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NPs and HMSN-DOX-CUR NPs were released 
after 24  h, respectively, whereas 92.04 ± 3.89% and 
95.53 ± 0.29% of the loaded CUR in HMSN-CUR 
NPs and HMSN-DOX-CUR NPs were released after 
6 h in albumin 3%, pH = 7.4, respectively. The result 
of this study suggests that HMSNs can be used as a 
suitable candidate system for the delivery of hydro-
philic drugs in cancer therapies, thanks to their ability 
to prevent premature drug release from NPs. On the 
other hand, the release study of CUR as a hydropho-
bic drug model suggests that the considered NPs may 
not be a suitable candidate for the delivery of such 
drugs in cancer therapies due to the rapid release of 
compounds in a simulated plasma model.

Keywords Hollow mesoporous silica 
nanoparticles · Drug release · Curcumin · 
Doxorubicin

Introduction

Nowadays, various types of nanoparticles are being 
studied to provide a suitable carrier for delivering 
chemotherapy medicine to overcome the side effects 
on healthy cells as a premier goal (Akhter et  al. 
2018). In the research process, nanoparticles are eval-
uated both in  vitro and in  vivo in terms of efficacy 
and mechanism of action. In vitro studies provide an 
efficient and rapid tool for researchers to assess nano-
systems. Many of these studies eliminate the need for 

Abstract The objective of this study was to inves-
tigate the loading capacity and release profiles of 
curcumin (CUR), as a hydrophobic drug molecule, 
and doxorubicin hydrochloride (DOX), as a hydro-
philic drug molecule, into hollow mesoporous sil-
ica nanoparticles (HMSNs) through a co-delivery 
system. The drug loading and release studies were 
conducted and analyzed by HPLC–UV. The hydro-
dynamic size and zeta potential of HMSNs were 
206.8 nm and − 28.8 mV respectively. Drug loadings 
of DOX into HMSN-DOX NPs and HMSN-DOX-
CUR NPs were 37.51 ± 2.07% and 18.57 ± 6.22% 
respectively, and the loading capacities of CUR 
in HMSN-CUR NPs and HMSN-DOX-CUR NPs 
were 61.57 ± 2.82% and 43.73 ± 8.3% respectively. 
The release study of DOX in phosphate buffer 
saline (PBS, pH = 7.4) showed that 10.36 ± 0.7% 
and 13.06 ± 0.26% of loaded DOX in HMSN-DOX 
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in vivo investigations (Huang et al. 2010). Moreover, 
release evaluations among in vitro studies might play 
a fundamental role before cytotoxicity investigations 
(D’Souza 2014).

For example, release studies may reveal that a high 
percentage of the drug is released from nanoparticles 
in a simulated plasma environment during the initial 
hours. Therefore, the hypothesis of using these nano-
systems for cancer therapy would be rejected because, 
at the time of reaching the site of action, the nano-
particles practically lack the medicine due to drug 
release during the first hours after administration. 
Consequently, investigations of cellular lines some-
how would be almost useless without considering the 
release profile of the designed nanoparticle. Hence, 
the appropriate drug selection for the designed nan-
oparticles would be of value by performing release 
studies before other in vitro studies.

The present study has aimed to clarify the impor-
tance of appropriate drug selection for each nano-
system through loading and release studies. In this 
regard, among various properties of pharmaceuti-
cal agents, lipophilicity has been chosen as the main 
physicochemical characteristic to assess whether 
two drugs with completely different lipophilicity 
characteristics demonstrate a similar behavior in the 
same system or not. Thus, the loading capacity and 
release profiles of curcumin (CUR) and doxorubicin 
hydrochloride (DOX) have been studied in hollow 
mesoporous silica nanoparticles (HMSNs) as a nano 
delivery system. Although the benefits of DOX and 
CUR co-delivery in cancer therapy have been dis-
cussed in several studies (Zhang et  al. 2016; Zhao 
et al. 2014; Karavasili et al. 2019), these compounds 
have been just selected to observe their behavior in 
a specific nanoparticle (HMSNs) to predict whether 
the nano-drug system can be used as a potential can-
didate in cancer therapy or not.

