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Purpose: In chemotherapy, oral administration of drug is limited due to lack of drug
specificity for localized colon cancer cells. The inability of drugs to differentiate cancer
cells from normal cells induces side effects. Colonic targeting with polymeric nanoparticu-
late drug delivery offers high potential strategies for delivering hydrophobic drugs and fewer
side effects to the target site. Disulfide cross-linked polymers have recently acquired high
significance due to their potential to degrade in reducing colon conditions while resisting the
upper gastrointestinal tract’s hostile environment. The goal of this project is, therefore, to
develop pH-sensitive and redox-responsive fluorescein-labeled wheat germ agglutinin
(fWGA)-mounted disulfide cross-linked alginate nanoparticles (fDTP2) directly targeting
docetaxel (DTX) in colon cancer cells.

Methods: fDTP2 was prepared by mounting fWGA on DTX-loaded nanoparticles (DTP2)
using the two-step carbodiimide method. Morphology of fDTP2 was examined using scan-
ning electron microscopy (SEM) and transmission electron microscopy (TEM). Dynamic
light scattering (DLS) study was carried out to determine the mean diameter, polydispersity
index (PDI) and zeta potential of fDTP2. Cellular uptake efficiency was examined using
fluorescence microplate reader. Biocompatibility and active internalization of fDTP2 were
conducted on HT-29.

Results: fDTP2 was found to exhibit a DTX loading efficiency of 19.3%. SEM and TEM
tests revealed spherical nanoparticles. The in vitro DTX release test showed a cumulative
release of 54.7%. From the DLS study, f{DTP2 reported a 277.7 nm mean diameter with PDI
below 0.35 and —1.0 mV zeta potential. HT-29 which was fDTP2-treated demonstrated lower
viability than L.929 with a half maximal inhibitory concentration (ICso) of 34.7 pg/mL. HT-
29 (33.4%) internalized fDTP2 efficiently at 2 h incubation. The study on HT-29 active
internalization of nanoparticles through fluorescence and confocal imaging indicated such.
Conclusion: In short, fDTP2 demonstrated promise as a colonic drug delivery DTX
transporter.
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Introduction

Conventional chemotherapy is observed to be less successful in treating colorectal
cancer owing to its unspecific means of drug delivery." Oral administration of
anticancer drugs involves loss of effectiveness in targeting the drugs to the specific
gastrointestinal tract (GIT) site since drugs are absorbed or deteriorated in the upper
GIT.? This non-specific drug delivery mechanism also causes elevated toxicity from
the drug administered to normal tissues, resulting in extreme side effects such as
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liver toxicity, vomiting, nausea, mucositis, diarrhea, hand-
foot syndrome, anemia and neutropenia.> Nanoparticle-
based drug delivery technologies seem promising to
enhance drug pharmacokinetics and improve the effective-
ness of cancer treatment. This is because nanoparticles are
easily accumulated at the tumor site through passive tar-
geting via permeability and retention (EPR) effect due to
a deficient vasculature and tumor tissue drainage system.”
Nanoparticles developed from natural polymers are espe-
cially advantageous due to their biodegradability and bio-
compatibility. Nanoparticle-based drug delivery systems
provide various benefits, including longer half-life drug
circulation, increased drug bioavailability, elevated solubi-
lity and better stability, controlled drug release and effi-
cient targeting.”® Therefore, nanoparticle-based drug
delivery systems represent a promising vehicle for trans-
porting anticancer drugs to cancer cells.

Nanoparticles developed from disulfide polymers have
attracted significant attention in colon-targeted drug deliv-
ery systems. This is attributable to their peculiar redox-
responsive characteristic, where disulfide bonds are only
cleaved by the colon’s low-redox potential reductive envir-
onment. Specifically, encapsulated drugs are released at
the colon as the target site.” Thiol groups of thiolated
polymers are air-oxidized and self-assembled in an aqu-
eous solution for disulfide cross-linking, offering high
stability for nanoparticles.'® This scenario will prevent
premature release during transit via the GIT."' High glu-
tathione (GSH) concentration (low redox potential) is the
gateway for this colonic drug delivery mechanism. The
GSH concentration is 7 times higher in cancer cells than in
normal cells.'> Due to the colon’s lower redox potential
(—415 mV) relative to the normal reduction potential of
disulfide bonds (—250 mV), disulfide bond cleavage is
desirable in the colon.'® Thus, the redox responsive con-
dition in conjunction with pH-sensitive polymeric nano-
particles could also be used as a trigger for selective
release of anticancer agents in colon cancer cells.

Alginate is a linear hydrophilic polysaccharide consist-
ing of B-D-mannuronic acid (M-block) and a-L-guluronic
acid (G-block) monomers.'* High binding affinity of the
guluronic residues with divalent ions such as calcium ion
(Ca*") results in a three-dimensional network of ionic
interactions'* This network facilitates the generation of
alginate pellets, films, gel, beads, microparticles and
nanoparticles'> In a hydrated condition, intermolecular
hydrogen bonds stabilize the alginate structure.'® At low
pH, alginate shrinks and becomes porous, insoluble alginic

acid while at high pH, it can be converted into soluble
viscous alginate.'” As stated earlier in the literature, algi-
nate hydrophobicity and hydrophilicity can be modified by
carboxy group protonation (acidic condition) and deproto-
nation (basic condition) in the backbone chain.'®
Therefore, alginate’s pH-dependent actions may be

manipulated as a “smart” drug carrier utilizing
a controlled release mechanism'® Furthermore, alginate is
recognized as a strong mucoadhesive agent due to its
anionic existence at the carboxyl end, allowing adherence
to mucosal tissues.”’ Such adherence slows the drug transit
period and increases the duration at the absorption site.”'
Alginate thus greatly improves drug bioavailability and is
commonly used in pharmaceutical, cosmetic and food
industries.*?

DTX is an antimicrotubule anticancer agent in the
taxane family.”* It is a semi-synthetic compound originat-
ing from 10-deacetylbacattin III, a precursor isolated from
the European yew tree needle, Taxus baccata.** DTX is
an 807.9 g/mol white powder with the following empiri-
cal formula: C43Hs3NO;4.2° To date, DTX has displayed
antitumor efficacy against numerous human tumors,
including cervical cancer, prostate cancer, non-small cell
lung cancer, stomach cancer, breast cancer, leukemia and
colon cancer.?® 1t interferes with mitosis in cells, where
DTX-tubulin binding promotes tubulin polymerization
into  microtubules and  prevents  microtubule
disassembly.>> This results in G2/M cell cycle arrest and
latterly cell death.?” Currently, the commercially usable
dose of DTX in the intravenous application form are
Taxotere®™ and Docefrez®-*® Taxotere consists of 40 mg/
mL DTX and 1040 mg/mL Tween 80 and 13% ethanol
before administration.”” Tween 80 is used to dissolve the
DTX owing to its low water solubility, 3 pg/mL.*
Taxotere-related side effects include acute hypersensitiv-
ity, hypotension, fluid accumulation, myelosuppression,
neutropenia, peripheral neurotoxicity, epithelial necrosis,
vomiting and diarrhea.”® Tween 80 in both Taxotere and
Docefrez can cause peripheral neuropathy and acute
hypersensitivity reactions as well as severe hemolytic
activity. Further this, Tween 80 also acts as an inhibitor
to albumin based drug transport by restraining the binding
of DTX to albumin.?® Therefore, a more rigorous dose is
needed to optimize the negative effects induced by the
inclusion of Tween 80 in the Taxotere and Docefrez
formulations.

Most cell membranes are glycosylated, acting as lectin-

binding sites, such as wheat germ agglutinin (WGA).3]
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WGA is a Triticum vulgare-isolated plant lectin, primarily
binding to N-acetylglucosamine and glycoconjugate mem-
brane sialic acid, glycocalyx.”> WGA displays toxicity
thresholds in epithelial cells varying from 0.14 to 1.4 pM
and is moderately stable in acidic environments and prone
to proteolytic degradation>> WGA has outstanding
mucoadhesive properties since it is strongly binding to
mucus layer glycoproteins.** Cellular uptake is triggered
when WGA attaches to its cell surface receptor, accompa-
nied by clathrin and caveolae-mediated endocytosis.*
WGA was commonly used in oral drug delivery owing to
its susceptibility to proteolysis and facilitation in specific
receptor-mediated endocytosis.>* A histochemical analysis
found that WGA is strongly bound to human colorectal
cell lines such as HT-29, HCT-8 and Caco-2.! Studies
have shown that positive WGA is strongly attracted to
negatively charged sialic acid in colon cancer cells.*®
Therefore, WGA may be a strong ligand for colonic
delivery.

