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Purpose: The current work aimed to develop spray-dried silica xerogel nanoparticles
(SXNs) as a gastroretentive carrier for the dual delivery of chlorambucil (CHL) and
granisetron hydrochloride (GR). As a low-density system, it was proposed to float over
gastric fluids; allowing for the retention of CHL in the acidic medium where it is more stable
while ensuring the solubility of GR.

Methods: Silica xerogels were developed by sol-gel process, using Tetraethyl orthosilicate
(TEOS) water and acetic acid, followed by spray drying. SXNs were evaluated for particle
size, zeta potential, entrapment efficiency (EE%), CHL and GR release after 1 hr (P;;) and
after 8 hrs (Pgy). The best achieved system (SXN4) was evaluated for morphology, pore
diameter, total porosity, bulk density, wetting time, floating characteristics. Furthermore, the
pharmacokinetics of the loaded drugs were evaluated in rats; relative to an aqueous CHL
suspension containing GR.

Results: SXN4 system had the highest desirability (0.69); showing spherical nanoparticles
(181.63 nm), negative zeta potential (—5.18 mV), promising EE% of 59.39% and 73.94%
(for CHL and GR, respectively) and sustained CHL and GR release profiles characterized by
low Py, (22.75% and 30.74%) and high Pg, (60.36% and 99.33%), respectively. It had
a mean pore diameter of 8.622 nm, a total porosity of 62.27%, a bulk density of 0.605 g/mL,
a wetting time of 292 sec, zero lag time and a floating duration of at least 8 h.
Conclusion: The prolongation in the mean residence time (MRT o_.)) and the promotion of
the relative oral bioavailabilities of both drugs could unravel the potential of this system for
the management of chemotherapy-induced nausea and vomiting.

Keywords: chlorambucil, granisetron hydrochloride, silica xerogel nanoparticles, low
density, gastroretentive

Introduction

Chlorambucil (CHL) is a synthetic derivative of nitrogen mustard. It acts as a cell
cycle phase-nonspecific DNA alkylating agent. It has been prescribed in the
palliative treatment to patients of chronic lymphocytic leukemia, malignant lym-
phomas including giant follicular lymphoma, lymphosarcoma, and Hodgkin’s dis-
ease, and other forms of cancer.' It is commercially available as 2 mg oral tablets.
The usual oral daily dosage for the average patient usually ranges from 4 to 10 mg
per day. It should be taken on an empty stomach since food reduces drug
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bioavailability. As a nitrogen mustard-member, CHL suf-
fer from certain drawbacks following oral administration,
including; the rapid hydrolysis of the chloroethyl group in
neutral to basic aqueous media,” the limited therapeutic
efficacy and the significant intra- and inter-subject varia-
tions in drug pharmacokinetics.® The latter problems
were related to its short elimination half-life in plasma
(1-2 h) and its limited water solubility.* Although CHL’s
degree of emetogenicity is considered low, a high potential
to induce nausea and vomiting usually occur with high
doses and/or during multiday chemotherapy.> Not only
does this influence the patients compliance towards che-
motherapeutics, but also influences their quality of life

their
1 7,8

and/or decision in continuing the treatment
protoco
Granisetron hydrochloride (GR) is the drug of choice in
the control of chemotherapy-induced emesis in the first 24h
post-chemotherapy (acute emesis).” It is a potent serotonin
5-HT3 receptor antagonist which inhibits the activity of the
vagus nerve, responsible for activation of the vomiting center
found in the medulla oblongata.'” GR is a hydrophilic dug
which possess a short half-life of 3 to 4 h in healthy volunteers
and of 9 to 12 h in patients with cancer. Following oral
administration (2 mg daily), it suffers from a limited bioavail-
ability (60%) due to the hepatic first pass metabolism.'"'?
Traditional chemotherapy regimens typically adopt the
maximal tolerated drug dose to kill as many cancer cells as
possible. Consequently, definite cycle breaks are needed to
allow recovery from the side effects. Unfortunately, these
interruptions can promote tumor re-growth with a possibility
of developing drug-resistant cancer cells.'® Therefore, metro-
nomic chemotherapy was introduced to allow exposure of
the tumor to a low dose of the chemotherapeutic drug on an
almost continuous basis.""'* This regimen should be carefully
designed so as not to provide prolonged drug-free intervals
which may cause tumor re-growth. Meanwhile, it should
prevent the drug plasma level from exceeding the maximum
tolerable concentration, so as to control the drug adverse
effects.”® Porous carriers, like silica nanoparticles, can be
used for metronomic chemotherapy and targeting drug(s) to
specific tumors in the body, thus resulting in a higher efficacy
and reduced adverse events.'® The drug-loading capability,
particle size, morphology, pore size and structure can be
tailored for targeting high amounts of therapeutic agents,
with minimal in-vivo degradation.'” Furthermore, the sol—
gel processed silica xerogel nanoparticles have the intrinsic
promising advantages, including the good mechanical prop-
erties, the high chemical, thermal and electrical stability, and

