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Background: Gemcitabine (GEM) faces challenges of poor oral bioavailability and extensive first-pass metabolism. Currently, only
injectable formulations are available for clinical use. Hence, there is an urgent demand for the development of advanced, efficacious, and
user-friendly dosage forms to maintain its status as the primary treatment for pancreatic ductal adenocarcinoma (PDAC). Nanogels (NGs)
offer a novel oral drug delivery system, ideal for hydrophilic compounds like GEM. This study aims to develop NGs tailored for GEM
delivery, with the goal of enhancing cellular uptake and gastrointestinal permeability for improved administration in PDAC patients.
Methods: We developed cross-linked NGs via photopolymerization of methacryloyl for drug delivery of GEM. We reveal character-
ization, cytotoxicity, and cellular uptake studies in Caco-2 and MIA PaCa-2 cells. In addition, studies of in vitro permeability and
pharmacokinetics were carried out to evaluate the bioavailability of the drug.

Results: Our results show NGs, formed via photopolymerization of methacryloyl, had a spherical shape with a size of 233.914+7.75
nm. Gemcitabine-loaded NGs (NGs-GEM) with 5% GelMA exhibited efficient drug loading (particle size: 244.07+19.52 nm). In vitro
drug release from NGs-GEM was slower at pH 1.2 than pH 6.8. Cellular uptake studies indicated significantly enhanced uptake in both
MIA PaCa-2 and Caco-2 cells. While there was no significant difference in GEM’s AUC and Cmax between NGs-GEM and free-GEM
groups, NGs-GEM showed markedly lower dFdU content (10.07 hr-pg/mL) compared to oral free-GEM (19.04 hr-pg/mL) after oral
administration (p<0.01), highlighting NGs’ efficacy in impeding rapid drug metabolism and enhancing retention.

Conclusion: In summary, NGs enhance cellular uptake, inhibit rapid metabolic degradation of GEM, and prolong retention after oral
administration. These findings suggest NGs-GEM as a promising candidate for clinical use in oral pancreatic cancer therapy.
Keywords: oral delivery, nanogel, gemcitabine, pancreatic cancer

Introduction

Pancreatic cancer remains one of the top ten causes of cancer deaths, which is possibly due to its late stage of
recognition. In 2020, it was estimated that 495,773 new cases of pancreatic cancer, and the incidence varied by region
and population.! Gemcitabine (GEM) is a first-line drug for metastatic pancreatic cancer approved by the Food and Drug
Administration (FDA). GEM has demonstrated tremendous efficacy along with clinical benefits over 5-fluorouracil for
more than 20 years.” The drug has demonstrated wide-spectrum application in various solid tumors.
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Despite exhibiting considerable therapeutic efficacy, GEM is subject to various constraints, such as a relatively brief
plasma half-life, as well as limited permeability.%5 The brief duration of serum half-life can be ascribed to the swift and
extensive process of deamination of GEM by cytidine deaminase (CDA), which is present in several tissues such as
blood, liver, and kidneys.®” Cytidine deaminase enzymatically converts GEM into its inactive metabolite, known as
2’,2’-difluoro-2’-deoxyuridine (dFdU), which is then eliminated through urinary excretion. Consequently, the adminis-
tration of GEM necessitates regular dosing intervals in order to sustain a therapeutic concentration of the drug within the
systemic circulation.’

In addition, it is notable that GEM is frequently administered to patients through the intravenous (IV) route, leading to
an increased risk of venous pain in the injection site and higher associated costs.®’ After mediation by human nucleoside
transporters that diffuse inside cells, GEM is phosphorylated twice to become monophosphate ({IFACMP), and the dipho-
sphate form (dFdCDP), by deoxycytidine kinase and nucleoside monophosphate kinase. Notably, a higher binding affinity
to cytidine deaminase makes it vulnerable to metabolization into its inactive form (dFdU), especially upon intravenous
administration, which contributes to accumulating toxicity.'®!'" Further, this enzymatic plasma deaminase causes GEM to
have a short half-life (8 to 17 minutes).'? One way to increase the efficacy of GEM treatment in pancreatic ductal
adenocarcinoma (PDAC) is to use nano-based formulations. Previous studies showed that other drugs, such as paclitaxel
and irinotecan, can successfully be formulated into more efficacious treatments for PDAC by nanoparticle systems.'*'
Recently, some strategies were developed to enhance GEM delivery for cancer treatment through nanoparticle formula-
tions, such as a prodrug-based approach,'>*'¢ low-dimensional inorganic nanomaterial (ie, black phosphorus and graphene

1718 bolymeric and lipid nanoparticle-based hydrogels,'® 2

15,16,24,28

oxides)-assisted delivery, and combinative drug-based

23-27 and local delivery.'®

hydrogels which are formulated towards injectable administration forms

Among drug delivery administration routes, oral delivery is the most favorable option due to its primary advantages
in offering a non-invasive route and enabling self-administration.?® It eradicates any discomfort that might arise from an
injection, thus being the most recommended choice to increase patient compliance with medication. Oral delivery
provides the physiological benefit of a high surface area of epithelial cells (enterocytes), allowing drug compounds to
be readily absorbed into the bloodstream.?®** However, several drugs, including GEM, suffer from low oral bioavail-
ability due to poor intestinal permeability and metabolic instability. Numerous studies have been conducted to confront
these drawbacks by incorporating drug compounds into nanoparticle forms, manipulating the limited properties to
increase residence times and facilitate better interactions with cells of the gastrointestinal (GI) tract.**>’

