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Abstract

Hepatocellular carcinoma (HCC) has a significant economic impact and a high mortality rate. Telmisartan (TLM) is a poten-
tial therapy for HCC, but it has a limited scope in drug delivery due to unpredictable distribution and poor bioavailability. The
objective of this study was to prepare, design, and in vitro evaluate lactose-modified chitosan nanoparticles (LCH NPs) as a
liver-targeted nanocarrier for TLM with the potential to offer a promising HCC therapy. The combination of chitosan with
lactose was successfully attained using the Maillard reaction. TLM-LCH NPs were prepared, characterized, and optimized
with the developed 2° full factorial design. The optimized formulation (F1) was in vitro and in vivo characterized. LCH was
synthesized with an acceptable yield of 43.8 +0.56%, a lactosylation degree of 14.34%, and a significantly higher aqueous
solubility (6.28 +0.21 g/L) compared to native chitosan (0.25 +0.03 g/L). In vitro characterization demonstrated that, F1 had
a particle size of 145.46 +0.7 nm, an entrapment efficiency of 90.21 +0.28%, and a surface charge of +27.13+0.21 mV. In
vitro TLM release from F1 was most consistent with the Higuchi model and demonstrated significantly higher release at pH
5.5. Moreover, a significantly higher ratio of liver to plasma concentration was observed with TLM-LCH NPs compared to
plain TLM and unmodified TLM-NPs. The obtained results nominate TLM-LCH NPs as a promising carrier for enhancing
liver targeting of TLM in treatment of HCC.
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Introduction

The mammalian liver is an essential organ that removes
harmful substances from the body’s bloodstream, including
drugs, organic waste products, and other foreign particles.
Moreover, it helps with the anabolism of steroid hormones
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and cholesterol. As the largest, most strategically positioned,
and most multifunctional internal organ, the liver is suscep-
tible to infections, injuries, and disorders. About 2 million
people die every year from liver disease, whereas cirrhosis
and liver cancer accounting for about 3.5% of all fatalities
worldwide [1]. In addition to the high mortality risk, patients
with liver diseases have a substantial economic impact and
poor quality of life indices [2].

Telmisartan (TLM) belongs to the class of angiotensin II
receptor blockers. It is an antihypertensive drug with a track
record of clinical efficacy and safety. Besides, it has been
found to have potential applications in several liver diseases,
including non-alcoholic fatty liver disease [3], non-alcoholic
steatohepatitis [4], alcoholic liver disease [5], and more inter-
estingly, hepatocellular carcinoma (HCC) as an apoptotic
agent [6]. However, TLM is a BCS class Il drug, which has a
limited scope in drug delivery caused by its poor solubility,
poor bioavailability, and unpredictable biodistribution [7].

Most drugs reach a high concentration in the liver
after being administered. However, due to their poor
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sensitivity and efficacy at usual doses, drugs used to treat
liver diseases have often met with minimal success and
a significant relapse rate. Furthermore, higher doses are
frequently hampered by off-target safety issues, patient
tolerability, and high resistance caused by efflux pumps
(P-glycoprotein) [8]. Therefore, in order to address the
highest therapeutic potential, many hepatic disorders
require a high level of selectivity and accumulation within
the relevant intrahepatic cells. These issues necessitate an
effective drug delivery system that targets the liver.

In the last two decades, nanotechnology has led to an
upsurge in drug delivery systems that specifically target
the liver, these systems rely on altered biodistribution for
enhanced hepatic therapeutic efficacy [9]. These systems
can enhance liver drug accumulation owing to the physi-
ological properties of the liver [10] and the physicochemi-
cal characteristics of the nanoparticles (NPs), which have a
significant potential for more targeted-drug delivery: either
passively or actively by conjugating tissue/cell-specific
ligands to NPs. The most widely used approach for increas-
ing the cellular uptake of NPs by hepatocytes is active tar-
geting of the asialoglycoprotein receptors (ASGPR) [11].
ASGPR are primarily expressed by hepatocytes and is
poorly distributed into extrahepatic tissues [12]. Indeed,
each hepatocyte has approximately 500,000 ASGPR, which
can detect and bind a wide spectrum of compounds expos-
ing saccharide residues, including lactose [13, 14].

Since the physicochemical properties of polymeric
NPs can be changed, including size, charge, and release
behavior, they have been applied in various applications
[15]. Most notably, the ease to be modified with differ-
ent ligands for targeting specific receptors and have been
extensively utilized for this purpose in liver targeting [16].
Recent years have seen a surge in interest in the use of chi-
tosan NPs as a drug delivery vehicle due to their outstand-
ing biodegradability and biocompatibility and the pres-
ence of reactive functional groups on their surfaces [17].
Chitosan NPs have been shown to have liver-targeting
properties, and they were loaded with various actives for
theranostic or therapeutic applications [18—-21]. Recently,
TLM loaded chitosan coated magnetic NPs were utilized
as a colon-targeted drug delivery system [22].

This study focuses mainly on the decoration of chitosan
with lactose molecules (LCH) as a liver-targeted nanocar-
rier for TLM that could enhance its localization inside
liver tissues. In an effort to attain this objective, a 23
full factorial design was applied to fabricate and optimize
TLM-LCH NPs. Furthermore, the optimized formulation
was in vitro and in vivo characterized. It is expected that
this will result in an improvement in the concentration of
TLM within the liver, hence enhancing its potential in the
treatment of liver diseases, specifically HCC.
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Materials and Methods
Materials

Telmisartan (TLM), a pharmaceutical active agent, was
supplied as a free sample from Sigma Pharmaceutical
Industries (Menoufia, Egypt). Chitosan polymer (the
deacetylation degree =75-85% and the average molecu-
lar weight (Mw) = 100,000-300,000 Da) was purchased
from Acros Organics Company (Geel, Belgium). Sodium
tripolyphosphate (TPP) as a crosslinking agent, lactose,
acetonitrile, methanol (HPLC grade) and dialysis mem-
brane (Mw cut-off 12,000 g/mol) were purchased from
Sigma-Aldrich (St Louis, MO, USA). Plastic syringe fil-
ter (0.22 pm) and Glacial acetic acid were obtained from
Thermo Fisher Scientific (London, UK).