In this study, pH-sensitive and reduction-responsive
fluorescein-labeled wheat germ agglutinin (fWGA)-
mounted nanoparticles prepared from thiolated alginate
were synthesized to enhance site-specific DTX distribution
to colon cancer cells. Work began with attaching thiol
groups to sodium alginate. Nanoparticles were prepared
using self-assembly techniques in which thiol groups are
oxidized to form disulfide bonds in the polymer matrix.
Nanoparticle surface functionalization was done with
fWGA and characterized by electron microscopy (TEM),
electron microscopy scanning (SEM) and dynamic light
scattering (DLS). Stability, pH-
sensitivity, in vitro DTX release, cell viability and cell

reduction-response,

absorption of nanoparticles were also examined.

Materials and Methods

Materials
Thioglycolic acid > 98%,

sodium alginate, glycine,
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydro-
chloride (EDAC) > 99%, N-hydroxysuccinimide (NHS),
sodium nitroprusside, 5,5'-dithiobis(2-nitrobenzoic acid)
(Ellman’s reagent), dodecyl sulfate sodium salt (SDS) and
potassium bromide were obtained from Sigma Aldrich
(Saint Louis, MO, USA). Glutathione reduced, free acid
(GSH) was purchased from Calbiochem (Tokyo, Japan).
Ammonium hydrogen bicarbonate, sodium hydroxide
(NaOH), potassium dihydrogen phosphate (KH,PO,), and
di-sodium hydrogen phosphate (Na,HPO4:2H,O) were

obtained from R&M chemicals (Essex, UK). DTX was
obtained from Tokyo Chemical Industry (TCI) (Tokyo,
Japan). Fluorescein-labelled wheat
(fWGA) was purchased from Vector Laboratories
(Burlingame, CA, USA). A Micro BCA protein assay kit
was purchased from Thermo Fisher (San Diego, CA, USA).
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT), Tween 20, and dimethyl sulfoxide (DMSO)
> 99.5% were purchased from Sigma Aldrich (Saint Louis,
MO, USA). Roswell Park Memorial Institute 1640 (RPMI),
penicillin-streptomycin, and paraformaldehyde (PFA) were

germ  agglutinin

acquired from Nacalai Tesque (Kyoto, Japan). Dulbecco’s
modified eagle medium (DMEM), trypan blue and trypsin-
EDTA were obtained from Gibco (Grand Island, NY, USA).
Bovine serum albumin (BSA), Triton X-100 and phosphate
buffer saline (PBS) were obtained from Invitrogen
(Carlsbad, NY, USA). ProLong diamond antifade mountant
with 4',6-diamidino-2-phenylindole (DAPI) was purchased
from Thermo Fisher (Waltham, MA, USA). Primary anti-
body, Anti-Clathrin antibody and secondary antibody Goat
Anti-Rabbit IgG H&L (Alexa Fluor® 647) were acquired
from Abcam (Cambridge, MA, USA).

Methods

Synthesis of Thiolated Alginate

Thiolated alginate was synthesized referring to®’ with
some modifications (Figure 1).

Briefly, 1 mole of sodium alginate (2.16 g) was solubi-
lized in hot water (50 mL) and stirred at 1000 rpm at 80 °C.
Then, 1 mole of thioglycolic acid (1.22 mL) and hydrochlo-
ric acid (2.00 mL, 7 N) were added into the solution. This
mixture was left to react at 80 °C for 150 min under reflux
conditions. The mixture was then poured into 100 mL of
absolute ethanol. White precipitate of thiolated polymer
(TGA1) obtained from the reaction was washed several
times with absolute ethanol. The thiolated polymer was
stored at =80 °C for 4 h and lyophilized overnight using
the Alpha 1-4 LSC freeze dryer (Martin Christ, Germany).

Thiolated polymers with different feed molar ratios of
sodium alginate with thioglycolic acid (1:2, 1:3 and 1:5)
were synthesized according to the procedures stated above
and labelled as TGA2, TGA3 and TGAA4.

Characterizations of TGA

Sodium nitroprusside reagent (Na,Fe(CN)sNO) was used
to detect the thiol groups in TGA.>® The sample was
dissolved in 0.25 N aqueous sodium hydroxide. 35% w/v
ammonium hydrogen carbonate was used to adjust the pH
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Figure | Thioglycolic acid esterification of sodium alginate.

of the polymer solution to 9.0. Then, 5% w/v sodium
nitroprusside solution was added to the resulting solution
and any color changes of the solution was observed.

Ellman’s method was utilized to determine the thiol
substitution degree on the thiolated sodium alginate
samples.>® 2.5 mL of 0.25 N sodium hydroxide aqueous
was added to dissolve 5 mg of samples or the control.
5 mL of 0.5 M KH,PO4 was mixed with 95 mL of 0.5
M Na,HPO,4:2H,0 to prepare 100 mL of pH 8.0, 0.5
M phosphate buffer. The resulting pH was further
adjusted using KH,PO, (acidic) or Na,HPO,-2H,
O (basic). Then, the polymer solution was diluted with
250 uL 0.5 M pH 8.0 phosphate buffer. 500 uL of
Ellman’s reagent (0.03% w/v 5,5'-dithiobis (2-nitroben-
zoic acid) in 0.5 M pH 8.0 phosphate buffer) was
incubated with the diluted solution for 15 min at 25 °
C. Using the PowerWave XS UV/Vis absorbance micro-
plate reader (Biotek, Vermont, USA) at 450 nm, the
absorbance of the mixture was assessed. To quantify
the amount of thiol groups in the polymers, the standard
curve was prepared by reacting standard thioglycolic
acid solutions with Ellman ‘s reagent.

The KBr discs of sodium alginate (control) and thio-
lated sodium alginate samples were analyzed using Nexus
670 FTIR spectroscopy (Thermo Nicolet, USA) within
4000-400 cm™ " 'H sodium alginate (control) and thiolated
sodium alginate samples were examined in D,0O/NaOD
using 400 MHz Bruker AC 400 NMR spectroscopy
(Bruker, Germany).

Thioglycolic acid

HS
Thiolated sodium alginate (TGA)

Preparation of Blank Disulfide Cross-Linked
Nanoparticles

Thiolated alginate was developed into blank disulfide
cross-linked nanoparticles by referring to'® with few
alterations. Briefly, 10 mg thiolated alginate was dissolved
in 0.25 N sodium hydroxide solution (10 mL) and stirred
in an ice bath for 1 h at 1000 rpm. Afterwards, the solution
was left to react in the dark at 25 °C for 24 h. The solution
was ultrasonicated for 15 min and cooled down to room
temperature. The resulting solution was then stored at —80
°C for 4 h and lyophilized overnight using the freeze dryer.
The nanoparticles prepared using TGA1l, TGA2, TGA3
and TGA4 were labelled as TP1, TP2, TP3 and TP4,
respectively.

Preparation of DTX-Loaded Nanoparticles

Under stirring, thiolated alginate (TGAI1, 10 mg) was
dissolved in 0.25 N sodium hydroxide aqueous solution
(10 mL). Then, the polymer solution was reacted with
0.01% w/v of ethanolic DTX solution and stirred at 4 °C
for 1 h. Next, the solution was left to react in the dark at 25
°C for 24 h and ultrasonicated for 15 min. The DTX-
loaded nanoparticles were recovered by 30 min centrifu-
gation at 18,514 x g. The pellet was washed thrice with
ethanol to get rid of the free DTX. Then, the nanoparticles
were lyophilized to yield DTX-loaded nanoparticles.'
This procedure was repeated with TGA2, TGA3, and
TGA4 polymers. The DTX-loaded sodium alginate nano-
particles were named as DTP1, DTP2, DTP3, and DTP4,
respectively.
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Preparation of fWWGA-Conjugated Nanoparticles
From the characterization studies of DTX-loaded nanoparti-
cles, DTP2 was chosen for further study. The carboxyl group
of DTP2 disulfide cross-linked alginate nanoparticles were
conjugated with the amine group of fluorescein-labelled
wheat germ agglutinin (fFWGA)* as shown in Figure 2.

