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RESEARCH ARTICLE

Facile development, characterization, and optimization of new metformin-loaded
nanocarrier system for efficient colon cancer adjunct therapy

Kholoud Arafaa, Rehab N. Shammab, Omaima N. El-Gazayerlyb� and Ibrahim M. El-Sherbinyc�
aCenter for Aging and Associated Disease (CAAD), Zewail City of Science and Technology, Giza, Egypt; bDepartment of Pharmaceutics and
Industrial Pharmacy, Faculty of Pharmacy, Cairo University, Cairo, Egypt; cNanomedicine Group, Center for Materials Science (CMS), Zewail City
of Science and Technology, Giza, Egypt

ABSTRACT
Purpose: Metformin hydrochloride (MF) repurposing as adjuvant anticancer therapy for colorectal cancer
(CRC) proved effective. Several studies attempted to develop MF-loaded nanoparticles (NPs), however the
entrapment efficiency (EE%) was poor. Thus, the present study aimed at the facile development of a new
series of chitosan (CS)-based semi-interpenetrating network (semi-IPN) NPs incorporating PluronicVR nanomi-
celles as nanocarriers for enhanced entrapment and sustained release of MF for efficient treatment of CRC.
Methods: The NPs were prepared by ionic gelation and subsequently characterized using FTIR, DSC, TEM,
and DLS. A full factorial design was also adopted to study the effect of various formulation variables on
EE%, particle size, and zeta-potential of NPs.
Results: NPs had a spherical shape and a mean particle size ranging between 135 and 220 nm. FTIR and
DSC studies results were indicative of successful ionic gelation with the drug being dispersed in its
amorphous form within CS-PluronicVR matrix. Maximum EE% reaching 57.00±12.90% was achieved using
PluronicVR -123 based NPs. NPs exhibited a sustained release profile over 48 h. The MF-loaded NPs sensitized
RKO CRC cells relative to drug alone.
Conclusion: The reported results highlighted the novel utility of the developed NPs in the arena of colon
cancer treatment.
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Introduction

Colorectal cancer (CRC) is the third widely diagnosed cancer in the
world. CRC survival is greatly dependent on the stage of the dis-
ease and usually ranges from 90% of 5-year survival rate for can-
cers detected at the localized stage to 10% of people diagnosed
for distant metastatic cancer [1]. The earlier the stage at which
CRC is diagnosed, the higher the survival chance. Currently, there
are diverse therapies for CRC which include chemotherapy and
radiation therapy. However, these therapies are not very efficient
as the drug reaches the target site in concentrations below the
effective concentrations. Furthermore, increasing the doses may
lead to serious adverse effects.

Nanosystems are on the edge of medical research at present,
and in particular nanoparticles (NPs) have been in the scientific
spotlight amongst multi-particulate systems utilization as effective
cancer therapies. Some NPs were approved by the FDA in addition
to several others are presently under the development and clinical
assessment. Nano-encapsulation improves the drug circulation
half-life, distribution inside the tumor regions as well as controlling
its release pattern. Enhanced Permeability and Retention (EPR)
effect has a pivotal role in improving the efficacy of the NPs-based
drug delivery system [2]. However, a common problem encoun-
tered when employing NPs is their rapid clearance by macro-
phages or mononuclear phagocyte system (MPS). One of the main

approaches to avert the rapid MPS uptake is coating of the NPs
with surfactants or covalent linkage with polyethylene oxide [3].

Recent research efforts have been directed towards developing
safe and efficient NPs-based drug delivery systems. Of special
interest, chitosan (CS)-based NPs were investigated as efficient
drug carriers for cancer treatment. CS is a biodegradable and bio-
compatible polysaccharide that is obtained from the deacetylation
of naturally occurring chitin. Many methods have been developed
to prepare CS NPs including emulsion, spray drying, emulsion-
droplet coalescence, and ionic gelation. Ionic gelation is mild and
rapid procedure in which CS is ionically crosslinked with multiva-
lent counter-ions like sodium tri-polyphosphate (TPP). CS-TPP NPs
have shown excellent capacity for specific colon targeting as pro-
ven by its biocompatibility and degradation in the presence of
colonic enzymes. Not only the biodegradability and biocompatibil-
ity, but also the mucoadhesive properties imparted to CS that
made CS-based NPs of great utility in oral absorption of anticancer
drugs with prolonged residual time at the absorption site [4].

PluronicsVR are FDA-approved triblock copolymers composed of
poly(ethylene oxide) (PEO) and poly(propylene oxide) (PPO) with a
PEO-PPO-PEO structure. PluronicsVR have good stabilizing property
and capability to enhance the solubility of drugs. They spontan-
eously form self-assembled micelles with approximate diameters
of 30–50 nm at concentrations higher than their critical micelle
concentration (CMC) [5]. This micellar structure is capable of

CONTACT Ibrahim M. El-Sherbiny ielsherbiny@zewailcity.edu.eg Nanomedicine Group, Center for Materials Science (CMS), Zewail City of Science and
Technology, Giza, Egypt

Supplemental data for this article can be accessed here.
�Both authors share the senior authorship.
� 2018 Informa UK Limited, trading as Taylor & Francis Group

DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY, 2018
VOL. 44, NO. 7, 1158–1170
https://doi.org/10.1080/03639045.2018.1438463

http://crossmark.crossref.org/dialog/?doi=10.1080/03639045.2018.1438463&domain=pdf
https://doi.org/10.1080/03639045.2018.1438463
http://www.tandfonline.com


encapsulating vast array of drugs. It has been recently reported
that PluronicVR integration in drug delivery systems could diminish
breast cancer metastasis [6]. Moreover, PluronicVR -based doxorubi-
cin nanoformulations exhibited a therapeutic effect against multi-
drug resistant cells with enhanced cellular uptake. Observations
were attributed to the PluronicVR capacity in inhibition of the drug
efflux transporter proteins (P-gp), and the induction of intracellular
drug endocytosis [7].

Metformin hydrochloride (MF) is an orally administered antidia-
betic agent from the biguanide group. Recent studies showed that
MF might be used as an anticancer agent in the treatment of
hyperinsulinemia associated cancers, especially breast and colon
cancers. The inhibitory effects of MF on the proliferation of some
cancer cells (prostate, breast, endometrial, ovarian, colon, and gli-
oma cells) have been demonstrated in the cell culture studies [8].
The MF beneficiary effect resides in its synergistic effect with cer-
tain anti-cancer agents, surpassing chemoresistance in distinct types
of tumors [9]. MF also promotes autophagy, inhibits mitochondrial
oxidative respiration, and stimulates glycolysis, as assessed by
increased glucose uptake and lactate production in a p53-depend-
ent manner in HCT116 colon cancer cells. Thus, it appears that MF
possesses strong anti-proliferative effects on numerous in-vitro and
in-vivo cancer types. Nangia-Makker et al. investigated the effect of
MF combination with 5-fluorouracil and oxaliplatin on the survival
of chemoresistant colon cancer cells. The combination of MF and
oxaliplatin shows synergistic effect and induce chemoresistant
colon cancer cell death, and inhibits cell proliferation [10].
Consequently, the authors suggested that MF administration with
conventional chemotherapeutics may be effective treatment regi-
men for recurring colorectal cancer. Based on biopharmaceutical
classification system, MF belongs to class III drugs which demon-
strate high solubility but low permeability. Having a high solubility
in the intestine makes MF a good drug candidate for a controlled
oral dosage form. However, the poor MF permeability must be also
considered, and approaches to improve it shall be adopted [11].