Methods
Synthesis of Lactose-Modified Chitosan

To synthesize LCH, the Maillard reaction (MR) was used,
according to a reported method [23]. Briefly, 1 g of each
chitosan and lactose was dissolved separately in 50 mL of
a 1% (v/v) acetic acid solution (pH 4). Then, the two solu-
tions were added to each other and stirred for 60 h at 70°C
and 100 rpm using a hotplate magnetic stirrer. Following
that, the reaction was stopped by cooling the mixture for
10 min in an ice bath. The mixture was then neutralized
by 1 M NaOH and centrifuged for 15 min at 8000 rpm
(Sigma 2—-16 KL model, Sigma Laborzentrifugen GmbH,
Harz, Germany). The supernatant was purified by dialyz-
ing against 500 mL of deionized water, being replaced
daily with fresh deionized water at room temperature for
5 days under continuous magnetic stirring to ensure that
all unreacted lactose was completely removed, and then
frozen for subsequent freeze-drying. The dry powder was
collected, weighed, and stored at room temperature for
further characterization.

Characterization of Lactose-Modified Chitosan
Determination of the Reactive Extent of MR

To measure the reactive extent of MR, a volume of 3 mL
was taken every 3 h during the reaction time (60 h) and
analyzed utilizing a UV spectrophotometer (Shimadzu UV
spectrophotometer, UV-1900i, Japan) by measuring the
absorbance at wavelength of 420 nm [24].



AAPS PharmSciTech (2023) 24:144

Page3of16 144

Determination of LCH Solubility

To assess lactose-modified chitosan (LCH) solubility, 50 mg
of chitosan and LCH was dissolved in 5 mL of deionized
water with vigorous stirring for 5 h, and then filtered through
a 0.45-um filter paper. Following Eq. (1), solubility was cal-
culated gravimetrically based on the change in filter paper
weight, which was oven-dried until reaching a constant

weight [25].
Wo — W,

Solubility (g/L) =

ey

where w, represents the initial weight (0.05 g), w, represents
the retained weight on the filter paper expressed in g, and v
is the volume of the deionized water used, expressed in L
(0.005 L).

Determination of LCH % Yield

The ratio of the lyophilized LCH weight to the combined
amount of chitosan and lactose added was used Eq. (2) to
calculate the percentage yield of LCH [26].

LCH
x 100
Chitosan + Lactose

yield (%) = )

Fourier Transform Infrared Spectroscopy

FTIR spectra of lactose, chitosan, and lyophilized LCH were
examined at a frequency range of 4000 to 400 cm™! using
a Fourier transform infrared spectroscopy (FTIR) spectro-
photometer (FTIR-8300E, Shimadzu, Japan). Samples were
grinded with KBr in a constant ratio, and their distinctive
bands were detected.

Determination of the Substitution Degree

The substitution degree (SD%) of the prepared LCH was
estimated by calculating the difference between the deacety-
lation degree (DD%) of LCH and native chitosan according
to Eq. (3):

SD% = DDchilosan% - DDLCH% 3)

The DD% of both chitosan and LCH were calculated from
their acetylation degree (AD%) according to Eqgs. (4) and
(5), respectively:

DD % = 100 — ADit05an % 4)

chitosan

DD, y% = 100 — AD; -n% 5)

The AD% of both LCH and chitosan were estimated using
Eq. (6), according to a reported method [27].

AD% = (A1320/A1420) — 0.03822 ©
0.03133

where A,;,, and A, ,,, represent the absorption bands of
(C-N) and (CH2) bending, respectively, which attended from
LCH and chitosan FTIR spectra.

Design and Preparation of TLM-LCH NPs
Full Factorial Design

A three-factor, two-level (2%) full factorial design was per-
formed to optimize the prepared TLM-LCH NPs. Particle
size (PS), zeta potential (ZP), and entrapment efficiency
(EE) were chosen to be the dependent variables (Table I).
TLM amount (A) at two levels (20 and 40 mg), TPP concen-
tration (B) at two levels (1 and 1.25 mg/mL), and LCH con-
centration (C) at two levels (1 and 2 mg/mL) were selected
as the independent variables following a substantial number
of preliminary studies. The trials were carried out in all eight
combinations (Table II).

