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Abstract

Aims: This work has aimed to develop methotrexate-conjugated pectin nanoparticle for delivery a cytotoxic
drug to hepatic cancer cell,

Materials and Methods: Methotrexate was conjugated to pectin by carbodiimide chemistry. Nanoparticles of
pectin conjugated with MTX were then fabricated by using ionotropic gelation. The size, shape and surface
charge were characterized by dynamic light scattering and microscopic method. Cytotoxicity of MTX-pectin
nanoparticle was monitored by MTT assay.

Results: Methotrexate- pectin nanoparticle was successfully formulated. Drug release study indicated that
MTX-NP exhibited sustained drug release at pH 7.4. Sustained release of methotrexate may enable
methotrexate-pectin nanoparticle as a controlled drug delivery system. Cytotoxicity study confirmed the
activity of the drug incorporated in nanoparticles. In addition, the cytotoxicity of methotrexate was increased
when conjugated to pectin nanoparticles, compared to free methotrexate.

Conclusions: This study verified that pectin can deliver methotrexate to hepatic cancer cell and provide
sustained drug delivery. The cytotoxicity of methotrexate was enhanced when methotrexate was conjugated to

pectin indicating the improved drug delivery to cancer cell.
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Introduction

Most anticancer drugs are small molecules and can diffuse into cancer cells and normal cells resulting in low
efficacy and high toxicity of the drugs to normal cells.[1] Nanoparticles have attracted the attention for using
as anti-cancer drug delivery system for a variety of reasons. Conjugation of anti-cancer drugs to nanoparticles
as drug delivery system may help selectively deliver the drug to cancer cells because drug conjugated
nanoparticles will enter cells via endocytosis rather than diffusion.[2, 3] After internalization, drug will be
released from the system by the change of pH and enzymatic degradation. In addition, because of their small
size, nanoparticles can easily penetrate and accumulate in tumor cells due to enhanced permeability and
retention (EPR} effect. {4-6] Drug conjugation and encapsulation in nanoparticles can enhance the efficiency
of drug delivery to cancer cells, reduce efflux of the drug, and offer to protect the drug from enzymatic
degradation, which enhances toxicity of the drug and decrease viability of cancer cells.

Anti-cancer drug can be conjugated or encapsulated into nanoparticles by using various interactions
including hydrophobic interaction, electrostatic interaction, and covalent bonding.[7-9] Polymers have been
widely used to prepare nanoparticles because they possess important functional groups that can be conjugated
to anti-cancer drug. The most common functional groups are carboxylic acid, hydroxyl, and amino groups. In
addition, polymers can aggregate to form a cross-link that can retain and encapsulate drug with hydrophitic
surface, preventing aggregation of nanoparticles, Polymers that are appropriate for nanoparticle formulation
should be biocompatible and biodegradable. Pectin is a natural and hydrophilic polymer which is
biocompatible. Pectin is composed of Q-(1-4)-linked D-galacturonic acid and contains many carboxylic acid
as a functional group that can form amide bond when reacted with amino group of anti-cancer drug.[10] This
amide bond can be easily hydrolyzed by lysosomal enzymes leading to the release of the drug from
nanoparticles.

Methotrexate is an effective anti-cancer drug used for treatments of breast cancer, skin cancer, head
and neck cancer, and lung cancer.[11] However, tumors may resist to the drug in long term use by various
mechanisms including reduction of drug into ¢ells or an increase in efflux of the drug.]12] Polymers that have

been used currently to develop delivery systems for methotrexate are including poly{(amidoamine) dendrimer

nanoparticles, polyether-co-polyester dendrimer, nanostructured lipid carriers (solid lipid nanocarrier),
polymeric nanoparticles (methoxy poly(ethyleneglycol) (MPEG)-grafted chitosan copolymer), gold

nanoparticles and gelatin nanoparticles.[13-18] These nanoparticles can increase the efficacy and reduce the



toxicity of methotrexate. However, the delivery systems are limited by the fact that they have low
encapsulation or conjugation efficiency resulting in a low effectiveness of the drug,

