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DNA Origami-Cyanine Nanocomplex for Precision Imaging

of KRAS-Mutant Pancreatic Cancer Cells

Hye-ran Moon, Yancheng Du, Sae Rome Choi, Seongmin Seo, Cih Cheng,

Bennett D. Elzey, Jong Hyun Choi,* and Bumsoo Han*

Selective delivery of imaging agents to pancreatic cancer cells (PCCs) within
the highly desmoplastic tumors of pancreatic ductal adenocarcinoma (PDAC)
represents a significant advancement. This approach allows for precise
labeling of PCCs while excluding cancer-associated fibroblasts (CAFs), thereby
enhancing both research and diagnostic capabilities. Additionally, it holds the
potential to target and eliminate PCCs precisely without harming the
surrounding stromal cells in the PDAC tumor microenvironment (TME). In
this study, DNA origami-cyanine (Do-Cy) nanocomplexes are synthesized to
image KRAS-mutant PCCs selectively in the PDAC TME. These Do-Cy
nanocomplexes are hypothesized to be internalized preferentially to
KRAS-mutant PCCs over CAFs via elevated macropinocytosis. Several designs
of Do-Cy nanocomplexes are synthesized and characterized their cellular
uptake using both engineered in vitro and xenograft pancreatic cancer

13%.) The PDAC tumor microenviron-
ment (TME), characterized by a desmoplas-
tic stroma that facilitates tumor growth,
drives drug resistance and impedes drug
delivery to pancreatic cancer cells (PCCs),
causing poor treatment outcomes. The
PDAC stroma accounts for up to 90% of
the PDAC tumor volumel??] and is pre-
dominantly composed of cancer associated
fibroblasts (CAFs) and extracellular ma-
trix (ECM) components.[*’] CAFs synthe-
size and remodel the stromal ECM, which
closely contributes to tumorigenesis,[®7] im-
pedes drug delivery and correlates with
poor prognosis.®] CAFs also regulate ECM
degradation by expressing numerous pro-

models. The results are further discussed for the implication of precision
delivery of therapeutic and imaging agents to KRAS-mutant cancers.

1. Introduction

Pancreatic ductal adenocarcinoma (PDAC) poses a significant
clinical challenge with extremely low 5-year survival rates of

teases (e.g., secreted serine proteases and
matrix metalloproteinases) that drive tumor
growth and metastasis.l>!!l Various growth
factors secreted by CAFs also enhance an
epithelial-mesenchymal transition (EMT)
and therapeutic resistance of PCCs.!'23] The combination of
these complex biochemical and biophysical mechanisms with
heterogeneous genetic mutations makes PDAC extremely diffi-
cult to treat and diagnose. Although surgical resection of tumor
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Figure 1. Tubular DNA origami nanostructures. A) Schematics of DNA origami labeled with Cy dyes (Do-Cy). A tubular DNA origami is assembled
from a long single-stranded scaffold and dozens of oligo staples. Cy modified oligonucleotides are used for fluorescence imaging. B) DLS measurement
shows an average hydrodynamic size of ~63 nm. C) Schematics and AFM images of different sizes and shapes of DNA origami used. 1X Tubular DNA
structures collapse onto mica surface for AFM imaging, measuring a thickness of 4 nm, length of ~70 nm, and a width of ~50 nm (corresponding to

~30 nm diameter). Scale bar: 100 nm.

is still the best treatment option for pancreatic cancer, PDAC tu-
mors frequently exhibit poorly defined margins between malig-
nant tissue and normal pancreas, contributing to a high risk of
incomplete resection and local recurrence.'*1% Image-guidance
of surgical margin can be clinically useful, such as intraopera-
tive fluorescence-guided surgery.':'® Thus, the development of
selective imaging agents and techniques for tumor cells could
enable precise intraoperative visualization and removal of ma-
lignant PCCs while preserving surrounding normaltissues. This
approach will reduce the risk of disease recurrence, maintain or-
gan function, and lower postoperative complications.

To overcome the challenges in PDAC, targeted delivery of
imaging and therapeutic agents has been extensively explored,
leveraging PDAC-specific antibodies or nanoparticle engineer-
ing to achieve tumor-specific delivery to cancer cells. Vari-
ous nanoparticle carriers have been utilized to load cytotoxic
drugs and imaging agents for tumor-selective delivery,*! in-
cluding nucleic acid based,?*-??! polymeric,!23?* lipidic,[2?°! and
inorganic vehicles.l””28) Among various types of engineered
nanomedicines, DNA nanocarriers have advanced rapidly with
tremendous potential. DNA origami is a self-assembly approach
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that can form arbitrary nanostructures from a long single-
stranded (ss) DNA (termed scaffold) with dozens of oligonu-
cleotides (staples).??] Various origami constructs of different
sizes and shapes have been demonstrated, including smiley
faces, Mona Lisa, and polyhedral architectures, to name a
few.[29733] They hold significant opportunities for imaging and
drug delivery applications with notable features,23+-3¢ includ-
ing the ability to address with various molecules,*’! versatility
in chemical modifications,[***!] flexibility in structural and func-
tional design,[“**] and biocompatibility and stability.*"**] Novel
anti-cancer DNA origami systems offer significant promise to en-
hanced targeting specificity, improved drug delivery efficiency,
and reduced toxicity.?1] By precisely targeting cancer cells and
minimizing exposure to healthy cells, DNA origami could be-
come a highly effective approach to cancer treatment.!>>40]
Despite significant advances, the translation of DNA-origami
nanocarriers into practical utility in targeted delivery has been
largely hindered by the lack of sophisticated evaluation of tumor-
targeting delivery mechanisms. Specifically, understanding the
tumor-targeting specificity at the tissue level poses a significant
challenge, as highly heterogeneous PDAC includes a substantial

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 2. Do-Cy nanocomplex accumulate in pancreatic tumor cells preferentially more than in stroma cells. A) Fluorescence micrograph of Do-Cy accu-
mulation after 24 h exposure in 2D monolayer of pancreatic cancer cells (Panc10.05 and MIA PaCa-2) and CAFs (CAF19 and CAF02). B) Quantification
of fluorescence demonstrates Do-Cy accumulates significantly more in PCCs than CAFs. Bars indicate Mean + S.E., and dots represent each data point

(n >5). Scale bars indicate 100 um.

population of CAFs. Recent studies evaluated transport features
of DNA-origami carriers with inconsistent observations. For
example, Wang et al. studied cellular uptake and trafficking of
DNA origami with gold nanoparticle tags, examining various
sizes, shapes, and surface chemistry.*] They found that larger
origami nanostructures generally demonstrated greater uptake.
While scavenger receptors were important in mediating cell
uptake, no specific endocytosis pathway was identified. Other
reports suggested that more compact structures promote cellular
uptake efficiency.*~*1 Another study constructed various DNA
nanostructures (tetrahedron, cube, icosahedron, and buckyball)
and observed a clathrin-mediated pathway for cellular entry.l>"]
Additionally, other studies have provided evidence of DNA
nanostructures being transported into cells through alternative
mechanisms, including caveolae-mediated endocytosis in HeLa
cells.*8] Overall, uptake mechanisms are highly dependent on
the cell lines and there is a lack of adequate information on DNA
origami’s targeting specificity in the complex and heterogeneous
PDAC microenvironment nature. In-depth studies on targeting
efficacy and specificity of DNA origami-based delivery are thus
critically needed.

