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Stimuli-responsive polymers or so-called “smart polymers”
are macromolecules that are sensitive to certain triggers from
the external environment, including temperature, light, elec-
trical or magnetic fields, and chemicals. The activated poly-
mers produce observable or detectable micro- or nanoscale
changes, such as morphology, molecular bond rearrange-
ment/cleavage, and molecular motion, which can induce
changes in their macroscopic properties such as color, shape,
and functionality. Due to the versatile selection of backbone
and functional groups, stimuli-responsive polymers can be
tailored to have a variety of specific mechanical, chemical,
electrical, optical, biological, or other properties and can be
engineered into different forms, including bulk, thin film,
micro/nanoparticles, and composites. Over the years, many
multidisciplinary efforts have been conducted and reported
optimizing the functionality of stimuli-responsive polymers
and exploring new and innovative applications. However,
as shown below, original and exciting research in emerging
sectors continues to drive the evolution of and interest in this
class of polymer.

After a rigorous peer review process, eight articles were
compiled into this special issue as an effort to represent
the most recent developments in this field. A variety of
topics are included in this special issue such as experimental
and theoretical modeling efforts with a range of applica-
tions, including sensing, biomedical devices, polymer layers,

hydrogels, nanocomposites, shape-memory polymers, and
polymer gels for agriculture.

Tuning the adhesion properties of polymers, surfaces, and
hydrogels plays a very important role in fields such as mem-
brane technology, biomanufacturing, and tissue engineering.
In the paper titled “Combinational Effect of Cell Adhesion
Biomolecules and Their Immobilized Polymer Property to
Enhance Cell-Selective Adhesion” polymeric substrates with
preselected hydrophobicity are modified with biomolecules
to promote cell-selective adhesion.Thesematerials offer great
potential for tissue engineering and cell sorting technologies.
Similarly, the adsorption characteristics of a polymer gel are
studied in the paper titled “Protein Adsorption onHybrids of
Thermoresponsive Polymers and Single-Walled CarbonNan-
otubes.” The authors investigate the random adsorption of
RecA proteins onto hybrids containing PNIPAm and single-
walled carbon nanotubes (SWNTs) while in the presence or
absence of DNA molecules. The thermoresponsive character
of PNIPAm is used to regulate protein adsorption. These
findings open the door to the nanobiodevices usingPNIPAm-
SWNT hybrids.

Developments in the field of hydrogels for wound heal-
ing and drug delivery have revolutionized approaches to
treating chronic skin wounds, cancer therapies, and many
other diseases. The paper titled “Fabrication of Hyaluronan-
Poly(vinylphosphonic acid)-Chitosan Hydrogel for Wound
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Healing Application” reports the fabrication and character-
ization of a new hydrogel with a three-dimensional highly
porous structure, short gelation time, high degradation rate,
and the ability to prevent E. coli infections. Such a hydrogel
has great potential to be used as bioadhesive for skin wound
healing applications. Also, the paper titled “Incorporation
of Amphipathic Diblock Copolymer in Lipid Bilayer for
Improving pH Responsiveness” studies how changes in envi-
ronmental pH cause a change in the bilayer fluidity, which
regulates the release rate of doxorubicin. Such improved
pH-controllability over the drug release from hybrid lipo-
somes offers new insights into the design of drug delivery
systems. Another drug delivery approach utilizing stimuli-
responsive polymers is reported in “Magnetically Triggered
Monodispersed Nanocomposite Fabricated by Microfluidic
Approach for Drug Delivery.” In this paper, a nanocomposite
gel consisting of PNIPAm, which is a gel that can swell or
shrink in response to temperature or pH, and magnetic iron
oxide nanobeads is developed for controlled release of liquid
drugs upon exposure to an alternating magnetic field. Drug
release from such nanocomposites can be remotely triggered
by a magnetic field and heated through magnetic losses,
which presents an innovative strategy for targeted and user-
controlled drug delivery.

The properties of stimuli-responsive polymers can also be
harnessed for sensing applications. For example, the paper
titled “Electrospun PEDOT:PSS/PVP Nanofibers for CO
Gas Sensing with Quartz Crystal Microbalance Technique”
reports on the effects of the surface area of PEDOT:PSS/PVP
nanofiber membranes on the adsorption of CO. The adsorp-
tion process triggers a change in the oscillation frequency,
which enables sensitivity to low concentration (5–50 ppm) of
CO with a linear relation to the resonant frequency.

Modeling and simulating polymeric systems provide
critical information about the molecular processes that gov-
ern polymer properties and phenomena. These powerful
tools can be used to study a great variety of polymer
properties, systems, and behaviors. In the paper “Modeling
Based Characterization of Thermorheological Properties of
Polyurethane ESTANE�” the commercially available shape-
memory polymer, ESTANE, is investigated using Dynamic
Mechanical Thermal Analysis (DMTA). The coefficient of
thermal expansion above and below the glass transition
temperature is estimated and a finite viscoelastic and incom-
pressible material model is used to predict the viscoelastic
properties observed in the uniaxial stress relaxation experi-
ments. This work may provide the necessary knowledge base
for further progress in the development of shape-memory
polymers. Also, modeling stimuli-responsive polymers can
shed light on agricultural and biological research.An example
is demonstrated in the paper titled “Phase Characterization
of Cucumber Growth: A Chemical Gel Model.” The effect
of hydrogel swelling in both pre- and postharvest stages
on cucumber growth is studied. In fruit development, the
hormones stimulate the expansion of cells, which is similar
to the swelling mechanism of the hydrogel. The model offers
solutions to regulate fruit development and can be extended
to other plant candidates for potential biological and food
engineering.

We believe the research reported in this issue can enrich
the basic understandings and stimulate further development
of these advanced smart materials.
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A fibre Bragg grating sensor is coated with a novel polymer gel in order to investigate its suitability for nondestructive measurement
of moisture in materials that can potentially lose their integrity due to moisture ingress. Absorption and desorption of moisture
lead to swelling/shrinkage of an azobenzene-based gel, which induces a strain in the Bragg grating resulting in wavelength shifts.
The results demonstrated that the amount of wavelength shift is linearly dependent on the amount of water ingress by the gel. The
performance of the proposed optical fibre moisture sensor was found to be repeatable with no detectable hysteresis and has the
potential to offer a low-cost route for monitoring moisture content.

1. Introduction

The measurement of moisture is an important parameter in
many applications such as structural health monitoring [1],
agriculture [2], food quality assessment [3], and materials
processing [4, 5]. Awide variety of fibre optical humidity sen-
sors have already been produced and can be divided broadly
into (i) capacitive sensors in the form of interdigitated arrays,
films, or probes [2, 6, 7], (ii) electrical resistivity sensors in the
form of probes or films [8, 9], (iii) microwave sensors [10–12],
and (iv) fibre optic Bragg sensors using polyimide coatings
[13]. A majority of such sensors are based on electronics and
measure changes in electron transduction due to humidity.
Long-period gratings (LPGs) optical fibre-based humidity
sensors have also been reported for condition monitoring of
concrete during moisture ingress [14].

The diffusion of moisture in polymeric and fibre rein-
forced composite materials has been the subject of numerous
studies, and this topic continues to attract considerable atten-
tion as absorbed moisture can compromise the mechanical
performance of these materials [15]. For example, the diffu-
sion of moisture can lower the glass transition temperature
and also result in the degradation of the matrix-dominated
properties such as the compressive and interlaminar shear
strengths of composites. It is also generally known that

the so-called hot-wet properties of this class of materials are
also adversely affected.

Therefore, there is significant merit in designing and
developing a low-cost sensor that can either be embedded
or surface mounted in engineering structures to continually
provide quantitative information on themoisture content and
the diffusion profile within the materials.

Within the literature other researchers have reported on
a number of optical fibre-based techniques for monitoring
moisture content; these have been based on photosensitive
coatings [16], evanescent wave spectroscopy, Fabry-Perot
interferometry [17], and transduction to mechanical strain
via swelling films [18]. Jindal et al. [16] used a blend of
polyvinyl alcohol (PVA) and anhydrous cobalt chloride
(CoCl

2
) on the unclad region of a 200𝜇m core diameter

optical fibre for humidity detection via evanescent wave
absorption [13]. The evanescent absorption was found to
decrease with increasing humidity. In practice, it was found
that a small radius of curvature was required in order to
enhance sensitivity via stronger evanescent wave interaction.
However, the response was found to be nonlinear with
moisture content. Kharaz and Jones [19] adapted a distributed
reflectometric optical fibre sensor system, a technique similar
to that one developed by Jindal et al. [16]. The unclad region
of 200𝜇mcore hard-clad silica (HCS) optical fibre was coated
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with a cobalt chloride- (CoCl
2
-) gelatin thin film. Gupta

and Ratnanjali [20] reported a U-shape fibre optic humidity
sensor based on phenol red doped polymethyl methacrylate
film. They deposited a blend of the above materials over the
unclad core of a highlymultimode plastic clad silica fibre.The
concentration of the dye dispersed in the filmwas reported to
be 4.76%w/w.They also reported that the absorption depends
on the moisture present in the air around the film.

Bariáin et al. [18] reported an optical fibre humidity
sensor based on the deposition of a biological gel called
agarose on a biconically tapered monomode optical fibre
(waist diameter of 25 𝜇mover a length of 100 𝜇m).Absorption
of moisture by the gel led to a change in the refractive index
and this in turn altered the light guiding properties within
the tapered region. The deployment of optical fibre-based
Fabry-Perot cavities with moisture sensitive overlays was
reported by Arregui et al. [17]. An interferometric cavity was
formed due to different optical reflectivity of the alternating
layers at the end of a cleaved fibre. The thickness of the
overlay films increased with absorbed moisture via swelling
and the hygroscopic nature of the coating resulted in an
alteration of the reflectivity, the net effect being a change in
the interference spectrum.

Hood et al. [21] reported that the use of a moisture sensor
based on optical fibre coated with a superabsorbent polymer
comprises a mixture of an acrylate resin and polyacrylamide.
The superabsorbing polymer attracts moisture from the
environment until an equilibrium is established. The use of
fibre Bragg gratings (FBG) is extensive for sensing parameters
such as temperature, pressure, and strain [22]. Cong et al.
[23] reported on polyacrylamide coated FBG sensors for
measuring salinity. Induced swelling and shrinking of a
hydrophilic polymer induce mechanical strain on the FBG
and this leads to a change in the peak reflection of the FBG.
When the coated FBG was immersed in sodium chloride
solutions of different concentrations, the peak reflection
shifted towards the shorter wavelength but the reversibility
was not reported. Yeo et al. [24] reported a fibre optic-
based humidity sensors, fabricated using FBG coated with
moisture sensitive polymer, that can detect and monitor the
movement of moisture through standardized cubes made
from samples of different types of structural concrete. They
claimed that the optical fibre sensors reacted to the ingress of
water migrated through the sample, indicated by a shift in the
Bragg wavelength of the sensor.

Song et al. [25] developed a fibre Bragg grating (FBG)
sensor based on a water swellable bead of sodium polyacry-
late. The dry and swollen mass of the gel were found to be
0.019 ± 0.003 g and 1.91 ± 0.293 g, respectively, indicating that
the beads are able to carry an average of 1.89mL of water
(1 g/mL). The sensor is reported to have good repeatability
but is not completely free from hysteresis. Most recently
Zheng et al. [26] developed a humidity sensor based on
photonic crystal fibre (PCF) long-period grating (LPG) with
high sensitivity and selectivity for nondestructive detection
of moisture ingression into structures that can potentially
lead to corrosion. The nanofilm-coated PCF-LPG sensor is
selective to moisture in terms of resonance intensity change
and wavelength shift. The nanofilms were deposited on the

surface of interior air channels in the cladding of the PCF-
LPG. The authors suggested that the interior nanofilm-
coated PCF-LPGs have a large resonance wavelength shift
of 0.0007%/pm within the RH region from 22% to 29%.
Previous research suggests that azobenzene-based polymers
have the properties that can be tailored with the selection of
specific acrylic monomers to generate a hydrophilic gel [27].
Most recently Zhang et al. [28] reported PMMA coated FBG
sensor for water monitoring in jet fuel. Careful observation
of their results suggests that the sensor shows great deal
of hysteresis making it unsuitable for continuous moisture
monitoring.

This paper reports on the fabrication of an FBG sensor
using a custom-synthesized azobenzene-based polymeric gel
and investigation of its strain behaviour in response to water
absorption and desorption. The changes of strain and Bragg
peak shifts as a function of water ingress by the gel are
reported.The potential application of the sensor for moisture
detection in various materials has also been discussed.

2. Experimental Work

2.1. Synthesis of Azobenzene-Based Acrylamide Gel. A poly-
acrylamide gel containing azobenzene chromophores in the
side chain was synthesized by free-radical polymerization
of acrylamide and trans-4-methacryloyloxyazobenzene [27]
in presence of N,N-methylenebisacrylamide (10%) as the
cross-linker. Acrylamide (1.6 g, 22.5mmol), 2,2-azobisiso-
butyronitrile (100mg), trans-4-methacryloyloxyazobenzene
(0.3 g, 1.128mmol), and bisacrylamide (190mg) were dis-
solved in amixture of tetrahydrofuran andwater (15mL, 5 : 1).
The solution was stirred for 5 minutes and then poured into a
reaction vessel. The polymerization reaction was carried out
at 60∘C for 82 hours. A transparent yellowgelwas formed.The
unreacted acrylamide and/or homopolymer of acrylamide
were removed by firstly immersing in distilled water for two
days followed by further two days in acetone. The gel was
then dried in a vacuum oven at 70∘C for 14 hours. The
gel was characterised using mid-FTIR and solid-state NMR.
The solid-state 13C showed the presence of one unit of 4-
methacryloyloxyazobenzene per 100 acrylamide units. The
characterisation of the gel is reported elsewhere [27].

2.2. Production of Gratings. The FBG used in this study
was produced by the phase mask technique. The gratings
were inscribed in a germanium doped core of a single
mode 1550 nm optical fibre (Fibrecore, UK). The acrylate
coating on the optical fibre was removed just prior to the
inscription process; the coating was not reapplied. Hence,
the diameter of the fibre within the sensing region prior to
the application of the gel coating was 125 𝜇m thickness. Two
Bragg grating sensors were used for these experiments with
Bragg reflections at 1534.818 nm and 1534.762 nm.

2.3. Coating the Fibre Bragg Gratings. The FBG was sand-
wiched between two layers of gel using the following tech-
nique: Firstly the FBG was aligned and secured onto a piece
of aluminium foil with a window of dimensions 5 × 1.5 cm.
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6.7 cm

0.5 cm

1.5 cm

FBG

Figure 1: Schematic illustration of the FBG embedded in between
two layers of gel.

A layer of gel was spread onto a glass slide and trimmed to
rectangular dimensions of 6.7 × 1.5 × 0.25 cm. The FBG was
aligned along the centre of the coating.The FBG was under a
slight tension during this process to avoid buckling. Another
layer of gel, trimmed in the same manner, was positioned
symmetrically above the FBG.Then the gel coating on Bragg
grating was allowed to dry at room temperature (23∘C) for
15 hours so that two layers stuck to the Bragg grating region.
The coated region was again soaked with water. A schematic
illustration of the coating is shown in Figure 1.

A Fourier transform infrared spectrometer (Nicolet
Magna-IR 760) operating with a quartz beam splitter was
used to collect the near-infrared transmission spectrumof the
FBG. The light was coupled into one end of the fibre and the
output was collected using an InGaAs detector. The spectra
were recorded at a resolution of 0.14 nm. The transmission
spectra of the FBG were recorded before embedding it in the
gel. The FBG was coated with the gel as described previously.
The transmission spectra were recorded at a resolution of
0.14 nm. The coated FBG was then placed on a microbalance
and the percentage weight change and the wavelength shifts
were monitored simultaneously.

