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found more effective against human leukemia cell 
line (HL60) than non-pH sensitive formulations. 
In  vivo studies showed that Cs-PEG coating pro-
longed blood circulation time tremendously in com-
parison to unmodified nanoparticles and free doxoru-
bicin. The designed drug delivery system (DDS) can 
be more effective by endosomal escape to eliminate 
myeloid cells which are granular cells containing a 
great number of lysosomes. In conclusion, we pre-
sent a drug delivery system that provides a prolonged 
blood circulation time due to Cs-PEG coating and 
effective drug delivery via pH-sensitive drug release 
and endosomal escape for AML treatment.

Keywords  Drug delivery · Hollow mesoporous 
silica nanoparticles (HMSN) · Chitosan-PEG · 
Doxorubicin · Acute myeloid leukemia (AML)

Abstract  Improved treatment of acute myeloid leu-
kemia (AML) could be possible by longer retention of 
anticancer drugs in the bloodstream. In this study, it 
was aimed to obtain improved treatment against AML 
by providing prolonged blood levels of doxorubicin 
and ensuring endosomal escape by the proton sponge 
effect. With this aim, pH-sensitive and chitosan-poly 
ethylene glycol (Cs-PEG) coated doxorubicin-loaded 
hollow mesoporous silica nanoparticles (C-HMSN-
DN) were prepared. Nanoparticles (NPs) were char-
acterized by dynamic light scattering (DLS), zeta 
potential, transmission electron microscopy (TEM), 
X-Ray diffraction (XRD), and nitrogen adsorption–
desorption isotherms. High doxorubicin encapsula-
tion efficacy was obtained as 90%. pH-sensitive for-
mulations were showed higher cellular uptake and 
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Introduction

Acute myeloid leukemia (AML) is a type of cancer 
that begins in the bone marrow (Robbins and Kumar 
2008). Although the survival rate has increased in 
recent years, AML can still be fatal to many patients 
(Stewart and Wild 2014). Chemotherapy is one of 
the strategies for the treatment, and doxorubicin 
(Dox) is one of the most used anthracyclines in the 
clinic. Repeated doses are required in the clinic 
since Dox eliminates blood in minutes which is 
inconvenient for patient compliance (Krischke et al. 
2016). Doxorubicin inhibits nucleic acid synthesis 
at a cancer cell by intercalation with DNA like other 
anthracyclines (Yoo et al. 2016). It can be used for 
the treatment of primary ovarian cancer, lung, thy-
roid, breast cancers, and some kinds of sarcomas 
and leukemia. However, it is highly toxic and elimi-
nates from blood in minutes resulting inefficient 
therapy. Doxil is the nano-technological formula-
tion of doxorubicin that overcomes some of these 
problems; still more progress can be achieved by 
developing nanoparticles (NPs) as stimuli-respon-
sive carriers which can be triggered by pH, enzyme, 
or temperature (Kanwal et  al. 2018). The main 
advantages of these systems are reducing repeated 
doses and increasing patient compliance.

Hollow mesoporous silica nanoparticles (HMSNs) 
are highly impressive due to their high internal vol-
ume and highly permeable mesoporous shell (Fang 
et  al. 2013). HMSNs are good candidates for drug 
delivery due to their high internal volume, adjust-
able porosity, easy modification of the surface, etc. 
(García-Fernández et  al. 2020; Llopis-Lorente et  al. 
2017). Templating methods are one of the most effec-
tive and common methods used in HMSN preparation 
(Fang et al. 2013).

One of the useful approaches for avoiding non-
targeted toxicity is exploiting the difference between 
the normal cells and cancer cells like lower pH levels, 
high amount of glutathione, or overexpressed mole-
cules on membrane such as folic acid. Drug delivery 
systems (DDSs) can be designed to provide triggered 
release in an acidic environment exploiting the pH 
of the cytosol around 5–5.5. A pH-sensitive system 
provides prevention of drug release in normal physi-
ological conditions which are close to neutral pH 
until they reach cancer cells which are more acidic. 
By this means, the reduced drug-healthy tissue/cell 

interaction elicits minimized side effects (Torchilin 
2018; Rawal 2018; Wang et al. 2018).

NPs are taken into the cell by various pathways 
depending on the particle size and/or shape (Herd 
et al. 2013). However, the endocytic pathway can be 
defined as the basic cellular uptake mechanism for 
NPs (Roca and Haes 2008). When a NP interacts with 
the cell membrane, the membrane collapses and cre-
ates a vesicle containing NP which is called an endo-
some vesicle with a pH of 5–6. This early endosome 
travels to the late endosome to conclude a fusion 
with the lysosome which contains digestive enzymes 
(Roca and Haes 2008). Therefore, nanoparticles are 
digested in the lysosome; the bioavailability of cargo 
drugs decreases.

