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Abstract

It is beneficial to investigate the effect of nanomedicines on cancer cell behaviors on three-dimensional (3D) platforms for

evaluating and developing novel antitumor nanomedicines in vitro. Two-dimensional flat surface is widely used to study the

cytotoxicity of nanomedicines on cancer cells, and there is little work using 3D confinement to assess the effect of nanomedicine

on cancer cells. In this work, PEGylated paclitaxel nanoparticles (PEG-PTX NPs) were applied for the first time to treat

nasopharyngeal carcinoma (NPC43) cells in 3D confinement which consisted of microwells with different sizes and a glass cover.

The cytotoxicity of the small molecule drug paclitaxel (PTX) and PEG-PTX NPs were studied in microwells with sizes of

50×50, 100×100, and 150×150 μm2 and with covers. After NPC43 cells were treated with PTX and PEG-PTX NPs, the cell

migration speed and cell morphology were analyzed in different microwells without and with covers. The relationship between

the cytotoxicity from drugs, the size effect from microwells, and cell behaviors were analyzed. These results not only show

the effect of 3D confinement on cytotoxicity of nanomedicines and cell behaviors, but also provide a novel method to screen

anticancer drugs and evaluate the cell behaviors in vitro.
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It is beneficial to investigate the effect of nanomedicines on cancer cell behaviors on three-dimensional (3D)
platforms for evaluating and developing novel antitumor nanomedicines in vitro . Two-dimensional flat
surface is widely used to study the cytotoxicity of nanomedicines on cancer cells, and there is little work
using 3D confinement to assess the effect of nanomedicine on cancer cells. In this work, PEGylated paclitaxel
nanoparticles (PEG-PTX NPs) were applied for the first time to treat nasopharyngeal carcinoma (NPC43)
cells in 3D confinement which consisted of microwells with different sizes and a glass cover. The cytotoxicity
of the small molecule drug paclitaxel (PTX) and PEG-PTX NPs were studied in microwells with sizes of
50×50, 100×100, and 150×150 μm2 and with covers. After NPC43 cells were treated with PTX and PEG-
PTX NPs, the cell migration speed and cell morphology were analyzed in different microwells without and
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with covers. The relationship between the cytotoxicity from drugs, the size effect from microwells, and
cell behaviors were analyzed. These results not only show the effect of 3D confinement on cytotoxicity of
nanomedicines and cell behaviors, but also provide a novel method to screen anticancer drugs and evaluate
the cell behaviors in vitro .

1. Introduction

Nanoparticles (NPs) are widely used for many applications including catalysis, medicine, and
sensors.[1-9]Nanoparticles applied in medicine, or nanomedicines, can overcome various limitations of
small molecule drugs such as strong hydrophobicity, poor bioavailability, and big side effects.[10-20] Some
nanomedicines have been available for clinical use, and many other nanomedicines are under clinical
evaluation.[21, 22] Among these nanomedicines, two nanomedicines based on paclitaxel (PTX), marketed
as Abraxane and Genexol-PM, are widely used in clinics for treating various cancers such as ovarian, head
and neck, and non-small cell lung cancers.[22-26] To achieve successful preclinical evaluation of nanomedicines,
three-dimensional (3D) platforms are more suitable as the common two-dimensional (2D) cell culture plat-
forms on flat surface cannot mimic the complex 3D microenvironment in vivo .

To better test the cytotoxicity of small molecule drugs and nanomedicines in vitro , some 3D platforms were
used.[27-39] Microwells were extensively used in cancer cell studies including immune cell meditated cancer
treatment and anti-cancer drug response evaluation.[40-42]Microwells have also been used for help cancer cells
to form spheroids to test the cytotoxicity of nanomedicines.[43, 44]However, most of these studies still focused
on the collective influence of nanomedicines on the cancer cell population. Previous works have revealed a
clear dependence of cancer cell susceptibility to treatments with the microwell sizes.[45, 46] Therefore, it is
important to evaluate the effect of physical confinement by microwells on the effectiveness of nanomedicines
in a single-cell level, such that the time dependent nanomedicine treatment on individual cancer cell could
be better understood. To the best of our knowledges, this is the first study using 3D confinement with the
cover on the top to evaluate the cytotoxicity of nanomedicine and cell behaviors after cancer cells are treated
with nanomedicines.
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Figure 1 . Schematic illustration to study effect of nanomedicines on cell behaviors and cytotoxicity on
(a) flat surface and (b) 3D platforms of microwell arrays without and with glass cover. Scanning electron
micrographs of (c) 50×50 μm2, (d) 100×100 μm2, and (e) 150×150 μm2 polydimethylsiloxane microwells.

