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The extracellular matrix (ECM) is the three-dimensional (3D) environment in which cells
grow in vivo. For cancer research, cancer cells, grown in the 3D ECM-like scaffolds in a
way as in real tumor in vivo, can serve as tumor models to study important problems in
cancer treatment, such as multi-drug resistance (MDR) to anti-cancer therapeutics, without
using animals.[¥=3] Thus the development of 3D scaffolds that can mimic ECM in tumor is
important to generate in vitro tumor models. The scaffolds should allow the cancer cells to
grow in 3D environment because the 2D cultured cancer cells have exhibited significantly
less malignant phenotype in comparison to cells growing in vivo.[®] In addition, many
aspects of cell behaviors, such as morphogenesis, adhesion, migration and level of gene
expression, are changed when cells are cultured on the 2D substrates.[6-8

Recently, cancer cell culture on 3D scaffolds has attracted intensive research efforts. The 3D
scaffolds can mimic the structure of ECM better and therefore cells growing on them show
characteristics closer to those growing under the physiological conditions. In the literature,
several different types of scaffolds, including hydrogel, matrigel and macroporous
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polymeric materials, have been employed to culture cancer cells in 3D.19-19] These synthetic
scaffolds have the advantages of high structural reproducibility, ease of mass production and
stiffness controllability; however, there are some drawbacks that still need to be further
improved. In the hydrogel and matrigel based 3D cell culture, the seeding of cells was done
by suspending cells into fluidic gel precursor solution and thus after the gelation process, the
cells are embedded inside the gel.[20] The gel based 3D scaffolds have been widely
employed to study the cellular gene expression regulation by applying various types of
external stimulus.[21-25] However, since the cancer cells are confined inside the gel,
sometimes they cannot be treated in the same way as 2D cultured cells. For example, they
cannot be detached off the scaffolds as free cells, consequently, no passage can be obtained
from such 3D culture. Besides, the diffusion of chemicals into the gel is much slower than
that in the fluidic state, which may introduce remarkable error in testing the efficacy of anti-
cancer drugs. Porous scaffolds made from synthetic or biological polymers could be very
costly, and in addition they do not mimic the fibrous structures of the natural ECMs.[1.26]

Here we used our recently developed biomimetic scaffold[2”] made of branched hollow
silica microfibers to culture cancer cells in 3D. As a result, the cancer cells can grow in the
scaffold freely to form tumor-like multicellular spheroids in vitro and also promote tumor
growth in vivo. The resultant scaffold mimics the fibrous ECM in real tumor, which is rich
in leaky branch-like blood vessel and fibrous proteins,[28] in that it is fibrous open network
structure, allowing nutrients to be delivered to the cells efficiently. The scaffold was
prepared without employing any instrument but simply by aging a polyvinylpyrrolidone
(PVP) aqueous solution under room temperature followed by a silica coating.[2”] Scanning
electron microscopy (SEM), flow cytometry, hematoxylin and eosin (HE) staining, and in
vivo implantation results have demonstrated that MCF-7 cancer cells cultured on the current
3D silica scaffold retained significantly more oncological characters than those cultured on
the conventional 2D substrate.

In our previous work, we discovered that the PVP molecules can self-assemble in their
homogeneous aqueous solution to form centimeter-scale jellyfish like aggregates.[27] The
macroscopic aggregates are composed of a large number of highly branched hollow polymer
microfibers. After coating the PVP aggregates with a thick layer of silica through base
catalyzed hydrolysis of tetraethyl orthosilicate (TEOS), branched hollow microfibrous silica
scaffold can be obtained. From a digital photograph of the silica coated PVP aggregate
shown in Figure la inset, it can be seen clearly that the overall structure of the aggregate is
three-dimensional both when suspended in water and after dried out by critical point drying
(CPD) treatment. The fibers that constitute the 3D structure are fairly uniform and have a
diameter of around 2-3 um (Figures 1a,1b). Both the branched and hollow characteristics of
the fibers remain intact after the silica coating (Figures 1c,1d). An intensive silicon peak in
the Energy Dispersive X-ray Spectrum (EDS) confirms that these fibers are mainly made of
silica (Figure 1e).