3. Results and Discussion

An azobenzene-based gel was synthesized by free-radical
polymerization in THF/H

2
O at 60∘C with a yield of approxi-

mately 60%. The reaction scheme is shown in Figure 2.
Water was added to keep the low-molecular-weight cross-

linked gel in solution to facilitate further cross-linking. The
purity of the gel was ascertained with mid-FTIR and solid-
state 13C NMR spectroscopy and has been reported [27].
With reference to the solubility of the monomers and the gel,
acrylamide and bisacrylamide were soluble in water, but the
azobenzene monomer and its copolymer were insoluble. The
gel was not soluble in acetone or THF, which are solvents
for trans-methycryloyloxyazobenzene and its homopolymer.
When the gel was allowed to soak in distilled water for 2 or 3
weeks, the supernatant water became pale yellow, presumably
because the ester linkage undergoes slow hydrolysis resulting
in the formation of some 4-hydroxyazobenzene, which is
sparingly soluble in water. The loading of azobenzene in

the polyacrylamide fraction was around 4mol%.The novelty
of using the azobenzene chromophores in the gel is that
azobenzene creates free volume due to its bulky nature
resulting in a fast response.

To determine the response times of the system, water
saturated gel was coated around the FBG which showed a
peak reflection at 1534.762 nm. Subsequently the gel on the
sensor was allowed to dry at room temperature (23∘C) and
characteristic reflection frequency of the coated FBG was
monitored periodically. No change was observed in the char-
acteristic reflection of FBG until after 36 hours of isothermal
drying at 23∘C. This behaviour was expected as the gel was
fully saturated with water and would take prolonged time to
loose enough water to be able to generate an adhesion force
on the Bragg grating at such a low temperature (23∘C). Upon
further drying the characteristic reflection at 1534.818 nm
shifted to 1529.386 nm within 4 hours at room temperature.
The shift towards the shorter wavelength is shown in Figure 3.
It should be noted that this is only illustrative in terms of the
gel response to moisture and does not reflect a slow response
time as the sensor will have a dried gel coating and hence
be under a generated strain, and that this will change as a
function of water content.

The response time of the dried gel was measured by
immersion in distilled water at 23∘C until the transmission
spectrum of the FBG peak reflection was restored to its
original value of 1534.818 nm which took around 11 minutes.

In a separate experiment the gel was isothermally dried
at 23∘C during which both the weight loss and the strain
developed in the gel were monitored. Then the gel was
allowed to absorb water from a chamber containing saturated
sodium chloride solution and the shift in the Bragg peak due
to release of strain was measured periodically; see Figure 4.

It is clearly shown in Figure 4 that the wavelength of
the Bragg peaks shifted towards longer wavelength due to
ingress of water in the gel. Similar peaks shift towards longer
wavelength region was observed by Venugopalan et al. when
LPG sensors were coated with PVA polymer and subjected to
absorb moisture by increasing the relative humidity from 33
to 75% [14].

The relationships between the loss or gain of moisture,
wavelength shifts, and strain are shown in Figure 5.The graph
can be explained by the strain increasing linearly with the loss
of water and vice versa; and simultaneously the wavelength
of the Bragg peak changes. It is observed that the Bragg
wavelength of 1534.762 was shifted to 1534.306 nm with a
weight loss of 12.64% as shown in Figure 5. This finding
demonstrates that there is a definitive relationship among the
loss of water from the gel coated on the Bragg grating sensor,
its associated strain, and consequently the Bragg wavelength
shift.

The weight loss curve (Figure 5) shows linear behaviour.
The values of water loss, wavelength shift, and strain are
calculated using (1), (2), and (3) and listed in Table 1. Note
that a very small amount of water loss from the coated gel
generated a large amount of strain with associated Bragg peak
reflection.

When the gel coating was again immersed in water
(∼110 minutes), the Bragg wavelength returned to its original
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Figure 5: A plot of strain and wavelength against weight loss of gel.

value of 1534.762 nm indicating that the response of FBG was
hysteresis-free. From the repeatability test the gel, even when
saturated with water, showed good adhesion to the FBG and
can undergo many swelling and contracting cycles without
degradation.

Drying of the gel generated longitudinal compressive
strain on the FBG and thus reduced the grating period. So the
characteristic reflection of the FBG shifts towards a shorter
wavelength. Consider the following:

𝜆Bragg = 2𝑛eff ⋅ Λ Bragg, (1)

where 𝑛eff is the effective refractive index of the fibre core,
Λ Bragg is the grating spacing, and 𝜆Bragg is the Bragg peak
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Figure 6: Temporal variation of Bragg wavelength and induced
strain.

Table 1: Values of water, strain, and Bragg reflections.

Water loss (%) Strain (𝜇𝜀) Peak reflection (nm)
12.65 110 1534.78
12.55 140 1534.68
12.37 260 1534.58
12.30 340 1534.30
12.27 380 1534.20

wavelength.The shift Δ𝜆Bragg in peak wavelength of FBG due
to a longitudinal strain 𝜀

𝑧
is expressed as

Δ𝜆Bragg = 𝜆Bragg (1 − 𝑝𝑒) 𝜀𝑧, (2)

where 𝑝
𝑒
is the effective strain optic constant. The effective

strain optic constant is expressed as

𝑝
𝑒
= (
𝑛
2

eff
2
) (𝜌
12
− ]) (𝜌

11
+ 𝜌
12
) , (3)

where 𝜌
11

and 𝜌
12

are the components of strain optic tensor
and ] is Poisson’s ratio. For a germanosilicate core, 𝜌

11
=

0.113, 𝜌
12
= 0.252, and ] = 0.16 [29]. The effective refractive

index of the core of FBGemployed for this experiment is 1.447
and a grating spacing is 530 nm. The effective strain optic
constant is calculated and used in (2) to obtain Δ𝜆Bragg.

The temporal variation of wavelengths and strains due to
drying/soaking of the gel with time is shown in Figure 6. It is
shown that the strain generation with associated wavelength
shifts is very slow until about 150 minutes; after this time the
rate of strain generation is much faster as is also the change in
wavelength. This trend is as expected as a saturated gel takes
a much longer time to dry out at a lower temperature (23∘C).
The response of the sensor is much faster and linear in the
region (Figure 6) where the gel has already produced some
strain.

The linear behaviour of the strain release due to water
ingress is shown in Figure 7. When the sensor with dried
gel was allowed to absorb water the strain started to be
released with an associated shift in wavelength. The amount
of wavelength shift corresponds to the amount of water in the
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Figure 7: Wavelength shifts as a function of strain release.

gel on the sensor (see Table 1). This behaviour is linear until
the gel reached near saturation point; then the strain becomes
nonlinear.

The wavelength shift of 5.432 nm (see Figure 3) was used
in (3) to calculate the strain value which corresponds to
4438 𝜇𝜀. When the gel swells, it changes its volume which is
due to the imbalance between the water activity inside the
gel and that of its surroundings; this imbalance creates an
osmotic pressure between the two regions until thermody-
namic equilibrium is restored.The forces inside the gel which
affect the pressure internally are the rubber elasticity of the gel
(which produces a force that promotes swelling in a dried gel
and shrinkage in a swollen gel), the polymer-polymer affinity
(positive for a dried gel), and the polymer-water affinity
[30]. The polymer gel surrounding the FBG shrinks on the
surface of FBG along its length. Therefore the shrinking of
gel around the FBG is envisioned as compressive stress along
the length of the fibre. The induced wavelength shifts due
to swelling/shrinkage of gel are treated as longitudinal stress
relaxation/growth.

A change in temperature of the fibre will also affect the
Bragg spacing and is equivalent to 0.01 nm ∘C−1. Compared to
that induced by the swelling of the gel its effect is negligible.

In operation the gel reacts to changes in water con-
centration with water either diffusing into or out of the
gel resulting in a concentration gradient and consequently
a stress gradient throughout the thickness of the gel. This
limits the speed of reaction of the sensor and is equal to
the time it takes for the gel to equilibrate (𝑡

1/2
= 7min)

[27]. At equilibrium conditions the concentration of water
within the gel is constant and so is the developed strain in the
sensor. Only under these conditions can the sensor accurately
determine the water concentration. However before these
conditions are reached, the sensor is still able to indicate
changes in the surrounding environment. The observation
that the strain transferred to the FBG when the sensor is
immersed in distilled water shows that there is still good
interfacial adhesion between the fully hydrated gel and the
glass interface.
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4. Conclusions

We have synthesized an azobenzene-based acrylamide gel
that was coated onto an optical fibre Bragg grating and
have shown that this can be used to determine moisture
content. The experimental results have demonstrated that
induced wavelength shifts of a FBG due to swelling and
shrinkage of polyacrylamide-azobenzene gel are a function
of its water content when it has reached the equilibrium.The
sensor was constructed by using a fully saturated gel which
is subsequently dried; this induced a compressive strain in
the Bragg grating. Absorption of water by the gel results in
a reduction of the induced compressive strain in the grating,
which is measured by a shift in the Bragg peak. The response
time of the sensor could be further improved by producing a
thinner coating on the FBG together with a modification of
the chemistry of the gel to enhance the diffusion of water.The
performance of the FBG-based moisture sensor was found to
be repeatable without any hysteresis and has the potential to
develop a low-cost sensor for nondestructive monitoring of
moisture in materials.

Competing Interests

The authors declare that they have no competing interests.

Acknowledgments

The authors would like to thank Dr. Venkata Rajnikanth
Machavaram for his assistance and discussion during this
work.

References

[1] A. Singhvi and A. Mirmiran, “Creep and durability of environ-
mentally conditioned FRP-RC beams using fiber optic sensors,”
Journal of Reinforced Plastics and Composites, vol. 21, no. 4, pp.
351–373, 2002.

[2] H. Eller and A. Denoth, “A capacitive soil moisture sensor,”
Journal of Hydrology, vol. 185, no. 1–4, pp. 137–146, 1996.

[3] J. F. Frank and G. S. Birth, “Application of near infrared
reflectance spectroscopy to cheese analysis,” Journal of Dairy
Science, vol. 65, no. 7, pp. 1110–1116, 1982.

[4] A. Singhvi, Creep and Durability of FRP-RC Beams under
Sustained Loads and in Harsh Environments Using Fibre-Optic
Instrumentation, University of Cincinnati, Cincinnati, Ohio,
USA, 2000.

[5] A. P. Mathew, S. Packirisamy, M. G. Kumaran, and S. Thomas,
“Transport of styrene monomer through natural rubber,” Poly-
mer, vol. 36, no. 26, pp. 4935–4942, 1995.

[6] N. Inagaki, K. Oh-ishi, and K. Suzuki, “Capacitive moisture
sensor devices from plasma films,” Journal of Applied Polymer
Science, vol. 31, no. 8, pp. 2473–2481, 1986.

[7] N. Inagaki, K. Suzuki, and K. Oh-Ishi, “Moisture sensor devices
composed of thin films plasma-polymerized from amino-
groups-containing silanes,” Applied Surface Science, vol. 24, no.
2, pp. 163–172, 1985.

[8] N. A. Gawande, D. R. Reinhart, P. A. Thomas, P. T. McCreanor,
and T. G. Townsend, “Municipal solid waste in situ moisture

content measurement using an electrical resistance sensor,”
Waste Management, vol. 23, no. 7, pp. 667–674, 2003.

[9] G. O. I. Ezeike, “A resistive probe moisture sensor for tropical
root crops and vegetables,” Journal of Agricultural Engineering
Research, vol. 37, no. 1, pp. 15–26, 1987.

[10] S. Nakayama, “Development of a microwave moisture sensor
for aggregates,”Measurement Science and Technology, vol. 6, no.
4, pp. 429–431, 1995.

[11] M. P. Abegaonkar, R. N. Karekar, and R. C. Aiyer, “Amicrowave
microstrip ring resonator as a moisture sensor for biomaterials:
application to wheat grains,”Measurement Science and Technol-
ogy, vol. 10, no. 3, pp. 195–200, 1999.

[12] M. P. Abegaonkar, R. N. Karekar, and R. C. Aiyer, “Amicrowave
microstrip ring resonator as a moisture sensor for biomaterials:
application to wheat grains,” Review of Scientific Instruments,
vol. 7, pp. 3145–3149, 1999.

[13] T. L. Yeo, T. Sun, K. T. V. Grattan, D. Parry, R. Lade, and B.
D. Powell, “Characterisation of a polymer-coated fibre Bragg
grating sensor for relative humidity sensing,” Sensors and
Actuators, B: Chemical, vol. 110, no. 1, pp. 148–156, 2005.

[14] T. Venugopalan, T. Sun, and K. T. V. Grattan, “Long-period
grating-based humidity sensor for potential structural health
monitoring,” Sensors and Actuators A: Physical, vol. 148, no. 1,
pp. 57–62, 2008.

[15] C. R. Kurkjian, J. T. Krause, and M. J. Matthewson, “Strength
and fatigue of silica optical fibers,” Journal of Lightwave Tech-
nology, vol. 7, no. 9, pp. 1360–1370, 1989.

[16] R. Jindal, S. Tao, J. P. Singh, and P. S. Gaikwad, “High dynamic
range fiber optic relative humidity sensor,” Optical Engineering,
vol. 41, no. 5, pp. 1093–1096, 2002.

[17] F. J. Arregui, Y. Liu, I. R. Matias, and R. O. Claus, “Optical fiber
humidity sensor using a nano Fabry-Perot cavity formed by the
ionic self-assemblymethod,” Sensors andActuators B: Chemical,
vol. 59, no. 1, pp. 54–59, 1999.
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Shape-Memory Polymers (SMPs) have the ability to be deformed and memorize this deformation until an external activation
stimulus (e.g., heat) is applied. Therefore, they have attracted great interest in many areas, especially for applications where
reconfigurable structures are required (e.g., Shape-Memory (SM) stents or micro air vehicles). Nevertheless, prior to technical
application, the effective thermomechanical behavior of SMPs must be thoroughly understood. In the current contribution,
an assessment of thermorheological properties of the commercially available polyurethane system ESTANE is presented.
Thermorheological properties were investigated using Dynamic Mechanical Thermal Analysis (DMTA) and complementary
uniaxial stress relaxation experiments. Upon material parameter optimization, a finite viscoelastic and incompressible material
model was used to model experimentally observed viscoelastic properties.

1. Introduction

Shape-Changing Materials (SCMs) together with Shape-
Memory Materials (SMMs) are two kinds of smart materials
with the ability to vary their shape upon being exposed to
activation stimuli [1]. Typical stimuli for activating SMMs
(or Shape-Memory Polymers, SMPs) consist of tempera-
ture (including both cooling and heating either directly or
indirectly, e.g., inductive or resistive heating), chemicals,
and light [1, 2]. In contrast to SCMs (or Shape-Changing
Polymers, SCPs), which can preserve a deformed shape only
as long as an external stimulus is applied, SMMs (or SMPs)
can be deformed and fixed to several different forms and
recover their reference shape when the activation stimulus is
triggered.

Depending on environmental and boundary conditions,
for example, temperature, and the applied stimulus, a poly-
mer could be either SMP or SCP [3]. In the case of heat as
the activation stimulus, the SMP is called thermally induced
SMP. The capability of a material to temporarily preserve
a deformed shape and recover the undeformed reference
shape upon triggering using an external activation stimulus

is known as the Shape-Memory-Effect (SME). In fact, there
are two types of thermoresponsive SME. The first type
is responsive with respect to heating, which is an almost
intrinsic feature of all polymers, and the other one is cooling
responsive, which is only limited to a couple of specially
designed polymeric materials [3]. Compared to other smart
materials, several properties of SMPs, for example, their
glass transition temperature (𝑇𝑔) or dynamic modulus, can
be easily tailored to meet specific requirements. Therefore,
they have drawn much attention and are intensively used in
different applications [4].

Essential requisites for a polymer to exhibit the SME are
an appropriate polymer structure and morphology together
with the use of appropriate processing and programming
methods [2, 4]. In the so-called uniaxial Shape-Memory
Creation Procedure (SMCP) [5, 6], the polymer is heated
to a temperature (𝑇prog) which is normally higher than
its transition temperature (𝑇𝑔 or melting temperature 𝑇𝑚).
Afterwards, it is deformed in a stress-controlled or strain-
controlled process to a prescribed stretch ratio 𝜆1 in loading
direction e1. Subsequently, the polymer is cooled down to a
temperature below the transition temperature (𝑇low) in order
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to solidify the switching domains resulting in mechanical
fixation of the deformed shape upon stress unloading. For
activation of the SME, the programmed shape should be
excited, for example, by heating to a temperature above the
transition temperature (𝑇sw) [7].