Mesoporous silica nanoparticles (MSNs) are 
among the developing nano-systems which are widely 
anticipated in many applications including drug 
delivery, gene delivery, chemotherapy, ultrasound 
therapy, photothermal therapy, and imaging (Liu et al. 
2018; Maghsoudnia et al. 2020). MSNs demonstrate 
excellent structure with adjustable pore sizes, mak-
ing this system an appropriate candidate for drug 
delivery due to the good control on drug loading and 
release (Vallet-Regí et al. 2018). These nanoparticles 
can also preserve the loaded drug for a long time with 

low burst releases before reaching the targeted site, 
which increases the chance of their use in the treat-
ment of cancer (Vallet-Regí et al. 2018). Researchers 
have also used MSNs as a carrier to deliver a variety 
of chemotherapy drugs with a wide range of phys-
icochemical properties, including 5-fluorouracil, cur-
cumin, docetaxel, doxorubicin, quercetin, topotecan, 
and sunitinib (Narayan et al. 2018).

The HMSNs are introduced as a new generation 
of MSNs with loading capacity for both types of 
hydrophilic and hydrophobic drugs due to their hol-
low interiors and porous shells (Narayan et al. 2018). 
The high loading capacity of these NPs is directly 
associated with the hollow nature and the size of the 
interior cavity that is directly corresponding to the 
particle diameter which could be of great importance 
to load different active agents simultaneously in a car-
rier (Abdelaal and Shaikjee 2020; Zhou et  al. 2018; 
Bharti et al. 2015). Moreover, the mesoporous nature 
of their shells can control the behavior of drug release 
as a sustained manner (Abdelaal and Shaikjee 2020; 
Deepika and PonnanEttiyappan 2018).

CUR is a natural polyphenol derived from tradi-
tional medicine known as turmeric (Curcuma longa). 
This compound has been documented to have poor 
aqueous solubility resulting in its poor bioavailabil-
ity (Log P range from 3.62 to 4.12) (Yen et al. 2010; 
Nelson et al. 2017). On the contrary, DOX is a chem-
otherapeutic agent of the anthracycline group which 
is believed to dissolve in water with Log P ranging 
from 0.49 to 1.3 (Alrushaid et al. 2017).

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS), bis [3-(triethoxysi-
lyl) propyl] disulfide (BTESPD), cetyltrimethylam-
monium chloride (CTAC, 25 wt%), sodium chlo-
ride, sodium carbonate, triethylamine (TEA), and 
sodium lauryl sulfate (SLS) were purchased from 
Merck, Inc. (Germany). Doxorubicin hydrochloride 
salt and curcumin were from Pfizer® Inc. (USA) 
and Sabinsa Corporation Inc. (India), respectively. 
Human albumin 20% was acquired from Biotest, Inc. 
All chemicals were used as received without further 
purification.
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Synthesis of HMSNs

Three steps were involved for fabricating the hol-
low nanostructures by the modified Stӧber method 
(Fig. 1a) (Chen et al. 2014). Briefly, uniform dense 
silica  dSiO2 NPs were synthesized using a TEOS 
precursor as the first step. Then,  dSiO2 NPs were 
coated with a shell of MSN, forming  dSiO2@MSN 
using a surfactant-based mesoporous shell and 
TEOS and bis [3-(triethoxysilyl) propyl] disulfide 
BTESPD precursors. Finally, a high concentration 
of  Na2CO3 was utilized to selectively etch  dSiO2 
NPs, resulting in uniform HMSNs.

Physicochemical characterization of HMSNs

The hydrodynamic size and zeta potential of  dSiO2 
NPs and HMSNs were acquired by a dynamic light 
scattering instrument (DLS and Zetasizer Malvern 
Instruments Ltd., Worcestershire, UK). The sizes 
and morphologies of the nanoparticles were inves-
tigated by transmission electron microscopy (TEM, 
JEM-1400, Japan). FT-IR spectra were evaluated 
by a Fourier transform infrared spectrometer (FT-
IR, PerkinElmer Frontier, UK). Thermogravimetric 
analysis (TGA) was conducted using a Mettler Toledo 
Gas Controller GC 100 TGA instrument under  N2 
atmosphere from 25 to 600  °C at a heating rate of 
10 °C/min. Nitrogen adsorption–desorption isotherm 

Fig. 1  a Different steps of the preparation procedure for HMSNs adapted from Chen et al. (Mistiran et al. 2010). b Size and mor-
phology of HMSNs that were investigated by transmission electron microscopy (TEM)
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analysis was carried out on a Micromeritics NOVA 
2000e QuantaChrome instrument (Anton-Paar, USA) 
for measuring surface area and pore size. All samples 
were dried at 120  °C for 2  h prior to analysis. The 
total pore area (ap,BJH), total pore volume (vp,BJH), and 
pore diameter (rp,BJH) were obtained from an adsorp-
tion branch by using the Barrett-Joyner-Halenda 
(BJH) method. The Brunauer–Emmett–Teller (BET) 
specific surface area (as,BET) was investigated via 
adsorption data. Images and spectra of the nanopar-
ticles were acquired by field emission scanning elec-
tron microscopy (FESEM, Tescan, Czech) with a 
dual-energy dispersive X-ray spectrometer (EDXS) 
detector at an electron beam energy of 200 kV.

