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Overcoming stromal barriers in pancreatic cancer
via size-engineered carrier-free nano-prodrugs
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Pancreatic cancer remains a major therapeutic challenge due to its dense desmoplastic stroma, which

limits drug penetration and reduces chemotherapy efficacy. Here, we report a carrier-free nanoprodrug

(CFNPG) based on SNC4DC, a homodimeric prodrug of SN-38, enabling controlled SN-38 release in pan-

creatic cancer cells. Using a precisely controlled reprecipitation method, we generated stable CFNPGs

with tunable particle sizes down to ∼30 nm, resulting in enhanced tissue penetration. These nanoparticles

exhibited high drug loading, absence of carrier-associated toxicity, potent antitumor activity, and minimal

systemic side effects in an orthotopic pancreatic cancer model, providing a physiologically relevant

assessment of drug delivery. Our findings demonstrate that precise size engineering of carrier-free nano-

prodrugs can significantly improve tissue penetration and therapeutic efficacy, providing a clinically trans-

latable strategy for pancreatic cancer therapy.

Introduction

Targeted cancer therapy exploiting the enhanced permeability
and retention (EPR) effect represents a promising strategy for
systemic treatment.1–8 Nanomedicines preferentially accumu-
late in tumors due to high vascular permeability and impaired
lymphatic drainage, achieving higher intratumoral concen-
trations than small-molecule drugs.9–15

Particle size plays a pivotal role in determining tumor tar-
geting efficiency. Nanoparticles larger than 100 nm exhibit
limited penetration in poorly permeable tumors such as pan-
creatic cancer, whereas those smaller than 100 nm show
improved tissue penetration. In particular, particles below
50 nm are more likely to penetrate the dense stromal matrix
characteristic of pancreatic cancer (Scheme 1).16–19 Studies on
poly(ethylene glycol) (PEG)-based nanomedicines have corro-
borated this size-dependent behavior: sub-100 nm PEG nano-
particles readily extravasate in highly vascularized tumors,
whereas only particles below 50 nm are effective in poorly per-
meable tumors.4,20 However, these evaluation systems use
xenograft models, which hinder the analysis of essential

tumor formation in the organs where the tumor originates.
Even with precise size control, the use of conventional nano-
carriers is often associated with systemic toxicity and off-target
effects.

Carrier-free nanomedicines have recently emerged as a
promising alternative to mitigate carrier-related toxicity.9,21–24

For instance, SNC4DC, a homodimeric prodrug of the anti-
cancer agent SN-38,21,25 can be processed into stable nanosus-
pensions via the reprecipitation method, typically yielding par-
ticles with a diameter of ∼75 nm. This technique relies on a
rapid solubility change between solvent and antisolvent phases
to induce nanoparticle formation, making drug solubility a key
determinant of the particle size.26 Previous studies have demon-
strated the promising antitumor properties of SNC4DC and the
potential of further reducing the particle size in the context of
enhancing tumor penetration and therapeutic efficacy.

The in vivo evaluation of the nanoparticle performance
strongly depends on the choice of the tumor model. Most
existing studies employ subcutaneous implantation, which
inadequately reproduces the complex tumor microenvi-
ronment of refractory cancers such as pancreatic cancer.
Meanwhile, orthotopic xenograft models provide a more
physiologically relevant alternative. In fact, a previous study
has shown that nanoparticles can be selectively delivered and
exert their therapeutic effects in orthotopic pancreatic-cancer
models.27

In the present study, aiming to decrease the size of
SNC4DC nanoparticles and elucidate the size–efficacy relation-
ship, we optimized the reprecipitation parameters to prepare
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SNC4DC nanosuspensions with particle sizes ranging from 30
to 400 nm and systematically evaluated their antitumor
efficacy in vitro using pancreatic-cancer-cell models. For the
in vivo validation, we employed an orthotopic pancreatic-
cancer model incorporating bioluminescence imaging for non-
invasive tumor monitoring.

Experimental
General preparation of nanoparticle dispersions

The nanoparticle dispersions were prepared using the repreci-
pitation method.28 The SNC4DC prodrug was transformed into
a nanoparticle dispersion by inducing a rapid change in solu-
bility using a 10 mM solution of SNC4DC in a good solvent
(THF; 100 μL) and distilled water as the poor solvent. Using a
250 μL microsyringe, the SNC4DC solution was rapidly injected
into water while stirring at a speed of 1500 rpm, followed by
the cessation of stirring shortly after. The final concentration
of the dispersion after reprecipitation was 0.1 mM (equal to
that of SN-38).

The prepared nanoparticles were evaluated using DLS
(Zetasizer Nano series Nano-ZS; Malvern Instruments, Ltd)
and SEM (S-4800; Hitachi). After performing the DLS and
SEM measurements, the samples were stored in a refrigerator
at 4 °C for four weeks, before the measurements were
repeated.