The nanoparticles sample (13 mg) was dissolved in PBS
(1 mL). I mL of 3.5% w/v EDAC and 1 mL of 0.15% w/v NHS
were added to the suspension. After 2 h of incubation at 25 °C,

@)

M

R OH

Disulfide cross-linked nanoparticles

R=DTP2 moieties

o
)-L WGA
R N
H

fWGA conjugated nanoparticles

\

H,N—WGA

R= fDTP2 moieties

fWGA

Figure 2 The two-stage carbodiimide reaction and resulting fWGA conjugation.

the suspension was centrifuged to discard the supernatant. The
obtained nanoparticles were washed thrice with ethanol. 1 mL
of the resuspended nanoparticles in PBS was reacted with 200
pL of 0.1% w/v fWGA. The mixture was left to react at room
temperature for 18 h. 200 uL of 20% w/v glycine in PBS was
then pipetted into the solution and further left to react for
1 h. The nanoparticles were washed thrice with ethanol. The
nanoparticles were lyophilized using the freeze dryer. The
products obtained were labelled as fDTP2.

(8] \NH
R)J\O/‘\\\N/\/\N/

|
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Characterization of Blank, DTX-Loaded and
fWGA-Conjugated Nanoparticles

The zeta potential and mean diameter of the nanoparticles
were examined by DLS using the Nano ZS Zetasizer
(Malvern Instruments, Worcestershire, USA). The scat-
tered light was measured at a 90° angle at room tempera-
ture. Deionized water was used to dilute the samples and
filtrated with a 045 pm filter
measurements.

LEO Stereoscan 4201 SEM (Leica Electron Optics,
Cambridge Instruments Ltd, Cambridge, UK) and Libra
120 TEM (Carl Zeiss, Oberkochen, Germany) were
applied to examine the surface morphology of the nano-

syringe before

particles. For SEM analysis, the samples were coated with
gold utilizing the Polaron [Fisons] SC 515 sputter coater
(Quorum Technologies Ltd, UK). Micrographs were
taken using SEM at 10 kV (up to 30,000x magnifica-
tions). For TEM analysis, samples were added onto car-
bon films supported by a copper grid. 1% w/v
phosphotungstic acid (PTA) solution staining was applied
on the copper grid for 1 min at room temperature.
Samples were then blotted with filter paper and air-
dried. Micrographs were taken using TEM at 5 kV (up
to 20,000x magnifications). The average sizes of the
nanoparticles from SEM and TEM micrographs were
measured using image J 1.51j8 analyzer software

(National Institutes of Health, USA).

Stability Studies

The nanoparticles were stored in buffer solution (pH 7.4)
at 25 °C for a month. The zeta potential and mean dia-
meter of the nanoparticles were analyzed to determine the
stability of the nanoparticles.'”

pH-Sensitivity Studies

The aqueous nanoparticle suspensions were separated into
seven parts. Adjustment of pH ranging from 2-8 was
performed utilizing 0.1 M HCI and 0.1 M NaOH. The
suspensions were then left to react for 24 h. The mean
diameter of the nanoparticles for each pH suspension was
measured at 25 °C.'°

Reduction-Response Studies

The nanoparticles were placed in buffer solution (pH 7.4).
The solution was then separated into three portions con-
sisting of control, 10 uM and 10 mM of GSH. The zeta
potential and mean diameter of the nanoparticles were
determined utilizing zetasizer after 24 h.*!

DTX Loading Efficiency and fWGA

Conijugation Efficiency

The concentrations of DTX in supernatant and washing
solutions from preparing the DTX-loaded nanoparticles
were determined from the absorbance measurement at 230
nm using the Varian Cary 50 UV-Vis spectrophotometer
(Varian Australia Pty Ltd, Australia).** The loading effi-
ciency % (LE) for the triplicate samples was calculated, and
the results were averaged using the formula below:

Total amount of DTX
loaded in nanoparticles
Initial amount of DTX
used for DTX loading

x 100

Loading efficiency(%) =

The efficiency of fWGA conjugation of the nanoparticles
was determined using Micro BCA Protein Assay Kit accord-
ing to* with some modifications. Briefly, 5 mg of fWGA-
conjugated nanoparticles were dissolved in 500 uL. PBS and
incubated for 4 h in 2.5 mL of 0.05 N NaOH/0.5% w/v SDS
at 37 °C. Micro BCA working solution (150 uL) was mixed
with the sample solution (150 pL) in a microplate well and
mixed thoroughly for 30 sec. The microplate was then left to
react for 2 h at 37 °C. After being cooled down to room
temperature, the samples’ absorbance at 562 nm was deter-
mined utilizing the UV/Vis microplate reader. A calibration
curve within 1.3 to 40.0 pg/mL was constructed using stan-
dard solutions of fWGA in PBS. Solutions of fWGA-free
nanoparticles were served as blank.

In vitro DTX Release Studies
To perform in vitro DTX release, nanoparticles were incu-
bated at 37 °C in a shaker incubator at 50 rpm. Hydrochloric
acid solution (pH 1.0) and phosphate buffer solution (pH 7.4)
without GSH were prepared to mimic the stomach and small
intestine conditions. While, phosphate buffer solution (pH
6.0) with and without GSH (colon) were used to simulate the
pH and reducing environment of the GIT.'°

DTX-loaded samples (20 mg) were divided and placed
into two dialysis bags and suspended in conical flasks con-
taining 10 mL of simulated stomach solution for 2.0 h. Then
the samples were placed into the simulated small intestine
solution for 3.0 h. The designated time is based on the
average transit time in stomach (1.3 to 2.8 h) and small
intestine (2.9 to 4.2 h).** Regularly, about 5 h is needed for
the administration of drug to reach the colon.*> Next, the
samples were divided into two, first in a control consisting of
pH 6.0 phosphate buffer solution, and second in 25 mM GSH
pH 6.0 phosphate buffer solution. Release media (250 pL)
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was removed and replaced with 250 pL of fresh media at
designated time intervals. The concentration of DTX was
230 nm UV-Vis
spectrophotometer.*® The cumulative DTX release for the

evaluated at utilizing  the
triplicate samples was determined and the results were aver-
aged using the formula below:

Amount of DTX released
Cumulative _ at predetermined time % 100
DTX release = Initial amount of

DTX in nanoparticles

Cell Culture

In cell culture experiments, HT-29 (colon cancer) and 1.929
(mice fibroblast) cell lines were purchased from American
Type Culture Collection (Manassas, VA, USA). DMEM and
RPMI containing 10% fetal bovine serum and 1% penicillin-
streptomycin  were used to culture L1929 and HT-29,
respectively.’” A 5% CO, humidified incubator Haraeus
BB15 (Thermo Fisher Scientific, Singapore) with the tem-
perature set at 37 °C was used to incubate the cells. First,
thawing of frozen cells was performed using a 37 °C water
bath. The cells were withdrawn from the cryovial and cen-
trifuged at 1000 rpm for 5 min. The supernatant was with-
drawn and replaced with fresh growth media. The cell pellets
were gently resuspended in the media and transferred into
a new flask for cell culturing. After the cells reached 90%
confluency, detachment of cells from the flask was conducted
using 0.25% Trypsin-EDTA solution. 5 min centrifugation at
1000 rpm was performed to recover the cells. Then, the
recovered cells were resuspended in growth media. The
total number of cells in the suspension was counted using
the trypan blue assay. A mixture of 10 pL of the cell suspen-
sion and 10 pL of the trypan blue was applied to the cell
counting slide and counted using the TC10 automated cell
counter (BIO-RAD, Philadelphia, USA). The cell suspension
was then cultured for further experiments.