At this point, by utilizing the low pH of the endo-
some, the bioavailability can be increased by design-
ing particles that release only at lower pH (Ke et al. 
2011). In addition, systems have been designed to 
overcome the endosomal entrapment before reach-
ing the lysosome and to deliver the drug substance 
released at low pH to the cytosol (Varkouhi et  al. 
2011). There are some mechanisms with different 
routes for endosomal escape: pore formation in the 
endosome vesicle, pH-buffer effect (proton sponge 
effect), and photochemical disruption of the endo-
some vesicle (Ke et al. 2011). The most important and 
the most widely researched of these mechanisms is 
the proton sponge effect where a weak base released 
from NPs reacts with acidic media in the endosome 
and produces CO2 gas that creates pressure inside of 
the vesicle to erupt which will lead to a better distri-
bution of the drug in the cell (Varkouhi et al. 2011).

Elimination of NPs from blood instantly is another 
issue. The enhanced permeability and retention (EPR) 
effect is the property characterized by increased accu-
mulation of NPs in tumor tissues due to leaky vascu-
lature and reduced lymphatic drainage as a result of 
pathologic conditions. EPR-mediated tumor accumula-
tion is a result of long-circulation nanoparticles. How-
ever, blank nanoparticles are easily detected by the 
body and removed from blood (Suk et al. 2016). When 
the nanoparticle (NP) surface is covered with polyeth-
ylene glycol (PEG), the NPs were not recognized by 
the immune system as a result of a condition called 
the “stealth effect.” NP surfaces interact with serum 
proteins called opsonin, which elicits accumulation of 
NPs in the reticuloendothelial system (RES) system, 
and this is called opsonization; however, studies show 
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that PEGylation can reduce the opsonization and ham-
per the rapid elimination of nanoparticles from blood 
circulation (Pisani et  al. 2017; Behzadi et  al. 2017; 
Gunawan et al. 2014; Fleischer and Payne 2014).

In this study, HMSNs were selected as a drug 
delivery platform for cancer treatment. It was decided 
to use the self-templating method due to obtain parti-
cles with suitable size and distribution. Doxorubicin, 
an anticancer agent that can be used in the treatment 
of AML, has been selected as the drug to obtain a 
pH-sensitive DDS due to hydrogen bonding between 
silica and Dox (Inocêncio et al. 2021) exploiting the 
more acidic nature of the cancer cells. Sodium bicar-
bonate was co-loaded into the DDS besides the drug 
substance to ensure endosomal escape by the proton 
sponge effect. A chitosan-poly ethylene glycol (Cs-
PEG) coating on NPs was achieved to obtain a longer 
blood circulation time. Finally, obtained DDS was 
fully characterized, and therapeutic efficiency was 
evaluated by in vitro and in vivo studies.

Experimental

Materials

All chemicals were purchased from Sigma-Aldrich 
except doxorubicin hydrochloride which was a kind 
gift from DEVA Holding A.S. and Cs-PEG was a kind 
gift from Prof. Fernandez-Megia. The HL60 cell line 
was supplied by Hacettepe University Basic Oncol-
ogy Subdivision. Devices for characterization such as 
transmission electron microscopy (TEM), scanning 
electron microscopy (SEM), surface characterization 
(BET), and X-ray diffraction were provided by Middle 
East Technical University (METU) Central Laboratory.

Preparation of NPs

The self-templating strategy was used to obtain hol-
low NPs (Fang et  al. 2011). First of all, silica NPs 
were prepared by the Stöber method with minor modi-
fications (Fang et  al. 2013, 2011). Briefly, 1.75  mL 
NH4OH and 45 mL ethanol were mixed for 15 min, 
and 2.6 mL water and 0.8 mL tetraethyl orthosilicate 

(TEOS) were added to it with constant stirring at 
300  rpm. After 1  h, the solution was centrifuged 
(13,500 rpm, 30 min), washed, and stocked in ethanol 
(5 mg/mL). Preparation of the porous shell was done 
using the method indicated by Fang et al. with minor 
modifications  (Fang et al. 2011). Sixty milligrams of 
these NPs were dispersed in 10 mL water and added 
to 30 mL of water/ethanol mixture (15:15 v/v) to pre-
pare HMSNs. A 75 mg cetyltrimethylammonium bro-
mide CTAB and 0.274 mL NH4OH were introduced 
to the solution. After mixing for 30 min, 0.125 mL of 
TEOS was added to react and stirred for 6 h at room 
temperature, at 300 rpm. Then the mixture was centri-
fuged (13,500 rpm, 30 min), the supernatant was dis-
carded, and NPs were dispersed in 10 mL water by an 
ultrasonic probe (20%, 15 min). A 220 mg of Na2CO3 
was dissolved in solution to achieve chemical etching 
of template silica and stirred at 50 °C overnight. NPs 
were washed and added to 1% hydrochloric acid solu-
tion in ethanol for template removal; NPs were washed 
and re-dispersed in ethanol for storage.