MF-loaded CS formulations deemed instrumental in various
applications [12,13]. Of relevance to our work, several recent stud-
ies have attempted to develop MF-loaded CS-based NPs, however
poor entrapment efficiency results were reported [14]. Besides, the
CS particles developed via ionic gelation did not possess mechan-
ical strength and structural stability making it fell short of drug
loading [15]. Thus, the main aim of the present study was the
preparation of a new series of MF-loaded CS-PluronicVR nanoformu-
lations intended for oral administration.

For preparation, ionic gelation technique is to be employed
with subsequent optimization via monitoring particle size, morph-
ology, and surface charge as well as the production of the devel-
oped MF-loaded nanoparticles as re-dispersible dry powders by
freeze-drying using various lyo-/cryo-protectants.

The incorporation of PluronicVR as a non-reacting polymer into
the crosslinked CS matrix in form of a semi-interpenetrating net-
work (semi-IPN)-based nanocarrier offers a superior hydrogel sys-
tem holding the dual advantage of the controlled release profile
using PluronicVR along with drug protection and intracellular traf-
ficking enhancing effects using CS [16]. Besides, the anticipated
formation of strong intermolecular H-bonding between the CS
chains and the PEO, the hydrophilic arm of PluronicVR , is contribu-
ting to the hydrogel formation and stability [13,17]. Furthermore,
to the best of our knowledge, MF-loaded nanocarriers targeting
colon cancer have not been attempted previously. Thus, the study
also aimed at employing the newly developed CS-PluronicVR NPs to
accomplish this goal with appropriate evaluation of their cytotox-
icity relative to plain drug when applied on RKO human colorectal
carcinoma cell line.

Materials and methods

Materials

Metformin hydrochloride (MF) was generously gifted by Al
Andalus Company (Cairo, Egypt). Medium molecular weight CS
(MMW-CS) with a degree of deacetylation of about 89%, PluronicVR ,

P123 (MWT 5800 g/mol), PluronicVR , F108 (PF-108, MWT 14,600 g/
mol), sodium tripolyphosphate (TPP), hydrochloric acid, glacial
acetic acid, sodium hydroxide, and mannitol were all purchased
from Sigma-Aldrich (St. Louis, MO). Hydroxypropyl methyl cellulose
(HPMC) was obtained from Alfa Aesar (Ward Hill, MA). The colorec-
tal cancer cell line (RKO) was obtained from the genome center
(Zewail City of Science and Technology, Giza, Egypt).

Methodology

Preparation of CS-based NPs
Preparation of CS NPs. The preparation of CS NPs was achieved
via the ionotropic gelation method reported by Calvo et al. [18].
Briefly, CS solution (0.1% w/v) was obtained by dissolving MMW-
CS in 1% v/v acetic acid. CS NPs were prepared spontaneously
upon addition of various concentrations of aqueous TPP solutions
(0.025 and 0.035% w/v) to the CS solution under gentle magnetic
stirring (350 rpm) at room temperature for 30min. In all cases, the
volume ratio of CS:TPP solutions was 2:1, yielding 45ml total vol-
ume per run.

Preparation of CS-PluronicVR NPs. The CS-PluronicVR NPs were pre-
pared using the same above-mentioned procedure. Briefly,
PluronicsVR (F108 or P123) were incorporated into NPs by adding
0.035% w/v TPP solution to CS aqueous solution containing differ-
ent concentrations of PluronicVR (10, 15 or 20% w/w) according to
a procedure adapted from Hosseinzadeh et al. [19].

Preparation of MF-loaded NPs. Both MF-loaded CS NPs and CS-
PluronicVR NPs were prepared using similar procedure as their cor-
responding plain NPs. Briefly, couple of concentrations of MF (16
and 33% w/w relative to the total polymer, i.e. equivalent to 1:5
and 1:2 drug:total polymer ratio, respectively) were dissolved in
0.035% w/v TPP solution. Then, MF-loaded NPs were formed by
adding this solution dropwise into the CS or CS-PluronicVR solution.
Afterwards, all the NPs were separated from the aqueous medium
via centrifugation for 30min at 20,000 rpm at room temperature.
The separated NPs were re-suspended in 2ml of deionized water,
and the nanosuspensions were subsequently frozen at �80 �C fol-
lowed by freeze drying (FreeZone 6, Labconco) at �50 �C for 24 h,
and then stored at 4 �C until use.

Preparation of cryo-preserved NPs. Optimum MF-loaded NPs were
selected for cryoprotection in an attempt to produce re-dispersible
powder. For the preparation of cryo-preserved formulations, either
5% mannitol [20] or 0.5% HPMC (w/v) [21] was added to the nano-
suspension and left to cure for 15min prior to lyophilization and
storage. The particles were then freeze-dried at �80 �C under
0.4 bar.

Physicochemical characterizations
FTIR analysis of the individual polymers, plain MF, plain NPs, and
MF-loaded NPs was performed using a Frontier PerkinElmer FT-IR
spectrometer with universal ATR module (Diamond/KRS-5 crystal).
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The instrument was operated with a resolution of 4 cm�1 and 32
scans with frequency range of 600–4000 cm�1.

Differential scanning calorimetric (DSC) analysis was used to
investigate the thermal behavior of the individual polymers, plain
MF, plain NPs, and the drug-loaded NPs. DSC thermograms were
obtained using an automatic thermal analyzer system (DSC-Q20,
TA Corporation). Samples were crimped in standard aluminum
pans and heated from 40 to 400 �C at a heating rate of 10 �C/min
under a constant purging of dry nitrogen at 30ml/min. An empty
pan, sealed in the same way as the sample was used as a
reference.

The topography of selected NPs formulations was examined
using transmission electron microscopy (TEM; CEM 902A; Carl
Zeiss, Oberkochen, Germany). One-drop sample from the NPs sus-
pension was placed on a carbon coated film 300 mesh copper
grid followed by adding a drop of ethanol to solidify their morph-
ology before microscopic observation.

The particle size (PS) and size distribution of the freshly pre-
pared NPs were determined by photon correlation spectroscopy
dynamic light scattering using a Zetasizer 2000 Malvern
Instrument (Nano-ZS, Malvern Instruments, Malvern, UK). All meas-
urements were performed using a clear disposable zeta cell at
approximately 25 �C and an angle of the laser incidence of 173�.
Mean values for each preparation were obtained by at least dupli-
cate measurements of three different batches. Results were given
as the mean particle diameter (Z-average, measuring range:
10–1000 nm) and polydispersity index (PDI). The zeta potential
(ZP) was also measured using a ZetaSizer Nano ZS (Malvern
Instruments, Worcestershire, UK) making use of Laser Doppler
Velocimetry. A suitable amount of the freshly prepared NPs was
placed into the electrophoretic cell of the instrument at approxi-
mately 25 �C and a light scattered at an angle of 17�. Mean values
for each preparation were also obtained by at least duplicate
measurements of three different batches.