Cyto-Compatibility Studies — MTT Assay
Each well of a 96 well plate was seeded with 1x10% cells.
A 5% CO, humidified incubator with the temperature set at 37
°C was used to incubate the cells. Nanoparticles were dis-
solved in growth media and serial diluted to prepare different
treatment concentrations. The cells were incubated for 24
h. Afterwards, the media in each well was withdrawn and
replenished with 100 puL of the nanoparticle suspensions.
The untreated cells in the media served as the negative control.
After being incubated for 24 h, the media were withdrawn

from the wells and replenished with fresh media (100 pL).
MTT solution (10 pL, 5 mg/mL) was pipetted into the wells
for 4 h incubation. Afterwards, the MTT solution in each well
was withdrawn and replenished with 100 uL of DMSO.** The
plate was shaken prior to measurement. The solution’s optical
density was evaluated utilizing the 570 nm UV/Vis absorbance
microplate reader. Cell viability for every triplicate sample
was calculated (below) and the results were averaged.

Absorbance of cells
treated with sample
Absorbance of
untreated cells

Cell viability (%) = x 100

Cellular Uptake Studies

Cellular Uptake Efficiency

1 x10* HT-29 cells were seeded in each well of a 96-well plate
to measure cellular uptake quantitatively. The cells were incu-
bated for 24 h at 37 °C under 5% CO, condition. Afterwards,
the medium was withdrawn. PBS was used to wash the cells
thrice and 100 pL of the fWGA-conjugated DTX-loaded
nanoparticles in PBS (concentration of 3.9-125.0 pg/mL)
was pipetted into the sample wells (Isample) and positive wells
(Lpositive)- Meanwhile, the cells in the negative wells (Inegative)
were treated with nanoparticles without fWGA conjugation.
The cells were incubated for 0.5-4 hours at 37 °C. At prede-
termined times, the nanoparticle solution was removed from
the sample wells and the cells were washed thrice with PBS. As
this was going on, the nanoparticle solutions in the positive and
negative wells remained in the wells.* After that, 100 pL of
Triton X-100 (0.5% in 0.2 N NaOH) was added to all the wells
to solubilize the cells. A microplate fluorescence reader,
FLUOstar (Omega, Germany), set at 485 nm excitations and
520 nm emission wavelength was applied to measure the
fluorescence intensities. The uptake efficiency formula was
calculated as below:

Isample — Inegative
Ipositive — Inegative

Uptake efficiency =

Fluorescent Imaging

Fluorescent imaging of the cellular uptake of the nanopar-
ticles was carried out according to’® with some alterations.
Briefly, the cover slips were put into the wells of a 6-well
plate. HT-29 cells were seeded onto the cover slips at 1 x
10° cells per well. The cells were incubated at 37 °C for
24 h under 5% CO, conditions. After that, the media was
withdrawn and PBS was used to wash the wells. Then,
each well was incubated for 2 h with 2 mL of 50 pg/mL
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nanoparticles in PBS. The solution was then withdrawn
and PBS was used to wash the wells. Mounting DAPI was
used to mount the cover slips onto the glass slides and
viewed under the IX71 Inverted Microscope fluorescence
microscope (Olympus, New York, USA).

Confocal Laser Imaging

The cover slips were put into the wells of a 6-well plate.
Each well containing the cover slip was seeded with 1 x
10° HT-29. The cells were incubated at 37 °C under 5%
CO, conditions. After 24 h of incubation, the medium was
withdrawn and PBS was used to wash the wells. Then, 2
h incubation involving 2 mL of 50 pg/mL of the nanopar-
ticles in PBS per well was conducted. The solution was
then withdrawn and ice-cold PBS was used to wash the
wells twice. Cells were fixed for 15 min using 2 mL of 4%
PFA. Ice-cold PBS was used to wash the cells twice. The
cells were treated for 15 min on ice with 2 mL of Triton
X-100 (0.1% in PBS). PBS was used to wash the cells
thrice. A blocking buffer was prepared from 1% BSA and
0.2% Tween-20 in PBS. Next, 2 mL of blocking buffer
was applied to the cells and followed by 1 h of incubation.
A 1:200 dilution factor of primary and secondary antibo-
dies in the blocking buffer were prepared and pipetted into
the wells. Using a dark humidified chamber, the cells were
incubated overnight at 4 °C. PBS was used to wash the
cells five times. Subsequently, the diluted secondary anti-
body was pipetted into the wells and followed by 1
h incubation in the dark at 4 °C. PBS was used to wash
the cells five times. Mounting DAPI was used to mount
the cover slips onto the glass slide for 10 min and these
were viewed under the Zeiss CLSM 710 confocal micro-
scope (Zeiss, Jena, Germany) using 63 X magnification of
the oil-immersion objective.>®

Statistical Analysis

Mean + standard deviation was applied to express the data.
Standard deviation from the mean was indicated using
error bars (n=3). Analyses of the data of thiol contents
and stability studies of the nanoparticles were conducted
using paired-sample #-test. Dunnett’s (two-sided) post hoc
test was applied to analyze data for the reduction-response
and in vitro DTX release studies. Analysis of the data of
in vitro cytotoxicity studies of nanoparticles for paired
comparisons of mean values was performed using one-
way ANOVA with Tukey’s HSD (Honestly Significant
Difference) post hoc test. p value < 0.05 was regarded as
statistical significance.

Results and Discussion
Characterization of TGAI-TGA4

Thioglycolic acid moieties were conjugated to the sodium
alginate backbone via ester bonding between the hydroxyl
and carboxyl groups of alginate and thioglycolic acid,
respectively.®® Hydrochloric acid was used as a catalyst
for the reaction. White precipitate of thiolated sodium
alginate (TGA) was formed after pouring the reaction
mixture into the ethanol. TGA was found to be insoluble
in water because sodium alginate was converted into inso-
luble alginic acid in acidic conditions. However, this inso-
luble alginic acid can be made soluble in alkaline water.
Similar results were reported in previous studies, where
gellan conjugated with thioglycolic acid dissolved in water
when made alkaline.>’ The average yields of the products
were 65.9%. Since thioglycolic acid is miscible with etha-
nol, the excess thioglycolic acid bound on the surface of
the polymers was washed using ethanol.

A preliminary test using sodium nitroprusside reagent
was applied to the polymer to identify the presence of thiol
group in the polymer. TGA showed positive results as the
color of the reaction mixture changed from yellow to
reddish purple. This color change was due to the thiolate
anion of TGA which induced nucleophilic attack on the
nitric oxide (NO) ligand of the nitroprusside, yielding
colored nitrosothiol complexes, [Fe(CN)sN(O)SR]™"%"
(Equation 1)."

[Fe(CN)5N0}2'+RSH- = [FG(CN)sN(O)SR] (n+2)- (1)

Ellman’s method was applied to determine the polymers’
thiol contents. This Ellman’s test involved reaction
between the Ellman’s reagent, 5,5'-dithiobis(2-nitroben-
zoic acid) (DTNB?) and the thiolate anion (R-S°)
(Figure 3). From the reaction, a yellow colored 2-nitro-
5-thiobenzoate anion (TNB?) and a mixed disulfide
(R-S-TNB") were formed with one mole of TNB** formed
per mole of thiol group.> The reaction was favored at pH
> 7.3 and the yellowish solution was examined at 412 nm
to evaluate the thiol concentration.’