To obtain fluorescein-5-isothiocyanate (FITC) 
labeled HMSN; 10 μL of 3-Triethoxysilylpro-
pylamine (APTES) was added to the 100 mg NPs 
for amine functionalization to achieve FITC labe-
ling followed by overnight mixing. On the other 
hand, 10 mg FITC was dissolved in methanol, and 5 
mg N-Hydroxysuccinimide (NHS), and 5 mg N-(3-
Dimethylaminopropyl)-N′-ethyl carbodiimide hydro-
chloride (EDC) were added to the mixture under con-
tinuous stirring. These two solutions were mixed to 
obtain fluorescent-labeled HMSPs.

Drug loading and Cs‑PEG coating

A 0.5  mg/mL doxorubicin solution was prepared in 
1 mg/mL NP suspension in PBS and stirred at dark for 
12 h. NaHCO3 was added to the suspension and mixed 
for another 12 h. After that, Cs-PEG was introduced to 
the mixture and stirred for 3 h. Final concentration of 
NaHCO3 was 0.5 mg/mL and Cs-PEG was 1 mg/mL.

NPs were centrifuged at 20,000g for 30 min and 
the supernatant was collected and the quantification 
was done by HPLC. Drug loading efficiency was cal-
culated according to Eq. 1.

(1)Drug loading efficiency (%) =
total doxorubicin amount (mg) − doxorubicin in supernatant (mg)

total doxorubicin amount (mg)
× 100
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NP characterization

The particle size and zeta potential of the nano-
particles were measured with Malvern Nano-
ZS (Malvern Instruments) at room temperature. 
Samples were dispersed in distilled water (1:400 
dilution), and measurements were given for 3 
individual replicates with 173° light scattering 
angle at 25°C. The morphology of nanoparticles 
was examined with scanning electron micros-
copy (SEM) and transmission electron micros-
copy (TEM) images. For TEM, nanoparticles 
were dispersed in ethyl alcohol and dropped onto 
the grid, after drying, analyzed with HR-TEM 
(Jem Jeol 2100F). Similar preparation steps were 
applied for field emission SEM (Quanta 400F 
Field Emission). XRD analysis was conducted 
to analyze the crystalline structure of nanopar-
ticles and obtained on Rigaku Ultima-IV diffrac-
tometer using Cu-Kα radiation over the range of 
1–10° with a step width of 0.02°. FTIR spectra 
were conducted to analyze CTAB removal, and 
Bruker Alpha FTIR spectrometer was used with 
4 cm−1 resolution in 4000–400 cm−1 wavenumber 
region. Nitrogen adsorption-desorption analysis 
was run for the determination of surface area. 
Dried samples were degassed at 250°C for 3 h 
and then analysis was performed by AUTOSORB 
6b. All SEM, TEM, XRD, and surface character-
ization analyses were performed at METU Cen-
tral Labs.

Drug release study and HPLC conditions

A drug release study was performed in PBS with dif-
ferent pHs at 37 °C shaker for 24 h. The results were 
calculated cumulatively.

A standard C 18 (250 m × 4.6 mm, 5 μm) column 
was used under isocratic conditions with a 1-mL/
min flow rate at 35 °C. Analyses were performed at 
475-nm excitation with a fluorescence detector. The 
mobile phase was acetonitrile:water (38:62) (Daei-
hamed et al. 2015).

Cell culture

The HL60 cell line was obtained from American 
Type Culture Collection (ATCC). Cells were cultured 

in RPMI 1640 which was supplemented with 10% 
fetal bovine serum (FBS), 1% U/mL penicillin, and 
1% U/mL streptomycin and incubated in a 5% CO2 
humidified atmosphere at 37 °C.