a favorable tissue response.'® Cancer cells expressing caveo-
lin-1 are more likely to endocytose silica nanoparticles
before being transferred to lysosomes; allowing for the
release of the loaded drug(s).'*°

The current work aimed to develop a promising gastro-
retentive system loaded with CHL and GR, using silica
nanoparticles as a targeting carrier, via spray drying. This
system is expected to overcome most of the limitations of
CHL and improve its oral bioavailability by keeping it at the
stomach where it is more stable at pH values < 2.%'
Furthermore, the achievement of a promising sustained
release profile of CHL would be expected to improve the
patient compliance by minimizing the frequency of drug
administration. On the other hand, gastroretentive systems
are of particular interest for basic drugs, like GR, which are
poorly soluble at the alkaline pH of the intestine and hence,
could be expected to improve their oral bioavailabilities.

Materials and Methods

Materials

Chlorambucil (CHL), acetonitrile (HPLC grade), phosphoric
acid (HPLC grade), methanol (HPLC grade), ammonium
formate (HPLC grade), formic acid (HPLC grade) and
Lamivudine (internal standard) were purchased from Sigma-
Aldrich Chemical Co. (St. Louis, MO). Granisetron
hydrochloride (GR) was kindly provided by Amoun
Pharmaceutical Co. (Cairo, Egypt). Tetracthyl orthosilicate
(TEOS) was obtained from Merck Millipore (Darmstadt,
Germany). Glacial acetic acid and concentrated hydrochloric
acid were purchased from El-Nasr pharmaceutical chemicals
Co. (Cairo, Egypt). Spectra/Pore”™ dialysis membrane (mole-
cular weight cut off; 12—14 kDa) was derived from Spectrum
Laboratories Inc. (Rancho Dominguez, CA).

Preparation of (GR/CHL)-Loaded Spray
Dried Silica-Xerogel Nanoparticles
(SXNs)

Silica sol containing CHL and GR was simply developed in
a two-step sol-gel process.”> After the complete hydrolysis
of Tetraethyl orthosilicate (TEOS), in the presence of acetic
acid as a catalyst, has propagated till a homogenous clear sol
is formed, CHL (4 mg) and GR (2 mg) were added directly
to the sol and left for one hour in an incubator shaker (IKA®
KS 4000 i-control orbital shaker, Staufen im Breisgau,
Germany) to ensure complete solubilization of the drugs in
the sol. The loaded sol system was spray dried using a Biichi
190 nozzle-type mini-spray dryer (Flawil, Switzerland) to
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develop (GR/CHL)-loaded spray dried silica xerogel nano-
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Japan) at a detection wavelength of 254 nm. The mobile phase
consisted of 80% phosphoric acid (0.2%, v/v) and 20% acet-
onitrile. The isocratic flow rate was 1mL/min while the stroke
volume was 150 pL. The separation of the drugs was per-
formed on YMC-Pack Pro Cg column (3 um, 120 A, 12 nm,
100 x 4.6 mm).