Two important characteristics for quantification of SME
are shape fixity ratio (𝑅𝑓) and shape recovery ratio (𝑅𝑟),
which are usually quantified by cyclic thermomechanical
investigations under uniaxial (biaxial) tension or compres-
sion or even bending experiments. Macroscopically, shape
fixation is the extent up to which a deformation can be fixed
after programming and shape recovery is the recoverability of
the sample after being heated [8].

Characterization of SME requires investigations on ther-
momechanical and rheological behavior of the polymeric
system through various modeling and experimental studies
[9–13]. Generally, two different phenomenological modeling
approaches can be used to model the mechanism of SME.
The first model is called Standard-Linear-Solid (SLS) [14–
16] which requires phenomenological constitutive relations
for the temperature-dependence of the material properties.
In recent years, such models have been well established and
intensively discussed in literature; compare [17–21]. Although
these models provide insight into the shape recovery behav-
ior, they have limited predictive capabilities, and their appli-
cations are mostly limited to one-dimensional problems.
Therefore, recent works have shifted towards more physical
descriptions of the underlying (Shape-Memory) SM mecha-
nisms [22]. A further set of modeling approaches explicitly
accounts for the underlying morphology of the polymer.
Thesemodels are known as phase transition or frozen volume
fraction approaches [23–25] and describe the transition of
the dominant microscopic deformation mechanism from
entropy-driven conformational chain rearrangements at high
temperatures tomolecular deformations corresponding to an
internal energy change at low temperatures.Here, amorphous
polymers are considered as two-phase materials composed
of frozen and active parts such that the total strain could be
represented as the sum of two contributions from respective
volume fractions [26]. Although these models deliver good
results with comparatively small number of parameters, still
limited perception about the underlying physics could be
achieved. Therefore, for design and evaluation of mechanical
components with complex geometries under realistic load-
ing and environmental conditions, prior to any modeling
activity, comprehensive experimental studies on thermal and
mechanical properties over a wide temperature, time, and
strain range are required [13]. To this end, an extensive ther-
momechanical analysis of a SM-polyurethane, commercially
available under the name ESTANE, is first performed. By
applying the theory of finite viscoelasticity and based on the
rheological results achieved here, the constitutive viscoelastic
behavior of ESTANE is represented by a generalizedMaxwell-
Zener model.

2. Material and Methods

2.1. Material. In the present contribution, aliphatic SM-poly-
urethane ESTANE ETE75DT3 NAT022 granulates (Lubrizol,

OveleWesterlo, Belgium) have been processed using an injec-
tion molding machine (Arburg Allrounder 270M 500-210,
Lossburg, Germany). Sample preparation and preprocessing
steps have been described in detail in [27].

For quantitative characterization of the polymer, two
complementary sets of experiments have been performed:
The Dynamic Mechanical Thermal Analysis (DMTA) and
quasistatic stress relaxation experiments.

2.2. Thermorheological Characterization. To determine the
time-temperature-dependent viscoelastic properties, DMTA
tests in torsion mode were performed using rectangular
samples with dimensions of 𝑊 × 𝐻 × 𝐿: 2mm × 10mm
× 50mm. Here, DMTA experiments were performed with
a stress-controlled rheometer with integrated Peltier-based
temperature chamber (Anton Paar Physica MCR 301 plus
CTD 180, Graz, Austria). The isothermal scans were carried
out at specially chosen temperature set points in the range
of 20 to 90∘C. For frequencies from 0.01 up to 100 rad⋅s−1,
harmonic twist rotations were applied with maximum ampli-
tudes of 0.2% while resulting torques as well as phase lags
were monitored. Subsequently, RheoPlus software [28] was
used to calculate the corresponding magnitude of complex
shear modulus |𝐺∗|, storage modulus 𝐺, loss modulus
𝐺
, and loss factor tan 𝛿, which are related to each other

according to the following relations [29]:
𝐺
∗ =
√𝐺2 + 𝐺2,

tan 𝛿 = 𝐺


𝐺
.

(1)

The dynamic shear modulus 𝐺∗ = 𝐺 + 𝑖𝐺 is the appro-
priate constitutive measure to evaluate stresses relaxation
during strain-controlled experiments. Equivalently, in stress-
controlled experiments, the complex shear compliance 𝐽∗
determines strain retardation where

𝐽
∗ =

1

|𝐺
∗
|
,

𝐽

=
𝐽
∗ cos 𝛿,

𝐽

=
𝐽
∗ sin 𝛿.

(2)

Here, 𝐽 represents the storage compliance and 𝐽 the loss
compliance. Finally, for adequate thermorheological char-
acterization of ESTANE, the (complex) dynamic viscosity
was computed. The in-phase viscosity 𝜂 and out-of-phase
viscosity 𝜂 as well as complex viscosity |𝜂∗| are related to the
loss and storage moduli in terms of

𝜂

=
𝐺


𝜔
,

𝜂

=
𝐺


𝜔
,

𝜂
∗ =

𝐺
∗

𝜔
,

(3)

where 𝜔 is the frequency.
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2.3. Stress Relaxation Experiments. For quasistatic relaxation
experiments, ESTANE plates were punched to dumbbell
specimens of type 5A according to DIN EN ISO 527-2 (𝑊 ×
𝐻 × 𝐿: 2mm × 4mm × 75mm). Uniaxial stretching and
relaxation experiments were performed on a spindle-driven
testing machine (Schenck Trebel RM50, New York, USA)
with a stretching and compression capacity of ±500N. The
machine was equipped with a heating chamber of type Fre-
senberger TK18.400.100 (Wipperfürth, Germany) attached
to a PID temperature controller (Eurotherm 3508, Limburg,
Germany) so that temperatures in the range of −100 to 400∘C
could be adjusted and kept constant with a precision of ±1∘C.

For stress relaxation experiments in displacement driven
control mode, all specimens were pneumatically fixed along
their stretching axis and heated up with a rate of 3∘C⋅min−1 to
a temperature𝑇prog which was equilibrated for at least 10min.
Afterwards, the specimens were deformed with a strain rate
of 0.005 s−1 from their initial length 𝐿 to a new length 𝑙
corresponding to a local uniaxial strain of about 𝜀 = (𝑙 −
𝐿)/𝐿 = 10%. This uniaxial stretch 𝜆 = 𝑙/𝐿 = 1.1 was kept
constant for at least 60min. At different temperatures 𝑇prog
ranging from 10∘C up to 80∘C, the decay of stress over time
wasmonitored. Considering a linear viscoelastic behavior for
ESTANE, the total stress will ultimately reach an equilibrium
stress following the decay of multiple superimposed relax-
ation processes as long as no viscous flow occurs. It is worth
mentioning that all experiments were repeated two times to
improve confidence.

2.4.Thermal Expansion Experiments. Todetermine theCoef-
ficient of Thermal Expansion (CTE), two different experi-
ments were conducted. The first procedure was performed
with the same spindle-driven machine as used for the
relaxation experiments. Here the samples were heated while
a force controlled loop kept a tensile force of approximately
0.5N constant using the feedback signals of a load cell that
was attached to the moving upper clamp and an actuator.The
upper clamp displacement during heating was tracked and,
assuming a homogeneous deformation, subsequently used
to determine the sample deformation. The corresponding
temperature (from 10 to 140∘C) versus stretch data was used
to compute the Coefficients of Thermal Expansion.

In addition to this, the same rheometer which was used
for DMTA experiments was applied as an alternative method
for stress-controlled CTE-measurement. In equivalence to
the above approach, a tensile force of 0.5N was controlled to
be constant while heating the samples from 10 to 140∘C. In
contrast to the uniaxial spindle-driven testing machine the
advantage of the rheometer apparatus is the use of a high-
resolution load cell with an accuracy of 0.005N.

3. Results and Discussion

3.1. Characterization

3.1.1. Determination of Thermal Expansion. A subtle dis-
continuity in the CTE, which otherwise exhibits a linear
temperature dependency, is observed for both rheometer
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Figure 1: Thermal expansion during heating while applying con-
stant tensile force of 0.5N.

and spindle-driven testing procedures. The corresponding
data points and best fitting linear regressions are depicted
in Figure 1. The tensile force which was controlled during
heating is plotted in the inset to Figure 1. Pronounced
fluctuations in the applied tensile force around 𝑇𝑔 suggest
that quantitative measurement of CTE is impeded for the
less accurate spindle-driven testing procedure. The force
controlling mechanism was more accurate during rheometer
testing which we attribute to higher accuracy of the load
sensor. The magnitudes of elongation are furthermore found
to be distinctly small such that data acquisition errors need to
be considered.The corresponding magnitudes of uncertainty
are illustrated by means of error bars and found to be com-
paratively high at low temperatures. The subscripts “𝑔” and
“𝑟” indicate the regions of glass-like and rubbery behavior,
respectively. Below 𝑇𝑔, the CTE is less pronounced which
produces a kink in the 𝜆-T curve. The discontinuity of linear
thermal expansion, which we attribute to glass transition, is
found at 𝑇𝑔 ≈ 55

∘C. This coincides with previously reported
results in [27, 30].

3.2. Dynamic Thermomechanical Experiments. Aim of the
(cyclic/harmonic) amplitude sweeps is to determine a linear
regime where effective properties are independent of the
(shear strain) amplitude. Therefore, DMTA amplitude sweep
tests, where the strain amplitude increases incrementally with
fixed frequency, are used to determine the linear viscoelastic
region (LVR). Within the LVR the viscoelastic response of
the polymer is independent of the amplitude of deformation
such that constitutive nonlinearities and plasticity effects can
be excluded. In Figure 2, the variations of storage and loss
moduli with strain amplitude 𝛾0 at different temperatures (0,
40, and 80∘C) are depicted. In the low temperature regime
(𝑇 = 0∘C, Figure 2, black dots), the mechanical response
(𝐺) is dominated by the hard segment phase. It could be
observed that 𝐺 and 𝐺 is hardly amplitude dependent
within 0.03% < 𝛾 < 1%and no hint for any plastic behavior is
observed. In the high temperature regime (T = 80∘C, Figure 2,
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blue diamonds), the mechanical properties are determined
by the soft segments. In this graph, the linear viscoelastic
region can be identified as a pronounced plateau. For shear
amplitudes within the range 0.03% < 𝛾 < 1%, the storage
and loss moduli remain almost constant. This is a fairly
broad LVRwhen compared to previously reported LVRs [29].
For shear amplitudes smaller than 0.03%, the decrease in
the experimental signal-to-noise ratio results in an artificial
deviation of moduli from the LVR plateau.

Upon identifying the appropriate strain amplitude range,
storage and loss moduli have been measured using tempera-
ture sweeps as shown in Figure 3(a). As can be seen, DMTA in
temperature sweep mode gives intriguing information about
structural properties of ESTANE. It is shown that the storage
modulus 𝐺 decreases gradually with temperature until the
glass transition region is reached. The plotted behavior is
typical for physically cross-linked block copolymers [31].
The inflection point of the 𝐺-𝑇-graph determines 𝑇𝑔 of the
sample.This point shifts to a higher temperature as frequency
increases. 𝑇𝑔 of SM-ESTANE was measured to be approxi-
mately 55∘C, which is in agreement with previously reported
results [30]. Interestingly, the temperature sweep tests of SM-
ESTANE scanned at different frequencies indicates that the
reduction of 𝐺 is less pronounced at higher frequencies
than at lower ones. Moreover, the storage modulus decreases
until it reaches a minimum. This is more considerable for
samples under lower tested frequencies. This minimum,
located at temperatures higher than 𝑇𝑔, is characteristic
for another relaxation inside the polymer chains due to
molecular heterogeneities of the specimen. Samples under
higher frequencies have less or not enough time to show
this relaxation. An inverse temperature sweep test with the
same frequency proves that this observation is almost not
repeatable.

The loss modulus 𝐺 shows a different behavior. 𝐺-𝑇-
plot has also a nonmonotonic form. The curves increase
with increasing temperature until 𝑇𝑔 is attained and decrease
slowly at higher temperatures. Moreover, at higher frequen-
cies the loss modulus takes higher values. The maximum of

𝐺
-𝑇-graph is interpreted as 𝑇𝑔 of the sample. Likewise, a

minimum at 𝑇 > 𝑇𝑔, characteristic for heterogeneities of the
sample, is perceptible.

Moreover, in addition to storage and loss moduli, storage
and loss compliance are plotted in Figure 3(b). As can be seen,
the loss and storage compliance show a nonuniform behavior
and obviously are in an almost opposite form in comparison
with the loss and storage moduli. The storage compliance
𝐽
 increases first gradually with respect to temperature until
it reaches a maximum. The plotted loss compliance as a
function of temperature for different frequencies has also
a monotonic shape. It decreases with temperature until 𝑇𝑔
is reached and then increases with higher slopes up to the
second relaxation temperature.

In addition to this, the results of dynamic and out-of-
phase viscosities as a function of temperature are plotted in
Figure 4. Again, a nonmonotonic behavior can be observed
for these properties and a stronger frequency dependence
than that of moduli and compliance is obvious. It can be
concluded that at higher frequencies the material shows
more internal energy dominated glassy behavior, whereby at
decreasing frequency a transition to a nearly entropic rubbery
state is surveyed. This is because of the fact that at higher
frequencies polymer chains absorb energy much better than
at lower frequencies.

As shown in Figure 5, the temperature dependency of
storage and loss moduli exhibit weak sensitivity with respect
to heating rate 𝜉, which was varied in the range from 0.25 to
2∘C⋅min−1 during temperature sweeps. Below 𝑇𝑔, the storage
modulus does not noticeably change with temperature and a
smooth decreasing trend is observed. ESTANE demonstrates
therefore a linear elastic behavior in this region. In the region
around𝑇𝑔, a harsh fall of storage modulus is observed. In this
range, a pronounced difference can be observed for different
heating rates. For higher heating rates, the storage modulus
exhibits a global minimum at around 𝑇𝑔. This could be
attributed to the fact that for higher heating rates, the kinetic
energy of polymer chains increases noticeably resulting in a
bigger free volume inside the polymer matrix. This volume
expansion obtains the needed energy and space for chain
movements in a defined time scale leading to an extreme
subsidence of energy. However, after this range, the polymer
chains resist to stresses due to physical cross-links and chain
entanglements. Finally, one can conclude that the changes of
mechanical properties dependmore strongly upon frequency
or strain amplitudes rather than heating rates. Additionally,
the results of loss factor (damping coefficient) are shown in
Figure 6. The peak values and the temperatures regarding
this maximum point are very well detectable. A small shift
towards higher temperatures for tan 𝛿 is seen for higher
heating rates. A similar behavior is also recorded in other
thermal analyses such as TMA or DSC [32].

Rearrangement of chain sequences in polymeric systems
leading to molecular relaxations accelerates at higher rates
and elevated temperatures. This direct equivalence between
time and temperature leads to the fact that the time over
which these relaxations take place can be simply reiterated
by conducting the experiment at higher temperatures and
shifting the resulting data to lower frequencies. This treating
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Figure 4: Temperature sweep tests at different frequencies: variation
of dynamic and out-of-phase viscosities with temperature.

of the results of dynamic experiments is called the Time-
Temperature Superposition Principle [33] and can be used
to produce a corresponding master curve of a polymer with
which the material properties can be estimated for very long
and not measurable time scales [29]. The horizontal shift
factor values (𝑎𝑇) for linking the individual experimental data
and producing the master curve can be obtained through the
Williams-Landel-Ferry (WLF) equation [29]:

log 𝑎𝑇 = −
𝐶1 (𝑇 − 𝑇𝑟)

𝐶2 + (𝑇 − 𝑇𝑟)
, (4)

where 𝐶1 and 𝐶2 are empirical constants and 𝑇𝑟 denotes the
reference temperature.

