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Tumor spheroids represent valuable in vitro models for studying cancer biology and evaluating thera-
peutic strategies. In this study, we investigated the impact of varying lengths of DNA-modified cell sur-
faces on spheroid formation, cellular adhesion molecule expression, and hypoxia levels within 4T1 mouse
breast cancer spheroids. Through a series of experiments, we demonstrated that modifying cell surfaces
with biotinylated DNA strands of different lengths facilitated spheroid formation without significantly alter-
ing the expression of fibronectin and e-cadherin, key cellular adhesion molecules. However, our findings
revealed a notable influence of DNA length on hypoxia levels within the spheroids. As DNA length
increased, hypoxia levels decreased, indicating enhanced intercellular spacing and porosity within the
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surfaces can modulate spheroid architecture and microenvironmental conditions. Such insights may have
implications for developing therapeutic interventions targeting the tumor microenvironment to improve
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Introduction

In this study, we explore the interplay between hypoxia, cellu-
lar adhesion molecules, and spheroid architecture within the
context of 4T1 mouse breast cancer spheroids. Tumor micro-
environments are complex ecosystems characterized by a
myriad of cellular interactions and biochemical signaling
pathways." ™ Three-dimensional cancer cell spheroids serve as
invaluable experimental models in cancer research because
they can recapitulate key aspects of tumor architecture and
microenvironmental interactions, including cellular hetero-
geneity, spatial organization, and the presence of gradients in
oxygen, nutrients, and signaling molecules.® Cancer cell
spheroids are widely used for drug screening and therapeutic
development, as they have the ability to model drug pene-
tration, distribution, and cytotoxicity into tumors more effec-
tively than 2D cells can.””® Moreover, the incorporation of
stromal cells, extracellular matrix proteins, and soluble factors
within spheroids enables researchers to investigate the
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complex interplay between cancer cells and their surrounding
milieu.”* These models can also simulate various stages of
tumor progression and metastasis, providing insights into the
molecular mechanisms underlying these processes and identi-
fying potential therapeutic targets.

Hypoxia, or low oxygen tension, is a central factor in
shaping the tumor microenvironment, exerting profound
effects on cancer progression and therapeutic responses.'”"®
Under hypoxic conditions, tumor cells undergo adaptive
responses mediated by hypoxia-inducible factors (HIFs), which
regulate a wide array of genes involved in angiogenesis, meta-
stasis, apoptosis resistance, and metabolic adaptation.’’
Importantly, hypoxia also influences the behavior of stromal
cells within the tumor microenvironment, including cancer-
associated fibroblasts (CAFs) and macrophages. Notably,
hypoxia has been shown to stimulate the activation of CAFs
and enhance their pro-tumorigenic functions, further exacer-
bating tumor aggressiveness.>* Macrophages, on the other
hand, exhibit remarkable plasticity and can adopt distinct phe-
notypes depending on the microenvironmental cues they
encounter. For example, hypoxia has been shown to influence
macrophage polarization towards the M2 or protumorigenic
phenotype, fostering an immunosuppressive and tumor-pro-
moting microenvironment.>*®

Understanding the impact of hypoxia on cellular behavior
and tumor progression necessitates appropriate in vitro
models that recapitulate the complexity of the tumor micro-
environment. Tumor spheroids represent one such model,
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offering spatial organization, cellular heterogeneity, and phys-
iological gradients akin to those found in vivo."**73° In this
study, we sought to elucidate the impact of changing DNA
length on cell surfaces would have on hypoxia within spher-
oids. DNA is a widely-accepted, versatile tool that can provide
precise control over the spatial arrangement of colloidal par-
ticles at the nano- or microscale by DNA complementarity.*!
By designing specific DNA sequences, researchers can dictate
the morphology, composition, and functionality of assembled
colloidal structures with unprecedented precision,’” allowing
the construction of 2- and 3D architectures with diverse func-
tions, such as bio-recognition, sensing, and drug delivery.>*~>°
In previous studies, we used DNA interactions to assemble
cells into spheroids. Specifically, DNA oligonucleotides were
attached to the cell receptors of MDA-MB-468 cancer cells and
NIH/3T3 fibroblasts to induce the formation of mono- and
coculture spheroids. As a result, the MDA-MB-468 cancer cells
and NIH/3T3 cells packed in a homogeneous manner when
hybridized with DNA, whereas cell sorting was clearly observed
in the absence of DNA."**° These results clearly demonstrated
that DNA can be used to guide cell-cell interactions and thus
assembly in 3D.

In this study, we use DNA’s of different lengths to change
cell-cell distance and spheroid ‘porosity’, then show the
effects of different cell packing within the formed 3D spher-
oids. First, we demonstrate methods to produce biotinylated
single stranded DNA (ssDNA) longer than what can be pur-
chased (>100 bases). These strands were conjugated to 4T1
cancer cells, remained expressed up to 24 h, and hybridized to
complementary DNA strands. Next, 3D 4T1 spheroids were pro-
duced using the different DNA lengths and tested for changes
in cell-cell contacts and matrix proteins. Lastly, hypoxia levels
within 4T1 mouse breast cancer spheroids were measured,
which showed a significant decrease in hypoxia with increas-
ing DNA length. These results show the intricate interplay
between hypoxia, cellular adhesion, and tumor microenvi-
ronment dynamics, with implications for understanding
cancer progression and therapeutic interventions.