The EE% was calculated using equation (1);
Total theoretical
_ Amount of unentrapped
drug (mg)
Total theoretical amount of drug (mg)

amount of drug (mg)

%EE = x 100

(M

In-vitro Release Studies of GR and CHL

The release studies of each drug were conducted, in tripli-
cates, in USP Dissolution Tester (Vision® G2 Elite 8T™)
type II. The paddles rotated at a speed of 50 rpm. The
studies were conducted in 0.1N HCI (100 mL, 37 £0.5°C)
using the bulk-equilibrium reverse dialysis technique.”***
Eight dialysis bags, each containing 5 mL aliquots of 0.1N
HCI, were left to equilibrate in the dissolution medium
within each dissolution flask for 12 h prior to experiments.
On the study day, samples of (GR/CHL)-loaded SXNs
were directly placed into the dissolution flasks. One dia-
lysis bag was withdrawn at each predetermined time inter-
val and the dissolution medium was restocked to maintain
sink conditions.”> The contents of GR and CHL in each
aliquot were analyzed via HPLC; as previously described.
The released percentages of CHL and GR were plotted
versus time for each system. The released percentages of
each drug after 1 h (P,,) and after 8 h (Pg,) were deter-
mined. Parallel experiments were conducted using an aqu-
eous suspension of CHL (4 mg/mL) and an aqueous
solution of GR (2 mg/mL).

Selection of the Best Achieved (GR/CHL)-Loaded
SXN

The data were analyzed using Minitab® 17 software to
determine the optimum conditions and elaborate the
system possessing the highest desirability value; with
respect to seven constraints. The particle size of SXN
and Py, of each drug were desired to be at minimum
values while the EE% and Pyg;, of each drug were aimed
to achieve maximum values. Based on the proposed
importance of these constraints, the response weight
values of the particle size of SXN and Py, of each
drug were set at 1 while those of EE% and Pg, of
each drug were set at 0.5.

Characterization of SXN4 Possessing the

Highest Desirability Value

Morphological Analysis

The topographic examination of the system was conducted
using a scanning electron microscope fitted with an image
analysis system (Jeol, JXA-840A, Tokyo, Japan). The system
was fixed to a brass grid using double-sided adhesive tape. The
sample was then sputter coated (Edwards S-150A, Crawley,
England) with a layer of gold of 150 A for 2 min in a vacuum
of 3 x 107" atm of argon gas. After that, the sample was
examined at 15 KV under a magnification power of X30000.

Estimation of Pore Diameter, Porosity and Density
The porosity parameters of the system were investigated
via the mercury intrusion porosimetry method using Pore-
Sizer 9320 V2.08 (Micromeritics, Norcross, GA). Several
parameters were studied, including total pore surface area
(A, m?/g), pore diameter (D, pm), mean pore diameter
(D, pm), bulk density (P, g/mL), apparent density (Pg,,
g/mL), and porosity (%). The pore size distribution was
estimated from the plot of the incremental intrusion
volumes against pore diameter (D, pm).¢

The pore diameter was calculated according to equa-
tion 2:

_ —4yCOSo
o P

D 2)
where, P is the pressure (Py;,), y is the surface tension of
mercury (485 dyne/cm) and © is the contact angle (130°).2
The following equations (3—7) were reported by Orlu et al*®
for the calculation of the total pore surface area (4y,), the mean
pore diameter (D,,,), the bulk density (Py.), the apparent density

(Psa) and porosity (%), as follows;

Vto
Atot= J P.dV x 100 3)
ycos® )y
4Vtot
= 4
Atot “)
W
Pse - S — (5)
Vp — VHg
W
Py= (6)
Vse — Vtot
. Pse
Porosity (%) = (1 — P—) x 100 @)

se

where, Vi is the total specific intrusion volume, V is the
intrusion volume, V,, is the volume of empty penetrometer
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(mL), Vg is the volume of mercury (mL), W is the weight
(g) of the system and V. is the volume of the empty penet-
rometer minus the volume of the mercury (mL).

Determination of the Wetting Time and the Floating
Characteristics

The wetting time, floating lag time and floating duration of
the system were estimated, in triplicate, according to the
method developed by Tadros and Fahmy”® with slight
modification. The studies were conducted in USP
Dissolution Tester (Vision® G2 Elite 8™) type II. The
paddles rotated at a speed of 50 rpm and the testing
medium was 0.1N HCI (900 mL,37 +0.5 °C). In order to
clearly visualize the propagation of the medium front
throughout SXN4, methyl red (0.05%, w/v) was added to
the medium to give a light pink color. The wetting time
was defined as the time needed by the system to acquire
a light pink color. The floating lag time was the time
elapsed from introducing the system till floating to the
upper one third of the medium. The floating duration was
the period during which the system kept floating.