In this study, we developed DNA origami-Cyanine (Do-Cy)
nanocomplexes by conjugating Cy5 and Cy3 dyes to selectively
image KRAS-mutant PCCs in the desmoplastic PDAC TME. This
Do-Cy nanocomplex is designed based on a rationale that KRAS-
mutant PCCs show elevated macropinocytosis than other stro-
mal cells in the TME. Macropinocytosis is a non-selective en-
docytic uptake of adjacent materials and is hyperactivated in
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KRAS-mutant cancer cells to meet their increased metabolic
demands in nutrient-scarce environments.l’'! KRAS mutations,
present in up to 95% of PDAC cases, are well-established drivers
of macropinocytosis. This study hypothesizes that the elevated
macropinocytic activity in KRAS-mutant pancreatic cancer cells
facilitates the preferential internalization of DNA origami nanos-
tructures, enabling selective targeting, specifically over stroma
cells including CAFs. To test this hypothesis, we investigate the
tumor-selective uptake of DNA origami in the PDAC TME by
using both in vitro and in vivo PDAC tumor models developed
for mimicking the PDAC stromal microenvironment. The hy-
pothesis is tested to establish a mechanistic comprehensive of
the transport mechanisms of DNA origami having tumor speci-
ficity within this complex PDAC TME, characterized by a high
degree of heterogeneity and the presence of large populations of
CAFs. In addition to macropinocytosis, DNA nanostructures are
reported to enter cells through diverse mechanisms, specifically
clathrin-mediated endocytosis (CME).>*! CME is indirectly influ-
enced by KRAS mutations through the activation of RAS-RAF-
MEK-ERK and PI3K-Akt pathways,!>2l which enhance receptor ty-
rosine kinase (RTK) signaling and promote receptor recycling to
support the metabolic demands of KRAS-driven cancers.>3] We
further investigate the effects of both endocytosis mechanisms in
KRAS-mutant PDAC tumor models through pharmacological in-
hibition and comparative studies in KRAS-mutant and wild-type
cell lines. The results are discussed for implication of precision
delivery of therapeutic and imaging agents to KRAS-mutant can-
cers.
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2. Results

2.1. Synthesis and Characterization of DNA Origami-Cyanine
(Do-Cy) Nanocomplex

In this study, we design tube-shaped DNA origami as a nanocar-
rier for cellular uptake (Figure 1A). The template DNA scaffold
and ss-staples assembled into in-silico-designed structures via
self-assembly under thermal annealing. Thirty staples were
modified with an extension for binding with oligos with Cyanine
(Cy) fluorophores, thus ensuring 30 dyes per origami. DNA
assemblies are purified with filtration to remove excessive
ssDNA. The structural details and assembly conditions are dis-
cussed in the supplementary information and can also be found
elsewhere.[*] The designed 1X origami has a length of ~70
nm and a diameter of ~30 nm. The assembled DNA tubes are
characterized with atomic force microscopy (AFM) and dynamic
light scattering (DLS) as shown in Figure 1B,C. AFM measures a
length of ~70 nm, a width of 50 nm, and a thickness of ~4 nm.
These dimensions are expected given that the tile shape origami
collapses onto mica surface, with the width corresponding to
~30 nm diameter. Their measured hydrodynamic size is ~63
nm, consistent with our design and AFM. Zeta potential was
~-15 mV (Figure S1, Supporting Information). We also con-
structed another two types of 30 nm-diameter DNA tubes with
variable lengths: twice long (~140 nm; termed 2X) and about
one tenth of the length (~6 nm; termed 0.1X). Characterizations
of these DNA nanostructures are included in the Support-
ing Information (See Tables S1-S5, Supporting Information).
Three types of DNA tubules are used for cellular uptake in this
study.

2.2. Characteristics of Cellular Uptake of the Do-Cy by Pancreatic
Cancer Cells and CAFs

We assess the cellular uptake characteristics of Do-Cy nanocom-
plex in vitro using various PCCs and CAFs. The PCC panel
includes Panc10.05, MIA PaCa-2, and the CAF panel includes
CAF19 and CAFO02. The uptake of the Do-Cy is captured with the
fluorescence intensity of Cy accumulated on mono-cultured cells
after 24 h. Figure 2A, B shows that the Do-Cy nanocomplex accu-
mulates in the cancer cells significantly more than in CAF cells.

To elucidate the mechanism of tumor-preferential accumula-
tion of DNA origami-Cy, we hypothesize that macropinocytosis
derived by oncogenic KRAS transformation in pancreatic cancer
plays a key role in tumor-selective uptake of DNA origami-Cy.
Elevation of KRAS mutation leads to activation of PI3K and Racl
pathway leading to enhanced macropinocytosis (Figure 3A). This
pathway may also be inhibited by tumor suppressor gene, PTEN.
The majority of pancreatic cancer patients possess oncogenic
KRAS mutations that lead to the activation of macropinocy-
tosis in cancer.®** To test the effect of KRAS mutation on
Do-Cy uptake for cancer cells, we measure the accumulation
of the conjugate on the genetically engineered cell lines, KRAS
mutation-inducible human pancreatic duct epithelial cells
(HPDE iKRAS). HPDE iKRAS cells are developed to induce the
KRAS mutation (KRAS G12D) in accordance with doxycycline
treatment.>>) KRAS mutant HPDE cells (KRAS mut) are induced
with 25ng mL~! doxycycline treatment whereas the control group
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with normal media is considered as KRAS wild type (KRAS wt.).
Consequently, we observe that the Do-Cy accumulates in KRAS
mut cells significantly more than KRAS wt. cells (Figure 3B),
which is consistent with our hypothesis that the elevated uptake
of the DO-Cy by PCC is caused by KRAS mutation-dependent
macropinocytosis. The hypothesis is further supported by
MCF10A cell line whose Do-Cy uptake is intensified upon PTEN
knockout, which is RAS pathway suppressor (Figure 3C). This
result suggests that increased RAS associated pathway activity
may lead to elevated macropinocytosis of Do-Dy.

Pharmacological inhibition of macropinocytosis of the cancer
cells, Panc10.05 and MIA PaCa-2, is achieved by inhibiting 5-[N-
ethyl-N-isopropyl] amiloride (EIPA).’®! As shown in Figure 3D,
Do-Cy accumulation in cancer cells is highly suppressed in EIPA-
treated groups in both cancer cell lines, supporting the role of
macropinocytosis in the selective uptake of the Do-Cy nanocom-
plex by cancer cells.

Further, Do-Cy intensity demonstrates linear relationship with
its prepared concentrations (Figure S2, Supporting Information),
thereby suggesting measurement of Do-Cy uptake based on their
intensity is a reasonable method quantification. Established cali-
bration curve could also be further utilized to estimate the intra-
cellular concentration of accumulated Do-Cy for future applica-
tions.