Results and discussion

In prior studies, DNA hybridization was used to control
packing in 3D mono- and coculture spheroids from
MDA-MB-468 breast cancer and NIH/3T3 fibroblast cells.*
Based on these results, it was further hypothesized that using
DNA could be used to control the overall distance between
cells. It is well accepted that in tumor microenvironments
(TMEs), cellular jamming and poor vascularization produces
gradients of oxygen levels, which can in turn play a distinct
role in cell signaling or the responsiveness of immune cells
such as macrophages. Furthermore, tumors with high hypoxia
levels are known to be stiffer than those without.>” However,
answering many of these questions at a fundamental level
requires being able to formulate tumor models that possess
specific structural features. Tumors grown in mouse models
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are, like human tumors, complex and heterogeneous, and thus
difficult to produce with controlled features such as varying
hypoxia levels or mechanics to address specific biological
questions. We demonstrate here methods to systematically
modulate the microenvironment in 3D tumor spheroids by
altering the DNA lengths between the cells.

First, based on prior work, DNA interactions were used to
produce monoculture 3D spheroids from 4T1 mouse breast
cancer cells using two different schemes (Fig. 1).'*° For this,
the cells were first reacted with an epidermal growth factor
(EGFR) binding affibody-streptavidin fusion protein. The
photocrosslinkable affibody-streptavidin (N23BP-STV) was
expressed with a terminal 6x histidine tag, purified using Ni-
NTA affinity columns and reacted with maleimide-benzophe-
none (BP) to enable photocrosslinking to EGFR upon long UV
irradiation. After reacting the N23BP-STV to 4T1 cells, 20 base
pair (bp) biotinylated and FAM labelled DNA oligonucleotides
were added and as shown in Fig. 2, after 4, 10 and 16 h, fluo-
rescence was still easily detected in or on the outer surface of the
cells. Despite a decrease in photoluminescence over time, signal
was still observed at the cell membrane at 16 h. It should be
noted that a decrease in fluorescence per cell might be due to the
protein being endocytosed and lysed or cell proliferation occur-
ring, thereby lowering the number of affibodies bound per cell.

Once it was established that the cells could bind the bioti-
nylated single stranded DNA (ssDNA) and retain its expression,
different lengths of biotinylated ssDNA were synthesized.
Biotinylated sSDNA up to 100 bases was purchased commer-
cially (Integrated DNA Technologies), but alternate techniques
were needed to produce longer biotinylated ssDNA strands,
such as 200 and 400 base DNA oligonucleotides. To achieve
this, biotinylated 200 and 400 base pair single stranded DNA

Scheme 1

Sy DNA1 DNA 2 RSy
D IIIIIIIIIIIIIIIIIIII)»f@l
\V,A;f Linker DNA o
Scheme 2
A DNA
@ Complementary DNA

Fig. 1 Schemes to depict the two methods used to drive DNA inter-
actions between cells. In Scheme 1, shorter DNA 1 and DNA 2 strands
were hybridized to a ‘Linker DNA’ strand. In Scheme 2, two full comp-
lementary strands were attached to cells and hybridized.

This journal is © The Royal Society of Chemistry 2024
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16 h

Fig. 2 Wide-field images of 4T1 cells after reacting with photocrosslinkable affibody-streptavidin fusion proteins followed by 20 base pair (bp) bioti-
nylated and FAM labelled DNA oligonucleotides. Images shown are after 4 h of adding the FAM-DNA (left), 10 h (middle) and 16 h (right). Scale bar:

100 pm.

were first synthesized via PCR amplification of M13 phage
ssDNA (New England Biolabs). The reason to use M13 ssDNA
as the template strand was the lack of secondary structures
within the circular ssDNA to enable efficient amplification of
specific sequences.’® To obtain the desired biotinylated single
stranded DNA (ssDNA) to bind to the cells, one reaction used a
biotinylated primer for one of the two DNA sequences and a
phosphorylated primer for the complementary DNA strand
(Tables 1 and 2, ESI Sectionf). In order to obtain ssDNA, the
double stranded PCR DNA products were then purified using
EZNA spin columns followed by digesting with the enzyme
lambda exonuclease which selectively digests the phosphory-
lated DNA, leaving the biotinylated product intact. To confirm
the existence of the correct length DNA strands, agarose gel
electrophoresis was run with both 200 and 400 base pair
products post-PCR and post-lambda exonuclease digestion

(Fig. 3).

400bp
—_—
dsDNA - -
400bp
200bp ssDNA
dsDNA - -

«_ 200bp

ssDNA

Fig. 3 Agarose gel electrophoresis of biotinylated double and single
stranded DNA produced through amplification of specific regions in M13
ssDNA using biotinylated and phosphorylated primers. Singe stranded
DNA (ssDNA) was produced after treating the PCR produced dsDNA
with lambda exonuclease.

