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Rupturing cancer cells by the expansion of
functionalized stimuli-responsive hydrogels

Yan Fang1,3, Jiajun Tan2,3, Sierin Lim2 and Siowling Soh1

Using particles with different functionalities for treating cancer has many advantages over other methods (for example, better

access to remote parts of the body); however, current chemical (for example, chemotherapy) and biological (for example,

immunotherapy) methods still face many challenges. Here, we describe a fundamentally different approach: using the physical

force of an expanding stimuli-responsive hydrogel to rupture cancer cells attached on its surface. Specifically, we coated

temperature-responsive hydrogels with a layer of cell-adherent arginine-glycine-aspartate (RGD) peptides. The approach involved

first allowing cancer cells to attach onto the surface of the hydrogels, and then applying a change in temperature. As the

hydrogel underwent a chemical transformation and expanded due to the stimulus, the cancer cells attached to it ruptured. The

results from staining the cells with trypan blue, observing them using SEM, and analyzing them using the MTT assay showed

that both breast and lung cancer cells died after the hydrogel expanded; hence, we showed that this physical force from the

expanding hydrogel is strong enough to rupture the cancer cells. In addition, the force derived from the expanding hydrogel was

determined separately to be larger than that needed to rupture typical cells. This physical approach is conceptually simple,

technically easy to implement, and potentially generalizable for rupturing a wide range of cells.
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INTRODUCTION

Cancer is one of the deadliest diseases in the world and results
in millions of deaths per year.1 Due to its complex nature, many
types of cancer currently remain incurable. To overcome the different
types of challenges related to the treatment of cancer, a wide range
of methods (for example, surgery and radiotherapy) have been
introduced. In particular, the use of particles with different function-
alities can address some of these challenges, and is a common method
for treatment. One example is the metastasis of cancer: while surgery
is incapable of removing cells that have spread, particles can be
directed at sites that are not accessible to surgery.2–4 In addition,
the use of particles is advantageous over other methods of treatment
of cancer in many ways. For example, by administering them
orally or by injection, the method is minimally invasive to the human
body. These routes of administration are relatively simple to imple-
ment and do not require the use of sophisticated equipment
(for example, linear accelerators) or highly skilled personnel
(for example, surgeons); thus, they can be made widely available to
the public. Particles are versatile and can be fabricated in different
ways (for example, functionalization with different types of molecules
on the surface) for treatment.
However, while the use of particles has been successful in some

cases, it has its own set of challenges. When particles are used for

delivering molecules (for example, chemotherapy), the molecules
are not always effective in performing their intended purposes.5,6

In addition, some molecules (for example, drugs) may lose their
therapeutic efficacy over time as patients develop resistance.
When released, molecules tend to diffuse isotropically outward
and affect the surrounding healthy cells. In addition to serving as
carriers of molecules, other methods that use particles to treat cancer
include photothermal therapy and photodynamic therapy. These
methods, however, also have their disadvantages, such as limited light
penetration and phototoxic response.7–9 There is thus a need to
develop methods that use particles for killing cancer cells effectively.
Here, we propose a fundamentally different approach of using

particles for killing cancer cells: by utilizing the physical force derived
from the expansion of stimuli-responsive hydrogels to rupture the
cells. Stimuli-responsive hydrogels are a class of materials that undergo
a chemical transformation—and subsequent expansion or contraction
—under the influence of a specific external stimulus. These hydrogels
have been studied for many decades and can be fabricated to respond
to a wide range of stimuli, including pH, temperature, pressure,
electric field, gases, salts, alcohol, glucose and many types of
biomolecules (for example, enzymes and antigens).10,11 On the surface
of the stimuli-responsive hydrogel, we coat a layer of cell-adherent
molecules. Hence, the basic principle of our approach involves two
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steps (Figure 1a). First, when the stimuli-responsive hydrogel comes
into contact with the cancer cells, the cells attach onto the surface of
the hydrogel. After attachment, we expand the hydrogel by introdu-
cing an external stimulus. The introduction of an external stimulus,
such as a change in temperature (for example, therapeutic hypother-
mia or hyperthermia therapy) or the use of an electric field, is
compatible with several existing treatments of cancer (Supplementary
Information, Section 1).12–14 Subsequently, the physical force that

originates from the expansion ruptures the cancer cell. Conceptually,
one of the most important fundamental requirements of this approach
is that the force produced by the expanding stimuli-responsive
hydrogel is large enough to rupture cells attached onto its surface.
Therefore, the main objective of this preliminary work is to show
experimentally that this physical force is sufficiently large to kill cancer
cells (that is, the necessary first step before further development of the
technology).