Apparatus and chromatographic conditions

At first, a reported UV spectroscopic method by 
Zhang et al. (2016) was used for simultaneous deter-
mination of both compounds for the loading capac-
ity and release studies. Therefore, the standard curves 
of CUR and DOX in PBS (pH = 7.4) were plotted at 
a UV wavelength of 421  nm. As shown in Fig.  S1-
a, both compounds have absorbance at the same con-
centrations (DOX Ab ≈ 1/3 CUR Ab). To confirm 
this finding, the UV absorption spectra of DOX and 
CUR were plotted in the range of 200–500  nm. As 
can be seen in Figs. S1-b and S1-c, both drugs have 
absorbance at the same wavelengths. Thus, a UV-
HPLC method was replaced to ensure the accuracy of 
the analysis method.

The HPLC method was performed in accord-
ance with a previous method described by Mistiran 
et  al. (2010) but with a slight modification. Briefly, 
the analyses of DOX and CUR (entrapped in or 
released from NPs) were conducted on a K-1001 
HPLC pump coupled with a UV–visible detector 
(Knauer, Germany), equipped with a C18 column 
(12.5 cm × 4.6 mm × 5 µm) and a guard column with 
a maximum UV absorbance of 242 nm and 421 nm 
for DOX and CUR respectively, under an isocratic 
condition.

The mobile phases consisted of 30:70 (v/v) and 
60:40 (v/v) mixtures of acetonitrile and acetic acid 
(2%) for DOX and CUR respectively, eluting at 
1.0  mL/min. The column temperature was kept at 
25 °C. Chromatographic data were acquired and pro-
cessed using the EZChrom Elite software (version 
3.2.1; Knauer, Germany).

Drug loading study

DOX, as a hydrophilic drug, was loaded into HMSNs 
at various nanoparticles-to-drug ratios such as the 
ratio 2:1, 1:1, and 1:2 in triplicate according to the 
following procedures, respectively: Firstly, 1  mL 
of 2  mg/mL DOX solution and 4, 2, and 1  mg of 
HMSNs were mixed separately, the reactions of 
which were conducted under stirring (500 RPM) for 
72 h at room temperature in light-sealed vials. After 
72 h, DOX-loaded HMSNs were settled by centrifu-
gation at 7000 RPM for 10 min and washed with DI 
water to remove free DOX completely. The above 
procedures were conducted for CUR, as a hydropho-
bic drug, in the same nanoparticle-to-drug ratios, 
except that 2 mg of CUR was dissolved in 600 μL of 
ethanol 96% and reached 1 mL by DI water for prepa-
ration of the CUR solution and mixing with NPs. At 
the final stage, washing was done by DI water:ethanol 
(60:40, v/v) to remove free CUR.

For DOX and CUR co-loading, 1  mL of each 
solution was mixed, after which the mixtures were 
blended with NPs in the same ratios of nanoparticles 
and drugs. The final washing stages were carried out 
by a mixture of DI water:ethanol (60:40, v/v) for both 
compounds. The amounts of DOX and CUR in super-
natants were analyzed by the HPLC–UV method. 
The calibration curves were plotted in the range of 
250  ng/mL and 10  μg/mL in DI water and ethanol 
for both compounds. Entrapment efficiency (EE) and 
drug loading (DL) were calculated using Eqs. (1) and 
(2) as follows:

Drug release study

A prerequisite for an accurate evaluation of the 
release profile of NPs is to ensure the sink condi-
tions being in the release medium. To accomplish this 
purpose, the final drug concentration in the release 
medium should be at least three times less than its 
measured saturation concentration in that medium 
(Phillips et al. 2012). The required volume to achieve 

(1)EE(%) =
Total amount of drug − Free non-entrapped amount

Total amount of drug added
× 100

(2)DL(%) =
Total amount of entrapped drug

Total amount of drug added+Primary nanoparticle weight
× 100
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sink conditions can be calculated according to the fol-
lowing equations:

To evaluate the release profile of DOX, HMSN-DOX, 
and HMSN-DOX-CUR, nanoparticles were dispersed 
in the appropriate volume of PBS (pH = 7.4). The 
suspension was stirred under constant shaking conditions 
(150 RPM) at 37 °C. Two hundred microliter of aliquot 
was taken out at specific time intervals (1, 2, 3, 4, 5, 6, 
and 24 h), and was then replaced with the same volume 
of fresh medium. The samples were centrifuged at 7000 
RPM for 10 min. The released amounts of DOX in each 
sampling time were measured by the HPLC method. All 
release procedures were performed in triplicate.

