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ABSTRACT

ARTICLE HISTORY

Pancreatic ductal adenocarcinoma (PDAC) motivates localized drug-delivery strategies that increase
intratumoral exposure while limiting systemic toxicity. Here, we report spherical high-amylose
starch beads prepared by droplet gelation and Ca”>" ionotropic crosslinking as a simple, water-
based depot platform. The beads preserved spherical geometry and displayed an interconnected
microporous interior by SEM. FTIR supported Ca>"-OH interactions within the starch network and
non-covalent (physical) loading of gemcitabine without evidence of new covalent bonds. In PBS
(pH 6.6, 37°C), formulations with 10-15% CaCl, maintained structural integrity yet underwent
enzyme-responsive erosion in o-amylase (=~ 8-10days), suggesting residence times compatible
with intratumoral depots. HPLC-UV enabled quantification of gemcitabine encapsulation efficiency
(EE = 4.14%), corresponding to ~3.53 ug per bead (30 beads analyzed). In vitro release under sink
conditions exhibited a burst-to-plateau profile with near-quantitative mass recovery (~100% of
the loaded dose within hours). Preliminary cell studies were performed with PANC-1 to assess
functional delivery. Collectively, these data indicate that Ca®"-crosslinked starch beads are in vitro
tolerable, solvent-free, and injection-ready candidates for intratumoral chemotherapy. Limitations
include the modest EE and rapid early release; avenues to address these (e.g., network densifica-
tion or secondary coatings and process optimization) are outlined, together with the need for
in vivo evaluation of residence, pharmacokinetics, and safety.

GRAPHICAL ABSTRACT

Corn
Starch 0
°
o S . PDAC
o P00

Calcium Solution

o Starch Spheres

0 Drug Loaded Starch Spheres Pancreatic Cancer Tissue

Received October 2025
Accepted November 2025

KEYWORDS

High-amylose starch;
ionotropic gelation; calcium
crosslinking; intratumoral
depot; gemcitabine;
pancreatic cancer

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) remains among
the most lethal solid tumors: in contemporary U.S. data-
sets only ~13% of patients are alive at 5 years, and over
half present with distant disease at diagnosis, underscoring
the need for more effective locoregional —strategies.!"
Systemic gemcitabine-a longstanding backbone therapy-
suffers from rapid plasma inactivation via cytidine deami-
nase and short half-life, which limits intratumoral

exposure while systemic dosing drives toxicity.”) Beyond

pharmacokinetics, PDAC’s dense, hypovascular, desmoplas-
tic stroma acts as a physical and physiological barrier that
impedes perfusion and drug penetration, contributing to
chemoresistance.”)  These limitations have motivated
locoregional and intratumoral drug-delivery approaches—
often under endoscopic ultrasound (EUS) guidance—to
augment tumor drug levels while minimizing systemic

exposure. Early clinical studies have shown that EUS-
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guided fine-needle injection (FNI) of agents, including
gemcitabine, is feasible and safe, supporting the broader
exploration of injectable depots for PDAC.!*

Biopolymer hydrogels are the attractive candidates for
such depots due to their injectability, tunable mesh size, and
biodegradability. Starch, in particular, is abundant, inexpen-
sive, and in vitro tolerable; high-amylose grades form stron-
ger, more ordered networks and can degrade enzymatically
(e.g., o-amylase-mediated hydrolysis), features that make
starch matrices promising for controlled drug release.”” In
the pancreas, a-amylase is produced at high concentrations
in exocrine secretions, providing a clinically relevant enzym-
atic milieu that can enable the controlled degradation of
starch-based depots after local therapy.'®!

Ionotropic gelation with multivalent cations—classically
Ca*" with alginate—is a simple, water-based crosslinking
route that yields mechanically stable, injectable hydrogels
and beads; similar ion-mediated strategies have also been
reported for other polysaccharides (e.g., gellan).”® For
starch, most prior drug-delivery microspheres/hydrogels rely
on chemical crosslinkers such as epichlorohydrin, sodium
trimetaphosphate (STMP), or citric acid, or on physical gel-
ation via gelatinization/retrogradation; nonetheless, recent
food/biomaterial studies indicate that CaCl, can modulate
starch gelatinization/retrogradation and gel properties, sug-
gesting an opportunity for ionically reinforced starch
networks.!*~'!]

Here, we introduce, to our knowledge, the first droplet-
gelation synthesis of spherical, Ca®>"-crosslinked high-amylose
starch beads engineered as intratumoral depots candidate for
PDAC. We fabricate and physicochemically characterize the
beads with scanning electron microscopy (SEM)-derived
microporosity, Fourier-transform infrared spectroscopy (FTIR)
signatures quantify swelling stability and o-amylase-driven
degradation under the near-physiological conditions, assess
mechanical handling properties, and evaluate gemcitabine
loading, in vitro release under sink conditions, and preliminary
activity on PANC-1 cells. By coupling a biodegradable,
enzyme-responsive polysaccharide matrix with simple Ca*"
ionotropic crosslinking, this platform aims to enable the local-
ized chemotherapy.