It has been found that silica, as a biocompatible material, favors cell adhesion,[2% thus the
silica microfibers in the 3D scaffolds were directly used without any surface modification.
After being seeded onto the 3D microfibrous silica scaffold, the MCF-7 breast cancer cells
can grow and proliferate freely in the culture medium. The existence of branched structure
creates plenty of space among the fibers, and enables the cancer cells to be seeded deeply
into the scaffold, rather than just sitting on its surface. This is evidenced by the fact that,
when changing the focal depth of the optical microscope, cells are seen clearly at the
different levels of the central area of the scaffold. The overall structure of the MCF-7 cells
on a silica scaffold after three days of culture is shown in Figure 2a. At a higher
magnification, one can find that there are numerous cells settling onto the silica microfibers
throughout the whole scaffold. Unlike on the 2D plate where cells can grow in individual
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form, on the fibrous scaffold, most of them exist in the form of multicellular spheroids
(Figure 2b) similar to those that can be found in real tumor. The morphology of cancer cells
in the spheroids is primarily spherical, rather than flat as typically seen on 2D culture
(Figure 2c). It seems that the silica microfibers are not acting simply like a bird’s nest to
hold the eggs, but rather they have intervened into the cell clumps (Figure 2d). When a
single cell is seen occasionally on the scaffold, interestingly, it has anchored itself firmly
onto the junction of several fibers (Figure 2e). The silica scaffold introduced in this work is
different from the scaffolds prepared through electrospinning, although both of them are
composed of fibers. The electrospun scaffolds can be better described as 2D mats with
nanoscale roughness, thus cells can only be seeded on their surface and spread out in a
manner similar to the behavior on a 2D petri dish.[30-32] However, cells can be seeded
deeply inside the ECM-like 3D microfibrous silica scaffold, and thus their morphology is
totally different from that in the 2D culture.

The growth and proliferation of MCF-7 breast cancer cells on the ECM-like microfibrous
silica scaffolds can be observed easily by the increase in the size of the tumor-like cell
spheroids over time. When the cells are first seeded onto the scaffold, only small spheroids
(less than 30 pm in diameter) are seen under the optical microscope (Figure 3a), and the
SEM observation reveals that the number of cells in the individual spheroids is generally
less than 20 (Figure 3d). After consecutive culture for 7 days, there is a significant increase
in the size of the tumor-like clumps (Figure 3b). More importantly, from the SEM image, it
can be identified that the expansion of the cell spheroids takes place in a 3D manner,
supported by the fact that both the diameter of the spheroids and the stacking layers of cells
are multiplied (Figure 3e). The proliferation of cells on the silica scaffold results in the
formation of many large spheroids (more than 100 pym in diameter) within 10 days of
culture. Due to the greater thickness, the cell spheroids can only be imaged as dark shadows
under the optical microscope (Figure 3c). However, it can be confirmed by SEM that the
number of cells in each clump has been increased remarkably (Figure 3f). It should also be
noted that the morphology of cells has remained spherical throughout the whole culture
process.

In order to observe the structure at the core area of the cell spheroids, the HE staining
process was carried out. From the cross-sectioned sample, it can be seen that there are many
MCF-7 cells inside individual spheroids (Figure S1-a). At a higher magnification, one can
find that the silica microfibers, typically marked by black arrows, are presented throughout
the section and have been intertwined with the cells (Figure S1-b). The HE staining images
(Figure S1) show multicellular spheroids formed as a result of 3-D culture on the ECM-like
silica scaffold, comparable to those found in the images of in vivo tumors.[33] The spatial
relationship between cells and fibers revealed from the HE staining is consistent with that
observed from the SEM study in Figure 2d.