Depending on the loaded amount of curcumin, an 
appropriate amount of HMSN-CUR or HMSN-DOX-
CUR delivery systems was separately distributed in 
albumin 3% (pH = 7.4) to evaluate the release profile 
of the compound. The suspension was stirred under 
a 150 RPM shaking condition at 37 °C. The samples 
(200 µL) were collected immediately, and then every 
hour, in the first 6  h subsequently, the last sampling 
was collected 24 h after starting the release study. The 
same volume of fresh medium was replaced after each 
sampling time point. To assure complete solubility of 
CUR, 200 µL of methanol was added to the sample; 
then, 20 µL of perchloric acid (7.56 M) was added to 
the mixture to precipitate the albumin before CUR 
analysis. All samples were centrifuged at 15,000 RPM 
for 10 min, and 20 µL of the supernatant was separated 
for analysis.

Statistical analysis

In this section, all data are shown as the mean ± stand-
ard deviation (SD) of the experiments performed at 
least three times. Statistical comparisons were carried 
out using Student’s t test. P value < 0.05 was signifi-
cant, and F1 (difference factor) and F2 (similarity fac-
tor) were used to analyze the release profiles of each 
drug in different systems.

(3)
Drug amount weight in delivery system =

Weight of total delivery system ×
DL (%)

100

(4)Drug amount in delivery system

Release volume
=

1

3
Saturation concentration

Results and discussion

HMSN characterization

The hydrodynamic sizes of  dSiO2 NPs and HMSNs 
were 139.5 ± 5  nm and 206.8 ± 10  nm, and the zeta 
potentials were − 45.8 ± 1  mV and − 28.8 ± 2  mV 
respectively (Table  1). The TEM images showed 
spherical nanoparticles with a total diameter of 
150 nm and an outer shell of 30 nm, with a relatively 
smooth surface and uniform size distribution (Fig. 1b).

The FT-IR spectrum of HMSNs was quite simple 
and well-allocated. C-H stretching vibration peaks 
at 2928   cm−1 and C-H deformation vibration peaks 
at about 1480  cm−1 and 1569  cm−1 were assigned to 
BTESPD which was integrated in HMSN prepara-
tion. The broad absorption peaks at 3432   cm−1 and 
1637  cm−1 were attributed to the stretching vibration 
of the silanol groups. Transmission peaks at about 
1086   cm−1, 796   cm−1, and 466   cm−1 were ascribed 
to the characteristic stretching vibrations of the Si–O 
bond (Fig.  2a). TGA analysis of NPs demonstrated 
that HMSNs had a weight loss of c.a. 27.65% from 
25 to 600 °C under nitrogen flow (Fig. 2b). This was 
attributed to the presence of organic compounds in 
nanoparticles. The nitrogen adsorption–desorption 
isotherm obtained from the HMSNs indicated that the 
existence of a gap between the adsorption and des-
orption branch and their sigmoid curves proved the 
existence of these nanoparticles (Fig.  2c). The BET 
diagram data displayed the surface area of HMSNs, 
which was 305.72 ± 8.1  m2/g (Table 2). The high sur-
face area is one of the major features of HMSNs. As 
shown in Table  2, the BJH diagram also illustrated 
the total pore area (ap,BJH), total pore volume (vp,BJH), 
and pore diameter (rp,BJH) were 157.71 ± 6.7  m2/g, 
0.48 ± 0.2  cm3/g, and 1.22 ± 0.4 nm, respectively.

Figure  3a and Table  3 demonstrate approximate 
atomic densities in HMSNs via EDXS detector. As 

Table 1  The hydrodynamic size, poly-dispersity index, and 
zeta potential of  dSiO2 NPs and HMSNs

NPs Hydrodynamic size Poly-
dispersity 
index

Zeta potential

dSiO2 139.5 ± 5 0.095  − 45.8 ± 1
HMSNs 206.8 ± 10 0.166  − 28.8 ± 2
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Fig. 2  a FT-IR spectra, b 
thermogravimetric analysis 
(TGA), and c nitrogen 
adsorption–desorption iso-
therm analysis of HMSNs
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shown (Fig.  3b), the presence of sulfur (S) and sili-
con (Si) atoms in HMSNs was verified by the EDXS 
spectrum.