2. Methods
2.1. Materials

High amylose corn starch (HYLON VII, ~70% amylose con-
tent; 13% moisture; 2.06 x 10 g/mol molecular weight),
sodium hydroxide (NaOH) (>98%, Sigma-Aldrich), calcium
chloride dihydrate (Merck), and distilled water were used
for the synthesis of beads. «-amylase enzyme from
Aspergillus oryzae was purchased from Sigma-Aldrich for
use in enzyme sensitivity tests. Phosphate buffer (PBS)
(Sigma-Aldrich) was used as a solubilization medium for
a-amylase enzyme. Gemcitabine hydrochloride (>97%,
1PlusChem) was used for high-performance liquid chroma-
tography (HPLC) analysis, drug loading and releasing, and
in vitro tests. Sodium dihydrogen phosphate (Riedel-de
Haen) and methanol (Merck) were used to prepare mobile

phase for HPLC analysis. pH adjustment of the phosphate
buffer for HPLC was done with orthophosphoric acid (85%)
(Carlo Erba Reagenti). Dimethyl sulfoxide (DMSO) was also
used in in vitro experiments.

2.1. Synthesis of starch beads

Starch granules (Hylon VII; high-amylose corn starch) were
dispersed in aqueous NaOH solutions (0.1-3% w/v; concen-
tration specified per formulation in Table 1) and stirred at
70°C for 15 min to obtain an ionized, gelatinized starch
solution (Fig. 1). The solution was then allowed to stand at
room temperature to stabilize the synthesis conditions.

Subsequently, the ionic starch solution was transferred to
a syringe and delivered dropwise into a previously prepared
CaCl, bath (5-20% w/v; Table 1) using a syringe pump,
resulting in the formation of Ca*"-starch complex beads.
The beads were cured in the CaCl, solution for 24 h and
then used in subsequent experiments. A syringe pump (New
Era NE-1800) equipped with a 10 mL syringe (17 mm inner
diameter) and a 21-gauge needle delivered the ionized starch
solution at 10 pL-min~'. The needle-to-bath distance was
10 cm. The CaCl, gelling bath volume was 25 mL, main-
tained at room temperature and without stirring during
droplet formation.

2.2. Characterization of the beads

2.2.1. Structure analysis

FTIR spectra were acquired for native starch (Hylon VII
powder), gemcitabine hydrochloride, blank beads (F2.2), and
gemcitabine-loaded beads (F2.2) to confirm Ca®"-mediated
complexation and drug incorporation. Measurements were
performed on a Bruker ALPHA FTIR spectrometer. Bead
samples were lyophilized after synthesis and analyzed as dry
solids. Spectral range was 4,000-400 cm™'; resolution 4 cm™"
with 32 co-added scans per spectrum (background: 32
scans). Measurements were carried out at room temperature.
Spectra were processed in OPUS. An air/background spec-
trum was collected prior to each sample run.

2.2.2. Morphological analysis (SEM)

After reaching swelling equilibrium, the lyophilized beads of
F2.2 were mounted on aluminum stubs using carbon adhe-
sive tape and sputter-coated with gold for 20s. Imaging was
performed on a JEOL SEM-7100-EDX at an accelerating
voltage of 1 kV under high-vacuum conditions, using the
secondary electron detector. For size analysis, beads were
measured from using Image] after scale calibration.

2.2.3. Swelling tests

Swelling behavior of freshly prepared starch-Ca®" beads was
evaluated under different pH conditions. Their initial wet
weights (m,) were recorded at the beginning of the test.
Three selected formulations (F2.1, F2.2, and F2.3) were
immersed in buffer solutions of pH 3.0, pH 7.4 (PBS), and
pH 8.0. Swelling measurements were conducted at



JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY e 1361

predetermined time intervals (0, 3, 6, 9, 24, 48, 72, 96, and
144h). At each time point, beads were carefully removed
from the buffer, blotted to remove excess surface liquid,
weighed to obtain the swollen weight (ml]), and then
immediately transferred into fresh buffer solution. Buffer
replacement was performed at each measurement point to
maintain stable swelling conditions and eliminate interfer-
ence from dissolved components. All swelling experiments
were performed in triplicate (n=3).
The relative mass (MR) was calculated according to:

m; — Mo

Mye] = m
0

where m,,; is the relative mass change my, is the initial wet
weight of the beads after stabilization, and m[] is the weight
at time t.a-Amylase sensitivity tests:

Freshly prepared starch-Ca*" beads (F2.1, F2.2, and F2.3)
were used for enzymatic degradation studies. For each for-
mulation, 20 beads were immersed in 15mL of a-amylase
solution (1 mg/mL in PBS) and incubated at 37°C under
cyclic shaking (90rpm). Enzymatic sensitivity was assessed
by sampling every 48h, at which time the incubation

Table 1. Preformulation study formulations used in the synthesis of starch
beads. Different concentrations of starch (5-20% w/v) and CaCl, (5-20% w/v)
were tested to evaluate their effect on bead formation, while NaOH concentra-
tion was kept at 0.1-3% w/v.