Furthermore, we evaluate the tumor-preferential accumula-
tion of the Do-Cy using the 2D co-culture models of the PCCs
and CAFs. Consistent with findings from the monoculture as-
says, we observe a significantly higher accumulation of Do-Cy in
the cancer cells compared to the CAF cells (Figure 4). Specifically,
Cy signals exhibit notably elevated expression in Panc10.05 cells
within both Panc10.05+CAF19 and Panc10.05+CAFO02 pairs.
This trend is consistently observed across other cancer cell
types, further supporting the tumor-selective accumulation pat-
terns of the Do-Cy nanocomplex. We also confirm that the ef-
fect is not Cy phosphor-specific by demonstrating that the DNA
origami-Cy nanocomplex exhibits similar tumor-selective accu-
mulation patterns (Figure S3, Supporting Information). The
macropinocytosis-induced tumor-selective accumulation of Do-
Cy is additionally investigated in a co-culture pair of Panc10.05
and CAF19. We observe that the intensity of Cy is significantly
reduced in the EIPA treated group (Figure S4, Supporting In-
formation). To confirm the reduction is due to the inhibition
of macropinocytosis by EIPA but not due to the cell death by
EIPA, we investigate the cell viability of Panc10.05 and CAF19,
showing that there are no significant changes in viability after
EIPA treatment (Figure S5, Supporting Information). The re-
sults indicate that the reduction of Do-Cy accumulation is less
associated with metabolic activities, supporting our hypothesis
that macropinocytosis is a more likely contributor to the tumor-
selective uptake for Do-Cy. While EIPA results show cancer cells
primarily depend on macropinocytosis for Do-Cy uptake, cancer
cells may have other endocytosis mechanisms. The possibility of
additional uptake mechanism, such as clathrin-mediated endo-
cytosis (CME), is also supported by the observation that the EPIA
treatment does not completely block Do-Cy uptake. However, the
pharmacological inhibition of CME with a CME inhibitor, chlor-
promazine, shows no significant decrease in the Do-Cy uptake
(Figure S6, Supporting Information). All these results suggest
that macropinocytosis is a primary route of Do-Cy nanomaterial
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Figure 3. Do-Cy accumulates in PCC through KRAS mutation dependent macropinocytosis. A) Experimental design. KRAS mutation in cancer cells result
in the activation of PI3K and Rac1 pathway leading to elevated macropinocytosis. The experiments were designed to test these mechanisms — inducing
KRAS mutation, genetic knockout of PTEN, a negative regulator of PI3K, and pharmacological inhibition of Rac1 using EIPA. B) Do-Cy accumulation in
KRAS mutation-inducible human pancreatic duct epithelial cells (HPDE iKRAS): KRAS mutant cells (KRAS mut, treated with 25 ng mL~" doxycycline for 48
h) and KRAS wild-type cells (KRAS wt., treated with 1:100 dilution of DMSO in HPDE media). Red represents Do-Cy, nuclei are blue, and GFP-transfected
CAFs are green. C) PTEN knockout in MCF10A, a KRAS mutant cell line, demonstrates elevated uptake of Do-Cy indicating elevated KRAS mutation leads
to heightened macropinocytosis. D) Do-Cy accumulation in pancreatic cancer cells with and without EIPA, a macropinocytosis inhibitor. Bars indicate
Mean + S.E., and dots represent each data point (n > 3). P-values of <0.05, <0.01, and <0.001 are represented as *, **, and ***, respectively (Student
t-test). Scale bars indicate 100 um.

preferential uptake for KRAS-mutant PDAC cells. But further re-  systems.[?"] To evaluate the impact of Do-Cy size, we hypothesize
search is still warranted to identify other uptake mechanisms. there exists an optimal size range that activates macropinocyto-

Furthermore, for applications of Do-Cy in various precision  sis. We thus vary the length of tubular Do-Cy while keeping the
imaging, it is critical to confirm their stability from various cel-  diameter constant. The tubular origami tested are 1) 70 nm in
lular components. To verify this, additional stability testing is  length and 30 nm in diameter (1X size), 2) ~140 nm in length
performed by incubating Do-Cy in PCC lysates.l**>”] Agarose gel ~ and 30 nm in diameter (2X size), and 3) ~6 nm in length and 30
electrophoresis shows a distinct band of DNA origami, and AFM  nm in diameter (0.1X size). These nanostructures are exposed to
images of the band clearly show DNA tubules (Figure S7, Sup-  the co-cultured PCC and CAFs of Panc10.05-CAF19 pairs and the
porting Information). The results suggest the excellent stability =~ accumulation patterns are transiently monitored.

of Do-Cy in PCCs and further prove the nanocomplex as a re- The results demonstrate that all sizes of Do-Cy (1X, 0.1X,
liable material for application in imaging and delivery of other  and 2X) exhibit significantly higher accumulation in cancer cells
biological agents. compared to CAFs (Figure 5A,B). Notably, we observe size-

dependency in the accumulation of Do-Cy in pancreatic can-

cer cells. Do-Cy at 1X and the smaller variant at 0.1X exhibit
2.3. Effects of the Size and Shape of DNA Origami on the Cellular ~ similar accumulation patterns. In contrast, the larger 2X vari-
Uptake ant shows significantly lower accumulation, indicating a size-

dependent variation in the cellular uptake efficiency of the cancer
DNA origami presents promising opportunities for engineering  cells. This observation highlights the importance of optimizing
the size and shape of nanoparticles to enhance targeted delivery =~ DNA origami size to maximize the targeted delivery efficacy.
efficiency. Numerous studies have highlighted the crucial role of Furthermore, we explore the effect of altering the shape of
particle size in triggering endocytic processes, emphasizing the ~ DNA origamis on tumor-specificity. Various geometries, such as
importance of optimizing size parameters for effective delivery  tubules, tiles, and triangular DNA origami structures, have been
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Figure 4. Do-Cy nanocomplexes preferentially accumulate in pancreatic tumor cells over the CAF cells in co-cultured PCC-CAF. A) Fluorescence micro-
graph of Do-Cy accumulation after 24 h exposure in co-cultured monolayer pairing pancreatic cancer cells and CAFs (Panc10.05+CAF19, MIA PaCa-
2+CAF19, Panc10.05+CAF02, and MIA PaCa-2+CAF02). B) Accumulated intensity of Cy phosphors conjugated on DNA origami normalized by the cell
counts. Red represents Do-Cy, nuclei are blue, and GFP-transfected CAFs are green. Bars indicate Mean + S.E., and dots represent each data point (n =
3). P-values of <0.05, <0.01, and <0.001 are represented as *, **, and ***, respectively (Student t-test). Scale bars indicate 100 pm.

developed as potential candidates for enhancing targeted delivery
efficiency and specificity.3#3>°8 We specifically focus on two rep-
resentative shapes with similar sizes — tubules (1X) and tiles (100
nm X 70 nm), to compare potential differences in their transport
patterns toward tumor-specific accumulation in the tumor tissue.
As presented in Figure 5C,D, the similar trends in the Do-Cy de-
livery reveal that the shape of the origami is not a crucial contrib-
utor to delivery patterns. This further suggests that the tumor
specificity of Do-Cy delivery is more closely associated with the
size of DNA origami structures rather than their shape, partic-
ularly in the context of selectivity to the cancer cells and CAFs.
Further in vivo investigation would be required to comprehen-
sively evaluate the tumor specificity compared to other organs.