The concentrations of thiols per gram of the thiolated
polymers and disulfide cross-linked nanoparticles were
determined utilizing calibration curves constructed by
reacting standard solutions of thioglycolic acid
(R?=0.9994) with Ellman’s reagent. The number of thiols
in TGA1, TGA2, TGA3, and TGA4 were 1.19, 2.19, 2.21,
and 3.13 mM/g polymer, respectively. Since TGA4 was
formed using the highest number of moles of thioglycolic
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Figure 3 One mole of TNB? formed per mole of thiol group in Ellman’s reaction.

acid, it contained the highest number of thiols among all
the polymers formed. This result agrees with previous
findings, where the rate of thiol conjugation of sodium
alginate was directly proportional to the number of moles
of 4-aminothiophenol involved in the reactions.®

FTIR Analysis

Identification of functional groups for sodium alginate and
TGA was carried out by interpreting their FTIR spectra
(Figure 4). For sodium alginate spectrum, OH stretching
was assigned a broad absorption band found at 3418 cm™ .
the peak at 2920 cm ' reflected CH

"and 1417cm™, respectively,

Meanwhile,
stretching.®” At 1618cm™
peaks of symmetric and asymmetric stretching vibrations
of carboxylate anions were observed.”* The adsorption
bands of cyclic CH bending and COC cyclic ether stretch-
ing were observed at 820 cm ' and 1031 cm ',
respectively.”> Compared to the alginate spectrum, a new
characteristic peak at 2642 cm ™' was detected in the spec-
trum of TGA, assigned to the SH stretching of the thiol
group.’® Meanwhile, an additional peak of ester carbonyl

group stretching was found at 1733 cm '’

'H NMR Analysis

The conjugation of thiol to sodium alginate was further
confirmed using "H NMR analysis (Figure 5). The multi-
plet peaks found in the range between 3.7 and 5.0 ppm

were attributed to the protons of methine groups of
sodium alginate hexuronic acid moieties.”’ Meanwhile,
in comparison to the sodium alginate spectrum, the TGA
spectrum showed new characteristic peaks and increased
peaks due to the new functional groups attached to the
alginate backbone. In the TGA spectrum, there was an
additional singlet peak (1H, -O-C(O)-H,-SH) at 3.3 ppm
which was assigned to the protons in thioglycolic acid.
This result was in agreement with the previous findings,
where the peak appearing at 3.15 ppm was due to the
proton of the thioglycolic ester fragment, -O-C(O)-CH,-
SH.>® Also, a chemical shift of SH was observed in the
TGA spectrum with the emergence of additional peaks
found at 1.1 ppm.*!

Characterization of TPI-TP4

Disulfide cross-linked nanoparticles were developed via the
self-assembly of thiolated alginate in deionized water, which
was assisted by air oxidation and ultrasonication (Figure 6).
TGA is an amphiphilic polymer which consists of
a hydrophilic alginate chain and hydrophobic thiol group.'?
The hydrophobic thiol groups were self-assembled into the
core and further wrapped by the tightly packed hydrophilic
backbones via inter- and intra-molecular hydrogen bonding.
Consequently, the adjacent thiol groups in the core of the

nanoparticles were cross-linked by ultrasonic air oxidation. '’
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Figure 7 Thiol concentration profiles for TGA and TP (mean * SD, n=3). *(p < 0.05) and **(p < 0.01) show a significant difference between the polymers and nanoparticles.

No color change was observed for the reaction of
sodium nitroprusside with the TP1-4 polymers. This
negative result indicates that the thiols of the polymers
were air oxidized to form disulfide bonds.*® The oxida-
tion of thiols to form disulfide cross-linked nanoparticles
reduced the thiol content of TGA polymers (Figure 7).
Compared to all the polymers synthesized, only the
TGA4 polymer showed no significant decrease in thiol
contents after being developed into nanoparticles. TP2
(78.5%) recorded the highest rate of decrease in thiol
contents, followed by TP1 (73.3%) > TP3 (49.3%) >
TP4 (23.6%). Since TP2 showed the highest decrease
rate in thiol contents (p < 0.01) compared to the other
nanoparticle formulations, therefore it was chosen for
further characterizations. Only 21.5% of the thiol con-
tents of TGA2 were left after forming TP2 nanoparticles,

indicating that disulfide bonds were formed from the air
oxidation of thiol groups.'”

Characterization of DTP1-DTP4

The concentrations of DTX in DTX-loaded disulfide
cross-linked nanoparticles were evaluated utilizing calibra-
tion curves constructed from DTX standard solutions in
ethanol (R?=0.9995). The loading efficiency of DTX in
DTP1-4 was 11.3 +5.5 (DTP1), 19.3+7.3 (DTP2), 129+
6.4 (DTP3), 12.8 + 4.0 (DTP4) (mean + SD, n=3). Since
DTP2 exhibited the highest loading efficiency, DTP2 was
chosen for further experiments.

DTX was successfully loaded into the nanoparticles dur-
ing the self-assembly process by mixing the ethanolic DTX
solution with the aqueous thiolated sodium alginate solution.
During the mixing process, precipitates of DTX-loaded
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nanoparticles were formed due to the interfacial turbulences
formed between the two immiscible liquid phases.’® The
DTX was loaded into the nanoparticles via hydrophobic
interactions formed between disulfide bonds and DTX within
the nanoparticles and this enhanced the stability.® Further to
this, the solubility of a hydrophobic drug may be improved
by loading the drug in the nanoparticles. A former finding
supported this statement, where the solubility of
a hydrophobic drug, methotrexate (1 mg/100 g H,0)
increased up to 59.1 mg/100 g H,O after loading into the
disulfide cross-linked
nanoparticles.*!

carboxymethyl chitosan

Characterization of fTP2 and fDTP2

In the two-step carbodiimide process, an amide bond was
formed by the conjugation of the fWGA primary amino
groups to the sodium alginate carboxyl groups.®’ Micro
BCA protein assay was used to determine the amount of
fWGA conjugated on the nanoparticles. This colorimetric
assay was based on the chelation process involving two
moles of bicinchoninic acid (BCA) with one mole of cuprous
ion (Cu™").%? The cuprous ion was produced from the reduction
of alkaline Cu®* ion by the protein (fWGA) (biuret reaction)
(Figure ).

The existence of amino acids (tryptophan, cysteine, tyro-
sine, and cystine) and peptide bonds in the fWGA were
responsible for the reduction of the Cu®" ion in the BCA.%

Purple fluorescence exhibited from the BCA-Cu" complex

2 OH-
Protein + Cu?t ——————»

00C

Cu"+BCA —mm>»

00C

was then determined at 562 nm. The calibration curve of the
Micro BCA protein assay (R*=0.9967) was determined using
fWGA standard solutions. The standard curve was applied to
evaluate the amount of fWGA conjugated to the nanoparticles.

fWGA was conjugated to DTP2 to form fDTP2 and
found to contain 15.1 + 2.0 pg fWGA/mg nanoparticles
(n=3). fDTP2 had higher conjugation efficiency because
fWGA conjugation was governed by the particle size
where small DTP2 nanoparticles possessed a higher spe-

cific surface area for fWGA conjugating.®’

DLS Analysis

The zeta potential, mean diameter (MD) and polydispersity
index (PDI) of blank TP1-4 and DTX-loaded DTP1-4
nanoparticles were analyzed using the dynamic light scatter-
ing (DLS) method (Table 1). The MD of the nanoparticles
ranged from 173.0 to 232.0 nm with PDI values less than
0.2, indicating its narrow size distributions. This is because
PDI measures the size distributions of the nanoparticles, in
which the smaller the PDI values, the narrower the size
distributions of the nanoparticles.®* Meanwhile, zeta poten-
tial measures the particle charge; as such the greater the zeta
potential absolute value, the better the nanoparticle
stability.”> Therefore, TP2 nanoparticles with high zeta
potentials of —45.6 mV exhibited high stability. This is due
to strong repulsive forces between the highly negatively
charged nanoparticles from the anionic sodium alginate
moieties that formed the nanoparticles.®® Negatively charged

Cu’

Coo

coo

BCA-Cu" complex

Figure 8 Biuret reaction induces purple complex formation by reacting a Cu+ ion with BCA.