Formulation Starch (% w/v) NaOH (% w/v) CaClz (% w/v)
F1 F1.1 5 1 5
F1.2 10
F1.3 15
F1.4 20
F2 F2.1 10 1 5
F2.2 10
F2.3 15
F2.4 20
F3 F3.1 15 1 5
F3.2 10
F3.3 15
F3.4 20
F4 F4.1 10 0.1 5
F4.2 0.5
F4.3 2
F4.4 3

NaOll, 70°C

Hylon VII
(Corn starch with high
amylose content)

Figure 1. Stages of starch ionization and production of beads.

lonized Hylon VII
(Gelatinized Form)

medium was replaced with fresh o-amylase solution to
maintain the enzyme activity.

2.3. Mechanical tests

Uniaxial compression tests were carried out on spherical
starch gel samples using a texture analyzer (Stable Micro
Systems, UK) equipped with a cylindrical probe operating at
a constant speed of 1 mm/s. For statistical reliability, at least
10 beads from each formulation were tested, and the average
values were reported. Because the contact area between a
flat probe and a spherical hydrogel change continuously
during compression, the conventional analysis methods used
for cylindrical samples are not directly applicable. Instead,
the Hertz contact theory was employed to calculate the
apparent Young’s modulus of the beads, which is widely
used for spherical hydrogel and biopolymer systems.!'*"**!
According to this model, the force-deformation relationship
is expressed as:

F=26pirapie
3

where F is the applied force (N), G is the Young’s modulus
(Pa), D is the undeformed bead diameter (m), and AD is
the deformation (m).

2.4. Quantification of gemcitabine by HPLC

Gemcitabine hydrochloride (GEM) concentrations were
determined using a Shimadzu Prominence LC-20 high-per-
formance liquid chromatography (HPLC) system equipped
with a UV detector set at 270nm. Separations were per-
formed on a C18 column (250 X 4.6 mm, 5pum) under the
isocratic conditions. The mobile phase consisted of methanol
and 10mM sodium dihydrogen phosphate buffer (pH 3.5)
at 40:60 (v/v), delivered at a flow rate of 1.0mL min~".['")
The injection volume was 20 puL, and the column was oper-
ated at room temperature. All samples were filtered through
0.22-um syringe filters prior to injection. The validated
HPLC method was subsequently applied for determining

Solution o 9 9

CH,0™ CH,0™ CH,0
o 0 o
0
o D ® ® ®
— - - |, — p p b
15 mins Into CaCl, o 0 i
OH OH CH

IHylon VII

a2t
Ca? (complex)
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encapsulation efficiency and monitoring GEM release

profiles.

2.5. Drug loading and encapsulation efficiency (EE)

For F2.2, the gelatinized ionic starch was cooled to room
temperature, then reheated to 37°C to reduce viscosity.
Gemcitabine-HCl was added directly to obtain 5mg mL™',
mixed until dissolved, and cooled to room temperature, and
0.5mL of the drug-containing feed was dispensed into the
CaCl, bath (25mL, RT, no stirring) with the syringe-pump
settings described before (10pL min~', 21G, 10cm).
Approximately 30 beads formed and were cured for 24h.
After curing, supernatant aliquots were analyzed by HPLC:

C0 VO - Cs Vbath

EE (%) = oV
0vVo

x 100

where C, is the initial concentration of gemcitabine in the
feed solution, V) is the dispensed feed volume dropped into
the CaCl, bath, C; is the gemcitabine concentration meas-
ured in the curing supernatant, Vi, is the total volume of
the CaCl, curing bath.

2.6. In vitro release

Release was assessed in PBS (pH 6.6) to mimic the mildly
acidic tumor microenvironment. 30 beads (n =3 batches)
were placed in 15mL medium at 37°C and shaken at
90 rpm. About 1.0 mL of sample were withdrawn at 19 time
points over 0-48h and immediately replaced with fresh
medium to maintain sink conditions. GEM concentrations
were quantified by HPLC. Cumulative release (%) is calcu-
lated as:
i-1
m; = VC; + VZ C; = %Release; =
=1

mi
x100

Mioaded

where C; is the concentration measured in the i-th sample,
V is the total volume of release medium in the vessel, v is
the aliquot volume withdrawn at each sampling, Mjoadeq is
the initial amount of drug placed in the vessel, and m; is the
cumulative amount of drug released up to sampling time i.

2.6. In vitro efficacy tests

In vitro analyses were performed with human pancreatic
cancer cell line (PANC-1). The viability of the cells was ana-
lyzed by MTT assay. Accordingly, the extraction medium
was prepared according to ISO 10993-5:2009. PANC-1 cells
were seeded in 24-well plates at 2 x 10° cells well™" and
allowed to attach overnight at 37°C, 5% CO,. Drug-loaded
and blank F2.2 beads were applied at a ratio of 1 bead per
0.3mL of medium (Opti-MEM) and incubated for 24h or
48h at 37°C. Cell viability was quantified by MTT. After
exposure, cells were washed with PBS and treated with
50uL MTT (5mg mL™' in PBS) plus 300 pL fresh Opti-
MEM for 4h at 37°C. The medium was removed, the
resulting formazan crystals were dissolved in 1 mL DMSO,

and absorbance was read at 570nm using a microplate
reader (BioTek Synergy HI1, USA). All experiments were

performed in triplicate (n=3). Cell viability (%) was calcu-

lated as:!*

OD of the experimental group

Cell viability (%) = x100

OD of the control group

3. Results and discussion
3.1. Synthesis of starch beads

Bead formation depended sensitively on starch concentra-
tion, NaOH level during gelatinization, and the CaCl, con-
centration in the gelling bath. In alkaline dispersion, NaOH
promotes starch swelling/gelatinization by disrupting hydro-
gen bonding and reducing short-range order; at higher
alkali, partial chain scission and loss of crystallinity can
occur (high-amylose corn starch, Hylon VII).'”) Moreover,
Ca®" interacts with starch hydroxyls and can physically
crosslink/stabilize the gel network without creating new
covalent bonds, which rationalizes the rapid setting of drop-
lets in CaCl, ¥