2.4. Transport and Uptake Characteristics of Do-Cy Nanocomplex
in Engineered In Vitro and In Vivo PDAC Tumor-Stroma Models

2.4.1. Tumoroids with Tumor—Stroma Interface

The tumoroid model comprised of Panc10.05 and CAF19 is de-
veloped through inkjet printed cell-laden bioinks, the details of
which were described in our prior study.l®! Briefly, prepared can-
cer cell ink and CAF ink are printed and cured using the inkjet
printing setup, as shown in the schematic process in Figure 6A.
Initially, five drops of cancer cell-laden ink were deposited onto
a glass well-plate, creating a line array, and then cured for 1
min at 37 °C for IPI gelation. Subsequently, five drops of CAF-
laden ink were deposited adjacent to the first line and similarly
cured for 1 min at 37 °C to gel the entire structure. Following
this, cell medium was added, and the polymer matrix underwent
compaction due to contractile forces generated by the cells. Ul-
timately, a 3D tumor-stroma model, known as a tumoroid, is
formed as the matrix compacted.

Adv. Sci. 2025, 12, 2410278 2410278 (6 of 15)

We examine the tumor preferential accumulation and pro-
longed internalization of Do-Cy using 3D cell tumoroid mod-
els developed in our previous study.®®! The 3D tumoroids are
engineered to include pancreatic tumor cells and stroma com-
ponents including CAFs. The tumoroid models feature a me-
chanically dynamic tumor—stroma interface at elevated cell den-
sity, achieved through the remodeling of a cell-laden polymer
matrix mediated by cellular contractile forces. As observed in
Figure 6A, the confocal image of the tumoroid demonstrates spa-
tial distribution of the two cell lines where CAFs are formed
at the center of the tumoroid while cancer cells are present at
the periphery due to differences in the contractile forces of the
cells.

The design of these tumoroids allows us to more accurately
mimic the complex microenvironment of pancreatic tumors.
Specifically, the elevated cell density and dynamic remodeling
create a realistic setting for studying the interactions between tu-
mor cells and stromal components. Consistent with the obser-
vations from 2D in vitro models, we observe a tumor-selective
accumulation of Do-Cy within cancer cells compared to CAFs as
shown in Figure 6. This selective internalization is attributed to
the elevated levels of macropinocytosis in KRAS-mutant tumor
cells, a mechanism less prominent in stromal cells.

To further validate our findings, we conducted a temporal anal-
ysis to assess the prolonged internalization of Do-Cy in the tu-
moroids. As demonstrated in Figure 6B, fluorescence imaging
over periods of 6, 12, 24, 48, and 96 h, as well as 1 and 2 weeks,
revealed sustained accumulation of Do-Cy in the outskirts of the
tumoroid that is mainly occupied by the tumor cells as demon-
strated in the confocal image, whereas fluorescence intensity in
CAFs remained significantly lower throughout the study. The
magnified view in Figure 6C more accurately demonstrates this.
This prolonged internalization indicates that Do-Cy not only pref-
erentially targets tumor cells but also retains within these cells

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH
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Figure 5. Effect of size and shape of the DNA origami on the tumor-selective accumulation over CAFs. Fluorescent micrographs with A) three size
variants of 1X, 0.1X, and 2X and B) quantification. Fluorescent micrographs with C) two shape variants of tubule and tile of DNA origami and D)

quantification. Red represents accumulated Do-Cy, green indicates transfected CAFs, blue indicates nuclei, and magenta indicates Td-tomato Iabeled
PCC (Panc]O 05). Bars indicate Mean =+ S.E., and dots represent each data point (n = 4). P-values of <0.05, <0.01, and <0.001 are represented as *, **

and *** respectively (Student t-test). Scale bars indicate 100 pm.

over extended periods, potentially enhancing the efficacy of imag-
ing and therapeutic applications.

2.4.2. PDAC Microphysiological System

Expanding our investigation into the quantitative approaches
for the selective transport and accumulation of Do-Cy in can-
cer cells, we used a microfluidic tumor microenvironment-on-
a-chip model (T-MOC) developed in our previous study.[0*-62]
The biomimetic T-MOC model of PDAC stroma, as a PDAC
microphysiological system (MPS), is comprised of pancreatic
cancer cells and CAFs embedded in a dense type I collagen
matrix. Moreover, the PDAC MPS recapitulates pharmacoki-
netic processes, generating fluid flow across an endothelium-
mimicking membrane interfaced with a capillary channel, mim-
icking extravasation from capillary vessels, interstitial diffusion
and convection, cellular uptake, and lymphatic drainage.[60:63.64]
(Figure 7A). In the T-MOC model, we perfused Do-Cy solutions
along the capillary channel, monitoring transient drug accumu-
lation in the cells using time-lapse microscopy over 24 h. Con-
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sequently, the fluorescence images presented in Figure 7B dis-
play a significant accumulation of Do-Cy (in red) within cancer
cells (Panc10.05), with minimal fluorescence intensity detected
within the regions occupied by green fluorescent CAFs (CAF19).
In contrast, the doxorubicin drug, characterized by autofluores-
cence in red, is accumulated regardless of the cell type. The drug
accumulation is further quantified according to the cell types
(Figure 7C). The transient drug accumulation of Do-Cy is notably
enhanced within Panc10.05 compared with CAF19, allowing us
to quantitatively measure the tumor-targeting performance of
Do-Cy.

Furthermore, we estimate intracellular transport parameters
specific to each cell type, by employing a transient drug accumu-
lation model based on mass conservation principles as developed
in our prior study.[®?] (see details in Supporting Information). In
this model, the cell surface’s drug influx affinity (k,q,,) reflects
the cell’s capability to uptake the drug, while the drug efflux affin-
ity (k.myy) indicates the cell’s capacity for drug outflow. We as-
sume k; q... and k... to be constant values representing the cel-
lular capability for intracellular transport of the respective drugs.
The results in Figure 7D demonstrate a significantly higher k;

influx

© 2025 The Author(s). Advanced Science published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advancedscience.com

ADVANCED
SCIENCE NEWS

ADVANCED
SCIENCE

www.advancedsciencenews.com

A

Cancer-cells and CAF inks Formation of Tumoroid

Bright-field

€
©
80
o

www.advancedscience.com

Confocal Microscopy
of Tumoroid

= ‘ b ’ Do-Cy
——— \
* Ny

Figure 6. Tumor-preferential accumulation and prolonged internalization of DNA origami-Cy nanocomplex in the 3D pancreatic tumoroid model. A)
Schematic of inkjet printing of cell-laden interpenetrating-polymer inks along with the hypothesized mechanism of tissue compaction. After tumoroid
formation, Do-Cy is added for long-term culture. Confocal microscopy image demonstrates PCCs (red) forms on the outer edge of the tumoroid while
CAFs (green) are present at the core. B) Bright-field and fluorescent images showing the accumulation of Do-Cy in the tumoroids at 6, 12, 24, 48, and
96 h, as well as 1 and 2 weeks. (magenta channel: Origami-Cy, green channel: CAF). C) Magnified view at 24 h exhibits preferential uptake of Do-Cy at

non-CAF locations, which is occupied by PCCs.

for PCC cells compared to CAF cells for Do-Cy. Additionally, al-
though the k; 4., for doxorubicin in Panc10.05 cells surpassed
that of CAF19 cells, the difference is less distinct compared to
Do-Cy, supporting the hypothesis that the selective uptake of Do-
Cy conjugate is triggered by cancer-cell specific endocytic activity,
such as macropinocytosis.