Preparation of TLM-LCH NPs

Eight different formulations according to the above-men-
tioned design were fabricated following the ionic gelation
method first described by [28] with minor changes. After
dissolving the LCH in the 20 mL of deionized water, an
aliquot of 200 pL of the freshly prepared TLM concentrated
solution in glacial acetic acid was added, and a magnetic
stirrer was then used to stir the mixture at a speed of 600 rpm
for 15 min while the temperature was maintained at room
temperature. Then, 8 mL of a TPP solution in deionized
water was added dropwise to the TLM-LCH mixture. Sub-
sequent to the addition of the TPP solution, the NPs formed
instantaneously. The suspension was stirred for an additional
1 h to promote crosslinking. Afterward, the NPs were placed
in a bath sonicator for 10 min before being analyzed. For

Table | Coded Units of Levels and Their Matching Variables as
Applied in the 2° Full Factorial Design

Independent variables Levels

Low High
A =TLM amount (mg) 20 40
B =TPP concentration (mg/mL) 1 1.25
C=LCH concentration (mg/mL) 1 2
Coded values -1 +1
Dependent variables Target
Y1=PS Minimize
Y2=Z7P Maximize
Y3=EE Maximize

@ Springer
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Table Il The Design Matrix of

Formula code Coded levels TLM amount  TPP concentration LCH concen-
the Prepared TLM-LCH NPs " 5 c (mg) (mg/mL) ration (mg/
mL)
F1 -1 -1 -1 20 1 1
F2 +1 -1 -1 40 1 1
F3 -1 +1 -1 20 1.25 1
F4 +1 +1 -1 40 1.25 1
F5 -1 -1 +1 20 1 2
F6 +1 -1 +1 40 1 2
F7 -1 +1 +1 20 1.25 2
F8 +1 +1 +1 40 1.25 2

control purposes, drug-free plain NPs were made under the
same conditions.

Characterization of the Prepared TLM-LCH NPS

Determination of Particle size, Polydispersity Index,
and Zeta Potential

The Malvern Zetasizer (Malvern Instruments Ltd. UK), was
utilized to assess PDI, PS and ZP of the prepared formu-
lations. Depending on the dynamic light scattering (DLS)
method, the PS was investigated. The samples were diluted
at a ratio of 1:25 using deionized water, just before each
measurement. The electrophoretic light scattering method
was used in order to obtain the ZP value.

Determination of TLM-LCH NPs Entrapment Efficiency

To figure out the EE%, the difference between the free, non-
entrapped TLM amount (x,) and the total TLM amount (x,)
was calculated according to Eq. (7). The total drug content
was obtained by dissolving the polymeric coat after mixing
0.5 mL of the prepared formulation with 1 mL of glacial ace-
tic acid. While, the free TLM was obtained by centrifuging
0.5 mL of the prepared formulation at 15,000 rpm and 4°C
for 1 h, followed by separation of the supernatant.

Xy — X

EE (%) = x 100

- )

The drug amount was determined using a spectrofluo-
rometer (RF-6000 model, Shimadzu, Tokyo, Japan) at an
emission wavelength of 365 nm after excitation at 230 [29].
For the concentration range of 20-200 ng/mL, a linear cali-
bration curve was obtained with a correlation coefficient (R?)
of 0.9996. As a means of excluding interference from the
components of NPs during measurements, plain NPs were
employed as a blank.

@ Springer

Optimization of TLM-LCH NPs Formulations

According to the factorial experimental design, the response
optimization method was applied to determine the best con-
ditions for selecting the most optimized formulation using
Minitab 19 software. The goal of the optimization procedure
was set, which required attaining the lowest possible value
for PS while simultaneously reaching the highest possible
values for EE and ZP (Table II). After that, the selected
formulation was centrifuged, and the NPs were separated
before being freeze-dried for additional characterization.
Moreover, the optimized formulation’s loading efficiency
was assessed by calculating the weight of the entrapped drug
in NPs per the weight of the NPs.

Evaluation of the Optimized Formulation

To examine the characteristic bands and rule out the possi-
bility of any interaction between TLM and LCH, the FTIR
spectra of TLM, lyophilized blank LCH NPS, and lyophi-
lized optimized TLM-LCH NPs were analyzed using FTIR
spectrometer (FTIR-8300E, Shimadzu, Japan). For examin-
ing the morphological characteristics of the optimized for-
mulation, a transmission electron microscope (TEM) (model
2100, JEOL®, Tokyo, Japan) was used.

In Vitro TLM Release Study

The in vitro release study of TLM-LCH NPs was con-
ducted utilizing the dynamic dialysis method [30]. The
dialysis membrane was immersed overnight in phosphate
buffer saline (PBS) pH 7.4 to guarantee full swelling.
An aliquot of 0.5 mL (equivalent to 1 mg TLM) of each
TLM-LCH NPs, TLM-NPs, and plain TLM suspended in
PBS pH 7.4 was inserted into the dialysis bag and then
submerged into the release medium (150 mL PBS pH 5.5
or 7.4) with stirring at 100 rpm and 37°C. For 24 h, sam-
ples of 3 mL were withdrawn at certain time points, and
replaced with a 3-mL of fresh buffer. The TLM amount
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released was quantified spectrofluorimetrically at an
emission wavelength of 365 nm. The % cumulative TLM
release was determined using Eq. (8).

% cumulative TLM release = % x 100 (8)
0

where, Q, represents the amount of TLM that has been
released at time ¢ and Q) is the TLM amount that was added
initially.

Release Kinetics

The TLM release data were analyzed kinetically utilizing
DDsolver for Microsoft Excel software. The release data
of TLM-LCH NPs was fit into the following models: Higu-
chi (Eq. (9)), first-order (Eq. (10)), zero-order (Eq. (11)),
and Korsmeyer-Peppas (Eq. (12)) [31]. The model with the
highest R? value will be the most optimal release kinetics
model.

0,/Qy = K/t ©)
0,=0y(1-e*) (10)
0,/Q = Kyt (11)
0Q,/Qy = Kpt" (12)

where K}, is the Higuchi constant, K is the first-order release
constant, K, is the zero-order release constant, Kyp is a Kors-
meyer-Peppas constant, and the release exponent (n) repre-
sents the TLM release mechanism, where Fickian diffusion
release for n <0.45 and non-Fickian release (anomalous) for
0.45<n<0.89, indicates that drug release was maintained
by erosion and diffusion together. When # is greater than
0.89, it is associated with zero order release, in which drug
release is almost entirely owing to particle erosion [32].