Starch-specific bands are observed in spectra (Figure S4):
broad O-H stretching (=~ 3,550-3,100 cm™Y), weak C-H
stretching (= 2,930 cm™Y), H-O-H bending (=~ 1,640-
1,650cm™'), and C-O/C-O-C vibrations in the fingerprint
region (=~ 1,155-1,000cm™"). The slight redshift/intensity
increase in the O-H band after cross-linking with Ca®>" and
the changes in band intensities around 1,000-1,150 cm™
can be attributed to the interaction between -OH groups
and Ca’" and stronger hydrogen bonds; similarly, the
Ca*"—starch interaction has been reported to be monitored
by changes around the -OH area in FTIR. Additionally, the
density ratio 1,047/1,022 cm™! is used as an indicator of
short-range order/crystallinity; higher amylose content tends
to increase this ratio and is compatible with high-amylose
Hylon VII system.!"”!

In F1 initial droplets formed but stability was poor: After
tens of additions, fresh droplets coalesced into aggregates
and, in some formulations formed unstable materials that
were not perfectly spherical; higher CaCl, (10-20%) acceler-
ated fusion and partial disintegration, yielding turbid baths
(Fig. 2). These outcomes are characteristic of ionotropic sys-
tems at low polymer content causes weak networks and/or
excess crosslinker lead to rapid surface-hardening, widely
reported for Ca®*-gelled polysaccharide beads.***"

Raising starch to 10% markedly improved morphology.
F2.1 (5% CaCl,) gave discrete, opaque-white, spherical beads
and was the most robust condition; F2.2 (10% CaCl,) also
formed good beads but with modest turbidity, indicating
minor leaching; F2.3-F2.4 (15-20% CaCl,) increasingly
showed fusion/cloudiness (Fig. 2). The window of moderate
CaCl, (5-10%) with intermediate polymer (=10%) aligns
with optimized ionotropic gelation where gelation is fast
enough to set the droplet but not so fast as to cause shell-
hardening and aggregation.!*>?!! Comparable starch beads
prepared by emulsion/gelation and freeze-drying also show


https://doi.org/10.1080/10601325.2025.2586576

JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY 1363

Figure 2. Macroscopic appearance of starch beads synthesized under different preformulation conditions. F1 showed aggregation and incomplete bead formation,
whereas F2 produced more uniform and stable spherical structures. Higher starch concentration (F3) led to bulk gelation, while F4 displayed irregular morphologies

depending on NaOH content.

stable beads and high structural integrity under similar sol-
ids levels.*?!

The paste was too viscous to handle reproducibly in F3
(Fig. 2). Hot dropping partially mitigated premature gelation
but yielded deformed, droplet-like particles; the series was
discontinued. This reflects the processing limits at high
starch solids in high-amylose gels, where viscosity and rapid
structuring hinder the reliable droplet formation.**!

With 0.1% NaOH (F4.1), droplets dispersed immediately
(no bead formed), indicating insufficient gelatinization. At
0.5% (F4.2), irregular/fragmented shapes formed. About 2%
(F4.3) produced partial beads but entrapped air and later
coalesced; 3% (F4.4) showed incomplete starch dissolution
and unstable beads with turbidity (Fig. 2). These trends
match the alkali window reported for high-amylose corn
starch: mild NaOH (=1-2%) effectively swells/solubilizes
amylose and lowers order, whereas too little alkali fails to
gelatinize and too much promotes structural degradation/
heterogeneity.''”**

Combining our observations with the literature, the most
reproducible, morphologically stable, and workable condi-
tions were F2.1, F2.2, and F2.3. Lower starch (5%) lacks net-
work strength; very high starch (15%) is impractically
viscous; very low NaOH prevents gelatinization; very high
NaOH yields heterogeneous pastes; and excessive CaCl,
drives shell-hardening and fusion. These conclusions are
consistent with alkali-assisted gelatinization/de-ordering in
high-amylose starch,'”) physical Ca®" coordination with
starch hydroxyls,"® and ionotropic gelation windows
described for Ca*"-gelled polysaccharides.!*

3.2. Morphological analysis (SEM)

Representative SEM micrographs of the lyophilized beads
prepared from F2.2 formulation are shown in Fig. 3. At low
magnification, the beads retained an overall spherical
morphology with intact geometry (Fig. 4a). The external
surfaces appeared rough, exhibiting irregularities and shal-
low depressions, as well as surface pores of variable sizes
(Fig. 3(B)). Such features are characteristic of ionically cross-
linked starch-based hydrogels after freeze-drying, where sub-
limation of ice crystals during lyophilization leaves behind a
porous matrix. !