Cytotoxicity analysis

2,5-diphenyl-2H-tetrazolium bromide (MTT) assay 
was used to evaluate the cytotoxicity of formula-
tions. 5×104 cells were seeded to 96-well plates in 
50-μL media and incubated for 6 h and then 50 μL 
of formulations in media with different concentra-
tions were added. At the end of the incubation peri-
ods, 5mg/mL MTT solution (25μL) was added to 
wells and incubated for 4 h. Later, 100 μL sodium 
dodecyl sulfate (SDS)/dimethylformamide (DMF)/
water (45:55 DMF:water containing 200g SDS) 
mixture was added to wells to dissolve cells and 
formazan crystals. After overnight incubation, opti-
cal density (OD) was measured at 570 nm with a 
microplate reader (SpectraMax Plus, Molecular 
Devices).

Cellular uptake analysis

Cellular uptake of formulations was evaluated by 
a flow cytometer. 5x105 cells were seeded per well 
at a 24-well plate and incubated overnight. Three 
different concentrations of NPs were used. After 
the incubation of formulations, (containing the 
same amount of doxorubicin in each group) for 24 
h, cells were collected, and the median fluores-
cence intensity (MFI) of these cells was measured 
by flow cytometry.

Fluorescence microscopy studies were also per-
formed to show the cellular uptake of HMSNs. 
8x105 cells seeded per well at 12-well plate and 
incubated overnight. Similar to flow cytometer 
studies, formulations were applied to cells and 
incubated for 24 h. Then the cells were washed and 
harvested; cytospin preparations (Universal 320, 
Hettich, Tuttlingen, Germany) were obtained and 
fixed with 4% p-formaldehyde. Cells were counter-
stained with DAPI and examined with fluorescence 
microscopy (Olympus America Inc.). Finally, 
images were processed using ImageJ software 
(NIH Image, USA).
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Animal study

The animal study was performed to show that whether 
the PEGylation provides prolonged blood circulation 
time. Eighteen rats (Sprague Dawley, around 400  g 
each) were separated into 3 groups (n = 6) and 3 rats 
were used as the control group. Groups were organ-
ized as below:

•	 Group 1: Control, Dox in PBS was injected from 
tail vein (200 μL saline, 6 mg Dox/kg)

•	 Group 2: HMSN-DN in PBS was injected from 
tail vein (200 μL saline, 6  mg Dox, and mg 
NaHCO3/kg)

•	 Group 3: C-HMSN-DN in PBS was injected 
from tail vein (200 μL saline, 6 mg Dox, and mg 
NaHCO3/kg)

All injections were introduced i.v. as one dose, 
and after that, 0.5 mL blood was collected 5 times (5 
min, 30 min, 2 h, 8 h, and 24 h) from each rat. After 
the plasma was separated by centrifuge, the samples 
were analyzed by HPLC after sample preparation 
steps. This study was performed with the permission 
of the Hacettepe University Commission of Ethics 
(2018/63-04).

Doxorubicin quantification from blood

Ammonium acetate buffer (pH = 3, 10 mM) and ace-
tonitrile (70:30 v:v) were selected as mobile phases, 
and C 18 (250  m × 4.6  mm, 5  μm) column was the 
stationary phase. Analyses were performed by fluo-
rescence detector (480  nm excitation and 560  nm 
emission) with 0.75 mL/min flow rate at 40 °C (Chen 
et al. 2013).

A 2 mL chloroform:methanol solution (4:1 v:v) 
and 2.5 μg/mL daunorubicin in 20 μL methanol as 
an internal standard were added to a 100 μL plasma. 
After vortex for 2 min, samples were centrifuged at 
6000 rpm for 10 min. The organic phase was collected 
and dried under N2. The precipitate was dissolved in 
100 μL methanol and centrifuged for another 5 min 
at 5000 rpm. The supernatant was collected and used 
for HPLC analyses (50 μL was the injection volume) 
(Feng et al. 2014).

Statistics

All the results were given as mean values. Analysis 
of variance (ANOVA) test was performed for more 
than two group comparisons by SPSS. The difference 
between the two groups was regarded as statistically 
significant when the p value was <0.05 (*).

Results and discussion

Preparation and characterization of NPs

Template silica nanoparticles were synthesized and 
characterized by Zetasizer and SEM to obtain DDS 
by the self-tem plating method (Fig.  S1). Monodis-
persed silica NPs were obtained around 90 nm in size 
with spherical morphology according to DLS (PI 
0.063) and SEM results (Figs. S1 A and 1A), and the 
zeta potential was about −53 mV shown in Fig.  S1 
B. These NPs were used as templates for HMSNs, 
and mesoporous silica NPs were synthesized around 
them followed by an etching step to obtain a hollow 
interior.