Drug-release behavior

In centrifuge tubes, 500 μL of 100 μM (equal to that of SN-38)
dispersions of 30 nm and 200 nm nanoparticles were pre-
pared. To each tube, 500 μL of a 10 mM GSH solution (PBS/
EtOH = 7 : 3, pH adjusted to 7.4) was added. The samples were
incubated at 37 °C, and aliquots were collected after 1, 3, 6,
and 24 h. At each time point, 12.5 μL of the sample was mixed
with 987.5 μL of acetonitrile (MeCN) containing 3% acetic acid
(AcOH). The concentrations of SN-38 and SNC4DC in the

samples were quantified via LC-MS/MS based on standard cali-
bration curves, using a Shimadzu LC-MS/MS instrument and a
3 μm C8 column (Imtakt Unison UK-C8, UK824, 2 mm ID ×
100 mm length, 3 μm, C8, end-capped). The column tempera-
ture was maintained at 40 °C, and the flow rate was set to
0.3 mL min−1. The mobile phase consisted of solvent A (0.1%
formic acid in water) and solvent B (0.1% formic acid in
MeCN).

Cellular uptake

The Förster-resonance-energy-transfer (FRET) principle was
used to investigate the intracellular dynamics, and
FRET-SNC4DC nanoparticles composed of SNC4DC (FRET
donor) and the dye bodipy FL (BPFL)-cholesterol (FRET accep-
tor) were fabricated according to our previous study.21

In the nanoparticle state, BPFL-cholesterol is very close to
SNC4DC, enabling FRET to occur. In contrast, the dissolution
of SNC4DC or BPFL-cholesterol molecules increases the dis-
tance between the FRET donor and the acceptor, thereby
quenching the FRET signal. The fabricated FRET-SNC4DC
nanoparticles were added to a culture dish seeded with BxPC-3
cells, and the intracellular dynamics of the FRET-SNC4DC
nanoparticles were observed using CLSM.

In a six-well plate, 1 mL of the BxPC-3 cell suspension at a
density of 2 × 105 cells per mL was added to each well. After
24 h, 1 mL of 0.1 mM SNC4DC nanoparticle dispersion was
added to the wells. The cells were incubated at 37 °C for 1, 3,
and 6 h, before the supernatant was collected. Subsequently,
200 μL of EDTA-containing trypsin solution was added to the
wells, and the cells were incubated at 37 °C for 5 min before
being collected via centrifugation (1000 rpm for 5 minutes).
From the collected supernatant, 20 μL was taken and mixed
with 980 μL of MeCN containing 3% AcOH. Meanwhile,
1000 μL of dichloromethane/MeOH (1 : 1) was added to the col-
lected cells. From the resulting solution, 70 μL of the super-
natant was collected and mixed with 630 μL of MeCN contain-

Scheme 1 Illustration of EPR effect (nanoparticles with sizes ranging from 10 to 200 nm tend to extravasate through leaky tumor vasculature and
accumulate at tumor sites), pancreatic tumor microenvironment, and mechanism of action of nanoparticles <30 nm. Small nanoparticles penetrate
dense stroma and release SN-38 intracellularly via GSH-mediated metabolism.
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ing 3% AcOH. The concentrations were then measured using
LC-MS/MS.

Cytotoxicity studies

BxPC-3 cells were cultured in Dulbecco’s Modified Eagle
Medium containing 10% fetal bovine serum under 5% CO2 at
37 °C. The cultured cells were seeded in 96-well plates (2 × 105

cells per well) and incubated for 24 h. Then, the culture
medium was removed, and 100 μL of medium containing the
nano-prodrug was added. After 48 h, the number of viable
cells was evaluated using a cell-counting kit-8 (DOJINDO) and
a microplate reader (iMark; Bio-Rad Laboratories, Inc.). Cell
viabilities were normalized to the difference of the optical den-
sities at 450 and 620 nm (OD450 − OD620) for the untreated
cells. Assays were performed in triplicate.

Animal experiments

The Ethical Committee of the Graduate School of Medicine,
Tohoku University, approved the protocol under no.
2023MdA-077. All experiments were conducted in accordance
with the approved guidelines.

Pancreatic cancer was orthotopically implanted in the pan-
creas of C57BL/6 mice using KPC-LUC cells.29–31 The orthoto-
pic pancreatic-cancer model was established as follows:
KPCC57LUC cells were suspended in PBS. Female C57BL/
6 mice, five weeks of age, were anesthetized, and a laparotomy
was performed to expose the abdominal cavity. The pancreas,
attached to the spleen, was gently exteriorized. A total of 50 μL
of the cell suspension containing 5 × 105 KPCC57LUC cells

was carefully injected into the tail of the pancreas. After injec-
tion, the pancreas and spleen were returned to the peritoneal
cavity, and the abdominal wall and skin were closed with sur-
gical sutures.