In- vivo Pharmacokinetic Studies

The aim of these studies was to estimate the pharmacoki-
netic parameters of CHL and GR in rats following oral
administration of SXN4 (test treatment) relative to an aqu-
eous CHL suspension containing GR (reference treatment).
The protocol of the studies was approved by the Research
Ethics Committee - for experimental studies - at the Faculty
of Pharmacy, Cairo University (REC-FOPCU) (PT 2396) as
well as the Research Ethics Committee at Faculty of
Pharmaceutical Sciences and Pharmaceutical Industries,
Future University in Egypt (REC-FPSPI-12/84). The guide-
lines of Association for Assessment and Accreditation of
Laboratory Animal Care (AAALAC) were adopted.

The studies were conducted according to a two treat-
ment, randomized, parallel design. Twelve male Wistar
rats (200-220 g) were divided equally into 2 groups. The
members of the first group received aliquots of (GR/CHL)-
loaded SXN4 system (containing the equivalent to 2 mg
GR and 4 mg CHL) while those of the second group
received 1 mL samples of an aqueous CHL suspension
containing GR. The latter was prepared by dissolving of
GR in water followed by the addition of CHL, so that the
concentration of GR and CHL would be 2 mg/mL and
4 mg/mL, respectively.

Blood aliquots were derived by puncturing the retro-
orbital venous plexus, pre- (0.0 h) and post-dosing at 1.0,

2.0,3.0,4.0,5.0, 6.0, 8.0, 12.0 and 24 h. The samples were
collected in EDTA-loaded vials and were centrifuged at
2000xg for 10 min so that the plasma could be separated.
The derived plasma samples were kept at —80 °C until
analysis of loaded drugs using LC/MS/MS. The protein
precipitation technique was adopted for processing of the
plasma samples.?’ In brief, 0.1 mL of the samples were
thawed and mixed with 0.3 mL of acetonitrile and metha-
nol (50:50 v/v) mixture, containing the internal standard
(Lamivudine, 5 pg/mL). The mixture was vortexed for 5
min then kept on ice for 30 min, followed by centrifuga-
tion to separate the proteins. Samples (20 pL) of the
supernatant were injected into LC/MS/MS.

The LC/MS equipment consisted of an Agilent™
ZORBAX Eclipse Plus binary pump, an autosampler
linked to a TC—C18 column (5 pm, 50 x 4.6 mm) and an
Applied Biosystems Sciex Mass Spectrometer (Ontario,
Canada). The oven temperature was settled at 30°C. The
mobile phase consisting of a mixture of acetonitrile (80%),
ammonium formate (20%) and formic acid in water
(0.1%) was eluted at a flow rate of 1 mL/min. A total
run time of 2 min was sufficient to allow for the simulta-
neous detection of CHL and GR at 1.12 and 1.03 min,
respectively. The detection was performed on SCIEX
Triple Quad™ 6500 tandem mass spectrometer equipped
with an OptiFlow TurboV™ Electro spray ionization and
heated nebulizer ionization probes. The detector was oper-
ated in the multiple reaction monitoring mode. The pre-
cursor-to-product ion transitions were m/z 303.9/192.0 for
CHL and m/z 313.4/138 for GR. The respective collision
energy and cone voltage for CHL and GR were 35e¢V and
35V, and 16 ¢V and 30 V. Two calibration curves were
constructed by plotting the peak area ratio of drug/IS
against drug concentration in rat plasma over the concen-
tration range of 0.05-100 ng/mL. The estimated R* values
were 0.995 and 0.992, for CHL and GR, respectively. The
procedural constants were calculated from the slopes of
the curves.

Pharmacokinetic and Statistical Analyses
of Data

The pharmacokinetic parameters of the test and the refer-
ence treatments were estimated for each rat. The individual
plasma concentration — time curves were used for the deter-
mination of the maximum CHL and GR concentrations in
rat plasma (C,,.x, ng/mL) as well as the time needed to reach
Ciax (Tmax, h). The area under the curve from zero to 24h
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(AUC (o 24n; ng.h/mL), the area under the curve from zero
to infinity (AUCo_ «); ng.h/mL) and the mean residence
time from zero to infinity (MRTo_ ; h) were estimated via
non-compartmental analysis of data using WinNonlin®
software Ver. 4.1 (Scientific consulting Inc., Cary, NC).
The relative oral bioavailability of each drug was estimated
from the AUCo_ 241 values of the test and the reference
treatments.