Typically, 2D flat surface such as a petri dish is used to study the effect of nanomedicines on cell behaviors
as shown in Figure. 1a . In this work, 3D platforms consisted of microwells with different sizes of 50×50,
100×100, and 150×150 μm2 and with glass covers were used as shown in Figure. 1b. The cover provided
the microwells additional confinement on the top. The microwells had flat rather than curved bottoms such
that the migratory behavior of cells could be evaluated. PEGylated paclitaxel nanoparticles (PEG-PTX
NPs) as the nanomedicine were applied for the first time to treat nasopharyngeal carcinoma (NPC43) cells
in microwells without and with a cover. In microwells without and with the cover, NPC43 cells showed
different cell behaviors such as cell proliferation, cell migration speed, cell elongation, and cell spreading
area. Furthermore, the effect of microwells and 3D confinement on the cytotoxicity of PTX and PEG-PTX
NPs was studied in detail.

2. Results and Discussion

2.1. Characterization of microwells and PEG-PTX NPs

Polydimethylsiloxane (PDMS) microwells arrays were fabricated according to our previous
work.[47]Microwells with different sizes of 50×50, 100×100, and 150×150 μm2 as shown in Figure.
1c-e were fabricated. The depth of all the microwells were 50 μm and the space between adjacent microwells
was 50 μm. These microwells were used as 3D platforms to evaluate the effect of PEG-PTX nanomedicine
on NPC43 cells.

Figure 2 . Characterization of PEGylated paclitaxel nanoparticles (PEG-PTX NPs). (a) Schematic illus-
tration of PEG-PTX NPs synthesis. (b) Size distribution and 7-day stability of PEG-PTX NPs measured by
dynamic light scattering. Inserted images: PEG-PTX dissolved in dimethylformamide (left) and PEG-PTX
NPs in water (right). (c) Scanning electron micrographs of PEG-PTX NPs. (d) Cell viability of NPC43 cells
treated with PTX and PEG-PTX NPs for 16, 40, and 64 h, respectively. One-way ANOVA and Tukey’s
post hoc tests, NS – not significant and *p <0.05.

PEG-PTX was synthesized according to previously reported work.[48-50] PEG is hydrophilic and PTX is

3
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hydrophobic so the amphiphilic PEG-PTX could self-assemble into nanoparticles (PEG-PTX NPs) in water
by the nanoprecipitation method as shown in Figure. 2a . The diameter and polydispersity index (PdI)
of PEG-PTX NPs were measured by dynamic light scattering (DLS). As shown in Figure. 2b, the diameter
and PdI of PEG-PTX NPs were 114 nm and 0.24, respectively. After storing at room temperature for 7
days, the diameter and PdI of PEG-PTX NPs remained unchanged, which showed that the synthesized
PEG-PTX NPs were stable. As shown in the inserted photos of Figure. 2b, PEG-PTX NPs in water showed
the clear Tyndall effect as a bright light path in water was observed when irradiated by a laser, which
indicated that nanoparticles were successfully synthesized in water. However, PEG-PTX could be dissolved
in dimethylformamide (DMF) so there were no nanoparticles or Tyndall effect in DMF. The morphology of
PEG-PTX NPs was revealed by a scanning electron microscope (SEM). As shown in Figure. 2c, the diameter
of some PEG-PTX NPs was below 100 nm. Overall, the PEG-PTX NPs had a little smaller size than that
measured by DLS as shown in Figure. 2b because the hydration layer was used in DLS but the dry sample
was used in SEM. These results demonstrated that stable PEG-PTX NPs were successfully formed for the
biological experiments.