International Journal of Nanomedicine 2021:16

3007

Dove:


http://www.dovepress.com
http://www.dovepress.com

Chiu and Lim

Dove

Table | MD, PDI, and Zeta Potential Values for TPI—4 and
DTP1—4 (Mean + SD, n = 3)

Sample MD (nm) PDI Zeta Potential (mV)
TPI 203.5 £ 4.0 0.20 + 0.02 —47.8 £ 0.5
TP2 2157 £ 0.9 0.16 £ 0.02 —45.6 £ 1.0
TP3 2320+ 55 0.17 £ 0.01 -522+12
TP4 173.0 + 1.8 0.15 + 0.05 -39.0 £ 0.7
DTPI 2239+ 108 | 045 +0.09 -8.6 £09
DTP2 225.0 + 8.6 0.48 + 0.08 -235+25
DTP3 248.6 + 8.8 0.40 + 0.05 -10.3 £ 0.9
DTP4 198.6 £ 9.9 0.46 + 0.03 258+ 1.5

nanoparticles have been previously reported to have electro-
static interactions with the membrane of inflamed cells and
thus resulted in higher cellular uptake efficacy.'®

Increased MD and PDI values were observed after
loading DTX types
a successful loading process. For DTP2, the MD rose
from 216.0 nm to 225.0 nm. DTP nanoparticles showed
a reduction in zeta potential values compared to TP.

in both nanoparticle showing

Loading hydrophobic DTX into nanoparticle cores (hydro-
phobic disulfide linkages) increases hydrophobic interac-
tions between nanoparticles. Nanoparticles’ repulsive
forces decreased, resulting in lower zeta potential.®’

DLS measurements were performed to analyze varia-
tions in nanoparticle particle sizes, size distribution, and
zeta potential after fWGA conjugation (Table 2).
Compared to TP2’s MD, fTP2’s MD increased in incre-
ments by 52.0 nm to 268.0 nm. The PDI values for both
fTP2 were below 0.3, suggesting uniform and small dis-
tributions of fTP2. The presence of positively charged

Table 2 MD, PDI, and Zeta Potential of f'WGA-Conjugated
Nanoparticles Before and After Conjugation of fWGA (Mean *
SD, n=3)

Sample MD (nm) PDI Zeta
Potential

(mV)
TP2 (Before) 2157 £ 0.9 0.16 £ 0.02 —45.6 £ 1.0
fTP2 (After) 268.0 £ 10.7 0.28 + 0.01 —134+18
DTP2 (Before) 2250 £ 8.6 0.48 + 0.08 —235+%25
fDTP2 (After) 277.7 £82 0.31 £ 0.04 -1.0+£03

fWGA on the nanoparticles reduced the zeta potential of
fTP2.* fDTP2’s MD was elevated from fTP2 by 10.0 nm
to 277.7 nm. fDTP2 had narrow PDI distributions below
0.4, suggesting a reasonably homogeneous group. Due to
the promoted hydrophobic interactions between the hydro-
phobic DTX and the disulfide interactions in the cores of
nanoparticles, the zeta potential of fDTP2 decreased.®’
The drop in zeta potential was also due to the attachment
of positive charged fWGA with polymer chain segments.*®
Zeta potential is not an absolute measurement for the
stability of nanoparticles. The zeta potential of —1.0 mV
will still provide adequate stabilization to fDTP2 due to
the steric effects of the polymer chain and conjugation of
fWGA to the nanoparticles.®

SEM and TEM Analyses

SEM and TEM were analyzed for TP2 surface morphol-
ogy. The SEM micrograph of TP2 displayed smooth,
porous-free surface spherical nanoparticles averaging
50.0 nm (Figure 9A). The SEM and TEM exhibited that
nanoparticles” MD values are 1.3 and 1.6-fold, respec-
tively lower than for the DLS method. DLS measures
the nanoparticles in an aqueous solution, while SEM and
TEM measure them in a solid state.'* Nanoparticle aggre-
gates were developed in aqueous solution, resulting in
MD DLS
measurements.®® This suggests that TP2 nanoparticles

increased  particle values  during
will swell and hold water in an aqueous solution.®® The
spherical core shell structures showed in the TEM micro-
graph of TP2 were 81.0 nm on average (Figure 9B). The
nanoparticles had a uniform size and no agglomerations
were observed. This resulted in a stable, well-dispersed
solution of TP2 nanoparticles.

The SEM micrograph of DTP2 showed spherical nano-
particles with some tendencies to agglomerations (Figure
9C). The presence of agglomerated nanoparticles is linked
to nanoparticles’ declining zeta potential values. The
hydrophobic interactions intensified with the loading of
hydrophobic DTX into the hydrophobic core of nanopar-
ticles which resulted in increased attractive forces between
nanoparticles forming an agglomeration.®” Based on the
SEM micrographs, average particle sizes increased from
50.0 nm (TP2) to 109.0 nm (DTP2). DTP2 nanoparticles
were spherical and well-dispersed in aqueous solution as
seen in the TEM micrographs (Figure 9D). Observed
DTX-loaded nanoparticles were of various sizes. They
were aligned with the MD’s growing principles. This
finding further supports DTX’s efficient loading into the
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Figure 9 SEM micrographs of (A) TP2, (C) DTP2, (E) fDTP2. TEM micrographs of (B) TP2, (D) DTP2, (F) fDTP2.

nanoparticles. Compared to TP2, DTP2’s average particle
sizes showed increments from 8§1.0 nm to 158.0 nm. SEM
(Figure 9E) and TEM (Figure 9F) fDTP2 micrographs
showed spherical-shaped nanoparticles. Due to low zeta
potential of —1.0 mV, agglomerations of nanoparticles
were identified in fDTP2. Compared to DTP2’s SEM
micrographs, fDTP2’s average particle sizes increased
from 237.0 nm to 346.0 nm. The TEM micrographs
demonstrate that fDTP2 nanoparticles were relatively dis-
persed in the aqueous solution. Comparatively, from the
TEM micrographs, average particle sizes of fDTP2 were

greater than DTP2, increased from 158.0 nm to 360.0 nm.
These findings indicate the fWGA effectively attached to
the nanoparticles.

Stability Studies

Stability analysis was performed to analyze the 30-day
stability of TP (Table 3A) nanoparticles in a buffer solu-
tion. From the result, the paired #-test displayed no sig-
nificant difference (p > 0.05) in MD after a month of
buffer solution storage. Most nanoparticles shifted mildly
in MD and PDI. TP2 nanoparticles increased by 6.0 nm,
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Table 3 MD and PDI of (A) TPI—4, (B) fTP2 and fDTP2 After Storage for 30 d at pH 7.4 (Mean + SD, n = 3)

(A) Sample Before Storage After Storage

MD (nm) PDI MD (nm) PDI
TPI 271.0 £ 36.0 0.33 £ 0.05 267.0 £22.0 0.40 * 0.06
TP2 2500 £ 7.0 0.37 £ 0.05 256.0 £ 8.0 0.34 £ 0.04
TP3 268.0 + 46.0 0.28 + 0.03 272.0 £ 15.0 0.34 £ 0.02
TP4 238.0 £ 62.0 0.40 + 0.08 260.0 £ 24.0 0.40 = 0.11
(B) Sample Before Storage After Storage

MD (nm) PDI MD (nm) PDI
fTP2 2680 % 11.0 0.28 + 0.03 289.0 +8 0.26 = 0.01
fDTP2 278.0 + 8.0 0.31 £ 0.04 2870+ 10 048 £ 0.10

but PDI decreased by 0.03 after a month’s storage. After
30 days of storage, fTP2 and fDTP2’s MD grew by 21.0
and 9.0 nm, respectively (Table 3B). However, PDI values
of fTP2 displayed a slight decrease by 0.02 while there
was a slight increase by 0.17 in fDTP2. The results indi-
cate the analyzed nanoparticles are extremely stable for at
least 1 month.

Inter- and intra-molecular disulfide bonds formed during
storage in the solution play a crucial role in stabilizing
nanoparticles.'® Previous results backed this statement,
where the cohesiveness of the polymer matrix system was
enhanced by the formation of inter- and intra-chain disulfide
bonds resulting in improved swelling and dissolution beha-
vior of the intended drug release polymer matrix system.”®
Therefore, strong nanoparticle stability was needed to pre-
vent releasing the drug before reaching the target site.

pH-Sensitivity Studies
pH sensitivity experiments were performed to observe
changes in TP particle size (Figure 10A) for nanoparticles
in aqueous media with pH values from 2 to 8. TP2 showed
a better profile over other nanoparticles. TP2 nanoparti-
cles’ MD grew slowly with rising pH. TP2’s MD grew by
a factor of 1.9 in the range of pH 2-7. This finding
indicates promising TP2 pH-sensitivity or swelling-
dependent properties. Meanwhile, maximum particle
sizes of fTP2 were observed at pH 7 (Figure 10B).
Furthermore, the fTP2 MD displayed steady increments
at pH 2-7. In the pH scale from 2 to 7, the fTP2 MD
improved by a factor of 2.6.