Figure 1 Rupturing cancer cells using the physical force of expanding stimuli-responsive hydrogels. (a) Scheme illustrating the process in which the cancer
cells first attach onto the surfaces of the stimuli-responsive hydrogels. After the hydrogels expand under the influence of an external stimulus (for example,
temperature), the cancer cells rupture. (b) Scheme illustrating the surface modification of the hydrogel. The surface was coated first with a layer of
polydopamine (PDA) and poly-L-lysine (PLL) and then with a layer of RGD peptides for attaching the cancer cells. (c) Photographs of the temperature-
responsive hydrogels (PNIPAM) with or without surface modification at different temperatures. Nascent hydrogels incubated at 22 °C (top left), and at 37 °C
(top right); RGD-modified hydrogels incubated at 22 °C (bottom left) and at 37 °C (bottom right). (d) Comparison of the swelling ratio (SR) and (e) the
recovery ratio (RR) of the temperature-responsive hydrogels with and without surface modification.
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MATERIALS AND METHODS

Materials
N-Isopropylacrylamide (NIPAM), N,N′-methylenebisacrylamide (BIS), ammo-
nium persulfate (APS), potassium persulfate (KPS), N,N,N′,N′-tetramethylethy-
lenediamine (TEMED), dopamine hydrochloride, poly-L-lysine solution (PLL,
0.1% (w/v) in H2O), poly(ethylene glycol) diacrylate (PEGDA, Mn= 575), poly
(ethylene glycol) methacrylate (PEGMA, Mn= 500), Arg-Gly-Asp (RGD), tris
(hydroxymethyl)aminomethane (Tris), Triton-X-100 and trypan blue (0.4%,
liquid, sterile-filtered) were purchased from Sigma-Aldrich (Singapore).
Anhydrous magnesium sulfate (MgSO4) was purchased from TCI Co., Ltd
(Singapore). MDA-MB 231 (ATCC HTB-26) and H358 (ATCC CRL-5807)
cells were purchased from American Type Culture Collection. Dulbecco’s
modified eagle medium and Roswell Park memorial institute (RPMI) 1640
were purchased from Thermo Fisher Scientific (Singapore). Dulbecco’s
phosphate buffered saline (DPBS), fetal bovine serum and penicillin-
streptomycin were purchased from HyClone (Singapore). Trypsin-
Ethylenediaminetetraacetic acid (EDTA) (0.25%) was purchased from Gibco
(Singapore). All chemicals were used as received. The 24-well plates used were
Nunc cell-culture-treated multidishes purchased from Thermo Fisher Scientific
(Singapore). Cell culture flasks (75 cm2) were purchased from BD Falcon
(Singapore). Tris-HCl buffer (pH= 8.5, 50 mM) was used for surface modifica-
tion of hydrogels with PLL and poly(dopamine) (PDA). Phosphate-buffered
saline (PBS) (pH= 7.4, 10 mM) was used for immobilizing RGD peptides onto
the surface of the hydrogels. DPBS (pH= 7.4) was used for cell culture
experiments. The water used in all experiments was deionized and ultra-filtered
to 18 MΩ·cm using a Millipore Milli-Q gradient system.

Fabrication of the macroscopic temperature-responsive hydrogel
Poly(N-isopropylacrylamide) (PNIPAM) hydrogels were synthesized by first
preparing (at 22 °C) a 1.5 ml aqueous solution that consisted of 0.10 g of
NIPAM and 0.0050 g of BIS. We then added 50 μl of APS (5% w/v) and 30 μl
of TEMED into the solution. The suspension was vigorously mixed with a
vortex mixer for 10 s and then poured into a poly(styrene) (PS) Petri dish
for 20 min at 22 °C. After fabricating the hydrogels, they were washed with
ultra-pure water and then freeze-dried (−80 °C, 0.25 mbar) for 4 h.

Surface modification of PNIPAM hydrogels
The coating of the PNIPAM hydrogels with dopamine and PLL followed by
another coating of the RGD peptides was performed as follows. First, we
prepared a solution for coating the hydrogels by dissolving dopamine
hydrochloride and PLL in a Tris-HCl buffer solution (pH= 8.5, 50 mM) with
a mass ratio of 1:1 (or a concentration of 2 mg ml− 1 for each component in the
solution). After presoaking the PNIPAM hydrogels in water for 1 h, they were
immersed in the solution for coating. The samples were gently shaken for 1 h at
22 °C. We then added RGD in PBS (pH= 8.5, 50 mM) directly into the solution;
the final concentrations were 1 mg ml− 1 dopamine and PLL and 250 μg ml− 1

RGD. The reaction was allowed to proceed for another 1 h at 22 °C. The RGD-
modified samples were taken out of the solution, washed three times with PBS,
washed three times with water, and then stored in water at 4 °C before use.