This journal is © The Royal Society of Chemistry 2024

Next, to ensure that biotin was still present on the PCR gen-
erated ssDNA, the 200 base ssDNA and its complement were
reacted with the affibody-streptavidin fusion protein for 4 h at
37 C and run through an agarose gel. A substantial decrease in
brightness in lanes 5 and 6 (Fig. S1t) indicates that most of
the biotinylated dsDNA associated with the affibody-streptavi-
din (N23BP-STV) and was therefore unable to pass through the
gel. This result confirmed the presence of PCR produced bioti-
nylated ssDNA. Next, the affibody-streptavidin (N23BP-STV)
was photocrosslinked to 4T1 cells and reacted with non-dye
labelled biotinylated 200 bp ssDNA. Concurrently, the equi-
molar amount of AF488-streptavidin was reacted with the
complementary biotinylated single-stranded DNA sequences.
As controls, cells not reacted with biotinylated ssSDNA were
used. After incubation, the cells were washed with PBS and
then fixed on glass coverslips overnight and imaged. As shown
in Fig. S2,T the experimental sample shows the signal coming
from the AF488-streptavidin, while the control group shows
limited fluorescence (aside from aggregates of AF488-streptavi-
din) indicating that hybridization between complementary
strands occurs only if the initial biotinylated DNA were present
on the cells.

Encouraged by our previous work, we hypothesized that
varying the DNA length would control the spacing between
cells in the spheroid, which in turn would change cell packing
density. Given that the extracellular EGFR domain is approxi-
mately 6 nm in diameter, and N23BP-STV consists of ~5 nm
streptavidin and ~3 nm affibody, it is plausible that longer
DNA strands could extend cell-cell contacts beyond the
length of 20-30 nm found for e-cadherin
39712 To test these hypotheses further, 3D 4T1
spheroids were first formed using varying DNA lengths and
4T1 cells purchased from ATCC. For this, the biotinylated
ssDNA with lengths were varying from 20, 100, 200, and 400
base pairs long were conjugated to the affibody-streptavidin
modified cells. As controls, cells not reacted with DNA strands

14,30

average
interactions.
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were used. For the 20 and 100 bp ssDNA, Scheme 1 was fol-
lowed while for longer strands, Scheme 2 was used (Fig. 1).
First, the 4T1 cells were treated with 0.25-1 uM N23BP-STV in
a 24-well TCPS plate, released, and treated with the varying
lengths of biotinylated ssDNA chains in suspension. Following
the incubation with ssDNA, the cells were seeded in 96-well
poly-HEMA coated hemispherical plates followed by a 72-96 h
incubation. As shown in Fig. 4, in all cases, compact 3D spher-
oids formed irrespective of the DNA length present on the
surface of the 4T1 cells. In addition, MTT assays showed little
to no change in cell viability using the different lengths of
DNA (Fig. S37). This finding is consistent with similar results
run with DNA modified MDA-MB-468 cells in a previously pub-
lished article.*®

Next, studies were run to determine if any differences in
cell matrix or cell-cell contacts were observed as a function of
the DNA lengths used to assemble them. To perform this
study, the formed spheroids were transferred to a flat imaging
96-well TCPS plate and left to adhere in an incubator. Once
this step was completed, the 4T1 spheroids were fixed with
paraformaldehyde (PFA), permeabilized with Triton-X100,
blocked with bovine serum albumin (BSA), and stained with

No DNA

View Article Online

Biomaterials Science

an AlexaFluor 488 conjugated anti-fibronectin antibody and an
AlexaFluor 647 conjugated anti-e-cadherin antibody. After the
staining was complete, the spheroids were cleared with
RapiClear, imaged using the Nikon A1R confocal microscope,
and processed in Image]. To obtain bulk quantitative infor-
mation, a new set of spheroids not cleared with RapiClear
were lysed with RIPA buffer overnight, sonicated, and the
lysate fluorescence was measured. As shown in the images in
Fig. 5, significant differences in brightness were not observed
between any of the spheroids for either fibronectin or e-cad-
herin. Specifically, the fluorometry studies yielded bulk anti-e-
cadherin intensities at 645 nm excitation and 671 nm emis-
sion of 58 100 + 6510, 61 600 + 7160, 61 500 + 4640, 63 100 +
6160, and 57 800 + 1730 counts for no DNA, 20 bp DNA, 100
bp DNA, 200 bp DNA, and 400 bp for the formed DNA 4T1
spheroids. The p-value obtained through ANOVA single factor
analysis was 0.720, which was insufficient to reject the null
hypothesis. To further demonstrate this, a linear regression
analysis was performed after transforming the dependent vari-
able (Counts per pA) by taking the natural logarithm and the
independent variable (DNA length) by taking the square root.
The resulting significance factor of 0.918 was insufficient to

bp DNA

ot

400 bp DNA

Fig. 4 Bright-field images of 3D 4T1 spheroids produced using varying DNA lengths. The average diameter of all the spheroids were ~310 nm irre-

spective of DNA length used. Scale bar: 150 pm.
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Fig. 5 Confocal and bulk fluorescence data obtained from 3D spheroids obtained using anti-cadherin and anti-fibronectin antibodies. P-Values for
e-cadherin and fibronectin obtained through the ANOVA analysis were 0.720 and 0.385 respectively. The significance factors for e-cadherin and
fibronectin obtained through the linear regression analysis were 0.918 and 0.419 respectively. Scale bar: 100 pm.

reject the null hypothesis. The background e-cadherin signal
of the RIPA buffer was 7640 + 105 counts. Similarly, the bulk
fibronectin fluorescence at 470 nm excitation and 571 nm
emission was 59000 + 3040, 51900 + 7940, 58100 + 4360,
57200 + 718, and 51 800 + 8060 for no DNA, 20 bp DNA, 100
bp DNA, 200 bp DNA, and 400 bp DNA respectively. The
p-value obtained through ANOVA single factor analysis was
0.385, which was insufficient to reject the null hypothesis. To
further demonstrate this, a linear regression analysis was per-
formed as described above. The background fibronectin signal
of the RIPA buffer was 21 700 + 172 counts. These results show
that there is no significant difference between different DNA
lengths when it comes to e-cadherin and fibronectin levels in
4T1 spheroids.

