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S1: Literature review



Table S1: Compilation of reports of paper-based tissue engineering

generator

Study Cell Type Platform | Layers | Application | Analysis Patterning / | Re
Method Assembly f.
Derda et | MDA-MB- | Paper- 1-8 Tumor Viability, No wax !
al., 2009 | 231, HS-5 supported model, gene barriers;
3D cell oxygen/nutr | expression stacked filter
culture ient paper
gradients
Mosade | Cardiomyoc | CiGiP 3-8 Cardiac Immunostai | Wax- 2
ghetal., | ytes ischemia ischemia ning, patterned
2015 model viability paper
Kenney | MDA-MB- | Multilayer | 6-10 Oxygen Luminescent | PDMS tape | 3
etal,, 231 paper gradient oxygen assembly
2015 culture analysis films
Chung N/A Paper- 10 pH gradient | pH-sensitive | Adhesive 4
et al., based visualizatio | films lamination
2018 gradient n
model
Deisset | MDA-MB- | High- 3 Drug Gel scanner, | Wax- 3
al., 2013 | 231 throughput screening Image] patterned
CiGiP paper with
platform PDMS
gasket
Deiss et | MDA-MB- | Peptide- 1 Cell Fluorescenc | Teflon- 6
al., 2014 | 231 functionali adhesion e imaging patterned
zed paper studies paper
scaffold
Rodenhi | Cancer cells | TRACER | 6 Oxygen/nut | Fluorescenc | Rolled tissue | 7
zer et al. platform rient e imaging architecture
gradients
Sapp et | Aortic Multilayer | 3-7 Cell Confocal Wax- 8
al., 2015 | valvular collagen- migration, microscopy, | patterned
interstitial paper hypoxia gel scanner | filter paper
cells construct response
Rahimi | CALU-3 Respirator | Single | Air-liquid Live/Dead, | Laser- ?
etal., y tissue membr | interface 70-1 patterned
2016 model ane culture staining parchment
paper
Hong et | HeLa Paper- Single | Drug Calcein/PI, | SU-8 10
al., 2016 based layer screening PrestoBlue photolithogr
gradient aphy




Tao et Huh-7 Paper Single | Drug WST-1 Wax- 1
al., 2015 microfluid | layer screening assay, SEM | patterned
ic culture paper
platform
Supjaro | Caco-2 3D printed | Single | Intestinal TEER, FITC | Wax- 12
enetal., transwell- | membr | barrier permeability | patterned
2025 paper ane model , IF paper
device
Sitteet | MDA-MB- | Perfused | Multipl | Perfusion Live/Dead, | Wax- 13
al., 2024 | 231, scaffold e culture, permeability | patterned
HUVEC, culture scaffold | vascular assay scaffold +
RMF system layers model 3D printed
perfusion
device

S2. Design of the 3D-printed stacked paper tissue device
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Figure S2: Design of the 3D-printed stacked-paper tissue culture device. All dimensions are
in units of mm unless otherwise specified.

S3. Culture of MDA-MB-231 cells on different paper-based substrates in Matrigel



MDA-MB-231 cells, a model for aggressive breast cancer, are cultured on various substrates

to study their growth and behaviour. The percentage of live and dead cells was calculated as:

) Number of live cells
% Live Cells =

Number of live cells + Number of dead cells

Number of dead cells
% Dead Cells = - x 100
Number of live cells + Number of dead cells

No significant difference in cell proliferation was observed across the membranes. Whatman
filter paper 1 was chosen as the membrane to proceed with because of its mechanical stability

during destacking and the clarity of fluorescent images generated.
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Figure S3:(A) Live and dead cell-stained image of MDA-MB-231 cells grown
in Matrigel (10x magnification). The scale bar in the image is 200 pm (B). Plot
of percentage live and dead cells in different papers.



S4. Assessment of platform performance using Whatman lens paper-105

To further assess the applicability of the device to thin and mechanically less robust paper
substrates, an additional experiment was performed using Whatman lens paper-105 with an
approximate thickness of 40 pm. Cells were seeded onto a single paper layer and cultured for
48 h prior to device assembly. This pre-seeded layer was positioned at L-5 in the stacked
device, while all other layers were kept cell-free at the time of stacking. The assembled device
was then further incubated until a total culture time of 72 h. After incubation, the individual
layers were separated and imaged by fluorescence microscopy for live-cell observation. Cell
distribution across the layers was assessed by measuring fluorescence intensity from the
acquired images. The imaging procedure was the same as that described in the main

manuscript.
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Figure S4: Evaluation of cell migration across stacked layers using thin Whatman lens
paper-105.(A) Representative fluorescence microscopy images of live cells in the separated
paper layers after 72 h of culture. Cells were pre-cultured for 48 h on a single Whatman lens
paper-105 layer and this cell-seeded layer was placed at L-5 during device assembly. All
remaining layers were cell-free at the time of stacking. After further incubation to 72 h, cells
were observed in L-2 and L-7, indicating migration from the initially seeded L-5 layer.