Figure 7(a) demonstrates the experimentally obtained
data of 𝐺 at different isothermal temperatures varying from
20∘C to 70∘C in the range of unreduced angular frequencies
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Figure 5: Temperature sweep tests with different heating rates:
variation of storage and loss shear modulus with temperature.

𝜔 from 0.1 to 100 rad⋅s−1. Complementary to this, obtained
master curves of 𝐺 and 𝐺 are shown in Figure 7(b). Here,
𝑇𝑟 is 50

∘Cand𝐶1 and𝐶2 are found to be 8 and 18, respectively.
As can be seen, the shift factor values of WLF equation and
the chosen temperature increments lead to acceptable master
curves from experimentally acquired data, revealing that
ESTANE may be considered as thermorheologically simple.
However, because of segmental and global heterogeneity,
considering ESTANE as thermorheological complex [34, 35]
would lead to even better master curves.

A very interesting inference, which can be concluded
from the aspect of the resulting master curve, is the feature of
the polymer system to show the SME. In the fact of the viscous
nature of the system, which is essential to the shape-storage
and recovery, one can deduce that the SME results only from
the time-temperature-dependent property of the system and
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its linear viscoelasticity [17]. By decreasing the temperature,
the deformation is stored as viscous strain by a large increase
in the viscosity or equivalently in the relaxation times (cf.
Section 3.2.1). Additionally, the shape recovery would be
achieved through viscous strain release owing to a decrease
in viscosity by temperature elevation. Therefore, the shape
fixation regardless of the cooling history can be estimated
directly from themaster curve through𝑅𝑓 = 1−𝐺𝑒/𝐺𝑔, where
𝐺𝑒 is the rubbery (at small frequencies) and 𝐺𝑔 is the glassy
(at high frequency) modulus.

3.2.1. Constitutive Model. A suitable constitutive frame-
work for thermorheologically simple polymers is generalized
Maxwell-Zener model [33] that is composed of a single
neo-Hookean equilibrium element aligned in parallel to 𝑛
nonequilibrium Maxwell elements. These nonequilibrium
thermoviscoelastic elements describe distinct relaxation pro-
cesses of the polymer [36]. In attempt to accurately represent
the continuous viscoelastic spectrum as measured using
DMTA, 𝑛 = 19 discrete nonequilibrium Maxwell elements
are taken into account. The constitutive behavior of the 𝑗th
Maxwell element is defined by the shear modulus 𝐺𝑗 and
the reduced relaxation time 𝜏𝑗

𝑅
and together they are referred

to as Prony series coefficients. Both material parameters are
optimized using the storage modulus master curve 𝐺(𝜔 ⋅
𝛼𝑇) for the reference temperature 𝑇𝑟 as shown in Figure 7.
We account for temperature dependency of the discrete
relaxation processes by scaling 𝜏𝑗 with the temperature shift
factors 𝑎𝑇 according to the Time-Temperature Superposition
Principle (TTSP). As outlined in Section 3.2, the shift factors
𝑎𝑇 have been found to obey the WLF relationship within the
tested temperature range. For the present thermorheologi-
cally simplematerial, temperature dependency of the discrete
relaxation processes takes the form 𝜏𝑗(𝑇) = 𝜏𝑗

𝑅
𝛼𝑇(𝑇). The

elastic shear modulus 𝐺eq of the neo-Hookean equilibrium

Table 1: Generalized Maxwell model relaxation times 𝜏𝑗
𝑅

and
associated shear moduli 𝐺𝑗 for ESTANE.

𝜏
𝑗

𝑅
[s] 𝐺

𝑗 [MPa]
1.000 × 10−9 8.495 × 101

5.995 × 10−9 7.954 × 101

3.594 × 10−8 7.414 × 101

2.154 × 10−7 6.874 × 101

1.291 × 10−6 6.334 × 101

7.743 × 10−6 5.794 × 101

4.641 × 10−5 5.254 × 101

2.782 × 10−4 4.713 × 101

1.668 × 10−3 4.168 × 101

1.000 × 10−2 3.602 × 101

5.995 × 10−2 2.932 × 101

3.594 × 10−1 2.106 × 101

2.154 × 100 1.399 × 101

1.291 × 101 9.998 × 100

7.743 × 101 8.412 × 100

4.641 × 102 7.613 × 100

2.782 × 103 6.331 × 100

1.668 × 104 4.651 × 100

1.000 × 105 2.823 × 100

element is evaluated in the limit lim𝜔→0𝐺

(𝜔 ⋅ 𝛼𝑇) as 𝐺eq =

29MPa. Subsequently, the Prony coefficients 𝐺𝑗 and 𝜏𝑗
𝑅
are

optimized using the Tikhonov regularization method [37]
such that the discrete representations of storage and loss
moduli

𝐺

(𝜔, 𝑇) = 𝐺eq +

𝑛

∑

𝑗=1

𝐺
𝑗
𝜔
2
(𝜏
𝑗
(𝑇))
2

1 + 𝜔2 (𝜏𝑗 (𝑇))
2
,

𝐺

(𝜔, 𝑇) =

𝑛

∑

𝑗=1

𝐺
𝑗 𝜔𝜏

𝑗
(𝑇)

1 + 𝜔2 (𝜏𝑗 (𝑇))
2

(5)

adequately represent experimentally measured DMTA data.
The best fitting Prony coefficients are listed in Table 1.
The fitted storage and loss moduli are plotted in Figure 7
and found to accurately represent the dynamic material
properties within the frequency and temperature range of
interest.

3.2.2. Modeling: Parameter Identification. In this section the
material parameter optimization techniques are discussed.
According to the rheological properties presented here, the
theory of finite viscoelasticity is used [38]. By considering
homogeneous uniaxial deformations, the resulting constitu-
tivemodel is reduced to a scalar equation entitled constitutive
driver. Consistent with [39, 40], the total deformation gra-
dient F = 𝜕x/𝜕X = 𝐹𝑖𝑗�̃�𝑖 ⊗ �̃�𝑗 can be decomposed into an
elastic and inelastic part: F = F𝑒 ⋅ F𝑖. For uniaxial tension
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of an incompressible material in e2 direction, assuming an
isotropic thermal expansion, one can write

F =
[
[
[
[
[

[

1

√𝜆

0 0

0 𝜆 0

0 0
1

√𝜆

]
]
]
]
]

]

, (6)

where 𝜆 is the previously introduced stretch. Similarly, the
stretch ratio of the 𝑗th Maxwell unit 𝜆𝑗 can be decomposed
into 𝜆𝑗 = 𝜆𝑗

𝑒
𝜆
𝑗

𝑖
. A neo-Hookean strain energy function is

taken into account for both, the equilibrium and nonequilib-
rium stresses. The resulting constitutive equation reads

T = Teq + Tneq = 𝐺eqB +
𝑛

∑

𝑗=1

𝐺
𝑗B𝑗
𝑒
− 𝑝I, (7)

where T, B = F ⋅ F𝑇, and B𝑗
𝑒
= F𝑒 ⋅ F𝑇𝑒 are the Cauchy stress

tensor, the total left Cauchy-Green tensor, and the elastic left
Cauchy-Green tensor of the 𝑗th Maxwell unit, respectively.
The volumetric Lagrange parameter 𝑝 in constitutive equa-
tion (7), which accounts for the incompressibility constraint
and thus interpreted as a pressure, can be evaluated from the
boundary condition. Since the material is stretched in just

one direction, the orthogonal directions are stress free. This
means 𝑇11 = 𝑇33 = 0, which results in

𝑇 = 𝐺eq (𝜆
2
−
1

𝜆
) +

𝑛

∑

𝑗=1

𝐺
𝑗 [

[

𝜆
2

(𝜆
𝑗

𝑖
)
2
−
𝜆
𝑗

𝑖

𝜆

]

]

. (8)

Using the relation above, the inelastic component 𝜆𝑗
𝑖
can be

replaced by𝜆𝑗/𝜆𝑗
𝑒
.The evolution of the inelastic rightCauchy-

Green tensorC𝑗
𝑖
, which takes the role of the internal variables

reads in general [40]

Ċ𝑗
𝑖
=
2

𝜏𝑗 (𝑇)
[C − 1

3
tr (C ⋅ [C𝑗

𝑖
]
−1

)C𝑗
𝑖
] , (9)

with the right Cauchy-Green tensor C = F𝑇 ⋅ F and the
inelastic right Cauchy-Green tensor of the 𝑗th Maxwell unit
C𝑗
𝑖
= (F𝑗
𝑖
)
𝑇
⋅ F𝑗.

For linearization of this equation we use the method des-
cribed in [40]:

Ċ𝑗
𝑖
=
2

𝜏𝑗 (𝑇)
[C − C𝑗

𝑖
] . (10)

An alternative approach is constituted by Shutov et al. propos-
ing a simple iteration scheme without linearization by an
implicit integration procedure and a simple explicit update
formula for unimodular deformations [41]. In view of the
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Figure 8: Temporal development of loading and stress relaxation experiments and their associated simulations under different isothermal
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scalar constitutive driver, the inelastic stretch component 𝜆𝑗
𝑖

takes the role of the internal variable. The corresponding
linear evolution equation reads

�̇�
𝑗

𝑖
=

1

2𝜏𝑗 (𝑇)
[
𝜆
2

𝜆
𝑗

𝑖

− 𝜆
𝑗

𝑖
] . (11)

The linearized evolution in (10) and (11) is only applicable
to boundary value problems with small deformation rates.
For these, large deviations with respect to the point of
linearization C𝑗

𝑖
= I are not expected. Equation (11) can be

solved by the implicit backward Euler procedure in time

�̇� ≈
𝜆
𝑗

𝑖
(𝑡 + Δ𝑡) − 𝜆

𝑗

𝑖
(𝑡)

Δ𝑡

=
1

2𝜏𝑗 (𝑇)
[
𝜆
2
(𝑡 + Δ𝑡)

𝜆
𝑗

𝑖
(𝑡 + Δ𝑡)

− 𝜆
𝑗

𝑖
(𝑡 + Δ𝑡)] .

(12)

Equation (12) is reformulated into a root-finding problem
for the updated inelastic stretch ratio of the 𝑗th Maxwell
element, which is solved using a Newton-Raphson scheme.
The corresponding residual form in the 𝑘th iteration reads

R
𝑘
= 𝜆
𝑗,𝑘

𝑖
(𝑡 + Δ𝑡) − 𝜆

𝑗

𝑖
(𝑡)

−
Δ𝑡

2𝜏𝑗 (𝑇)
[

𝜆
2
(𝑡 + Δ𝑡)

𝜆
𝑗,𝑘

𝑖
(𝑡 + Δ𝑡) − 𝜆

𝑗

𝑖
(𝑡 + Δ𝑡)

] .

(13)

Every Newton-Raphson iteration needs a new tangent

H
𝑘
=

𝜕R

𝜆
𝑗,𝑘

𝑖
(𝑡 + Δ𝑡)

= 1 +
Δ𝑡

2𝜏𝑗 (𝑇)

[

[

1 +
(𝜆 (𝑡 + Δ𝑡))

2

(𝜆
𝑗

𝑖
(𝑡 + Δ𝑡))

2
]

]

.

(14)

It is worth stating that the root-finding algorithm terminates
when the residual function (R𝑘) reaches the threshold value
of 108.

3.2.3. Finite Deformation Modeling: Rheology-Based. As
shown before, Prony coefficients as well as theWLF constants
have been determined for small deformations from frequency
sweep DMTA experiments. The parameter identification
is based on these results. Here for parameter validation,
relaxation experiments described in Section 2.3 were used
and compared to modeling results as obtained from the
constitutive approach discussed in Section 3.2.

The stress relaxation experiments with ESTANE have
been conducted at different temperatures (𝑇prog = 10, 30, 40,
50, 60, 70, and 80∘C). The typical stress relaxation curves
and the appending simulated data of relaxations are depicted
in Figure 8, once for temperature below 𝑇𝑔 and once above
it. Obviously, a pronounced peak maximum at 𝑡 = 10 s
can be surveyed belonging to the final extension of 10%.
The correspondingmaximum tensile stresses are called initial
stresses 𝜎𝑚 and are illustrated in the inset graphs of Figure 8.
As can be seen, larger inelastic stresses evolving during
deformation decrease with increasing temperature due to the
reduction of cross-linking densities. According to Eyring’s
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Table 2: Fitting results obtained by the analysis of the relaxation according to the model description of (15) for ESTANE.

𝑇prog 𝐺
1

𝐺
2

𝜏
1

𝜏
2

𝐺eq Corel. Coeff. R2

10 0.54 0.10 4.56 893.50 0.36 0.975
30 0.70 0.01 8.01 880.81 0.12 0.983
40 0.51 0.11 16.95 1296.61 0.10 0.985
50 0.24 0.18 102.30 883.42 0.52 0.987
60 0.17 0.21 386.90 7724.80 0.59 0.987

theory [33], this can be related to activation volume, which is
the volume of the polymer segment involved in the polymer
flow [42]. At temperatures below 𝑇𝑔, polymer chains are in
a kind of frozen-in state, where insufficient thermal energy
hinders the rotational and transitional movement of whole
chain segments. However, Haward [42] has declared that
the activation volume has no physical significance despite
having the dimension of volume. By increasing temperature,
the thermal energy increases towards the barriers for the
considerate segmental movement which results in smaller
stress levels during deformation.

According to the results illustrated in Figure 8, the
experimental initial stresses 𝜎𝑚 are higher than simulation
whichmight be associated with the nonoptimalmaster-curve
generation. However, for all temperatures a fast relaxation
process dominates the initial period of relaxations and then
a slow process is characteristic for the further relaxations.
Moreover, for temperatures below 𝑇𝑔, the amount of exper-
imental and simulated relaxation stresses converges to each
other very fast and good agreement can be observed. At
temperatures above glass transition, aside from 𝑇 = 60∘C, the
conformity deteriorates slightly. The emerging discrepancies
between experimental and simulation results at 𝑇prog = 50∘C
are believed to be based on the fact that this temperature
is located in the glass transition range, where main chain
segmental motions are activated (𝛼-relaxation). As long as𝑇𝑔
exceeds better fits could be again achieved.

On the other hand, another interesting aspect is the
kinetics of stress relaxations. Figure 9 shows for five selected
temperatures the temporal change of stresses as relative
values with respect to 𝜎𝑚 at the beginning of the relaxation.
Therefore, the model relaxation process starts with an initial
value of 1. By trying to find a suitable mathematical fit, it
was clear that a simpler generalized Maxwell-Zener model
with only five independent parameters (𝐺eq, 𝐺1, 𝐺2, 𝜏

1
, 𝜏
2
) is

thoroughly sufficient.Therefore, the experimental data points
were fitted to a five-parameter model with a numerical least
error square method. The modified Maxwell-Zener model
consists of two Maxwell units and a spring in parallel which
represents the long-time elastic behavior of the model. This
model has the following function:

𝐺 (𝑡) =
𝜎 (𝑡)

𝜀
= 𝐺eq + 𝐺

1 exp( 𝑡
𝜏1
) + 𝐺

2 exp ( 𝑡
𝜏2
) . (15)

The solid lines in Figure 9 are the obtained fitting curves
and the calculated fitting parameters.These fitting parameters
are listed in Table 2. As can be seen from Figure 9, the
relaxation process can be fitted very well with this model and
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Figure 9: Modeling of relaxation curves for ESTANE with the
modified Maxwell-Zener model.

the following five unknown parameters at each temperature
can be estimated with a good accuracy: the relaxed stress (or
the equilibrium stress) 𝐺eq, the elastic moduli of springs 𝐺1

and 𝐺2, and relaxation times of dashpots 𝜏1 and 𝜏2.
According to the results listed in Table 2 and the fitting

curves in Figure 9, it can be established that the main
relaxation times 𝜏1 increase with increasing 𝑇prog, meaning
that the first unit of the model relaxes faster than the other
one. Since 𝐺1 is the dominant spring modulus in the model
and because it decreases with temperature, 𝜏1 increases pro-
portional to the temperature. Finally, at temperatures below
𝑇𝑔, 𝐺eq decreases with increasing temperature as presented
in [43] and then increases to higher values for temperatures
higher than glass transition.