The size of the obtained HMSNs was about 300 
nm by DLS, and the zeta potential was about −30 mV 
(Fig.  S2). After the chitosan-PEG coating, the zeta 
potential was changed to +30 mV which suggests 
the Cs-PEG was coated on the surface and changed 
the surface charge (Fig. S3). SEM and TEM revealed 
that the particles were monodispersed and spherical, 
and particle size was about 150 nm according to Fig 
1B, C, and D. This difference can be explained by the 
NP-dispersion media interactions affecting the hydro-
dynamic diameter due to surface hydrophilic silanol 
groups (Bagwe et  al. 2006; Tuoriniemi et  al. 2014). 
Kaasalainen et  al. showed that there is a significant 
difference between particle size measurements by 
TEM or DLS for silica/mesoporous silica nanopar-
ticles (Kaasalainen et  al. 2017). The color contrast 
between the core and shell indicates the particles have 
a hollow interior (Fig.  S4). Further characterization 
was performed by FTIR, XRD, and BET to show the 
surfactant removal, crystalline structure, and surface 
area and volume, respectively. The results were given 
in Fig. 2.
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After the HMSNs were synthesized and 
CTAB was removed by acidic ethanol treatment, 
FTIR was performed to show that the CTAB 
was removed. The peak at 1080 cm−1 indicates 
the silanol groups on silica NPs. No peak was 
observed after the extraction with acidic ethanol 
between 2500 and 3000 cm−1 where CTAB peak 
would be observed due to C-H vibrations of CH2 
groups of CTAB, in Fig 2A. Small-angle XRD 
results were performed for both Cs-PEG coated 
and uncoated HMSNs. The peak between 2 and 
4° (2θ) shows the typical peak of mesoporous 
silica presented in Fig 2B which is in compliance 
with typical MCM-41 peaks (Fang et  al. 2011; 
Chen et  al. 2010; Teng et  al. 2013). This peak 
was almost disappeared in Fig.  3C after Cs-PEG 
coating on the surface. A decrease in 2–4° peak 
of mesoporous silica nanoparticles after chitosan 
coating was shown in literature before (Daryasari 
et al. 2016; Szegedi et al. 2012; Popat et al. 2012). 

This drop can be explained by chitosan covering 
the surface. After the CTAB removal by extrac-
tion, porosity, inner volume, and pore size were 
investigated by N2 adsorption-desorption meas-
urements (Braun-Emmet-Teller method). Type 
IV isotherm was observed which is typical for 
mesoporous silica (Zhu et  al. 2011). The results 
were calculated as 216.9 cm2 for surface area, 
0.16 cc/g for volume, and 1.9 nm for pore size 
respectively; also these results are in compliance 
with the literature (Chen et al. 2010; Xiong et al. 
2015). Pore size distribution was analyzed by Bar-
rett–Joyner–Halend (BJH) which was shown in 
Fig.  2E, and a narrow pore size distribution was 
observed with a sharp peak at 3.7 nm.

Drug release studies

Doxorubicin was loaded into HMSNs with or without 
sodium bicarbonate and then the HMSNs were coated 

Fig. 1   SEM image of silica NPs and C-HMSN shown in A and B respectively. TEM images of HMSNs were given in C and D 
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with Cs-PEG. A formulation was left uncoated to 
evaluate the effect of coating on drug release and also 
cellular uptake and cytotoxicity. Drug substance (dox-
orubicin with or without sodium bicarbonate) was 
dissolved in PBS and then the NPs were added to the 
solution and mixed overnight. Then the coating was 
performed for related formulations by the addition of 
Cs-PEG to the mixture with at least 6 h under stirring. 
After that, the NPs were separated from the solu-
tion, and the supernatant was  analyzed by the HPLC 
to measure the doxorubicin content. The loaded 
drug substance was calculated by subtraction of the 
measured from the added amount to the solution in 
the first place. The result showed that HMSNs have 
a high drug loading capacity over 90%, and similar 

efficiencies are observed between the formulations. 
Zhu et al. showed Dox loading efficiency of HMSNs 
was about 84%, yet the PEGylated HMSNs have an 
efficiency around 70%, and according to their study, 
PEGylation has lowered the drug loading efficiency 
(Zhu et  al. 2011). In this study, PEGylation did not 
affect the drug loading efficiency due to performing 
after the drug loading. Also according to their study, 
the drug loading was about 40 μg to 1 mg of NPs 
(Zhu et al. 2011). This performance was improved in 
this study to about 0.47 μg Dox to 1 μg HMSN, and 
the findings were given in Table 1.

