteristics of mesoporous materials. Moreover,
an important conclusion is that the mesoporous nature of
SBA-15 particles was well preserved after modification steps.

TEM analysis

Figure 5 provided the representative TEM images of SBA-15
and PEG-H40-MSNs. Figure 5a and b related to TEM images
of free surfactant SBA-15 displayed straight and parallel chan-
nels within the particle, which further confirmed the results
from XRD and N2 adsorption-desorption analyses.

Fig. 3 FTIR spectra of a) MSN-NH2, b) H40-MSN c) aminated H40-
MSN, and d) PEG-H40-MSNs

Fig. 4 Nitrogen adsorption-desorption isotherms result of (a) SBA-15
and (b) PEG-H40-MSNs

Fig. 2 XRD patterns of rod MSN
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Thermogravimetric analysis

The thermogravimetric curves of MSN and PEG-H40-
MSNs were also obtained to investigate the amount of
the grafted organic part on the surface PEG-H40-MSNs
sample (Fig. 6). The mass loss below 150 °C was
assigned to the removal of physisorbed water molecules
on the surface, which was about 5% for PEG-H40-
MSNs. Moreover, the mass loss above 150 °C could
be assigned to the decomposition of the polymeric shell,
which was about 50% for PEG-H40-MSNs.

DOX loading and releases

DOX was used as a model drug in this work. Based on the
equation of 1 and 2, nanocarriers exhibited great drug loading
capacity and Encapsulation efficiency, which were calculated
to be 36.5 ± 3.9% and 57.4 ± 4.2%, respectively.

In vitro release behavior of DOX-loaded PEG-H40-MSNs
was evaluated at 37 °C under pH values of 7.4 (blood circu-
lation), 6.8 (tumor extracellular), and 5.5 (endosomes) for
48 h. From the obtained results pictured in Fig. 7, it can be
observed that the rates of DOX release from the nanocarrier

Fig. 5 TEM images of MSN (a)
(magnification 160,000) and
PEG-H40-MSNs (b) (magnifica-
tion 160,000), (c) (magnification
160,000), (d) (magnification
160,000)

Fig. 7 Release profiles of DOX from PEG-H40-MSNs at different pH
valuesFig. 6 TGA curves of MSN and PEG-H40-MSNs
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were different in various pH values, i.e., the released amount
of DOX was only 9.7% and 20% at pH 7.4 and pH 6.8, re-
spectively, in the first 48 h; while it reached to 49% at
pH 5.5 at the same amount of time.

In vitro blood compatibility

Hemolysis assays were conducted to evaluate the blood com-
patibility of the nanocarrier at various concentrations. The
depicted results in Fig. 8 showed negligible effects of PEG-
H40-MSNs over a broad concentration range of 0–400
μgmL−1. In addition, the obtained results from the absorbance
of the supernatant at 541 nm (hemoglobin) to evaluate the
hemolytic activity of the specimens showed less than 1.6%
of hemolytic activity for the PEG-H40-MSNs at a high con-
centration. These results proved the great biocompatibility of

the vectors with blood cells which make it suitable for intra-
venous injection.

In vivo toxicity studies

The predefined values of PEG-H40-MSNs (dose = 10 mg.kg−1)
were injected into the tail vein of Balb/c mice intravenously. All
of the treated mice had normal behavior during the experimental
period and did not show any infection and impaired mobility.
Moreover, no reduction in feeding was observed which was a
sign of non-toxicity of PEG-H40-MSNs.

Ophthalmic veins were used for obtaining the blood sam-
ples before scarifying mice after 5 h and 10 days from the
injection. The serum was separated by centrifuge and kidney
functions (BUN and creatinine) and hepatic indexes (ALTand
AST) were specified.

ALT and AST, two important liver health indicators
of two groups of treated mice (5 h and 10 days after
injection), which were very close and had a good
match with the control group (Table 1). Also, kidney
health functions (BUN and creatinine) had negligible
diversity in contrast with the control mice (Table 1).