Next, the relative levels of hypoxia in each spheroid as a
function of DNA length were determined. For this, 3D 4T1
spheroids were produced as a function of DNA length as
described earlier. After 96 h, the fully formed spheroids were
transferred to a flat imaging 96-well TCPS plate and left to
adhere in an incubator. Once adhered, one of two staining pro-
cesses was employed. In one, the spheroids were fixed with
paraformaldehyde (PFA), permeabilized with Triton-X100,
blocked with BSA, and stained with the AlexaFluor 488 conju-
gated hypoxia-inducible factor 1a (HIFla) antibody (AF488-
antiHIF1a). HIFla is known to be upregulated in hypoxic
environments and thus can be used as an indication of the

This journal is © The Royal Society of Chemistry 2024

relative oxygen levels in tissues.'” > As an alternative stain,
another plate of 3D spheroids were live-stained with image-
iT™ Hypoxia Green reagent (HYP), which converts to its fluo-
rescent form at an increasing rate with increasing levels of
hypoxia. For the HYP treated spheroids, the spheroids were
treated with RapiClear after staining to enable deeper imaging
into the spheroid. Next, both the AF488-antiHIFla and HYP
stained spheroids were imaged by confocal microscopy and
processed by Image]. For quantitative fluorescence measure-
ments from the images, a MATLAB code (see ESIt) was used to
process the unmodified images to measure the average fluo-
rescence intensity of the optical slice of the spheroid.

As shown in Fig. 6, the HYP stained 4T1 spheroids showed
a clear drop in fluorescence with the addition of 20 base
ssDNA and a continuous marked drop in luminescence with
increasing DNA length. The quantitative processing with
MATLAB further demonstrates this behavior, as fluorescence
shows a decreasing trend with increasing DNA lengths. The
lowest levels of hypoxia were observed in the 400 base pair
spheroid sample with a mean pixel fluorescence intensity of
224 + 9.12, while the highest levels of hypoxia were seen in the
sample containing no DNA at 1180 + 44.4, where the values are
structured as mean + standard deviation. 20 base pair, 100
base pair, and 200 base pair samples had intensities of 883 +
74.7, 524 + 65.5, and 313 + 34.0 respectively. The ANOVA Single
Factor p-value was 2.67 x 10~°, which was sufficient to reject

Biomater. Sci, 2024,12, 4759-4769 | 4763
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bar: 100 pm.

the null hypothesis. To further demonstrate this, a linear
regression analysis was performed after transforming the
dependent variable (Mean pixel intensity) by taking the
natural logarithm and the independent variable (DNA length)
by taking the square root. The resulting significance factor of
9.69 x 107° was sufficient to reject the null hypothesis. It is
worth noting that the need for optical clearing necessitated fix-
ation and permeabilization of spheroids, which could have
caused some of the HYP to leak out of them, potentially
causing these results to not be fully in line with AF488 conju-
gated HIF1a antibody staining values.

To correlate the hypoxia data further, Fig. 7 shows the 4T1
spheroids stained with AF488-antiHIFla with a similar
decrease in HIF1a expression in the spheroids produced with
increasing lengths of DNA. The highest levels of hypoxia were
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(Left) Representative confocal images of spheroids made using different DNA lengths after treating with the hypoxia stain and RapiClear
treatment. (Right) Bulk fluorescence data after MATLAB processing of spheroids made using different DNA lengths and treating with the hypoxia
stain. The p-value obtained by the ANOVA was 2.67 x 10~°. The significance factor obtained by the linear regression analysis was 9.69 x 107°. Scale

again observed in the spheroids produced using no DNA with
a mean pixel fluorescence intensity of 724 + 54.8, while the
lowest levels were present in the 400 base pair DNA sample
with an intensity of 318 + 7.90. 20, 100, and 200 base pair
samples had intensities of 521 + 50.2, 376 + 34.7, and 383 +
25.7, respectively. The p-value obtained from the ANOVA Single
Factor analysis was 1.01 x 107, which was sufficient to reject
the null hypothesis. To further demonstrate this, a linear
regression analysis was performed after transforming the
dependent variable (mean pixel intensity) by taking the
natural logarithm and the independent variable (DNA length)
by taking the square root. The resulting significance factor of
1.90 x 1077 was sufficient to reject the null hypothesis. This
result shows that diffusion of small molecules such as oxygen
can be affected by cell surface modification with DNA chains

HIF-1a Staining

1000
800
600 E]ﬁ
400
I 1 »
0
No DNA  20bp 100bp  200bp  400bp Not
DNA DNA DNA DNA  Stained

(Left) Representative confocal images of spheroids made using different DNA lengths after fixing and treating with AF488-antiHIF1a. (Right)

Bulk fluorescence data after MATLAB processing of spheroids made using different DNA lengths and treating with AF488-antiHIFla. The p-value
obtained by the ANOVA was 2.67 x 10~°. The significance factor obtained by the linear regression analysis was 9.69 x 10~°. Scale bar: 100 um.
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of different lengths, likely due to the increase in intercellular
spacing and the porosity of the 4T1 spheroid, thus reducing
the diffusion barrier for small molecules such as oxygen.
Lastly, to better determine the overall porosity of the
formed 3D spheroids as a function of DNA length, the DNA-
assembled spheroids were incubated with a non-cell reactive
dye, rhodamine 6G. After 40 min incubation, the spheroids
were washed, fixed, and imaged by confocal microscopy. As
shown in Fig. S4,1 a radial profile of the images obtained
showed that the dye was able to penetrate further into the
spheroids formed with 400 and 200 base pair DNA as com-
pared to the 100 or 20 base pair DNA strands. This data is a
rough estimate of the overall ‘porosity’ of the 3D spheroids as
the difference between 400 and 20 base pair DNA is ~100 nm
provided that the persistence length of DNA (~30 nm) holds.