(B) Quantification of fluorescence intensity across the layers after 72 h, obtained from live-
cell fluorescence microscopy images.



To further assess the applicability of the platform to thin and mechanically less robust paper
substrates, additional experiments were performed using Whatman lens paper-105. When only
the L-5 layer was pre-seeded with cells, and all other layers were cell-free at the time of
stacking, cells were subsequently detected in L-2 and L-7 after 72 h, confirming migration

from the initially seeded layer ( Figure S4).

SS. Growth and behaviour of MDA-MB-231 cells on various substrates involving

collagen and Matrigel



MDA-MB-231 cells were grown under 4 conditions — 1) in collagen without paper, ii) in paper
without collagen, iii) in collagen in paper, and iv) in Matrigel in paper. Percentage live cells
after a growth period of 48 hours is shown in Figure S5. There was no significant difference
between conditions iii) and iv), and cells in Matrigel in paper was chosen as the matrix of

choice for its physiological relevance as well as its ability to gel rapidly after introduction into

paper.
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Figure S5:(A) Live and dead cell-stained image of MDA-MB-231 cells grown in (a) Cells
in gel without paper, (b) Cells in paper without gel, (c) Cells in collagen in paper, (d) Cells
in Matrigel in paper at 10x magnification. The scale bar of the image is 200 um. (B) Plot of
percentage live and dead cells in various substrates.

MDA-MB-231 cells exhibited high viability under all gel-supported culture conditions,
indicating that both collagen and Matrigel provided a favorable microenvironment for cell
survival. In contrast, cells cultured in paper without an extracellular matrix exhibited lower
viability and reduced cell density, highlighting the importance of a supporting matrix for cell
attachment and growth. No significant difference in viability was observed between collagen-
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in-paper and Matrigel-in-paper conditions, demonstrating that both matrices effectively
supported cell survival within the paper scaffold. Matrigel was selected for subsequent
experiments because of its physiological relevance, rapid gelation characteristics, and ease of
incorporation into the paper substrate. These results confirm that the paper scaffold is
compatible with hydrogel-supported cell culture and can maintain high cell viability over the

experimental period.

S6. Kinetic study of MDA-MB-231 cells growing in Matrigel in Whatman filter paper
Grade-1

To assess whether MDA-MB-231 cells were proliferating, 0.1 million cells/mL were seeded in
Matrigel in Whatman filter paper (Grade 1) placed in 12-well plates. The cells were incubated
in an environment consisting of 5% CO,, 37 °C, and 15% humidity for 0, 24, 48, 72, and 120
hours. After each incubation period, the cells were stained with Calcein-AM to label live cells
(green fluorescent). The acquired image shows live cells (Figure S6A), and the acquired images
were imported into ImageJ and converted to an 8-bit grayscale format. The average pixel
intensity was quantified for each image frame using ImagelJ for per field of view (FOV) .
Intensity measurements were performed for three independent experiments, and the mean

values were calculated, as depicted in Figure S6B.

11



vy)
)
(3
|

—_ - N
o [&)] o
| 1 |

Live cell intensity
($)]
1

o
|

Oh 24h 48h 72h 120h

Figure S6: (A) Fluorescent image of live(green)

MDA-MB-231 cells in Matrigel after staining

with Calcein-AM at various times. The scale bar

of the image is 200 pm. (B) Plot of live cell

intensity at different times.
Figure S6 demonstrates the ability of the paper scaffold to support long-term growth of MDA -
MB-231 cells. Live-cell intensity increased progressively from 0 to 72 h, indicating successful
cell attachment and proliferation. Following medium replacement at 48 h, continued cell
growth was observed, with the highest live-cell intensity recorded at 72 h. At 120 h, a reduction
in average live-cell intensity was observed. Visual inspection of the fluorescence images

suggests the formation of larger cellular aggregates at later time points, indicating changes in

cellular organization during prolonged culture. The reduction in signal may therefore result
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from a combination of cellular clustering, local nutrient/metabolite gradients within the
scaffold, and gradual loss of viability in a subset of cells. These findings demonstrate that the

paper scaffold supports sustained cell growth and viability for at least 72 h.