Fabrication of the microscopic gel particles
Microscopic PNIPAM gel particles (diameter ~ 15 μm) were prepared by first
vigorously mixing a deoxygenated aqueous solution (25 ml) of NIPAM (0.5 ml,
20% w:w), BIS (the cross-linker; 0.75 ml, 20% w:w), and MgSO4 (10 g) for
1 min with a vortex mixer under a nitrogen atmosphere. The resulting
emulsion was allowed to stabilize for 15 min. Subsequently, KPS (0.9 ml,
5% w:w) and TEMED (0.5 ml, 20% w:w) were added. The mixture was
vigorously mixed for 1 min and then incubated without stirring for 45 min at
25 °C. The microscopic gel particles were collected by centrifugation at 2100 g
for 10 min. They were then rinsed with water twice and redispersed in water.
Images of the microscopic gel particles were taken by a microscope and an
scanning electron microscope (SEM) (FE-SEM, JEOL JSM-6700F). The average
diameter of the microscopic gel particles was determined after analyzing the
images using ImageJ. Particle size distributions were determined by dynamic
light scattering (DLS; Ls 13 320, Beckman Coulter (Singapore)).

We also fabricated microscopic gel particles that were not responsive to
temperature. These poly(ethylene glycol) (PEG) gel particles were prepared by
the same method as described above for the PNIPAM gel particles, except that
the monomer (that is, NIPAM) and the cross-linker (that is, BIS) were replaced
with PEGMA and PEGDA, respectively.

Performance of the surface-modified temperature-responsive
hydrogel
After coating the surface of the temperature-responsive hydrogel with PDA and
PLL and then with arginine-glycine-aspartate (RGD) peptides, we compared its
performance with the original hydrogel that was not coated with these
molecules.
First, we compared the amount of swelling of the hydrogels with or without

surface modification. In this experiment, we placed the hydrogels (diameter of
4.0 mm and height of 300 μm) either with or without surface modification into
a Petri dish filled with ultra-pure water and incubated them at different
temperatures in the range of 22–37 °C for 24 h. After that, we took the
hydrogels out of the solution, removed the excess water on their surfaces with a
piece of moistened filter and weighed them. For the dry weight, we prepared
another piece of hydrogel, dried it under vacuum at 60 °C overnight and
weighed it. We defined the swelling ratio, SR, of the hydrogels as follows:

SR ¼ W s �Wd

Wd

where Ws is the weight of the hydrogel immersed in water at different
temperatures and Wd is the weight of the dry hydrogel.
We also compared the rate of swelling of the temperature-responsive

hydrogel with and without surface modification when the temperature was
decreased. Experimentally, we first expanded the hydrogels in water at 22 °C
and then contracted them in warm water at 37 °C for 1 h. The hydrogels were
then immersed back in water at 22 °C; the diameter of the hydrogels was
measured at 5 min intervals. We defined the recovery ratio, RR, as follows:

RR ¼ Dt

D0
´ 100

where Dt is the diameter of the hydrogel at time t after immersing it in water at
22 °C and D0 is the diameter of the fully swollen hydrogel at 22 °C and
t= 35 min.

Cell seeding and static culture on the hydrogels
MDA-MB-231 cells and H358 cells were recovered from liquid N2 and cultured
in 75 cm2 cell culture flasks. The solution used consisted of Dulbecco’s
modified eagle medium supplemented with 10% fetal bovine serum and 1%
penicillin-streptomycin as the growth medium for the MDA-MB-231 cells and
RPMI 1640 supplemented with 10% fetal bovine serum and 1% penicillin-
streptomycin as the growth medium for the H358 cells. Passaging was done at
80% confluence by washing with DPBS, and the cells were detached using
0.25% trypsin at 37 °C for 5 min.
DPBS (500 μl) was aliquoted into each well of a 24-well plate before