Conjugation and encapsulation of methotrexate in nanoparticles have been studied. Iron oxide
nanoparticles which surface of these nanoparticles was modified to have amino group can be conjugated with
carboxylic acid of methotrexate using carbodiimide chemistry. In addition, methotrexate was successfulty
conjugated to dendrimer of polyamidoamine and to gold nanoparticles.[19, 20] Encapsulation of nanoparticles
prepared from chitosan, gelatin, poly(butylcyanoacrylate), calcium phosphate and lipid were reported.[13-18]

This study aims to develop pectin based nanoparticles by using ionotropic gelation method,
Carboxylic acids of pectin were conjugated to amine group of methotrexate by using carbodiimide chemistry,
followed by fabrication of drug loaded nanoparticles. The conjugation efficiency was reported, The in vitro
release study suggested that methotrexate conjugated pectin nanoparticles (MTX-NP) offer sustained release.
The IC50 of MTX-NP, pectin nanoparticles (NP) compared to free methotrexate (MTX) were investigated in

HepG2 hepatic cell line,




Materials and methods
1. Materials
(Non-amidated) High-methoxylated pectin from citrus was purchased from P.C Drug, Thailand. 1-Ethyl-3-[3-
dimethylaminopropyl]carbodiimidc hydrochloride (EDC) and N-hydroxysuccinimide (NHS) were purchased
from Thermo Fisher scientific, Inc. IL, USA. Methotrexate was obtained from Sigma and 2-mercaptoethanol
was purchased from Merck.
2. Methods
2.1 Determination of degree of esterification by titrimetric method
Degree of esterification of pectin was determined by titrimetric method of Food Chemical Codex (1981).
Dried pectin (500 mg) was transferred into Erlenmeyer flask and moistened with alcohol. Carbon dioxide-free
water (30 ml) was added. The sample was swirled until completely hydrated. Phenolphthalein TS (2 drops)
was added. Then pectin was titrated with 0.1N sodium hydroxide, the volume of sodium hydroxide used to
reach the equivalent point was recorded as V1 (initial titer). The 0.1 N sodium hydroxide (2 ml) was added.
The flask was shaken vigorously and aliowed to stand for 10 min followed by the addition of 2 m] of 0.5 N
hydrochioric acid. The flask was shaken vigorously until the pink color disappeared. Phenolphthalein TS (2
drops) was added and pectin sample was titrated again. The volume of 0.IN sodium hydroxide was recorded
and known as V2 (saponification titer).

Degree of esterification = V2/(V1+V2) x 100
2.2 Pectin nanoparticle preparation and characterization
Pectin nanoparticles were formulated using an ionotropic gelation method. In brief, pectin was dissolved in
purified water (20 mg/ml). Magnesium chloride solution (10 mg/ml) was slowly transferred to pectin solution.
‘Then, sodium hydrogen carbonate sofution (10 mg/ml} was added into the mixture, The ratio of the solutions
of pectin, MgCl, and NaHCOQ, is 2:2:1. The solution was mixed for 30 min at room temperature. Pectin
nanoparticles were collected by centrifugation (13,000 RPM, 10 min) and washed with purified water.
2.3 Conjugation of methotrexate to pectin nanoparticles

The conjugation reaction of methotrexate to pectin was illustrated in Figure 1. Pectin solution (20 mg/ml) was

incubated with 100 mM 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC) and 100 mM
N-hydroxysuccinimide (sulfo-NHS) for 15 min at room temperature, The 2-mercaptothanol (10 D) was

added to inactivate EDC. The activated carboxyl terminus of pectin was allowed to react with the amino
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terminus of methotrexate (0,03 mg/ml) at least 12 hrs at room temperature. Then, MgCl, (10 mg/mb) was
slowly added into methotrexate conjugated pectin followed by NaHCO, (10 mg/ml). The mixture was stirred
for 30 min at room temperature. Conjugated nanoparticled were then collected by centrifugation (13,000 rpm,
10 min) and washed three times with purified water, The size and charge of nanoparticles and MTX-NP were
characterized by using dynamic light scattering (Zetasizer nanoseries, Malvern instruments).