Drug entrapment efficiency
All measurements were done using UV–Vis spectrophotometer
(Evolution UV 600, Thermo Scientific, Waltham, MA) with the aid
of HOQ 310H quartz cells (Hellma) of 1 cm path length. The NPs
were separated from the aqueous medium via centrifugation at
20,000 rpm at room temperature for 30min. The amount of the
entrapped MF was determined indirectly by measuring the con-
centration of MF in the supernatant at wavelength of 233 nm. All
the experiments were carried out in triplicate. The MF entrapment
efficiency (%) was calculated using the following Equation (1):

Entrapment efficiency EE %ð Þ ¼ MFtotal – MFfree
MFtotal

� 100 (1)

where MFtotal is the total weight of MF initially uploaded in the
NPs formulation while MFfree is the amount of free (non-
entrapped) MF in the supernatant.

Evaluation of the effect of different formulation parameters on
the properties of the prepared NPs using factorial design
A 22 � 31 factorial experimental model was used to study the effect
of different formulation variables and to optimize the formulation
for the developed CS-based NPs. The base design consisted of 12
different formulations. In this design, three factors were investi-
gated, two at two levels and the third at three had 3 levels, and
the experimental trials were performed at all 12 possible combina-
tions. The independent variables were the PluronicVR concentration
(X1), drug percentage in the total polymer (X2), and the PluronicVR

type (X3). The EE % (Y1), PS (Y2), and ZP (Y3) were selected as the
dependent variables. The design parameters and experimental
conditions are presented in Table S1. The responses of all model
formulations were treated by Design-ExpertVR software (version 7;
Stat-Ease, Inc., Minneapolis, MN) to identify independently the
main effects of the preselected factors followed by analysis of vari-
ance (ANOVA) to determine the significance of each factor. The
difference was considered statistically significant at p< .05.

In vitro drug release study
The release experiments of MF from the CS-based NPs were per-
formed using the dialysis method. Briefly, the cellulose dialysis
membrane (MW cutoff 12 kDa; Severa) was hydrated in ultrapure
water for 12 h before being used and then with phosphate buf-
fered saline (PBS), pH 7.4 for 1 h. Then, accurately weighed 2mg
of the dried NPs were added into the 2ml Eppendorf suspended
in PBS and the membrane was tightly secured to the top of the
Eppendorf and inverted upside-down in the receiving chamber. A
50ml falcon tube (receiving chamber) was filled with 2ml of PBS,
pH 7.4 in a way to mimic the physiological medium. The entire
set-up was continuously shaken at 100 rpm at 37 �C. Then, 2ml
sample was taken from the receiving medium at predetermined
time points (0, 0.25, 0.5, 1, 2, 4, 6, 24, and 48 h), and the concen-
tration of MF was spectrophotometrically measured at wavelength
233 nm.

The cumulative release (%) of drug at a particular time (t) was
calculated from Equation (2):

Cumulative release %ð Þ ¼ MFt
MFtotal

� 100 (2)

where MFt is the amount of MF released at time (t), and MFtotal is
the total amount of MF loaded in the NPs. As control, MF-free NPs
were used.

Drug release data analysis [model fitting kinetics]
The in vitro release profiles have been analyzed and determined
by KinetDS software (version 3.0). Different release kinetics
models were studied including zero order, Higuchi, and
Korsmeyer–Peppas.

Zero-order model. The zero order describes a release system
where the release rate is concentration-independent. The drug
released from the dosage forms slowly and does not disaggregate
can be represented by the Equation (3):

Qt ¼ Q0 � K0t (3)

where Qt is the amount of MF dissolved in time t, Q0 is the initial
amount of MF in the solution, and K0 is the zero-order release
constant (concentration/time).

Higuchi model. In the arena of controlled-release oral formulations,
‘Higuchi equation’ is a vital kinetic equation proven by drug dissol-
ution studies.

The classically Higuchi equation is represented by

Q ¼ A
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dð2Co � CsÞ Cst

p
(4)

where Q is the cumulative amount of drug released in time t per
unit area, Co is the initial drug concentration, Cs is the drug solu-
bility in the matrix, and D is the diffusion coefficient of the drug
molecule in the matrix.
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Korsmeyer–Peppas model
Korsmeyer–Peppas model describes a system where drug releases
from a polymeric matrix. Based on the highest correlation coeffi-
cient (R2) values, the best fitting model was considered. This
model can be expressed by Equation (5) as follows:

Mt=M1 ¼ ktn (5)

where, Mt/M1 is a fraction of drug released at time t, k is the
release rate constant and n is the release exponent. The diffusion
exponent “n” value of Korsmeyer–Peppas model was utilized to
characterize different behaviors of drug release. For example,
n� 0.45 corresponds to a Fickian diffusion mechanism,
0.45< n< 0.89 to non-Fickian transport, n¼ 0.89 to case II (relaxa-
tional) transport, and n> 0.89 to super case II transport.

Release efficiency (RE)
The RE (%) of a pharmaceutical dosage form is defined as the area
under the dissolution curve up to a certain time (t) expressed as a
percentage of the area of the rectangle described by 100% dissol-
ution at the same time. RE% can be calculated using Equation (6)
as follows:

RE %ð Þ ¼
Ð t
0 yxdt

y100xt
� 100 (6)

where,
Ð t
0 yxdt represents area under curve in an interval of time t,

expressed in percentage value, and y100xt represents rectangle
area considering 100% dissolution in the same time t.

Mean dissolution time (MDT)
To understand the extent of MF dissolution rate enhancement
from its formulations, the dissolution data were used to calculate
the mean dissolution time (MDT). MDT can be calculated by using
the following Equation (7):

MDT ¼
Xn
i¼1

TmidDM=
Xn
i¼1

DM (7)

where i is the dissolution sample number, n is the number of dis-
solution sampling times, Tmid is the midpoint between times Ti
and Ti� 1, and DM is the amount of MF dissolved between times
Ti and Ti� 1.

Comparison of dissolution profiles by a model independent
method
Fit factor f2 was used to compare dissolution profiles based on the
model-independent method developed by Moore and Flanner.
The similarity factor (f2), measures the degree by which two dissol-
ution profiles are identical. The f2 factor can be calculated by the
following Equation (8):

f2 ¼ 50� log 1þ 1=nð Þ
Xn

t¼1
Rt � Ttð Þ2

h i�0:5
� 100

� �
(8)

Where n is the number of time points, Rt is the dissolution
value of the reference product at time t, and Tt is the dissolution
value of the test product batch at time t. f2 values >50 (50–100)
ensure equivalence of the two curves [22].

Cytotoxicity assessment
For cytotoxicity experiments, colorectal cell-line (RKO) was seeded
in microplate (cell culture grade, 96 well with flat bottom) at a cell

concentration of 35,000 cell/well. Cells were grown using final vol-
ume of 100ll/well RPMI media supplemented with 10% FBS and
incubated at humidified atmosphere (37 �C, 5% CO2) and allowed
to adhere for overnight. Selected cell groups were either non-
treated or treated with plain MF (5mM), plain doxorubicin (DOX,
1 lg/ll) or MF-loaded NPs (drug load equivalent to 5mM) for 72 h
to ensure drug release. Afterwards, cells were incubated with the
WST-1 reagent for 2 h at a concentration of 10ll/well. After this
incubation period, the formazan dye formed was quantified with a
scanning multi-well spectrophotometer at wavelength 440 nm,
and the results were given as OD values. Measurements of cell-
free wells were counted as background control. The measured
absorbance directly correlates to the number of viable cells. The
cell viability (%) was calculated using the following Equation (9):

Cell viability %ð Þ ¼ ODtreated � ODbackground

ODnone-treated � ODbackground
� 100 (9)

where ODtreated is the average absorbance value of treated cells
while ODnon-treated is the average absorbance value of control non-
treated cells, and ODbackground is the average absorbance value of
wells that contain media and WST-1 without cells.