For example, polymeric-based nanoparticles are known to have stable characteristics while protecting the encapsu-
lated drug during its stay in the GI tract. Its polymeric base possesses the capability to improve the physicochemical
properties of the nanoparticles, turning them into a suitable scaffold for a controlled-release mechanism.*° Significant
impacts of this approach were shown in high cellular uptake, greater efficient targeting, and improved
bioavailability.”***° Hydrogels also offer spatial and temporal control over numerous chemotherapeutic agents
owing to their tunable physical properties, high drug-loading efficiency, excellent biocompatibility, controllable degrad-
ability, and programmable release profiles.*' ™’

Hydrogel nanoparticles (NGs) are three-dimensional hydrogel materials formed by a cross-linked expanded polymer
network with high capacity at the nanoscale, enabling them to retain water without completely dissolving in aqueous
media. This chemical composition can be manipulated to adjust various characteristics, including dimensions, charge,
amphiphilicity, porosity, softness, and degradability. NGs possess several adjustable characteristics, such as flexibility,
nanoscale size, dispersibility in biological fluids, high stability, biodegradability, and chemical activity. Furthermore, they
exhibit controllable synthesis and swelling ratio, facilitate drug loading and release, and function as carriers responsive to
environmental stimuli. NGs have the potential to be engineered as materials that exhibit responsiveness to a variety of
external and internal stimuli, such as changes in the reductive environment, light, electricity, pH, temperature, enzyme
activity, magnetic fields, and ultrasound.*®>* In most cases, these reactions induce conformational alterations in the NG
structure and may lead to the “on-demand” discharge of the released cargo. They can transport and safeguard the active
ingredients enclosed within from degradation during storage or blood circulation (eg, hydrolysis or enzymatic degrada-

tion), reduce toxic side effects, or deliver the medication exclusively to the intended site of action.>*>* Thus, NGs play an
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important role in maintaining cargo integrity and preventing its degradation and elimination. Additionally, they actively
contribute to the delivery process, facilitating a controlled and triggered response at the desired target location.>®

To our knowledge, the oral administration of gemcitabine remains challenging in clinical applications. Additionally,
there is no reported formulation for an orally administered hydrogel-based GEM for pancreatic cancer. Consequently,
there is a compelling demand to develop an oral delivery system that enhances both cellular uptake and gastrointestinal
permeability. We, herein, propose oral NGs composed of polymer gelatin and methacrylic groups as a nanocarrier for
GEM. This study was aimed at characterizing the physicochemical, drug release, permeability, and pharmacokinetics
(PK) of NGs containing GEM (NGs-GEM). Coating GEM within the NGs system not only improved the drug release in
the intestinal medium but also exhibited cellular uptake in MIA PaCa-2 and Caco-2 cell models compared to free-GEM.
The bioavailability of the NGs-Gem was improved by 40% with less formation of the dFdU inactive metabolite.

Materials and Methods

Materials

The cell lines and related chemicals in this study were purchased from the Taiwan Biological Resources Conservation
and Research Center (Bioresource Collection and Research Center, BCRC, Hsinchu, Taiwan) with a complete culture
medium. The cell lines were inoculated in 75T culture flasks, and cultivated in an incubator (37 °C, 5% CO.).

The following products were purchased commercially: 2,2’-azobis(2-methyl-N-(2-hydroxyethyl)propionamide) (VA-
086, Wako Chemicals, Osaka, Japan), 2’,2’-difluorodeoxyuridine (dFdU, Carbosynth, Compton, UK), antibiotic-
antimycotic solution (100x), Dulbeccos modified Eagles medium (Corning® DMEM), trypsin-EDTA (Corning, NY,
USA), GEM (dFdC, Scinopharm Taiwan, Tainan, Taiwan), 1-(4,5-dimethylthiazol-2-yl)-3,5-diphenylformazan (MTT),
2’-deoxyuridine (dU), gelatin from porcine skin (type A, 300 g bloom of gel strength), hydrochloric acid (HCI), lucifer
yellow, methacrylic anhydride, pancreatin, pepsin from porcine stomach mucosa (800—2500 units/mg of protein), sodium
carbonate, sodium bicarbonate, sodium hydroxide, Span 80, human transferrin (Sigma-Aldrich, St. Louis, MO, USA),
Dulbecco’s cell line BCRC no. MIA PaCa-2 60,139 human pancreatic cancer cell line, C2BBel (Caco-2) 60,182 human
colorectal adenocarcinoma cell line, modified Eagle’s medium (MEM 12800-017), fetal bovine serum (FBS), horse
serum (HS) (Gibco, Invitrogen, Grand Island, NY, USA), acetonitrile, methanol (LiChrosolv® Reag. Ph Eur.), Tween 80
(Merck, Billerica, MA, USA), dimethylformamide (DMF), sodium chloride, sodium acetate, tetrahydrofuran (JT Baker,
Center Valley, PA, USA), and n-octane, (Alfa Aesar, Heysham, England).