2.4 Morpholegy characterization of MTX-NP

Transmission electron microscopy (TEM) was used to investigate the morphology of the MTX-NP, MTX-NP
was treated with a phosphotungstic acid (PTA) aqueous sofution {1%) for positive staining, A drop of the
mixture solution was then mounted on formvar coated copper grid. After | minute, the excess solution was
removed by touching the grid edge using a filter paper. The sample was stained again by the above procedure
and was dried at room temperature for about 12 hrs. The dried samples were then examined using
transmission electron microscope (JEOL, JEM-2100, Japan).

2.5 Determination of encapsulation efficiency

The amount of free methotrexate after the reaction was quantified by UV spectrophotometer at 372 nm (UV-
1601 UN-Visible spectrometry Shimadzu, Japan). The encapsulation efficiency was calculated as follows:

Encapsulation efficiency (%) = (Drug at initial - Drug loss) x 100

Drug at initial

2.6 In vitro release study of methotrexate conjugated to nanoparticles

The release study of methotrexate from particles has been investigated according to the following
procedure.[21] Twenty milligrams of MTX loaded pectin particles were resuspended in 2.6 ml of pH 7.4
phosphate buffer saline buffer in capped vial, Samples were incubated at 37°C. At the certain time intervals,
350 A1 of suspension was sampled and centrifuged (13,000 rpm, 10 min). Then, 350 JA1 of the supernatant
was collected and replaced with 350 M1 of fresh PBS buffer. The amount of released methotrexate in the
supernatant was determined using UV spectroscopy at 372 nm (UV-1601 UN-Visible spectrometry Shimadzu,
Japan).

Cumulative MTX released (%) = Amount of released MTX ~ x 100%

Amount of total MTX in pectin NP
2.7 Cell culture
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HepG2 (human hepatocyte carcinoma cells) was maintained in Dulbecco's Modifted Eagle Medium (DMEM)
supplemented with 10% fetal bovine serum and 1:100 penicillin-streptomyecin (10,000 units/ml) at 37 °C and
5% CO,

2.8 MTT Assay (Cytotoxicity assay)

HepG2 cells (10,000 cells/well) were cultured in 96-well culture plates, in a total volume of 200 LL
of DMEM supplemented with 1% FBS plus penicillin/streptomycin. Cells were treated with PBS (vehicle
control} and samples at various concentrations for 24-hr. Both treatment and control groups were performed in
2 replicate wells. The relative number of viable cells was then determined at 24 hr after incubation, by adding
1 mg/mL of 3-[4,5-dimethylthiazol-2-y1]-2,5-diphenyl tetrazolium bromide (MTT) and incubating the cell
further for 4 hr. The formazan crystals formed were then solubilized with DMSO. The absorption value of the
solution at 595 nm directly represents relative cell numbers. The cell decrease percent relative to the control
group was then determined. The percentage of cell viability was caleulated according to the following
equation. The IC50 of free methotrexate, methotrexate conjugated nanoparticle and pectin nanoparticle were
determined by analyzing the graph plotted between log concentration and % inhibition of cefl growth and
analyzed by dose response curve analysis and statistical analysis using GraphPad Prism software.

The % of cell viability = (Absorbance of treated cells} / (Absorbance of control cells) x 100
2.9 Statistical analysis
Statistical evaluation of data was performed using an analysis of variance (one-way ANOVA). Newman-—
Keuls was used as a post hoe test to assess the significance of differences. To compare the significance of the

difference between the means of two groups, the rtest was performed; in all cases, a value of p < 0.05 was