Drug release studies at different pHs were impor-
tant for this study to show pH-triggered release. The 
hydrogen bonding between Dox and silica surface 

Fig. 2   A FTIR result of hollow mesoporous silica nanopar-
ticles after CTAB template removal. B and C represent XRD 
graphics of hollow mesoporous silica nanoparticles (HMSN) 

and after chitosan coating (C-HMSN) respectively. D and E 
represent BET results, isotherm, and pore size which were pre-
sented, respectively

J Nanopart Res (2022) 24: 40 Page 7 of 15 40



1 3
Vol:. (1234567890)

is sensitive to pH changes which provide the instant 
drug release in lower pH. By this approach,  reduc-
ing  side effects of drug and delivery of the cargo 
inside the cancer cell can be achived due to endosome 
vesicle has lower pH approximately 5 to 6. To show 
this, drug release studies were performed at pH 5, 
pH 6, and pH 7.4 in PBS at 37°C. Drug release was 
determined for 4 different formulations as Dox-loaded 
HMSNs (HMSN-D), Dox, and sodium bicarbonate-
loaded HMSNs (HMSN-DN) to understand the effect 
of co-loading on release; Dox-loaded Cs-PEG coated 
HMSN (C-HMSN-D) to understand the effect of 
extra coating by polymer and the last formulation as 

NaHCO3 and Dox loaded and Cs-PEG-coated HMSN 
(C-HMSN-DN). The results are given in Fig. 3, and 
it can be seen that the Dox release is increasing when 
the pH is lowering which means the pH-triggered 
release was achieved.

The minimum drug release of each formulation 
was observed at pH 7.4 in Fig.  3A, B, C, and D. 
The higher drug release was achieved at lower pH 
for every formulation. Figure  3 A and C suggest 
that NaHCO3 co-loading increases the drug release 
in comparison with Fig. 3B and D at each pH due 
to the presence of Na+ ions in the media. No sig-
nificant difference of drug release was observed 

Fig. 3   Drug release results at different pHs of chitosan-coated 
and uncoated formulations with/without sodium bicarbo-
nate loading. HMSN-D and HMSN-DN represent dox-loaded 
hollow mesoporous silica nanoparticles with and without 

sodium bicarbonate co-loading, respectively. C-HMSN-D and 
C-HMSN-DN represent dox-loaded chitosan-PEG-coated hol-
low mesoporous silica nanoparticles with and without sodium 
bicarbonate co-loading, respectively

Table 1   Drug loading efficiency and drug loading % of formulations

Formulation Drug loading efficiency 
(%)

Drug loading % 
(µg Dox/µg NPs)

Doxorubicin-loaded HMSN (HMSN-D) 93.7 ± 5.1 47 ± 2.6
Doxorubicin and NaHCO3-loaded HMSN (HMSN-DN) 93.4 ± 2.9 47 ± 1.5
Doxorubicin-loaded and Cs-PEG-coated HMSN (C-HMSN-D) 93.2 ± 4.1 47 ± 2.1
Doxorubicin- and NaHCO3-loaded Cs-PEG-coated HMSN (C-HMSN-DN) 96.6 ± 2.1 52 ± 1.1
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between HMSN-D and C-HMSN-D at any pH 
which is presented in Fig. 3B and C; similarly, no 
significant difference was observed between the 
formulations HMSN-CN and C-HMSN-CN which 
can be seen in Fig. 3A and C. These observations 
suggest that Cs-PEG coating does not affect the 
drug release, increasing pH limits the drug release, 
and NaHCO3 co-loading increases the drug release.

Cell culture

Drug release results show that the NaHCO3 loading is 
promising. The in vitro studies were performed for both 
4 formulations to perceive the difference. Cytotoxicity of 
the formulations was evaluated by MTT assay using the 
HL60 cell line (Fig. 4). IC50 of Dox was calculated as 
150 nM at 48 h (Fig. 4A), and the rest of the cell culture 

Fig. 4   Cell viability assay by MTT results. A IC50 graph of 
free Dox at 48  h. B shows HMSN and HMSN-D and IC50 
value of Dox in NPs. C shows chitosan-coated HMSN both 

Dox loaded and unloaded. D shows NaHCO3 loading as 
HMSN and HMSN-DN and E shows the final formulation with 
and without Dox loading
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studies were performed for 48 h. All the concentrations 
were calculated considering Dox loading efficacy, and 
IC50s were calculated for the Dox concentrations. For 
each condition, blank NP formulations (formulations 
without Dox loading) were applied to the cells to evaluate 
the cytotoxicity of NPs (also applied on the L929 cell 
line and the results can be seen in Fig. S5). The blank 
NPs caused no cell death at the selected concentrations 
although the apoptosis was initiated by the formulations 
with Dox loading (Fig. 4).