We further elucidate the accumulation patterns of Do-Cy us-
ing the THP-1 immune cell model to investigate its potential up-
take in macrophages. THP-1 monocytes and their phorbol ester

Adv. Sci. 2025, 12, 2410278 2410278 (8 of 15)

(PMA) activated macrophages are reported to demonstrate ele-
vated phagocytosis activity of various pathogens and nanoparti-
cles and possess plasticity to be further differentiated to diverse
tumor-associated macrophage phenotypes.l®%7] Using this ap-
proach, our observations indicate that Do-Cy is not significantly
captured by macrophages (Figure 7E). Additionally, the results
suggest that our in vitro model effectively represents the accumu-
lation of Do-Cy in PCCs and CAFs, providing a reliable platform
for accurate measurement.
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Figure 7. Quantitative evaluation for selective uptake of Do-Cy in in vitro PDAC MPS model. A) Schematic configuration of the PDAC MPS model and
its operation. B) Micrograph of the drug accumulation of Do-Cy and doxorubicin (control for comparisonl1%2l). Red represents accumulated Do-Cy
or doxorubicin, and green indicates the GFP-transduced CAFs. C) Relative drug accumulation of Do-Cy (solid lines) and doxorubicin (dashed lines)
measured for cell type-specific areas, compared with the mean intensity in capillary channels, respectively. Dots indicate Mean intensity + S.D. (n =3
each case). D) Quantified influx (Ki,q.c) and efflux (K.m.y) affinity defined by cellular capability modeled by the mass conservation. Bars indicate mean
+ S.E. (n = 3). P-values of <0.05, <0.01, and <0.001 are represented as *, **, and ***, respectively, and N.S. indicates no statistical significance with
P-values > 0.05 (Student t-test). E) Do-Cy accumulation in activated THP-1. Bars indicate mean + S.E., and dots represent each data point (n = 4). Scale
bars indicate 100 um.
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Figure 8. Xenograft mouse model for evaluation Do-Cy in vivo distribution. A) Schematic illustration represents the PDAC stromal models inoculating
PCC with CAFs with a ratio of 1:5. Detailed timeline for the experiment. B) Histological stain of hematoxylin plus eosin (H&E) and immunofluorescence
image of the whole tumor tissue. Significant CAF population, indicated by GFP staining, is observed. The CAF population is also populated at the tumor
core, consistent with observations in the tumoroid model. C) Magnified H&E image for detailed view of the PDAC and stroma composition. D) Ki67
staining shows significant expressions of proliferating cancer cells in non-CAF regions. E) Immunofluorescence to visualize the distribution of Cy dye
within the tumors by using anti-Cy (red). The GFP-CAF population is represented in green (FITC-CAF). F) Quantification of Cy signal demonstrates that
most of Do-Cy signals are detected in non-CAF cancer cell regions, suggesting selective uptake of Do-Cy by the PCCs. Bars indicate mean =+ S.E., and

dots represent each data point (n = 4). P-values of <0.05, <0.01, and <0.001 are presented as *, **, and ***, respectively (Student t-test).

2.4.3. Tumor-Stroma Xenograft Model

To validate our in vitro findings and explore the distribution
of Do-Cy in more physiologically relevant conditions, we con-
ducted an in vivo experiment using a xenograft mouse model.
The mouse model is developed to feature human pancreatic tu-
mor tissue, incorporating both pancreatic cancer cells and CAF
cells to mimic the complex tumor microenvironment. To differ-
entiate between these cell types, we utilize transfected CAF cells
expressing GFP within the cytoplasm. Prior to administering Do-
Cy into the mouse model, we carefully monitor tumor growth
post-inoculation to establish the optimal proportion of cancer
cells and CAF cells. Subsequently, Do-Cy is delivered via tail vein
injection on Day 28, which is determined as an optimal timepoint
in which sufficient CAF population is present as confirmed by
anti-GFP staining (Figure S8, Supporting Information).
Following injection, Do-Cy is allowed to circulate for 24 h be-
fore harvesting tumor tissues to capture the accumulation of Do-
Cy within the tumors. The 24 h time point is chosen to mini-
mize potential interference of fluorescent signals from Do-Cy in
the bloodstream, thus ensuring that the fluorescence detected
is primarily due to uptake by cells. Both H&E and immunos-
taining with anti-GFP demonstrate development of tumor mi-
croenvironment with significant CAF population near the cen-
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ter of the tissue, similar to what is observed in in vitro tumor-
oids (Figure 8B,C). Moreover, significant non-GFP regions can
be assumed as proliferating PCCs as evidenced by Ki67 staining
that demonstrate considerable expression in non-CAF regions
(Figure 8D). As consistently observed in our in vitro models, the
histological analysis demonstrates that higher concentrations of
Do-Cy accumulate in PCCs rather than CAFs, as illustrated in
Figure 8E and quantification in Figure 8F. This trend mirrors
our previous findings and reinforces the notion that Do-Cy se-
lectively accumulates in cancer cells over stromal cells within the
TME. This trend mirrors our previous findings and reinforces
the notion that Do-Cy selectively accumulates in cancer cells over
stromal cells within the TME.

3. Discussion

In this work, we utilized conjugated DNA origami tubules,
known as Do-Cy, for selectively imaging KRAS mutant pancreatic
cancer cells. Our DNA nanostructure is designed with modular-
ity such that its size (e.g., length) and shape can be changed and
controlled. While we investigated 0.1X, 1X, and 2X lengths in our
experiment, it has the potential to form 4X, 8X, and even larger
polymers thus providing flexibility in design and experiment.
The tubular shape also allows for considerable drug-loading ca-
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pacity due to a large internal cavity and facilitates the convenient
design of docking points for imaging agents and drugs on the
tube. This programmability and addressability would open up
promising pharmaceutical applications for the future, improv-
ing delivery and pharmacokinetics of therapeutic molecules. In
addition, there is an extensive library of fluorescent dyes that can
be functionalized on DNA molecules. For example, fluorophores
may be chosen from the entire visible spectrum and part of near
infrared range covering from 400 to 800 nm.[%8%°] Pairs of dye
molecules may also be selected for Forster resonance energy
transfer (FRET) measurement to probe molecular structures and
dynamic processes in cancer cells.[”®7!] Lastly, various ligands or
other chemical modifications may be used to promote cellular
uptake of DNA nanostructures. In our experiment, we refrained
from such modifications, instead attaching fluorescent probes
with strands on the origami to avoid disturbing the natural
uptake pathways. Yet it is possible to enhance the DNA nanos-
tructures by using affinity ligands for targeting specific locations
or chemical moieties for suppressing enzymatic digestions.[>7>]

Besides the size, it is possible that unique structural and chem-
ical properties of Do-Cy nanocomplex further enhance selective
uptake.l’®””] Tts natural nucleic acid composition provides bio-
compatibility and low toxicity, making DNA origami well-suited
for cellular interaction with minimal off-target effects. While
other nanoparticles with similar sizes could theoretically target
cancer cells, they may lack the specific chemical properties of
DNA origami that contribute to enhancing tumor-specific target-
ing and reducing toxicity.l”8] We also hypothesize that the flexi-
bility (or rigidity) of DNA structures may impact on the cellular
uptake, which will be an interesting topic to investigate in future
studies.

