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ARTICLE INFO ABSTRACT

Keywords: Different strategies and multifunctional nano-carriers have been employed to enhance chemotherapeutic drugs
EHDA bioavailability and tackle acquired multi-drug resistance (MDR) thus ensuring efficient chemotherapy with fewer
Electrospray

adverse effects. Among these, mesoporous Silica Nanoparticles (MSNs) are exciting matrices for improving

}Ez:;ji cytotoxic drugs bioavailability and circumventing MDR through its potential of co-delivery of anticancer agents
Coati and short interfering RNA (siRNA).
oating

Drug delivery In this study, MSNs were coated with (1:1) Polyethyleneimine (PEI) and phospholipids (PL) composite and

Co-therapy were loaded with KAZ3 (Anticancer chalcone) using coaxial electrospraying in a one step process. The novel
delivery system was used to co-deliver both MDR-1 siRNA and KAZ3 to colon cancer cell lines in order to
knockdown the MDR-1 gene and thus to improve KAZ3 cytotoxicity. The prepared drug/siRNA delivery system
was characterized using SEM, fluorescence microscopy, TGA, zeta sizer, actives (KAZ3 and siRNA) loading ef-
ficiency, actives release studies, siRNA gel retardation and actives cellular uptake. The cytotoxicity of formu-
lations against cancer cell lines (HCT 116) was also assessed using MTT assay and MDR-1 gene silencing
efficiency using western blotting. Results showed that coaxial electrospraying was efficient in preparing core—-
shell coated MSNs that were able to co-deliver both MDR-1 siRNA and KAZ3 to colon cancer lines. The MSNs
coated with PL and 2.5 KDa PEI were found to be more compatible with human cells than to 25KDa PEI coated
MSNs. KAZ3/siRNA loaded PEI-PL coated MSNs were successful in decreasing multidrug resistance gene
expression to 40 % and causing up to 92 % colon cancer cell death. The findings of the present study show the
immense potential of electro-hydrodynamic atomization (EHDA) as a technique for producing drug loaded MSNs
based core-shell particles.

1. Introduction drugs that inhibit cancer cells division and tumour growth. Patients
treated with chemotherapy demonstrated improved survival rate [1,2].

Although cancer therapy adopts different clinical strategies that However, cancer treatment using conventional chemotherapy faces
include chemotherapy, radiation and surgery, chemotherapy remains major obstacles such as unselective cytotoxicity, acquired MDR, poor
the ideal choice for cancer treatment. Chemotherapy uses cytotoxic aqueous solubility, low permeability and poor bioavailability of most
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cytotoxic drugs [2-5]. Long periods of chemotherapy cause cancer cells
to develop different resistance mechanisms (e.g. pump and non-pump
resistance) simultaneously against variety of drugs that are function-
ally and structurally unrelated [4]. Multidrug resistant cells are able to
pump cytotoxic drugs out of the cellular cytoplasm via adenosine
triphosphate-binding cassette (ABC) membrane transporters such as P-
gp (i.e. MDR-1, ABCB1). These efflux pumps are activated upon drug
molecules exposure, lowering the concentration of cytotoxic agent in the
cytoplasm [6]. As a result, a failure of chemotherapy occurs and thus a
higher and a frequent dosage regimen of cytotoxic drugs is required.
Consequently, increased cytotoxic adverse effects against healthy tissues
are expected [5,6]. Therefore, different approaches have been employed
to tackle MDR, to enhance chemotherapeutic drugs bioavailability,
decrease their adverse effects and hence to ensure efficient chemo-
therapy [6,7].

MSNs are emerging as a smart nanotechnology for efficient anti-
cancer drug delivery and as a promising route for successful cancer
therapy [4,8-10]. MSNs are able to enhance inherent properties of
cytotoxic drugs (e.g. solubility and permeability) [9], deliver them to
the tumor site and ensure their internalization into cancer cells cytosol
[11]. Additionally, these nanocarriers are able to overcome MDR
through their unique ability to co-deliver anticancer agents with MDR
modulators such as tetrandrine [12] or MDR silencing siRNA [11,13].
siRNA is transfected to cancer cells in order to silence genes responsible
for MDR thus enhancing cytotoxic drugs cellular uptake, exerting syn-
ergistic apoptotic effect and reducing tumour growth [13-15]. Loading
large biological molecules such as siRNA inside MSNs mesopores
(typically 2-10 nm) is not straightforward, therefore siRNA molecules
are preferred to be attached to MSNs external surfaces with aid of
cationic polymer shell such as polyethyleneimine (PEI) [16-19]. This
core-shell design has the advantage of leaving the mesoporous core of
MSNs accessible to accommodate large amounts of anticancer drugs
allowing the co-delivery strategy [19,20].

Polyethyleneimine (PEI) has proven to be one of the most effective
polymers for nucleic acid delivery due to its greater ability to condense
RNA or DNA (polyplexes formation) and release them inside the cyto-
plasm through its endosomal escape property [21,22]. PEI owns a high
pH buffering capacity due to its ability to accumulate protons inside the
endosomes allowing endosomal osmotic rupture, which then triggers
the polyplexes escape into cytosol protecting them from lysosomal
degradation. This phenomenon known as a ‘proton sponge effect” and is
certainly crucial for efficient gene transfection [19,23]. The PEI capacity
to bind to nucleic acid and the polyplex formation are greatly affected by
nitrogen/phosphate (N/P) ratio. It is a chief parameter that significantly
affects transfection efficiency in gene delivery. N/P ratio is described as
the simple ratio of the number nitrogen atoms in PEI to the number of
phosphate atoms in siRNA [24].

High molecular weight (MW) PEI is well known for its high toxicity
which is attributed to its high positive charge density which depolarises
the mitochondrial membranes thus hindering its in-vivo applications. In
contrast, low MW PEI is more biocompatible with minimal toxicity but
with lower gene trafficking and silencing abilities [25,26]. Different
approaches have been investigated to accomplish the balance between
cytotoxicity and transfection efficiency of PEI, including complexation
of low MW PEI with PEG [11], hydrophobic modification of PEI [26] or
conjugation with phospholipids (PL) moieties [25,27,28]. Studies
demonstrated that (1:1) PL substitution of PEI attained better protection
and condensation of siRNA [25,27,28]. PEI-lipid composites were
shown to offer an improved interaction with the cell membrane resulting
in enhanced cellular gene transfection, better biocompatibility and
longer circulation time [27,28].

Electrohydrodynamic atomisation (EHDA), which includes (but not
limited to) electrospraying and electrospinning, is considered a versa-
tile, simple and flexible technique for the preparation of nano- and
micro-particulate/fibrous/porous materials which are used in a wide
range of pharmaceutical and biomedical applications [29-37].
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Furthermore, the EHDA process permits formulation material properties
to dictate the end product; permitting controlled engineering of shape,
size and even multi-material composites [38-42]. Although more timely
advances have focused on adapting these processes to 3D printing
[43-45], many of the core advantages of this emerging method remain
to be fully exploited as comparative atomisation technologies [46]. This
atomisation approach has been used to coat, fabricate or load micro- or
nano-particles [29].

Coating of particles enables functionalities e.g., modifying the hy-
drophilic or hydrophobic behaviour or catalytic activity. In addition,
coating of particles is of great interest for diagnostic applications and
targeted drug delivery. Dry and solvent based techniques have been used
to coat particles. In the former approach, the difficulty lies in dispersing
dry particles for coating. In the latter technique, solvent removal,
additional drying and dispersion steps are required because the product
is produced in a liquid medium [47]. The EHDA technique, involving
break-up of a liquid jet under influence of electrical forces, overcomes
these drawbacks and offers unique advantages e.g., narrow droplet size
distribution and self-dispersing of unipolarly droplets. Electrospraying
of polymeric solution results in a charged spray which overcomes the
difficulty in dispersing and depositing particles on host nanoparticles.
Once coated, van der Waals forces hinder detachment of guest particu-
lates from host particles [46,47]. Other key advantages associated with
the EHDA approach include precise control over droplet size,
morphology and coating thickness, ease of scale-up, high throughout
and low shear stress [29,38].

In our previous research study, we have demonstrated the feasibility
of electrospraying as a novel technique to load mesoporous silica with
the poorly water-soluble anticancer drug (KAZ3). The electrosprayed
formulations exhibited improved dissolution rates and enhanced
permeability across rat intestine [9].