The efficiency of formulations was evaluated by 
performing an MTT assay in the HL60 cell line for 
free Dox, blank nanocarriers (HMSN and C-HMSN), 
and the loaded formulations (HMSN-D, HMSN-DN, 
C-HMSN-D, and C-HMSN-DN). The results are 
presented in Fig.  4. The anticancer effect of Dox was 
confirmed by calculation of IC50 as 150 ±7.3 nM. The 
concentrations between 50 and 25,600 nM were tried 
to determine the toxicity of blank nanocarriers which 
showed no obvious toxicity. Additionally, cell viabilities 
were decreased in the correlation of loaded formulations’ 
concentrations. These demonstrated that the cytotoxicity 
is related to Dox amount released from formulations.

Moreover, IC50 values of free Dox, C-HMSN-D, and 
C-HMSN-DN were 150±7.3 nM, 2207±11.5 nM, and 
392 ± 6.1 nM, respectively. The decreased cytotoxic-
ity of Dox delivered by formulations compared to the 
free Dox can be due to the Dox release controllability 
gradually increased from the free drug to HMSN which 
was shown in the drug release experiment. Therefore, 
HMSN can be regarded as biocompatible nanocarriers 
with the successful delivery of Dox to the cells.

From Fig. 4, it can be seen the IC50 of C-HMSN-DN 
was lower than the other formulations as approximately 
400 nM which means it is more effective as a drug 
carrier. While HMSNs were not cytotoxic, HMSN-D, 
C-HMSN-D, and HMSN-DN showed similar cytotox-
icity (IC50 values were calculated as 2207 nM, 4700 
nM, and 2500 nM respectively). The most effective 
formulation was C-HMSN-DN with an IC50 392 nM 
which is close to free Dox. HMSNs elicit higher IC50 
values than Dox since the drug release takes longer.

The cellular uptake of the NPs was evaluated by 
a flow cytometer. HMSN-DN showed the highest 
uptake among the formulations according to flow 
cytometer results (see Fig.  5). This result supports the 

Fig. 5   Cellular uptake 
results by flow cytometer 
and statistical analysis by 
ANOVA (error bars were 
given as standard devia-
tion. * shows statistically 
significance, p < 0.05, and 
** means p < 0.005)

J Nanopart Res (2022) 24: 4040 Page 10 of 15



1 3
Vol.: (0123456789)

idea that NaHCO3 promotes the drug release since both 
formulations with NaHCO3 were showed higher cellular 
uptake than the other formulations. The HMSNs were 
tagged with FITC via a chemical conjugation method 
to clarify the uptake of NPs. The formulations with 
NaHCO3 showed a higher uptake (Fig.  5). It can be 
argued that the Dox was delivered to the cells by NPs 
and endosomal escape was achieved according to this 
data. Besides this, chitosan coating shows no effect on 
cellular uptake, yet the presence of NaHCO3 increases 
the cellular uptake significantly as intended. The cellular 
uptake of HMSN-D was lower than HMSN-DN and 
C-HMSN-DN (statistically significant, p<0.005). 
Similarly, C-HMSN-D showed lower cellular uptake than 
HMSN-DN and C-HMSN-DN (statistically significant, 
p<0.005 and p<0.5 respectively). This suggests that 
cellular uptake of Dox increases due to the presence of 
NaHCO3 in the media. Although it is known that the 
presence of NaHCO3 in the environment increases drug 
release, FITC was attached to the nanoparticles instead 
of Dox loading and given to the cells to investigate 
whether this release started inside or outside of the cell. 
The results show that the nanoparticles were uptaken 
by cells, and the difference between HMSN-FN and 
the formulations without NaHCO3 was statistically 
significant (p<0.05). Generally, Cs-PEG coating did not 
improve the cellular uptake according to Fig.  5. This 
probably the result of PEGylation which can lower the 
NP-cell interactions. Glorani et  al. showed that silica 
nanoparticle-cell interactions reduce at PEGylated 
nanoparticles (Glorani et  al. 2017) and our data also 
suggests the same.

FITC-conjugated nanoparticles are close to 
the nucleus according to Fig.  6. HMSN-DN and 
C-HMSN-DN show higher Dox in the nucleus than 
HMSN-D and C-HMSN-D, and this is consistent with 
the flow cytometer results and drug release study. 
NPs were close to the nucleus, and this suggests drug 
release was occurred after cellular uptake, according 
to Fig. 6. HMSN-DN and C-HMSN-DN have better 
interaction with the nucleus, according to Fig. 6.