Synthesis of Methacrylate-Esterified Gelatin (GelMA)

The method used is a modification of previous research to obtain a higher degree of substitution.’” The utilization of
a carbonate-bicarbonate (CB) buffer has been found to result in a greater level of substitution (DS) in comparison to the
utilization of phosphate-buffered saline (PBS). Briefly, 10% gelatin type-A was fully dissolved in 0.1 M CB buffer (3.18
g Na,CO5; and 5.86 g NaHCO; in 1 L of deionized water preheated to 50 °C) under magnetic stirring at 50
°C. Subsequently, the pH was modified to 9, followed by the gradual addition of methacrylic anhydride (MA) to the
gelation solution in a 10:1 ratio. The methacrylation reaction was conducted with continuous stirring at 50 °C for 90
minutes. The reaction is halted when the pH reaches 7.4. Following that, the mixture was dialyzed against pure water
(12~14 kDa cut off) to remove excess methacrylic acid and salts at 40 °C for 5 days. Finally, the GeIMA floc was
obtained after lyophilization, and the degree of methacrylation was further characterized by nuclear magnetic reso-
nance (NMR).

GelMA-Labeled fluorescein Isothiocyanate (FITC) synthesis

GelMA was dissolved in 100 mM NaHCO; buffer (5 mL) at 40 °C to obtain a concentration of 20 mg/mL. A 2 mg/mL
FITC solution in DMF (1 mL) was added to the previous solution and stirred for 6 h at 40 °C. The mixture was then
dialyzed against distilled water at 40 °C for 7 days followed by freeze-drying to obtain solid FITC-GelMA.
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Determination of the GelMA Degree of Substitution (DS)

The quantification of methacryloyl functionalization was conducted using a 500 MHz 1H NMR instrument (Bruker
Avance DRX 500, Burladingen, Germany), using a previously established protocol.”® Prior to the analysis, GelMA
samples were dissolved in a 5 mg/mL solution of deuterium oxide (D,0). The quantification of the DS in GeIMA
involved determining the proportion of amino groups (namely lysine and hydroxylysine) inside the gelatin that
underwent modification. The lysine methylene (LM) signals of the GeIMA and unmodified gelatin spectra at 2.8—
2.95 ppm were then integrated to determine the respective areas. Subsequently, to calculate DS the following equation
is used.

Degree of substitution(DS)= 1—(LM area of GelMA /LM area of gelatin)100%

Preparation of GelMA NGs

The methods of preparation of GeIMA NGs were adapted from a previous report with slight modifications.’ ? GelMA
NGs were produced through the process of photopolymerization of GelMA within a water-in-oil (w/0) emulsion. First,
5% GelMA was prepared in ultrapure water by heating it at 40 °C. Once it had dissolved, 1.5% VA-086 (the initiator) was
added as the aqueous phase. Next, the mixture was introduced into an organic (octane) and surfactants (Tween 80: Span
80 = 3:2) mixture. According to a prior investigation, the composition of the organic, surfactants, and aqueous phase was
reported as 66.7:16.7:16.7.°° The mixture was homogenized using a homogenizer (T 25 digital ULTRA-TURRAX®,
IKA, Staufen, Germany) for 5 minutes at 8000 rpm. Subsequently, it was homogenized using an ultrasonic probe
sonicator (Q700, QSonica, Newtown, CT, USA) with an amplitude of 10% (70 W) at 4°C for 15 minutes. The GelMA
gel in the emulsion was formed by subjecting UV light at a wavelength of 385 nm to an intensity of 10 W/ecm? for 30
minutes. Following photopolymerization, tetrahydrofuran (THF) was introduced with a ratio of 1:9 and centrifugated
(8000 g, 10 minutes) to eliminate the organic phase and surfactants. Subsequently, the precipitate was reconstituted with
deionized water (DIW) or PBS pH 7.4, before freeze-drying to obtain dry NGs in the form of a powder.

Characterization of NGs-GEM

Characterization of NGs-GEM included particle size, polydispersity index (PDI), and zeta potential utilizing a Malvern
Zetasizer NanoZS (Malvern Instruments, Worcestershire, UK). Following dilution with DIW, the samples were
examined at 25 °C under a dispersion angle of 90°C. Furthermore, an analysis of the structure and surface
characteristics of the NGs and NGs-GEM was conducted using transmission electron microscopy (TEM, HT7700
Hitachi, Tokyo, Japan).

Previously, a dilution of 50-fold was carried out using DIW and stained with 2% uranyl acetate, a positively charged
dye, before being subjected to imaging. A drop of NGs or NGs-GEM sample was placed on a carbon-coated copper grid
for observation.

Drug Loading Efficiency of NGs-GEM

To study the drug loading efficiency (DLE), 3 mg/mL of a GEM solution was first homogenously mixed with the NGs at
a ratio of 3:1 and incubated for complexation at 4 °C for 24 h. Ultrafiltration (10 kDa Ultra-50 Centrifugal Filter Units)
was then used to collect the NGs-GEM precipitate. After centrifugation, the precipitate obtained was analyzed using
high-performance liquid chromatographic (HPLC, Waters €2695 Separation Module, Milford, MA, USA) with UV-
visible detector at 268 nm, C18 Column (4.6 x 250 mm, 5 um, ZORBAX Extend-C18, Agilent, Santa Clara, CA, USA).
Methanol and 0.1% formic acid (5:95% v/v) as mobile phase, after 0.22 pm membrane filtration for ultrasonic shock
degassing to complete the mobile phase preparation. The DLE (%) was calculated using the following equation.