Results and discussion

Recent research studies have been directed towards developing
safe and efficient NPs-based drug delivery systems. Of special
interest, CS-based NPs were extensively investigated as efficient
drug carriers for cancer treatment.

As mentioned earlier, MF repurposing as adjuvant anticancer
therapy for the CRC treatment proved effective, and some recent
studies have tried to develop MF-loaded CS NPs. However very
poor entrapment efficiency results of MF were reported [14].
Besides, the obtained CS NPs reported to demonstrate very poor
mechanical strength and structural stability making them fell short
of drug loading [15]. Thus, the main goal of the present study was
to develop a new series of MF-loaded CS-based nanoformulations
with enhanced MF loading and improved CRC inhibitory efficiency.

The CS-based NPs were prepared employing ionic gelation
technique and their optimization was performed via monitoring
particle size, morphology, and surface charge followed by the pro-
duction of the developed optimized MF-loaded NPs as re-dispers-
ible dry powders via freeze-drying using various lyo-/cryo-
protectants.

In general, NPs of small size have valuable advantages such as
improved drug delivery, longer circulation in blood, and lower tox-
icity [23]. Supplementary Table S2 shows plain CS NPs developed
at different solution pHs, and concentrations of CS and TPP. The
CS NPs were obtained via ionotropic gelation through electrostatic
interaction between the negatively charged TPP ions and the cat-
ionic NH3

þ groups generated onto CS backbone in its acidic solu-
tions. Different parameters influence the end properties of the
resulting CS NPs. These include, for instance, the final solution pH,
CS molecular weight, concentrations of CS and TPP, the presence
of additional polymer(s), and the presence of a cargo such as bio-
active compounds. Among these parameters, adjusting the solu-
tion pH and the concentration of CS and TPP were found, as
demonstrated in Supplementary Table S2, to play an essential role
in controlling the physicochemical characteristics of the NPs. As
apparent from Supplementary Table S2, with keeping the CS solu-
tion concentration constant at 0.1% w/v, increasing the solution
pH led to neutralization of some of the CS cationic charges which
reduces the effective ionic interaction between TPP and CS, and
consequently increases the NPs size with a decrease in their zeta
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potential (ZP) [15]. This phenomenon was most evident in systems
N5 and N6, where CS tended to precipitate at the pH 6.0 and as
reflected by their PS. Moreover, upon increasing TPP concentration
with maintaining the solution pH constant, the ZP decreased
which was in accordance with literature [24]. This would be
accounted for the negative charge of the TPP thus increasing its
concentration would neutralize the CS cationic charge making the
final ZP less positive [25].

From the obtained results shown in Supplementary Table S2,
the CS nanoformulation, N2 was selected as the optimum formula-
tion for further studies. The selection was based on the smaller
value of PS (136 nm) and the lower PDI value (0.262) which reflects
the narrow range of PS distribution along with the desirable ZP
value (44.5mV) as indicative of NPs stability.

For the preparation of MF-loaded CS NPs, both CS and TPP
concentrations were kept constant, while the drug concentration
was varied (16 and 33%) to study the effect of drug concentration
on particles physicochemical characteristics as well as the drug
entrapment efficiency (EE%), as shown in Table 1.

Looking across the prepared MF-loaded CS nanoformulations
A0–A2, increasing the MF% in the mixture relatively increases the
PS, which was significant for A2 compared to A0 (p¼ .044). This
could be interpreted by the competition between the cationic CS
polymer and MF on anionic TPP which lowers the TPP availability
to interact with CS polymer and in consequence lowers the cross-
linking extent of CS chains and the compaction of formed CS NPs.
Such explanation is in agreement with that reported by Bhoyar
et al., who demonstrated that the pH of the solution affects both
solubility and the degree of ionization of MF, which as a cationic
drug will have maximum solubility and complete ionization at the
used pH, confirming the possibility of TPP and MF interaction [26].
As also apparent from Table 1, the EE% of MF in CS-TPP system
was very poor reaching only 16.9 ± 6.9 and 8.5 ± 2.1 for A1 and A2,
respectively. The obtained results of MF EE% go in accordance
with previous studies using other types of CS-based NPs such as
O-carboxymethyl CS and PLGA-CS NPs [27,28]. The reason of such
limitation was attributed to the inherent hydrophilic property of
the MF leading to its leakage to the preparation medium.

In an attempt to produce CS NPs formulations of enhanced MF
entrapment ability as well as controlled release profile, PluronicVR

copolymers were incorporated into the developed NPs with differ-
ent percentages [29].

The homogeneous incorporation of the PluronicVR nanomicelles
into the crosslinked CS matrix to form semi-IPN nanocarriers offers,
as revealed earlier, a superior hydrogel system conferring the dual

advantage of the controlled release profile using PluronicVR as well
as the drug protection and intracellular trafficking enhancing
effects due to the presence of CS. Besides, the anticipated forma-
tion of strong intermolecular H-bonding between the CS chains
and the PEO, the hydrophilic arm of PluronicVR , is contributing to
the hydrogel formation and stability [17].

Two types of PluronicVR (P123 and F108), which differ in their
HLB and thus their physicochemical properties, were deployed.
Moreover, the concentration of PluronicVR was varied to further
investigate its effect on drug entrapment as well as on the formu-
lations physicochemical properties. To this goal, factorial design
analysis was implemented to evaluate and spot the optimum
formulation.

Factorial design analysis of the developed CS-PluronicVR NPs

Factorial designs are commonly used to analyze the influence of
different variables on the properties of a drug delivery system. The
predicted R2 values were in a reasonable agreement with the
adjusted R2 in all responses (approximately 0.2 difference between
them) [30]. Adequate precision measured the signal-to-noise ratio
to ensure that the model can be used to navigate the design
space. Ratio >4 (the desirable value) was observed in all responses
[31]. Results presents are based on mean values of three inde-
pendent runs.

Effect of formulation variables on the MF EE%
Supplementary Table S3 represents the results of ANOVA analysis
of the EE % for relevant factorial model. From the Table, some
independent variables had a significant impact on the results, with
p values< .05; namely, X1 (p¼ .0003), X3 (p¼ .0002), X1X2
(p¼ .0312), X1X3 (p¼ .0024) are significant model terms. Of note,
the y-axis in bar charts (Figure 1(a,b)) is representing transformed
data scale (EE%)�0.11, thus the values are inversely proportional
with the systems’ EE%. Meaning, the lower the value depicted on
the graph axis, the higher the actual EE% of the system being
investigated. As a side note, significant interactions (p< .05) were
selected for further discussion and figurative illustration.