individual hydrogels were placed into each well. For comparison, we used two
types of temperature-responsive hydrogels: the hydrogels that were not coated
and the hydrogels that were coated with RGD peptides. The hydrogels were
sterilized by placing the 24-well plate under ultraviolet (UV) irradiation for
30 min. The hydrogels were then shrunk by incubating them at 37 °C for
35 min. The detached cells were first counted using a hemocytometer before
centrifuging at 500 g for 5 min and then resuspending them in their
corresponding growth medium at 1× 106 cells per ml. The DPBS in each well
was extracted with a pipette and replaced with 400 μl of growth medium
preheated at 37 °C. Cells (100 μl) were then carefully pipetted onto the
shrunken hydrogels to yield a final concentration of 1× 105 cells suspended
in 500 μl of growth medium. The seeded cells were kept undisturbed for 48 h in
a CO2 incubator (5% CO2) at 37 °C before the hydrogels were expanded. For
the control experiments, 24-well plates without any hydrogels were used. The
concentration was 1× 105 cells in 500 μl of growth medium per well.
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Monitoring cell morphology and cell stain
Cells on the temperature-responsive hydrogels were observed using a micro-
scope (Leica, DFC 300 FX, Wetzlar, Germany) after culturing them for 48 h at
37 °C. The hydrogels were then expanded at 22 °C for 35 min, and the
morphologies of the cells were observed during the process at 5 min intervals.
To determine cell death, trypan blue was used to stain the cells.

For the two cases in which the macroscopic hydrogels and microscopic gel
particles were used, the hydrogels were first allowed to expand at 22 °C for
35 min. We then added 10 times diluted trypan blue solution into the wells. After
3 min, we washed the wells with DPBS three times. The result was examined by a
microscope.

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) assay
Cells were first cultured with and without the hydrogels in 24-well plates for
48 h at 37 °C at a concentration of 1× 105 cells in 500 μl of growth medium per
well. For the plates that contained the hydrogels, the hydrogels were expanded
at 22 °C for 35 min. For a direct comparison, the plates that did not contain the
hydrogels were also kept at 22 °C for 35 min. After that, the cellular culture
medium was aspirated and replaced with 500 μl of fresh culture medium. We
then added 50 μl of 5 mg ml− 1 MTT in PBS to each well; the final
concentration of MTT was 0.5 mg ml− 1. The cells were then incubated at
37 °C for 4 h. Thereafter, the purple formazan crystals were dissolved by adding
550 μl per well of solubilizing solution (10% (w/v) sodium dodecyl sulfate
supplemented with 0.01 M hydrochloric acid (HCl)) into the wells. After
incubating the mixture overnight at 37 °C, 1 ml of solubilized formazan was
aspirated into fresh 24-well plates, and the results were analyzed by a Wallac
1420 multilabel counter operated at 570 nm. We also performed a control
experiment in which we carried out the same procedure except that the
hydrogels were not expanded at 22 °C for 35 min; that is, they remained
contracted at 37 °C. Hence, we performed three types of experiments: the
experiments in which (i) no hydrogel, (ii) a contracted hydrogel and (iii) an
expanded hydrogel were used. All of these three experiments were conducted in
triplicate. As a control sample for the MTT measurement, we simply used the
cell culture medium (that is, without the addition of cells) and treated it
similarly with MTT and the solubilizing solution.
To determine the number of dead cells, we translated the number of live cells

obtained from the MTT assay into the number of dead cells as follows. First, we
determined the number of live cells for the case when there was no hydrogel, LO,
from the MTT assay. After conducting the MTT assay three times, we calculated
the average number of live cells for the case when there was no hydrogel, LO.
Similarly, we also determined the average number of live cells for the case when
the hydrogel was contracted, LC , and when the hydrogel was expanded, LE . The
number of dead cells were estimated according to Equations (1) and (2).

NC ¼ LO � LC ð1Þ

NE ¼ LΟ � LE ð2Þ
where NC and NE represent the number of dead cells for the cases when the
hydrogel was contracted and when the hydrogel was expanded, respectively.
The diameter of the bottom of each well was 15.6 mm, whereas the diameter

of the cylindrical temperature-responsive hydrogel was 4 mm. Since the surface
area of the temperature-responsive hydrogel was smaller than the area of the
bottom of the well, we did not expect the hydrogel to rupture all the cells
attached at the bottom of the well. A method to compare the expected number
of dead cells, NA, resulting from the expanding hydrogel is to calculate the
fraction of the surface area of the hydrogel over the area of the bottom of the
well, and multiply that with the average number of live cells.

NA ¼ Ahydrogel

Awell
´ LΟ ð3Þ

where Ahydrogel and Awell represent the surface area of the hydrogel (12.6 mm2)
and the bottom of the well (191 mm2), respectively.

Monitoring cell morphology by SEM
The two types of samples were also analyzed by field-emission scanning
electron microscopy (FE-SEM, JEOL JSM-6700F, 5 kV): cells attached onto the

surface of the fully contracted hydrogel at 37 °C and cells attached onto the
surface of the hydrogel after it fully expanded at room temperature. These
samples were freeze-dried (–80 °C, 0.25 mbar, 4 h) before analysis.