Effect of Storage

To evaluate the influence of storage on the physical prop-
erties of the lyophilized optimized formulation, the lyophi-
lized powder was packed into brown glass vials and stored
under different storage circumstances for 6 months at 4°C
and ambient temperature (TA). The optimized formulation
was examined for different parameters, including PS, PDI,
ZP, and TLM encapsulation. Prior to each measurement,
the stored samples were reconstituted with PBS (pH 7.4)
and sonicated for 5 min.

Liver Targeting Efficiency

The efficiency of the optimized formulation in targeting
the liver was assessed by determining the ratio of the
TLM-liver concentration to the TLM-plasma concentra-
tion (Cliver/Cplasma) at three distinct time intervals: 2,
4, and 8 h. Twenty-seven male Wister rats (220-240 g)
were randomly divided into 3 groups of 9 rats each. All
rats were housed and received similar diet. The study was
conducted according to the worldwide guidelines for the
Care and Use of Laboratory Animals and were authorized
by the Research Ethics Committee of Faculty of Pharmacy,
Tanta University (Protocol NO. PT-0092). The three TLM
treatments (Plain TLM, TLM-NPs, and TLM-LCH NPs
dispersed in PBS pH 7.4) were intraperitoneally admin-
istered to the rats of the first, second, and third groups,
respectively at TLM-dose equivalent to 10 mg/Kg [33]. At
each time interval, blood samples were collected from 3
rats of each group and centrifuged at 3000 rpm for 10 min
to separate plasma. After collecting blood samples, the
rats were euthanized by cervical dislocation and dissected
to separate liver. Following that, the liver was precisely
weighed and homogenized after adding 10 mL of acetoni-
trile using the Ultra Turrax homogenizer (IKA, Werke
GmbH & Co. KG, Germany). Plasma samples and liver
homogenates were kept frozen at -80°C until being assayed
using a reported spectrofluorometric method [29].

Statistical Analysis

Minitab 19 statistical software was utilized to determine
the statistical analysis for the factorial design. Multiple
regression analysis was conducted to evaluate the response
as described by the following polynomial Eq. (13):

Y = by + b, A + b,B + b;C + b, AB + by;BC + b3 AC + b, ABC

13)
where, Y is the dependent response, by is the mathemati-
cal average response from all runs, and bx is the calculated
coefficient for the independent variable x. The mean effect
(A, B, and C) represents the average outcome of elevating
one element from a low to high level at a time. While AB,
BC, AC, and ABC are the interaction terms that demonstrate
how the response varies when modifications are applied to
two distinct factors simultaneously.

The other findings were statistically analyzed using
GraphPad Prism 6 Software, which used the t-test to
assess the statistical significance of the difference between
the mean values of two groups. While for comparing
various groups, the one-way ANOVA followed by the
Tukey—Kramer multiple comparison test was utilized.

@ Springer
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The obtained results were reported as (mean + SD), and a
p-value <0.05 showed a statistically significant difference.

Results and Discussion

Synthesis of LCH

Chitosan can be modified via a variety of techniques, such
as amide bond formation, reductive N-alkylation, and gly-
cation [34]. However, MR was chosen to be the method for
LCH preparation as it is simple with fewer steps and safe
compared to the other methods. MR occurs without using
coupling agents or reducing agents such as sodium cyanob-
orohydride, which is known for its toxicity [35].

Characterization of LCH
Determination of the Reactive Extent of MR

By measuring the UV absorbance at A 420 nm, the last stages
of the MR were detected. As illustrated in Fig. 1, spectros-
copy demonstrated a rise in absorbance at wavelength of
420 nm as a function of time, indicating the development
of colorful end products. The brownish-colored reaction
medium made this clear. Our findings indicate that lactose
was successfully attached to the chitosan backbone. Previ-
ous studies revealed a similar manner during absorbance
measurement at 420 nm [23, 36].

Determination of LCH Solubility
Chitosan is insoluble at neutral or high pH; however, it

is soluble in formic and acetic acids, which have limited
pharmaceutical applications. In this study, the solubility of

e
Cd

o
i

Absorbance at 420 nm
(=} (=)
N S

o
=)

20 40 60 80
Reaction time (h)

o

Fig. 1 The reactive extent of the Maillard reaction between chitosan
and lactose during 60 h. Data are represented as mean+SD, n=3

@ Springer

LCH in deionized water (6.28 +0.21 g/L) was significantly
(p < 0.05) higher solubility than that of native chitosan
(0.25+0.03 g/L). These results correlate with previous stud-
ies [23, 24]. The crystalline structure of chitosan and the
presence of amino group, or acetamide residues, are crucial
for the production of irregular conformational forms via
intramolecular hydrogen bonding, which promotes polymer
aggregation and low solubility [37]. However, chitosan’s
solubility can be improved by incorporating a hydrophilic
molecule like lactose and eliminating two hydrogen atoms
from its amino groups.

Determination of LCH % Yield

In terms of % yield, the prepared LCH amount to initial
added amount ratio was 0.877+0.011 g to 2 g (1 g chi-
tosan+ 1 g lactose), resulting in a yield of 43.85+0.56%
which is considered a good yield given that the LCH concen-
tration used in NPs formulations was 1-2 mg/mL.

Fourier Transform Infrared Spectroscopy

The attachment of lactose to the chitosan backbone was con-
firmed by FTIR spectroscopy. Figure 2 shows the obtained
FTIR spectra for lactose (a), chitosan (b), and LCH (c). The
FTIR spectrum of lactose showed the existence of carbonyl
groups in a band at 1651 cm™!, which disappeared in the
LCH spectrum, indicating the participation of the lactose
carbonyl group in the reaction with the chitosan amino group
to create Schiff base.