Figure 1(a) shows the effect of the concentration (X1) and type
of PluronicVR (X3) on the EE% of MF given high drug concentration
(33%). Results showed that the EE% increased markedly at high
PluronicVR concentration (20%). This may be attributed to the role
of PluronicVR nanomicelles in accommodating extra amounts of the
MF within the CS matrix possibly via interaction of the drug with
the hydrophilic PEO segments in the PluronicVR polymers. As also
apparent in the figure, the effect was more prominent in the case
of PluronicVR F108 than PluronicVR P123. Moreover, the EE% was
higher in the case of PluronicVR P123 compared to PluronicVR F108.
This higher EE % can be due to the difference in the PEO contents
and the higher lipophilicity of PluronicVR P123 (HLB ¼7–12) com-
pared to PluronicVR F108 (HLB >24). Thus, increasing the content
of the hydrophilic segment of PluronicVR nanomicelles, PEO, would
lead to increasing the crosslinking extent of the NPs via formation
of more H-bonds with the CS chains [17]. This in consequence
would hinder the entrapment of more drugs. This explains the
lower EE% in the case of PluronicVR F108 (PEO/PPO ¼5) as com-
pared to PluronicVR P123 (PEO/PPO¼ only 0.5).

Figure 1(b) shows the effect of PluronicVR concentration (X1) and
the drug % in total polymer (X2) on the EE% of MF. As apparent
from the figure, there is an inverse relationship between the drug
concentration and EE% for most of the developed systems expect

Table 1. Physicochemical characterization of the developed plain and MF-loaded
CS NPs, and the optimized CS-based NPs.

Formulation
code

Drug/total
formulation
(w/w %) PS (nm)� PDI� ZP (mV)� EE %�

A0 – 136 ± 3.5 0.262 ± 0.014 44.5 ± 0.77 –
A1 16 138.8 ± 0.4 0.207 ± 0.019 37.9 ± 0.56 16.9 ± 6.9
A2 33 156 ± 2.1 0.207 ± 0.003 36.8 ± 0.98 8.5 ± 2.1
A1M 16 129.5 ± 3.53 0.34 ± 0.014 19.05 ± 0.49 25.65 ± 13.22
A1H 16 321.5 ± 3.32 0.64 ± 0.063 20.1 ± 0.42 66.25 ± 14.48
F7M 16 138.2 ± 6.02 0.39 ± 0.021 40.0 ± 2.96 29.70 ± 4.51
F7H 16 367.5 ± 7.77 0.60 ± 0.028 22.1 ± 2.05 28.20 ± 3.27
F8M 16 157.6 ± 3.67 0.37 ± 0.028 33.95 ± 0.77 52.44 ± 10.52
F8H 16 322 ± 9.89 0.59 ± 0.014 18.05 ± 0.21 46.7 ± 9.47

CS¼ 0.1% (w/v), TPP¼ 0.035% (w/v), CS: TPP (v/v)¼ 2:1.
A0 is corresponding to N2 in Supplementary Table S2, and A1 & A2 are the
corresponding MF-loaded formulations.
M¼ 5% mannitol solution (w/v); H¼ 0.5 % HPMC solution (w/v).�Data are presented as mean (n¼ 3) ± SD.
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for NPs F10 relative to F12. Similar findings have been previously
highlighted in a MF-loaded BSA based nanocarrier system [32].

Effect of formulation variables on the PS of CS-pluronicVR NPs
Supplementary Table S3 represents the results of ANOVA for rele-
vant factorial model. The factors with p values< .05 indicate that
these model terms are significant. Results revealed that all
the tested factors have significant effect on the PS, where X1
(p¼ .0046) and X3 (p¼ .0003). Moreover, significant interactions
were also observed, where X1X2 (p¼ .0323) and X1X3 (p¼ .0022)
are both significant model terms.

Figure 1(c) shows the effect of the PluronicVR concentration
(X1) and the drug percentage in total polymer (X2) on the PS of
MF-loaded CS-based NPs. At high drug concentration (33% w/v
of the total polymer), the PS increased significantly with increas-
ing the PluronicVR concentration (p< .050). Increasing the
PluronicVR concentration encourages the coexistence of both
nanomicelles and larger aggregates as previously reported by
Brown et al. [33]. Similarly, PluronicVR concentration-dependent
micelle formation increases within a CS-based semi-IPN were
reported in our previous study [34]. The size growth of such
micelles and aggregates shall be proportional to PluronicVR con-
centration and their presence within the CS matrix will in

Figure 1. Factorial modeling studying the effect of formulation parameters on the properties of the developed CS-PluronicVR NPs (Dependent variables): (a) Y1 ¼ EE%,
(b) Y2 ¼ PS, and (c) Y3 ¼ ZP.
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consequence lead to the overall increase in the PS of the devel-
oped CS-based NPs.

Figure 1(d) shows the effect of the concentration (X1) and type
of PluronicVR (X3) on the PS of MF-loaded CS NPs. As shown in the
figure, with maintaining the drug concentration constant, the PS
values were significantly lower in CS NPs incorporating PluronicVR

F108 relative to those containing PluronicVR P123 (p< .001), which
could be attributed, as explained earlier, to the NPs size reduction
resulting from formation of more H-bonds between CS chains and
PluronicVR F108 than with PluronicVR P123. Results also demonstrate
that the PS was principally affected by increasing PluronicVR F108
concentration in NPs as compared to PluronicVR P123. This may be
related to the difference in molecular weight of the two types of
PluronicsVR as the molecular weight of PluronicVR P123 is only
5800 g/mol whereas that of PluronicVR F108 was 14,000 g/mol.
Similar conclusions were reported by Varshney et al. mentioning
that the NPs sizes are dependent on factors that may include the
molecular weight, the aggregation pattern of the formed micelles
as well as the extent of H-bond formation that may be correlated
with the number of PEO block units found in a given PluronicVR

molecule [35].

Effect of formulation variables on the ZP of CS NPs
Supplementary Table S3 represents the results of ANOVA for rele-
vant factorial model. Results showed that the tested factors dem-
onstrated significant effect on the ZP, where X1 (p< .0001) and X2
(p< .0001).

Figure 1(e) demonstrates the effect of the PluronicVR concentra-
tion (X1) and the drug percentage in total polymer (X2) on the ZP
of MF-loaded CS NPs. As apparent from the figure, the ZP was
lower in the case of high (33%) relative to the low (16%) MF con-
centration. Similar results were previously reported during the for-
mulation of MF into niosomes [36]. The concentration of PluronicVR

also had a profound effect on the ZP values of MF-loaded CS NPs
as the ZP values were found to increase with increasing PluronicVR

concentration (from 10% to 15%). Both observations can hold
irrelevant to PluronicVR concentration due to its nonionic property.
However, results accurately mirror image the EE% pattern of the
developed nanosystems. Thus, considering for instance F108 for-
mulations (F1, F5, and F9) as well as P123 formulations (F3, F7,
and F11), the improved entrapment of the cationic drug counts
for to the proportional increase of ZP. All formulations compos-
ition and relevant results are shown in Table 2.

In conclusion, and according to desirability calculations done
by Design-ExpertVR software, the CS-PluronicVR P123NP (F8) com-
posed of 0.1% (w/v) CS, 0.035% (w/v) TPP and PluronicVR P123
(15%), and loaded with MF (16% w/w of the total polymer) was

selected as the optimum formulation achieving highest desirability
value (0.73). F8 has PS 196.5 ± 24.39 nm, ZP of 51.5 ± 0.70mV, in
addition to high MF EE% of 57 ± 12.93%, and therefore, this formu-
lation was selected for further investigations.