Do—D
Drug loading efficiency(DLE) (%):% x 100%
0

where Dy is the GEM added, and D, is the GEM in the supernatant.
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In vitro Drug Release of NGs-GEM

The release kinetics of GEM from NGs-GEM and free-GEM were analyzed by weighing the sample (equivalent to
0.4 mg GEM) and dissolving it in 1 mL of simulated gastric fluid (SGF) or simulated intestinal fluid (SIF). The solution
was then added to a cellulose membrane with 3.5 kDa MWCO containing 20 mL of SGF or SIF and slowly homogenized
at 100 rpm and 37 + 1 °C. Samples were taken at several times (5, 10, 30, 60, 120, 240, and 360 min) with 1 mL of
volume replacement each time. Prior to the HPLC analysis, samples were 0.22 um membrane filtered. Results were
compiled as an in vitro drug release graph. The compositions of SGF and SIF are described in the following two sections.
SGF was prepared by preparing 34 mM NaCl and 84 mM HCI, adjusting the pH to 1.2 with 0.2 M HCI, and then adding
pepsin to obtain a concentration of 3.2 g/L. SIF was prepared using a similar method: a solution of 50 mM KH,PO, and
15 mM NaOH was prepared, then adjusting the pH to 6.8 with 0.2 M HCI, and pancreatin was added to obtain
a concentration of 10 g/L.

Cytotoxicity Assessments

The cytotoxicity of NGs-GEM was evaluated by conducting MTT tests on Caco-2 and MIA PaCa-2 cells. Briefly, the
cells were distributed into 48-well culture plates at a seeding density of 2x10 cells per well. Following a day incubation
period at 37 °C with 5% CO,, the adherent cell culture media was substituted with a serum-free culture media.
Subsequently, the cells were treated with varying concentrations (0.001 to 1000 pg/mL) of GEM, NGs, and NGs-
Gem. After a 48-hour incubation period, 300 pL of 1 mg/mL MTT solution in PBS pH 7.4 was introduced and incubated
for 1 hour at 37 °C. Subsequently, the extraction process was carried out by adding 100 pL DMSO. The measurement of
optical density (OD) was conducted at a wavelength of 540 nm using a microplate reader (Cytation™ 3 Cell Imaging
Multi-Mode Reader, BioTek, Winooski, VT, USA).

Cellular Uptake

Caco-2 and MIA PaCa-2 cells were first seeded under a constant temperature of 37 °C and 5% CO, for 1 day at the
density of 5x10° cells/well. To assess the uptake of NGs-GEM, cells were incubated with NGs-FITC (concentration
2.5 mg/mL) at interval times of 0.5, 1, 2, and 4 hours. After the incubation period, cells were washed 3 times with cold
1x PBS to remove excess NGs-FITC. Subsequently, trypsinization was performed. The fluorescent signal of FITC was
assessed using a flow cytometer (FACS Canto-II, BD Biosciences, San Jose, CA, USA) in order to assess the cellular
uptake of NGs.

In vitro Permeability
The permeability assay was conducted using monolayer cultures cultivated in a 24-well plate with a PET membrane
featuring 0.4 um pores (Falcon®, Corning, located in Glendale, AZ, USA).

The Caco-2 cultures were seeded at a density of 10° cells/well into each well insert and thereafter incubated at 37 °C
and a carbon dioxide 5% for 96 hours. Transepithelial electrical resistance (TEER) values were measured using an
epithelial volt/ohmmeter (EVOM, World Precision Instruments, Sarasota, FL, USA) to assess the integrity of the cell
monolayer before the study (greater than 400 Q cm?). Additionally, the apparent permeability coefficient (Papp) at 485
nm and 530 nm for the yellow lucifer marker was also monitored to ensure cell integrity (less than 107 cm/s).

For the permeability study, 300 uL of a GEM or NGs-GEM solution (with an initial drug concentration of 0.1 mg/
mL) dissolved in DMEM was added to the apical chamber of each well, while the basolateral side contained 0.6 mL of
transport buffer. Samples (100 pL) were extracted at time intervals of 0.5, 1, 1.5, and 2 hours. Following this, the
collected samples were retained at 4 °C until the HPLC analysis. The permeability coefficient (PE) is calculated using
reciprocal correlation as determined by the following equation.®!

1 1 1

PEcnS  PEwS  PEpan S

where PE is the PE through the cell layer only, PE, is the PE through the coated membrane insert and cell layer, and
PEyjank 1s the PE across the coated membrane insert without the cell layer.
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In vivo PK Studies

In the PK study, 8~10 week old male Sprague Dawley rats were divided into 3 groups (n=6) randomly to investigate PK
profiles of (1) the oral free-GEM solution, (2) oral NGs-GEM, and (3) GEM intravenously (iv) at doses 25, 25, and
10 mg/kg BW, respectively. The procedures used complied with the Taiwan Animal Welfare Law and were approved by
the TMU Institutional Animal Care and Use Committee (approval number: LAC-2017-0282). Blood samples of 0.5 mL
were sampled at 5, 10, 45, 60, 120, 240, 480, 720, and 960 minutes after treatment. Blood samples were placed in
heparinization tubes and then centrifuged (4000 rpm, 10 mins, 4 °C). The supernatant obtained was then stored (—80 °C)
for further HPLC-UV analysis.