The FTIR spectrum of LCH was found to be distinct
from that of native chitosan, proving that lactose had been
incorporated into the polymer backbone. The first and most

1601
1656

%Transmittance

1567
1634

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (Cm™)

Fig.2 FTIR spectra of lactose (a), chitosan (b), and LCH (c)
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Table lll The Characterization Results (Mean + SD, n=73) of the Pre-
pared TLM-LCH NPs in the Applied 2 Factorial Design

Formula EE % PS (nm) PDI ZP (mV)

F1 90.45+0.67 144.16+1.51 0.13+0.024 27.1+0.56
F2 7731 +1.07 256.15+2.15 0.304+0.086 21.73+1.01
F3 81.05+0.18 115.26+191 0.245+0.038 23.7+0.81
F4 73.56+0.49 195.7+34 0.289+0.091 15.56+0.305
F5 83.82+0.58 405.76+7.8 0.288+0.035 35.5+1.57
F6 92.9+0.39 466.73+£1.96 0.268+0.055 37.8+0.265

F7 83.86+1.05 270.26+2.49 0.269+0.044 28.36+0.351
F8 91.71+0.8  362.33+5.53 0.194+0.069 27.25+0.252

important indicator for the chitosan modification is that, the
shift in the amide I band from 1656 cm™' in chitosan to
1634 cm™! in LCH, as marked in the figure, revealing the
creation of -C =N bonds, typical of Schiff bases formed dur-
ing MR. Additionally, the amide II band, previously located
at 1601 cm™!, migrated to 1567 cm™! and became more
intense.

The second distinction is that LCH spectrum showed
more pronounced variations between 1400 and 500 cm™!
than those of native chitosan spectrum. This area is unique
to saccharide structure, and this increase is related to the
increase in number of CH2 groups resulted from the incor-
poration of the lactose chain into the chitosan [38, 39]. These
findings confirm the incorporation of lactose molecules onto
the structural backbone of chitosan through the MR.

Determination of the SD%

The DD% of chitosan and LCH were found to be 79.384%
and 65.049%, respectively. After calculating the difference
between them the SD% was found to be 14.335%. The gen-
erated SD% made is perfect for the study’s goal, which is to

target hepatocytes, because Kupffer cells also have galactose
receptors distinct from ASGPR [40]. The galactose residue
in lactose is a ligand for both receptors. However, the level
of lactosylation affects selectivity. Receptors on Kupffer
cells preferred higher lactosylation degree (50% or more),
while the ASGPR on hepatocytes took up NPs with lower
lactosylation degree [41, 42]. Therefore, it is important to
maintain a reasonable galactose density to avoid a switch
from hepatocytes to the receptors of Kupffer cells.

Characterization of TLM-LCH NPs
Size Distribution of the Prepared TLM-LCH NPs

Table III displays the mean PS in a nanometric range as well
as the PDI values for each formulation. The generated PS
ranges from 115.26 +1.91 nm to 466.73 + 1.96 nm, and the
PDI values varied from 0.13 +0.024 to 0.304 + 0.086, dem-
onstrating a relatively uniform size distribution with good
physical stability [43]. According to these findings, the PS
range of the produced TLM-LCH NPs is optimal for the
study’s goal of liver targeting, as the diameter of fenestrae
in normal liver sinusoids is around 50-200 nm [44]. NPs
with sizes smaller than 200 nm can infiltrate through sinu-
soids [45]. This allows NPs to evade Kupffer cell capture
and reach hepatocytes, due to the fact that macrophages par-
ticipate in the removal of particles with a diameter greater
than 0.5 pm [46].

Equation (14) describes the regression analysis to exam-
ine the association between Y1 (PS) and the independent
variables.

PS§ =277.05 + 43.183A — 41.185B + 99.225C — 0.058AB

—4.925AC - 18.817BC + 7.833ABC
(14

a b c
Term ., (response is PS, a = 0.05) Term ., (response is ZP, a = 0.05) Term 22 (response is EE %, o = 0.05)
. c | | AC |
A - B - c ‘
B A AC B
BC A BC
ABC BC ABC
AC AB AB -
A8 | ABC { | A
0 20 40 60 8 100 120 140 0o 5 10 20 25 30 35 o 5 10 15 20 25 30 35

Standardized Effect

Fig.3 Pareto charts of standardized effects on (a) PS, (b) ZP, and
(¢) EE. The red dashed line represents a reference line for statistical
significance depends on the significance level (denoted by a=0.05).

Standardized Effect

Standardized Effect

A, B, and C factors stand for TLM concentration, TPP concentration,
and LCH concentration, respectively. The interaction terms for the
three factors are represented by AB, BC, AC, and ABC

@ Springer
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According to the regression analysis and Pareto chart
(Fig. 3a), all factors with the exception of AB (p=0.943)
significantly impacted PS (p < 0.05). The most significant
factor was LCH concentration (+C), the positive coefficient
value implies that increasing the amount of LCH consider-
ably increases PS. The increase in PS with increasing LCH
concentration could be due to the increase in the polymer
particles generating each vesicle, as there is a direct relation-
ship between vesicle size and number of particles [43, 47].