Animal study

The main target of the animal study was the evalu-
ation of the effect of Cs-PEG coating on blood cir-
culation time. For this reason, formulations named 
C-HMSN-DN and HMSN-DN were administrated 
through the lateral tail vein of the rats, and free Dox 

was applied to another group as control. The blood 
samples were collected after each time points (5, 30 
min and 2, 8, and 24 h), and serums were separated 
by centrifuge. The results were presented in Fig. 7.

Free doxorubicin was not observed in any formu-
lations according to HPLC results, while the internal 
standard (daunorubicin) was observed in each sam-
ple, which means that Dox was eliminated from blood 
almost instantly and literature supports this phenome-
non (Xu et al. 2017). Besides this, Dox from the other 
formulations was determined in blood samples. The 
difference between group 2 (HMSN-DN injected) and 
group 3 (C-HMSN-DN injected) at each time point 
was statistically significant (p<0.0001 at 0.083, 0.5, 
and 2nd h and p<0.05 at 8th h) according to Fig. 7. 
A higher concentration of Dox was observed at the 
first time points of group 2. However, at the end of 
the 2nd h, Dox from HMSN-DN was eliminated from 
the blood. The blood concentration of Dox in the 5th 
min of C-HMSN-DN was lower than the HMSN-DN 
at first, yet a higher concentration was observed in the 
2nd h. The experiment was terminated at the end of 24 
h, and even at this time, Dox still can be observed in 
blood samples of group 3. The absence of a signifi-
cant difference between the 8th h and the 24th h con-
centrations of group 3 implies that there may be a 
longer blood circulation time could be obtained.

Due to the wide range of usage in cancer treat-
ment, there are numerous studies of doxorubicin 
as nanoparticulate drug delivery systems including 
silica nanoparticles (Tacar et al. 2013; Mekaru et al. 
2015). Among the Dox-loaded drug delivery sys-
tem, porous silica nanoparticles, especially HMSN, 
draw attention due to offering massive drug loading 
area. One of the first studies on Dox-loaded HMSN 
was carried out by Gao et  al. (Gao et  al. 2011). 
They reported that Dox-loaded HMSN showed a 
pH-responsive drug release due to their electrostatic 
attraction, and this system could be very promis-
ing for cancer treatment. It is known that one of the 
most outstanding advantages of porous silica nano-
particles is sealing the pore with stimuli-responsive 
gatekeepers such as lipids (Han et  al. 2015), poly-
mers (Radu et al. 2004), biomacromolecules (Zhao 
et al. 2014), and peptides (Sun et al. 2012). Cai and 
co-workers show that apart from improving the pH-
dependent drug release, chitosan also increases the 
biocompatibility and stability of HMSNs (Cai et al. 
2020). Based on these studies, chitosan-modified 
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Fig. 6   Cellular uptake 
images by fluorescence 
microscopy. The first row 
shows the nucleus, the sec-
ond row shows Dox/FITC, 
and the third row shows the 
merged image
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Dox-loaded HMSN offers decent advantages in 
cancer treatment but further modification could 
improve the effect. In our study, apart from the cur-
rent advantages of chitosan, using pegylated chi-
tosan was used to improve blood circulation time 
of HMSN and EPR effect. Moreover, to our knowl-
edge, co-delivery of NaHCO3 with Dox in HMSN 
has been performed the first time. In a recent study, 
NaHCO3 was used as an adjuvant in doxorubicin-
loaded liposome formulation, and the efficiency of 
the system was researched in 4T1 breast cancer cells 
(Abumanhal-Masarweh et al. 2019). It is found that 
obtained system improves the therapeutic outcome 
compared to mice treated with Dox and NaHCO3 
alone. Our study also confirmed these results.

Conclusion

Although the survival rate has increased in recent 
years, AML can still be fatal to many patients, and new 
approaches are needed for improving patient compli-
ance. Doxorubicin is one of the most effective cancer 
drugs, yet the clinic use is relatively limited due to the 
dose limitations caused by the fast elimination from 
the blood. To overcome these limitations and provide 
a prolonged blood circulation time, PEGylation is one 
of the best alternatives. In this study, we present a 
drug delivery system that provides a prolonged blood 
circulation time due to Cs-PEG coating and effective 
drug delivery via pH-sensitive drug release and endo-
somal escape for AML treatment. NaHCO3 co-loading 
improved the DDS efficiency (IC50 was smaller than 
the formulations without NaHCO3) which suggests 

that the endosomal escape is achieved. Cs-PEG pro-
longed the blood circulation time and even after 24 h 
Dox was still observed in the blood. Myeloid cells are 
granular cells containing a great number of lysosomes. 
Considering this, the designed DDS can be more 
effective by endosomal escape to eliminate these cells 
from the blood.
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