The present results suggest that Do-Cy is preferentially in-
ternalized via elevated macropinocytosis by PCC over CAF.
Macropinocytosis in cancer has been extensively studied to
understand the molecular mechanisms and developing new
imaging and therapeutic strategies targeting cancers.>!7%:8]
Macropinocytosis is thought to be associated with the Ras and
PI3K signaling pathways in cancer cells by the activation of
oncogenes including KRAS or deactivation of tumor suppres-
sor genes, PTEN.B%81) Since the membrane and cytoskeleton
are involved in the process, molecular regulators of these pro-
cesses are also identified, including small GTPase (Ras, Rac,
Cdc42), p2l-activated kinase 1 (Pakl), and phosphoinositide
3-kinase (PI3K).’181821 While growth factor signals stimulate
macropinocytosis in normal cells, oncogenic cells have intrin-
sic constitutive macropinocytosis that has adapted to the nutri-
ent scarce microenvironment. Macropinocytosis supports vari-
ous metabolic pathways for cancer cell survival such as reduc-
tive carboxylation and glutamine oxidation, acetyl-CoA cycle, and
serine-glycine cycling.[798083-85]

Among these mechanisms, the present results of the elevated
uptake of Do-Cy by PCC are thought to be associated with KRAS-
dependent macropinocytosis. PDAC results from accumulated
oncogenic mutations in ductal or acinar cells of the exocrine pan-
creas. PDAC tumorigenesis arises from acinar-to-ductal metapla-
sia (ADM) during which acinar cells undergo dedifferentiation
into ductal- or epithelial-like cells.[®¢] Primordial lesions are char-
acterized by intraepithelial neoplasias (PanIN; which is known to
be the most common), mucinous cystic neoplasia (MCN), and in-
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traductal pancreatic mucinous neoplasia (IPMN). During tumor
development, the most frequent oncogenic mutations for PDAC
are activation of KRAS mutations and inactivation of tumor sup-
pressor genes such as CDKN2A/p16, SMAD4, and TP53.187-% At
the PDAC stages, activating mutations in KRAS are present in
~100% of tumors. Inactivating mutations of CDKN2A and TP53
occur in 90% and 75% of pancreatic cancers, respectively.[60:90-92]
KRAS mutation can occur in multiple variations of the codon
12, with G12C being the most common. Such variability may
occur even within the same tumor leading to heterogeneity and
chemoresistance. Recently, it has been identified that pancreatic
cancer cells exert RAS dependent macropinocytosis for uptake of
amino acids within the nutrient deficient TME despite variabil-
ity of the RAS mutations.l>!) Moreover, additional evidence has
demonstrated that PDAC cell lines with elevated KRAS mutation,
such as MIA PaCa-2, expressed increased macropinocytosis com-
pared to cell lines without KRAS mutation, such as BxPC-3.%
Various peptide-conjugated drug delivery systems delivering con-
ventional chemotherapy drugs and DNA PK inhibitors demon-
strated enhanced macropinocytosis and drug accumulations in
KRAS-mutant tumors.>8%%4 Thus, the presently proposed pre-
cise delivery of Do-Cy to PCC via KRAS-dependent macropinocy-
tosis is highly relevant for imaging PCC due to the prevalent
KRAS mutations. This innovative approach opens new avenues
for novel therapeutic strategies by leveraging the flexibility of the
Do system’s easy modification to deliver therapeutic agents.*”]
In this context, the analysis of selective accumulation of DNA
origami within the PDAC tumor microenvironment holds a great
promise in developing novel therapeutic applications.

While our study demonstrates that the Do-Cy nanocomplex
is preferentially internalized by KRAS-mutant pancreatic cancer
cells through elevated macropinocytosis, the underlying mecha-
nism of macropinocytosis is not unique to PCCs. Oncogenic RAS
mutations, which drive macropinocytosis, are also a known pro-
cess in other cancer types, including non-small cell lung cancer,
colorectal cancer, and bladder cancers. Additionally, other path-
ways, including EGFR/HER2 signaling in breast cancer, can ac-
tivate the RAS pathway, further hyperactivating macropinocyto-
sis as a cancer-specific uptake mechanism. This suggests that
the Do-Cy nanocomplex could potentially exhibit selective target-
ing in other KRAS-mutant cancers. Indeed, studies have demon-
strated cancer specificity in small lung cancer cells!*?! and breast
cancer,?"! although the underlying mechanisms have not been
thoroughly investigated. To further validate this hypothesis, addi-
tional studies are warranted to evaluate the uptake and specificity
of Do-Cy nanocomplexes in the other cancer cell types known
to show hyperactivated macropinocytosis. Such investigations
would clarify whether the DNA origami is a PCC-specific struc-
ture or broadly applicable to other cancer types.

Although the present results indicate macropinocytosis as the
primary uptake mechanism in KRAS-mutant PDAC cells, alter-
native endocytic pathways may contribute to the uptake of Do-
Cy nanostructures in other cell types. Many studies have high-
lighted the cell-type dependency of nanostructure responses, un-
derscoring the importance of quantitative and comprehensive
evaluations of nanostructure delivery mechanisms.[**¢] BxPC-3
cells without oncogenic KRAS mutations, still exhibited higher
accumulation of Do-Cy (Figure S9, Supporting Information). In-
terestingly, their uptake was significantly reduced by both the
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macropinocytosis inhibitor (EIPA) and the clathrin-mediated
endocytosis inhibitor (chlorpromazine), suggesting the involve-
ment of distinct or overlapping endocytic pathways. Further in-
vestigation is needed to explore these potential variations.

Given our objective of developing DNA origami-based nano-
materials that enable selective targeting of pancreatic cancer cells
with minimal accumulation in other stromal cells in TME, our
study highlights the critical role of nanostructure size in achiev-
ing this specificity. The size of nanostructures plays a crucial
role in their interaction with cellular uptake mechanisms, poten-
tially by aligning with the physiological constraints of endocytic
vesicles.l] The optimal size of tubular Do-Cy nanocomplex in
the study, with dimensions of ~70 nm in length and 30 nm in di-
ameter, falls within the size range typically internalized by both
macropinocytosis and clathrin-mediated endocytosis.[*>*”] How-
ever, our results indicate that macropinocytosis is the primary
pathway for uptake of KRAS mutant PDAC cells, as evidenced
by significant reductions in internalization upon the use of
macropinocytosis inhibitors, whereas clathrin-mediated endocy-
tosis inhibitors did not alter uptake. This confirms macropinocy-
tosis as the primary mechanism driving the differential cellular
uptake of these DNA origami nanostructures in PDAC. Our find-
ings emphasize the need for quantitative evaluations to deter-
mine the optimal size range for effective targeting. While further
research is needed to elucidate the precise mechanisms under-
lying the size dependency of Do-Cy uptake, such evaluations are
essential for achieving size-specificity in the selective uptake of
nanostructures by pancreatic cancer cells while minimizing ac-
cumulation in other stromal cells.