Cross-sectional SEM images revealed an interconnected
sponge-like porous network (Fig. 4c). At higher magnifica-
tion (100x), this network appeared as densely distributed
micropores (Fig. 3(D)). Quantitative pore-size analysis
indicated a median equivalent pore diameter of ~18.7 um
(mean+SD: 20.7+84pum, n=577; IQR: 13.2-25.4pum),
which is within the range reported for Ca*-crosslinked
starch cryogels and aerogels, where typical pore sizes span
from 10 to 50 pm depending on crosslinking and process-
ing conditions."®**! The porous network observed here is
consistent with previous reports showing that ionic cross-
linking with calcium generates finer and more homoge-
neous pore structures compared to non-crosslinked starch
gels.[']

Overall, SEM analysis confirmed that the Ca*"-cross-
linked high-amylose starch beads maintained their spherical
integrity after lyophilization while developing a well-
connected microporous structure.
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From a functional standpoint, the preserved spherical
morphology supports ease of handling and potential cath-
eter/trocar-assisted placement, whereas the microporous
interior provides aqueous pathways expected to facilitate
imbibition and mitigate burst while enabling sustained
release.””) In the context of enzyme-rich environments (e.g.,
pancreatic milieu), such a network is also compatible with
controlled erosion, as pore interconnectivity can mediate
enzyme ingress while cross-link density tempers degradation-
features aligned with the depot concept explored in this
study.””®! Collectively, the SEM results corroborate that the
Ca®"-crosslinked starch beads combine the geometric integ-
rity with a transport-competent microporosity conducive to
localized drug delivery.

3.3. Swelling tests

All formulations demonstrated an initial rapid mass decline
during the first 6-9 h, followed by a slower decay and
approach to equilibrium (Fig. 4). This biphasic swelling pro-
file reflects early-stage ion exchange and loosening of loosely
bound water and Ca*", followed by stabilization of the poly-
mer network—a behavior commonly noted in ionically
crosslinked polysaccharide hydrogels.!>2!

F2.1 lost integrity for measurement beyond ~48 h under
all pH conditions, indicating insufficient crosslinking due to
lower CaCl, content. Similar outcomes were reported in

Figure 3. SEM images of lyophilized starch beads prepared from F2.2 formula-
tion. (A) Overall spherical morphology, (B) surface view showing pores and
roughness, (C) cross-sectional view demonstrating the porous inner network,
and (D) high-magnification image highlighting the microporous structure.

low-crosslinked alginate systems where beads disintegrated
rapidly.*” F2.2 and F2.3 maintained integrity throughout
the study, highlighting that higher Ca®" levels enhanced net-
work robustness, consistent with other observations in poly-
saccharide hydrogels.!*®"]

At the pH 3, beads showed the lowest mass loss, likely due
to suppressed hydroxyl deprotonation and stronger
hydrogen-bonding that restrict network swelling, consistent
with behavior observed in other starch-based hydrogels.”*"!
At the pH 7.4, greater mass loss occurred, likely due to phos-
phate ions displacing Ca®" in the network and weakening
ionic crosslinks—a phenomenon seen in calcium-crosslinked
polysaccharide matrices.?***! At the pH 8, maximum erosion
observed, as expected from increased hydroxyl ionization that
disrupts hydrogen bonding and leads to network loosening—
consistent with swelling trends in starch matrices under the
alkaline conditions.**!

The data confirm that both Ca*" concentration and envi-
ronmental pH critically determine bead stability. F2.2 and
F2.3 showed superior swelling resistance across environmen-
tal conditions, while F2.1’s insufficient crosslinking led to
early disintegration. These findings align with the broader
polysaccharide hydrogel studies highlighting the importance
of optimized crosslinking for network integrity in different
pH environments, %"

Together, the swelling and degradation results highlight
the intrinsic hydrogel behavior of the Ca*"-crosslinked
starch matrix. The network acts as a hydrated, ionically sta-
bilized gel, where crosslink density and porosity jointly
determine water uptake, mechanical stability, and enzymatic
accessibility. These correlations clarify the structural basis of
the observed hydrogel characteristics and their relevance to
controlled drug release.

From a biomedical perspective, the retention of spherical
integrity for F2.2 and F2.3 under near-physiological condi-
tions suggests residence times of several days—clinically
relevant for intratumoral depots. In the context of localized
chemotherapy, depot formulations that maintain structural
integrity can ensure prolonged local drug exposure while
minimizing systemic diffusion or washout (e.g., in situ depot
hydrogels have been engineered to provide multi-day reten-
tion in tumor tissue).** The balance between gradual ero-
sion and structural persistence is particularly valuable for
drug delivery, as controlled disintegration can temper burst
release while permitting sustained drug transport. Similar