accepted as significant.
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3. Results
3.1 Degree of esterification of pectin
Pectin is a polysaccharide consisting of D-galacturonic acid units. Some of the carboxylic acid groups are
esterified with methanol. The remaining free acid was determined by acid-base titration method. The result of
titration has shown that the average degree of esterification of pectin used for preparation of nanoparticle was
57.6 £ 1.8%, suggesting that carboxylic acids exist in almost half of all galaturonic acid and that pectin can
be used to conjugate with methotrexate by using carbodiimide chemistry.
3.2 Pectin nanoparticle preparation and characterization
Pectin nanoparticles were prepared using an ionotropic gelation method. Magnesium chloride possessing
divalent cation was added to provide positive charge to form polyelectrolyte complexes with pectin that has
negative charge of carboxylic acid groups, Magnesium chloride was selected to yield cationic charge to cross-
link with anionic charge of pectin and to obtain spherical nanoparticle.[22] The unbound carboxylic acid
groups will form a hydrophilic shell and allow conjugation of the drug molecule in the drug loading step.
According to Yu et al, spherical shape of nanoparticles were achieved when NaHCO, were added during
nanoparticle preparation.[23] Therefore, NaHCO, solution was included into the mixture to provide carbonic
anions (CO, ) interacting with magnesium jon by electrostatic interaction and stabilize the spherical shape of
nanoparticles. [23] In addition, it has been reported that the size of nanoparticles formed via the electrostatic
interaction were reduced when magnesium cation was used compared to other positively charge cations such
as calcium cation.[22] In this study, the optimal concentrations of pectin and magnesium chloride were
adjusted to allow nanoparticles with acceptable size distribution and highly negative charge. However, the
size distribution of pectin nanoparticles formulated by ionotropic gelation was considered more widely,
compared to nanoparticles produced by other methods such as solvent precipitation. This might be attributed
to the entrapment of various amounts of magnesium ions in the core of pectin nanoparticles.

The diameter of pectin nanoparticles was approximately 390 nm with a low polydispersity suggesting
an acceptable size distribution. The zeta potential value was about -27 mV (Table 1). This result suggested

that the carboxylic acid groups on the outer layer of nanoparticles yielded the negatively charged

nanoparticles and may provide the sfabilization of nanoparticles from aggregation.

3.3 Conjugation of methotrexate on the surface of pectin nanoparticles
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The efficiency of conjugation reaction between the carboxyl of pectin and the amino group of methotrexate
was evaluated. The amount of free methotrexate remaining in the reaction medium after carboddiimide
reaction and nanoparticle separation was quantified by using UV-Vis spectrometry, The conjugation
efficiency of methotrexate with pectin nanoparticles was acceptable at 54.9 + 113%. The charge of
methotrexate loaded nanoparticles decreased compared to the unloaded pectin nanoparticles suggesting that
the carboxylic acid groups of pectin were conjugated with methotrexate,

3.4 Morphology of methotrexate-pectin nanoparticle

The average particle size characterized by transmission electron microscope was found to be around 300-400
nm, which is in agreement with the size obtained from dynamic light scattering measurements. The TEM
picture showed that MTX-NP were spherical in shape (Figure 2).

3.5 In vitro release study of methotrexate conjugated nanoparticles

In general, encapsulation efficiency of drug loaded in nanoparticles fabricated from pectin is low and the drug
release rate is fast because pectin is hydrophilic and prone to be hydrolyzed.[23] In this study, the release of
methotrexate from pectin nanoparticles was determined in phosphate buffer at pH 7.4, representing the
physiological pH. At pH 7.4, methotrexate was in the ionized form and freely soluble in water.[24] The
release of methotrexate was about 30%73.0% in the first 6 hrs of the study followed by the slow and
sustained release (Figure 3). The release of the drug was prolonged for 30 days with 65% release. The release
of the drug probably results from breaking of covalently linkage between drug and pectin by hydrolysis of
amide bond which was protected by the entrapment of the drug inside nanoparticles.

3.6 Cytotoxicity of methotrexate conjugated nanoparticles, unconjugated nanoparticles and
methotrexate in HepG2 cell line,

The cytotoxic effects of methotrexate and methotrexate conjugated pectin nanoparticles on HepG2 cells were
performed by MTT assay (Figure 4). The results demonstrated that free methrotrexate (MTX) and
methotrexate-pectin nanoparticle (MTX-NP) exhibited cytotoxicity with respect to HepG2 cells. The
percentage of cell viability decreases in relation to the increasing in nanoparticle concentration. MTX-NP at

concentrations of 3.2, 16 and 160, mg/ml displayed significantly higher cytotoxicity against hepG2 cell line

after 24 hr incubation compared to free MTX and unconjugated NP (Figure 4A). The MTT assay suggested
that high concentration of unconjugated pectin nanoparticle was moderately cytotoxic. The 1C50 values of

free methotrexate (MTX), and methotrexate conjugated to pectin nanoparticle were 40 Hlg/ml and 7 lg/ml,

14



respectively (Figure 4B). The concentration of methotrexate conjugated to pectin was calculated from the drug
loading and encapsulation efficiency. The IC50 vatues reported for methotrexate conjugated nanoparticle
(MTX-NP) and unconjugated nanoparticle (NP) were shown at 4.0 mg/ml and 18.8 mg/ml, respectively
(Figure 4C). The results of cytotoxicity assay revealed that methotrexate conjugated pectin nanoparticle
{MTX-NP} decreased the IC50 value relative to the free drug suggesting that methotrexate-pectin nanoparticle

(MTX-NP) significantly improved the cytotoxicity of methotrexate against HepG2 cell line.