2.2. Cytotoxicity of PEG-PTX NPs in microwells

PTX is a clinical anticancer drug and it can be used to treat a variety of tumors including nasopharyngeal
carcinoma.[51-53] The chemotherapy effect of PTX and PEG-PTX NPs towards NPC43 cells was tested by
thiazolyl blue tetrazolium bromide (MTT) assays. The cytotoxicity of PTX and PEG-PTX NPs was time-
and concentration-dependent as shown in Figure. 2d. As time and concentration increased, the cell viability
decreased after the NPC43 cells were treated with PTX or PEG-PTX NPs, which indicated that PEG-PTX
NPs could be effective to treat NPC43 cells. When the treatment incubation time was 16 h, small molecule
PTX was more toxic to NPC43 cells compared with PEG-PTX NPs because PTX possessed direct drug
effect but PEG-PTX NPs required time to release PTX to cells. However, as incubation time was extended
to 64 h, both PEG-PTX NPs and PTX possessed similar chemotherapy effect towards NPC43 cells, which
meant PEG-PTX NPs was an effective anticancer nanomedicine.

Figure 3 . Confocal laser scanning micrographs of NPC43 cells incubated with PTX and PEG-PTX NPs for
16 h in 100×100 μm2 microwells. Tubulin in cells was stained by tubulin-tracker green (green fluorescence),
and overlays of tubulin and bright field (BF) images.

4
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For its therapeutic effect, PTX can promote the assembly and polymerization of tubulin, which will result
in inhibition of mitosis and motility. Hence, after NPC43 cells were seeded in PDMS microwells and treated
with PTX or PEG-PTX NPs for 16 h, the microtubules of NPC43 cells were marked by tubulin-tracker
green assays. The concentrations of PTX and PEG-PTX NPs used were 5.85 nmol/mL for all subsequent
experiments. As shown in Figure. 3 , NPC43 cells in 100×100 μm2 microwells without any treatment, as a
control group, showed uniform and network-like green fluorescence, which exhibited that microtubules in the
control group possessed well-organized and reticular distribution to maintain the stretched shape of cells.
However, after the NPC43 cells were treated with PTX for 16 h, they became rounded, and microtubules
were assembled together to show a bright and heterogeneous green fluorescence. For cells treated with PEG-
PTX NPs for 16 h, bright green fluorescence of the tubulin bundles was observed because microtubules were
gathered into large cluster but some cells still had elongated shape. In addition, the microtubules of NPC43
cells in 50×50 μm2 microwells and 150×150 μm2 microwells as shown in Supporting Figure. S1-S2 were
also stained with green fluorescence. There was no difference for morphologic change of microtubules in
microwells with different sizes. These results showed that PTX could be released from PEG-PTX NPs to
act on intracellular microtubules, and PTX was more toxic than PEG-PTX NPs for NPC43 cells.

To further evaluate the effect of the microwell size and the degree of the confinement on the cytotoxicity
of PTX and PEG-PTX NPs, the percentage of cell division and cell disruption were calculated as they
represented the cellular activity and cell death. After NPC43 cells were seeded in the microwells and
incubated with PTX or PEG-PTX NPs, a glass cover was placed on the top of the microwells to provide the
additional confinement and limit the exchange of nutrients and drugs between the microwells and the outside
surrounding. Six 3D platforms with 50×50, 100×100, and 150×150 μm2 microwells without and with the
cover were used to evaluate the cytotoxicity of PTX and PEG-PTX NPs. At first, the effect of the cover on
cell proliferation was presented by the percentage of cell division. As shown in Supporting Figure. S3, after
NPC43 cells were incubated for 16 h without any drug treatment, cells could divide in all microwells without
and with covers. Furthermore, the percentage of cell division was calculated as shown in Supporting Fig.
S4 and Table S1, which exhibited that the cell division was inhibited in microwells with covers. But the size
of microwells did not affect cell proliferation because the percentages of cell division were similar for 50×50,
100×100, and 150×150 μm2microwells without (˜11%) and with (˜7%) covers. There was no cell division
after cells were treated with PTX or PEG-PTX NPs because drugs inhibit mitosis.