Additionally, while shape has been associated with organ-
specific biodistribution in prior studies,’*"! our findings suggest it
has a minimal impact on cellular uptake within the TME. Prior in
vivo studies have demonstrated that nanostructure shape can in-
fluence circulation time, biodistribution, and organ-specific up-
take, with distinct preferences emerging based on physiological
and anatomical barriers. However, within the TME, the influ-
ence of shape appears to be minimized by the predominant up-
take pathways, such as macropinocytosis, which is less selective
regarding particle morphology. This study highlights the limita-
tions of relying on shape as a determinant for specificity in the
TME and highlights the necessity for precise, quantitative eval-
uations of DNA nanostructure design to achieve optimal thera-
peutic outcomes.

The systematic evaluation of the cancer-targeting drug deliv-
ery of Do-Cy using various in vitro and in vivo models with the
inclusion of CAFs demonstrated efficient platforms to evaluate
tumor-selective accumulation. Our analysis of Do-Cy transport
characteristics, which includes the interactions between cancer
cells and CAFs, is conducted across conventional in vitro, MPS,
and in vivo models. Our quantitative assessment of the accumu-
lation of Do-Cy5 in cancer cells within various microphysiologi-
cal systems supports our initial hypothesis that cancer-cell spe-
cific macropinocytosis activity enhances the uptake of nanocom-
plex selectively in PDAC cells compared to CAFs. Specifically, in
the MPS based analysis we observed a significantly higher uptake
affinity compared to efflux affinity, indicating an upregulation of
intake by cancer cells facilitated by macropinocytosis. The con-
sistent results across multiple platforms highlight the promis-
ing potential of the engineered human-mimicking in vitro sys-
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tem as a next-generation technology that could complement ex-
isting preclinical in vivo mouse studies, especially considering
recent shifts in the FDA regulations. This systematic evaluation
pipeline provides detailed quantitative information on the intri-
cate dynamics of tumor-selective accumulation and offers rapid
discovery and evaluation of innovative therapeutic strategies.

4. Experimental Section

DNA Origami Synthesis:  All DNA origami nanostructures were assem-
bled from the same m13mp18 DNA scaffold purchased from Bayou Bio-
labs. All staple oligonucleotides and Cy5 modified strands were purchased
from Integrated DNA Technologies. The sequence information is provided
in Tables S1 through S5 (Supporting Information).

The 1X and 0.1X DNA tubes were prepared by following the same proce-
dure of mixing 10 nm scaffold strands and 4x DNA staples in 1x TAE buffer
(40 mm trisaminomethane, 1 mm ethylenediaminetetraacetic acid (EDTA)
disodium salt, and 20 mm acetic acid, pH ~8) with 12.5 mm Mg?*. The
mixture was annealed from 75 to 25 °C at a rate of —1°C min~" in a BIO-
RAD S1000 Thermal Cycler. The sample was then purified with an Amicon
centrifugal filter (100 kDa) at 5000 RPM for 3 min to remove excess staple
strands. Then, the Cy5 modified strands were added to the mixture at a
concentration of 300 nm and kept at 40 °C for an hour. Finally, the mixture
was purified again with Amicon centrifugal filter (100 kDa) at 5000 RPM for
3 min to remove excess Cy5-strands. The final origami sample was used
for characterizations and experiments.

The 2X origami was prepared by combining two 1X origami tubules.
Tubular origami A and B were used to form a dimer origami with a length
of 2140 nm by stacking each other. Tube A is the 1X origami and was pre-
pared with Cy5 dyes as described above. Tube B uses a different set of
staples and was prepared without Cy5 modified strands. The two types
of DNA tubes were prepared separately and then mixed together with
‘linker’ strands at 500 nm that connect A and B tubes. The mixture was
kept overnight at room temperature to allow dimerization and then was
purified again with Amicon centrifugal filter (100 kDa) at 5000 RPM for 3
min to remove excess linkers. The final product was dimers with twice in
length.

Cells and Reagents: Human pancreatic cancer cells (Panc10.05,
MIA PaCa-2, Pancl) and cancer-associated fibroblasts (CAF19 and
CAF02) were maintained in Advanced Dulbecco’s Modified Eagle's
Medium/Ham’s F-12 (DMEM/F12, Invitrogen, NY, USA) with 2.05 mm L-
glutamine (GE Healthcare Bio-Sciences Corp., MA, USA) supplemented by
5% v/v fetal bovine serum (FBS) and 100 ug mL~" penicillin/streptomycin
(P/S). The cells were regularly harvested by 0.05% trypsin and 0.53 mm
EDTA (Life Technologies, CA, USA) when grown to ~80% confluency in
75 cm? T-flasks and incubated at 37 °C with 5% CO,. Harvested cells
were used for experiments by culturing on 2D and iT-MOC, or sub-cultured
while maintaining them below 15th passage.[%8]

The KRAS-inducible human pancreatic ductal epithelial cells (HPDE
iKRAS, provided by Dr. Brittney Allen—Peterson at Purdue University) cell
line was genetically modified to allow for the KRAS G12D mutation to be
induced by the presence of doxycycline.[*’] The modification and charac-
terization of the cell line are described in Tsang et al.>*] HPDE iKRAS
cells were maintained in Keratinocyte-Serum Free medium (Invitrogen,
MA, USA) supplemented by Bovine Pituitary Extract (0.05mg mL™"), re-
combinant human epidermal growth factor (5ng mL~") and L-Glutamine.

For KRAS induction, HPDE iKRAS cells were treated with 25ng mL™!
doxycycline for 48 h (HPDE KRAS™!t), whereas the HPDE iKRAS cells were
treated with a corresponding DMSO control media for HPDE KRAS" in
the normal culture conditions. The KRAS induction was processed after
the cells were harvested and seeded in the experimental platforms.

THP-1 cells were kept in culture in complete RPMI media supplemented
with 10% FBS, 1% MEM non-essential amino acids (Thermo Fisher Scien-
tific, MA, USA), 1% sodium pyruvate, 1% HEPES (Life Technologies, CA,
USA), and 1% P/S. Cells were seeded in 96 wells at 5000 cells/well den-
sity and treated with 10 ng mL~" phorbol 12-myristate 13-acetate (PMA,
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Sigma—Aldrich, MO, USA) for 24 h. Subsequently, wells were washed with
complete RPMI media and cellular uptake assay was performed as previ-
ously explained.

Cellular uptake Assay: The cells were seeded on 96 well plates at the
density of 2000 cells/well and then pre-cultured in normal media for
at least 48 h before performing the cellular uptake assay. For the in-
hibitor treatment experiment, cells were pre-incubated with 5-(N-Ethyl-N-
isopropyl)amiloride (EIPA,50 um) or Chlorpromzine, 20 um for 1.5 h before
exposing DO-Cy5. The control groups were pre-incubated with DMSO. Af-
terward, the cells were exposed to DO-Cy5 for 24 h. At the 24 h time point,
the nuclei were stained with Hoechst 33342 (Thermo Fisher, Waltham,
MA). Fluorescence images were obtained at various time points between
0 and 24 h using an Olympus IX71 inverted microscope.

3D Tumoroids Model: The tumoroid model comprised of Panc10.05
and CAF19 was developed through inkjet printed cell-laden bioinks, de-
tails were described in the prior study.3°! Briefly, prepared cancer cell ink
and CAF ink are printed and cured using the inkjet printing setup. Initially,
five drops of cancer cell-laden ink were deposited onto a glass well-plate,
creating a line array, and then cured for 1 min at 37 °C for IPI gelation.
Subsequently, five drops of CAF-laden ink were deposited adjacent to the
first line and similarly cured for T min at 37 °C to gel the entire structure.
Following this, cell medium was added, and the polymer matrix underwent
compaction due to contractile forces generated by the cells. Ultimately, a
3D tumor-stroma model, known as a tumoroid, was formed as the matrix
compacted.