GEM and dFdU in rat plasma were quantitatively analyzed by HPLC-UV at 268 nm, sample injection of 5 pL,
column thermostat at 30 °C, and flow rate of 0.8 mL/min. This experiment was done using the following conditions:
methanol and 0.1 M acetate buffer (10:90% v/v) as mobile phase (2 L of sodium acetate (16.4 g) buffer was prepared and
the pH adjusted to 5.0 with 5 N HCI).

PK parameters were analyzed using non-compartmental analysis using the mean + standard deviation (SD) values of
each treatment group. The terminal elimination rate constant (Ke), half-life (T;/,), the area under the plasma drug
concentration-time curve (AUC) from the beginning to the endpoint (AUCy_j,s), and AUC,_,,, were calculated and
presented as mean + SD. Metabolite ratios (dFdU/GEM) were computed by dividing the AUC_,., of dFdU by AUC,_,,
of GEM.

Statistical Analysis

All data are expressed as mean = SD unless otherwise stated. Statistical evaluation used a Student’s #-test or one-way
analysis of variance (ANOVA) and differences between groups were considered significant when the probability
(p-value) was less than 0.01.

Results and Discussion
Synthesis and Characterization of GelMA

The GelMA macromer was successfully synthesized via a methacrylation reaction. GelMA is synthesized through the
reaction of methacrylic anhydride (MAA) and gelatin, resulting in the attachment of methacryloyl to the amino groups on
the side chain of the amino acids. This reaction also produces methacrylic acid as a byproduct. The synthesized GeIMA
macomer was characterized by a "H-NMR spectrum. The "H-NMR spectrum of the GeIMA confirmed the confirmed the
structure of the desired polymer (Figure 1). The presence of two signals of the vinyl methacrylate group of MA (6 = 5.4
and 5.7 ppm) and a decrease in the signal of methylene lysine (8 = 3.05 ppm) confirms the free-MA modification.®* In
addition, enrichment of the signal methyl group in MA (8 = 1.97 ppm) supported the substitution of MA. The DS was
calculated by comparing the proton signals methylene lysine of unmodified gelatin and GeIMA. This result suggested the
successful grafting of MA onto gelatin promoted by a cross-linking mechanism to form a three-dimensional structure of
GelMA.

Variations in the added MA volume can change the DS of GEIMA. The DS can affect the size, porosity, compressive
modulus, and swelling ability of the hydrogel. In this study, we modified the previous method to obtain a high DS. In
addition, based on previous research, CB buffer was used to obtain GEIMA with a high level of DS.®

Optimization of NGs

GelMA NGs can be created by exposing a GeIMA solution with a photoinitiator added under UV light. The mechanical
properties of the GeIMA hydrogels can be regulated by changing the concentration of MA and UV exposure time. The
degrees of substitution may affect the porosity, pore size, compressive modulus, and swelling behavior of the
hydrogels.®* Indeed, the shape and materials within this type of NP play key roles in determining the final properties
of the hydrogel NPs. Harnessing GelMA in this case was able to improve the hydrogel NP formulation and control their
size and chemistry.
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Figure | Synthesis of gelatin methacrylate (GelMA) (a) and 'H nuclear magnetic resonance spectra of gelatin and GelMA (b).

Further, the NGs consisted of an aqueous phase (GelMA), surfactants, and organic phases (Tween 80: span 80: octane
at 0.6: 0.9: 6). The effects of different parameters of the NGs are discussed below, such as different concentrations of
GelMA, comparison of two organic phases, and parameters of the ultrasonicator.

GelMA (at 5%, 10%, or 15%) was first examined for solubility in organic solvents. As shown in Figure 2, GeIMA
seemed to precipitate in heptane. Meanwhile, good solubility was indicated in octane (Figure 3) composed of a 5%
hydrogel in a water and octane mixture. Since this was indicated as the best potential solvent, this composition was used

for further experiments.

(b) Heptane (C) Heptane

(a) Heptane

Figure 2 Image of NGs (heptane): (a) 15%, (b) 10%, and (c) 5% gelatin methacrylate (GelMA).
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Figure 3 Image of NGs prepared in different organic solvents: (a) heptane and (b) octane.

An ultrasonicator was employed to disperse the GelMA in the organic phase. UV-visible light was utilized to induce
VAO086 to generate free radicals (N=N; double-bond breakage) and initiate covalent linkages within gelMAs, thus
forming hydrogel NPs (NGs). The ultrasonic oscillation time was parameterized to evaluate its effect on particle size
formation. As shown in Figure 4, the particle size along with the polydispersity index (PDI) decreased as the oscillation
time increased (within the range of 10 to 30 min). For instance, a lower particle size (< 250.0 nm) and PDI (< 1.000)
were obtained after 15 min of ultrasonication. Further, particle sizes of NGs and NGs-Gem were 233.91 £ 7.75 and
244.07 £ 19.52 nm, respectively, suggesting good compatibility of the drug with the NG elements (Table 1). This was
shown by the slight increase in particle size compared to native NGs. Interestingly, the surface potential of native NGs
was negatively charged, while the NGs-Gem were positively charged. The free hydrogen of GEM hydrochloride was
likely bound to the NG surface, thus forming a positively charged surface of NGs-Gem.