4. Conclusion

Based on the Dynamic Mechanical Thermal Analysis and
quasistatic experiments, the thermorheological properties of
little known ESTANE have been investigated. According to
the results presented here, it was possible to estimate its
Coefficient of Thermal Expansion above and below glass
transition temperature. Consistent with large force fluctua-
tions in tension machine during CTE-determination, it is
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believed that the measured CTE from the rheometer test is
more reliable. Furthermore, it could be shown that the linear
viscoelastic region of ESTANE lay in the range of 0.03 to
1%, which is wider than normally measured with DMTA. As
maintained by temperature sweep tests, the glass transition
temperature of ESTANE could be measured as the minimum
of the 𝐺-𝑇-graph and is equal to approximately 55∘C.

Additionally, it could be shown that the dynamic and
out-of-phase viscosities depend strongly on frequency and
ESTANE shows a typical more internal energy dominated
behavior at lower frequencies. In one step further based
on Time-Temperature Superposition Principle, the long-time
behavior of ESTANE could be described. A generalized
Maxwell model consisting of 19 Maxwell units was then
applied tomodel the viscoelastic behavior of ESTANE.More-
over, relaxation experiments were performed for validating
the optimized Prony coefficients. It was observed that at
temperatures below 𝑇𝑔, the experimental data obtained in
relaxation experiments coincide better with simulations. In
one step further it was revealed that the relaxation results in
two steps, one fast and one slow. Since the slower process
decays only after some minutes, the relaxation model could
be simplified to a five-parameter model.

Finally, in the line of this work, a better understanding
about the relaxation kinetics of ESTANE could be achieved.
Based on this work we anticipate that these results might
provide a necessary knowledge base for further progresses in
the development of Shape-Memory Polymers and motivate
further studies addressing the particular parameters influenc-
ing the kinetics of relaxations.
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Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most popular thermoresponsive polymers. Adsorption of RecA proteins
onto hybrids of PNIPAAm and single-walled carbon nanotubes (SWNTs) was observed in the presence and absence of DNA
molecules. Although RecA molecules were adsorbed efficiently onto the hybrid surfaces at 37∘C, even in the absence of DNA
molecules, the adsorption of RecA was inhibited at 4∘C. These results suggest that the thermoresponsive functions of PNIPAAm
were effective, even on the SWNT surfaces, which supports the possibility of developing nanobiodevices using PNIPAAm-SWNT
hybrids. However, although RecA is a DNA binding protein, there was no significant difference in the adsorption of RecA onto
PNIPAAm-SWNT surfaceswith andwithoutDNAmolecules.This study provides fundamental information for potential biological
applications of PNIPAAm-SWNT hybrids.

1. Introduction

Poly(N-isopropylacrylamide) (PNIPAAm) is one of the most
common thermoresponsive polymers owing to its lower
critical solution temperature (LCST) of 32∘C. It is well known
that PNIPAAm molecules are hydrophobic at temperatures
above 32∘C and hydrophilic at temperatures below 32∘C [1–
4]. Moreover, the LCST does not depend on the polymer
molecular weight, as long as 𝑀

𝑤
is greater than 50,000Da

[5]. Because of these unique properties, PNIPAAm and
related polymers have been intensively studied [6, 7]. These
polymers have been used for various biomedical applications,
such as the preparation of cell sheets [3, 4]. In addition,
the fabrication of PNIPAAm polymer brushes on reduced
graphene oxide and hydrogel-forming polymer films have
been reported, respectively [8, 9].

Carbon nanotubes (CNTs) are also promising nanoma-
terials for various industrial and biological applications [10–
14]. For biological applications, CNT surfaces are typically

wrapped with organic molecules or biomolecules such as
DNA [15, 16]. This wrapping procedure has two purposes.
First, although CNTs are insoluble in aqueous solutions, they
can become soluble after being wrapped with hydrophilic
organic molecules or biomolecules. Second, CNT surfaces
can be functionalized by the aforementioned wrapping. For
example, if CNT surfaces are wrapped with single-stranded
DNAmolecules, the resultingDNA-CNThybrids can be used
for hybridization with complementary DNA molecules.

The preparation of CNT surfaces with PNIPAAm or
related molecules has been intensively studied by many
authors. In most of the previously reported cases, PNI-
PAAm molecules were covalently attached to CNT sur-
faces [17–20]. However, in this procedure, the honeycomb
carbon structures of the CNTs become disordered as a
result of covalent bonding. Moreover, the unique optical
and electronic properties of single-walled carbon nanotubes
(SWNTs) are lost owing to this disorder.Wrappingmolecules
via physisorption is another approach for exploiting the
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unique optical and electronic properties of SWNTs. However,
to the best of our knowledge, there is only one report on the
preparation of PNIPAAm-SWNT hybrids by physisorption
[21].

In the present study, we demonstrate the reactions of
RecA proteins and DNA with PNIPAAm-SWNT hybrids at
two different temperatures (37∘C and 4∘C). RecA is one of
the most important proteins associated with DNA recombi-
nation. RecA proteins bind to single-strandedDNA and form
a helical filament structure [22]. Adsorption of RecA proteins
onto single-stranded DNAmolecules on SWNT surfaces was
reported by Oura et al. [23]. PNIPAAm-SWNT hybrids have
swelled rod-like structures; this suggests random physisorp-
tion of PNIPAAm onto the SWNT surfaces. Therefore, RecA
proteins could randomly absorb onto PNIPAAm-SWNT
hybrids. Accordingly, this study aims to provide fundamental
information regarding the potential biological applications of
PNIPAAm-SWNT hybrids.

2. Materials and Methods

SWNT powder (Super Purified HiPco SWNTs) was pur-
chased from Unidym, Inc. (Menlo Park, CA, USA). PNI-
PAAm was obtained by telomerization using N-isopropyl-
acrylamide, 2-mercaptoethanol (MeEtOH), and 2,2-azo-
bis(isobutyronitrile) (AIBN) [24]. The molecular weight of
PNIPAAm-OH was characterized using 1H NMR (INOVA
400; Varian, Palo Alto, CA, USA) and gel permeation chro-
matography (GPC) (HLC-8320GPC; Tosoh, Tokyo, Japan).
The GPC system was equipped with three sequentially con-
nected columns (TSKgel Super Aw2500, TSKgel Super
AW3000, and TSKgel Super AW4000; Tosoh) and calibrated
using polystyrenes with various defined molecular weights
(Sigma-Aldrich, St. Louis, MO, USA). The GPC experiments
were carried out at 40∘C using DMF containing 50mM LiCl
as the eluent (flow rate, 0.6mL/min). Thus, the molecular
weight of synthesized PNIPAAm-OH was confirmed to be
6,000Da. DNA (thymine 30 mers, T30) and RecA proteins
(1.0mg/mL) were purchased from Life Technologies Inc.
(Tokyo, Japan) and Bio Academia (Osaka, Japan), respec-
tively.

Wang and Chen reported that PNIPAAm molecules can
adsorb onto SWNT surfaces [21]. To prepare hybrids of
PNIPAAm and SWNT, we used the sonication method.
SWNT powder (1mg) was added to 4mL of PNIPAAm
solution (1mg/mL). The mixture was sonicated using an
ultrasonic homogenizer (VCX 130, Sonics & Materials Inc.,
Newtown, CT, USA) at 5W for 90min in ice water. To
remove excess PNIPAAm molecules, the samples were
centrifuged (20130×g, 10min) after adding 20 𝜇L of 1M
tris(hydroxymethyl)aminomethane-HCl (Tris-HCl) buffer
solution to 180 𝜇L of the mixture. Then, the supernatant was
replaced with pure water. After repeating this treatment 10
times, the precipitates with pure water were sonicated in
an ultrasonic bath (LEO-80, Steady Ultrasonic Sdn. Bhd.,
Selangor, Malaysia) for 10min in ice water to resuspend
the mixture. These resuspended mixtures were used as the
PNIPAAm-SWNT suspension (stock suspension A). For
DNA adsorption, 500 𝜇L of DNA solution (1mg/mL) and

500𝜇L of the stock suspension A were mixed and then stored
at 4∘C (stock suspension B).

For characterization, eight kinds of mixtures were pre-
pared as follows: 8𝜇L of stock suspension A and 13 𝜇L of
water were mixed. The mixture was incubated for 60min at
4∘C (sample #1) or 37∘C (sample #5). For DNA samples, 16 𝜇L
of stock suspension B and 5𝜇L of water were mixed. The
mixture was incubated for 60min at 4∘C (sample #2) or 37∘C
(sample #6). For experiments measuring RecA absorption
onto PNIPAAm-SWNT, 8 𝜇L of stock suspension A, 5 𝜇L
of RecA with adenosine 5-[𝛾-thio]triphosphate tetralithium
salt (ATP𝛾S), and 8 𝜇L of water were mixed.Themixture was
incubated for 60min at 4∘C (sample #3) or 37∘C (sample #7).
Finally, for experiments measuring RecA adsorption onto
PNIPAAm-SWNT with DNA, 16 𝜇L of stock suspension B
and 5 𝜇L of RecA solution with ATP𝛾S were mixed.Themix-
ture was then incubated for 60min at 4∘C (sample #4) or 37∘C
(sample #8). In samples #3, #4, #7, and #8, the final concentra-
tions of RecA and ATP𝛾S were 160 𝜇g/mL and 2mM, respec-
tively.The contents of each sample are summarized in Table 1.

For atomic force microscopy (AFM) observations, 20 𝜇L
of each mixture was dropped on a mica surface pretreated
with 3-aminopropyltriethoxysilane (AP-mica), incubated at
room temperature for 10min, and rinsed with pure water.
The samples were dried overnight before AFM observation.
TheAFMobservationswere performedusingAC-AFMmode
(MFP-3D microscope; Asylum Research, Santa Barbara,
CA, USA) with a silicon cantilever (NANOSENSORS PPP-
NCSTR-W; NanoWorld AG, Neuchâtel, Switzerland) in air.
Cross-sectional analysis was carried out (100 cross-sections,
five positions for 20 hybrids) to estimate the heights of the
hybrids.

For agarose gel electrophoresis, 2𝜇Lof glycerolwas added
to 10 𝜇L of the sample mixture. The electrophoresis was
carried out at 50V for 60min in Tris-Acetate buffer solution
with ethylenediaminetetraacetic acid (TAE) using a 0.5%
agarose gel. All characterizations were carried out at room
temperature.

3. Results and Discussion

Figure 1 shows a schematic representation of the reactions
examined in our experiments. DNA molecules and/or RecA
proteins reacted with the PNIPAAm-SWNT hybrids at 4∘C
and 37∘C. For experiments carried out on the reactions of
both DNA and RecA, the mixture of DNA and PNIPAAm-
SWNT was preincubated before adding the RecA pro-
teins. AFM images of the PNIPAAm-SWNT hybrids pre-
pared at 4∘C and 37∘C in the presence of DNA molecules
(samples #2 and #6, resp.) are shown in Figure SP1 (see
Supplementary Material available online at http://dx.doi.org/
10.1155/2016/3539609); AFM images of the hybrids prepared
in the absence of DNA (samples #1 and #5, resp.) are shown
in Figure SP2. No apparent differences in the morphologies
were observed among these four samples. In comparisonwith
hybrids of DNA and SWNTs [23, 25, 26], the variance of
height values that were obtained from the cross-sectional
analysis of the AFM images was quite large. The average
height valueswere 4.5±3.7, 6.8±14.0, 5.9±4.4, and 5.0±4.6 nm
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Table 1: Contents of each sample.

Sample number

PNIPAAm-
SWNT

suspension
(𝜇L)

DNA
solution (𝜇L)

RecA
solution with
ATP𝛾S (𝜇L)

Water (𝜇L)
Incubation
temperature

(∘C)

Average
height values

(nm)

#1 8 0 0 13 4 4.5 ± 3.7
#2 8 8 0 5 4 6.8 ± 14.0
#3 8 0 5 8 4 7.4 ± 6.0
#4 8 8 5 0 4 7.0 ± 5.4
#5 8 0 0 13 37 5.9 ± 4.4
#6 8 8 0 5 37 5.0 ± 4.6
#7 8 0 5 8 37 N.A.
#8 8 8 5 0 37 7.8 ± 5.7
In each sample, the final concentration of PNIPAAm-SWNT was 380 𝜇g/mL. In samples #2, #4, #6, and #8, the final concentration of DNA was 380𝜇g/mL. In
samples #3, #4, #7, and #8, the final concentrations of RecA and ATP𝛾S were 160 𝜇g/mL and 2mM, respectively.

PNIPAAm-SWNT
hybrids

ssDNA

RecA

RecA

Sample 1 (4∘C)
Sample 5 (37∘C)

Sample 2 (4∘C)
Sample 6 (37∘C)

Sample 3 (4∘C)
Sample 7 (37∘C)

Sample 4 (4∘C)
Sample 8 (37∘C)

+ +

+

Figure 1: Schematic representation of the reactions studied.

for PNIPAAm-SWNT without DNA at 4∘C (sample #1),
PNIPAAm-SWNTwithDNAat 4∘C (sample #2), PNIPAAm-
SWNT without DNA at 37∘C (sample #5), and PNIPAAm-
SWNTwithDNA at 37∘C (sample #6), respectively. Although
the average height of each sample was slightly different, it is
not obviouswhetherDNAwas attached to PNIPAAm-SWNT
because the standard deviation of each sample, especially
that of sample #2, was large. This irregularity of the standard
deviations may be caused by non-Gaussian distributions.

The RecA proteins reacted with PNIPAAm-SWNT with
andwithoutDNAmolecules at 4∘Cand 37∘C.BecauseRecA is
one of themajor DNAbinding proteins, we were interested in
the binding of RecA proteins to PNIPAAm-SWNT hybrids.
At 4∘C, no significant changes were observed, even after
adding RecA proteins. Figure 2(a) shows an AFM image of
the PNIPAAm-SWNT hybrids with RecA (sample #3). In
this case, RecA proteins directly reacted with PNIPAAm-
SWNT hybrids without DNA. On the other hand, as shown
in Figure 2(b), when DNA was added to PNIPAAm-SWNT
hybrids first, the RecA proteins reacted with the mixture of
DNAandPNIPAAm-SWNThybrids (sample #4).Therewere
no significant changes in the morphologies of these samples
when compared with the results shown in Figures SP1 and

SP2. The average heights were 7.4 ± 6.0 and 7.0 ± 5.4 nm for
PNIPAAm-SWNT with RecA (sample #3) and PNIPAAm-
SWNT with DNA and RecA (sample #4), respectively. These
values are obviously larger than that for PNIPAAm-SWNT
without RecA and DNA (sample #1), which suggests that
RecA proteins are bound to PNIPAAm-SWNT surfaces both
with and without DNA molecules.

Similar experiments were carried out at 37∘C. In this
case, the morphologies of the PNIPAAm-SWNT hybrids
were drastically changed compared with those at 4∘C. Many
large hybrids were observed in the images of both sample #7
(Figure 2(c)) and sample #8 (Figure 2(d)). In particular,many
aggregated hybrids were found in PNIPAAm-SWNT with
RecA (Figure 2(c); sample #7), and a cross-sectional analysis
was therefore not possible in the case. An additional AFM
image is shown in Figure 2(c) instead of a histogram. The
average height of PNIPAAm-SWNT with DNA and RecA
(sample #8) was 7.8 ± 5.7 nm, which is a higher value than
those for PNIPAAm-SWNT hybrids with and without DNA
(samples #5 and #6, resp.).

From the above results, we can conclude that RecA
proteins tend to bind with the PNIPAAm-SWNT hybrids at
37∘C, even in the absence of DNAmolecules. For PNIPAAm-
SWNT with RecA in the absence of DNA, more RecA
proteins were attached to PNIPAAm-SWNT at 37∘C (sample
#7) than at 4∘C (sample #3). However, in the presence of DNA
molecules, the change of the average height between 4∘C
(sample #4) and 37∘C (sample #8) was not significant. Thus,
the thermoresponsive properties of PNIPAAm were useful
for regulatingRecAprotein attachment to the SWNTsurfaces
in the absence of DNA molecules. On the other hand, the
aggregation of the hybrids in the absence of DNA molecules
is not well understood. Further experiments are necessary
to clarify the mechanisms underlying the adhesion of RecA
proteins onto the PNIPAAm-SWNT surface without DNA
and the aggregation of the hybrids.