5
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Figure 4 . Comparison of NPC43 cell disruption ratio with different treatments. (a) Optical images of
NPC43 cells incubated with PTX and PEG-PTX NPs for 16 h in 100×100 μm2 microwells without and
with glass cover. Cell disruption was highlighted in red circles. Percentage of cell disruption after PTX and
PEG-PTX NPs addition for 16 h in different microwells (b) without cover and (c) with cover. Number of
NPC43 cells counted is marked in white.

To study the cytotoxicity of PTX and PEG-PTX NPs, the percentage of cell disruption was calculated as
shown in Supporting Table S2. As shown inFigure. 4a and Supporting Figure. S5-S6, some cells ruptured
after NPC43 cells were treated with PTX or PEG-PTX NPs for 16 h in microwells with different sizes.
As shown in Figure. 4b-c, the size of microwells had no effect on cell division. Therefore 100×100 μm2

microwells were used for further explanation. In 100×100 μm2 microwells without a cover, the percentages
of cell disruption after PTX and PEG-PTX NPs addition for 16 h were 14.01±3.66% and 10.77±3.92%,
respectively. However, the percentage of cell disruption was only 4.42±3.50% for cells without any treatment.
This result showed that PTX was more effective to treat NPC43 cells than PEG-PTX NPs, which was
consistent with the result from the MTT assays. Furthermore, in 100×100 μm2 microwells with a cover,
the percentages of cell disruption after PTX and PEG-PTX NPs addition for 16 h were 13.12±3.44 and
12.23±5.26%, respectively. After NPC43 cells were treated with PEG-PTX NPs for 16 h, slightly more cells
reptured in microwells with a cover compared to microwells without a cover. In the presence of PEG-PTX
NPs, the additional confinement by the cover led to an increase in cell disruption. In addition, similar results
were obtained for 50×50 and 150×150 μm2microwells.

2.3. NPC43 cell behaviors with PTX and PEG-PTX NPs treatments

Because cell migration speed is a key indicator for cell behaviors and PTX could inhibit cell motility, cell
migration speed was monitored after cells were treated with PTX and PEG-PTX NPs in different microwells.
Additionally, cells on flat surface were also tested for comparison. As shown in Supporting Figure. S7, for
cells without any treatment, the migration speed of NPC43 cells decreased a little in 16 h. However, after
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NPC43 cells were incubated with PTX, the migration speed decreased to 0.1 μm/min after PTX treatment
for 5.4 h. The time when the cell migration speed was equal to 0.1 μm/min was defined as t0.1. NPC43 cells
moved slower after treated with PTX for 5.4 h because small molecule PTX could act directly on tubulin to
inhibit cell movement. However, for cells treated with PEG-PTX NPs, t0.1 was 12.4 h which demonstrated
that PEG-PTX NPs could continuously release PTX to slow down the NPC43 cell motility.

Figure 5 . Trends of NPC43 cell migration speed in 100×100 μm2 microwells (a) without cover and (b) with
cover after different treatments. These groups include control without any treatment, NPC43 cells treated
with PTX, and NPC43 cells treated with PEG-PTX NPs. t0.1 represents time when migration speed was
equal to 0.1 μm/min.