Entrapment efficiency and drug loading of NPs

The EE of DOX in HMSN-DOX NPs were 
89.87 ± 4.64%, 90.14 ± 3.26%, and 70.77 ± 3.58% for 
the NPs-to-drug ratios of 2:1, 1:1, and 1:2, respec-
tively (Fig.  4a). As shown in Fig.  4a, after adding 
CUR to that delivery system, the EE changed to 
81.01 ± 4.12%, 80.67 ± 3.92%, and 60.14 ± 4.68% for 
DOX in HMSN-DOX-CUR NPs with the mentioned 
ratios of the nanoparticles to the compound, respec-
tively. The results of the drug loading evaluation of 
NPs as illustrated in Fig.  4b were 29.96 ± 1.55%, 
45.07 ± 1.63%, and 46.18 ± 2.39% for DOX in 
HMSN-DOX NPs with 2:1, 1:1, and 1:2 nanopar-
ticle-to-drug ratios respectively. In addition, this 
parameter changed to 20.67 ± 0.64%, 27 ± 1.28%, 
and 25.75 ± 1.87% in the nanoparticle-to-drug ratios 
of 2:1, 1:1, and 1:2 in HMSN-DOX-CUR NPs, 
respectively.

As shown in Fig.  4c, the EE of CUR in HMSN-
CUR NPs in the nanoparticle-to-drug ratios of 2:1, 
1:1, and 1:2 were 95.15 ± 4.56%, 95.82 ± 3.12%, and 
95.06 ± 3.29%, respectively. The parameter was cal-
culated to be about 95.46 ± 3.48%, 95.48 ± 3.02%, 
and 94.85 ± 3.78% for CUR in HMSN-DOX-CUR 
NPs in the similar mentioned ratios, respectively. 
Although no significant variation was observed in the 
EE of CUR in different nanoparticle-to-drug ratios, 
the loading parameter was calculated to be about 
31.72 ± 1.52%, 47.91 ± 1.56%, and 63.37 ± 2.19% 
for CUR in HMSN-CUR NPs with the nanoparticle-
to-drug ratios of 2:1, 1:1, and 1:2 (Fig. 4d.). Moreo-
ver, the CUR loading capacities at the similar men-
tioned ratios in HMSN-DOX-CUR NPs were about 

23.87 ± 0.87%, 31.83 ± 1.01%, and 37.94 ± 1.51%, 
respectively.

As the primary goal of the present study was to 
investigate probable differences in loading capacity 
and the release profiles of curcumin (a hydrophobic 
compound) and DOX (a hydrophilic drug) in HMSN 
NPs, the release study was only completed for nano-
drug delivery systems with a nanoparticle-to-drug 
ratio of 1:2 which demonstrated the highest differ-
ences in loading capacity of the two compounds.

As can be seen in Fig.  4e, the results of the 
EE assessment could be indicating a greater ten-
dency of nanoparticles to entrap more lipophilic 
compounds, where this parameter was calculated 
to be about 92.41 ± 4.29% and 65.6 ± 12.44% for 
HMSN-CUR NPs and HMSN-DOX NPs respec-
tively (Pvalue < 0.001). In addition, this parameter was 
calculated in co-delivery systems where the EE of 
CUR and DOX in DOX-CUR NPs was determined 
as 94.49 ± 5.4% and 4.43 ± 15.54%, respectively 
(Pvalue < 0.001). On the other hand, although co-deliv-
ery of the compounds did not affect the EE of CUR 
(92.41 ± 4.29% vs 92.41 ± 4.29% for HMSN-CUR 
NPs and HMSN-DOX-CUR NPs respectively), the 
parameter significantly changed for DOX where the 
EE was calculated to be 65.6 ± 12.44% for HMSN-
DOX NPs and 46.43 ± 15.54% for HMSN-DOX-CUR 
respectively (Pvalue < 0.05) (Fig. 4e).