S7. Transport of FITC-dextran of different molecular weights in the 3D paper stack

To investigate the diffusion of molecules with varying molecular weights through stacked
paper layers, eight PBS-saturated paper layers were assembled within a 3D-printed device.
FITC-dextran — 4 kDa and 40 kDa — was then introduced at concentrations of 100 uM into the
top culture chamber. After 1 hour, the layers were de-stacked, and fluorescence images of each
layer were captured using a fluorescent microscope. The experiments were performed in
triplicate, and the mean and standard deviation of fluorescence intensity were plotted for each
layer for both molecules. The intensity of both molecules was similar in L1 and decreased with
increasing layer number, but decreased more rapidly for FITC-dextran 40 kDa compared to
FITC-dextran 4 kDa (Fig. S7 A-B). This demonstrates the tissue model’s ability to accurately

reproduce transport limitations faced by molecules of different molecular weights.
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Figure S7: (A) Fluorescence intensity profiles of
FITC—dextran (4 kDa) and FITC—dextran (40 kDa)
across stacked layers of Whatman filter paper
grade 1 after 1 h of treatment. (B) Fluorescence
images of FITC—dextran (4 and 40 kDa) across
stacked layers. The scale bar of the image is 200
pm.

S8. Pharmacodynamic Analysis of Doxorubicin, Paclitaxel, and their Combination in a

Single Layer (SL) Cell Culture.

Cells were seeded at a density of 0.1 million cells/mL in Matrigel in paper, which was then
placed in 12-well plates. The cultures were incubated for 48 hours under standard conditions
(37 °C, 5% COs-, and a humidified atmosphere) in drug-free medium to allow for equilibration.
The medium was then removed, and the cells were washed with PBS. Cells were subsequently
treated with doxorubicin (DOX), paclitaxel (PTX), and a combination of DOX and PTX at
concentrations of 0.1, 1, 10, 25, and 50 uM. After 72 h of drug exposure, the drug-containing
medium was removed, cells were washed with PBS, and cell viability was assessed by staining
with calcein-AM. Live-cell imaging was performed using fluorescence microscopy in the FITC
channel at 10x magnification. The acquired images were imported into the ImageJ software for
quantification of live-cell fluorescence intensity. Images were converted to 8-bit grayscale
format, and the average fluorescence intensity per field of view(FOV) was calculated for each
image. This analysis was performed for all images and repeated across three independent

experimental samples.

In Figure S8A, it can be clearly observed that the intensity of live cells decreases as the drug
concentration increases. This indicates a strong pharmacodynamic effect of the drug, both for
the individual treatments and their combination. From these intensity values, percent cell

viability was calculated and plotted to show the viability across different concentrations of
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doxorubicin, paclitaxel, and their combination. Percentage inhibition was calculated as 100

minus the percentage cell viability.
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Figure S8: (A) Live-Cell Fluorescence Intensity of Cells Treated with DOX, PTX, and
DOX+PTX at Varying Concentrations. (B) Dose-Dependent Cell Viability Following DOX,
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PTX, and DOX+PTX Treatment. (C) BLISS Score Analysis of DOX-PTX Combination
Across Drug Concentrations. (D—F) Dose—response curves showing percentage cell viability
as a function of log(drug concentration) for DOX (D), PTX (E), and DOX+PTX (F).

Next, we fitted the experimentally obtained percentage viability data to a pharmacodynamic
dose-response model (equation S1) to determine the ICso value—a well-known parameter that
reflects the potency of a drug (Figure S8B). The combination treatment exhibited a lower 1Cso
value compared to the individual drugs, indicating greater potency in the combined formulation

(Table S2). It is important to clarify that the dose-response curves for doxorubicin (DOX) and
paclitaxel (PTX) individually exhibited excellent fits to the sigmoidal model, with szalues of

0.99 and 0.98, respectively. In contrast, the combination treatment yielded a lower szalue of
0.85. We hypothesize that this reduction arises because the combination response does not
follow a simple sigmoidal relationship across the entire concentration range. Specifically,
synergistic effects were observed at lower concentrations, whereas antagonistic effects were
observed at higher concentrations. Such concentration-dependent changes in drug interaction
can cause deviations from a single sigmoidal dose—response profile, resulting in a poorer

overall fit.

Al - AZ
Y (% Cell Viability) = A, + (51)
(logICSO —X) Xn
1+10

Table S2: ICso(uM) for all drug treatments in a single layer(SL).

Drugs ICs¢(uM)
Doxorubicin(DOX) 2.24
Paclitaxel (PTX) 12.1
DOX+PTX 0.6
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The BLISS score (methods described in the main text) was then calculated and is reported in
Fig. S8C. The BLISS score analysis revealed concentration-dependent interactions between
DOX and PTX. Positive BLISS scores were observed at lower drug concentrations (0.1-1 uM),
indicating mild synergistic interactions. In contrast, negative BLISS scores were observed at
higher concentrations (1050 uM), suggesting antagonistic behavior. Overall, antagonism was
the dominant interaction at moderate-to-high concentrations, whereas limited synergy was
observed only within a narrow low-concentration range. Finally, the area under the curve
(AUC) was determined for the dose-response curves of both individual and combination
treatments to assess drug efficacy (Figures S8-D—F). The combination treatment exhibited a
smaller AUC compared to the individual drugs, indicating enhanced potency and efficacy in

the single-layer (SL) cell culture model.
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