Finally, the samples were analyzed using agarose gel
electrophoresis (Figure 3). The location of each band of
SWNTs can be observed without staining. Lanes 1 and 5 show
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Figure 2: AFM images and height distributions of PNIPAAm-SWNT hybrids with DNA and/or RecA. (a) PNIPAAm-SWNT with RecA
incubated at 4∘C (sample #3). (b) PNIPAAm-SWNT with DNA and RecA incubated at 4∘C (sample #4). (c) PNIPAAm-SWNT with RecA
incubated at 37∘C (sample #7). (d) PNIPAAm-SWNT with DNA and RecA incubated at 37∘C (sample #8). Scan size: 3.0 𝜇m × 3.0 𝜇m.

1 2 3 4 5 6 7 8

Figure 3: Agarose gel electrophoresis of PNIPAAm-SWNThybrids.
Lanes 1–4: samples incubated at 4∘C. Lanes 5–8: samples incubated
at 37∘C. Lanes 1 and 5: PNIPAAm-SWNT. Lanes 2 and 6: PNIPAAm-
SWNT with DNA. Lanes 3 and 7: PNIPAAm-SWNT with RecA.
Lanes 4 and 8: PNIPAAm-SWNT with DNA and RecA.

the PNIPAAm-SWNT hybrids prepared at 4∘C (sample #1)
and 37∘C (sample #5), respectively. In these cases, the SWNTs
remained in the loading well, even after 1 h electrophoresis.
Lanes 2 and 6 show the mixtures of DNA and PNIPAAm-
SWNT at 4∘C (sample #2) and 37∘C (sample #6), respectively.
In these cases, some of the SWNTs migrated; thus, the
results suggest that DNA adsorbed onto the PNIPAAm-
SWNT surfaces, although this was not obvious in the cross-
sectional analysis of the AFM images. When RecA proteins
were added at 4∘C (Lanes 3 and 4; samples #3 and #4, resp.),
the SWNT bands were similar to that in Lane 2 (sample #2).
In our experiments, RecA proteins are negatively charged
[27, 28].Therefore, this result suggests that a small amount of
RecA proteins adsorbed onto the PNIPAAm-SWNT surfaces
at 4∘C. On the other hand, with the addition of RecA proteins
at 37∘C, the SWNTs remained in the loading wells in Lanes 7
(sample #7) and 8 (sample #8) and in Lanes 1 (sample #1) and
5 (sample #5). This result might suggest an increase in the

molecular weight of the hybrids due to the binding of large
amounts of RecA proteins.

4. Conclusion

In this work, we demonstrated the attachment of RecA
proteins onto PNIPAAm-SWNT hybrids. The amount of
adsorbed RecA proteins was found to be regulated by
temperature in the absence of DNA molecules. To regulate
the reactions of RecA and DNA molecules on PNIPAAm-
SWNT surfaces, further improvement of sample conditions
is necessary.
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molecules. Herein we investigate the combinational effects of cell-selective biomolecules and the hydrophobicity/hydrophilicity
of the polymeric substrate on selective adhesion of endothelial cells (ECs), fibroblasts (FBs), and smooth muscle cells (SMCs).
To control the polymeric substrate, biomolecules are immobilized on thermoresponsive poly(N-isopropylacrylamide-co-2-
carboxyisopropylacrylamide) (poly(NIPAAm-co-CIPAAm))-grafted glass surfaces. By switching the molecular conformation of
the biomolecule-immobilized polymers, the cell-selective adhesion performances are evaluated. In case of RGDS (Arg-Gly-Asp-
Ser) peptide-immobilized surfaces, all cell types adhere well regardless of the surface hydrophobicity. On the other hand, a tri-Arg-
immobilized surface exhibits FB-selectivity when the surface is hydrophilic. Additionally, a tri-Ile-immobilized surface exhibits
EC-selective cell adhesion when the surface is hydrophobic. We believe that the proposed concept, which is used to investigate the
biomolecule-immobilized surface combination, is important to produce new biomaterials, which are highly demanded for medical
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1. Introduction

For long-term implantation of medical devices, such as
vascular grafts, both cellular-compatibility and antithrom-
bogenicity are essential [1, 2]. The realization of functional
sustainability has been a challenge for biomaterial chemistry
to minimize life-threatening risks.

One major strategy to provide biological functionality
(e.g., cell adhesion) for medical applications of polymer
materials is immobilization of biomolecules using extra-
cellular matrix (ECM) proteins [3–6], antibodies [7], pep-
tides [8–13], and so forth. Cell adhesion is a critical step
to regenerate tissues damaged by implantation surgery.
For example, endothelialization of vascular grafts can be
enhanced by improving adhesion of endothelial cells (ECs)
on their surface. Faster endothelialization prevents two risks
of restenosis: thrombosis and neointimal hyperplasia [14–16].
Themonolayer coverage of endothelial cells strongly provides
antithrombosis effect.The appropriate endothelialmonolayer
formation is also the first step of proper cellular organization,
which inhibits the uncontrolled growth of smooth muscle
cells and fibroblasts that invade from the outer layer of
vascular tissue.

Peptides on polymers have shown successful cell adhesive
function. RGD (Arg-Gly-Asp), which is the integrin ligand
sequence, is one of the most well established biomolecules
that provide a cell adhesion function on polymers [17]. More-
over, various peptides from ECMs exhibit a cell adhesion
performance. We have reported that short peptides (3mer
to 7mer) enhance not only cell adhesion [18] but also cell-
selective adhesion [19, 20]. An ECM-derived 3mer peptide
(CAG: Cys-Ala-Gly) enhances EC adhesion for endothe-
lialization but inhibits smooth muscle cell (SMC) adhesion
inside the electrospun vascular scaffold composed of poly-𝜀-
caprolactone in vivo [21] and inhibits platelet adhesion on a
material surface [22].

Through our systematic cell adhesion peptide screening,
we have found two classes of adhesion peptides. One exhibits
a strict ligand-receptor behavior (RGDS and YIGSR). The
other is more closely related to motifs that largely depend on
their physiochemical properties and therefore may accept a
range of sequence variations. That is, not only the sequence
itself [cell-peptide interaction through ligand-receptor (e.g.,
RGD peptide)] but also the physicochemical property can
control cell-selective adhesion [19].

Ile-containing peptides (3mer to 7mer) show selective
adhesion of ECs, but they show a negative adhesion effect
on SMCs and fibroblasts (FBs). Compared to antibodies and
ECM-derived large proteins, short peptides can be feasibly
synthesized and purified. The assurance of their purity and
production costs is advantageous for functionalizing medical
materials, but similar to other biological molecules, pep-
tides require skillful immobilization to sustain their original
performance. There are several unknown factors that can
diminish biomolecule performance, including side effects
of immobilization chemistry, structural/directional changes
by immobilization, molecular density of immobilization, or
combinational effects of biomolecule-polymer compatibility.
Understanding the cause of such unexpected effects in

biomolecule immobilization is important when designing
medical devices.

Additionally, the properties of the polymer itself greatly
influence cell adhesion. Wettability [23], elasticity [24], and
geometry [25] of the polymer material are critical factors
affecting biocompatibility. Previously, we reported that the
level of hydrophobicity of polyNIPAAm can change the cell
adhesion performance of the same immobilized-RGDS (Arg-
Gly-Asp-Ser) peptide [26–28].

Based on these observations, we hypothesize that there
should be a combinational effect of biomolecules and the
immobilized polymer status that may inhibit/enhance the
total functionality. To investigate such a biomolecule-poly-
mer combinational effect, we designed a cell assay plat-
form that can compare the total performance of the tar-
get biomolecules combined with different polymer prop-
erties by applying thermoswitchable polyNIPAAm tech-
nology (Figure 1). Altering the status of the biomolecule-
immobilized polyNIPAAmby temperature allows the perfor-
mance of the same immobilized biomolecule to be assayed as
a function of the polymer properties.

In this work, we apply the cell assay platform of
poly(NIPAAm-co-CIPAAm) [26–29] to compare cell adhe-
sion performances. Specifically, the changes in the cell adhe-
sion performance and the preference among three different
cell types (ECs, FBs, and SMCs), which we refer to as
“cell-selective adhesion” (Figure 1), are evaluated. The results
indicate that immobilized biomolecule performances depend
on the combination of the polymer status and appropri-
ately selecting the immobilization polymer may sustain or
even enhance the cell-selective adhesion performance of
biomolecules.

2. Materials and Methods

2.1. Preparation of the Poly(NIPAAm-co-CIPAAm) Cell Assay
Platform. The poly(NIPAAm-co-CIPAAm) cell assay plat-
form was prepared using a surface-initiated atom transfer
radical polymerization (ATRP) technique [29] (Figure 2).
Water-repellent printed slide glasses and regular slide glasses
(10mm × 25mm) (Matsunami Glass Industry, Tokyo, Japan)
were exposed to UV ozone for 10min for cleaning. Then
the clean glass platform was placed in a glass container
with (chloromethyl)phenylethyl-trimethoxysilane (Gelest,
Inc., Morrisville, PA, USA) for the silanization reaction for
3 h at 90∘C and subsequently baked for 1 h at 110∘C. NIPAAm
(Kohjin, Tokyo, Japan) was purified by recrystallization from
n-hexane (Wako Pure Chemical Industries, Osaka, Japan).

2-(Benzyloxycarbonyl)isopropylacrylamide(CIPAAmBz)
was synthesized and purified according to the previously
reported protocol [30]. On the surface of the silanized
glass platform, a poly(NIPAAm-co-CIPAAmBz) layer was
grafted in 2-propanol (Kanto Chemical, Tokyo, Japan) with
a molar ratio of 100 : 1 (NIPAAm :CIPAAmBz) with a
free ATPR initiator at room temperature for 17 h. In a
typical procedure, 17.924 g (2mol/L) of NIPAAm, 401mg
(20mmol/L) of CIPAAmBz, 72mg (8.99mmol/L) of Cu(I)Cl
(Kanto Chemical), and 10mg (1.00mmol/L) of Cu(II)Cl

2

(Wako Pure Chemical Industries) were dissolved in 80mL of
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Figure 2: Fabrication scheme for the poly(NIPAAm-co-CIPAAm) graft and biomolecule immobilization.

the degassed solvent in a glove box under a nitrogen
atmosphere. The silanized glasses, 200mg (10.8mmol/L) of
Me
6
TREN (Mitsubishi Chemical Holdings, Tokyo, Japan)

and 133mg (10.7mol/L) of 4-ethylbenzyl chloride (Tokyo
Chemical Industry, Tokyo, Japan), were added to the above
solution. The reaction was terminated by exposing the solu-
tion to air. The polymer layered platform was rinsed with
2-propanol and methanol (Kishida Chemical, Osaka, Japan)
and dried under a vacuum. Deprotection of CIPAAmBz in
the polymer layer was carried out by acidic hydrolysis with
methanesulfonic acid (Wako Pure Chemical Industries). In a
typical procedure, 37.5mL (15 vol%) of methanesulfonic acid
was dissolved in 212.5mL of dichloromethane (KantoChemi-
cal).The polymer-grafted cell assay platformwas deprotected
by acidic hydrolysis with 15 vol% methanesulfonic acid in
dichloromethane at room temperature for 17 h. The activated
platform surface was then rinsed with dichloromethane and
methanol for the biomolecule immobilization step.

To check the quality of the synthesized polymer, the
molecular weight of the free polymer was determined by a gel

permeation chromatography (GPC) system (TOSOH TSK-
GEL 𝛼-2500, Tosoh, Tokyo, Japan) equipped with a refractive
index detector (RI-2031) at 40∘C. The polymer solution was
first dialyzed with pure water and then applied to GPC.
The GPC measurement confirmed that the molecular weight
(𝑀
𝑛
) was 6.95 × 103 g/mol (Table 1).

2.2. Biomolecule Immobilization on Poly(NIPAAm-co-
CIPAAm) Cell Assay Platform. Biomolecules (di- or tetra-
peptides) were immobilized onto CIPAAm via the carboxyl
groups with an equal molar amount of 1-ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC)
(Dojindo Laboratories, Kumamoto, Japan) in pure water
under a humid atmosphere at room temperature for 17 h.
Then the platform was rinsed with pure water and dried
under a vacuum until cell assay usage. Gly-Arg (mono-Arg),
Gly-Ile (mono-Ile), Gly-Arg-Arg-Arg (tri-Arg), and Gly-
Ile-Ile-Ile (tri-Ile) (>90% purity) synthesized by Biomatik
(Cambridge, ON, Canada) and RGDS (>98% purity)
purchased from Peptide Institute (Osaka, Japan) were used
as biomolecules for immobilization.
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Table 1: Characterization of the grafted polymer.

Thickness (nm)a Density (g/cm3)a 𝑀
𝑛

× 10
−3

b
𝑀
𝑤

/𝑀
𝑛

b Graft density (chains/nm2)c

3.66 0.95 6.95 1.21 0.30
aDetermined by XRR with CuK𝛼 radiation (0.154 nm) under dry conditions.
bDetermined by GPC (standard: PEG; eluent: DMF with 10mmol/L LiBr; flow rate: 0.6mLmin−1; temperature: 40∘C).
cCalculated using the thickness, density, and number-average molecular weight.

2.3. Characterization of the Biomolecule-Immobilized
Poly(NIPAAm-co-CIPAAm) Cell Assay Platform. To charac-
terize the cell assay platform, X-ray reflectivity (XRR) was
performed with a Rigaku ATX-G (Rigaku, Tokyo, Japan)
operating with Cu K𝛼 radiation (0.154 nm).The grafted poly-
mer density, 𝜎 (chains/nm2), of the fabricated polymer layer
was calculated using the equation 𝜎 = ℎ𝜌𝑁

𝐴
/𝑀
𝑛
, where ℎ

is the polymer layer thickness (nm), 𝜌 is the polymer layer
density (g/cm3), 𝑁

𝐴
is Avogadro constant, and 𝑀

𝑛
is the

number-average molecular weight of the free polymer chains
[29].

The contact angle (CA) of the cell assay platformwasmea-
sured inwater tomimic an actual in vitro situation.On the cell
assay platform facing downward in a transparent vessel filled
with phosphate buffered saline (PBS) (Wako Pure Chemical
Industries), the CA of the captured air bubble was measured
by FACE CA-XP (Kyowa Interface Science, Saitama, Japan)
according to the previously reported protocol [31]. Then the
measured CA of the air bubble was subtracted from 180∘
to describe the CA in this work. The PBS temperature was
regulated with a temperature-controlled circulator (RE104,
Lauda, Kanagawa, Japan). The result of CA was expressed as
the mean of three measurements with the standard deviation
(SD). The significance of CAs between 37∘C and 20∘C was
tested by Student’s t-test. The significance of the measured
CA between samples was evaluated by the one-way analysis
of variance (ANOVA).

2.4. Cells and Cell Cultures. Normal human umbilical vein
ECs (Kurabo, Osaka, Japan) were maintained in HuMedia-
EG2 (Kurabo). Human aorta SMCs (Kurabo) were main-
tained in a Complete Medium Kit with Serum with Culture-
Boost (Cell Systems, Kirkland, WA, USA). Normal human
adult dermal FBs (Kurabo) were maintained in Dulbecco’s
modified Eagle’s medium (DMEM) (Wako Pure Chemical
Industries) with 10% fetal bovine serum (Nichirei Bio-
sciences, Tokyo, Japan) and 1%penicillin streptomycin (Wako
PureChemical Industries). Cells weremaintained at 37∘Cand
5% CO

2
and were used within five passages.