In the present study, we have adopted two novel strategic plans;
processing strategy and material strategy. To the best of our knowledge,
this is amongst the earliest reports where electrospraying is used to load
active as well as coat MSNs simultaneously; all in a single step. Other
studies have performed the loading and coating procedures in more than
one process; MSNs phosphonate surface modification to increase the
negativity of their surface in order to enable the electrostatic interaction
with the cationic polymer, PEI polymer coating and finally loading ac-
tives into the coated MSNs [18,48]. Each one of these processes is a
multistep complex procedure that is time and cost consuming.

In terms of material strategy, MCM-41-type MSNs coated with a
composite of low MW PEI (2.5 K) and PLs (phosphatidylcholine (PC) or
Dioleoyl phosphatidylethanolamine (DOPE)) were utilized for the first
time as a gene vector and drug carrier. This composite was used in order
to improve the gene transfection ability of low MW PEI while keeping a
reduced toxicity profile. The particle toxicity and gene transfection
ability of the composite coated MSNs were determined and compared
with those of PEI 25 K coated MSNs. The 2.5 k PEI and PLs coated MSNs
showed better toxicity profiles and similar transfection ability to 25 K
PEI coated MSNs.

Furthermore, we also show the electrosprayed products to co-deliver
KAZ3 and MDR-1 siRNA to HCT-116 colon cancer cell lines in order to
down regulate the multidrug resistance gene and to enhance KAZ3
cytotoxicity. KAZ3 loaded PEI-PL coated MSNs were characterized by
means of scanning electron microscopy (SEM), thermogravimetric
analysis (TGA), {-potential studies, actives (KAZ3 and siRNA) loading
efficiency and release studies, siRNA gel retardation and cytocompati-
bility studies. Complementary analyses were performed by cellular up-
take and gene silencing ability studies.

2. Materials and methods
2.1. Materials
MCM-41-type  MSNs  were

purchased from  Nanografi
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Nanotechnology Co. Ltd (Ankara, Turkey). PEI MW 2.5 KD and 25 KD
were from Polysciences Europe GmbH (Hirschberg, Germany). Phos-
pholipids (PLs); Phosphatidylcholine (PC) and 1,2-Dioleoyl-sn-glycero-
3-phosphoethanolamine (DOPE) were kindly granted from Lipoid
GmbH (Ludwigshafen, Germany). HCT 116 colorectal cancer cell line
was purchased from American Type Culture Collection (ATCC) (Gai-
thersburg, Maryland, USA). Acetone, ethanol, DMSO, human MDR-1
siRNA silencer® select, silencer Select negative control siRNA, silencer
Cy™3-labeled Negative Control siRNA, ultraPure agarose, blue Juice gel
loading buffer (10X), Novex Tris-borate-EDTA buffer (TBE) 5X and
SYBR™ Safe Gel Stain, cell culture medium (Modified McCoy’s 5A),
TrypLE express enzyme and fetal bovine serum (FBS) were purchased
from Themofisher scientific™ (Loughborough, UK). RNase free water
from Alfa Aesar (Lancashire,UK). Protein inhibitor cocktail, BSA, MTT
reagent were obtained from sigma aldrich (Dorset, UK). Dithiothreitol
(DTT), ECL Substrate and Bradford bio-rad protein assay kit were ob-
tained from Bio-rad (Hertfordshire, UK). RIPA Buffer, protein marker,
anti-rabbit horseradish peroxidase (HRP)-linked antibody and rabbit
antibodies against human MDR-1 and p-actin were supplied from cell
signalling technology (London, UK). All reagents were analytical grade
and used without further purification.

2.2. KAZ3 loading and PEI-PL coating of MSNs using electrospraying
technology

KAZ3 laden PEI-PL coated MSNs were prepared using two electro-
spraying technologies namely; co-axial electrospraying techniques and
single needle electrospraying.

Co-axial electrospraying was performed using MSNs dispersion (10
mg/mL) in KAZ3 acetone solution as the inner core, and ethanol solution
of 1:1 mixture of 2.5 KDa PEI and PL (PC or DOPE) was used as the
external shell. For comparison, ethanol solution of 25 KDa PEI or 2.5 KD
PEI was also used as an external shell in two formulations. The above
mixtures were separately loaded into 5 mL syringes that were attached
to two individual infusion pumps (Harvard apparatus, USA). The pumps
were connected into a spraying nozzle that comprised of two concentric
(central and external) stainless steel needles through silicone tubing.
MSNs or MSNs/KAZ3 suspensions (25 % w/w KAZ3) were infused into
the internal capillary at an infusion rate of 25 puL /min. While the flow
rate of the external PEI-PL solution was 50 pL/min or 25 pL/min. The
mixtures were electrosprayed when an electric field of 15-17 kV was
applied to the stainless-steel nozzle using a high-power supply (Genvolt
high voltage power supply, UK). The electrosprayed particles were
deposited onto a glass substrate.

For comparison purposes, a single needle electrospraying was also
carried out under the same conditions using MSNs dispersion (10 mg/
mL) in KAZ3, 2.5 KD PEI and PL (PC or DOPE, 5 mg/mL) ethanol

Table 1
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solution. The suspension was electrosprayed at a flow rate of (25 pL/
min) and applied voltage of (15-17 kV) through the inner stainless-steel
needle. The composition of the different formulations and the used
coating method are illustrated in Table 1.

2.3. Microscopic imaging

2.3.1. Scanning electron microscope (SEM)

The morphology of the electrosprayed formulations was examined
using SEM (Carl Zeiss, Germany). The formulations were mounted on
aluminium stubs using a double adhesive tape. The particles were coated
with 10 nm gold using sputter coater (Edwards S150B, UK) and were
then scanned at 10 kV accelerating voltage.

2.3.2. Fluorescence microscopy

The KAZ3 loaded coated MSNs were conjugated with Cy3-labeled
siRNA (at N/P ratio 3, conjugation procedure is discussed in detail
later in section 2.9). The core shell morphology of coated MSNs was
investigated using fluorescence microscopy. The electrosprayed parti-
cles were mounted onto glass slides and imaged using fluorescence
microscope (Invitrogen™ EVOS, UK). KAZ3 green fluorescence was
captured at GFP channel (excitation/emission; 470/525 nm) while Cy3-
labeled siRNA fluorescence was imaged at RFP channel (excitation/
emission; 531/593 nm). The obtained images were then overlayed
together.

2.4. Particle size and zeta potential measurement

The particle size distributions and ¢-potential of empty and coated
MSNs formulations were investigated using laser NanoBrook Omni
diffraction size and zeta analyser (Brookhaven, UK). Suspensions of one
mg of each formulation in 2 mL phosphate buffer saline (PBS) were
sonicated for 10 min prior to measurements. The measurements were
conducted using a refractive index of 1.45 for the silica particles and
1.334 for the PBS dispersant. The particle size and ({-potential mea-
surements were repeated five times, and the average and standard de-
viation were calculated.

2.5. Determining PEI-PL coating percentage using thermogravimetric
analysis (TGA)

The thermal behaviour of MSNs, PEI, DOPE, PC and unloaded coated
formulations were obtained using Perkin Elmer Thermogravimeric
analyzer (Pyris, US). 5-7 mg Samples were placed in porcelain pans and
were heated in nitrogen at a heating rate of 10 °C/min from 20 to 800 °C.
The obtained thermograms were used to determine the percent of PEI-PL
coating in MSNs using the following equation:

Composition, electrospraying method and quantification of KAZ3 encapsulation efficiency (EE %) of the different formulations calculated by UV spectrophotometry.