The smaller particle size observed at low pH (2—4) was
induced by protonation of fWGA carboxyl groups forming
closely packed hydrogen bonding in the hydrophilic shell

of nanoparticles. Particle sizes increased with higher pH
(4-7) of the nanoparticles. This was clarified by fWGA
carboxy groups ionized with rising pH values resulting in
the breakdown of hydrogen bonds.'®*' This contributed to
the development of electrostatic repulsion among the poly-
mer chains, triggering particle size increases. Nanoparticle
MD subsequently decreased at pH 8 due to the counter-ion
shielding effect.>

Reduction-Response Studies
TP reduction-responsive activity (Table 4A) in nanoparti-
cles is assessed by determining their particle sizes and size
distributions in 24 h GSH buffer solutions (10 uM and 10
mM). GSH-free buffer solution was used as a control.
Nanoparticles increased with various GSH concentrations
(10 uM and 10 mM). These findings indicate that after 24
h, the nanoparticles reacted well to reduction conditions.
While all TP nanoparticles showed good GSH reduc-
tion-responsiveness, only TP2 showed better pH-
sensitivity profiles. In this scenario, TP2 was picked for
further characterization. TP2 showed strong reduction-
responsiveness towards GSH (reducing agent) in the
generated reduction condition. The particle sizes of TP2
nanoparticles in 10 uM GSH media were not statistically
different compared to the control. TP2 nanoparticles’ MD
improved just 6.8%. A significant increase in MD
(32.3%) was observed for TP nanoparticles in 10 mM
GSH relative to the control. A similar trend was observed
in fTP2’s MD showing a small incremental increase in
the 10 pM GSH medium relative to the control (Table
4B). Subsequently, when put in a 10 mM GSH medium,
the fTP2 MD elevated dramatically (p < 0.01) by a factor
of 1.69.
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Figure 10 Profiles of pH sensitivity of (A) TPI—4 and (B) fTP2 (mean * SD, n = 3).

These findings show that TP2 and fTP2 nanoparticles
were stable at 10 pM GSH simulating the extracellular
environment, preventing DTX release before approaching
the designated target.'? Significant increases in MD and
PDI were observed for both nanoparticles in 10 mM GSH
(simulating the intracellular environment of cancer cells)
relative to the control. Such findings showed that disulfide
bonds of TP2 and fTP2 nanoparticles were readily cleaved
by GSH, releasing the DTX to targeted cancer cells.

In vitro DTX Release Studies
DTX is an anti-cancer agent commonly used in multiple
malignancies, including colon cancer.”® This analysis

selected it as the drug model. Calibration curves in buffer
media pH 1.0 stomach (R?=0.9966), 7.4 small intestine
(R*=0.9969) and 6.0 colon (R*=0.9977) were built using
standard DTX solutions to measure the percentage of DTX
released at a predetermined pH and time.

The release profile of DTP2 in simulated gastrointest-
inal media indicates that 0.89% of DTX was released in
pH 1.0 GSH-free medium (stomach) and 14.8% in pH 7.4
GSH-free medium (small intestine) during the first 5
h (Figure 11A). The DTX release increased markedly
when DTP2 was exposed to pH 6.0 medium with GSH
(colon) reported as the maximum total 85.3% release.
While the pH 6.0 medium without GSH (control) released
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Table 4 Reduction Response Profiles of (A) TP1—4 and (B) fTP2 (Mean + SD, n = 3)

(A) Sample GSH-Free GSH (10 pM) GSH (10 mM)

MD (nm) PDI MD (nm) PDI MD (nm) PDI
TPI 297.0 £ 77.0 0.35 £ 0.05 316.0 + 22.0 0.52 £ 0.10 367.0 £ 27.0 0.61 £0.14
TP2 298.0 + 8.0 041 + 0.04 318.0 + 28.0 0.48 + 0.08 394.0 £ 9.0* 0.59 £ 0.18
TP3 294.0 £ 39.0 0.55 + 0.05 365.0 + 33.0% 0.56 + 0.04 414.0 + 13.0* 0.59 £+ 0.03
TP4 238.0 + 62.0 0.40 £ 0.08 369.0 + 57.0 0.45 + 0.04 425.0 + 67.0% 0.52 £ 0.09
(B) Sample GSH-Free GSH (10 uM) GSH (10 mM)

MD (nm) PDI MD (nm) PDI MD (nm) PDI
fTP2 2680 £ 11.0 0.28 + 0.01 286.0 £ 11.0 0.35 + 0.06 721.0 £ 54.0% 0.64 + 0.04

Note: Samples with symbol * show a significant difference (p < 0.05) compared to the control (GSH-Free).

31.6% of the DTX. Cumulative release hit a plateau at 12
h. Slow release at the initial stage of DTP2 can be trig-
gered by restriction (impeded) of the DTX due to contrac-
tions of the hydrophilic shell of nanoparticles exposed to
an acid buffer medium. The hydrophilic shell then begins
to swell with growing pH and boosts DTX release.
However, the release is comparatively poor since DTX
cannot penetrate the compact network structure of nano-
particles with high disulfide cross-linking. The release was
further improved by inserting nanoparticles into the GSH
reduction medium. This allows disulfide bonds to break,
releasing DTX easily until almost complete.'®'>*!

For {DTP2, DTX (3.6%) was released in pH 1.0 GSH-
free (stomach) and 1.7% was released in pH 7.4 GSH-free
(small intestine) within the first 2 hours (Figure 11B). The
highest cumulative percentage of DTX release in the colon
was 54.7% with GSH, while it was 5% without GSH.
Dunnett’s (two-sided) post hoc test was conducted, reveal-
ing significant variations in the DTX release rate between
the colon and control. The variations in the volume of
DTX released are due to the reduction environment’s dis-
ulfide bonds’ cleavage, thereby improving DTX release in
the colon medium. DTX release hit a peak at 11 h. The
highest cumulative percentage release of DTX for fDTP2
(54.7%) decreased relative to DTP2 (85.3%). However,
there was no burst release within the first 5 h. Similar
findings have been recorded in previous studies; the
release rate of salmeterol xinafoate from wheat germ
agglutinin  integrated  nanoparticles-in-microparticles
within 24 h reduced by around 34% compared to unmo-
dified samples.”" This is because fWGA conjugation may
give the polymer chain rigidity by modifying the sodium
alginate carboxyl groups.”” This is associated with the

lower chain flexibility that influences polymer swelling
rates and thresholds, resulting in lower drug release
rates.”> Although fWGA conjugation to nanoparticles can
function as a protective layer for nanoparticles, it also acts
as a diffusion barrier in releasing the DTX from the
nanoparticles. Therefore, it is assumed that the decrease
in DTX accumulated release is attributed to the increased
obstacles generated by the fWGA conjugation. Overall,
the release concept for DTX is based on DTP2 and
fDTP2’s pH-sensitivity and reduction-responsiveness.