NPC43 cell migration speed in different microwells without and with the covers are shown in Figure. 5 and
Supporting Figure. S8-S9. 100×100 μm2 microwells were used for further explanation because the trends of
NPC43 cell migration speed were similar for different microwell sizes after the same treatment. As shown in
Figure. 5a, in 100×100 μm2 microwells without a cover, cell migration speed for cells treated with PTX for 16
h decreased quickly, and the t0.1 was 4.0 h. On the other hand, cell migration speed decreased continuously
and t0.1 was 10.6 h after the NPC43 cells were treated with PEG-PTX NPs. However, in 100×100 μm2

microwells with covers, the migration speed fell to 0.2 μm/min in the first 5 h then the migration speed
decreased very slowly in following 11 h for the control group without any drug treatment as shown in Figure.
5b. The trends of migration speed in microwells with covers were similar to the trends in microwells without
covers after NPC43 cells were treated with PTX for 16 h. However, the trends of migration speed were
different in microwells without and with covers after the NPC43 cells were treated with PEG-PTX NPs for
16 h and two different curves were required to fit their trends. After the cells were treated with PEG-PTX
NPs, the migration speed fell fast in the first several hours, then maintained a very slow decline when cells
were in microwells with covers. Hence, t0.1for cells treated with PEG-PTX NPs in 100×100 μm2microwells
with covers was 8.3 h, which was 2.3 h less than t0.1 for cells treated with PEG-PTX NPs in 100×100
μm2 microwells without covers. These results demonstrated that the covers provided additional confinement
and would decrease the migration speed of NPC43 cells. Cells treated with small molecule anticancer drug
PTX and PEG-PTX NPs showed different trends of cell migration speed. In 50×50 μm2 and 150×150 μm2

microwells, similar drug induced cell migration speed reduction was obtained as shown in Supporting Figure.
S8-S9.
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Figure 6 . NPC43 cell migration behavior in microwells without and with cover. (a) Migration speed of
NPC43 cells with PTX and PEG-PTX NPs treatments over 16 h in microwells (a) without cover and (b) with
cover. Cell migration trajectories of NPC43 cells over 16 h with PTX added in (c) 50×50 μm2 microwells
with cover and (d) 150×150 μm2 microwells with cover. Starting points of cell migration trajectories are
(0, 0). One-way ANOVA and Tukey’s post hoc tests, NS – not significant, **p <0.01, and ***p <0.001.
Number of NPC43 cells counted is marked in white.

Average migration speed of NPC43 cells on flat surface and in different microwells are as shown in Supporting
Table S3. As shown inFigure. 6a , without any treatment, the average migration speeds of cells on the flat
surface and in different microwells without covers were similar with speed over 0.3 μm/min. After the NPC43
cells were treated with PTX or PEG-PTX NPs for 16 h, the average migration speed decreased significantly.
Especially, the average migration speed was only about 0.1 μm/min after NPC43 cells were treated with
PTX. The average migration speed of cells treated with PEG-PTX NPs was faster compared to cells treated
with PTX NPs because PTX was more effective than PEG-PTX NPs to treat NPC43 cells in 16 h. After
the cells were treated with PEG-PTX NPs in 150×150 μm2 microwells for 16 h, the average migration speed
was 0.16±0.04 μm/min. But the average migration speed was 0.13±0.04 μm/min for cells in 50×50 μm2

microwells with the same treatment, indicating that NPC43 cells treated with PEG-PTX NPs possessed a
faster speed in larger microwells. Furthermore, the average migration speed was also calculated in microwells
with covers as shown in Figure. 6b. The cover decreased the migration speed because the cover inhibited
the exchange of nutrients which made the cells unhealthy. For control groups, the average migration speeds
were about 0.20 μm/min in all microwells with covers, which were slower than those in microwells without
covers with speed over 0.3 μm/min. In microwells with covers, NPC43 cells treated with PTX still possessed
the slowest speed among other groups including control without any treatment and NPC43 cells treated with
PEG-PTX NPs. However, for the NPC43 cells treated with PTX, there was no difference for the average
migration speed in microwells without and with covers as shown in Supporting Figure. S10a. The reason
might be the additional confinement by the cover limited the supply of PTX into the microwells and slightly
decreased the cytotoxicity, but PTX was still toxic enough to decrease the migration speed. It was a balance
of PTX toxicity and the effect of 3D confinement.