Formulation PEI type and concentration PL type and concentration Electrospraying method flow rate(s) KAZ3 (EE%)

K-MSNs Uncoated Uncoated Single needle 25 pL/min 91.3 % + 3.1

MSNs —PEI-PC-SN 2.5 KDa PEI 2.5 mg/mL PC 2.5 mg/mL Single needle 25 pL/min 88.5% + 11.6

MSNs- PEI-DOPE-SN 2.5 kDa PEI DOPE Single needle 25 pL/min 94.6 % + 14.3
2.5 mg/mL 2.5 mg/mL

MSNs-PEI-PC-CO 2.5KDa PEI PC Coaxial Inner (MSNs): 25 pL/min 89.0 + 4.6
1.25 mg/mL 1.25 mg/mL Outer (PEI-PL): 50 uL/min

MSNS-PEI-DOPE-CO 2.5 kDa PEI DOPE Coaxial Inner (MSNs): 25 pL/min 90.8 % + 0.3
1.25 mg/mL 1.25 mg/mL Outer (PEI-PL): 50 pL/min

MSNs-PEI-CO 2.5 KDa PEI None Coaxial Inner (MSNs): 25 pL/min 66.6 % + 2.4
2.5 mg/mL Outer (2.5 K PEI): 50 uL/min

MSNs-25KDa PEI-CO 25 KDa PEI None Coaxial Inner (MSNs): 25 pL/min 70.9 % + 4.8
2.5 mg/mL Outer (25 k PEI): 50 uL/min

MSNs-PEI-PC-EFCO 2.5KDa PEI PC Coaxial Inner (MSNs): 25 uL/min 87.9 % + 4.9
2.5 mg/mL 2.5 mg/mL Outer (PEI-PL): 25 pL/min

PC: phosphatidylcholine, DOPE: Dioleoyl phosphatidylethanolamine, PEI: 2.5 KDa polyethyleneimine, 25KDa PEI: 25 KDa polyethyleneimine, SN: single needle
electrospraying, CO: coaxial electrospraying and EFCO: equal flow rates coaxial electrospraying.
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PEI — PLCoatingpercentage = %Wt.lossofcoatedsamplesfrom(100
— 800°C) — %wtlossof MSNsfrom(100
—800°C)

The PEI content was taken as half the total amount of coating since the
coating mixture was used in ratio 1:1.

2.6. Differential scanning calorimetry (DSC)

DSC thermograms of pristine materials (KAZ3, MSNs, DOPE, PC, PEI)
and KAZ3 loaded formulations were recorded using DS calorimeter
(Perkin Elmer, US) from 25 to 350 °C at a heating rate of 10 °C/min
under a nitrogen gas stream of 20 mL/min.

2.7. Powder X-ray diffraction (XRD)

The crystallinity of drug loaded formulations was analysed with Cu
Kol radiation (A = 1.54 108) using a D8-Advance diffractometer (Bruker,
USA). Scattering angle were measured between 8° to 35° at a 0.03° step
size.

2.8. Contact angles measurements

Water contact angles on bare MSNs and PEI-PL coated MSNs were
measured using a sessile drop profile by an optical tensiometer (Theta
Lite, Biolin Scientific, Sweden). A water drop of approximately 5 uL was
deposited using a liquid manual dispenser (Hamilton syringe with a 22-
gauge needle) on a smooth, homogenous surface. The images of the drop
were taken at different time intervals. The contact angles were measured
on both sides of the sessile drop, and the average was calculated as the
result.

2.9. KAZ3 encapsulation efficiency (EE%) and in-vitro release study

To measure the EE%, 5 mg of the drug loaded electrosprayed for-
mulations were suspended into 10 mL acetone and were sonicated for
30 min. The suspensions were centrifuged, and 1 mL of the supernatant
was further diluted by acetone to 10 mL. The absorbance of the final
diluted solutions was measured at Apax 341 nm using UV spectropho-
tometry (Themo scientific, UK). The drug content was then calculated
using a previously prepared calibration curve of the KAZ3 in acetone.
The encapsulation efficiency was determined using the following
equation:

Actualamountofactivepresentinformulation

EE% = — -
theoriticalamountofactive

X100 (€8]

The KAZ3 release experiments were carried out in a shaking water bath
(stuart SBS40, UK) at 37° C and 60 rpm. Briefly, 1 mg of each formu-
lation was suspended into 2 mL PBS (pH = 7) in microcentrifuge tubes.
The whole experiment was performed under sink conditions. At definite
time interval, the formulations were centrifuged, and 1.5 mL of the
sample were aspirated and were replaced with freshly prepared PBS. The
absorbance of each sample was measured at Ay,x of 350 nm. Both ex-
periments were conducted in triplicates and average data were
calculated.

2.10. siRNA polyplexes formation and N/P ratios determination using
agarose gel electrophoresis

MDR-1 siRNA (277 ng) was mixed with varying amounts
(0.14—4.72 pg) of PEI-PL coated MSNs, 2.5 KDa coated PEI MSNs or
25 kDa coated PEI MSNs in nuclease free water to obtain N/P ratios of
0.5-100. The mixtures were vortexed for 5 s and incubated at room
temperature for 10 min to allow polyplexes formation. Predesigned
Silencer select MDR-1 siRNA has 21 base pairs, so each molecule of
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siRNA contains 42 negative phosphate groups. N/P ratio was calculated
using the following equation

N numberofmolesof PEIxn*
P~ numberofmolesofsiRNAX42

@

where n is the amount of nitrogen in each PEI mole and equal to 57 in
PEI 2.5KD and 580 in PEI 25KD.

An agarose gel electrophoresis was carried out to determine the
siRNA conjugation to different coated MSNs. 1 pL of 10 x blue juice
loading buffer was added to 9 pL of the formed polyplex and electro-
phoresed in 4 % agarose gel containing SYBR™ Safe as a gel Stain and
0.5 X TBE was used as the running buffer. The gel electrophoresis pro-
cess was conducted at ambient temperature and at applied voltage of 55
kV for 30 mins. Stained siRNA bands were visualised by UV light and the
images were captured using a Gel Doc™ EZ gel imaging system (bio-rad,
UK).

2.11. siRNA encapsulation efficiency and release (desorption)

A spectrophotometric analysis was used to determine the amount of
siRNA that bound in the polyplexes at different N/P ratios. A volume of
40 pL of polyplexes was prepared according to the previously mentioned
procedure. The formed polyplexes were then centrifuged at 13500 rpm
at 4° C for 10 min and the supernatant was then aspirated. The unbound
siRNA content in the supernatant was determined using NanoDrop
spectrophotometer (Thermo scientific, UK) at a wavelength of 260 nm.
The siRNA loading efficiency was easily calculated using the following
equation:

TotalamountofaddedsiRNA — amountofunboundsiRNA

EE% =
° TotalamountofaddedsiRNA

X100 (3)

To study siRNA release from polyplexes, the supernatant was replaced
with 40 pL PBS buffer (pH = 7.4). The polyplexes were maintained at
37° C and was shacked at 60 rpm. The polyplexes were centrifuged at
predetermined time intervals, and the cumulative siRNA amount was
measured in the supernatant at a wavelength of 260 nm. The polyplexes
were vortexed after each analysis.

2.12. {-potential measurement of nanoparticles/siRNA polyplexes

Subsequently, ¢-potential studies of the previously formed poly-
plexes at different N/p ratios were performed. The polyplexes could
form for 10 min at room temperature and 1 mL of PBS was added to each
sample.

2.13. Cell culture

Human colorectal cancer cell lines (HCT 116) were routinely
cultured in a Modified McCoy’s 5A medium supplemented with 10 %
FBS in a cell culture incubator at 95 % humidified atmosphere and 5 %
CO2 at 37° C. The growth medium was renewed every 2-3 days and the
cells were passaged after trypsinization when they reach to 80 % cell
confluency. In this study, HCT 116 were used at passages of 5-10.

2.14. Cellular uptake

HCT 116 cells were seeded on six-well plates at a seeding density of 3
X 10° cells per well and were cultured for 24 hrs to allow cell adherence.
Drug loaded formulations (equivalent to 1 ug/ml KAZ3) were conju-
gated with Cy3-labeled siRNA to evaluate their uptake efficiency. The
cells were incubated with the conjugates for 1 h and 24 h. After incu-
bation time, the cells were washed with PBS three times and then were
imaged using fluorescence microscope (Invitrogen™ EVOS, UK).
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2.15. Cellular viability assay

MTT assay was used to determine the cytotoxicity of different KAZ3
loaded formulations and assessing the potential toxicity of empty coated
MSNs.