Statistical comparison of the parametric data was per-
formed using one-way analysis of variance (ANOVA) test
at P values of <0.05. Statistical analysis on T,,,, values
was performed using Mann—Whitney U-test.

Results and Discussion
Development of (GR/CHL)-Loaded SXNs

The ultimate goal of the current work was to develop
a promising sustained release gastroretentive system
loaded with CHL and GR, which is able to overcome
most of the limitations of CHL and GR, improves their
oral bioavailabilities and hence, could be effectively used
in the management of chemotherapy-induced nausea and
vomiting. In view of the aforementioned, TEOS-based
spray dried SXNs incorporating GR and CHL were suc-
cessfully prepared in a two-step sol-gel process. The latter
involves the hydrolysis of TEOS (alkoxide monomers)
into a colloidal solution “sol”. A catalyst (acetic acid) is
needed to promote the complete hydrolyses of the mono-
mers. This process is followed by condensation, which
forms an arranged network-like structure “gel™° After
drying, the dry gel state is called “xerogel”. Herein, the
spray drying technique was adopted since it offers
a readily scaling up technique.

The developed acid-catalyzed drug(s) loaded-sol sys-
tems were transparent and glassy. It could be inferred that
the incorporation of the drugs did not change the physical
characteristics of the sol systems. Yet, they were homo-
geneously distributed without any macroscopic phase
separation and consequently, would be expected to be
loaded within the spray dried silica xerogel network.?

For the synthesis and optimization of sol-gel processed
silica nanoparticles using a mixture of TEOS, water and
acetic acid, Elsagh®' found that the developed product was
very rare at low TEOS molar ratios (< 0.8). A direct
correlation was observed between the TEOS molar ratio
and the particle size. At an optimum TEOS molar ratio of
0.9 or 1, non-aggregated nanoparticles having uniform
particle size distributions were developed.®’ These

findings were in line with several reports.***® Herein,
a TEOS molar ratio of 1 was investigated.

Characterization of (GR/CHL)-Loaded
SXNs

Assessment of Particle Size, Polydispersity Index and
Zeta Potential

The particle of the investigated systems ranged from
127.45 £13.52 nm (SXN7) to 502.43 £19.45 nm (SXNG6).
The PDI values varied in the range of 0.13 +£0.02 (SXN1)
to 0.48 £0.04 (SXN6), which could indicate narrow parti-
cle size distributions; Table 1.

At a constant molar ratio of TEOS and water, a direct
correlation was statistically (P< 0.05) revealed between
the molar ratio of acetic acid and the mean particle size.
The rate of hydrolysis and condensation increases when
the concentration of the acid increases. This results in
rapid creation of the initial cores, followed by crystal
growth. During this condition, the fine particles aggregate
and adhere forming larger ones. On the other hand, the
condensation stage would be less complex at low catalyst
concentrations. Consequently, the developing ionic layer
around the particle would have a smaller diameter, result-
ing in a smaller particle size.*'

At a constant molar ratio of TEOS and acetic acid,
a direct correlation was statistically (P< 0.05) revealed
between the molar ratio of water and the mean particle
size. This correlation could be related to the expected
increase in the rate of hydrolysis and condensation pro-
cesses. This correlation was held true till a TEOS: water
molar ratio of 1: 20. The further increase in the molar ratio
of water lead to significant (P< 0.05) reductions in the
mean particle size. This could be attributed to the activa-
tion of the hydrolytic depolymerization, which is the
reverse of the condensation, in the presence of a high
water content.**

The leaky tumor vasculature would allow the passive
diffusion of particles up to 400 nm in diameter via the
enhanced permeability and retention (EPR) effect.’>¢
Negatively charged nanocarriers with hydrodynamic dia-
meter <200 nm usually undergoes slower opsonization
than larger ones. This might reduce the possibility of
phagocytosis and the subsequent sequestration in the
spleen and the liver; resulting in a prolonged circulation
time and higher accumulation in the tumor tissues.”