In vitro cytotoxicity of DOX-loaded PEG-H40-MSNs

The cell viability of free DOX and DOX-PEG-H40-
MSNs nanoparticles on the MCF7 cell line were evalu-
ated by MTT assay in vitro at pH 7.4 related to the
normal physiological pH. According to Fig. 9, the cell
cytotoxicity of both pure DOX and DOX-PEG-H40-
MSNs generally enhanced by increasing concentration
of DOX and free DOX represented more cytotoxicity
than DOX-PEG-H40-MSNs at the same DOX dosage,
except for samples with 2 and 5 μg/mL of DOX where
no noteworthy changes were detected. These observa-
tions were probably due to the possibility that drug
loading in PEG-H40-MSNs required to spend more time
to enter into the nucleus of the cell than free pure
DOX.

Fig. 8 (a) The UV-vis absorption spectra and visually observation (the
bottom-right inset) to detect the presence of hemoglobin in the superna-
tant of PEG-H40-MSNs suspensions, b) hemolysis percentages measured
of HRBCs by PEG-H40-MSNs at various concentrations

Table 1 Biochemistry assay of PEG-H40-MSNS nanoparticles on
Balb/c mice serum 4 h and 10 days after treatment

Chemistry Control Treated mice [mouse −1]

0 4 h 10 d

BUN (mM) [mg dL−1] 40 ± 5 39 ± 6 38 ± 6

Creatinine [mg dL−1] 0.7 ± 0.05 0.7 ± 0.02 0.6 ± 0.09

AST [U L−1] 141 ± 14 137 ± 15 143 ± 16

ALT [U L−1] 75 ± 9 75 ± 9 78 ± 10
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Discussion

In order to prepare the pH-responsive and biocompatible
nanocarrier for drug delivery, SBA-15 was firstly synthesized
using Pluronic P123 as a structure-directing agent. Then, the
outer surface of as-synthesized SBA-15 particles was
aminated with APTES before removing pluronic p123 to keep
the inner surface inside the channel intact for allowing effec-
tive drug loading subsequently. Afterward, pluronic P123 was
eliminated to open the channels. In the next stage, the
aminated surface of SBA-15 was activated by reacting it, first
with succinic anhydride and, then, with thionyl chloride to
obtain acyl chloride functionalized SBA-15. Boltorn H40
was grafted to this product to obtain hyperbranched polyester
grafted SBA-15 and, then, it was modified by tertiary
aminated and PEG 1000. For modifying hyperbranched poly-
ester with a tertiary amine, activated DEAPA with
carbonyldiimidazole was used and reacted with hydroxyl
groups to form carbamate linkage. In the end, activated
PEG-COOH via DCC and DMAP reacted with remained hy-
droxyl groups of hyperbranched polyester.

The lower volume of gas adsorption in BET analysis
in PEG-H40-MSNs showed its effect on lower levels of
hysteresis loop that means there was still sufficient
space to load drugs inside the mesoporous channels
[18]. SBET, VP, and dP of SBA-15 were found to be
453 m2.g−1, 4.03 nm, and 0.7913 cm3 g−1, respectively,
which decreased to 682 m2 g−1, 0.87 cm3 g−1 and
2.6 nm, respectively, for PEG-H40-MSNs indicating
there is still much free space inside the channels for
DOX loading. However, reduction of average pore di-
ameter (dP), surface area (SBET), and pore volume (VP)
due to grafting amphiphilic pH-responsive shell onto the
surface of rod-shaped MSNs resulted in a lower level of
adsorbed N2 gas.

TEM images illustrated in Fig. 5c and d related to PEG-
H40-MSNs showed the thin gray layer related to a polymer
formed around the SBA-15 particle which blocked the chan-
nels to be observed. Furthermore, a rod-type shape with a
diameter less than 150 nm was observed in these images and
the size of particles did not show meaningful changes com-
pared to the initial SBA-15.

Zeta potential measurements were also performed to deter-
mine surface charges of the SBA, H40-MSN, aminated H40-
MSN, and PEG-H40-MSNs. The zeta potential of SBA-15
was about −29 mV, and it slightly increased and changed to
−22 mV by grafting hyperbranched Boltorn H40. The zeta
potential of aminated H40-MSN was about +22 mV, highly
positive as expected, which referred to great amount of tertiary
amine groups and successful grafting DEAPA on the surface
of nanoparticles [19]. After grafting PEG, the zeta potential of
PEG-H40-MSNs slightly decreased to +16 mV which repre-
sented the success of the reaction [20]. These results indicated
that hyperbranched-DEAPA-PEGs polymer shells were
formed and provided appropriate charge density and excellent
stability in aqueous environment.