The cell division cycle is composed of four distinct sequential phases: gap 1 (G1) phase
(where cell size is increased), synthesis (S) phase (when DNA is synthesized), gap 2 (Gy)
phase (where a cell continues to grow), and mitosis (M) phase (where a cell stops growing
but divides into two daughter cells). G1, S and G, phase are collectively called interphase.
Each daughter cell will begin a new cycle after cell division. Gap 0 (Ggp) phase is a state of
quiescence where cells leave the division cycle to make cell division temporarily or
reversibly stopped. Nonproliferative cells usually enter the G phase from G1. The
percentage of cells in different phases of a cell cycle such as GO/G1 and S phases could be
determined using flow cytometry because cells at those phases have different DNA content
and the cellular DNA content could be measured when a dye is used to label the cellular
DNA.[34] The flow cytometry results showed that about 57% of the conventional 2D
cultured cells were in GO/G1 phase (Figure 4a), while this number reached up to 80% when
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the cells were cultured on the 3D scaffold (Figure 4b). The percentage of cells that were in S
phase is 37% and 17% for 2D and 3D cultured cells, respectively. The flow cytometry
measurement is consistent with what has been reported in the literature, that the formation of
multicellular spheroids in the in vitro cell culture will result in an increased percentage of
cells in the GO/G1 phase.[35-37] As is also the case in a fast-growing tumor, where new
cancer cells become further away from the blood vessels, they tend to arrest in the GO/G1
phase due to the increasing hypoxic environment.[38-40] And this has been considered as a
key cause of MDR in the clinical treatments of tumors, as most anti-cancer drugs are mainly
effective to the actively dividing tumor cells.[40-42] Compared to the 2D substrate, the
percentage of GO/G1 phase cells generated by our 3D microfibrous silica scaffold is higher,
and thus is closer to the case in a real tumor. Therefore, the highly reproducible 3D silica
scaffold could potentially be applied as a platform to study the MDR of chemotherapy
medicines in vitro.[1-3]

To study the in vivo proliferation rate, an equal number of MCF-7 breast cancer cells
cultured on the commercial 2D plate and 3D ECM-like microfibrous silica scaffold were
injected into the opposite armpits of a nude mouse respectively (Figure 5a). The mice were
sacrificed after 10 and 20 days of in vivo tumor growth, and the tumors were carefully
removed and weighed. The digital photographs of a typical tumor resulting from the in vivo
growth are shown in Figures 5b (10 days) and 5c¢ (20 days). It can be seen that at both time
points, tumors generated by cancer cells from the 3D ECM-like scaffold were significantly
larger than those generated by cancer cells cultured on 2D substrates. And the average
weight of the tumors (Figure 5d) was about 220 mg (3D, 10 days), 155 mg (2D, 10 days),
410 mg (3D, 20 days), and 300 mg (2D, 20 days), respectively. The ECM in real tumors rich
in leaky blood vessels is a microfibrous 3D network mainly composed of collagen and
elastin fibers. Our 3D scaffolds made of branched hollow silica microfibers mimic the
structure of ECM in real tumors. As a result, before being implanted into the animals for
inducing tumor formation, the cancer cells cultured in the silica scaffold actually grew in an
ECM-like 3D environment (Figures 2 and 3), which is in contrast to the flat 2D environment
in the conventional cell culture. Consequently, cells cultured on a 3D scaffold have been
shown to mimic those in tumor better than the 2D cultured cells (Figures 2 and 3) in terms
of both the morphological features (multicellular spheroids) and the gene expression levels
of the in vivo tumor.[243-46] And such an advantage will allow the 3D cultured cells to
establish the microenvironment (such as the blood vessel formation) and restore their
physiological functions faster once implanted in vivo.[43] As a result, the growth of tumors
originated from 3D in vitro cultured cells will be accelerated.