Conclusions

In this study, we investigated the impact of varying DNA
lengths on spheroid formation, cellular adhesion molecule
expression, and hypoxia levels within 4T1 breast cancer spher-
oids. Through our experiments, we aimed to elucidate the
potential of DNA-modified cell surfaces to regulate intercellu-
lar spacing and consequently alter hypoxia levels within the
spheroid microenvironment. Our results demonstrated that
modifying cell surfaces with biotinylated DNA strands of
varying lengths facilitated spheroid formation without signifi-
cant alterations in fibronectin and e-cadherin expression. This
indicates that changes in DNA length did not significantly
affect cellular adhesion molecule expression within the spher-
oids. However, our findings revealed a notable impact of DNA
length on hypoxia levels within the spheroids. As DNA length
increased, hypoxia levels decreased, suggesting that longer
DNA strands led to increased intercellular spacing and
enhanced porosity within the spheroid structure. This
phenomenon likely facilitated the diffusion of small molecules
such as oxygen, mitigating hypoxia within the spheroid micro-
environment. Furthermore, our study underscores the impor-
tance of careful optimization and selection of staining tech-
niques for accurate hypoxia detection within spheroids. We
observed differences in staining patterns between reactive and
non-reactive dyes, emphasizing the need for appropriate dye
selection to ensure reliable results.

Overall, our findings contribute to the understanding of
how DNA modification of cell surfaces can influence spheroid
architecture and microenvironmental conditions. This study
provides insights into potential strategies for modulating
hypoxia levels within tumor spheroids, which could have
implications for improving therapeutic interventions targeting
the tumor microenvironment. As discussed earlier, the immu-
nomodulatory response of cells such as macrophages incorpor-
ated within the tumors can be affected by the physiological
microenvironment, including the relative levels of hypoxia.
The studies shown here demonstrate methods to control the
overall levels of oxygen in a 3D tumor model, which then can

This journal is © The Royal Society of Chemistry 2024
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be used to study the effect on the phenotype of immune cells.
The lessons from this study can perhaps educate or provide
ideas of how to modulate the immune system response for
cancer therapeutics. Further investigations are warranted to
explore the broader applicability of DNA-based cell surface
modification techniques in tumor biology and therapeutic
development.

Materials and methods

The 4T1 cells obtained from ATCC were grown in Corning T-25
TCPS flasks in Gibco DMEM supplemented with 10% Gibco
HI FBS, both from Thermo Fisher, in which the cells were
grown to ~80% confluence. In addition, DMEM contained 1%
HyClone Penicillin-Streptomycin antibiotic mixture from
Cytiva, and 0.2% Plasmocin prophylactic from InvivoGen.
Gibco DPBS from Thermo Fisher was used for washing cells,
after which they would be detatched with Gibco TrypLE
Express from Thermo Fisher. 15 mL conical tubes from
Greiner Bio-One were used for cell spin-down and cell treat-
ment with DNA. For N23BP-STV treatment, the 4T1 cells were
grown in Corning 24-well TCPS plates. The N23C-STV was
grown in NEB Lemo21(DE3) Competent E. coli transfected with
N23C-STV plasmid, purified with Cytiva HisTrap HP 1 mL
column, reacted with Chem Impex International 4-
(Maleimido)benzophenone, and desalted with HiTrap
Desalting 5 mL column. For purification, Fisher Scientific 10x
PBS was used to prepare a stock of 1x PBS in Milli-Q water.
Equilibration buffer, wash buffer, and elution buffer were
made by adding Chem Impex Imidazole to PBS at 5 mM,
20 mM, and 250 mM concentration respectively. To prevent
the formation of disulfide bonds within the N23C-STV,
Research Products International TCEP (tris(2-carboxyethyl)
phosphine) was added. 200 and 400 base pair DNA synthesis
was performed using the primers obtained from Integrated
DNA Technologies (IDT), and the Taq PCR Kit and M13mp18
Single-stranded DNA from New England Biolabs (NEB). The
DNA purification was done using the E.Z.N.A. Cycle Pure Kit
(V-spin) from Omega Bio-tek. The phosphorylated strand
digestion was done using the Lambda Exonuclease from NEB.
20 and 100 base pair DNA was bought from IDT. After DNA
treatment, spheroids were seeded in Fisher Scientific fisher-
brand 96-well round bottom tissue culture plate coated with
cell culture suitable poly(2-hydroxyethyl methacrylate) from
Sigma-Aldrich. For imaging of HYP stained spheroids, and
anti-fibronectin AF488 and anti-e-cadherin AF647 antibody-
stained spheroids, 100 pL of RapiClear CS solution from
SUNJin Lab was placed in each well. Anti-fibronectin AF488,
anti-e-cadherin AF647, and anti-HIF1la antibodies
obtained from Santa Cruz Biotechnology, while the HYP stain
was obtained from Thermo Fisher. To perform the Rhodamine
6G diffusion study, Rhodamine 6G was purchased from
Thermo Fisher. MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) needed for the cell viability study was
procured from Thermo Fisher, while the sterile cell culture
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tested dimethylsulfoxide (DMSO) necessary for dissolving the
formazan crystals generated from the MTT by the cell metab-
olism was obtained from ATCC.