The zeta potential values of the systems were listed in
Table 1. It was clear that all systems showed negative
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values ranging from —3.10 £0.19 (SXNS5) to —5.59 +£0.22
(SXN1) mV. These negative charges could be related to
the silanol functions formed by hydrolysis of TEOS. These
results were in line with those reported by Seleem et al.*”
who developed gentamicin-loaded silica xerogel nanopar-
ticles having zeta potential values of —1.78 and —6.24 mV.

Estimation of GR and CHL Entrapment Efficiency
Percentages
The EE% of CHL varied from 42.16 +£1.94% (SXN1) to
72.87 £0.82% (SXN9) while the EE% of GR were in the
range of 69.83 +3.16% (SXN3) to 87.18 +0.98% (SXN9).
The high drug loading capacities of xerogel nanoparti-
cles could be attributed to the incorporation of the drugs
into the large pores of the system. Interestingly, the EE%
of GR was significantly (P< 0.05) higher than the corre-
sponding value of CHL within each system. The nega-
tively charged silanol functions formed by hydrolysis of
TEOS would favor the hydrogen bonding and electrostatic
interactions with the positively charged GR; rather than
the negatively charged CHL.

In-vitro Drug Release Studies

The in vitro release profiles of CHL and GR from GR/CHL-
loaded SXNs, in comparison to an aqueous CHL suspension
and an aqueous GR solution are graphically illustrated in
Figures 1 and 2, respectively. It was clear that the respective
Py;, and Pg;, of the CHL suspension in 0.1 N HCI were =10
and 20% only, Figure 1.This could be partly attributed to the
acidic nature of CHL and its limited solubility in water.'* In
a parallel line, one should consider the hydrolytic instability
of free CHL in aqueous media; regardless of its enhanced
stability in acidic aqueous media having pH values < 2.%®
The hydrolysis of chlorambucil in aqueous media involves

100 ——SXN1
—-SXN4

-#-SXN2 ~+—SXN3
~o-SXN5 SXN6

SXN7 SXN8 SXN9 ]
——CHL suspension |

Drug released (%)

Time (h)

Figure | The in vitro release profile of CHL from SXNs, in comparison to an
aqueous CHL suspension, in 0.IN HCI at 37 + 0.5 °C (mean * SD, n=3).
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Figure 2 The in vitro release profile of GR from SXNs, in comparison to an
aqueous GR solution, in 0.IN HCl at 37 + 0.5 °C (mean + SD, n=3).

two steps; the formation of a cationic cyclic aziridinium
intermediate (the rate limiting step), and the second one
involves an external aqueous nucleophilic attack. In neutral
to basic aqueous media, the electron donating CHL car-
boxylic group could stabilize the cationic aziridinium ion;
allowing for CHL hydrolysis. This occurs at a slower rate in
acidic aqueous media.>*’

On the other hand, up to 100% of GR was released
from the aqueous GR solution in 0.1 N HCIl within 3
h. This could indicate a non-hindered drug diffusion via
the dialysis membrane.

At a constant molar ratio of TEOS and water, a direct
correlation was statistically (P< 0.05) revealed between
the molar ratio of acetic acid and P}, values of CHL and
GR from SXNs. It could be inferred that the increase in the
rate of hydrolysis and condensation of SXNs would pro-
mote the release of higher CHL and GR percentages. As
revealed in Figures 1 and 2, the release profiles of CHL
and GR from all SXNs comprised two stages; an initial
burst release, followed by a slower release phase. The Py,
values of CHL varied from 15.23 £2.10% (SXN1) to 49.13
+5.69% (SXNO9) while the Py, values of GR varied from
19.08 +5.21% (SXNI1) to 60.24 +8.66% (SXNO). The
initial release phases could be partly attributed to the
dissolution enhancing ability of silica xerogels for water
insoluble drugs like CHL; due to the high surface area of
these carriers* as well as the basic nature of GR which
would favor the dissolution in acidic media. In either case,
the contribution of the release of the unentrapped drug
fractions and/or the release of the surface-adsorbed drug
fractions should not be neglected.