Cytocompatibility Studies — MTT
MTT assay was used to examine the cytocompatibility of
fTP2, fDTP2 and DTX with HT-29 (human colon carci-
noma) and 1929 (mice fibroblast) cell lines. This colori-
metric examination tests the reduction using mitochondrial
succinate  dehydrogenase  3-(4,5-dimethythiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) (Figure 12).
The yellow MTT was reduced to insoluble dark purple
formazan. Because MTT reduction happens only in meta-
bolic active cells, the percentage of cell viability could be
calculated.”* DMSO solubilized the formazan-containing
cells and was calculated spectrophotometrically at 570 nm.
The cell viability profile indicates a dose-dependent
effect on HT-29 cells with fTP2, fDTP2, and DTX
(Figure 13A). The cell viability decreased as fTP2,
fDTP2, and DTX concentration increased. At the lowest
concentration of 3.9 pg/mL, fTP2 demonstrated no sub-
stantial deviation from untreated cells. The viability of HT-
29 cells decreased marginally in fTP2 at concentrations
above 62.5 pg/mL (76%), and a significant difference (p <
0.05) was observed relative to untreated cells. Viability
consequently declined dramatically (p < 0.01) as
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concentrations approached 62.5 pg/mL. The lowest cell
viability was the maximum concentration for fTP2
(65.3%), fDTP2 (31.9%), and DTX (15%) treatments.
Unlike fTP2, as concentrations exceeded 3.9 pg/mL, cell
viability decreased dramatically (p < 0.01) in fDTP2. This
indicates that the nanoparticles released more DTX,
thereby reducing cell viability. Furthermore, fDTP2 cell
viability was slightly higher than for DTX. This indicates
that loading DTX into nanoparticles decreased DTX’s
cytotoxic effect. The ICso values for fDTP2 and DTX
against HT-29 cells were 34.7 and 4.8 pg/mL, respectively.
This also verified that fDTP2 decreased free DTX

cytotoxicity. Although, free DTX had a higher cytotoxic
impact than fDTP2, DTX could only dissolve in an
organic solvent such as DMSO. Meanwhile, loading
DTX into nanoparticles improved DTX’s solubility since
fDTP2 nanoparticles are readily soluble in aqueous culture
media. Such findings indicated that due to high loading
efficiency and cumulative DTX release, fDTP2 was effec-
tive in suppressing HT-29 cells.

L929 cells were selected as the standard cell line
model because it they are used for a proven and robust
cytotoxicity test model recommended by ISO 10993-5.7°
Cell viability profile reveals dose-dependent activity on
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Figure 12 Mitochondrial reductase enzyme induced MTT reduction.

L1929 cells for fTP2, fDTP2, and DTX (Figure 13B). At
the same concentration (125 pg/mL), the cell viabilities
treated with fTP2 (70.5%), fDTP2 (54.1%) and DTX
(15.7%) were higher than HT-29 as stated previously.
This indicates that DTX decreases the viability of HT-
29 cells more relative to L929 cells. Chemotherapeutic
drugs are known for their lethal impact on cancer rather
than normal cells. Cells treated with fTP2 concentrations
over 15.6 pg/mL demonstrated significant variations
compared to untreated cells. This indicates that fTP2
marginally decreased L929 cell viability in concentra-
tions above 15.6 pg/mL. However, it implies, from over-
all findings, that fTP2 had strong biocompatibility owing
to its high viability (> 70%). Furthermore, the major
variations between fDTP2 and DTX demonstrated the
drug’s failure to discriminate between normal and cancer
cells.

The viability profile of contrast between fDTP2 and
L929 cells indicates that the viability of L1929 cells
decreased when the fDTP2 concentration increased from
3.9 to 125 pg/mL (dose-dependent effect).”® ICs, values of
fDTP2-treated L1929 cells were 175 pg/mL. Comparing
fDTP2 1Cs, values in HT-29 and 1929 cells, ICs, values
decreased dramatically in HT-29 cells (34.7 pg/mL in
fDTP2) relative to L929 cells (175 pug/mL in fDTP2).
Such findings demonstrated drug selectivity against HT-
29 over L929 cells. This will be helpful if nanoparticles
are used to provide anticancer treatment to colon cancer
cells.

Cellular Uptake Studies for fDTP2
fDTP2 cellular uptake was demonstrated in the HT-29 cell
line. Green fluorescent fWGA was coupled with nanoparticles

to visualize the internalization of nanoparticles in cells. Both
quantitative and qualitative nanoparticles studies on cellular
uptake were performed.

fDTP2 cell uptake performance in HT-29 cells was
evaluated after 0.5, 1, 2 and 4 h of incubation with their
respective 1Csq concentrations (Figure 14A). Due to
fDTP2’s tiny particle size, cellular uptake efficiency was
high. Former results back this argument, where smaller
nanoparticles produced from polycaprolactone-poly(ethy-
lene glycol)-polycaprolactone tri-block copolymer had
higher efficiency in terms of cell uptake towards HepG2
cells.*” The uptake efficiency for both samples displayed
time-dependent effect, directly proportional to the time of
incubation. Maximum cell uptake efficiencies of fDTP2
(35.8%) accounted for 4 h of incubation, as both displayed
a marked improvement from 1 h to 2 h, with a factor of
1.23. It was stated that wheat germ agglutinin-conjugated
nanoparticles had a time-dependent effect for which
a longer incubation time was required to reach therapeutic
extent in intracellular drug concentration. This prolonged
period was necessary to release nanoparticles into the
cytoplasm.’! Therefore, the optimal time for cellular
uptake was 2 h.

The cellular uptake profile of fDTP2-treated HT-29 cells
was performed from 3.9 to 125 pg/mL (Figure 14B).
Cellular uptake performance improves with rising fDTP2
concentrations. This finding indicates that f{DTP2 concen-
trations are dose-dependent on cellular uptake ability. The
Tukey HSD post hoc test displayed a significant increase
(» < 0.01) from 3.9 to 15.6 pg/mL with no substantial
change in concentrations above 15.6 pg/mL. This reflects
that fDTP2 with 34.7 pg/mL ICsy was ideal for efficient
cellular uptake activities.
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Cellular internalization was analyzed using fluorescent
microscopy (Figure 15). fDTP2 cellular uptake was ver-
ified when the incubated cells displayed green fluorescent
images. fDTP2-incubated cells showed high fluorescence
intensity attributed to high cellular uptake efficiency of
fDTP2.

Confocal microscopy experiments were performed to
study HT-29 cellular uptake of fDTP2 (Figure 16). f{DTP2
nanoparticles (green color), clathrin antibodies (red color),
and DAPI (blue color) were incubated into the HT-29. The
red is the acidic lysosomal compartments (endosomes),
while the blue is the nucleus. The nanoparticles are in

green, mostly in cytosol with some perinuclear distribu-
tions. From the merged image, the colocation of nanopar-
ticles and clathrin appears yellow after overlapping with
the green fWGA-conjugated nanoparticles and clathrin
stain-red. This finding indicates strongly colocalized nano-
particles with clathrin (cell membrane). This finding
further suggests that the nanoparticles’ cellular uptake
mechanism was clathrin-mediated endocytosis, which
was compatible with previous findings where the same
localization trend was observed for the uptake of PLGA
nanoparticles by the wheat germ agglutinin in Caco-2
cells. Cellular uptake of fDTP2 took place via binding of
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Figure 14 Profiles of HT-29 cellular uptake of fDTP2 arising from varying (A)

incubation times and (B) concentrations (mean + SD, n = 3); two samples with
symbol ** show significant differences (p < 0.01) between them.

wheat germ agglutinin to N-acetylglucosamine and sialic
acid present in clathrin antibodies in treated cell membrane
of HT-29. Attributed to the cytoadhesive and cytoinvasive
properties of WGA, fDTP2 nanoparticles were bound to
the receptor and subsequently internalized by HT-29 cells
by means of clathrin-mediated endocytosis.*'

Cellular uptake of nanoparticles may include micropi-
nocytosis, clathrin-mediated endocytosis, phagocytosis
and caveolae-mediated endocytosis. A previous study

Bright field

HT-29 and 1929 cell lines revealed ICsq values of 34.7 ng/
mL in HT-29 and 175 pg/mL in L929. These findings
demonstrated selectivity against HT-29 over 1929 cells,
which is promising in terms of administering anticancer
agent to colon cancer cells. fDTP2 (33.4%) had good
cellular uptake after 2 h incubation due to high DTX
loading performance, low MD and high cumulative DTX
release. Furthermore, fluorescence and confocal imaging
of fDTP2 revealed good internalization of HT-29 nanopar-
ticles. Nevertheless, further experimental assessments such
as in vivo experiments are needed to justify this postula-
tion. Thus, fDTP2 is a promising carrier with fewer cyto-
toxic effects for controlled and sustained release of

anticancer medication to the colon-targeted region.

Fluorescent

Figure 15 Fluorescence photographs of HT-29 cells after 2 h incubation with fDTP2 under 40,000 magnifications.
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Figure 16 Colocalization of (A) clathrin, (B) nucleus, (C) nanoparticles, and (D) merged photographs in HT-29 cells.
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