8



P
os

te
d

on
A

u
th

or
ea

13
J
u
l

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
65

77
12

14
.4

53
46

99
5/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

After the NPC43 cells were treated with PTX, t0.1 for microwells with covers was larger than t0.1 for
microwells without covers as shown in Figure. 5 and Supporting Figure. S12-S13. For the NPC43 cells
treated with PEG-PTX NPs in microwells with covers, the average speed was lower than those in microwells
without covers, especially in 150×150 μm2 microwells as shown in Supporting Figure. S10b. For the NPC43
cells in 150×150 μm2 microwells without covers, PEG-PTX NPs needed a longer time to release PTX and
inhibit cell movement, with t0.1 of 12.9 h as shown in Supporting Figure. S9a. In addition, the cover
decreased the migration speed in the first 5 h. So it was a combination effect of nanomedicine and the
confinement that caused the decrease in the migration speed. The trajectories of NPC43 cells without any
drug treatment and treated with PTX in 50×50 and 150×150 μm2 microwells are shown in Supporting
Figure. S11 and Figure. 6c-d, respectively. As shown in Supporting Figure. S11, in microwells with covers,
the moving range of NPC43 cells without any drug treatment was smaller than that in microwells without
covers. But there was no difference for the moving range of NPC43 cells without any drug treatment in
microwells with different sizes. After the NPC43 cells were treated with PTX as shown in Figure. 6c-d, the
moving range was reduced. In addition, the moving range of cells in 150×150 μm2microwells was slightly
bigger than that in 50×50 μm2microwells as shown in Figure. 6b-c. Cells without any treatment were
healthy and possessed normal speed to move and change directions. In complete confinement with covers on
top of microwells, the speed of cells decreased and cells could not move as far as cells in microwells without
covers. After cells were treated with PTX, cells were too unhealthy to move or change directions. In smaller
microwells, it was easier for the NPC43 cells treated with PTX to touch the sidewalls of the microwells, and
the cells could not move further, leading to a smaller moving range.

Figure 7 . NPC43 cell morphology after various treatments. (a) Scanning electron micrographs of NPC43
cells with PTX and PEG-PTX NPs added over 16 h in 100×100 μm2 microwells without and with cover.
Cell area after cells treated with PTX and PEG-PTX NPs for 16 h in microwells (b) without cover and
(c) with cover. (d) Cell aspect ratio after NPC43 cells treated with PTX and PEG-PTX NPs for 16 h in
100×100 μm2 microwells without and with cover. Number of NPC43 cells counted is marked in white.

At last, the morphology of NPC43 cells in microwells was obtained by SEM. As shown in Figure. 7 and
Supporting Figure. S12-13, for the NPC43 cells without any treatment in microwells without and with
covers, they elongated and had many extended filopodia. However, the NPC43 cells became rounded and
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had few filopodia after treatment with PTX for 16 h. And the NPC43 cells treated with PEG-PTX NPs
were elliptical with a few filopodia. To analyze the change of the cell morphology, the cell area and aspect
ratio were evaluated as shown in Supporting Tables S4-S5. As shown in Figure. 7b, the NPC43 cells without
any treatment possessed the largest cell area and the NPC43 cells treated with PTX had the smallest cell
area. Cell area for the nPC43 cells treated with PEG-PTX NPs was slightly larger than the NPC43 cells
treated with PTX. In microwells with covers, the cell area was about 200 μm2 as shown in Figure. 7c, which
was smaller than the cell area of over 300 μm2 for the NPC43 cells in microwells without covers. Cell area
was similar for the NPC43 cells treated with PTX and PEG-PTX NPs. In 100×100 μm2microwells, the
cell area was 345±127 μm2 for control without covers, 115±39 μm2 for PTX without covers, 165±64 μm2