The HCT-116 were cultured in 96 well plate at a seeding density of
10,000 cells per well for 24 h to allow the cells to attach before the
experiment. The cells were then incubated with a fresh media containing
different concentrations of free KAZ3, KAZ3 loaded MSNs (uncoated),
KAZ3 loaded PEI-PL coated MSNs, KAZ3/siRNA loaded PEI-PL coated
MSNs, empty PEI-PL-MSNs and empty 25 k PEI —MSNs for 48 h. After
incubation time, the media containing samples were replaced with 100
pL of media containing 0.5 mg/mL MTT reagent. The plate was then
incubated at 37° C for 1hr. The media was aspirated and 100 pL of DMSO
was added to dissolve the formed formazan crystals. The absorbance of
the coloured formazan solution was then measured at 590 nm using
microplate reader (Generic 96 Promega Glomax Discover). The percent
cell viability was calculated using the following equation:

absorbance of treated cells — absorbance of blank
absorbance of control cells — absorbance of blank

% cell viability = X10

€]

* where blank was 100 pL of 0.5 mg/mL MTT in media and control were
the absorbance of untreated cells after MTT reagent application.

All measurements were done in triplicate and both average and
standard deviation were calculated. IC50 (concentration of cytotoxic
agent required to kill 50 % of cancer cells) of KAZ3 and different for-
mulations were also calculated.

2.16. Western blots

HCT 116 cells were seeded in 25 cm? flasks at a seeding density of 1
X 10° cells per flask in 5 mL media. The cells were incubated for 24 hrs to
allow to attach. The media was aspirated and then 5 mL of fresh medium
(serum free) containing siRNA polyplexes of different formulations (at
different N/P ratios) was added individually to each flask. The con-
centration of siRNA was kept 5 nM for all formulations to ensure
maximum potency and the siRNA transfection was allowed for 48 hrs.
The cells were then washed with ice-cold PBS buffer and were lysed in
chilled RIPA buffer containing 0.1 mg/mL DTT. The obtained lysates
were sonicated for 10 s and were centrifuged at 4 °C for 12 min at
15,000g. The Bio-Rad DC Protein Assay kit was used to determine pro-
tein concentrations in lysates.

Cell lysates containing 50 pg proteins were denatured using SDS
sample buffer at 42 °C for 15 min and then were electrophoresed on a
7.5 % pre-casted polyacrylamide SDS gel at 120 kV for 1 hr. After
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proteins separation, proteins were electro-transferred to 0.45 pm
nitrocellulose membrane at 4 °C and at applied voltage of 70 kV for 90
min. The membranes were then blocked in 4 % non-fat milk in Tris-
buffered saline containing 0.05 % Tween 20 (TBST) for 1 hr at
ambient temperature. The blocked membranes were washed three times
with TBST and were then incubated with primary antibodies; rabbit
anti-human MDR-1 antibody and rabbit anti-human f-actin antibody.
Herein, p-actin was used as a house keeping gene to monitor the loading
accuracy. After three washes with TBST, membranes were incubated
with goat anti-rabbit HRP-linked secondary antibodies at room tem-
perature for 1 h.

Following additional three washes with TBST, 5 mL ECL substrate
was added to each membrane and after 1 min, membranes were imaged
using a UV illuminator (Biorad, UK).

3. Results and discussion
3.1. Jetting modes

Fig. 1 displays different four Jetting modes at the orifice of the needle
during electrospraying. Fig. 1 A shows the dripping mode (no jet) when
a low insufficient voltage was applied to the electrospraying liquid. By
further increase in the voltage the unstable jetting mode occurred (Fig. 1
B). Fig. 1 C displays the stable single jet mode and the formation of a
Taylor cone. This is accomplished when the relation between flow rate
and voltage were favourable. With further increase in the voltage a
stable multi-jet was achieved (Fig. 1 D). The particles can be collected
either in the single jet mode or multi-jet mode.

3.2. Particle composition

The previous study proved the ability of electrospraying method to
load KAZ3 inside the mesopores of different types of mesoporous silica
particles in an amorphous state [9]. The aim of the present study is to
investigate, for the first time, the ability of electrospraying to coat MSNs
with PL-PEI composite while KAZ3 loading process, simultaneously.
Therefore, different formulations were prepared including, uncoated
MSNs (K-MSNs), MSNs coated with 1:1 PLs and 2.5 K PEI (single needle
coated formulations (MSNs- PEI-DOPE-SN, MSNs- PEI-PC-SN) and
coaxially coated formulations (MSNs- PEI-DOPE-CO, MSNs- PEI-PC-CO,
MSNs-PEI-PC-EFCO), MSNs coated with 2.5 K PEI only (MSNs-PEI-CO)
and MSNs coated with 25 K PEI (MSNs-25kPEI-CO). The different
composition of each formulation and their encapsulation efficiencies are
listed in Table 1.

Fig. 1. Jetting images A) micro-dripping B) unstable jetting C) stable cone jet D) stable multi-jet.



E. Sayed et al.
3.3. Microscopic imaging (SEM and fluorescence microscopy)

The SEM and fluorescence microscopy images are demonstrated in
Fig. 2 A and B, respectively. The fluorescence microscopy was used to
assess the core-shell structure of KAZ3 loaded coated MSNs before and
after Cy3-siRNA binding. It was found that using coaxial electrospraying
technique, KAZ3 was uniformly dispersed inside the mesoporous matrix
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of MSNs (Fig. 2B ii), after Cy3-siRNA binding, a red layer was noticed
around the particles indicating the binding of siRNA to the PEI mole-
cules that is surrounding MSNs. On the other hand, MSNs coated using
single needle electrospraying technique was shown to have their KAZ3
content outside the mesoporous matrix and was preferably found sur-
rounding MSNs (Fig. 2B vi). This could be related to the hydrophobic
nature of KAZ3 thus KAZ3 was attracted to the lipid containing coating

40 kx
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-PEI-
DOPE-
co

MSNs

- PEI-

DOPE-
SN

B Overlaid (transmittance, GFP,RGP)

faid (transmil o
(particles+KAZ34Cy3-siRNA) Overlaid (transmittance, GFP)

(particles+KAZ3)

RGP Channel GFP Channel
(Cy3- siRNA) (KAZS)

Fig. 2. (A) SEM images of K-MSNs, MSNs-PEI-DOPE-CO and MSNs-PEI-DOPE-SN at 10 kx and 40 Kx (B) Fluorescence microscope images of (i-iv) coaxial coated, (v-
viii) single needle coated formulations before and after Cy3-siRNA binding at different channels (scale bar 100 pm).
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layer more than the hydrophilic silica core. KAZ3 behaviour is attributed
to the presence of KAZ3 molecules with the coating solution (PEI-PC) in
the same needle during single needle electrospraying. In contrast, co-
axial electrospraying provided two different needles; an inner needle for
core materials (MSNs and KAZ3) and an outer needle for the shell ma-
terials (PEI and PL).

3.4. Physicochemical characterization of differently coated formulations
The different formulations before siRNA conjugation (including

coated and uncoated MSNs) were characterized by means of TGA, DSC,
XRD contact angle FTIR, particles size and {-potential measurements.
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3.4.1. Thermogravimetric analysis studies

TGA analysis was used to assess the PEI-PL content in each unloaded
coated formulation. The thermograms of MSNs before and after PEI-PL
coating is demonstrated in Fig. 3A. The PEI-PL percent in each formu-
lation was calculated after correcting TGA thermograms from water
content by subtracting the weight loss of MSNs from the weight loss of
each formulation at the temperature range 100-500 °C. Weight loss was
calculated at 500 °C, as by this temperature all PEI and PL content had
completely degraded. The calculated PEI content are shown in Table 2.
PEI content in coated formulations varied from 16 % to 25 %. These
results indicates that EHDA was successful in grafting PEI on MSNs. The
calculated PEI content in each formulation was used in determining the
N/P ratio.
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Fig. 3. (A) TGA, (B) DSC, (C) XRD, (D) FTIR and (E) Contact angle (the inset: digital images of water droplets on each formulation surface captured at different time
intervals) of different coated formulations and pristine materials. SN: single needle electrospraying, CO: outer needle double flow rate coaxial electrospraying and

EFCO: equal flow rate coaxial electrospraying.
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Table 2
PEI content as calculated from TGA, particle size and - potential values of
different formulations.