Seven days after implantation, D-luciferin was administered
via intraperitoneal injection, and tumor growth was monitored
using in vivo bioluminescence imaging with an IVIS system.
Mice were then randomized into experimental groups such
that the average tumor burden was equivalent across all
groups.

Following randomization, treatment was initiated. Mice
received intravenous injections via the tail vein every other day
for a total of five doses over 10 days. The control group received
100 μL of physiological saline, while the experimental groups
were administered SNC4DC nanodispersions with an average
nanoparticle size of 30, 100, or 200 nm, each at a concen-
tration of 2.56 mM. Tumor progression was monitored via bio-
luminescence imaging using intraperitoneal injection of
D-luciferin, and the signal intensities were quantified using
the Living Image software suite (Xenogen). The body weight
was recorded throughout the experimental period. One week
after the final injection, mice were euthanized and tumors
were harvested and weighed.

Results and discussion
Preparation of 30 nm nanoparticles

Reprecipitation was performed by modulating the tempera-
tures of both the good and poor solvent. The good solvent was

Fig. 1 (a) SEM image of 30 nm SNC4DC nanoparticles; (b) size variation under different temperature conditions; (c) SEM image of 100 nm nano-
particles; (d) SEM image of 200 nm nanoparticles; (e) size as a function of THF ratio in poor solvent; (f ) drug-release profiles of 30, 100, 200 nm
nanoparticles with 10 mM GSH.
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heated in an oven (50 °C; 10 min) and the poor solvent was
heated to 50 °C using a hot plate. Cooling was accomplished
by immersing the solvents in an ice/water bath.

Preparation of 100 nm, 200 nm and 400 nm nanoparticles

Keeping the volume of the poor solvent constant, THF was
added to it. Reprecipitation was conducted by varying the pro-
portion of the poor solvent mixed with THF using the same
procedure. Subsequently, THF was removed using a rotary
evaporator, and pure water was added to dilute the solution to
a final concentration of 0.1 mM (equal to that of SN-38).

Tuning the nanoparticle size

By modulating the temperatures of the good solvent (THF, T1)
and the poor solvent (water, T2), as well as the solvent compo-
sition during reprecipitation, the nanoparticle size of SNC4DC
could be precisely tuned from 30 nm to 400 nm. Optimal con-
ditions (T1 = 50 °C, T2 = 0 °C) yielded ∼30 nm nanoparticles
with excellent dispersion stability over four weeks at 4 °C
(Fig. 1a). By varying the temperature, the nanoparticle size was
tuned within the range of 30–75 nm (Fig. 1b). The size vari-
ation was primarily governed by supersaturation (Scheme 2):
lowering T2 reduced the solubility of SNC4DC in water and
increased supersaturation, promoting the formation of a larger
number of nuclei and thus smaller nanoparticles.26,32 In con-
trast, increasing the THF ratio in the poor solvent decreased
supersaturation and favored nanoparticle growth, producing
particles up to 400 nm (Fig. 1c–e). Both 30 nm and 400 nm for-
mulations remained stable without aggregation or sedimen-
tation during long-term storage. Further mechanistic insights
—such as the influence of hydrogen bonding at low T2, the
role of THF–water interactions, and the impact of evaporation
dynamics on nucleation and growth—are discussed in the
SI.33–36

Collectively, these results demonstrate that precise modu-
lation of solvent conditions enables controlled tuning of
SNC4DC nanoparticle size while maintaining high colloidal
stability.

Scheme 2 Effect of supersaturation on nanoparticle size during
reprecipitation.

Fig. 2 (a) Cytotoxic effects on BxPC-3 cells; (b) intracellular and total SN-38 levels at 1, 3, 6 h; (c) CLSM images: green = molecular SNC4DC, red =
nanoparticle, white = colocalization.
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Size-dependent drug release and cellular uptake

SNC4DC releases SN-38 through a two-step metabolism catalyzed
by glutathione (GSH) and hydrolases.21 Nanoparticles with average
diameters of 30 and 200 nm exhibited different drug release rates
at the same concentration of GSH. The release rate of the 200 nm
nanoparticles was clearly slower, with half of the drug still remain-
ing after 24 h. Conversely, the 30 nm nanoparticles released the
drug more rapidly, with almost no residual drug remaining after
24 h (Fig. 1f). The incomplete release of SN-38 may be attributed
to partial hydrolysis of ester or disulfide bonds during linker degra-
dation, resulting in partially cleaved intermediates. The difference
in drug release rates can be ascribed to the variation in specific
surface area among nanoparticles of different sizes. Smaller nano-
particles possess a larger specific surface area, allowing more

SNC4DC molecules to directly interact with GSH and thereby accel-
erating the release rate. In contrast, larger nanoparticles have a
smaller contact area with GSH, reducing the number of accessible
disulfide bonds and consequently requiring a longer time for com-
plete SN-38 release.