20 base pair DNA spheroid synthesis and hypoxia detection

Spheroids with 20 base pair DNA were synthesized according to
the modified Ganguly et al. protocol.*’ First, the non-adhesive
hemispherical 96-well plates were made by placing 100 pL of
30 mg mL ™" of poly-HEMA solution in 95% ethanol into each
well that would have been used. These plates were allowed to
dry for 48 h. To generate spheroids, the 4T1 cells were plated on
a 24-well TCPS plate at 50000 cells per well and were left to
grow for 48 h. Once the incubation was complete, they were
washed three times with PBS, treated with 500 pL of 0.5 pM
solution of N23BP-STV in DMEM, and left at 37 °C and 5% CO,
for 3 h. 4T1 cells were then irradiated with 365 nm UV light for
30 min and placed back in the 37 °C and 5% CO, incubator
overnight. The next day, the cells were washed once with PBS,
trypsinized, neutralized with DMEM, counted with a hemocyt-
ometer, spun down at 150 g for 5 min, and then dispersed to a
concentration of 5000000 cells per mL. 3 solutions were then
made, where one contained 4T1 cells at 50 000 cells per mL and
0.5 uM 20 base pair DNA 1, the other contained 4T1 cells at
50000 cells per mL and 0.5 uM 20 base pair DNA 2, while the
third solution contained 0.5 pM linker DNA (Scheme 1). These
solutions were incubated at 37 °C and 5% CO, for 4 h, after
which they were mixed at equal proportions, and 300 pL of this
final solution was added to each poly-HEMA coated well in a
hemispherical 96-well plate. After a 72 h incubation at 37 °C
and 5% CO,, they were transferred to an imaging 96-well TCPS
plate and left to adhere to the surface overnight. For the image-
iT™ Hypoxia Green reagent (HYP), the spheroids were washed
once with PBS, and then left to react with 100 pL of 2.5 uM solu-
tion of HYP in DMEM for 1 h at 37 °C and 5% CO,. Once this
has elapsed, the spheroids were washed once with PBS and
then left in 200 pL of FluoroBrite™ DMEM without FBS for 2 h
at 37 °C and 5% CO, so the HYP dye could react and transition
from its non-fluorescent to its fluorescent form. This medium
was chosen to allow proteins that could fluoresce under 488 nm
light to diffuse out of the spheroid, thus lowering background.
Once the incubation was over, the 4T1 spheroids were washed
twice with PBS, and fresh 200 pL of FluoroBrite™ DMEM was
placed in wells. To stain the spheroids with the AlexaFluor 488
conjugated HIFla antibody (AF488-AB), the spheroids were
washed three times with PBS, and then fixed using 100 pL of
4% paraformaldehyde in water at room temperature for 20 min.
Then, they were washed three times with PBS, and 100 pL of
0.5% TritonX-100 solution in water was placed and left in the
wells for 15 min to permeabilize 4T1 spheroids. Once permeabi-
lization was done, they were washed three times with PBS, and
then blocked with 100 pL 3% bovine serum albumin solution in
water for 1 h at 4 °C protected from light. After blocking, the
BSA was taken out, and 100 pL of the 1:100 diluted AF488-AB
antibody in 3% BSA was added to each spheroid containing
well. The plate was then left to incubate at 4 °C protected from
light overnight, and the next morning, the spheroids were
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washed 3 times in PBS, and 100 pL of RapiClear was placed in
each well for imaging. The images were taken with Nikon AXR
Confocal microscope using a PLAN APO AD 20x/0.80 00/0.17 WD
0.8 objective and a 488 nm laser line at a power of 95% and the
detector gain of 45.0. The pinhole diameter was set at 64.4 um
(4 AU), using a 488 nm pinhole, and imaging was done at 2048
x 2048 resolution and a Galvano scanner. Images were pro-
cessed with image J where the LUT was left unadjusted.

Biotinylated DNA synthesis

The enzyme used in the PCR was Taq PCR polymerase from
NEB (E5000S). The reaction mixture was prepared according to
the NEB protocol provided scaled up to 100 uL (cite this). The
PCR cycle used for DNA synthesis was run with 30 s of initial
denaturation at 95 °C, 50 cycles of 30 s of denaturation at
95 °C, 60 s of annealing at 51 °C, and 30 s of extension at
68 °C. Once these 50 cycles were completed, the final exten-
sion was run for 5 min at 68 °C, after which samples were
cooled down and held at 4 °C. After the PCR, the DNA was
cleaned by EZNA Cycle Pure kit spin columns from Omega Bio-
Tek using the protocol provided by the manufacturer. At
elution, 88 pL of DNA was gathered. Next, the purified DNA
was digested by the lambda exonuclease from NEB (M0262S)
using the protocol provided scaled up to 100 pL. After diges-
tion, the product was ready to be used. The agarose gel electro-
phoresis was run with the 1% agarose gel containing EtBr to
confirm the product at 100 V, 0.4 A, and 60 min for both DNA
product confirmations and biotinylated DNA - N23BP-STV
reaction product confirmation. The biotinylated DNA -
N23BP-STV reaction was run at 37 °C for 4 h. The gels were
imaged using the Cytiva Typhoon laser-scanner platform.