Moreover, CS-PluronicVR F-108 based NP (F7) composed of 0.1%
(w/v) CS, 0.035% (w/v) TPP and PluronicVR F108 (15%), and loaded
with MF (16% w/w of the total polymer) was selected to pursue
further characterization studies achieving highest desirability
record in F108 subtype (0.59). F7 has PS of 151.00 ± 8.55 nm, ZP of
45.00 ± 0.28mV, in addition to highest MF EE% in the F108 sub-
type reaching 37.50 ± 0.49. Therefore, this developed nanocarrier
system was selected for further investigations as well.

Characterization of the developed CS-based NPs

FTIR spectrometry was used to find out the nature of interaction
between MF and the NPs components. Various physicochemical
interactions between CS, PluronicVR polymers, TPP, and MF can
alter the absorption peaks or broaden them. Thus, the spectra of
the optimum formulations with their respective blank NPs were
evaluated. For instance, NPs were formed in an aqueous acidic
medium which leads to appearance of positive charges onto CS
due to the existence of primary amino groups on its molecular
structure that can form electrostatic interactions with TPP.

The FTIR spectrum of plain-MF, as apparent in Figure 2(a),
shows an absorption peak at 3371.41 cm�1 that corresponds to
N–H asymmetric stretching, as well as peaks at 3291.7 and
3151.4 cm�1 that are related to the N–H symmetric stretching. The
peaks noted at 1622.4 and 1580.4 cm�1 could be associated with
the C¼N stretching. Furthermore, the absorption band at
1563.8 cm�1 corresponds to N–H bending in plane, whereas the
bands at 1472.2, 1446.5, and 1417.7 cm�1 are associated with the
C–H asymmetric bending (–CH3), and that noted at 1165.8 and
1061.8 cm�1 are attributed to the C–N stretching. The absorption
peaks at 936.8 and 736.2 cm�1 are related to the N–H wagging
[37].

The spectrum of CS polymer (Figure 2(a)) displayed peaks at
3354.4 cm�1 (NH2 and O–H stretching), 2888.8 cm�1 (C–H stretch-
ing, methylene), 2869.8 (–OH stretching), 1649.9 cm�1 (C¼O
stretching of secondary amide, amide I band), 1591 cm�1 (N–H
bending vibrations, N-acetylated residues, amide II band),
1418 cm�1 (–CH bending) and 1374.4 cm�1 (C–O stretching of
amide group), 1149.7 cm�1 (bridge-O stretching), and 1083.9 cm�1

(C–O–C stretching) [38]. In the case of CS NPs (A0 and A1), the
amino band was shifted to 1633.2 cm�1, which indicates the ionic
interaction between TPP and NH2 functional groups of CS. The
broad band appeared at 3190 cm�1 reveals H-bonds formation

Table 2. Results of dependent variables respective to independent variables of different developed CS-Pluronic NPs.

Formulation
X1: Pluronic

Concentration (%)
X2: Drug (%) in the
total Formulation

X3: Pluronic
Type PS (nm)� PDI� ZP (mV)� EE %�

F1 10 33 F108 152.6 ± 0.4 0.171 ± 0.02 34.05 ± 2.69 8.64 ± 2.29
F2 10 33 P123 185.8 ± 8.5 0.27 ± 0.03 30.35 ± 0.91 33.88 ± 7.24
F3 10 16 F108 164.0 ± 2.4 0.167 ± 0.01 40.05 ± 0.63 14.70 ± 3.80
F4 10 16 P123 211.7 ± 0.7 0.277 ± 0.03 36.05 ± 0.91 52.07 ± 9.89
F5 15 33 F108 176.7 ± 3.8 0.278 ± 0.03 41.8 ± 1.13 28.20 ± 0.14
F6 15 33 P123 184.4 ± 4.7 0.339 ± 0.01 39.1 ± 5.79 30.50 ± 5.00
F7 15 16 F108 151.0 ± 8.6 0.385 ± 0.04 45 ± 0.28 37.50 ± 0.49
F8 15 16 P123 196.5 ± 24.4 0.267 ± 0.01 51.5 ± 0.70 57.00 ± 12.93
F9 20 33 F108 200.7 ± 5.9 0.322 ± 0.01 40.75 ± 0.77 27.00 ± 4.65
F10 20 33 P123 202.7 ± 4.6 0.245 ± 0.01 39.1 ± 0.14 52.50 ± 10.60
F11 20 16 F108 197.8 ± 6.0 0.445 ± 0.02 46.35 ± 1.06 24.64 ± 6.18
F12 20 16 P123 184.5 ± 2.1 0.308 ± 0.048 44.8 ± 2.82 30.80 ± 5.88

CS¼ 0.1% (w/v), TPP¼ 0.035% (w/v), CS: TPP (v/v)¼ 2:1.�Data are presented as mean (n¼ 3) ± SD.
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between the hydroxyl groups in CS and TPP. These interactions
lead to a decrease in CS solubility and NPs formation [39].

The FTIR spectrum of plain and MF-loaded CS-PluronicVR F-108
NPs (F1), as apparent in Figure 2(b), demonstrated a strong
stretching band at 2870 cm�1 that is attributed to the CH2 stretch-
ing vibration [19]. All the absorption bands of CS-PluronicVR P-123
based NPs (F2) presented in Figure 2(c) are in a good agreement

with that reported by song et al [40]. The bands noted at about
3500, 2866.9, and 1096 cm�1 were ascribed to the characteristic
stretching vibrations of O–H, C–H, and alcoholic C–O groups
present in the copolymer while the band located at 1455.2 cm�1

corresponds to the bending vibration of C–H group. Additionally,
a weak band was noted at 2969.6 cm�1 that is characteristic of the
N–H stretching vibratory modes. For CS-PluronicVR NPs the peaks at
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Figure 2. FTIR spectra (a–c) and DSC thermograms (d–f) of plain MF and the developed CS-based NPs.

DRUG DEVELOPMENT AND INDUSTRIAL PHARMACY 1165



around 2923 and 2980 cm�1 confirm the incorporation of
PluronicVR P-123 and F-108 within the CS matrix, respectively [39].

The DSC thermograms were obtained for MF, CS and optimum
CS-based NPs whether plain or MF-loaded. As apparent from
Figure 2(d), plain-MF gives rise to an endothermic peak at 228.5 �C
corresponding to its melting point [41]. DSC thermogram of CS
demonstrated an exothermic peak at around 236 �C that corre-
sponds to the thermal degradation of CS chains [42]. The endo-
thermic peaks observed at around 100 �C for both plain and MF-
loaded CS-TPP NPs (A0 and A1) are attributed to the loss water
molecules of hydration.

In the case of the developed CS NPs (A0 and A1) (Figure 2(d)),
a slight lowering in the melting endotherm was observed which
reflects the successful formation of NPs. Besides, the slight shift in
melting point in the case of MF-loaded NP (A1) can be taken as
an indication of the inclusion of drug in the polymer matrix with-
out structural changes. Furthermore, in the CS-PluronicVR NPs
(Figure 2(e,f)), an endothermic peak was observed at 70–80 �C rep-
resenting the melting point of PluronicVR polymers in addition to a
second peak at around 240 �C [39]. As can be noted also from
Figure 2(d–f), the endothermic peak of MF was completely disap-
peared in the thermograms of MF-loaded CS-based NPs suggest-
ing the homogeneous incorporation of the drug in the NPs matrix
in an amorphous form [43].