00 pH=3.0 |

-0,1

02F F

mrelative

03F F

0,4

pH = 8.0

0 25 50 75 100 125 150 0 25 50 75 100 125 15

Time/h

0

0 25 50 75 100 125 150

Time/h Time/h

Figure 4. Relative mass change of starch-Ca>" beads prepared from F2.1 (circle), F2.2 (square), and F2.3 (diamond) in three buffer environments: acidic buffer
(pH 3), PBS (pH 7.4), and alkaline buffer (pH 8). Measurements were performed up to 144 h with buffer renewal at each time point. Data illustrate the effect of
CaCl, concentration and environmental pH on bead swelling and structural stability.
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Day 12

Figure 5. Visual monitoring of enzymatic degradation of starch-Ca®" beads (F2.1, F2.2, and F2.3) in PBS containing a-amylase (1 mg/mL) at 37°C. Images were

recorded at predetermined time intervals up to 12 days.

design principles have been described in reviews of cross-
linked gels for drug delivery, where the integrity of the net-
work and controlled degradation kinetics are key to
mitigating initial burst and achieving sustained release pro-
files.*>*®! Thus, the swelling data support that optimized
Ca*" cross-linking (10-15% CaCl,) produces starch beads
with favorable stability profiles for localized chemotherapy.

3.4. a-amylase sensitivity tests

Time-lapse images revealed gradual erosion and disintegra-
tion of the beads in the presence of 1 mg/mL o-amylase in
PBS (pH 7.4): F2.1 completely disintegrated on day 6, F2.2
on day 8, and F2.3 on day 10 (Fig. 5). This order of stability
(F2.3>F2.2>F2.1) suggests that increasing the CaCl, con-
centration (15%, 10%, 5%, respectively) increases the density
of ionic bridges/nodes in the gel network, thus limiting
enzyme diffusion and the accessibility of glycosidic bonds.
The ability of gelatinized starch to network with Ca®* and
increase network stiffness has been reported in starch-based
systems; tighter networks are more resistant to enzymatic
degradation. This trend is consistent with the classical stud-
ies showing that the rate of degradation by o-amylase
decreases as the crosslink density increases in crosslinked
starch microspheres.*”!

Mechanistically, «-amylase first targets amorphous
regions; as hydrolysis progresses, relatively more ordered/
crystalline  regions increase, and sensitivity
decreases.*® The increased turbidity observed in the experi-
ment are consistent with what has been described in the lit-
erature as surface-controlled erosion of cross-linked starch
microspheres.*”!

enzyme

From a translational standpoint, the differential degrad-
ation profiles observed here are highly relevant to the pan-
creatic tumor microenvironment, which is physiologically
rich in digestive enzyme secretion (e.g., acinar cells produce
amylase, proteases) and local enzymatic activity within
tumor stroma (e.g, ECM-degrading enzymes).*”) The
enzyme-triggered erosion behavior further supports the
hydrogel-like nature of the network, in which enzymatic
attack initiates from amorphous domains and gradually
propagates through the crosslinked matrix. This behavior is
characteristic of degradable hydrogels and indicates a bal-
ance between network integrity and controlled disintegra-
tion. The persistence of F2.2 and F2.3 beads for 8-10 days
suggests a clinically relevant residence time, sufficient to
permit sustained intratumoral release of gemcitabine while
avoiding long-term persistence of foreign material.
Controlled enzymatic erosion is particularly advantageous,
as it provides a built-in clearance mechanism following local
therapy—a design strategy widely discussed in reviews of
enzyme-responsive hydrogels and biomaterials for localized
drug delivery systems.'*"

3.5. Mechanical tests

The uniaxial compression tests revealed significant differen-
ces in stiffness among the starch-Ca*" bead formulations
(Fig. 6). F2.1 exhibited the lowest Young’s modulus
(~12kPa), F2.2 showed an intermediate value (~15kPa),
and F2.3 demonstrated a markedly higher modulus
(~35kPa). These results indicate that increasing starch and
Ca’" concentrations significantly enhance the mechanical
rigidity and load-bearing capability of the hydrogel network.
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Figure 6. Single-bead compression to estimate stiffness. (A) Parallel-plate setup with a bead. (B) Hertzian analysis: linear plot of (3/4)F D~"2 vs. AD*?; the slope
yields the apparent Young’'s modulus E. (C) E (kPa, mean+SD) for F2.1-F2.3, showing increasing stiffness with higher CaCl, content. Data are presented as

mean £ SD (n=10).

These values align well with the reported range for ionic-
ally crosslinked polysaccharide hydrogels, which typically
exhibit Young’s moduli from tens of kPa up to several hun-
dred kPa, depending on polymer composition and crosslink
density.*?! Specifically, alginate hydrogels crosslinked with
Ca’" exhibit moduli between ~5-20 kPa, depending on
CaCl, concentration and gel properties.!**) Although starch-
based systems may differ structurally, the mechanical trend
is consistent: higher crosslinking yields higher stiffness.