Formulation TGA wt. loss (%) PEI content Particle -
(100-500 °C) % w/wW size potential
MSNs 5.1 0 30.7 + -33.2 +
3.3 7.2
MSNs —PEI-PC- 48.7 22 58.6 + 10.0 £
SN 9.4 0.4
MSNs- PEI- 37.2 16.1 359 + 13.5 +
DOPE-SN 1.0 4.5
MSNs-PEI-PC- 48 21.5 37.8 + 21.6 + 0.
co 0.4 8
MSNS-PEI- 56 25 48.6 £ 21.9 +
DOPE-CO 1.4 1.4
MSNs-PEI-CO 23.1 18.1 70.7 + 21.8 +
11.7 3.9
MSNs-25KDa 30.4 25.4 90.0 + 40.4 +
PEI-CO 2.3 1.6
MSNs-PEI-PC- 53.6 22.4 48.3 + 15.5 +
EFCO 4.0 2.3

3.4.2. Size and {-potential studies

The particle size and {-potential of different formulations are listed
in Table 2. The results illustrate that the uncoated MSNs were uniform in
particle size and were smaller than the coated formulations. The average
particle size of uncoated MSNs was 30 nm, while for electrosprayed
coated formulations (e.g., MSNs-PEI-DOPE-SN and MSNs-PEI-DOPE-
CO), the average particle size was 35 and 48 nm, respectively.

¢- potential of different coated formulations was measured (Table 2)
and was used to evaluate the presence of the coating materials. The
ability of coated MSNs to condense siRNA within PL-PEI coated MSNs is
essential for successful gene delivery. In this sense, the coated MSNs are
expected to have enough positive charge to complex the negatively
charged siRNA molecules and lead to formation of polyplexes. The un-
coated MSNs exhibited a negative charge of -33.2 mV because of the
presence of negatively charged free surface silanol groups. However, all
coated formulations showed a positive {-potential owing to the presence
of positively charged PEI molecules. It was noticed that the {-potential
values of coaxially coated MSNs were higher than single needle ones.

For example, {-potential value of MSNs-PEI-PC-CO was 21.6 mV,
while that of MSNs-PEI-PC-SN was 10 mV. This indicates that a better
coating was achieved using coaxial electrospraying technique than sin-
gle needle electrospraying.

For coaxial electrospraying, infusing the external shell solution in a
double rate (50 pL/min) of the internal core solution (25 pL/min), e.g
MSNs-PEI-PC-CO, resulted in a higher {-potential than the electro-
sprayed formulations that used equal flow rates in both needles (MSNs-
PEI-PC-EFCO). This suggests an enhanced coating was achieved when
using a double flow rate in the external solution during coaxial
electrospraying.

MSNs coated with 25 KDa PEI exhibited remarkably high {-potential
when compared to formulations coated using 2.5 KDa PEI. The mean ¢-
potential of MSNs coated with 25 KDa PEI (MSNs-25 KD PEI-CO) was
40.39 mV, whereas the mean {- potential of MSNs coated with 2.5 KD
PEI (e.g., MSNs-PEI-CO) was 21.79 mV.

Combining PL (PC or DOPE) in the coating layer with 2.5 KDa PEI did
not affect the overall (- potential of the electrosprayed formulations
when compared to formulations coated with 2.5 KDa PEI only. For
example, MSNs-PEI-PC-CO, MSNs-PEI-DOPE-CO and MSNs-PEI-CO
exhibited {-potential of 21.55, 21. 93 and 21.79 mV, respectively. This
is attributed to the fact that these PL molecules are neutral, and these
formulations have approximately similar content of PEI (Table 2).

3.4.3. DSC and XRD studies

DSC and XRD charts of drug loaded formulations are shown in Fig. 3
B and C, respectively. The thermograms of pure KAZ3 and the physical
mixture of MSNs and KAZ3 show a sharp endothermic peak at 101 °C

European Journal of Pharmaceutics and Biopharmaceutics 215 (2025) 114838

indicating a high crystallinity of the drug [9,49]. The XRD chart of the
pure KAZ3 shows multiple diffraction peaks confirming the high crys-
tallinity of the drug. Loading of KAZ3 inside uncoated MSNs using
electrospraying (K-MSNs) resulted in disappearance of the drug endo-
thermic peak in its thermogram (Fig. 3 B) and in absence of any
diffraction peak in its XRD pattern. These two findings indicate that
electrospraying of KAZ3 with MSNs has successfully entrapped the drug
molecules inside silica mesopores in its amorphous state, this outcome is
consistent with our previous study [9]. DSC and XRD were also used to
evaluate the effect of the electrospraying technique (single needle or
coaxial) used for coating and loading KAZ3 into MSNs as an amorphous
state. The DSC thermograms (Fig. 3 B) of the coaxial electrosprayed
formulations (i.e. MSNs-PEI-PC-CO and MSNs-PEI-DOPE-CO) show no
endothermic peaks indicating a complete entrapment of KAZ3 in the
mesopores of MSNs in its amorphous state [50-52]. In contrast, the
thermograms of single needle coated formulations (i.e. MSNs-PEI-PC-SN
and MSNs-PEI-DOPE-SN) exhibit a sharp endothermic peak at 101 °C
but with lesser magnitude than the original melting peak of KAZ3 which
indicates that only some of the drug was loaded into the mesoporous
silica pores but the rest was left outside the pores mixed with the coating
materials in its crystalline state.

The XRD data (Fig. 3 C) is in a good agreement with the results ob-
tained from DSC studies. There are no diffraction peaks noticed in the
XRD patterns of the coaxially coated formulations (i.e. MSNs-PEI-PC-CO
and MSNs-PEI-DOPE-CO). This indicates a complete amorphization of
the drug has been fulfilled using this method. This further suggests that
KAZ3 is completely loaded inside MSNs mesopores. On the other hand,
single needle coated formulations (i.e. MSNs-PEI-PC-SN and MSNs-PEI-
DOPE-SN) shows multiple diffraction peaks (at 17°, 21° and 26°) that
are similar in pattern to those present in the crystalline drug (inset in
Fig. 3 C). This assumes the presence of a considerable amount of crys-
talline unloaded drug within these formulations.

The XRD and DSC data suggest that coating of MSNs using coaxial
electrospraying did not interpose with the ability of electrospraying to
load MSNs with KAZ3 in one step. This might be attributed to the fact
that this technique uses two individual needles for each liquid (i.e. in-
ternal for MSNs/ KAZ3 suspension and external for PI-PEI coating ma-
terial) which minimized the interaction between the two process. In
contrast, using single needle electrospraying technique to coat MSNs did
not successfully work to load the drug within MSNs in the same process.
As most of the drug was entrapped in the coating materials (PL and PEI)
surrounding MSNs. This is clearly supported by the fluorescence mi-
croscope image (Fig. 2 B vi).

3.4.4. FTIR studies

The FTIR spectra of different pristine materials and coated formu-
lations are presented in Fig. 3 D. Compared to MSNs spectrum, the FTIR
spectra of coated formulation presented new peaks corresponding to PL
and PEI structure. Spectra of all coated formulations display trans-
mittance bands at ~ 1250 cm-1 and 1735 cm-1 related to asymmetric
stretching vibration of P=0 in phosphate group and to C=0 stretching
of ester carbonyl groups, respectively. The presence of P=O and C=0
bands is only attributed to PL structure rather than silica structure,
suggests that the PL was successfully grafted on MSNs. The wide trans-
mittance band at 3271 cm-1 is related to the stretching vibration of O-H
of silanol group and this peak is further corresponding to N-H group of
PEI in coated formulations.

3.4.5. Contact angle studies

As presented in Fig. 3 E, the water droplet on the pristine MSNs
surface exhibited a very low contact angle value (11.5°) and it spread
instantly all over the surface of MSNs within 2 secs giving 0° contact
angle. This behaviour is attributed to the superhydrophilicity of silanol
groups which are abundant in mesoporous silica matrix and can bind
with water molecules through hydrogen bonding. The quick spreading
of water droplet is additionally due to the capillary condensation of
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water through nanopores of MSNs [53,54]. Coating of MSNs with
composite PEI-PL (e.g. MSNS-PEI-PC-SN, MSNS-PEI-PC-CO) has promi-
nently increased the value of contact angle to 85.7° and 87.2°, respec-
tively. This can be explained by the presence of the PL containing
coating layer that is covering silica hydrophilic surface, therefore
minimizing both wicking effect and hydrogen bonding with water.
However, the value of contact angle of these was reduced over time
differently.

For instance, the contact angle of MSNS-PEI-PC-CO was 87.1°
initially and reached to value of 3.9° over 90 s. However, MSNS-PEI-PC-
SN was 85.7° and attained its smallest magnitude 1.9° within 15 sec
only. This reflects the time was taken for water molecules to penetrate
through the coating layer to reach to silica mesopores. It is observed that
the contact angle of MSNS-PEI-PC-CO took a longer time to decrease
than that of MSNS-PEI-PC-SN (Fig. 3 E), is due a better coating was
achieved using coaxial electrospraying than single needle
electrospraying.