15



Discussion

Hydrophilic polymer matrix systems are widely used to improve the efficacy and control the release of the
drug. Pectin is a heteropolysaccharide which is composed of galacturonic acid at the backbone of polymer and
constitutes of galatose, arabinose, and rhamnose as side chains.[10] The degree of esterification is defined as
the number of moles of methanol per 100 moles of galacturonic acid. [10] In the present study, the degree of
esterification of citrus pectin was characterized by titration method and found to be about 57%, which is
considered as a highly methoxyl pectin and suggested that there are carboxylic acid groups available for
further modification. The carboxylic acids of pectin were activated with carbodiimide coupling reagent and
successfully conjugated with amino groups of methotrexate. The amide bind formation between amino group
of MTX and carboxylic acid group of pectin did not affect the activity of the drug. The size and shape of
MTX-NP were regulated by the cross-linking of polymer with cations. With particle size of 370 nm,
nanoparticles may be taken up via carveolar-mediated internalization, However, the pathway of cellular
uptake of nanoparticle is influenced by the interaction of nanoparticles with cells and the cell type 125]. In this
study, methotrexate was efficiently encapsulated in the nanoparticle. The fabricated MTX-NP obtained a
desirable drug release profile with no obvious initial burst effect and controlled drug release. The
methotrexate-nanoparticle presented a slow rate of delivery, followed by a rather constant rate over the
subsequent days, indicating an interaction between the amino group of the drug and the carboxylic acid of
pectin nanoparticle. The in vitro cytotoxicity of free MTX, MTX-NP and unloaded nanoparticle revealed that
unloaded pectin nanoparticles showed cytotoxicity at 4-5 times greater concentration compared to MTX-NP,
suggesting that the cytotoxicity of MTX-NP was mostly resulted from the encapsulated MTX. In addition,
MTX-NP exhibited a more potent cytotoxicity than free MTX. This result suggests that MTX-NP may
enhance the delivery of nanoparticle loaded with a significant amount of MTX and increased the cytotoxicity,
compared to free MTX which enter the cells by diffusion. We hypothesized that MTX-NP may enhance the
cytotoxicity of MTX by accumulating MTX to high level in hepG2 cells due to the uptake of NP loaded with
MTX. The uptake of MTX-NP may yield the greater extent of MTX and more rapid accumulation of drug in

the cells. However, the uptake of MTX-NP by hepG2 cell line has to be further investigated. Several studics

have shown that pectin itself can suppress tumor and inhibit inetastasis in animal studies.[26-29] Furthermore,

pectin can also induce apoptosis in cancer cells.[30-36] Here, we showed the 1C50 of unconjugated pectin NP

16



was up to 19 mg/ml. These results indicated that pectin nanoparticle may be used as a potential anti-cancer

drug delivery system.
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Conclusion

In summary, MTX conjugated pectin nanoparticle as anti-cancer drug delivery system was developed with an
efficient conjugation strategy. The results showed that MTX-NP can effectively sustain release of the drug
and enhance the MTX delivery to hepG2 cells in vitro. Pectin nanoparticle may serve as a potential carrier for

tumor drug delivery.
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Table 1, Nanoparticle Properties at Specified Formulation Points.

Effective diameter (nm) Polydispersity Zeta potential value (mV) ]
[Mean £ SD ] {Mean £ SD ] [Mean £ SD ]
NP 391 £ 47 0.27 £0.11 -26.1 £4.1
NP-MTX 370 +37 0.24 £ 0.02 =17.9+3.6

Values are representative of three experiments (mean £ 8.D.)
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Figure 2 TEM micrographs of methotrexate-pectin nanoparticle.
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