FAM DNA retention

4T1 cells used in this study were prepared by first seeding
them on 12 mm diameter poly-L-lysine coverslips at 10 000
cells per well and incubating them at 37 °C, 5% CO, for 48 h.
After the initial incubation, they were treated with 500 pL of
0.5 pM N23BP-STV in DMEM and left at 37 °C, 5% CO, for 3 h,
irradiated under 365 nm light for 30 min, and incubated at
37 °C, 5% CO, overnight. The next day, the cells were reacted
with 0.5 pM solution of biotin-DNA-FAM molecule in DMEM
for 4 h. Once the reaction was completed, the cells were
washed with PBS three times, and fresh DMEM was placed in
6 h and 24 h coverslip containing wells, while the 0 h cover-
slips were immediately fixed onto a glass slide using (find the
brand of fixing agent). 6 h and 24 h coverslips were each
washed 3 times with PBS and fixed onto a glass slide at their
respective timepoints. The control samples were washed and
fixed alongside the 0 h sample. Once the cells were fixed, they
were imaged using the Nikon Widefield microscope with PLAN
APO )\ 40%/0.95 objective and 2048 x 2048 resolution, and a
16-bit Hamamatsu orca V3. They were illuminated with X-Cite
XYLIS at 50% power using the GFP filter cube. The LUT was
adjusted to 500-1450 interval for the AF488 channel and
3800-36 520 interval for the Hoechst channel.
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DNA 1 - DNA 2 - linker binding

4T1 cells used in this study were prepared as mentioned in the
paragraph above. When DNA treatment was done, the cells
were treated with 500 mL of 0.5 pM biotinylated 50 base pair
DNA 1 for 4 hours at 37 °C, 5% CO,, while 100 uM AlexaFluor
488 conjugated streptavidin and 100 pM biotinylated 50 base
pair DNA 2 were reacted at equal volume for 4 hours at 37 °C
(reaction mixture). Control cells had their DMEM replenished
and were not treated with DNA 1. Then, the reaction mixture
was diluted in DMEM to 0.5 uM concentration of each con-
stituent, and 100 base pair linker DNA was added to it at
0.5 pM (reaction solution). The cells on coverslips were then
treated with 500 mL of 0.5 uM reaction solution for 2 hours at
37 °C, 5% CO,. They were then washed 3x with PBS, stained
with Hoechst for 10 minutes, washed again 3x with PBS, and
fixed on glass slides overnight and protected from light with
ProLong™ Glass Antifade Mountant. Once 4T1 cells were
fixed, they were imaged using the Nikon Widefield microscope
with PLAN APO A 40%/0.95 objective and 2048 x 2048 resolu-
tion, and a 16-bit Hamamatsu orca V3. They were illuminated
with X-Cite XYLIS at 50% power using DAPI and GFP filter
cubes. The LUT was adjusted to 149-342 interval for the AF488
channel and 125-620 interval for the Hoechst channel.

Spheroid formation with different lengths of DNA

To generate 20 and 100 base pair DNA spheroids according to
Scheme 1, the protocol described prior was used. Poly-HEMA
plates were made using the protocol above. Making a stock of
4T1 cells at 50 000 cells per mL was described in the protocol
above. To generate 200 and 400 base pair DNA spheroids
according to Scheme 2, 3 solutions were made, where one con-
tained 4T1 cells at 50 000 cells per mL and 0.01 uM DNA 1, the
other contained 4T1 cells at 50 000 cells per mL and 0.01 pM
DNA 2, while the third solution contained only DMEM. To
make spheroids with no DNA present, 3 solutions were made,
where one contained 4T1 cells at 50 000 cells per mL, the other
contained 4T1 cells at 50 000 cells per mL, while the third solu-
tion contained only DMEM. All solutions had identical
volumes. The incubation step, the solution mixing, the spher-
oid seeding, and incubation is described in the protocol
above. Once the spheroids formed, they were imaged using
Nikon Widefield microscope with PLAN APO A 20%/0.75 objec-
tive and 2048 x 2048 resolution, and a 16-bit Hamamatsu orca V3.

Cell viability response to changing DNA modification lengths

To make a 4T1 cell suspension needed for the 2D plating, the
protocols above related to the spheroid generation were used,
up to and including the solution mixing. Once cell solutions
were mixed, the DNA treated 4T1 cells were plated on a 96-well
flat bottom imaging plate and incubated for 24 h at 37 °C and
5% CO,. After incubation, the cells were washed three times
with PBS and treated with 0.5 mg mL™' of MTT in DMEM.
They were left to incubate with the solution for 4 h at 37 °C
and 5% CO,. Next, the solution was carefully removed, and the
crystals that formed were dissolved in DMSO for 15 minutes,
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and the resulting solution was gently mixed to remove poten-
tial concentration gradients within each well. Using the BioTek
SYNERGY|H1 microplate reader, the absorbance of each well
was measured at 650 and 560 nm, and the 560 nm absorbance
was subtracted from the 650 nm absorbance to obtain the cor-
rected absorbance value.