The second factor was TLM amount (+ A), indicating that
higher levels of TLM content led to PS enlargement. This
is a common occurrence in Chitosan-TPP NPs [48]. This is
most likely owing to the entrapped drug Mwt contribution
to the increase in PS. Based on these findings, the optimal
formulation conditions for PS were found to be 1.25 mg/mL
TPP, 20 mg TLM, and 1 mg/mL LCH, which correspond to
the F3 (115.26 +1.91 nm). The response surface plots and
contour plots that demonstrate graphically the effect of the
factors on the PS are shown in Fig. 4.

Zeta Potential of the Prepared TLM-LCH NPs

Table III displays the mean ZP in millivolt unit (mV). The
obtained values of ZP ranged from + 15.56 +0.305 mV
to+37.8+0.265 mV with a positive charge for all

Fig.4 The contour plots (a) and
response surface plots (b) for
the PS with variances of TLM,
TPP, and LCH

LM

@ Springer

generated TLM-LCH NPs, the (+ NH3) groups on the
surface of the NPs were thought to be the cause of this
charge. The positive charge is optimal for liver targeting,
as the charge on NPs’ surfaces has an impact on their cel-
lular internalization. Hepatocytes have a greater affinity
for positively charged NPs [49, 50], whereas negative-
charged NPs are ingested by Kupffer cells [51].

The regression analysis that describes the association
between the independent variables and Y2 (ZP) is reported
in Eq. (15).

ZP =27.125 — 1.533A — 3.400B + 5.108C — 0.775AB
—1.017BC + 1.833AC — 0.075ABC

According to the Pareto chart (Fig. 3b) and regression
analysis, all factors exhibited significant effects (p < 0.05)
on ZP except for interaction ABC (p=0.643). LCH concen-
tration (4 C) was the most effective factor, indicating a direct
relationship between polymer concentration and ZP value.
This could be attributed to an increase in positively charged
amino groups in LCH as polymer concentration increases.

The second effective factor was TPP concentration
(-B), indicating that there is an inverse relation between
TPP concentration and ZP value. This behavior can be
related to the more negatively charged phosphate ions

PS
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W 225 - 250
I 250 - 275 PS . ,
275 - 300
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accompanied by higher TPP concentrations, which react
with the positively charged (NH3) groups of chitosan,
resulting in a reduction in the positive charge. The third
effective component was + AC which is provided in formu-
lations F1, F3, F6, and F8. But with its combination of + C
and -B, F6 emerged as the most optimal in terms of zeta
potential (+37.8+0.265 mV). The response surface and
contour plots that demonstrate graphically the impact of
the selected factors on the ZP are shown in Fig. 5.

The Entrapment Efficiency of the Prepared TLM-LCH NPs

The mean EE of the prepared formulations ranged from
73.56+0.49% to 92.9+0.39%. The regression analysis for
the response Y3 (EE) is reported in Eq. (16).

EE =84.334 — 0.463A — 1.787B + 3.739C + 0.551AB 16
+ 4.695AC + 1.500BC — 0.859ABC (

In accordance with the regression equation and Pareto
chart (Fig. 3c), all parameters had substantial effects (p
< 0.05) on the EE %. The most significant factor was the
interaction between TLM amount and LCH concentration

Fig.5 The contour plots (a) and
response surface plots (b) of
the ZP with variances of TLM,
TPP, and LCH

TPP

1090 05 00 05

TLM

LCH

LCH

(+AC), which showed that a rise in the EE % is achieved by
raising both variables simultaneously. The second significant
factor was (+C), which showed that adding more LCH led
to a notable improvement in the EE%. We can infer from
(- B), the third efficient factor, that there is a rise in EE %
with the decrease in TPP concentration. According to these
findings, 2 mg/mL LCH, 40 mg TLM, and 1 mg/mL TPP
provide the best formulation conditions for EE %, which is
F6 (92.9+£0.39%).

The increase in EE% with increasing polymer content
could be explained as follows: the higher the polymer con-
tent, the more polymer particles create each vesicle, and the
higher the EE% of the drug. Another explanation is that the
electrostatic interaction between free amino groups of LCH
and the carboxylic groups of TLM, which is confirmed by
FTIR, resulted in an improvement in the EE%. As LCH con-
tent increased, so did the number of amino and hydroxyl
groups accessible for interactions with TLM, improving
encapsulation efficiency. In many prior investigations, rais-
ing the drug’s concentration with chitosan resulted in much
better drug encapsulation, which was attributed to the drug’s
ionic interaction with chitosan [52, 53].The response surface
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and contour plots that demonstrate graphically the impact of
the selected factors on the EE % are shown in Fig. 6.

Optimization of TLM-LCH NPs

After application of the response optimization method, the
optimization plot (Fig. 7) indicates that, the optimized for-
mulation concerning all the measured parameters was (F1),
which contains 20 mg TLM, 1 mg/mL TPP, and 1 mg/mL
LCH. The lyophilized optimized formulation (F1) displayed
a PS of 145.46 +£0.7 nm, a PDI of 0.148 +0.05, a loading
efficiency of 21.68 +0.89%, an EE % of 90.21 +0.28%, and
aZPof+27.13+0.21 mV.

Fourier Transform Infrared Spectroscopy

Figure 8 shows the FTIR spectra of TLM, blank LCH NPs,
and TLM-LCH NPs. After loading the NPs with the drug,
a reduction in the peak intensity of the chitosan (NH2)
group at 1657 cm™! was observed. Also, the carboxyl group
absorption peak of TLM at 1700 cm™' disappeared, and
a new peak was developed at 1566 cm™, related to the
N-H vibrations in amide (CONH), which confirmed the

Fig.6 The contour plots (a) and

response surface plots (b) of a
the EE with variances of TLM,

TPP, and LCH

TPP

0 05 00 05

1.0 -05 00 05
™

LCH

70 -05 00 05
PP
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interaction between TLM and LCH via the amide bond [22,
54]. Furthermore, the spectra of TLM-LCH NPs differed
significantly from the spectra of pure TLM NPs, whereas
there are no discernible differences in the spectra profiles
of blank NPs and TLM-LCH NPs. This might be because
of the extremely low concentrations of loaded TLM on the
NPs’ surfaces, or it could be because the TLM is mainly
embedded in the NPs’ matrices, both of which are consistent
with the high EE %.