Furthermore, as displayed in Fig.  4f, the load-
ing results were in accordance with EE observa-
tions. The drug loading of NPs was higher for CUR 
in comparison to that for DOX, where the parameter 
was 61.57 ± 2.82% and 37.51 ± 2.07% for HMSN-
CUR NPs and HMSN- DOX NPs, respectively 
(Pvalue < 0.001). Although the loading capacity was 
decreased for both compounds in a co-delivery sys-
tem, the observed reduction for DOX was more 
noticeable, where CUR and DOX loading in HMSN-
DOX-CUR NPs changed to 43.73 ± 8.30% and 
18.57 ± 6.22%, respectively (Pvalue < 0.001).

In vitro release study

The release profile is recognized as an important 
parameter for evaluating the safety and efficiency of 
the product and is therefore utilized as a valid predic-
tor of in vivo behavior of both traditional and novel 
dosage forms (Amann et al. 2010; Buch et al. 2010; 
Souza et  al. 2014). In addition, although cellular 

Table 2  The surface area (as,BET), total pore area (ap,BJH), total 
pore volume (vp,BJH), and pore diameter (rp,BJH) of HMSNs

Parameters Data Unit

Surface area (as,BET) 305.72 ± 8.1 [m2  g−1]
Total pore area (ap,BJH) 157.71 ± 6.7 [m2  g−1]
Total pore volume (vp,BJH) 0.48 ± 0.2 [cm3  g−1]
Pore diameter (rp,BJH) 1.22 ± 0.4 [nm]
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studies may show the cytotoxicity of drug-loaded 
nanoparticles on cancerous cells, the release profile 
in a simulated plasma environment may reject their 
efficacy because a high percentage of compounds 
is released from nanoparticles before reaching tar-
get cells. Therefore, it can be said that release stud-
ies have a significant role among in  vitro studies 
(D’Souza 2014).

To ensure an accurate release test, the sink condi-
tion is recognized as one of the essential requirements 
which could be more challenging for highly hydro-
phobic drugs. Therefore, several release mediums 

including PBS, SLS 0.1%, SLS 0.5%, and albumin 
3% were examined for the highly lipophilic com-
pound CUR in this study (Log P = 3.62–4.12).

It is worth considering that the powder form of a 
solid compound should be used to determine the satu-
ration concentration because even a small amount of 
a co-solvent could considerably change the calculated 
parameter. This finding has been carefully discussed 
by Abouelmagd et  al. (2015), showing particularly 
different solubilities for paclitaxel in different medi-
ums when using the same amount of compound in 
solid form or when dissolved in DMSO.

Fig. 3  a The EDXS spectrum and b presence of sulfur (S) and silicon (Si) atoms in HMSNs

J Nanopart Res (2021) 23: 226 226   Page 8 of 14
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The calculated saturation concentration of CUR 
was 0.9, 8, 32, and 8 μg/mL in PBS, SLS 0.1%, SLS 
0.5%, and albumin 3%, respectively. Although PBS 
is used in most release studies, it was not appropri-
ate for this investigation because large volumes of 
the medium (about 2 L) should be applied to main-
tain the sink condition for the loading amount of the 
compound in the delivery systems, a factor which 
could reduce the accuracy of the compounds’ analy-
sis, especially at early sampling time points. Despite 
the suitable observed saturation concentrations, the 
SLS-containing mediums were not applied in this 
study due to the complications during the HPLC anal-
ysis of the collected samples. Furthermore, the sur-
factant-containing mediums are more recommended 
in release studies of oral delivery systems (Rahman 
et al. 2009). Albumin-containing solutions appear to 
be preferred for release tests, especially for vascular 
delivery systems, as albumin can be extremely help-
ful in establishing sink conditions due to the high 
protein binding capacity. It also makes approximately 
similar conditions to the actual plasma environment. 
Therefore, a PBS solution containing 3% of albu-
min (pH = 7.4) was selected as the final CUR release 
medium. In this regard, the appropriate release vol-
ume was estimated to be about 600 mL according to 
the loaded amount of the compound in each delivery 
system and the saturation concentration of CUR in 
this medium (Eq. 4).

At the same time, as the saturation concentration 
for DOX was calculated to be about 20 μg/mL in PBS 
at pH = 7.4, this solution was selected as the simplest 
and most convenient medium applied for the release 
test of this compound and the suitable volume for the 
release medium was determined according to this sat-
uration concentration.