3D PDAC MPS Model: The accumulation pattern and uptake of DO-
Cy5 in PDAC were assessed using the PCC-CAF co-cultured T-MOC model,
developed as a 3D PDAC MPS model to mimic the PDAC stroma. Specif-
ically, the transport and accumulation were investigated to reveal distinct
responses between PCC and CAF cells in DO-Cy5 transport under dynamic
tumor microenvironmental conditions. The PDAC MPS model is a mi-
crofluidic platform designed to demonstrate dynamic transport, as shown
in the prior studies, (%6364 comprising capillary, interstitial, and lymphatic
channels. In the model, drug transport is simulated under physiological
conditions, passing from capillary through interstitial and lymphatic chan-
nels. To achieve this, a hydrostatic pressure difference of 20 mm H,O was
used to demonstrate the average interstitial flow rates observed in the
TME.I'%] The drug solution (30nm of DO-Cy5 or doxorubicin) was per-
fused through the capillary channels, exposed the conditions for 24 h, and
measured the accumulation patterns of DO-Cy5 transiently by taking the
fluorescence intensity of DO-Cy5/doxorubicin every 2 h using a live-cell
imaging technique with time-lapse microscopy. An inverted microscope
(Olympus IX71, Japan) was equipped with the stage top incubator to main-
tain the culture conditions at 37 °C with 5% CO, during imaging.!1°']

Temporal drug accumulation in the cells was measured by fluorescence
intensity at each cell type where the intensity was calibrated with fluores-
cence of 30 nm of the corresponding compound. The accumulation was
measured for each cell type separately. To ensure accurate measurements
and avoid misclassification between cell types, CAF regions were specifi-
cally excluded from the analysis of PCC regions, with PCC areas identified
based on their distinct morphology (Supporting Information). The control
experiment with doxorubicin also followed the above procedure to com-
pare the differential drug accumulation. All experiments were repeated at
least three times for each treatment group. The data was reported in the
form of mean + standard deviation.

Xenograft Model:  Panc10.05 and CAF19 cells were cultured for subcu-
taneous model development of xenograft mice. For subcutaneous injec-
tions, cells were prepared in 1:5 PCC:CAF ratio (2x10°: 10x10° cells per
mouse) were prepared in 100 pL sterile PBS and mixed with 100 pL Ma-
trigel for implantation into NRG mice. After 3 weeks, DNA origami was
delivered via tail vein injection 200 pL mouse™'. After 24 h of origami in-
jection, tumors were harvested and formalin-fixed at the end of the exper-
iment for further histology analysis. The experiment was replicated with
four mice.

Histology:  For paraffin sections, tissues were fixed in 10% formalin.
Subsequently, they were subjected to dehydration using graded ethanols,
followed by clearing in xylene and infiltration with Leica Paraplast Plus
paraffin using a Sakura Tissue-Tek VIP6 tissue processor. Following pro-
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cessing, the tissues were embedded in Leica Paraplast Plus paraffin. H&E
staining was performed using the Leica Autostainer XL, the slides are
stained using Gill's Il hematoxylin, then blued and counterstained with
a mixture of eosin and phloxine B. Subsequently, they undergo dehydra-
tion, clearing in xylene, and are finally cover-slipped using a toluene-based
mounting medium (Leica MM24).

For immunofluorescence, slides were incubated in 2.5% normal horse
serum for 20 min. Then, primary antibodies applied accordingly. Anti-GFP
was applied at 1:100 and anti-Cy5 at 1:100 for 1 h. The negative control
slide was stained with Rabbit IgG (Vector Labs, 1-1000) at a concentra-
tion of Tug mL™" for 1 h. Slides were rinsed twice in TBST and anti-goat
Alexa 555 secondary (Invitrogen, A21432) applied at 4 ug mL™" for 30
min. An anti-rabbit dylight 488 (Vector Labs, DI-1488) was then applied
at 6ug mL~" for 30 min. Slides were rinsed in TBST and counterstained
with DAPI (Invitrogen, EN62248) at 1 ug mL™" for 10 min before rinsing
and coverslipping with Prolong Gold (Invitrogen, P36934). All images were
taken using a Leica Versa8 whole-slide scanner.

For Ki67 staining, slides were deparaffinized and hydrated as three
times in Xylene, 3 min each time; two times in 100% alcohol, 1 min each
time; 1 min in both 95% alcohol and 70% alcohol; then rinsed with distilled
water and transferred to PBS for 5 min. Slides were then heated at 95°C for
20 min in citrate buffer, followed by cool at room temperature and washed
with PBS. Slides were then blocked with 1% BSA and primary antibody ap-
plied as Cy5 (Sigma—Aldrich, C1117) at 1:150, GFP (Bio-Techne, AF4240)
at 1:100 and Ki67/MKI67 (Bio-Techne, MAB7617) at 1:100 overnight at 4C.
After three times wash with PBST for 3 min each time, secondary antibod-
ies applied as Donkey anti-Mouse Alexa 488 (Invitrogen, A21202) at 1:200,
Donkey anti-Goat Alexa 594 (Invitrogen, A11058) and Donkey anti-Rabbit
Alexa 680 (Invitrogen, A21202) at 1:100 for 2 h at room temperature. Slides
were then washed three times with PBST for 3 min each time and coun-
terstained with DAPI (Invitrogen, H3570) at 1 ug mL~! for 10 min before
rinsing and covers lipping with Micromount (Leica, 3801731). Slides were
scanned with Phenolmager (Akoya).

DNA Origami Stability Test: Pancreatic cancer cells were lysed us-
ing Genomic Lysis Buffer in Quick-DNA Microprep Kit (Zymo Research,
Irvine, CA). The Do-Cy samples incubated in each cell lysate were ana-
lyzed by electrophoresis in 1.0% agarose gel containing 0.5x TBE and 11
mm MgCl,. Electrophoresis was carried out for 2-3 h at a constant volt-
age of 75 Vin a gel box immersed in a water bath. 10x TBE buffer (89 mm
Tris, 89 mm boric acid, 2 mm EDTA disodium salt, pH ~8.3), purchased
from ThermoFisher, was diluted to 0.5x. The temperature was maintained
below 35 °C using an ice pack. Target bands from each cell lysate, aligned
with the position of the band of the prepared DNA origami, were care-
fully extracted using a razor and centrifuged with Freeze ‘N Squeeze tubes
(BIO-RAD, Hercules, CA) at 13 000g for 3 min. The recovered samples
were then analyzed by AFM imaging.

Statistical Analysis: Al experiments were repeated at least three times
for each group. The data was reported in the form of mean + standard esti-
mated error (S.E.) or mean + standard deviation (S.D.), which is indicated
respectively. Data points were statistically analyzed by using a student t-
test using software OriginPro 2021 (OriginLab Corporation, Northamp-
ton, MA). The statistical significance was represented by p-value (p<0.05).
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Supporting Information is available from the Wiley Online Library or from
the author.
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