Morphology of the Optimized TLM-LCH NPs Formulation

Using TEM, the morphological characters of the prepared
TLM-LCH NPs were investigated (Fig. 9). TEM analysis
showed that all of the NPs were nanometer-sized, with a
narrow size distribution, and nearly spherical in shape; this
is advantageous for cellular uptake because, as previously
mentioned, spherical particles are taken up more readily than
rod-shaped ones due to the longer membrane wrapping time
required for the latter [55]. Additionally, the lack of aggre-
gation and disruptions emphasized the vesicle’s integrity. It
is worth noting here that the PS determined by DLS analy-
sis was larger than that obtained from TEM micrographs.

EE % b
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M 84 - 85
85 - 86 8
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Fig.7 The response optimi-
zation plot of Minitab. The
vertical red lines represent the
current factor settings. The
numbers displayed in red at

the top of a column show the
current factor level settings.

The horizontal blue lines and
numbers represent the responses
for the current factor level

Composite
Desirability
D: 0.7423

zp
Maximum
y = 27.0667
d = 051836

PS
Minimum
y = 144.1667
d = 0.91303

EE%
Maximum
y = 90.450
d = 0.86416

Hydrodynamic particle diameter is calculated using the
DLS, which is a multi-angle measuring approach. However,
the actual diameter of the particle is determined by the TEM

experiment [56].

In Vitro TLM Release Study

Both the extracellular physiological pH of 7.4 and the tumor
cell microenvironment pH of 5.5 were used to assess the in
vitro release of plain TLM, TLM-loaded unmodified NPs

a
b
8 1700
5
£
£
7]
&
- 1c¢ 1657
ES
\/
1566
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™)

Fig.8 FTIR spectra of TLM (a), blank NPs (b), and TLM-LCH NPs

(c)

M TPP
1.0 1.0
[-1.0] [-1.0]
-1.0 -1.0

LCH
1.0
[-1.0]
-1.0

—

(TLM-NPs), and TLM-LCH NPs. As illustrated in Fig. 10,
at both pH, the % cumulative of TLM release from both
LCH and unmodified NPs formulations showed a significant
increase (p < 0.05) compared to the plain drug suspension.
At pH 7.4, the % cumulative of TLM release from LCH
and unmodified NPs within 24 h were 32.39 + 1.69% and
43.28 +3.3%, respectively, while it was 15.98 +2.11% from

Fig.9 TEM of the optimized formulation
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plain TLM suspension (Fig. 10a). This may be attributable
to the developed nanosized particles [57]. As the smaller
the PS, the larger the surface area, this gives more space
to retain the drug, leading to TLM solubilization and a sig-
nificant enhancement in drug release. In contrast, TLM sus-
pension showed a lower drug release, which was previously
explained by the fact that TLM is crystalline [58] and that its
solubility is pH-dependent, with a maximum solubility being
reached under strongly acidic (pH < 3) or basic conditions
(pH>9), but being insoluble in the pH range of 3-9 [59].

Regarding the release pattern of TLM-LCH NPs and
TLM-NPs, both formulations demonstrated biphasic drug
release, with an initial burst of TLM within the first 3 h,
followed by a steady release of the drug. The initial rapid
release may be caused by the TLM, which are loosely inte-
grated on the surface of the NPs by an amide bond [60].
Moreover, the TLM-LCH NPs formulation showed a lower
drug release profile compared to TLM-NPs. This may be
because of the lactose coating on the NPs’ surface, which
slows the TLM release.

The most interesting observation is that LCH NPs dem-
onstrated significantly (p < 0.05) higher release at pH 5.5
compared to pH 7.4, indicating a greater release upon reach-
ing the tumor microenvironment and hence increasing the
drug concentrations within HCC. The enhanced drug release
at pH 5.5 may be explained by the fact that chitosan exhibits
a swelling characteristic in acidic pH conditions [22].

After fitting the release data results of the TLM-LCH
NPs into the mentioned mathematical models, the R? value
was found to be maximum for the Higuchi model at both pH
(Table IV). Furthermore, the n exponent values at pH 7.4 and
pH 5.5 were 0.369 +0.044 and 0.626 +0.053, respectively.
These results revealed that the TLM release from LCH NPs
at pH 7.4 followed Fickian diffusion, meaning that the drug
release was controlled mainly by diffusion. At pH 5.5, how-
ever, non-Fickian release (anomalous) was observed, indi-
cating that drug release was maintained by both erosion and
diffusion. These findings revealed a slow TLM release rate
for LCH NPs, and its release would be controlled mainly by
diffusion within the blood circulation conditions. However,
a higher release controlled by diffusion and polymer erosion

Table IV Mathematical Models and Parameters of the Release Study
of TLM-LCH NPs at pH 5.5 and pH 7.4, (Mean+SD, n=3)

Release model Release medium pH

pH 5.5 pH7.4

R2=0.8677 +0.025
R?=0.8789+0.011
R2=0.9581 +0.005
R%2=0.9740 +0.004
n=0.369+0.044

R2=0.9529 +0.007
R2=0.9870+0.002
R2=0.9947 +0.006
R%2=0.9962 +0.003
n=0.626+0.053

Zero-order
First-order
Higuchi
Korsmeyer-Peppas

will be obtained upon reaching the tumor cells and even after
cellular internalization via receptor-mediated endocytosis
in lysosomes or endosomes, which have pH 4.5-5 and pH
5.5-6, respectively [61], highlighting the potential of TLM-
LCH NPs as an effective therapy for HCC.