Morphological assessment of the developed NPs

TEM images of the plain CS NPs (A0) depicts that the particles
attained a spherical morphology with the size range being in a
good accordance with that measured using DLS (Figure 3(a)).
Similarly, the images of plain CS-PluronicVR P-123 NPs (F8-Blank)
demonstrated spherical morphology and size range similar to that
reported from DLS measurements (Figure 3(b)).

It is also worth to mention that our previous work with analo-
gous PluronicVR F108 concentration showed a speckled texture of
PluronicVR nanomicelles distributed homogeneously within the CS-
based matrix forming semi-IPN nanocomposite particles. This was
clearly evident through SEM imaging [34].

In vitro release study

The release study was done on the selected formulations (A1, F7,
and F8) in PBS at pH 7.4, simulating colon environment [44–46].
Selection was meant to cover all NPs subtypes namely those
achieving highest EE% in each category. Of note, both F8 (opti-
mum CS-PluronicVR P-123 NPs) and F7 (CS-PluronicVR F-108 NPs)
share similar formulations’ parameters except for the utilized
PluronicVR type.

As apparent from Figure 4(a), the different MF-loaded CS NPs
showed an initial fast drug release up to 6 h followed by a steady-
state release profile over 48 h. Both A1 and F8 NPs demonstrated
almost similar release profiles approaching 100% release after 48 h
duration with F8 attaining even slightly higher drug release after
the first 10 h than A1. This could be attributed particularly to the
limited crosslinking attained between CS chains and the limited
PEO blocks of PluronicVR P-123. In addition, the obtained results
suggest that the constant rate by which the interface is eroding
could be the actual controlling parameter causing the drug sur-
face concentration relatively constant. Consequently, the drug dif-
fusion rate was kept constant as well. This observed finding was
in line with previous studies [47]. In the case of F7 NPs formula-
tion, only 86% of the entrapped MF was released over 48 h.
During the first few hours, the hydrophilic drug, MF rapidly dif-
fuses through the swelled hydrogel matrix into the release
medium near the surface of the NPs, and exhibits a rapid initial
release. Later, the additional crosslinking obtained via H-bonds for-
mation between the CS chains and the relatively large number of
PEO blocks of PluronicVR F-108 retard the release and causing the
extended release profile. Results obtained are in accordance with
previously reported results by Hosseinzadeh et al. [19].

Release profiles from the cryopreserved NPs
Lyophilization is one of the most commonly used techniques that
ensure a long-term conservation of polymeric NPs. Indeed, NPs
stored as an aqueous suspension undergoes solubilization and/or
degradation of the polymers, drug leakage, desorption, or degrad-
ation. Dried NPs are usually easily redispersible, although in some

Figure 3. TEM micrographs of (a) Plain CS NPs (A0), and (b) Plain CS-PluronicVR NPs (F8).
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cases a complete redispersion after lyophilization may be difficult
to achieve due to the aggregation or irreversible fusion of the NPs
[48]. Furthermore, the crystallization of ice can induce a mechan-
ical stress on the NPs, leading to their destabilization. Thus, the
addition of a suitable lyo/cryo protective agent before freezing is
well established procedural approach to evade such risks. Sugar

alcohols (such as mannitol) and HPMC are usually used as cryopro-
tectants [49]. Mechanistically, sugar alcohols protect particles
through hydrogen bonding with the surrounding solute, which
preserves the solute in a ‘pseudo-hydrated’ state during the dehy-
drating step, thus preventing damage caused by dehydration and
subsequent rehydration steps. Such a protective interaction is
imparted by the ability of the sugar alcohols to remain amorphous
during freeze-drying [50]. Mannitol as a cryoprotectant has been
reported to enhance the entrapment of hydrophilic drugs [51].
Thus, based on the findings reported by Rampino et al., a final
concentration of 5% mannitol w/v was employed in further experi-
ments. On the other hand, HPMC is a nonionic, swellable polysac-
charide. The hydration rate of HPMC is modifiable and directly
proportional to the hydroxypropyl content, a parameter that
would contribute to HPMC usage in controlled drug delivery sys-
tems to fine-tune drug release profile [52]. Based on several trials,
a final concentration of 0.5% HPMC (w/v) was used for further
experiments. The selection was based on the final solution
viscosity.

Close investigation of the developed mannitol cryoprotected
NPs (A1M and F8M), there was no significant change in the PS of
both formulations relative to their non-modified counterparts
(Table 1). However, in the case of HPMC cryopreserved NPs (A1H
and F8H), the PS markedly increased in both formulations which
might be attributed to the gelling capability of HPMC polymer
leading to swelling of NPs and increasing the wet PS. Moreover
HPMC concentration used produces a relatively viscous solution
which hinders the shearing efficiency during stirring, thus resulting
in the formation of larger sized NPs [53], (Table 1). Moreover, all
the cryopreserved formulations attained ZP values that are evi-
dently lower than their non-modified counterparts. This might be
attributed to the shielding of the CS cationic charge by the rela-
tively nonionic cryoprotectants.

As can be noted from Table 1, the cryoprotectants addition did
not affect the MF EE% in most of the formulations. Nevertheless,
an almost 2.5-fold enhancement in the EE% of A1H NPs was
noticed. The obtained results were previously explained by the for-
mation of denser matrix favoring the better entrapment of the
hydrophilic drug [54]. Moreover, analogous effect was recorded for
hydroxyl propyl cellulose (HPC) [55].

The release of MF from of the cryopreserved formulations (A1M,
A1H, F8M, and F8H) with the highest EE% was evaluated. The
release profiles for the mannitol-cryoprotected NPs (A1M, F8M) are
shown in Figure 4(b). As apparent from the figure, almost com-
plete release of the drug took place within 6 h. These obtained
results are in accordance with previous reports confirming that
mannitol enhances dissolution of drug from the dosage form [56].
Whereas, the HPMC-modified formulations (A1H and F8H) showed
a slower release pattern than its non-modified counterparts, as
depicted from Figure 4(c). As previously mentioned a possible
explanation would be the thermosensitive rheological behavior of
HPMC. Meaning, the mesh-like structure of HPMC polymer acts as
entrance routes for solvent media (PBS) causing polymer to swell.
The inter-polymer hydrogen bond network between the hydroxyl
groups of the carboxylic functional groups and the ester group
carbonyl oxygen decreases the polymers’ porosity and permeabil-
ity [57]. Moreover, the polymers’ high viscosity gel-like layer cre-
ates a long diffusional path length embedding the release rate of
the drug [52]. The obtained results would highlight the favorability
of HPMC-coated NPs (A1H and F8H) in better achieving the desired
prolonged release pattern.