for PEG-PTX NPs without covers, 216±63 μm2 for control with covers, 139±44 μm2 for PTX with covers,
and 135±44 μm2 for PEG-PTX NPs with covers. Furthermore, the aspect ratio of cells, which illustrated
the cell elongation, was calculated. As shown in Figure. 7d, in 100×100 μm2microwells, the aspect ratios
were 1.98±0.78 for control without covers, 1.26±0.28 for PTX without covers, 1.55±0.22 for PEG-PTX NPs
without covers, 1.87±0.87 for control with covers, 1.27±0.17 for PTX with covers, and 1.36±0.23 for PEG-
PTX NPs with covers. These results were consistent with the average speed dependence on the microwell
size and the presence of the cover. For the control group without covers, the NPC43 cells moved normally
and the cells elongated with the highest aspect ratio. After being treated with PTX, the NPC43 cells became
rounded, and the aspect ratio was the lowest. Supporting Figure. S14 shows that in 50×50 and 150×150
μm2 microwells, similar results were obtained, independent of the size of the microwells.

3. Conclusion

In this work, 3D microwells without and with covers were fabricated to study the interplay of the cytotoxicity
from PEG-PTX NPs and cell behaviors. First, stable PEG-PTX NPs with about 110 nm diameter were
successfully synthesized to treat NPC43 cells. At short time, small molecule drug PTX was more effective to
treat NPC43 cells than PEG-PTX NPs. After 64 h of treatment, the effect was similar according to results
from the MTT assays. When the microwells had covers on the top, they provided additional confinement,
and the cell division was slightly inhibited. In microwells with covers, more cell disruption was observed than
those in microwells without covers after the NPC43 cells were treated with PEG-PTX NPs. In microwells
without and with covers, more cell disruption was found when the NPC43 cells were treated with PTX than
the NPC43 cells treated with PEG-PTX NPs. In addition, the cell migration speed decreased in microwells
with covers. After cells were treated with PTX or PEG-PTX NPs, the cell migration speed further reduced.
The effect of drug formations, microwells confinement, and size of microwells on cell behaviors including
the cell migration speed, cell area, and cell elongation were studied in detail. In microwells without and
with covers, after the NPC43 cells were treated with PTX, the migration speed was the lowest among other
groups including control without any treatment, and NPC43 cells treated with PEG-PTX NPs. For cells
treated with PEG-PTX NPs in microwells with covers, the average speed was lower than those in microwells
without the cover, especially in 150×150 μm2 microwells. Furthermore, cell area decreased when the NPC43
cells were in microwells with covers. After cells were treated with PTX or PEG-PTX NPs, cell area further
decreased, and their aspect ratio reduced. NPC43 cells became smaller and more rounded after treatment
with PTX, while they had the elliptical shape after treatment with PEG-PTX NPs. This work provides
a new approach to evaluate the relationship between nanomedicine, 3D confinement, and cell behaviors in
vitro .

4. Experimental Section/Methods

Materials : Polydimethylsiloxane (PDMS) pre-polymer was purchased from Dow. Trichloro (1H , 1H ,
2H , 2H -perfluorooctyl) silane (FOTS) was purchased from J&K. Tetrahydrofuran (THF) and dimethyl-
formamide (DMF) were purchased from Sigma. Paclitaxel was purchased from Xi’an Haoxuan Biological
Technology Co., Ltd. PEGylated (methoxypolyethylene glycol 2000) paclitaxel (PEG-PTX) was synthe-
sized according to the previous literature.[48-50] Tubulin-tracker green and thiazolyl blue tetrazolium bromide
(MTT) assays were purchased from Beyotime.

Characterization: The diameter and size distribution of PEG-PTX NPs were measured by dynamic light

10
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scattering (Zeta-sizer Nano, Malvern). The migration of cells, cell division, and cell disruption were recorded
by a Nikon Eclipse upright microscope. The fluorescence of tubulin in cells was measured by a confocal
laser scanning microscope (TCS SP5, Leica). The morphologies of microwells, nanoparticles, and cells were
measured by a scanning electron microscope (SU5000 FE, Hitachi). The absorbance at 490 nm was measured
by a Bio-Rad 680 microplate reader to calculate cell viability. The migration speed, migration trajectories,
cell area, and aspect ratio of cells were calculated by Image J software. To calculate the aspect ratio of the
cell shape, an ellipse was fitted over the cell with a short axisa and a long axis b , so that aspect ratio was
obtained byb/a .