Measuring the force produced by the expanding hydrogel
Pieces of double-sided tape (STAR) were cut into dimensions of 4 mm in
length and 1 mm in width. To increase the strength of the tape, five layers of
the tape were stuck on top of each other. They were then attached onto the
surface of the contracted hydrogel (cylindrical; 4 mm in diameter and 300 μm
in height) using a water acrylic adhesive on both ends of the tape (1 mm2 each).
Subsequently, we allowed the contracted hydrogel to gradually expand by
placing it in deionized water at 22 °C. We found that the maximum number of
tapes that we could adhere onto the hydrogel was five layers; with more layers,
the hydrogels bent under the stress of the tape while expanding. We took
images of the hydrogel at 3 min intervals while it expanded. Based on these
images, we measured the elongation of the attached tape during the initial
expansion (6 min) of the hydrogel by Photoshop software. The hydrogel started
to bend from 9 min and beyond; hence, we chose to measure the elongation of
the tape at 6 min. The expanded length of the tape at 6 min was 0.25 mm.
In a separate step, we determined the force required to elongate the five

layers of tape to a length of 0.25 mm. Specifically, we hung the five layers of
double-sided tape stuck together vertically and attached the bottom of the
tape to a container. In the container, we added a certain number of small loads
(that is, acrylonitrile butadiene styrene plastic resin) until the length elongated
to 0.25 mm. The elongation was determined by measuring the length under a
microscope. After measuring the mass of the total load (that is, the mass of all
the small plastic boxes in the container, the container and the copper wire that
was used to attach the tape to the container), we determined that the force
exerted on the tape was 1.5 N.
This force produced by the expanding hydrogel was based on adhering the

five layers of tape with a total adhesive area of 2 mm2 (that is, 1 mm2 on each
end of the tape). For a cell with a much smaller surface area, however, the
amount of force that the hydrogel can exert is expected to be much smaller.
Cells spread and attach onto a substrate via large molecular assemblies called
focal adhesion. The total area of focal adhesion in a typical cell can be estimated
to be on the order of ~ 100 μm2, as reported in previous studies.15–17 For an
area of 100 μm2, the force of 1.5 N on an area of 2 mm2 is calculated
proportionally to be on the order of ~ 80 μN for a single cell. This amount
of force acting on a cell is much larger than that needed to rupture cells
reported in previous studies.

RESULTS AND DISCUSSION

Fabrication and characterization of the stimuli-responsive
hydrogels coated with RGD
For coating the surface of the stimuli-responsive hydrogels with a layer
of cell-adherent molecules, we used the arginine-glycine-aspartate
(RGD) peptides. It is widely reported in the literature that cells
can attach onto surfaces coated with these molecules.18–20 Experi-
mentally, the RGD peptides can be conjugated onto surfaces via
several methods; examples include non-covalent immobilization
through hydrophobic interaction,21 biotin–streptavidin interactions,22

van der Waals interaction,23,24 covalent immobilization through
self-assembled monolayers25 and surface-initiated atom transfer radi-
cal polymerization.26 However, these methods can be technically
complicated, can involve multi-step procedures with long reaction
times and/or can immobilize only limited amounts of peptides on the
substrates stably.27 Recently, a one-step dopamine-assisted deposition
of molecules has been introduced as a simple way to prepare
functional surfaces.28 Polymers deposited using this method include
dextran, poly(sulfobetaine methacrylate) and several nonionic
polymers.29–31 These depositions, however, have poor chemical
stability and poor resistance to acidic solvents because the polymers
are not covalently bonded to the PDA. Alternatively, a method has
been developed to copolymerize dopamine with polyethyleneimine,
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which is an amino-rich polymer. Through copolymerization, the
stability of the coating can be enhanced.32 However, polyethylenei-
mine is known to have high cell toxicity.33 In this study, we chose PLL
instead, as it is known to have good biocompatibility. Improved
adhesion of cells has been shown for surfaces of different materials
coated with PLL.34 Based on this rationale, we first copolymerized
dopamine and PLL onto the surface of the stimuli-responsive
hydrogels and then immobilized RGD peptides onto the coating via
a Michael addition or Schiff base reaction (Figure 1b).
As a first demonstration, we fabricated a macroscopic (cylindrical;

4 mm in diameter and 300 μm in height) piece of temperature-
responsive hydrogel (poly(N-isopropylacrylamide) (PNIPAM)) with
an LCST of approximately 32 °C and modified its surface with a layer
of RGD peptides. We verified that the RGD peptides were coated onto

the hydrogel by first measuring the contact angle of water
(Supplementary Figure S1). When contracted at 37 °C, the hydrogel
had significantly different contact angles before and after coating;
hence, it seems that the surface was modified. In addition, FTIR results
showed that for the hydrogel coated with RGD peptide, a peak
corresponding to the COOH group was observed at 1710 cm− 1; the
appearance of this peak indicates that the RGD was successfully coated
onto the hydrogel surface (Supplementary Figure S2). Analysis of the
surface using XPS showed that the amount of carbon decreased and
the amount of nitrogen increased after coating (Supplementary
Figure S3). These measured values are in approximate agreement
with the theoretical values of surfaces coated with RGD peptides.
Subsequently, we compared the performance of the temperature-

responsive hydrogel before and after coating it with RGD peptides.