Notably, the magnitude of F2.3’s modulus (~35 kPa) sug-
gests a robust hydrogel structure capable of withstanding
mechanical stresses—unlike more deformable gels (e.g.,
F2.1) that may facilitate rapid swelling and drug release but
compromise structural integrity during handling or physio-
logical transit. This stiffness gradient across formulations
offers a tunable mechanical profile: softer beads (e.g., F2.1)
may facilitate short-term release but are mechanically fragile,
whereas increasing cross-link density typically yields stiffer
networks that better tolerate handling and compressive loads
during implantation, a trend widely reported for ionically
cross-linked polysaccharide hydrogels and alginate beads.!**!
Stiffer beads (F2.3) therefore withstand handling and offer
prolonged stability, consistent with observations that higher
Ca®" levels and optimized formulations increase modulus
and extend dissolution/erosion times in calcium-gelled car-
riers.*?) The intermediate formulation (F2.2) provides a bal-
ance between stability and flexibility, aligning with the
concept of tissue-matched mechanics for local delivery
depots—hydrogels designed with moduli in the soft-tissue
range minimize iatrogenic damage and integrate more favor-
ably with host tissue.l*”) The mechanical properties further
corroborate the hydrogel character of the system, as the

measured moduli (10-35kPa) fall within the range typical
for soft polysaccharide-based hydrogels, confirming that the
Ca’*-crosslinked starch beads form a stable yet deformable
gel network. In sum, selecting intermediate stiffness while
retaining biodegradability supports gradual resorption and
sustained local exposure—key goals highlighted across trans-
lational hydrogel depot literature.>**¢

3.6. Quantification of gemcitabine by HPLC

Calibration of gemcitabine over 10-60 ug mL™" produced an
excellent linear response (y = 380, 89x — 991,26); R* = 0.9999;
Figure S5). This working range, C18 phase, MeOH/phosphate
buffer (40:60, v/v), and UV 270 nm detection are in close agree-
ment with prior stability—indicating RP-HPLC methods for
gemcitabine, which likewise reported linearity across 10-60 pg
mL™" and short retention times around ~2.3 min under com-
parable conditions. Retention time remained stable in our assay
at ~2.85min, consistent with the range reported for similar
mobile phases and column geometry.*”}

Precision was assessed across two consecutive days at 30,
40, and 50 pg mL™', yielding %RSD < 0.3% at all levels,
which demonstrates excellent day-to-day repeatability
(Table S1). In line with ICH Q2(R1), this corresponds to
intermediate precision (within-laboratory, between-day vari-
ability) and, together with repeatability, evidences method
robustness for quantitative use; ICH defines these precision
tiers and recommends reporting variability as %RSD but
does not impose a universal numeric threshold.**!

Overall, the strong linearity, stable retention, and low
interday variability support this HPLC-UV method as a reli-
able platform for quantifying gemcitabine in our Ca*-
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starch bead workflow (EE% and release). Comparable
HPLC-UV assays have been successfully applied to gemcita-
bine in pharmaceutical and biological matrices, reinforcing
the suitability of our approach.*’!

3.7. Drug loading and encapsulation efficiency

FTIR analysis was performed (Figure S4) to confirm the
presence and effect of GEM within the starch beads prior to
evaluating their drug loading capacities. In the gemcitabine
spectrum, NH,/NH, stretches (including the band at ~
3,390cm™") and the C =O/NH, bending region in the pyr-
imidine ring (= 1,690-1,630 cm_l) are prominent; C-F
stretches also typically appear in the range =~ 1,000-
1,400 cm™". In the composite (GEM-Hylon VII-Ca®"), these
features overlap, broaden, and slightly displace the starch
fingerprint bands; however, no new characteristic bands
indicating new covalent bonds appear. This suggests that
loading occurs via physical retention/hydrogen bonding and
that GEM is not chemically modified. A similar approach is
used in studies where loading of GEM onto polymeric car-
riers is confirmed by FTIR.!*"’

In the drug-loaded sample, additional absorption/inten-
sity increases were observed around a~ 1,650cm™' (ring
C=0/NH, band of GEM) and around = 1,080-1,050 cm™*
(C-F/C-O contribution), supporting the presence of GEM in
the matrix. At the same time, small changes (broadening/
position shift) in the O-H band indicate hydrogen bonding
between the starch hydroxyls and the -OH/NH, groups of
GEM. Such band shifts are consistent with the expected
weak interaction pattern in polymer-drug systems.”") FTIR
results show cross-linking consistent with the strengthened
interactions around the -OH in the starch network in the
presence of Ca’*, GEM was loaded into the matrix while
maintaining its chemical structure, and no new covalent
bond formation, which is consistent with the depot concept
for local release in the study.!”?

Encapsulation efficiency was calculated from the mass
balance between the initial drug in the feed and the non-
entrapped fraction quantified in the CaCl, curing super-
natant. Using a feed of 0.50mL at 5mg mL™' gemcitabine
and a measured supernatant content of 2396,66 + 1,68 g,
the entrapped amount was 103,34+ 1,68 ug for 30 beads,

corresponding to EE = 4.14%+0.7 (3.44+0,06 ug bead ™).
The low EE is mechanistically consistent with gemcitabine’s
pronounced hydrophilicity (negative logP and high aqueous
solubility), which disfavors retention in hydrophilic gel net-
works and promotes partitioning to the external aqueous
phase during gelation.!>***

In ionotropic gelation processes, EE is highly sensitive to
formulation and process parameters (polymer and Ca*" lev-
els, hardening/curing time, and external phase conditions).
Prolonged residence in the crosslinking bath and strong sink
conditions facilitate diffusive loss (leaching) of hydrophilic
actives from forming beads, leading to lower entrapment—
an effect broadly documented across Ca®'-gelled polysac-
charide systems and reviews on alginate/gellan plat-
forms.”>*®! In comparable calcium-alginate bead systems,
encapsulation efficiency is likewise governed by these varia-
bles, with the optimized conditions yielding markedly higher
entrapment than non-optimized curing protocols.!””’