1500 2.0
B Particle size (nm)
£ - PDI - 1.5
;‘ 1000
N -
n —-1.0
P =)
o
= 500
g —0.5
) I
0- I I l l 0.0
0 10 20 30

Sonication time (min)

Figure 4 Particle size of 5% gelatin methacrylate (GelMA) NGs.

3760 e International Journal of Nanomedicine 2024:19
Dove!


https://www.dovepress.com
https://www.dovepress.com

Dove Yugatama et al

Table | Characterization of 5% Gelatin Methacrylate
(GelMA) Nanogels (NGs) with |5 Min of Sonication
Time (Mean * Standard Deviation)

Parameter NGs NGs-Gem

Particle size (nm) 23391 £7.75 | 244.07 £ 19.52

Polydispersity index (PDI) | 0.39 + 0.09 0.64 + 0.03

Zeta potential (mV) —25.44 + 2.97 9.25 + 2.06

Characterization of NGs

We next evaluated the appearance of native NGs, the interface level, and the encapsulated formation of NGs-GEM by
TEM. The results showed that the structures of NG and NGs-GEM were spherical, and particle sizes were in accordance
with those demonstrated using the particle size analyzer (Figure 5).

At the same time, drug concentrations (ranging 1~5 mg/mL) were prepared and loaded in 1 mg NGs to determine the
drug loading efficiency (DLE, %). As shown in Table 2, it was obvious that the DLE increased with an increment in the
drug concentration, indicating that the NG system was able to handle concentrations of GEM of 1~3 mg/mL. Therefore,
the drug loading test was conducted at 3 mg/mL. The DLE of NGs in this experiment was 37.2%+9.3%. This result was
in accordance with the theory that cross-linked NGs can have high DLE capacities up to 50% by weight because of their
structural properties. This benefit also made NGs a relatively high DLE among other nanocarriers.®®

In vitro Release Test
The in vitro release behavior was evaluated by testing the NG system in SGF and SIF environments at 371 °C. An
in vitro dissolution test was used to simulate the release characteristics of the drug in the body and observe its effects in
different digestive fluids. As shown in Figure 6, the release of free-GEM in the first hour was 63.1% in SGF and 61.6% in
SIF. Release extents reached 93.6% and 100.8% after 6 h in the two environments. Free-GEM was completely released
after 6 h in both high- and low-acid environments. Interestingly, NGs-GEM in both SGF and SIF solutions were released
more slowly, reaching 21.4% and 54.6% in the first hour and continuing to 34.3% and 76.6% at 6 h, respectively.
Comparing the curves of the NP system in the two different environments, NGs-GEM seemed to obtain higher release
rates in an intestinal environment (SIF), which had a higher pH.

Free GEM was fully released after 6 h in both the high- and low-acidic environments. Comparing the in vitro release
curves of NGs-Gem in SGF and SIF, results suggested that the release percentage of the NGs-Gem group in SIF medium

Figure 5 Characterization of NGs and NGs-GEM. (a) TEM image of NGs, (b) TEM image of NGs-GEM. (scale bar = 200 nm).
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Table 2 Drug Loading Efficiency of 5% Gelatin
Methacrylate (GelMA) NGs with 15 Min of
Sonication Time (Mean + Standard Deviation)

Initial Drug DLE (%)

Concentration (mg/mL)

| 13.8 + 3.1

2 283 53

3 37293
5 329 £254

was higher than that in SGF, which also indicates that NGs-gem group tended to be released more slowly in the more-
acidic environment. This was likely due to the presence of -COOH groups on the NG surface. When NGs are in
a medium with a pH greater than the pKa value of the acidic side groups on the polymer chain, acidic groups are ionized,
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Figure 6 Drug release profile of Free-GEM and NGs-GEM in (a) simulated gastric fluid (SGF) and (b) simulated intestinal fluid (SIF).
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resulting in a swelling of the polymeric system, thereby releasing drug molecules into the SIF environment. In addition,
the release speed and total amount of drug released in the NGs-gem group significantly improved in SIF. A greater
amount of negatively charged ions in the SIF medium and greater repulsion effects among hydrogel polymer chains
caused a higher degree of swelling.®® Consequently, if the surface of the hydrogel has cationic groups, such as amino
groups (-NH,), the colloidal network would swell in a lower pH (more acidic) environment.®” The use of NGs in this
regard, seemed to be capable of circumventing drug degradation and maintaining drug stability during transport through
the acidic environment (gastric fluid).®®

Cytotoxicity Test

To examine the cytotoxic effects of the NGs system, an MTT assay was carried out on MIA PaCa-2 and Caco-2 cells.
Blank-NGs (containing no drugs) at certain concentrations (ranging from 0.001~1000 pg/mL) were incubated with
cancerous cells for 48 h. Cell survival was determined using the MTT reduction reaction. As shown in Figure 7a, high
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Figure 7 MTT assay of NGs in MIA PaCa-2 and Caco-2 cells (a); MTT assay of NGs-GEM in MIA PaCa-2 cells (b).
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rates of cell survival (> 80%) were indicated in both cell types, which is in accordance with ISO 10993-5 (survival rates
greater than 80% are classified as non-toxic activity of a material). The effects of different drug concentrations were also
compared to the NGs-GEM system in Figure 7b. It showed that the NGs-GEM system could potentially more strongly
suppress cancerous cells than blank-NGs.