Fibronectin and E-cadherin response to changing DNA
modification lengths

To make 4T1 spheroids for this study and to stain them with
AlexaFluor 488 conjugated anti fibronectin antibody and an
AlexaFluor 647 conjugated anti e-cadherin antibody, the proto-
cols above related to spheroid generation, fixing, and immuno-
staining preparations were used. Once the 3% BSA blocking
was complete, the spheroids were treated with these two anti-
bodies overnight, after which they were washed 3 times with
200 pL of PBS. After washing, 100 uL of RapiClear was placed
in each well for imaging, and the spheroids were incubated for
1 h at room temperature protected from light. The spheroids
were imaged with the Nikon AXR Confocal microscope using a
PLAN APO AD 20%/0.80 o0/0.17 WD 0.8 objective, a 488 nm
laser line at a power of 95% and the detector gain of 20.0, and
a 640 nm laser line at a power of 95% and the detector gain of
20.0. The pinhole diameter was set at 103.7 um (5 AU), using a
640 nm pinhole setting, and imaging was done at 2048 x 2048
resolution and a Galvano scanner. Images were processed with
image ] where the LUT was left unadjusted. For fluorimetry,
another set of spheroids was prepared that was lysed with
RIPA buffer for 72 h at 4 °C temperature protected from light
after immunostaining. Once the incubation period has passed,
the spheroids were completely homogenized using a dismem-
brator. Once homogenized, the bulk fluorescence of the solu-
tion was read using the HORIBA Jobin Yvon Fluoromax-3
Spectrofluorometer, where the samples were excited at 470 nm
and the emission was read from 480 nm to 600 nm for
Fibronectin (AF488 antibody). For E-cadherin (AF647 anti-
body), the samples were excited at 645 nm and the emission
was read from 660 nm to 800 nm. Fibronectin emission peak
occurred at 517 nm, while the e-cadherin peak occurred at
671 nm. The excitation and the emission slits were both set at
5 nm for the entirety of the detection.

Hypoxia response to changing DNA modification lengths

To make 4T1 spheroids for this study and to stain them with
AF488-AB, they were prepared according to protocols above.
Once they adhered to the 96-well flat imaging plate, they were
prepared for immunostaining using the aforementioned proto-
col. Once the 3% BSA blocking was complete, the spheroids
were treated with AF488-AB overnight, after which they were
washed 3 times with 200 pL of PBS. After washing, 200 uL of
PBS was placed in each well for imaging. The spheroids were
imaged with the Nikon AXR Confocal microscope using a
PLAN APO AD 20%/0.80 00/0.17 WD 0.8 objective and a 488 nm
laser line at a power of 95% and the detector gain of 60.0. The
pinhole diameter was set at 64.4 pm (4 AU), using a 488 nm
pinhole setting, and imaging was done at 2048 x 2048 resolu-
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tion and a Galvano scanner. Images were processed with
image ] where the LUT was left unadjusted.

To prepare 4T1 spheroids for this study and to stain them
with HYP, the protocols described above were used. After stain-
ing, the spheroids were fixed with 100 pL of 4% PFA for
20 min at room temperature, washed 3 times with 100 pL of
PBS, permeabilized with 100 pL of 0.5% Triton-X100 for
5 minutes, washed 3 times with 100 pL of PBS, and 100 pL of
RapiClear clearing solution was placed in each well. The 4T1
spheroids were incubated with RapiClear for 1 hour, after
which they were imaged with the Nikon AXR Confocal micro-
scope using a PLAN APO AD 20%/0.80 c0/0.17 WD 0.8 objective
and a 488 nm laser line at a power of 95% and the detector
gain of 45.0. The pinhole diameter was set at 64.4 um (4 AU),
using a 488 nm pinhole, and imaging was done at 2048 x 2048
resolution and a Galvano scanner. Images were processed with
image ] where the LUT was left unadjusted.

To obtain numerical data, the images for both HYP and
AF488-AB were processed in MATLAB where a binary mask was
made for each image and the average pixel intensity for each
spheroid was taken. Once those values were obtained, the
ANOVA single factor analysis was performed. Regression was
performed on the linearized form of the equation In y vs. x"/2.

Rhodamine 6G penetration response to changing DNA
modification lengths

To make 4T1 spheroids for this study and to stain them with
rhodamine 6G, they were prepared according to protocols
above. Once they adhered to the 96-well imaging plate, they
were stained with a 5 pM solution of rhodamine 6G in
FluoroBrite™ DMEM without FBS for 40 min. Once staining
was complete, the spheroids were fixed for 1 h with 4% PFA
after being washed twice with DPBS. Once the fixing was com-
plete, they were washed twice with PBS, covered with 200 pL of
PBS, and imaged with the Nikon AXR Confocal microscope
using a PLAN APO AD 20%/0.80 c0/0.17 WD 0.8 objective and a
514 nm laser line at a power of 12% and the detector gain of
1.0. The pinhole diameter was set at 16.9 um (1 AU), using a
514 nm pinhole setting, and imaging was done at 2048 x 2048
resolution and a Galvano scanner. Images were processed with
image J where the LUT was left unadjusted.

To obtain numerical data, the Rhodamine 6G images were
processed in MATLAB where a binary mask was made and
eroded to create a smaller mask. The smaller mask was sub-
tracted from the original mask to obtain an annular mask for
the average pixel intensity measurement of an approximately
10 um wide layer from the original image. At the end of each
loop, the smaller mask was then set as the original. This loop
was repeated until the entire spheroid was divided into layers
and each layer analyzed for its average pixel intensity.
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