The release profiles of DOX from the two stud-
ied NPs (HMSN-DOX NPs and HMSN-DOX-CUR) 
are depicted in Fig. 5a. The statistical analysis dem-
onstrated no significant difference in the amount of 
DOX released from the delivery systems (HMSN-
DOX NPs and HMSN-DOX-CUR NPs), where 

approximately about 9.96 ± 3.22% and 8.38 ± 0.51% 
of the encapsulated amount of DOX were released 
from HMSN-DOX NPs and HMSN-DOX-CUR NPs 
until 6 h after starting the release study respectively 
(F1 = 24.25, F2 = 81.64). It seems that the designed 
nanoparticles do not tend to release more DOX 
because only about 10.36 ± 0.7% and 13.06 ± 0.26% 
of the encapsulated compound were quantified in the 
medium 24 h after the study from HMSN-DOX NPs 
and HMSN-DOX-CUR NPs respectively (F1 = 24.54, 
F2 = 79.74).

As shown in Fig.  5b, about 92.04 ± 3.89% and 
95.53 ± 0.29% of CUR were released from HMSN-
CUR NPs and HMSN-DOX-CUR NPs after 6  h, 
respectively. As approximately more than 90% of the 
compound was released from both delivery systems 
in the early sampling time points, no statistical evalu-
ation was performed to compare the release profiles. 
Unexpectedly, the continuation of the release test 
for up to 24 h showed a significant reduction in the 
rate of release, where the amounts of CUR meas-
ured at this time point were about 62.89 ± 4.79% and 
67.14 ± 4.12% from HMSN-CUR NPs and HMSN-
DOX-CUR NPs respectively. Since almost all loaded 
CUR was released in the early sampling time points, 
and also due to the reduction of the compound with 
a similar slope in both studied delivery systems, the 
observed decrease could be explained by the insta-
bility of CUR in the physiologic and acidic pHs. To 
examine this hypothesis, all samples collected in the 
first 6 h of the release study which were injected into 
the HPLC immediately after collection were re-ana-
lyzed after 24  h. As shown in Figs.  S2-a and S2-b, 
the results approved the instability of the CUR in the 
release medium.

As shown in Fig. 5a and b, the co-delivery of the 
two compounds cannot affect the dissolution process 
of drugs, where the release profiles of each compound 
were similar in both designed delivery systems with 
no statistical differences.

The most important finding of the study seems to 
be that although the release profiles of DOX (Fig. 5a), 
as a hydrophilic compound, suggested that HMSNs 
can be used as a potential drug delivery system can-
didate for cancer therapy, these NPs cannot be used as 
a suitable cancer therapy candidate for hydrophobic 
compounds.

In other words, illustrating all the characteristics, 
including high loading capacity and low burst release 

Table 3  The atomic densities in HMSNs via EDXS detector

Element C N O Si S

Weight percentage [%] 12.4 5.17 46.96 32.34 3.49
Atomic percentage [%] 18.01 6.63 52.73 20.68 1.96
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as well as releasing only a small percentage of DOX 
(less than 14%) within 24 h of the release study, can 
suggest the ability of NPs as a potential drug deliv-
ery system candidate for cancer therapy. Zhai et  al. 
proved that HMSNs were degradable inside the 
cytoplasm and lysosomes of human umbilical vein 
endothelial cells (Zhai et  al. 2012). Besides, various 

studies have shown that MSNs degrade in different 
cells after becoming hollow (Croissant et  al. 2017). 
On the other hand, the absence and non-functionality 
of lymphatic vessels, high vascular density caused 
by angiogenesis, and large gaps between endothelial 
cells of blood vessels in tumors lead to the enhanced 
permeability and retention (EPR) effect, which causes 

Fig. 4  a Entrapment efficiency and b loading capacity of 
DOX in HMSN-DOX NPs and HMSN-DOX-CUR NPs in 
nanoparticle-to-drug ratios 2:1, 1:1, and 1:2. c Entrapment 
efficiency and d loading capacity of CUR in HMSN-CUR NPs 
and HMSN-DOX-CUR NPs in nanoparticle-to-drug ratios 

2:1, 1:1, and 1:2. Comparison of e entrapment efficiency and 
f loading capacity of DOX and CUR in HMSN-DOX NPs, 
HMSN-CUR NPs, and HMSN-DOX-CUR NPs in nanoparti-
cle-to-drug ratios 1:2
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considerable accumulation of nanocarriers in tumor 
cells rather than others (Danhier et  al. 2010; Fang 
et al. 2011). Therefore, since the nano-system releases 
a small amount of DOX in the simulated plasma 
model, it seems that a high percentage of DOX will 

be released in tumor cells. Obviously, further investi-
gations will be required to confirm the efficacy of this 
nano-system in cancer therapy if it aims to be used for 
this purpose.