Figure 2 Cancer cells died after the temperature-responsive hydrogels expanded. Images of breast cancer MDA-MB-231 cells and lung cancer H358 cells on
the surface of RGD-modified hydrogels. For the case when (a) the hydrogel was fully contracted by incubating it at 37 °C for 48 h and (b) after the hydrogel
was subsequently fully expanded by incubating it at 22 °C for 35 min. (c) Images of the cells after they were stained with trypan blue; dark spots indicate
that the cells died. (d) After washing the surface of the RGD-modified hydrogels, the solution collected from washing was imaged. Dark spots were also
present. (e) Morphology of MDA-MB-231 cells attached onto the surface of the RGD-modified hydrogel when the hydrogel expanded at low temperature.
Images taken at 0, 5, 25, and 35 min after the temperature was reduced to 22 °C.
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The ability of the hydrogel to rupture the cancer cells depends on the
amount and the rate of expansion. After coating, we found that the
diameters of the hydrogel when expanded and contracted were similar
to that of the uncoated hydrogel (Figure 1c). The weight of the
hydrogel over its dry weight (that is, the swelling ratio) measured at
different temperatures and the LCST were also similar (Figure 1d). In
addition, the rate of swelling (that is, the recovery ratio) was similar
for the coated and uncoated hydrogels (Figure 1e).

Rupturing cancer cells
After fabricating the temperature-responsive hydrogel coated with RGD
peptides, we contracted it by incubation at 37 °C. We then seeded either
triple-negative breast cancer cells (MDA-MB-231) or non-small cell
carcinoma lung cancer cells (H358) onto the hydrogel at 37 °C. After
48 h, we observed that they attached onto the surface of the hydrogels
coated with RGD peptides (Figure 2a) but did not attach onto the
hydrogels that were not coated with RGD peptides (Supplementary
Figure S4). Subsequently, we expanded the temperature-responsive
hydrogel by cooling it down to 22 °C (Figure 2 and Supplementary
Figure S5). For the MDA-MB-231 cells, we observed a change in
morphology of the cells when the hydrogel expanded. Initially, the cells
had the characteristic elongated shape, but when the hydrogel expanded,
the cells appeared rounded (Figures 2b and e).
To determine whether the cells attached onto the hydrogel died

after the hydrogel expanded, we stained the cells with trypan blue and
washed the surface of the hydrogel three times after staining (see
Supplementary Information, Sections 5 and 6, and Supplementary
Figures S6–S8, in which we verified that trypan blue stained only dead
cells and not live cells). When observed under a microscope, dark blue
spots were clearly visible on the surface of the hydrogel—this result
indicates that cells died after the hydrogel expanded (Figure 2c). We
also collected the solution used to wash the surface of the hydrogel and
poured it into a 24-well plate tissue culture polystyrene dish. Similarly,
we observed many dark spots in the well under the microscope; these
spots represent the debris of the dead cells that was washed away from
the surface of the hydrogels (Figure 2d). On the other hand, cells
plated on a dish (that is, not on the surface of the coated temperature-

responsive hydrogel) did not die when the temperature was decreased
to 22 °C for 35 min (Supplementary Information, Section 7, and
Supplementary Figure S9).
The conditions of the cells can be observed more clearly using SEM.

We analyzed two types of samples: the surface of the fully contracted
hydrogel at 37 °C and the surface of the hydrogel after it fully
expanded at room temperature. These samples were freeze-dried
before analyzing them by SEM. For the fully contracted hydrogel,
the images showed that the cells attached on the surface of the
hydrogel had morphologies that are typical of the cells (that is,
elongated for MDA-MB-231 and rounded for H358; Figure 3a and
Supplementary Figure S10). For the fully expanded hydrogel, the
images showed debris of materials smaller than the typical size of the
cells. These images showed that the cells were ruptured and had
broken down into many smaller pieces (Figure 3b and Supplementary
Figure S10).
To quantify the number of cells that died after the expansion of