3.5. Encapsulation efficiency and in vitro release profile

The uncoated formulation (K-MSNs) showed a high EE% of 91.3 %.
This result is consistent with the previous study results, where electro-
spraying was successful in loading KAZ3 in mesoporous silica particles
with a high EE%. Using coaxial and single needle electrospraying
methods for coating MSNs with PL and PEI have achieved similar EE% to
the uncoated MSNs. For example, MSNs- PEI-DOPE-SN and MSNs-PEI-
DOPE-CO have attained high EE% of 94.6 % and 90.8 %, respectively.

The release patterns of KAZ3 from pure drug crystals, drug loaded
uncoated MSNs and coated formulations are presented in Fig. 4. The
release profiles of formulations showed bi-phasic release patten; an
initial fast burst phase followed by steady state phase. The release rate of
KAZ3 from electrosprayed uncoated drug loaded MSNs (K-MSNs) was
obviously greater than that of pure KAZ3, reaching a total of 70 % from
K-MSNs when compared to only 2.49 % drug from drug crystals and of
after 48 h. This greater enhancement of drug dissolution rate (28-folds)
when using EHDA as a drug loading technique is due to its ability to
achieve complete fitting of the drug within mesoporous matrix of MSNs
in an amorphous state. This result is in a good agreement with our
previous study that showed the ability EHDA as a loading technique for
mesoporous silica to improve the solubility of poorly water-soluble
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drugs [9].

Coating of MSNs with PEI-PL composite caused reduction in the burst
release and produced more sustained release profile. For example, K-
MSNs showed a fast burst release for the first 6 hrs (57.7 %), which is
much higher than that of MSNs-PEI-PC-CO (48.9 %) and of MSNs-PEI-
DOPE-CO (37.1 %). After 48 h., 70 % of KAZ3 was released from un-
coated MSNs loaded nanocarrier (K-MSNs) while, coated MSNs based
nanocarrier (e.g. MSNs-PEI-DOPE-CO and MSNs-PEI-PC-CO) released
48.4 % and 64.3 % of their content, respectively. This might be attrib-
uted to the presence of a composite PL and PEI layer on top of MSNs
surface which delayed the release of KAZ3 and resulted in more sus-
tained release profile. This behaviour was previously noticed in other
studies investigating coated MSNs [55,56].

Clearly, the amount of KAZ3 released from MSNs-PEI-PC-CO (64.3
%) is remarkably greater than that released from MSNs-PEI-DOPE-CO
(48.6 %), indicating that the type of PL in the coating layer has a
great effect on the release of the cargo and on achieving sustained
release profile. The same notice was found when comparing MSNs-PEI-
PC-SN, which released 43.2 % of its content, and MSNs-PEI-DOPE-SN
that released only 26 %, by the end of the experiment. The results
indicate that formulations with coating layer comprising PC showed a
more enhanced dissolution rate than those comprising of DOPE. This can
be explained by the different hydration properties of phosphatidylcho-
line and phosphatidylethanolamine groups. Studies found that PC dis-
persions in water can adsorb considerably more water molecules than
DOPE. As the tight packed structure of DOPE reduces the permeation of
water through its bilayers [57,58]. This suggests that water molecules
can easily access the mesoporous matrix containing KAZ3 in the
formulation coated with PC inducing the drug diffusion outside of the
matrix. However, the permeation of water through DOPE coated MSNs
was lower causing decreased diffusion of the drug from mesopores
giving a poor dissolution profile. These different release patterns that
could be achieved by controlling the coating layer could be a pathway
for this drug delivery system in different biopharmaceutical
applications.

Additionally, the method of electrospraying used for coating showed
a considerable effect on the release of the drug. Obviously, the disso-
lution rate of coaxially atomized coated formulations was considerably
higher than single needle atomized formulations. For example, after 6
h., MSNs-PEI-DOPE-CO and MSNs-PEI-PC-CO reached a total 37.1 %
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Fig. 4. In vitro release studies of KAZ3 from different formulations.
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and 57.7 % of KAZ3 release, respectively. On the other hand, single
needle coated MSNs (MSNs-PEI-DOPE-SN, MSNs-PEI-PC-SN) only
attained a total of 22.5 % to 34.6 % KAZ3 release within the same time
period. After 48 h, coaxially atomized formulations achieved between
48.4 and 64.3 % of their KAZ3content, whereas formulations coated
using single needle electrospraying released 26 to 43.2 of its contents.
This can be explained by the presence of KAZ3 within mesopores of the
coaxial coated formulation as complete amorphous form, while a great
amount of crystalline unloaded drug is present within single needle
formulations as supported with XRD data (Fig. 3 C).

3.6. Characterization of differently coated formulations as siRNA
delivery vehicles

3.6.1. Gel retardation study

PEI is a polycationic polymer that can electrostatically interact with
nucleic acid including siRNA [24]. It is common that the ability of PEI to
complex siRNA decreases when the backbone of PEI is conjugated with
PL [27]. Therefore, assessing the ability of the prepared particles to
condense siRNA is an essential step in characterization of the novel
coated particle. As discussed earlier in section 4.1, the PEI transfection
capability is greatly affected by N/P ratio thus, siRNA binding ability of
formulations was tested at different N/P ratios.

At the beginning, a wide range of N/P ratios (3-100) was examined.
Asshown in Fig. 5 A, all coated MSNs were found to be effective to retard
siRNA at each N/P ratio of this range. Therefore, a smaller range of N/P
ratios (0.5-6) was utilized. As demonstrated in Fig. 5 A, PEI conjugation
with PL did not decrease the binding capacity of PEL This result is
consistent with the outcomes of other studies that examined the effect of
PL conjugation with PEI [25,27].

The mobility of siRNA in all coated formulations was completely
retarded at N/P ratio 3 or more (As shown in Fig. 5 A). It is clear that

N/P= (3-100)

N/P=(0.5-6)
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coaxial needle coated formulations (i.e. MSNS-PEI-PC-CO and MSNS-
PEI-DOPE-CO) demonstrated fainter siRNA band than single needle
coated formulations (i.e MSNS-PEI-PC-SN and MSNS-PEI-DOPE-SN) at
N/P ratio 0.5 and 1 indicates a better siRNA condensation for the
coaxially coated formulations even at a very low N/P ratio. This result is
accounted by the better coating that was accomplished by the coaxial
electrospraying compared to single needle electrospraying. Addition-
ally, as seen in the florescence microscopy images (Fig. 2 B), some of the
drug crystals were entrapped in the coating material (PL-PEI) of the
single needle coated formulations. The drug present in the coating ma-
terial decreased the binding capacity of these formulations.

3.6.2. siRNA binding and encapsulation efficiency

The complexation ability of different coated formulations with
siRNA was evaluated using UV spectrophotometric measurements
(Nanodrop instrument). In this method, different amounts of coated
MSNs were incubated with the same concentration of siRNA and then
centrifuged to precipitate siRNA formed polyplexes. The concentration
of the unbound siRNA in the supernatant was then measured at 260 nm.
Fig. 5 B shows the encapsulation efficiency (percentages of bound
siRNA) are presented as a function of N/P ratio in.

All formulations exhibited an siRNA EE % higher than 90 % at N/P
ratio 16 or more regardless of coating method. In contrast, the coating
method greatly affected the siRNA EE % at N/P ratios 6 or lower. It was
found that single needle coated MSNs showed lower EE % than coaxially
coated MSNs at N/P ratios 6 or lower (Fig. 5 B). For example, at N/P
ratio 0.5 both single needle coated formulations (i.e MSNs-PEI-PC-SN
and MSNs-PEI-DOPE-SN) showed EE % around 30 % while coaxially
coated formulations (MSNs-PEI-PC-CO and MSNs-PEI-DOPE-CO)
showed EE % of 50 % approximately. Similarly, at N/P ratio 6 the
siRNA EE% of single needle coated particles was lower (around 80 %)
compared to that of coaxially coated particles (around 95 %). This
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indicates better complexation of siRNA with coaxially coated particles
than single needle one. The composition of the coating material of did
not change siRNA encapsulation. These results are consistent with the
gel retardation study.