Effect of Storage

The optimized formulation F1 displayed acceptable phys-
icochemical changes (Table V), as no significant differ-
ence (p>0.05) was detected in the measured parameters,
except for PS, which increased significantly (p =0.022)
after 6 months of storage at TA. The increase in PS may be
resulted from the particles’ aggregation and the swelling
nature of chitosan [62, 63]. Furthermore, the changes in the
evaluated parameters were found to be the least at 4°C when
compared to the formulation stored at TA. Based on these
results, it has been shown that the optimized formulation
is better stored as a lyophilized powder under refrigerated
conditions to attain a greater degree of stability and prevent
the aggregation of NPs.

Liver Targeting Efficiency

Figure 11 represents the results of the efficiency of the
TLM-LCH NPs in targeting the liver compared to plain
TLM and TLM-NPs at three distinct time intervals: 2, 4,
and 8 h. According to the obtained data, after the first 2 h,
plain TLM showed a higher C};,./C ratio compared

plasma
Fig. 10 The mean cumulative a b
% of TLM release (+SD, n=3)
from TLM-NPs, TLM-LCH §100 - TLM-NPs < 100 - TLM-NPs
NPs, and plain TLM at (a) pH by ~ TLM-LCHNPs 3 - TLM-LCH NPs
7.4 and (b) pH 5.5 g 80 ~ Plain TLM g 80 ~ Plain TLM
°© ©
= 60 = 60
= =
= =
.‘12’ 40 .g 40
5 5
g 20 2 20
= =3
o o
0 0
0 5 10 15 20 25 0 5 10 15 20 25
Time (h) Time (h)
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TableV The Effect of Storage

. . Storage conditions
on the Optimized Formulation

Evaluation parameters

During Storage for 6 Months PS(nm) PDI ZP(mV) EE%
at Ambient Temperature and
4°C. Values Are Represented as Initial 145.46+0.7 0.148 +£0.053 27.13+£0.21 90.21+0.28
Mean+SD, n=3 1%'month 4°C 146.2+0.88 0.168 +0.056 26.9+0.26 90.02+0.92
TA 147.03+0.97 0.174+0.058 262+1.13 89.13+1.01
2"month 4°C 146.93+1.01 0.191+0.032 26.66+1.06 89.45+0.49
TA 149.27 +1.67 0.205 +0.055 26.41+1.27 86.83+2.3
3"month 4°C 147.8+1.25 0.204 +0.006 26.13+0.86 89.18+1.53
TA 150.33 +4.12 0.241+0.059 24.9+0.85 86.18+1.78
6Mmonth 4°C 152.1+3.47 0.265+0.041 25.8+0.56 86.95+2.14
TA 160.76 +4.69 0.334+0.122 24.46+1.71 83.95+2.82
to the unmodified NPs. This may attributed to the rapid Conclusion

hepatic absorption of TLM by hepatic organic anion trans-
porter polypeptide that increase the initial liver concentra-
tion [64] combined with the lower plasma concentration
at that time due to the limited aqueous solubility of TLM.
However, there was a significant (p <0.05) increase in the
Cliver/Cplasma ratio of TLM-LCH NPs at the all-selected
time intervals compared to the other formulations, as the
Ciiver/Cplasma atio was nearly 2- to threefold that observed
in case of plain TLM and 1.5- to twofold that observed in
case of unmodified TLM-NPs. The obtained results reflected
the high targeting ability of the TLM-LCH NPs. The higher
Ciiver/Cplasma 1atio for TLM-LCH NPs compared to plain
TLM and TLM-NPs may be related to the presence of lac-
tose molecules, which act as an active-targeting ligand,
ensuring a high, selective binding affinity for the ASGPR
of hepatocytes and allowing NPs to be internalized intracel-
lularly via receptor-mediated endocytosis.

@8 Plain TLM
81 @B TLM-NPs
@B TLM-LCH NPs

2 4 8
Time (h)

Fig. 11 Liver targeting efficiency of the TLM-LCH NPs compared to
plain TLM and TLM-NPs by measuring the TLM-liver concentration
to the TLM-plasma concentration ratio (Cy;,./C, ) at three distinct
time intervals: 2, 4, and 8 h (mean+SD, n=3)

plasma

In conclusion, LCH was successfully synthesized via MR
and demonstrated its potential as a liver- targeted nanocar-
rier for TLM. The established factorial design allowed for
the successful preparation of TLM-LCH NPs with reason-
able physicochemical characteristics via optimization of
the parameters involved in the ionic gelation method. The
optimized formulation showed a better stability after being
stored as a lyophilized powder for 6 months at 4°C, while at
ambient temperature, a notable rise in PS was observed. In
vitro release study exhibited that the prepared TLM-LCH
NPs were stable at circulation pH with a controlled rate
of release, while at acidic tumor pH, the drug release was
faster due to polymer swelling and erosion. Additionally,
liver targeting efficiency study revealed that, TLM-LCH NPs
exhibited a significant increase (p <0.05) in the C;/Cpjy4ma
ratio compared to plain TLM and unmodified TLM-NPs.
All of these characteristics point to the high potential of the
prepared TLM-LCH NPs for increasing TLM distribution
into liver tissues, which could improve its efficacy when
used to treat HCC.
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