2.5. Cell Adhesion Assay. The cell adhesion assay was car-
ried out with the previously described protocol with some
modifications [29]. Viable cells stained with Calcein-AM
(Dojindo Laboratories) for 1.5 h were seeded on the cell
assay platform with droplets (1.56 × 104 cells/cm2). To switch
the hydrophobic/hydrophilic property of poly(NIPAAm-co-
CIPAAm), the seeded platform was first cultured at 37∘C.
After cell adhesion for 1 h, cellular images were obtained
on the platform by fluorescence microscopy (X71, Olympus
Corporation, Tokyo, Japan) using MetaMorph (Molecular

Devices, LLC, Sunnyvale, CA, USA) controlled by an 𝑥𝑦𝑧
electric stage. Fluorescent cellular images (𝑁 = 6) were
processed using MetaMorph to count the cellular numbers.
Subsequently, the platform was transferred to a 20∘C atmo-
sphere for property switching from the hydrophobic status to
the hydrophilic status. Upon changing the polymer status, the
cells were cultured for 1 h for cell adhesion.Then their cellular
images were obtained in the same manner. The results of cell
adhesion were expressed as the mean of six cellular images
with the standard deviation (SD).The significance of the data
between two conditions was tested by Student’s t-test, and the
significance of the data among other conditions was tested by
one-way ANOVA.

3. Results

3.1. Characterization of the Poly(NIPAAm-co-CIPAAm) Plat-
form for Cell Assays. To investigate the combinational effect
of a biomolecule and its immobilized polymer property,
we constructed a poly(NIPAAm-co-CIPAAm)-grafted assay
platform. By using thermoresponsive poly(NIPAAm-co-
CIPAAm), the platform can change the status of the polymer
with the same immobilized biomolecules.

By measuring XRR on the assay platform, the thick-
ness and density of the grafted layer are estimated as
3.66 ± 0.42 nm and 0.95 ± 0.02 g/cm3, respectively (Table 1).
The fabricated polymer graft has a graft density of 0.30
chains/nm2, which reproduces the previous data [29, 32].
The measurement of the temperature-dependent transmit-
tance change also confirms that lower critical solution tem-
perature (LCST) is between 20∘C and 37∘C (Supporting
Information Figure S1 in Supplementary Material avail-
able online at http://dx.doi.org/10.1155/2016/2090985). This
result indicates that the grafted polymer can switch its
hydrophilic/hydrophobic property by thermal stimulation
(20∘C or 37∘C).

As a property descriptor, the CA was measured to
describe the wettability of this platform; it measures 40.0∘
(SD = 0.8∘) at 20∘C and 44.6∘ (SD = 1.7∘) at 37∘C (Figure 3).
Although the difference in CAs between these two tempera-
tures is significant for all samples [20∘C versus 37∘C at blank
(without biomolecules) (𝑝 < 0.05), mono-Arg (𝑝 < 0.05),
mono-Ile (𝑝 < 0.01), tri-Arg (𝑝 < 0.001), and tri-Ile
(𝑝 < 0.05)] by the t-test, the difference between immobilized
biomolecules in the same temperature is insignificant (𝑝 >
0.1 at 37∘C and 𝑝 > 0.1 at 20∘C) by one-way ANOVA.
Therefore, our poly(NIPAAm-co-CIPAAm) surface provides
a greater property effect by thermal stimulation independent
of biomolecules immobilization.
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Figure 3: Contact angles (CAs) on the cell assay platform in this study measured at (a) 37∘C and (b) 20∘C.

3.2. Cell Adhesion on the Biomolecule-Immobilized
Poly(NIPAAm-co-CIPAAm) Platform. On the established
cell assay platform, cell adhesion was assayed at either
37∘C or 20∘C. Since the biomolecular composition and
biomolecule-polymer immobilization are the same in both
conditions, the impact of the different biomolecule functions
on the combinational effect of the polymer property can be
compared. Figure 4(a) shows the visualized cell adhesion
results for the three cell types. The images (𝑁 = 6) are
quantified by image analysis (Figure 4(b)).

First, the blank (without biomolecule) surface at 37∘C
and 20∘C indicates that the hydrophobic property of
poly(NIPAAm-co-CIPAAm) enhances cell adhesion of ECs
(𝑝 < 0.05) and SMCs (𝑝 < 0.05). FBs are more insensitive
to such hydrophilic/hydrophobic property changes, showing
strong adhesion in both conditions. Second, the RGDS-
immobilized surfaces at both 37∘C and 20∘C indicate that all
types of cells are capable of high cell adhesion performance
despite the polymer property change.

Third, mono-Arg- and tri-Arg-immobilized surfaces
show similar patterns of cell adhesion for the three types
of cells in both temperature conditions. Although SMCs
show universally weak adhesion in all conditions, FBs show
some adhesion to both mono-Arg and tri-Arg (much weaker
than the RGDS peptide effect) (37∘C versus 20∘C: 𝑝 <
0.05). ECs show weak adhesion to both mono-Arg and tri-
Arg for hydrophilic conditions at 20∘C, but its adhesion is
recovered when the polymer is more hydrophobic (at 37∘C)
(37∘C versus 20∘C: 𝑝 < 0.05). A similar adhesion pattern
is observed on the mono-Ile-immobilized surface with FBs.
However, the adhesion performance greatly changes with
ECs on the tri-Ile-immobilized surface (37∘C versus 20∘C:
𝑝 < 0.01). When the polymer property is hydrophobic, the
cell adhesion performance increases more than 2.5-fold (the
ratio of EC adhesion on tri-Ile-immobilized surface at 37∘C
to 20∘C). Although the overall cell adhesion performance
of tri-Arg and tri-Ile is much weaker than RGDS, the EC
adhesion performance of tri-Ile due to the change in the
polymer property is superior to RGDS.

3.3. Cell-Selective Adhesion Performance and Biomolecule-
Polymer Combination Effect. Compared to the universal
strong cell adhesion performance of RGDS peptides, cell-
selective adhesion preferences between ECs, SMCs, and
FBs were examined in other conditions (Figure 4(b)). The
native poly(NIPAAm-co-CIPAAm) platform surface (blank)
shows FB-selective adhesion at 20∘C, but the material surface
negatively affects EC and SMC adhesion (FB versus others:
𝑝 < 0.01). Although the FB-selectivity is slightly weakened
by mono-Arg immobilization at 20∘C (𝑝 < 0.01), the
significantly enhanced FB-selectivity at 37∘C (𝑝 < 0.01)
may be due to the combinational effect of the polymer
hydrophobicity at 37∘C (Figure 4(b)). In contrast, the tri-
Arg-immobilized surface also exhibits a slight FB-selectivity
when the surface is hydrophilic at 20∘C (𝑝 < 0.01), which
significantly weakens FB-selectivity at 37∘C (cell adhesion
number of FBs were similar to ECs). Another enhancement
of the cell-selective adhesion performance occurs with ECs
on a tri-Ile-immobilized surface. The hydrophilic polymer
effect enables a rather weak adhesion performance of tri-
Ile on ECs and FBs. However, when the hydrophobicity of
the polymer increases, the adhesion performance to ECs
is enhanced greatly, resulting in a 14.6-fold increase in the
selective performance (𝑝 < 0.01) to discriminate between
ECs and SMCs (the ratio of EC adhesion to SMC adhesion
on tri-Ile-immobilized surface at 37∘C).These results indicate
that there are effective combinational effects between an
immobilized biomolecule and its immobilized polymer.

4. Discussion

To provide an effective biological function on medically
used polymer, biomolecular immobilization is an effective
strategy. Because both the immobilized biomolecule and its
immobilization polymer strongly affect cell adhesion, this
study investigates whether there are combinational effects,
especially on cell-selective adhesion. To compare the total
cell adhesion performance of a biomolecule-immobilized
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Figure 4: Cell adhesion performances on the biomolecule-immobilized cell assay platform. (a) Representative fluorescent image of viable
cells in the cell adhesion assay (scale bar, 30𝜇m). (b) Quantitative results of images in (a) (𝑁 = 6). Blank (without biomolecules) and RGDS
(positive control).

polymer by switching the property of polymer, we designed a
cell assay platform using a thermoresponsive polymer.

CA, which is an indicator of the wettability of a bio-
material, has been studied; there are some wettability areas
that are preferred for cell adhesion [23]. Additionally, for the
plastic culture plates on the market, their surface wettability
is controlled to achieve certain condition. For example, when
we examined several commercially available tissue culture-
treatedmultiwell plates (6-well plates) as basic data, CA in the
air state ranges from 49.3∘ to 93.8∘ (plate 1: Greiner bio-one,

Cellcoat Collagen Type I, cat. 657950, lot 13-29-02-89) 47.0∘
(SD = 1.0∘), (plate 2: BD Biosciences, BD PureCoat Amine
6-well plate, cat. 4721, lot 3053352) 49.3∘ (SD = 2.4∘), (plate
3: Corning, Corning CellBIND Surface Polystyrene Sterile,
cat. 3335, lot 22814004) 53∘ (SD = 2.5∘), (plate 4: Greiner bio-
one, 6 Well Advanced TC Plate, cat. 657960, lot E14113SB)
70.5∘ (SD = 2.6∘), (plate 5: Falcon, Multiwell PRIMARIA 6-
well, cat. 353846, lot 3269538) 83.9∘ (SD = 1.7∘), (plate 6:
Falcon,Multiwell 6-well, cat. 353046, lot 1272703) 85.9∘ (SD =
5.6∘), (plate 7: Greiner bio-one, 6 Well Cell Culture Plate



International Journal of Polymer Science 7

sterile with lid, cat. 657160, lot E9070HI) 88.8∘ (SD = 2.2∘),
and (plate 8:ThermoFisher Scientific,NunclonDelta Surface,
cat. 140675, lot 7117287) 93.8∘ (SD = 0.9∘). Because all of the
products show a good cell culture performance, we could
not find a simple correlation between CA and cell adhesion
performance. The reality is that the data to explain such
rules between cell adhesion performance and the polymer
surface property is limited. In other words, since there are
several varieties of commercially available polymers that can
culture cells with different CAs, it is extremely difficult to
select the appropriate culture plate to evaluate the expected
performance of immobilized biomolecules on its surface.Vast
combinations of plates and immobilization conditions had to
be assessed to evaluate the function of immobilized screened
biomolecules.

In this work, our data provides the possibility that an
immobilized biomolecule, such as an amino acid or peptide,
is greatly affected by the combinational effect of the immobi-
lized polymer property. Although our platform shows small
CAdifferences between its hydrophilic/hydrophobic statuses,
such a combinational effect is large, especially in enhancing
cell-selective adhesion.

Proteins included in the serum that adsorb on the poly-
mer surface are always an influential factor in cell adhesion.
We evaluated the adsorption rates of two types of ECM-
derived proteins, fibronectin and collagen type IV, on our cell
assay platform (Supporting Information Table S1). Our data
indicates that the amount of protein adsorption is insignif-
icant on our platform. Additionally, our previous research
indicated that cell-selective adhesion peptides maintain their
effects in a cell adhesion test with a serum containing
medium [19]. Therefore, we consider that our cell adhesion
assay data predominantly reflects the biomolecule-polymer
combination effect.

Through this study, we show that the cell adhesion
function of biomolecules can be greatly influenced by the
combination of the biomolecule-immobilized polymer prop-
erty. Interestingly, the cell-selective adhesion performance
is more strongly influenced by the immobilized polymer
effect. We have shown that such cell-selective adhesion can
be provided not only by the peptide sequence, but also by the
physicochemical property of the peptides [19]. In particular,
our data shows that Ile-containing peptides can exhibit EC-
selective adhesion and inhibit adhesion of SMCs and FBs [19].
Accordingly, this study employs physicochemical character-
istic molecules, such as Arg-containing molecule (positively
charged) and Ile-containing molecule (hydrophobic). The
positive charge provided by Arg is preferred by FBs; however,
the effect of tri-Arg is smaller than mono-Arg at both
polymer conditions (37∘C and 20∘C). The hydrophobicity
provided by Ile is preferred by both ECs and FBs, but the
selectivity is greatly enhanced by the combinational effect
with the polymer hydrophobicity. It is noteworthy that the
EC-selectivity of tri-Ile reproduces our past results [19].
Although the difference between mono-Ile and tri-Ile at
the same temperature is insignificant in the macroscopic
characterization (e.g., CA), ECs can recognize the difference
in the number of Ile residues and preferably adhere to tri-Ile
rather than mono-Ile (𝑝 < 0.05 at both temperatures).

Since we have been screening cell-selective adhesion
peptides with peptidemicroarrays [18–21], our next challenge
is to select a better polymer to maximize each peptide
function for medical usages.We also plan to apply our tri-Ile-
immobilized surface to label-free cell purification. By using
the EC-selective capture performance at 37∘C with its EC
release performance at 20∘C in only 2 h, it can serve as a
feasible EC condensation protocol in primary cultures.

In this work, we focus on the surface wettability to
characterize our platform surface because a hydrophobic-
ity/hydrophilicity switch is the most dominant change in
poly(NIPAAm-co-CIPAAm). However, other descriptors can
describe the biomolecule-polymer combinational effect, such
as the surface charge, rigidity, or roughness. We actually
measured the zeta potentials of biomolecule-immobilized
surfaces by DelsaNano HC Particle Analyzer (Beckman
Coulter Inc., Brea, CA, USA). However, we did not find
a clear correlation with its charged rates compared to our
present CA data (Supporting Information Figure S2). Since
our data suggests that the design of biomolecule-immobilized
polymer materials can be more integrated via a detailed
examination of combinational effects, our next objective is to
extend this combinational effect investigation by evaluating
the influence of other polymer properties characteristics.

5. Conclusion

To design an improved cell-selective adhesion function
on medically used biomaterials, the combinational effect
of surface-immobilized small biomolecules and the immo-
bilization polymer property were studied. By establishing
the poly(NIPAAm-co-CIPAAm) platform that changes the
polymer property with the same biomolecule-polymer com-
position for cell adhesion assay, we found that the cell-
selective adhesion performance is greatly affected by the
hydrophobicity of the polymer. These results suggest that
appropriately selecting the polymer is extremely important
to functionalize immobilized biomolecules. Hence, this work
should be important for designing functionalized biomateri-
als for advanced regenerative therapies.
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Responsive microgel poly(N-isopropylacrylamide) or PNIPAM is a gel that can swell or shrink in response to external stimuli
(temperature, pH, etc.). In this work, a nanocomposite gel is developed consisting of PNIPAM and magnetic iron oxide nanobeads
for controlled release of liquids (like drugs) upon exposure to an alternating magnetic field. Microparticles of the nanocomposite
are fabricated efficiently with a monodisperse size distribution and a diameter ranging from 20 to 500𝜇m at a rate of up to 1 kHz
using a simple and inexpensive microfluidic system. The nanocomposite is heated through magnetic losses, which is exploited
for a remotely stimulated liquid release. The efficiency of the microparticles for controlled drug release applications is tested with
a solution of Rhodamine B as a liquid drug model. In continuous and pulsatile mode, a release of 7% and 80% was achieved,
respectively. Compared to external thermal actuation that heats the entire surrounding or embedded heaters that need complex
fabrication steps, the magnetic actuation provides localized heating and is easy to implement with our microfluidic fabrication
method.

1. Introduction

Microgels are particles formed from three dimensional chains
of polymers that can swell by taking up a suitable solvent
below their transition temperature, called lower critical
solution temperature (LCST), or shrink above the LCST by
expelling this solvent [1, 2] (i.e., water with a few exceptions).
The value of the LCST depends on the compositions of each
gel and can vary in a wide range [3, 4]. Smart microgels
have been developed that respond to stimuli like temperature
[5], pH [6, 7], ionic strength [8], light [9, 10], and electrical
field [11]. Due to their properties, smart microgels have been
employed in different kinds of applications like sensing [12,
13], catalysis [14], drug delivery [15], bioseparation [16], and
optical devices [17].

Poly(N-isopropylacrylamide) or PNIPAM microgel par-
ticles are one of the most common smart hydrogels which

were first reported in 1986 [18]. They consist of hydrophilic
amide groups and isopropyl hydrophobic moieties.

PNIPAM has a relatively low LCST (∼32∘C) [1] which
can be tuned to adapt to clinical and pharmaceutical needs
by the addition of comonomers to the synthesis protocol of
PNIPAM [19].