3.8. In vitro release

Gemcitabine release from Ca®'-starch beads displayed a
burst-to-plateau profile: cumulative release reached ~70% at
0.1h, ~90% by ~0.5h, ~95% by ~1h, and approached
~99% by ~5h, remaining at a plateau through 24-48 h. The
absolute mass released tracked the same trend and
approached the loaded dose (~99%), supporting mass bal-
ance and the validity of the sampling-with-replacement cal-
culation (Fig. 7). Correcting cumulative amounts for aliquot
removal and volume replacement is recommended in dissol-
ution/release assays to avoid profile distortion, especially at
early time points.'**

The rapid early release is consistent with the high aque-
ous solubility and hydrophilicity of gemcitabine, which
favors partitioning into the external medium, particularly
when sink conditions are used.” In dissolution method-
ology, sink promotes a strong concentration gradient and
accelerates release—conditions that can emphasize burst
from hydrophilic matrices.!®”!  Similar burst-dominated
behavior is widely reported for ionotropically gelled polysac-
charide carriers, where process variables (polymer level,
crosslinking, bath volume/time) govern early loss and overall
kinetics.*®! Comprehensive hydrogel reviews likewise note
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Figure 7. In vitro release of gemcitabine from Ca?*-crosslinked high-amylose starch beads in PBS (pH 6.6, 37 °C). Left: cumulative release (%). Right: cumulative
amount (ng). Data = mean + SD; sample-replacement correction applied m; = VG + v. Z/’;} G
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Figure 8. In vitro evaluation of starch beads on PANC-1 cells. (A-B) Microscopy images showing cells treated with blank and GEM-loaded beads at t=0h and
t=24h. (C) MTT assay results showing cell viability of control, blank beads, and gemcitabine-loaded beads at 24 h and 48 h. Data represent mean £ SD (n = 3).

that small, water-soluble actives often show fast initial diffu-
sion from hydrophilic, microporous networks under sink,
unless additional barriers (coatings/multilayers or denser
crosslinking) are introduced.'"!

Collectively, these results indicate that in the present for-
mulation diffusion of surface/near-surface drug under sink
conditions dominates the early phase, yielding a rapid
approach to completion. Reducing burst in future iterations
may require network densification or secondary coatings
and/or less aggressive sink during curing/loading to limit
near-surface drug accumulation, as suggested in the
ionotropic-gelation literature.!*”!

3.9. In vitro efficacy tests

Microscopic examination at 24 h shows that the blank starch
beads exposure produce no observable change in cell
morphology or density compared to the untreated control.
In contrast, cells exposed to gemcitabine-loaded beads
exposition display a marked reduction in confluency, round-
ing, and detachment (Fig. 8(A-B)).

Quantitatively, via MTT assay, both the control group
and the blank beads group maintain high cell viability
(~100%) at both 24h and 48h. In the gemcitabine-loaded
beads group, cell viability drops sharply—approximately
15% at 24 h, and increases modestly to around 30% at 48h
(mean £ SD, n=23). These results indicate that the empty
beads are essentially nontoxic under experimental condi-
tions, whereas the loaded beads deliver cytotoxic effects con-
sistent with the presence of gemcitabine.

The fact that cell viability at 48 h with the loaded beads
remains lower than with blank beads suggests sustained or
prolonged exposure, better protection of gemcitabine from
deactivation, or enhanced cellular uptake afforded by the
bead matrix. These mechanisms have been proposed in the
literature (e.g. nanoparticulate gemcitabine formulations) to
explain efficacy.*?!

Overall, the results support that starch/Ca*" beads are
in vitro tolerable when blank, whereas gemcitabine loading
imparts substantial cytotoxicity in PANC-1 cells. This

suggests that the carrier system is promising for local deliv-
ery of gemcitabine.

4. Conclusion

Here we present, to our knowledge, the first spherical high-
amylose starch beads produced by droplet-gelation and
Ca®" ionotropic crosslinking as a simple, water-based depot
for locoregional PDAC chemotherapy. The beads preserve
spherical geometry with microporous interiors (SEM); FTIR
supports Ca”"-OH interactions in the starch network and
non-covalent gemcitabine loading. Optimized CaCl, (10-
15%) yields beads that remain intact in PBS yet undergo
enzyme-responsive erosion (o-amylase, ~8-10days). HPLC-
UV showed the modest loading (EE =~ 4.24%, ~3.53 g/
bead) and burst-to-plateau release under sink with near-
quantitative mass recovery, while drug-loaded beads dis-
played in vitro cytotoxicity in PANC-1 cells. Overall, Ca*"-
starch depots are in-vitro tolerable, solvent-free, and
injection-ready, supporting their potential for intratumoral
delivery; future work will focus on boosting EE, tempering
burst (coatings/densification, process optimization), and
in vivo validation of residence, pharmacokinetics, and safety.
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