Fabrication of Microwell Arrays: PDMS microwells arrays were fabricated according to our previous work.[47]

Si was used to fabricate the mold of microwell arrays. Microwells were patterned on Si wafer using pho-
tolithography with AZ6130 as the photoresist. 50 μm tall pillars in Si was etched in a deep reactive ion
etching system. The etch conditions included repeated 7 s passivation cycle with 85 sccm C4F8, 600 W
coil power at 20 mTorr, and 14 s etch cycle with 130 sccm SF6, 600 W coil power, 20 W platen power at
40 mTorr. 34 alternative cycles were applied to fabricate the 50 μm tall pillars. A monolayer of FOTS
was coated on the Si mold as anti-stiction layer. The PDMS prepolymer with a 10:1 base to curing agent
ratio was cast on the Si mold, spin coated at 1000 rpm for 1 min, and cured at 80 °C overnight. Replicated
microwell arrays were then peeled off from the Si mold for further process.

Synthesis of PEG-PTX NPs: Similar method was reported in our previous work.[54-56] Briefly, PEG-PTX
(40 mg) was dissolved in THF (5 mL), and dropwise added into water (10 mL) under stirring. After THF
were completely evaporated, PEG-PTX NPs were collected.

Cell culture: NPC43 cells[57-60] were cultured in Roswell Park Memorial Institute 1× 1640 medium (Gibco)
with 10% fetal bovine serum (FBS, Gibco), 0.2% 2 mM rock inhibitor Y-27632 (ENZO), and 1% antibiotic
antimycotic (Gibco). NPC43 cells were maintained in incubator at 37 °C with 5% CO2. The medium was
changed every two days and the cells were passaged when they reached 70% confluency.

Cell viability assays: The MTT assays against NPC43 cells were carried out. Similar experimental process
was shown in our previous work.[61, 62] Briefly, PTX and PEG-PTX NPs were added into cell culture medium
with different concentrations. NPC43 cells were incubated with PTX and PEG-PTX NPs for 16, 40, and 64
h.

Time-lapse imaging: Microwell platforms with different sizes were bonded to a confocal dish using O2 plasma.
After twice sterilization with 70% ethanol, the confocal dish with platforms was put in a plasma system and
treated with 5 min O2 plasma to form a hydrophilic surface. The O2 plasma conditions were 20 sccm flow rate,
100 mTorr chamber pressure, and 100 W RF power. The dish was maintained in 1× phosphate buffered saline
(PBS) before cell seeding. A total number of 105 NPC43 cells were seeded in the dish for each experiment
and maintained in cell culture medium for 8 h incubation. After that, the medium was changed to a mixture
of 1:1 complete cell culture medium and CO2independent medium (Gibco) supplemented with 10% FBS,
1% antibiotic antimycotic, and 1% 100× GlutaMax (Gibco). Then PTX (5.85 nmol/mL) or PEG-PTX NPs
(5.85 nmol/mL) was added. A Nikon Eclipse upright microscope was used to capture cell movements for 16
h at 5 min intervals.

Cell preparation for scanning electron microscopy: Cells on platforms were washed by PBS twice and fixed
by 4% paraformaldehyde for 15 min. The cells were then treated by ethanol with concentration of 30%, 50%,
70%, 80%, 90%, 95%, and 100% for 5 min each, and then dried in a critical point dryer (EM CPD300, Leica)
for 4 h. The dried samples were coated with a thin layer of Au to avoid charging and placed in a scanning
electron microscope (SEM) for imaging.

Supporting Information

Supporting Information is available from the Wiley Online Library or from the author.
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3D microwells without and with covers were fabricated to evaluate the relationship between the cytotoxicity
from PEGylated paclitaxel nanomedicine and nasopharyngeal carcinoma cell behaviors such as cell proli-
feration, cell migration speed, cell elongation, and cell spreading area. This is the first work to study the
cytotoxicity of nanomedicine and cell behaviors in 3D confinement with the cover on top.
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