the hydrogel, we first determined the number of live cells by using
the MTT assay. We conducted the MTT assay for three types of
experiments: when there was (i) no hydrogel and when the hydrogel
was (ii) fully contracted or (iii) fully expanded. The reference number
of live cells was based on experiment (i). Hence, the number of
dead cells was calculated by taking the difference between the reference
(i) and the number of live cells in experiment (ii) or (iii). The results
showed that when the hydrogel was fully contracted, there were
almost no dead cells. When the hydrogel was fully expanded, a
significant number of cells were dead for both types of cells
investigated (Figure 4). As a comparison, we can calculate the expected
number of dead cells by taking into account the relatively smaller area
occupied by the hydrogel in the well. Specifically, if the hydrogel can
kill all the cells in the area that it occupies, then the expected number
of dead cells is the product of the number of live cells in the well and
the fraction of the area of the fully contracted hydrogel in the
well. Our results showed that more cells were killed than expected
(Figure 4). One explanation is that the hydrogel might have come into
contact with more cells during expansion.

Measuring the physical force
The results of these experiments indicate that the force provided by
the expanding temperature-responsive hydrogel was sufficient for
rupturing the cancer cells. However, the fundamental mechanism of
how the PNIPAM hydrogel expands when the temperature is lowered
is not completely understood at the molecular level.35,36 One
explanation is based on the hydrophobic groups (that is, the isopropyl

Figure 3 SEM images of the cells on the surface of the temperature-
responsive hydrogel. (a) Cells attached on the surface of an RGD-modified
hydrogel that was fully contracted. (b) After the RGD-modified hydrogels
expanded fully, small debris was observed on the surface of the hydrogel.
The presence of the debris indicates that the cancer cells ruptured.

Figure 4 Quantifying the number of dead cells via the MTT assay. The plots
show the number of dead cells for (a) MDA-MB-231 cells and (b) H358
cells. (1) Cells attached on 24-well plates without any hydrogel. Cells
attached on temperature-responsive hydrogels that were (2) fully contracted
and (3) fully expanded. (4) The expected number of dead cells in the well
calculated based on the product of the expected number of live cells and
the fractional area of the hydrogel over the bottom area of the well.
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groups and the polymeric backbone) and the hydrophilic groups (that
is, the amide groups) of the PNIPAM hydrogel. At low temperature,
the polymeric chains adopt an extended conformation stabilized by
hydrogen bonding between the hydrophilic groups of the polymer and
the water molecules. These water molecules, however, need to arrange
themselves in an ordered manner around the polar and nonpolar
regions of the polymeric chains, thus resulting in a decrease in
entropy.37 At high temperature, the interaction between the polymer
and the water molecules reduced.38,39 In this case, entropy dominates:
water is expelled out of the hydrogel, and the polymeric chains adopt a
collapsed globule-like conformation.
Since the fundamental mechanism is not completely understood,

we performed an experiment to determine the magnitude of the force
produced by the expansion of the temperature-responsive hydrogel.
We first adhered multiple layers of double-sided tape onto the
surface of the hydrogel and then allowed the hydrogel to expand for
6 min (Figure 5a). For five layers of tape, the hydrogel was able to
stretch it for 0.25 mm without bending under the stress of the tape.
Subsequently, we determined the amount of load required to elongate
the five layers of tape to the same length (Figure 5b). Briefly, we
attached a container to the bottom of the tape and filled the container
with small loads (that is, polymeric cubes) until the tape elongated to
the same length (that is, 0.25 mm). By measuring the weight of the
total load (~1.5 N) and taking into account the small adhesive area of a

cell, we estimated that a force on the order of ~ 80 μN can act on a
single cell. This force is much larger than that typically needed to
rupture a cell.40–42 In addition, a stimuli-responsive hydrogel exerts
the largest force when it starts expanding initially (and does not exert
any force after it fully expanded); hence, we expect the force to be
larger for an expansion less than 0.25 mm (for example, for the
distance required to rupture the cell membrane).

Rupturing cells using microscopic particles
In addition to using the macroscopic pieces of hydrogels, we
demonstrated that microscopic (diameter ~ 15 μm) temperature-
responsive gel particles can also rupture cancer cells (see Suppleme-
ntary Figures S11–S12 for SEM images and the size distributions of the
particles). These gel particles were similarly coated with PLL and PDA
and then with RGD peptides. For rupturing the cancer cells, we first
added them into a 24-well plate and allowed the cells to attach onto
the bottom surface of the dish at 37 °C for 24 h (Figure 6a). We
then added the microscopic gel particles into the wells. After another
24 h, we allowed the gel particles to expand at a low temperature
of 22 °C for 35 min (Figure 6b). Subsequently, the cells were stained
with trypan blue. Dark blue spots were present after the gel particles
expanded (Figures 6c and d); hence, the cells died due to the
expansion of the particles. To show that the microscopic particles
themselves did not cause cell death (that is, without expansion),
we fabricated another type of gel particle that did not change its size
with a change in temperature (Supplementary Figures S11–S12).
When these gel particles were used, no dark spots were present
(Figures 6e and f).