Fig. 5  a The DOX release from HMSN-DOX NPs and HMSN-DOX-CUR NPs after 24  h in phosphate buffer saline (PBS, 
pH = 7.4). b CUR release from HMSN-CUR NPs and HMSN-DOX-CUR NPs after 24 h in albumin 3% (pH = 7.4)
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However, the NPs demonstrated completely different 
release characteristics when delivering a lipophilic com-
pound (CUR), where more than 90% of the compound 
was released in very early sampling time points in the 
simulated plasma model (Fig. 5b). Furthermore, taking 
out more samples during the first hour of the release 
study proved that almost all loaded CUR has been 
released in the first sampling time point (15 min). The 
observed properties, despite the high loading capacity, 
cannot serve these NPs as a suitable candidate for cancer 
therapy of lipophilic compounds. Similarly, Hillerström 
et  al. (2014) demonstrated that 90% of ibuprofen was 
released from mesoporous silica nanoparticles to the 
solution after 200 s. In addition, Zhang et al. (2015), Sun 
et al. (2017), Reddy et al. (2019), and He et al. (2020) 
loaded DOX and CUR into T-DNA-NCs (DNA-hybrid-
gated photothermal mesoporous silica nanoparticles), 
MSN-Pep (peptide-decorated mesoporous silica nano-
particle), UCNP@mSiO2 (up-conversion nanoparticles 
coated with porous silica and functionalized with an 
amine), and SP-FS-USMSN (spiropyran and fluorinated 
silane–modified ultrasmall mesoporous silica nanoparti-
cles), respectively. In these studies, DOX and CUR had 
been released less than 30% in the medium at pH = 7.4 
without any intervention. However, it seems that the 
method of analysis and sink condition should be vali-
dated in these studies.

From another point of view, the independent release 
profiles of DOX and CUR in co-delivery systems 
could confirm a bi-structural characteristic of HMSNs, 
similar to nano-emulsion and nanoliposome suggested 
in previous studies, allowing for the loading of hydro-
phobic and hydrophobic agents in different structures 
of these NPs (Chen et  al. 2012). It is proposed that 
the large interior hollow of HMSNs could act out as 
a reservoir for hydrophobic agents, while the shell as 
the reservoir for hydrophilic agents (Chen et al. 2012). 
In addition, Li et al. (2013) claimed that their synthe-
sized mesoporous silica nanospheres are composed of 
a hydrophobic core and a hydrophilic shell.

In this study, the lack of burst release of DOX 
increases the probability of electrostatic bond-
ing between DOX and silanol groups contrary to 
the findings of others regarding the entrapment of 
hydrophilic drugs in HMSN shells. Besides, the 
very rapid release rate of CUR, even at the early 
sampling time points, increases the probability of 
this lipophilic agent loading on the surface of the 
shell instead of loading in the interior hole of NPs.

To investigate this hypothesis, HMSNs-NH2 in 
which the silanol groups were replaced with -NH2 
(especially at the surface of the shell) were syn-
thesized, after which the CUR was loaded in syn-
thesized NPs. As shown in Figs.  S3-a and S3-b, 
the amounts of encapsulated and loaded CUR in 
HMSNs-NH2 NPs were significantly reduced com-
pared to HMSNs, which may confirm the reduc-
tion in lipophilicity of the surface of NPs leading 
to lower entrapment of a lipophilic agent as CUR. 
However, it should be noted that to fully confirm the 
loading site of different compounds, especially with 
different lipophilicities, more experiments must be 
performed.

Conclusion

The result of this study suggests that HMSNs can be 
used as a suitable candidate system for the delivery 
of hydrophilic drugs in cancer therapies, thanks to 
their ability to prevent premature drug release from 
NPs. On the other hand, the release study of CUR 
as a hydrophobic drug model suggests that the con-
sidered NPs may not be a suitable candidate for the 
delivery of such drugs in cancer therapies because 
of the rapid release of the compounds in a simulated 
plasma model. It seems that the appropriate drug 
selection for each designed nano-system is necessary 
to predict whether the nano-drug system can be used 
as a potential candidate in cancer therapy or not. For 
example, this study showed that the lipophilicity of 
the selected drug model might be a significant char-
acteristic for the application prediction of a designed 
drug delivery system. Therefore, studies about the 
generalization of the results on delivery systems for 
investigating other drugs are relevant to be consid-
ered as future works.
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