To study the biocompatibility of the 3D ECM-like scaffold, the 3D microfibrous silica
scaffold in a nearly spherical shape (~5 mm) without any cells were implanted into the
C1D2F3 mice and then taken out after three weeks. A piece of loose connective tissue was
also collected from nuchal region of another mouse and used as control. The pathological
inspection results of a normal tissue and scaffold implanted tissue processed by HE staining
are shown in Figure S2. It can be seen from Figure S2-c that the scaffolds were completely
embedded into the host ECM (Figures S2-a,c). The fibers of the scaffold could hardly be
discerned from the complicated background because silica has a relatively low contrast
under the optical microscope. One of the biggest differences in the HE staining images of
the scaffold implantation and the loose connective tissue is that the adipose cells (white
bubbles) in the former have been segmented into many compartments while in the latter they
appear to be very homogeneous (Figures S2-b,d). This is likely because the presence of
silica microfibers has divided the space into many small segments and adipose cells can only
grow inside each segment. In addition, the lymphocyte infiltration observed in the scaffold
implantation showed no significant difference compared to that in the normal tissue (blue
arrows in Figures S2-b,d). Overall, after being implanted for 3 weeks, the silica scaffold has
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been integrated well into the physiological environment of the mice, which has resulted in a
histological outline that is very similar to that of the control tissues. The body weight of the
mice did increase gradually during the whole implantation. All these results suggest that the
microfibrous silica scaffold is indeed biocompatible.

In summary, this work described a novel 3D fibrous scaffold composed of highly
biocompatible branched hollow silica micro-fibers, which were prepared simply in glass
vials in a two-step process. The cancer cells can grow and proliferate on the scaffold in the
form of multicellular spheroids. The HE staining results indicated that the silica microfibers
had intertwined with cells inside the multicellular spheroids. Compared to the 2D culture, a
higher percentage of cells cultured on the 3D silica scaffold are in the GO/G1 phase. And
tumors induced by subcutaneous implantation of 3D cultured cells grow faster than those
originated from 2D cultured cells. These results suggested that cancer cells cultured on the
ECM-like 3D silica scaffold retained significantly more oncological character than those
cultured on the conventional 2D substrates. The multicellular spheroids in the ECM-like
scaffolds can find potential use as in vitro tumor models for studying cancer treatment
without the use of animals.
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Figurel.

SEM images of the microfibrous silica scaffold. (a,b) Low and high magnification images of
the silica fibers that constitute the 3D scaffold; (c,d) Images showing the branched and
hollow nature of the silica fibers; (€) EDS spectrum showing the elemental composition of
the scaffold, Au and Pt are from the sputtered coating formed during SEM sample
preparation. Inset in (a): photographs of the silica scaffold suspended in water (top) and
dried by CPD (bottom, the scaffold was cut to fit the size of the sample holder for the CPD
device).
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Figure2.

SEM images of the MCF-7 cancer cells on the silica scaffold. (a) An overall image of the
cell-scaffold construct; (b) the cancer cells grow in the form of multicellular spheroids on
the scaffold; (c) the cells exhibit spherical morphology on the scaffold; (d) the multicellular
spheroids have been intervened by (rather than simply sitting onto) the silica fibers; (e) a
single cancer cell that is anchored firmly to several fibers around it.
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Figure 3.

Characterization of the multicellular spheroids formed on the 3D scaffolds. (a—c) Optical
images taken by the inverted light microscope showing the growth of multicellular spheroids
in the culture medium. The size of the spheroids increased over the time (from left to right:
day 4, day 7 and day 10, respectively); (d—f) SEM images corresponding to the multicellular
spheroids shown in a—c. More number of cells can be seen along with the increase in the
spheroids sizes.
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Figure 4.
Cell phase inspection by flow cytometry for MCF-7 cells after one week culture on 2D (a)

and 3D (b) substrates. a, about 57% and 37% of total inspected cells from 2D culturing were
in GO/G1 phase and S phase, respectively. b, about 80% and 17% of total inspected cells
from 3D culturing were in GO/G1 and S phases, respectively. Black arrow: GO/G1 peak;
Gray arrow: G2-M peak.
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Figure5.

Comparison of the in vivo growth of MCF-7 breast tumors induced by 2D and 3D pre-
cultured cells under in vitro conditions. a, The same number of MCF-7 breast cancer cells
pre-cultured by 2D and 3D methods were injected into the left and right armpits of the same
athymic nude mice, respectively. (b,c) Typical tumors that grew for 10 days (b) and 20 days
(c) after exoimplantation. (d) Average weights of tumors induced by MCF-7 breast cancer
cells pre-cultured by 2D and 3D methods after having grown for 10 days and 20 days. “*”: p
< 0.05, compared to 2D groups.
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