Compared to commercial irinotecan, SNC4DC exhibited
stronger cytotoxicity against human pancreatic-cancer cell line
BxPC-3. In addition, SNC4DC with different nanoparticle sizes
showed varying levels of cytotoxicity, whereby smaller nano-
particles demonstrated stronger cytotoxicity (Fig. 2a).

A quantitative analysis revealed that the amount of SN-38,
both within the cells and in the culture medium, was substan-
tially higher in the 30 nm group than in the 200 nm group
(Fig. 2b). Consistently, uptake assays performed after 1, 3, and
6 h, with cell viability maintained >95%, showed that cells

Fig. 3 (a) Experimental workflow; (b) IVIS images and bioluminescence quantification; (c) final tumor weights (N = 5, SD); (d) representative excised
tumors; (e) body-weight changes of mice during the treatment period.

Paper RSC Pharmaceutics

698 | RSC Pharm., 2026, 3, 694–700 © 2026 The Author(s). Published by the Royal Society of Chemistry

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 6
/1

0/
20

26
 1

1:
20

:4
0 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5pm00364d


treated with 30 nm nanoparticles exhibited lower residual
levels of SNC4DC in both molecular and nanoparticle form in
the cellular fraction and the supernatant. These results indi-
cate that a greater proportion of internalized SNC4DC was con-
verted into SN-38 in the 30 nm group.

Furthermore, the time-dependent cellular uptake of nano-
particles with different sizes was visualized using confocal laser
scanning microscopy (CLSM). Consistent with prior
findings,37,38 nanoparticles were internalized intact, sub-
sequently dissolving within the cells to exert their pharmaco-
logical activity. In the CLSM images (Fig. 2c), green fluorescence
represents the molecular (dissolved) state of SNC4DC, red fluo-
rescence indicates the nanoparticle form of SNC4DC, and white
regions in the merged channels denote areas of colocalization
(overlap). The image analysis demonstrated significantly higher
uptake and dissolution of 30 nm nanoparticles after 3 h,
whereas their intracellular presence decreased after 6 h. In con-
trast, the 200 nm nanoparticles exhibited a sustained uptake,
remaining detectable within the cells for 6 h. These obser-
vations indicate that the 30 nm nanoparticles are more rapidly
internalized and dissolved within BxPC-3 cells.

Antitumor effect in the orthotopic pancreatic-cancer model

To elucidate the influence of nanoparticle size on therapeutic
performance, an orthotopic pancreatic cancer model was estab-
lished in mice and treated with SNC4DC nano-prodrugs of dis-
tinct sizes (30, 100, and 200 nm).21,29–31 The experimental sche-
dule is shown in Fig. 3a. Tumor progression was longitudinally
monitored by IVIS bioluminescence imaging (Fig. 3b). A clear
size-dependent therapeutic trend was observed: treatment with
30 nm SNC4DC markedly suppressed tumor growth, reducing
final tumor volumes to approximately one third of those in
saline-treated controls, whereas the 200 nm formulation exhibi-
ted negligible inhibition (Fig. 3c and d). The 100 nm formu-
lation demonstrated intermediate efficacy between the 30 nm
and 200 nm counterparts. This observation aligns with previous
findings that only nanoparticles smaller than 50 nm can effec-
tively penetrate poorly vascularized tumors.10

Importantly, administration of 30 nm SNC4DC did not
cause significant body-weight loss (Fig. 3e), indicating
minimal systemic toxicity. The superior efficacy of the smaller
nanoparticles may be attributed to their enhanced penetration
through the dense stromal matrix of pancreatic tumors,
improved cellular uptake, and faster intracellular drug release,
as supported by in vitro release studies. Collectively, these
results highlight the favorable safety profile and potent antitu-
mor activity of the 30 nm SNC4DC nano-prodrug, underscor-
ing the crucial role of precise size control in optimizing thera-
peutic performance in solid tumors.

Conclusions

High drug loading and the elimination of carrier-associated
toxicity enabled potent antitumor efficacy in physiologically
relevant models.

Building on these advantages, SNC4DC nanoparticles pre-
cisely engineered to 30 nm exhibited rapid drug release,
efficient cellular uptake, and strong antitumor activity in
orthotopic pancreatic cancer models, while minimizing sys-
temic toxicity.

This carrier-free system also allows further fine-tuning of
nanoparticle size, offering opportunities to optimize pharma-
cological activity below 30 nm.

Collectively, the combination of high drug loading, carrier-
free design, and precise size control provides a clinically trans-
latable strategy to enhance drug delivery and overcome stromal
barriers in pancreatic cancer therapy.
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