PEG-H40-MSNs exhibited great drug loading capacity and
Encapsulation efficiency. The reasons for showing these prom-
ising features were that at this pH value, the polymeric shell
around the nanocarriers was swelled and DOX and the shell
were both neutral. Hence, the repulsion force between DOX
and PEG-H40-MSNs was decreased, resulted in loading almost
all DOXmolecules into the shell and the channels ofMSN [21].
In addition, the hydrophobic form of DOX made the easy pen-
etration of DOX into the hydrophobic hyperbranched polymer-
ic shell and the channels of MSN possible because of the hy-
drophobicity interaction between them [22, 23].

In vitro release behavior of DOX-loaded PEG-H40-MSNs
was evaluated at 37 °C under pH values of 7.4, 6.8, and 5.5. It
can be observed that the rates of DOX release from the
nanocarrier in acidic pHs were more than 7.4 in the first
48 h because at lower pH value, the tertiary amine groups of
DEAPA on the hyperbranched polyester absorbed hydronium
ion and the positive charge was formed between the polymer
chains. Hence, electrostatic repulsion between positive
charges caused swelling of the polymeric shell and led to the
manifold release rate of DOX [24].

Nanoparticles can have devastating effects on the immune
system, hematological factors and induce inflammatory re-
sponses [25].

ALT and AST, two important liver health indicators of two
groups of treated mice (5 h and 10 days after injection), which
were very close and had a good match with the control group.
Also, kidney health functions had negligible diversity in con-
trast with the control mice. Obtained results revealed that syn-
thesized PEG-H40-MSNs had no toxicity and had the
slightest effects on the liver and kidney of treated mice at a
high disposal value of 10mg.kg−1 until 10 days after injection.

Fig. 9 pH-dependent cytotoxicity of DOX andDOX-PEG-H40-MSNs in
different concentrations. Results were expressed as mean ± SD (n = 5)
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Ahybrid nanocarrier based on rod-shapedmesoporous silica
and pH-responsive polymeric shell were synthesized well. BET
analysis revealed that rod MSN possesses a type IV standard
isotherm and TEM represented that hyperbranched H40 was
grafted on the surface of SBA-15. DOXwas released according
to the ambient pH inside the cell. PEG-H40-MSNs showed no
effect on the liver and kidney of treated mice. The in vitro
cytotoxicity of the DOX-PEG-H40-MSNs generally enhanced
by increasing the concentration of DOX. The synthesized hy-
brid nanoparticles displayed essential features that are required
for drug delivery, such as lower toxicity, acceptable biocompat-
ibility, and the ability to control DOX release in different pHs.

Conclusion

In this paper, a new approach for the functionalization of
SBA-15MSNswas developed. First, Boltorn H40was grafted
on the SBA-15 surface and, then, in order to attain pH-
responsive and biocompatible particles for DOX delivery,
hyperbranched polyester grafted SBA-15 was modified by
tertiary amine and PEG 1000 respectively. PEG-H40-MSNs
showed acceptable loading capacity (36.5%) and entrapment
efficiency (57.4%). The cumulative release of DOX was only
9.7% and 20% at pH 7.4 and pH 6.8, respectively, after 48 h,
while significantly increased to 49% at pH 5.5. These obser-
vations revealed that the DOX release from PEG-H40-MSNs
had a pH-dependent behavior. The in vitro and in vivo results
revealed that PEG-H40-MSNs possess minimum cytotoxicity,
very low cytotoxicity in mice kidney and liver, and excellent
blood biocompatibility. The cell viability of DOX-PEG-H40-
MSNs on the MCF7 cell line was evaluated, showing the cell
cytotoxicity of both pure DOX and DOX-PEG-H40-MSNs
generally enhanced by increasing concentration of DOX.
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