3.6.3. Polyplexes ¢-potential

To further characterize the formed siRNA polyplexes, their {-poten-
tial values were measured. As discussed before, PL-PEI coated MSNs are
positively charged particles (approximately 10 mV to 21 mV, Table 2).
After siRNA conjugation, ¢-potential values of the formed polyplexes
generally became less positive or negative, depending on the N/P ratio
and on the formulation type as demonstrated on Fig. 5 C. For example, at
N/P ratio of 1, {-potential of all tested formulations was negative,
reaching — 20.1 mV and —16.3 mv for MSNS-PEI-DOPE-CO and MSNS-
PEI-PC-CO, respectively. Formulations with lower siRNA EE % (e.g.
MSNS-PEI-DOPE-SN and MSNS-PEI-PC-SN) afforded higher { potential
values of —10.6 mv and —7.1 mv, respectively. As shown in Fig. 5 C, it is
clear that the value of { potential is increasing with increasing N/P ratio.
As by increasing the N/P ratio, PEI content increases thus rendering
more positive charges to the surface of polyplexes. For example, at N/P
ratio 16 the {-potential of MSNS-PEI-DOPE-CO was + 7.05 and that of
MSNS-PEI-DOPE-SN was 3.65.

3.7. siRNA desorption (release studies)

The siRNA desorption from the coated MSNs should be tested to
characterize the reversibility of the electrostatic interaction between
PEI-PL coated MSNs. It is crucial for siRNA to be released from the
formed polyplexes under physiological conditions to achieve ultimate
bioactivity and gene silencing. Fig. 6 demonstrates the release patterns
of siRNA from polyplexes formed by different formulations at varied N/
P ratios and varied coating material structure. The release of siRNA from
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coated MSNs was highly dependent on N/P ratio as shown in Fig. 6 A
and B. It was found that at low N/P ratio, formulations released siRNA
faster but by increasing N/P ratio the release of siRNA became a more
sustained pattern. For example, MSNs-PEI-DOPE-CO released more than
60 % of its siRNA content by 4 h. and 70 % by 24 h. However, increasing
the N/P ratio to 16 the same formulation released only 28 % and 36 % of
its siRNA content by 4 and 24 h, respectively. The same behaviour is
noticed by other formulations such as MSNs-PEI-DOPE-SN (Fig. 6 B).
The PEI content is increased by increasing the N/P ratio, thus a stronger
interaction between the formulations and siRNA is expected decreasing
the siRNA desorption. Thus, optimizing the N/P ratio during the trans-
fection experiment is important to ensure both binding and then
desorption of siRNA from nanoparticles.

The effect of coating material on siRNA desorption was also inves-
tigated. As shown in Fig. 6 C, no substantial difference between for-
mulations coated with 2.5 KDa PEI and those coated with composite of
PEI either type of PL. However, formulation coated with 25 KDa PEIL
(MSNs-25KDa PEI) showed lower siRNA release than formulations
coated with 2.5 KDa PEIL For example, by 24 h, MSNs-25KDa PEI
released 25 % of its siRNA content but MSNs-PEI- CO, MSNs-PEI-DOPE-
CO and MSNs-PEI-PC-CO released 53 %, 57 % and 48 %, respectively.

3.8. Cellular uptake of PEI-PL coated MSNs/ siRNA polyplex

The cellular uptake of PEI-PL coated MSNs/ siRNA polyplexes after 1
h and 24 h of incubation was confirmed using a fluorescence microscope
(Fig. 7). In this experiment, drug loaded formulations were conjugated
with red fluorescent Cy3-labeled siRNA to track the cellular uptake of
both siRNA and the green, fluorescent KAZ3. After 1 h the PL-PEI coated
MSNs were observed to be endocytosed by cells (Fig. 7 A), thus sug-
gesting that coated particles were effectively internalized by HCT 116
cells. However, uncoated K-MSNs the particles were not observed to be
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Fig. 6. Release patterns of siRNA from (A) MSNs-PEI-DOPE-CO (B) MSNs-PEI-DOPE-SN at varied N/P ratios and (C) different formulations with varied
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endocytosed but the released KAZ3 in the culture medium was inter-
nalized instead. This suggests that the presence of the coating layer of
PEI and PL enhanced the cellular internalization of the particles them-
selves. At 24 h, the intensity of green and red fluorescence was increased
significantly for all coated formulations as shown in Fig. 7 B. Also, the
fluorescence (green or red) was not observed confined within the par-
ticles as seen on the images taken after 1 h (Fig. 7 A). This suggests that
both siRNA and KAZ3 were successfully released from MSNs inside cells.
This also shows that both actives were successfully escaped from the
endosomes after endocytosis.

These results obviously suggest that PEI-PL coated MSNs are capable
of penetrating into cancerous cells and simultaneously deliver KAZ3 and
siRNA into the cellular cytoplasm, approving our theory that the novel
PEI-PL coated MSNs can successfully co-deliver the cytotoxic drug and
siRNA to the cancer cells.

3.9. Cytotoxicity studies

A principal consideration in the usage of PEI as a gene transfecting
agent is its cytotoxicity. Therefore, it was essential to assess the cyto-
toxicity of MSNs coated with different MW PEI before assessing the
cytotoxicity of KAZ3 loaded formulations in HCT 116. As shown in
Fig. 8, MSNs coated with the 25 kDa PEI exhibited substantial cytotox-
icity when the particle concentration was more than 5 ug/mL (0.005
mg/ml). In contrast, MSNs coated with DOPE and 2.5 kDa PEI had no
cytotoxic effects even at a particle concentration up to 100 ug/mL (0.1
mg/ml). Therefore, PL-PEI coated MSNs is considered safe gene and
drug delivery system. However, PL-PEI coated MSNs should be used at
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concentration less than 100 ug/mLin the delivery studies to avoid its
cytotoxic effect. This finding also proves that PL-PEI coated MSNs are
safer and less cytotoxic to human cells than 25 K PEI coated MSNs.

Moreover, it was observed that bare MSNs showed no cytotoxicity at
all used concentrations, suggesting that MSNs are a compatible material
with human cells even at high concentrations. Cytotoxicity of KAZ3
loaded formulations before siRNA conjugation was also assessed at
different drug concentrations (0.6, 1, 2.5, 10 pug /mL) using MTT assay
(Fig. 8 B). KAZ3 loaded MSNs (IC50 of 0.651 pg/ mL) showed more
cytotoxicity than pure KAZ3 (IC50 of 4.95 ug/ mL) at all tested drug
concentrations. For example, at 2.5 pg/mL drug concentration, pure
KAZ3 caused 66 % cellular variability but KAZ3 loaded MSNs were more
cytotoxic to the cells with only 20 % cell viability at the same concen-
tration. This is attributed to improving the drug solubility and perme-
ability achieved with the loading of the crystalline drug into the
mesopores of MSNs. By loading the drug into the mesopores of MSNs the
drug is transformed to its amorphous more soluble form.

The effect of coating on the performance of MSNs was also assessed.
PC-PEI coating using coaxial electrospraying (MSNs-PEI-PC-CO) has an
improved the cytotoxicity with only 14 % cell viability at the same
concentration. This might be due to improvement of cellular uptake by
PEI and PL coating [18]. However, MSNs-PEI-DOPE-CO showed lower
cytotoxic effect than MSNs-PEI-PC-CO in all tested concentrations, this
could be attributed to the lower KAZ3 dissolution of MSNs-PEI-DOPE-
CO when compared to MSNs-PEI-PC-CO as shown in Fig. 4.

In contrast, formulations coated with single needle electrospraying
demonstrated a lower cytotoxic effect. At 2.5 ug/mL KAZ3 concentra-
tion, MSNs-PEI-DOPE-SN and MSNs-PEI-PC-SN caused 47 % and 25 %
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Fig. 8. Cytotoxicity (MTT assay) of (A) bare MSNs, 25 KDa PEI coated MSNs and PL-PEI coated, (B) Different drug loaded formulations before siRNA conjugation, (C)
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13



E. Sayed et al.

cellular viability, respectively. The decrease in the cytotoxicity of single
needle electrosprayed coated formulations than coaxially coated ones is
associated with the partial crystallinity of KAZ3 within these formula-
tions and their retarded KAZ3 dissolution as discussed before. Remark-
ably, the conjugation of MDR-1 siRNA to PEI-PL coated MSNs has
further improved the cytotoxicity of all formulations and reduced their
IC50 values as shown in (Fig. 8 B & D). For example, conjugation of
siRNA with KAZ3 loaded MSNs-PEI-DOPE-CO (2.5 pg /mL KAZ3)
improved the cytotoxicity of KAZ3 and resulted in 88.4 % cancer cell
death while treating cells with KAZ3 loaded MSNs-PEI-DOPE-CO only at
the same concentration caused 75 % cells death. Another example is
MSNs-PEI-PC-CO (2.5 pg /mL KAZ3) which showed 86 % cytotoxicity
and after siRNA conjugation it showed 92 % cytotoxicity. Moreover,
these formulations (MSNs-PEI-DOPE-CO/siRNA and MSNs-PEI-PC-CO/
siRNA) showed the lowest IC50 (0.585 and 0.550 pg /mL, respec-
tively) amongst all formulations.