For comparative reasons, the fit factor f2 was calculated
between the cryopreserved nanoformulations relative to their non-
cryopreserved counterparts to evaluate the dissimilarity in release
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Figure 4. Cumulative (48 h) release profiles of MF from selected CS-based NPs
(pH¼ 7.4) (a) optimized non-cryopreserved NPs (A1, F7, and F8), (b) Mannitol-
cryopreserved NPs (A1M, F8M), and (c) HPMC-cryopreserved NPs (A1H, F8H).
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patterns. For the mannitol cryopreserved formulations, f2 values
were 44.05, 37.1, 64.82 for A1M, F7M, and F8M, respectively. As
shown from results, only the release pattern of F8M is equivalent
to that of F8 with f2> 50. As for HPMC cryopreserved formulations,
f2 values were 32.92, 26.86, and 20.19 for A1H, F7H, and F8H,
respectively. Thus, the values depict dissimilarity in release profile
compared to their pristine counterparts.

Drug release data analysis [model fitting kinetics]

To determine the drug release mechanism, the release data
obtained from the in vitro release studies was fitted to different
kinetics models (Table 3). The model that gives higher correlation
coefficient (R2) value is considered as the best fit model. As appar-
ent from Table 3, all studied formulations followed the
Korsmeyes–Peppas model.

The diffusion exponent (n) of Korsmeyes–Peppas model for for-
mulations A1, F7, and F7H was higher than 0.45 and thus con-
firmed that the drug release behavior was predominantly non-
fickian. The release behavior of F8, A1H, and F8H was mainly fickian
diffusion with n� 0.45 [58]. According to the kinetics fitting model
analysis, F7H and F8H showed a controlled and sustained release,
which was confirmed by their mean dissolution time (MDT) and
release efficiency (RE%) values equivalent to 13.71, 14.60 and
38.02, 41.89%, respectively (Table 3).

Cytotoxicity assessment of the developed NPs

The cytotoxicity results obtained for the plain MF went in accord-
ance with previously reported results, leading to almost 60% cyto-
toxicity to RKO cells at a 5mM concentration. Moreover,
application of plain doxorubicin (DOX) alone on cells led to almost
90% cytotoxicity at a concentration of 1mg/ml.

Upon evaluating the cytotoxic effect of various drug-loaded for-
mulations (Figure 5), they showed significantly enhanced antitu-
mor activity relative to the plain drug alone especially for
formulations A1M, A1H, and F8H (p< .05) [59]. For instance, upon
applying the mannitol cryopreserved formulations (A1M–F8M) on
the RKO cells, an almost 3-fold increase in the cytotoxicity was
observed compared to the plain MF. Furthermore, the antitumor
efficacy was assessed for the HPMC-cryopreserved formulations
(A1H and F8H). The latter formulations reached almost 4–8 folds
increase in antitumor activity relative to the drug alone. It is antici-
pated that for the HPMC-cryoprotected NPs, the mucoadhesive
properties of the polymers have contributed remarkably to pro-
mote drug intracellular uptake stimulating cytotoxicity. The results
are corroborated by previous interesting research work assessing
the enhancing effect of HPMC on different drugs permeability
[60].

To interrogate the validity of MF use as adjunct therapy, the
combination of both DOX and MF was tested. Noteworthy, the
combination of both drugs in plain form led to synergistic increase
in cytotoxicity doubling the cytotoxicity of plain DOX per se. Upon

application of the NPs with DOX, HPMC-cryoprotected NPs (A1H
and F8H) showed a remarkable increase in cytotoxicity, and F8H
cytotoxicity was significantly doubled relative to the NPs alone
(p¼ .010). In addition, A1H with DOX cytotoxicity resulted in a 10-
fold increase relative to the NPs alone and almost 6-fold better-
ment in cytotoxicity relative to the drugs combination in plain
forms. The obtained results emphasize the superiority of additive
combination of drugs especially in the NPs form.

The reported results also impose a promising effect upon using
the developed nanosystems in treatment of CRC. The obtained
data is reminiscent of the favorability of both F8H and A1H NPs at
the biological and sustained release profile. Given the similar effi-
cacy between F8H and plain MF combination with plain DOX, the
potential higher selectivity of NPs makes them safer to employ in
chemotherapeutic treatment protocols, a model that is supported
repeatedly [61].

In conclusion, the plausibility of targeting the NPs to the
colonic area and the timed course of polymers degradation and
subsequent drug release due to PluronicVR as well as HPMC release
modulating effects makes the use of lower drug doses advanta-
geous. Along with the muco-adhesiveness of HPMC and CS poly-
mers, it ensures the improved pharmacokinetic properties of the
NPs relative to plain drug. These results stand promising for the
futuristic development of oral dosage forms.

Conclusion

MF-loaded CS-based nanoparticles were prepared via ionic gel-
ation. Optimization experiments and factorial modeling culminated
into the conclusion that the incorporation of PluronicVR P-123 led

Table 3. Results of kinetics fitting model.

R2

Formulation Zero Higuchi Peppas Release Order K n Transport mode MDT (h) RE (%)

A1 0.527 0.807 0.927 Peppas 28.28 0.752 Non-Fickian 5.72 82
F7 0.681 0.985 0.997 Peppas 28.06 0.473 Non-fickian 7.55 73
F8 0.634 0.7321 0.973 Peppas 41.88 0.332 Fickian 5.44 87
A1H 0.735 0.1 0.951 Peppas 19.18 0.38 Fickian 9.71 55.00
F7H 0.901 0.957 0.994 Peppas 9.30 0.46 Non-fickian 13.71 38.02
F8H 0.917 0.933 0.995 Peppas 10.95 0.45 Fickian 14.60 41.89

*

*
*
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Figure 5. Cytotoxicity of the developed MF-loaded CS-based NPs using RKO
human colorectal cancer cells alone or in combination with plain DOX
(�significance measured relative to plain 5mM MF).
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to formation of Semi-IPN with enhanced entrapment efficiency
and optimal physicochemical properties. Besides, the preparation
of readily dispersible HPMC-cryopreserved formulations improved
the drug payload as well as allowed sustained release profile and
synergistic anticancer activity against colorectal RKO-cells.
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[61] Piktel E, Niemirowicz K, Wątek M, et al. Recent insights in
nanotechnology-based drugs and formulations designed for
effective anti-cancer therapy. J Nanobiotechnol. 2016;14:39.
doi: 10.1186/s12951-016-0193-x

1170 K. ARAFA ET AL.

https://doi.org/10.1186/s12951-016-0193-x

	Facile development, characterization, and optimization of new metformin-loaded nanocarrier system for efficient colon cancer adjunct therapy
	Introduction
	Materials and methods
	Materials
	Methodology
	Preparation of CS-based NPs
	Physicochemical characterizations
	Drug entrapment efficiency
	Evaluation of the effect of different formulation parameters on the properties of the prepared NPs using factorial design
	In vitro drug release study
	Drug release data analysis [model fitting kinetics]
	KorsmeyerPeppas model
	Release efficiency (RE)
	Mean dissolution time (MDT)
	Comparison of dissolution profiles by a model independent method
	Cytotoxicity assessment


	Results and discussion
	Factorial design analysis of the developed CS-Pluronic NPs
	Effect of formulation variables on the MF EE
	Effect of formulation variables on the PS of CS-pluronic NPs
	Effect of formulation variables on the ZP of CS NPs

	Characterization of the developed CS-based NPs
	Morphological assessment of the developed NPs
	In vitro release study
	Release profiles from the cryopreserved NPs

	Drug release data analysis [model fitting kinetics]
	Cytotoxicity assessment of the developed NPs

	Conclusion
	Disclosure statement
	References