Cell Uptake

GelMa prior to NG preparation was first FITC-labeled to facilitate visualization and quantification of NG cellular
internalization. The particle size of NG labeled with FITC and then freeze-dried increased to 276.1 £ 3.77 nm with a PDI
of 0.494 + 0.056. MIA PaCa-2 and Caco-2 cells were cultured for different time points (0.5~4 h) and then further
analyzed through flow cytometry to observe cellular behavior toward the NGs. According to Figure 8, more NGs were
taken up by both types of cells as the incubation time increased. Uptake by MIA PaCa-2 cells increased from 25.84% to
74.55% in 4 h (Figure 9), while Caco-2 cells increased from 15.68% to 69.20% (Figure 10). These results imply that the
NP system successfully delivered the drug to cells. Therefore, with an increase in exposure time, there was an increment
in the cellular uptake of NGs, which showed similar trends for both types of cells. However, higher uptake was found by
Mia PaCa-2 cells. These results are similar to previous studies, where conventional chemotherapeutic drugs (such as

gemcitabine) had better ability to inhibit cell proliferation in Mia PaCa-2 cells than other cells.®®"°

Permeability Test

This experiment was conducted to evaluate the integrity of the cell barrier by measuring TEER values. Caco-2 cells were
first seeded in inserts at different cell densities (5x10%, 10x10%, and 15x10* cells/well) and measured every 24 h (for 7
days) to confirm the integrity of single-layer cells. Caco-2 cells were used as it is a well-known cell line in developing
in vitro GI tract models.”' Before evaluating the transport of the NG system, we tested for confluent formation and
polarized layers among three cell densities. The 5x10* cells/well density had the lowest polarized layers, typically at 96
h. Meanwhile, the integrity of 10x10* and 15x10* cells/well demonstrated similar TEER values (~500 ©Q cm?). In
addition, the TEER value dropped rapidly at time points beyond 96 h, possibly due to cell apoptosis. To evaluate TEER
values of the barrier function and integrity of the monolayer of cells, the paracellular marker, Lucifer yellow, was
employed. Since the restriction value of substance diffusion of the single-layer Caco-2 cells was 150~400 Q cm?, we
used a 10x10* cell density for 96 h for a further experiment. This caused the TEER value to exceed 400 Q cm? before the
permeability test. As shown in Table 3, the permeability of free GEM and NGs-GEM were (17.22 + 2.29) x10 ® and
(25.34 + 3.63) x10 ® cm/s, respectively. This result suggests that both systems allowed transport into the cell barrier.
Interestingly, the NGs-GEM group facilitated more significant penetration (Student’s #-test analysis, p<0.01) than the free
drug, suggesting the potential of the NG system to improve GEM penetration across the intestinal barrier.
A gastrointestinal permeability was also measured, where the permeability constant was 7.5-fold greater for NGs-
GEM than for free-GEM using the Caco-2 cell model.

Analysis of GEM and dFdU in Serum

Gemcitabine is a prodrug requiring phosphorylation within tumor cells to attain its active form. The phosphorylation
process generates certain metabolites crucial for the antineoplastic effect. However, the primary metabolite produced
through deamination, known as dFdU, lacks significant relevance to the cytotoxic effect of GEM. Elevated dFdU plasma
concentration suggests rapid conversion of GEM into dFdU.”* In order to evaluate GEM and dFdU present in the blood,
an HPLC-UV analysis was conducted to measure a series of concentrations (of 0.078125~10 pg/mL). Intra- and inter-day
experiments were then conducted to determine the precision, accuracy, and linear relationship of the analytical method.

As shown in Supplementary Material 1: Supplementary Figure 1, retention times of GEM and dFdU were 5.5 and 7.8

min, respectively, with acceptable regression coefficient values (r*) in the intra- and inter-day experiments (r* > 0.995).
The coefficient of variation (CV) and relative standard error (RSE) were both < 15%, indicating that all analytical
parameters met standardized criteria of precision, accuracy, and reproducibility (Supplementary Figure 2, Supplementary
Tables 1 and 2).
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PK Study

104

The experimental groups were divided into (1) oral NGs-GEM, (2) oral free-GEM, and (3) iv free-GEM. The PK profile
and plasma drug concentration were monitored at various time points. As shown in Figures 11 and 12, the PK curve of
the GEM in the NGs-GEM group confirmed that the drug was transported by the carrier, absorbed through the
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gastrointestinal tract, and delivered to the blood. However, compared with the free-GEM group, there was no significant

difference. Nevertheless, according to the drug dynamics graph of dFdU, the AUC of the NGs-Gem group was lower

than the free-GEM group, suggesting that the hydrogel form likely reduced the catabolism of GEM into its inactivated

element.
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Table 3 Permeability Value of GEM
(96 h, n=3)

Compound Mean £ SD (x 10°¢ cmls)

Lucifer yellow 1.22 + 6.04
Free-GEM 17.22 £ 2.29
NGs-GEM 25.34 + 3.63**

Notes: **p < 0.01, when free-GEM compared to NGs-
GEM.