The Pg, values of CHL varied from 53.97 +6.12%
(SXN1) to 85.18 £3.16% (SXN9), while the Pgj, values
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of GR confirmed the almost complete release of the drug.
In either case, the more prolonged release phases could be
attributed to the release of the closely packed drug mole-
cules entrapped within SXNs during the diffusion of the
dissolution medium via the pores of the matrix over
a prolonged period.*’

In view of the aforementioned, it could be inferred that
the incorporation of CHL in SXNs had promoted its sta-
bility in acidic aqueous media. Similar findings were
reported by Wang et al*” who related the enhanced hydro-
lytic stability of the adsorbed CHL in mesoporous silica
microspheres to the hydrogen bonding between CHL and
silica molecules and the subsequent protonation of the
anionic CHL carboxylic group to the neutral form. The
electron-withdrawing nature of the latter would promote
the destabilization of the cationic aziridinium ion, and
consequently, slowed the degradation of CHL in simulated
gastrointestinal fluids over 36 h; < 10%.

The two-stage CHL release profiles are considered
optimum for metronomic chemotherapy, where a tailored
fraction is released during the first hour to achieve the
minimum effective therapeutic concentration, followed
by a sustained drug release phase to keep the drug con-
centration within the therapeutic window.

Based on the set constraints and the proposed weight
values for particle size, EE%, Py}, and Pg;, values of each
drug, one system (SXN4), possessing the highest desir-
ability value (0.69), was promoted for further character-
ization studies.

Characterization of SXN4

Morphological Features

The topography of the (GR/CHL)-loaded SXN4 was
examined by SEM; Figure 3. Microscopic examination
showed discrete spherical nanoparticles. As magnified in
the inset marked in white, the presence of numerous pores
and crystals of surface-adsorbed drug(s) were revealed.*'
The existence of randomly interconnected porous channels
could be inferred. As proposed earlier, the contribution of
the surface-adsorbed drug in the initial drug(s) release
phases should not be neglected.

Estimation of Porosity, Pore Diameter, and Density

The correlation between the cumulative intrusion volume
and the pore diameter of (GR/CHL)-loaded SXN4 is gra-
phically illustrated in Figure 4. The total intrusion volume
was 1.028 mL/g while the mean pore diameter was 8.622
nm. The latter value could play a role in controlling the rate

X38. 8868 8.5 8086

1S5kU

Figure 3 A scaning electron micrograph of SXN4.
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Figure 4 Pore size distribution of (GR/CHL)-loaded SXN4.

of the penetration of the dissolution medium and the sub-
sequent release of the loaded drug(s). In a parallel line, the
total pore area was 56.689 m?/g and the total porosity
percentage was 62.27%. These values could point out
a unique feature of SXNs; with emphasis on those drugs
possessing limited aqueous solubilities and/or hydrolytic
instabilities. The bulk density of the gastric fluids = 1.004
g/mL, while the estimated bulk density of SXN4 was 0.605
g/mL. Such low-density system would be expected to have
excellent floating characteristics, regardless of the gastric
emptying rate, over the gastric fluids for a prolonged
period.®

The Wetting Time and Floating

Characteristics

The time needed by the system to acquire a light pink
color was recorded as 292 seconds. This short time could
be explained with respect to the high porosity percentages
and the large mean pore diameter which are expected to
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allow rapid ingress of the medium. SXN4 possessed excel-
lent floating properties with respect to their floating dura-
tion and floating lag time. The system kept floating for at
least 8 hrs and had zero lag time; floated directly to the
upper surface of the testing medium upon introduction;
Figure 5. These findings could be attributed to the bulk
density as well as the highly porous nature of this promis-
ing gastroretentive system.

In-vivo Pharmacokinetic Studies of CHL
and GR in Rats

The CHL plasma concentration — time curves following oral
administration of an aqueous drug suspension and SXN4 in
fasted rats were depicted in Figure 6A. Remarkable differ-
ences in the shape of the drug plasma concentration-time
curves between the two treatments were found; as expressed
by higher C,,,,x and shorter T, values for CHL in SXN4.
The respective C,,,x estimates from SXN4 and the aqueous
suspension were 682.51 £22.37ng/mL and 137.82 +15.17
ng/mL, while the respective median T, values were 2h
and 4h; Table 2. The differences between the investigated

146 Sec

treatments for C,.x (ANOVA; P < 0.05) and T,,,x (Mann—
Whitney U) were proved to be statistically significant.
Interestingly, the MRT .,y of CHL was prolonged from
2.51 £0.19 h, with the aqueous suspension, to 6.72 +1.49
h with SXN4. This difference was proved to be statistically
significant (P< 0.05).