A
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Similar behaviour is observed with KAZ3 loaded MSNs-PEI-DOPE-SN
(single needle coated formulation) which caused 41 % cancer cell death
at 2.5 ug /mL and after siRNA conjugation caused 75 % cell death. These
results clearly indicate that co-delivery of siRNA with KAZ3 loaded
coated MSNs significantly inhibited HCT-116 cell growth. The great
enhancement of KAZ3 anticancer effect with these formulations is
attributed to improving its dissolution, enhancing its cellular uptake and
silencing MDR-1 gene that is responsible for the resistance against
anticancer drugs.

3.10. Western blotting (P-gp silencing)

The MDR-1 silencing efficiency mediated by PL-PEI coated MSNs/
siRNA polyplexes was investigated using HCT-116. PL-PEI coated MSNs
were tested at different N/P ratios in order to determine the best N/P
ratio for a maximum knockdown efficiency. Image-J software was used
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Fig. 9. (A) western blotting images detecting the target protein P-gp and the house keeping gene (f-actin). P-gp expression measured using image J software (B)
effect of coating method on P-gp expression and (C) Effect of different N/P ratio and coating material on P-gp expression of HCT 116 after incubation with differently
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to calculate the P-gp expression from western blots graphs. The silencing
of MDR-1 was measured by the decrease in the expression of the target
Protein (P-gp) which was determined using western blot (Fig. 9 A).

Complexes based on MSNs coated with high MW PEI (25 KDa)
caused approximately 50 % P-gp suppression. In contrast, no detectable
P-gp gene knockdown was noticed with MSNs coated with unmodified
low MW PEI (2.5 KDa) based-polyplexes as shown in Fig. 9 C. The lower
transfection ability of low MW PEI is attributed to lower siRNA
condensation and faster degradation rate [26,59]. The low transfection
ability of low MW PEI is previously reported in several studies
[25-28,59]. However, modification of PEI 2.5 KDa with PL effectively
improved the gene silencing ability of coated MSNs. For example, DOPE
modification (i.e MSNs-PEI-DOPE-CO) suppressed P-gp expression by
50 % while PC modification (i.e., MSNs-PEI-PC-CO) reduced the P-gp
expression to 41 % at N/P ratio 6.

As displayed in Fig. 9 B, formulations coated with different electro-
spraying technique showed different silencing efficacy. It was shown
that formulations coated with single needle electrospraying technique
(e.g. MSNs-PEI-DOPE-SN and MSNs-PEI-PC-SN) showed lower gene
silencing ability than coaxial coated formulations (e.g. MSNs-PEI-DOPE-
CO and MSNs-PEI-PC-CO). For example, at N/P ratio 16, MSNs-PEI-
DOPE-CO have achieved better gene silencing ability than MSNs-PEI-
DOPE-SN as it lowered the expression of P-gp to 50 % compared to
75 % P-gp expression was achieved by MSNs-PEI-DOPE-SN. The same
finding was noticed when comparing MSNs-PEI-PC-CO (41 % P-gp
expression) vs MSNs-PEI-PC-SN (100 % P-gp expression) at the same N/
P ratio.

It was demonstrated in Fig. 9 C, that N/P ratio highly affected the
silencing efficiency of polyplexes. For example, at N/P ratio of 3 MSNs-
PEI-PC-CO and MSNs-PEI-DOPE-CO based polyplexes caused only 22 %
and 18 % P-gp suppression, respectively. By increasing the N/P ratio to
6, MSNs-PEI-PC-CO\ siRNA and MSNs-PEI-DOPE-CO\ siRNA were able
to reduce the p-gp expression by almost 60 % and 50 %, respectively.
This improvement in the gene silencing is attributed to increasing the
positive charge by increasing N/P ratio. As shown in Fig. 5 C at N/P 3
siRNA polyplexes showed either negative or slightly positive (42.3
MSNs-PEI-PC-CO) for but increasing the N/P to 6 increased the positive
charges on the polyplexes to + 9 for MSNs-PEI-PC-CO. The overall
positive charge of siRNA polyplexes is crucial for the electrostatic
interaction with the negatively charged proteoglycans on the cellular
membrane to promote the cellular uptake of polyplexes via endocytosis
[25,28]. However, by increasing the N/P ratio to 16 the gene silencing
ability of the polyplexes was reduced again. For example, and MSNs-PEI-
DOPE-CO\ siRNA and caused only 7 % P-gp suppression. This reduction
in the gene Knockdown ability at N/P ratio 16 is attributed to the
reduced release of siRNA form the formed polyplexes as shown in Fig. 6.

It can be concluded that coaxial coated formulations demonstrated
the best silencing efficiency Also, N/P ratio 6 was the best ratio to use in
gene transfection experiment. Finally, PEI conjugation with PC PL
demonstrated better silencing ability than DOPE PL.

4. Conclusion

Coaxial electrospraying has successfully coated MSNs with PL-PEI
composite and loaded it with KAZ3, simultaneously in one single step.
Thus, considered a time and effort efficient method. Coaxial electro-
spraying was efficient technique in loading MSNs with KAZ3 in a com-
plete amorphous form when compared to using single needle
electrospraying technique as a coating method as shown by the XRD
results. It was also shown that coaxial atomized particles had an
enhanced dissolution profile. Moreover, PL-PEI coated MSNs were found
to conjugate to siRNA efficiently at very low N/P ratio. This study clearly
demonstrated that MSNs coated with 2.5 K PEI and PL were compatible
with human cells more than MSNs coated with high MW PEI. They were
found safe non-toxic nanoparticle when used in concentration suitable
for pharmaceutical applications. They were found to be effective to co-
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deliver both KAZ3 and MDR-1 siRNA to cancer cell lines successfully.

Results indicate that MSNs coated with (1:1) PC and 2.5 K PEI
demonstrated a high KAZ3 encapsulation efficiency of 89 % and an
efficient siRNA binding capability with 93 % entrapment efficiency at
N/P ratio 6. siRNA/ the optimal formulation was efficient as a gene
transfecting agent as it caused up to 60 % MDR-1 gene silencing. KAZ3/
siRNA loaded MSNs-PEI-PC-CO showed high cytotoxicity as it caused up
to 92 % cancer cell death which is 3 folds the cytotoxicity of the pure
drug at the same concentration. Therefore, this formulation allows the
use of cytotoxic agents in lower doses thus the expected adverse effects
of these drugs should be reduced. Moreover, its efficiency in gene
silencing makes it a promising non-viral gene vector which can be used
for treatment of other genetic based diseases.

In this research project we proved the concept of using EHDA to load
and coat MSNs in a single-step technological advance. This research
could be widened in the future by preparation of MSNs active targeting
drug and environmentally responsive delivery systems should be
explored. The ability of co-axial electrospraying to graft targeting ligand
(e.g., galactose, folic acid and monoclonal antibodies) on mesoporous
silica surface should be tested. Moreover, its ability to cap mesoporous
silica pores with environmentally responsive functional groups (e.g.,
transferrin) or polymers (e.g., Eudragit) could be investigated.

Moreover, KAZ3 loaded formulations should be further tested in
animal models such as tumor xenograft to test their ability to co-deliver
anticancer agent and siRNA to the tumor selectively through passive
targeting, their gene silencing and cancer cell cytotoxicity should be
further tested in in-vivo models. Their biodistribution and adverse effects
in different body organs should also be assessed to validate true po-
tential, viability and toxicity. Future studies should include a systematic
evaluation of biodegradation behaviour under physiologically relevant
conditions to fully assess the biosafety profile of the system.
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