CONCLUSIONS

We showed that the physical force derived from the chemical
transformation and the subsequent expansion of a temperature-
responsive hydrogel is strong enough to rupture cancer cells. To
adhere the cells onto the hydrogels, we developed a method to deposit
RGD peptides (that is, peptides that are commonly used for adhering
cells onto a substrate) onto the surface of the hydrogels via
copolymerizing the biocompatible PDA and PLL macromolecules.
Since the cancer cells died after expansion, it seems that the adhesion
provided by the RGD molecules is firm enough for rupturing the
cells. Another advantage of using RGD peptides is that previous
studies have used these RGD peptides for targeting cancer cells or
tumor sites.43,44 The amount and the rate of expansion of the
temperature-responsive hydrogels after coating remained unchanged.
Experimentally, we measured that the force of the expanding hydrogel
was greater than the typical force needed to rupture cells. The lysis
tensions of cell membranes of different types of cells typically lie
within a narrow range (for example, on the order of 1 mN m− 1 to
10 mN m− 1).41,42,45,46 Therefore, this approach may potentially be
general for rupturing a wide range of cells.
This approach has several other advantages. Both macroscopic

(~mm) and microscopic ( ~15 μm) hydrogels were demonstrated
to work; hence, particles of other sizes that are within this range
may potentially be used with similar effects. As such, this approach
has many of the advantages of using particles for treating cancer
(for example, minimally invasive, easily administered and applicable to
different parts of the body). For example, microscopic hydrogels
injected intravenously into mice were found to have long circulation
times and have been proposed to be used for therapeutic purposes.4

On the other hand, it may be challenging for smaller gel particles
(for example, those on the order of a few hundred nanometers) to be
effective due to other complications (for example, the fluidity of

Figure 5 Measuring the lateral force of the surface of the expanding
temperature-responsive hydrogel. (a) Five layers of double-sided tape were
adhered onto the surface of the hydrogel (image on the left). The hydrogel
was allowed to expand and stretch the tape for 6 min (image on the right).
(b) Scheme illustrating the method for measuring the force required to
stretch the tape to the same length as the hydrogel.
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the cell membrane and endocytosis). Another advantage of this
approach is that stimuli-responsive hydrogels are generally regarded
as ‘smart’ drug carriers in the field of drug delivery that can target

a specific site.47,48 For example, the tumor microenvironment
is known to be acidic and has a slightly elevated temperature.49,50

A temperature-responsive and/or a pH-responsive hydrogel can target
the tumor site specifically by expanding only at the localized site,
thereby reducing damage to healthy cells.
After establishing that the physical force derived from the expanding

hydrogel is sufficient for rupturing cancer cells, more work will be
needed to further develop the technology. For example, specific
targeting of cancer cells can potentially be achieved by replacing the
RGD coating with molecules that bind specifically to cancer cells.51–53

For this approach to be compatible with existing methods for treating
cancer (for example, therapeutic hypothermia, hyperthermia therapy,
or the use of an electric field; see Supplementary Information,
Section 1), different types of stimuli-responsive hydrogels may need
to be fabricated (for example, hydrogels that expand at high
temperature or respond to an electric field).54,55 Fully biocompatible
materials (for example, biocompatible temperature-responsive hydro-
gel) will also be needed.56 There will be many challenges ahead before
this technology can be implemented in practical circumstances;
examples include fabricating the coated stimuli-responsive hydrogel
with all the required material properties (for example, biocompatibility
of the hydrogel and coating, specificity of the coating for targeting
cancer cells, and sufficient response) so that they are effective in a
complex in vivo environment.
Although more work needs to be done before we can fully assess the

effectiveness of this approach, it has characteristics that are promising
compared to other methods (that is, those that also use particles).
Importantly, the approach involves a fundamentally different mechan-
ism—a physical force. Based on our analyses, this approach can
potentially be general for a wide range of cells. In addition, it is
conceptually simple and is technically easy to implement (for example,
preparation of the hydrogel is simple). In comparison, other chemical
(for example, chemotherapy) and biological (for example, immu-
notherapy) methods may require a combination of complex organic
synthesis of (for example, drug) molecules, extensive testing of the
effectiveness of each of the synthesized molecules, and fundamental
knowledge of the underlying biomolecular mechanism for killing
specific types of cancer cells. Because of these advantageous character-
istics, it will be interesting to develop the technology further and fully
compare these features with other methods.
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