In addition, we conducted a PK analysis of GEM and dFdU using Phoenix® and WinNonlin® PK software, with
a non-compartment model method using the experimental results (doses, plasma concentrations, and sampling times).
Results of the GEM analysis of the NGs-GEM group showed that the C,.x was 2.69 pg/mL and t;,x was 1.13
h. Meanwhile, C,,.x of the oral GEM group was 2.89 pg/mL and t;,x was 1.13 h. Values of t;, of the NGs-GEM,
oral GEM, and i.v. GEM groups were 3.37 £ 1.24, 4.87 + 2.43, and 3.37 £ 0.78 h, respectively (Table 4). Although the
half-life of the oral GEM group was slightly longer than that of the other two groups, an independent one-way ANOVA
suggested that the three groups did not significantly differ.

Regarding dFdU contents, C,.x of the NGs-GEM group was 0.84 pug/mL and that of the oral gemcitabine group was
2.52 pg/mL, which significantly differed (p < 0.0001 by a one-way ANOVA). The t,,., of the NGs-GEM group was 3.67
h and that of the oral GEM group was 2.17 h, which confirmed that the NGs-GEM group lowered the rate of GEM being
metabolized into its inactive metabolites. AUC results showed that the NGs-GEM group was 10.07 hr-pg/mL and oral
GEM was almost two times higher at 19.04 hr-ug/mL. As mentioned earlier, the majority of GEM is inactivated mainly
by CDA-mediated conversion to dFdU. The NGs-GEM group exhibited a significant reduction (40%) in the formation of
dFdU compared to the free-GEM group, as evidenced by a decrease in the AUC for dFdU. The substantial difference in

—@— 25 mg/kg NGs-gem
—0O— 25 mg/kg gemcitabme oral
—W¥— 10 mg/kg gemcitabme [.V.

Concentration ( pg/mlL )

20 25

Time (hrs)

Figure |1 Pharmacokinetic profile of GEM in Sprague-Dawley rats after oral and intravenous administrations of NGs-GEM and free-GEM (n=6).
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Figure 12 Pharmacokinetic profile of 2’,2’-difluorodeoxyuridine (dFdU) in Sprague-Dawley rats after oral and intravenous administrations of NGs-GEM and free-GEM

(n=6).

metabolite ratios (NGs-GEM vs oral GEM; 0.62:0.99) between these two groups (p < 0.01) further confirmed that the use
of NGs incorporated with GEM seemed to successfully prevent the drug from being rapidly metabolized, thereby
increasing the effect of drug retention in the body, which is in accordance with the antitumor efficacy of GEM. This

aligns with the previous observations, where the deamination of GEM occurred at a significantly slower rate, indicating

that micellar nanocarriers offer additional protection for GEM against enzymatic degradation.”® Furthermore, our result is

in accordance with the theory previously found that nanogels could prevent the quick metabolism of biomolecules as
long as they can avoid opsonization followed by clearance.”* Nevertheless, a comprehensive analysis and further

investigation into the specific metabolic pathways and factors influencing GEM metabolism are essential to provide

a detailed explanation for the observed discrepancy in the pharmacokinetic data.

Table 4 Pharmacokinetic Parameters of NGs-GEM (n=6, Mean * Standard Deviation)

Parameter Units NGs-GEM (25 mg/kg BW) | Free-GEM, oral (25 mg/kg BW) | Free-GEM, iv (10 mg/kg BW)
GEM dFdU GEM dFdU GEM dFdU

Cinax ug/mL 2.69 +0.38 0.84 £ 0.10 2.89 + 042 2.52 £ 0.76%FF* - 0.76 + 0.07
Tinax hr 1.13 £ 0.44 3.67 £ 0.82 1.13 £ 0.68 2.17 £0.98 - 4.67 £ 1.63
Tin hr 337+ 1.24 7.08 + 1.97 487 £243 5.85 + 1.39 3.37+£0.78 9.66 + 3.37
AUC g.1as1) hr-ug /mL | 17.35 + 3.42 10.07 + 2.23 19.08 £ 7.91 19.04 + 6.70%* 16.97 + 4.31 9.43 + 2.06
AUC 0.) hr-ug/mL | 18.98 + 4.11 12.00 + 3.98 20.53 +9.30 20.24 + 6.94 18.17 + 4.81 12.70 £ 4.14

Notes: *p < 0.01, #** p < 0.0001 Free-GEM compared to NGs-GEM.

Abbreviations: C,,.,, maximum concentration; T, half-life; AUC, area under the curve.
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Conclusion

In this study, NGs-GEM hydrogel NPs with a particle size of approximately 250 nm for oral delivery were successfully
prepared. The in vitro drug release results showed an effective slow-release rate of the NGs-GEM system in an acidic
environment, which has the potential to reduce compound degradation during transport through the GI tract. The cell
permeability study indicated higher induction of the NGs-Gem across the intestinal barrier compared to free GEM in the
Caco-2 cell model. NGs-GEM also demonstrated higher cell uptake compared to free GEM in MIA PaCa-2 and Caco-2
cells. In the context of the in vivo study, despite the absence of observable distinctions in the bioavailability of GEM
between the oral NGs-GEM and free GEM groups, the NGs-GEM oral delivery system demonstrates a notable
suppression of inactive metabolite formation. This is substantiated by a significantly lower dFdU content in NGs-
GEM compared to oral free-GEM (10.07 hr-pg/mL and 19.04 hr-pg/mL, respectively; p<0.01). Overall, results showed
that the NGs-GEM is a potential antitumor candidate for oral drug delivery. Further antitumor studies and drug safety
assessments of NGs-GEM are required to evaluate deeper functions of NGs-GEM in cancer therapeutic applications.
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