The GR plasma concentration — time curves following
oral administration of the aqueous drug solution and SXN4
in fasted rats were portrayed in Figure 6B. Like CHL pro-
files, the plasma profile of GR from SXN4 exhibited a higher
Cmax and a more prolonged MRT o). The respective Cpax
estimates were 10.90 +1.11 ng/mL and 8.10 +1.23ng/mL,
while the respective MRT ..., were found to be 9.39 +£1.94
h and 4.57 £0.94h. Unlike CHL profiles, a longer median
Tmax value was revealed from SXNs (3 h vs 2h); Table 2.
Statistically significant differences were revealed between
the two treatments for Cpax, MRT 0.0y and Ty

It is worth to note that attainment of the T,,,, values of
CHL and GR within 2-3 hrs post-dosing should point out
the capability of SXN4 in offering chemotherapy with

minimum potential for initiating nausea and/or vomiting.

Figure 5 Photographs taken before and during in vitro wetting and floating studies of (GR/CHL)-loaded SXN4 showing the wetting time in 0.1 N HCl at 37 + 0.5°C.
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Figure 6 (A) Plasma concentration-time curves of CHL from SXN4 and an aqueous CHL suspension following oral administration in fasted rats at 4 mg/mL doses, mean + S.D, n = 6.
(B) Plasma concentration-time curves of GR from SXN4 and an aqueous GR solution following oral administration in fasted rats at 2 mg/mL doses, mean + S.D., n = 6.

Compared to CHL suspension, the increase in the
relative oral bioavailability of CHL from SXN4 was 1.75
folds. In a parallel line, the increase in the oral bioavail-
ability of GR from SXN4, relative to GR solution, was
1.78 folds. The increases in the oral bioavailability of the
loaded drugs could be related to different reasons, includ-
ing; (i) the magnified hydrolytic stability of CHL in the
gastric fluids, (ii) the enhancement in the dissolution rate
as well as (iii) the prolonged circulation time and the
slower opsonization rates because of the size and charge
of SXNs. Xerogel nanoparticles interact with the plasma
membrane via non-specific binding forces and then are

endocytosed or penetrate the cellular membrane.** As
mentioned earlier, nanoparticles are often engulfed via
endocytosis and are then transferred to lysosomes; allow-
ing for drug(s) release. Besides, the tumor microenviron-
ment exhibits a low pH (due to hypoxia) and therefore, the
drug release can be facilitated at the target site.*’

Conclusions and Future Perspectives
TEOS-based spray dried SXNs incorporating GR and
CHL were successfully developed, according to the central
composite design, in a two-step sol-gel process. Based on
the statistical evaluation of the results of the in vitro

Table 2 The Estimated Pharmacokinetic Parameters of GR and CHL Following Oral Administration of SXN4 and an Aqueous CHL

Suspension Containing GR in Fasted Rats (Mean + S.D,, n = 6)

Pharmacokinetic Parameters CHL GR

Suspension SXN4 Solution SXN4
Chax (ng/mL) 137.82 £ I5.17 682.51 + 2237 8.10 £ 1.23 10.90 + I.11
*Tmax () 4 (24) 2 (1.5-3) 2 (1-2) 3(1-3)
MRT .)(h) 251 £0.19 6.72 £ 1.49 4.57 + 0.94 939 + 1.94
AUC 5 24y (ngh/mL) 816.7 + 20.14 143535 £ 19.52 30.65 £ 9.75 54.59 + 14.29
AUCo.) (ngh/mL) 905.1 + 22.62 1442.15 £ 32.76 3231 £ 8.64 60.23 + 4.97

Note: *Median (range).
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characterization studies and the in vivo pharmacokinetic

studies, one promising gastroretentive system (SXN4) was

proved to overcome most of the limitations of the loaded

drugs, to improve their oral bioavailabilities and to pro-

long their circulation times. Further clinical studies are

needed to explore the capability of this system in offering

chemotherapy with minimum potential for initiating nau-

sea and/or vomiting.
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