Embedding magnetic nanobeads (NBs) into PNIPAM,
creatingmagneto-thermoresponsive nanocomposites (MTNs),
is particularly attractive as it can be remotely triggered by a
magnetic field. In addition, the superparamagnetic behavior
of those NBs ensures that they are demagnetized when no
magnetic field is applied. This prevents them from agglom-
erating and helps in obtaining a homogeneous distribution
inside the MTNs.

Several approaches have been used to fabricate magneto-
thermoresponsive PNIPAM particles of micrometer and
submicrometer size [20–24]. Most of those methods incor-
porate NBs into the gel by coating them into the gel. An
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advantage of those methods is the small size of the magneto-
thermoresponsive particles (few microns to submicrons in
diameter). Sauzedde et al. [21] adopted a two-step method
in which NBs were first absorbed in a synthetized PNIPAM,
and then the MTNs with up to 30wt% of magnetic content
were obtained by a polymerization process. More recently,
Purushotham et al. [25] succeeded in fabricating an MTN
which is capable of releasing 15% in about 50min using a
magnetic field of 50mT at 375 kHz. The fabrication process
was a rather time consuming and complex two-step copre-
cipitation method.

In this work, by using a capillary microfluidic device
[26], MTN particles were fabricated in a simple and fast way
with high control over the size of the MTNs (ranging from
few microns up to few millimeters). It also provides simple
means of embedding NBs inside the particles by adjusting
the flow rate [26, 27]. In addition, using microfluidic devices
to generate MTNs at microscale level allows using minimal
volume of ingredients with minimal losses, contamination,
or waste generation [28, 29]. Finally, the recent advances
in microfluidic technologies and low cost materials allow
developing efficient and inexpensive devices for drug release
applications [30, 31]. The concept of magnetically triggered
drug release is presented in Figure 1: after being fabricated
in a microfluidic system, the MTNs are collected and washed
before they are loadedwith a hydrophilic dye (used as a liquid
drug model). Finally, the drug is released from the MTNs by
applying an alternating magnetic field.

2. Methods

2.1. Fabrication of MTNs. Microfluidic systems have been
widely used for biological and chemical applications, exploit-
ing a continuous flow or flow focusing to produce continuous
streams of liquid or to generate droplets [32–37]. In order to
synthetize the MTNs, we use a flow focusing method, gener-
ating a (water I and water II)-in-oil ((𝑊 + 𝑊)/𝑂) emulsion,
in which two aqueous phases are mixed and encapsulated
inside an oil stream. The polymerization process of MTNs
from droplet to polymer particle form is very fast (less than
two minutes).

The microfluidic devices in Figure 2(e) are designed
and fabricated based on microscope glass slides and glass
capillaries [28, 38]. The glass capillaries of 1mm in diameter
were heated and pulled by a microcapillary puller (P-1000,
Sutter Instrument), to form tapered ends with the desired
orifice sizes. The surface wettability was modified using a
commercial coating agent (FluoroPel PFC 801A, Cytonix
Corporation or GlacoMirror Coat “Zero,” Soft 99 Co.). Next,
two tapered capillaries were bonded inside of the channel
with epoxy (HP 250, ITWDevcon, Inc.) with one of them just
penetrating the opening of the other one. Finally a glass slide
working as the cover of the microfluidic device was bonded
onto the channel and syringe needles were bonded to holes to
form inlets.

To generate monodispersed ((𝑊 + 𝑊)/𝑂) emulsions,
liquid 1, liquid 2, and liquid 3 were used as the inner,
middle, and outer phases, respectively. Liquid 1 contained
20wt% of the monomer N-isopropylacrylamide (NIPAM),

2mL of N,N,N,N-tetramethylenediamine (TEMED) as
the accelerator for the reaction, 6 wt% of the crosslinker,
N,N-methylene(bis)acrylamide (BIS), and 0.5mL [2-(meth-
acryloyloxy)ethyl]trimethylammonium chloride (METAC).
Liquid 2 contained 4wt% ammonium persulfate (APS) and
the iron oxide NBs. Silicon oil was used as the oil phase. All
chemicals were obtained from Sigma-Aldrich and the NBs
(20 nm) were fromMicromod (Catalog number 79-00-201).

As shown in Figure 2(a), liquid 1 was fed into the channel
through the first capillary meeting liquid 2 at the outlet of
the first capillary; as shown in Figure 2(b) the microfluidic
approach ensures laminar flows, preventing the two liquids
to mix in the second capillary, which would block it. When
the two streams of liquid 1 and liquid 2 reach the outlet of
the second capillary, the shear stress from liquid 3 pinches
off the streams into monodispersed droplets, as shown in
Figure 2(c). Figure 2(d) shows MTNs particles with PDI
index value of 3.9%, indicating highly monodisperse MTNs
generation in our device. Figures 2(d) and 2(e) show different
sizes of MTN particles. The MTNs are collected in a glass
container and washed 3 times.

2.2. Characterization of MTNs

2.2.1. Swelling/Shrinking Ratio. The thermoresponsive behav-
ior of the MTNs was characterized by measuring the swell-
ing/deswelling ratio:

SR =
(𝑊
𝑊
−𝑊
𝑑
)

𝑊
𝑑

, (1)

where 𝑊
𝑊

is the weight of the wet particles and 𝑊
𝑑
is the

dry weight of the particles [39, 40]. The wet weight of the
sample was measured gravimetrically. A filter paper was used
to remove any excess water. The dry weight was measured
after drying the sample in vacuum. We should mention that,
for all the graphs and data, we used SR

(normalized) which was
normalized according to SR value at room temperature.

2.2.2. Drug Loading. The drug model used in our work is
Rhodamine B (Rh(B)), which is a hydrophilic dye (exci-
tation/emission wavelengths = 543/620 nm). MTNs were
immersed in water with 1mgmL−1 of Rh(B) for 3 days at
room temperature, to load the dye into the gel network by
physical diffusion.The loadedMTNs were then washed twice
with DI water and kept in water at room temperature for
release experiments. The loading efficiency was defined as

Loadeff =
(initial Rh (B) − remaining Rh (B))

initial amount of Rh (B)
× 100. (2)

The experimental values of Loadeff were obtained bymea-
suring the amount of Rh(B) evaluated by UV spectroscopy of
the water/Rh(B) solution that were sampled before and after
the loading procedure.

2.2.3. Drug Release. To produce the magnetic stimuli, an
alternatingmagnetic field (AMF)was applied using an induc-
tive heater (Induktive Erwärmungsanlagen GmbH, Austria,
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Figure 1: Principle of magnetically controlled drug release using PNIPAM microparticles with embedded iron oxide nanobeads (NBs) to
formmonodispersedmagneto-thermoresponsive nanocomposites (MTNs).TheMTNs are fabricated in a microfluidic system and filled with
a drug by means of diffusion. The heat generated by the NBs upon the application of an alternating magnetic field causes the gel-structure to
shrink and the release of drug.

Q1
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Figure 2: (a) Schematic configuration of the microfluidic system for synthetizing the MTNs. 𝑄
1

(20 𝜇Lmin−1), 𝑄
2

(20𝜇Lmin−1), and 𝑄
3

(120𝜇Lmin−1) are the flow rates for the inner, middle, and outer phases, respectively. (b)The two aqueous phasesmeet and form a continuous
laminar flow at the outlet of the first capillary. (c) The generation of ((𝑊 + 𝑊)/𝑂) emulsions at the outlet of the second capillary. (d), (e),
and (f) Magnified picture of different sizes (200, 100, and 20 𝜇m) of magneto-thermoresponsive nanocomposites (MTNs) fabricated with the
capillary microfluidic device. (g) A typical microfluidic device fabricated for preparing the MTNs. Scale bars are 400𝜇m in (b), (c), and (d),
100𝜇m in (e), 10𝜇m in (f), and 2 cm in (g).

model number TH3HT) that produces a magnetic field of
600 kHz and 72mT. The inductive heater was connected
to a chiller system to prevent heating of the coil. For the
AMF experiments, the particles were placed inside a plastic
container at the center of the coil and the container was
insulated by a Polydimethylsiloxane (PDMS) cover [41, 42].
For the release experiments, a precise amount ofMTNs water
was placed in a flask containing water. The amount of Rh(B)

released from the MTNs at different times in the experiment
was determined by sampling precise amount of the solution
before and after applying the AMF, using UV spectroscopy.

2.2.4. Theoretical Model. The heat generated by the super-
paramagnetic NBs, when exposed to an alternating mag-
netic field, is a result of magnetic losses that occur due to
two mechanisms: Neel relaxation and Brownian relaxation.
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Neel relaxation, 𝜏
𝑁
, is associated with the reorientation

of magnetic moments, whereas Brownian relaxation, 𝜏
𝐵
, is

associated with the reorientation of the entire particles. Neel
relaxation can be expressed as [43]

𝜏
𝑁
= 𝜏
0
exp(
𝐾𝑉
𝑚

𝑘
𝐵
𝑇
) , (3)

where 𝜏
0
is the initial relaxation time, 𝐾 is the magnetic

anisotropy constant, 𝑉
𝑚
is the volume of the magnetic par-

ticle, 𝑘
𝐵
is the Boltzmann constant, and 𝑇 is the temperature.

Brownian relaxation is expressed as

𝜏
𝐵
=
3𝜂𝑉
𝐻

𝑘
𝐵
𝑇
, (4)

where 𝜂 is the medium viscosity and𝑉
𝐻
is the hydrodynamic

volume of the magnetic particle.
The volumetric power dissipated by NBs is proportional

to the internal energy of the particles Δ𝑈 and the frequency
𝑓 and can be expressed as [44]

𝑃 = 𝑓Δ𝑈 = 𝜋𝜇
0
𝜒
𝑖
𝑓𝐻
2

, (5)

where𝐻 is the magnetic field amplitude, 𝜇
0
is the permeabil-

ity of free space, and 𝜒
𝑖
is the imaginary part of the complex

susceptibility, which depends on the frequency and Brownian
and Neel relaxations. Equation (5) shows that increasing
the frequency or the magnetic field amplitude results in
increasing the amount of power dissipated and, hence, more
heat generated inside the MTNs.
𝜒
𝑖
is dependent on the frequency, effective relaxation 𝜏,

and the static susceptibility 𝜒
0
= 𝜕𝑀/𝜕𝐻 (which is obtained

from the magnetization curves of the NBs):

𝜒
𝑖
=
2𝜋𝑓𝜏

1 + (2𝜋𝑓𝜏)
2

𝜒
0
, (6)

where the effective relaxation time 𝜏 is calculated as

1

𝜏
=
1

𝜏
𝑁

+
1

𝜏
𝐵

. (7)

The volumetric power dissipation ofMTNs with different
NB volume ratio was calculated for an alternating magnetic
field of 72mT amplitude and frequency of 600 kHz. The
calculation was conducted using 𝐾 = 13.5 kJm−3, 𝜏

0
=

1 ns, and PNIPAM viscosity 𝜂 = 2.2mPa⋅s. The total
power dissipated inside an MTN was calculated using (5),
and the power density was derived taking into account the
temperature dependent volume of the MTN (see Section 3).

3. Results and Discussion

The size of the MTNs fabricated by the microfluidic chip
method ranged from 20 to 500𝜇m. All results reported here
were achieved with MTNs of 100𝜇m in diameter and a NB
concentration of 10mg/mL, unless cited otherwise.
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Figure 3: Swelling/deswelling ratio (normalized) of pure PNI-
PAM microparticles (PNIPAM(0)) and different compositions of
magneto-thermoresponsive nanocomposites (MTNs). The experi-
ments were performed by direct heating; that is, the microparticles
were immersed in a water bath of controllable temperature.

3.1. Thermoresponsive Behavior. In order to study the effect
of embedding the NBs into PNIPAM, we compared the
swelling-deswelling behavior of native PNIPAM (PNI-
PAM(0)) microparticles to that of MTNs with different NBs
sizes (nm in diameter) and concentrations (in mgmL−1).
Experiments were performed with MTNs inside a water bath
that enabled temperature control from 22∘C to 45∘C. Allmea-
surement points were recorded after the temperature reached
a steady state (constant value for at least 15 minutes). Figure 3
shows the SR (normalized) of the different microparticles
as a function of the temperature. An identical behavior is
observed for PNIPAM(0) and MTNs, independent of the
NBs concentrations and sizes. This implies that integrating
magnetic nanoparticles in the PNIPAM microgel with this
microfluidic fabrication method leaves its thermoresponsive
behavior unchanged. This is in contrast to results obtained
with chemical synthesismethods, where the nanoparticles are
chemically linked and attached to the gel network, causing a
decrease in the sensitivity of PNIPAM to thermal stimuli. It
seems, by using themicrofluidic approach for the fabrication,
that the NBs are more physically linked to the gel network,
maintaining efficiently the responsive behavior of the MTNs
[26]. This property could be exploited to generate a variety
of PNIPAM microparticles with embedded nanobeads of
different kind, size, or concentration, which are optimized
for specific applications. From the SR plot in Figure 3, the
LCST can be estimated [45] to be around 31∘C, which is in
accordance with typical values reported in literature [1, 16, 46,
47].

Figure 3 shows that different ratios and compositions of
NBs do not considerably affect the responsive behavior of
the MTNs. The exception of this was the concentration of
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Figure 4: Swelling/deswelling ratio (normalized) of MTNs as a
response to an alternating magnetic field (AMF) (black). The sharp
decrease at around 200 seconds corresponds to the time at which the
LCST is reached. Temporal variation of the average temperature of
the particle caused by the heat produced in the NBs, when the AMF
is on (red).

the crosslinker, which has been shown to have a direct impact
on the response of MTNs.

3.2. Magneto-Thermoresponsive Behavior. To study the res-
ponse of MTNs to magnetic stimuli, an alternating magnetic
field (AMF) of 72mT in amplitude and 600 kHz in frequency
was applied and the SR was measured.

Figure 4 shows the normalized SR (black curve), in
addition to the temporal variation (red curve) as a function
of AMF duration. For the SR measurement, a slight decrease
can be observed during the first two minutes, followed by a
sharp decrease at around 200 seconds, before the SR saturates
after about 400 seconds. Overall, the magneto-responsive
behavior of theMTNs is very similar to the one obtained from
direct thermal stimuli (Figure 3). The results show that the
LCST of MTNs occurred about 200 seconds after applying
the AMF. The maximum shrinking obtained after around
400 seconds is close to values found in other works intended
specifically to increase the responsive behavior of PNIPAM
microparticles [48].

From the results obtained by direct thermal stimuli
(Figure 3) and magnetic stimuli (Figure 4), the average
temperature change Δ𝑇 of the MTNs, when heated by an
AMF, can be derived. This temperature change is shown in
Figure 4 (red curve). When the MTN shrinks due to increas-
ing temperature, its volume decreases while the number of
NBs remains the same. Hence, the heating power remains the
same, resulting in an increase of the power density. As a result,
a nonlinear temperature change is observed.

3.3. Drug Release. Loading theMTNs with Rh(B) by physical
diffusion yielded a value for the Loadeff of 15%. The drug
release was studied for a continuous mode; that is, an AMF
was continuously applied for a specific period of time and
for a pulsatile mode; that is, an AMFwas sequentially applied
with a break between the pulses.

3.3.1. Continuous Release Mode. The temporal behavior of
the release in continuous mode is shown in Figure 5(a). It
closely correlates with the shrinking and temperature change
of theMTNs (Figure 4). As the temperature increases and the
MTNs shrink, the dye is released. Before about 3minutes, that
is, before reaching the LCST, the release is slow and reaches a
value of 2%. A sharp increase of the release profile is observed
around the LCST, where the MTNs shrink dramatically and
the gel starts to collapse, acting like a hydrostatic pump that
pushes the dye outside. After about 5minutes, the release had
a significant slowdown at 7%. About one minute later, when
shrinking is completed, the pores decrease or even close, and
the temperature of the MTNs does not change anymore. We
should note that themagnetic fieldwas applied for 90minutes
but data in Figure 5(a) are shown until 30 minutes only, since
the release has a significant slowdown (the magnetic effect
was nearly saturated, and the very slow increase beyond that
is due to normal diffusion which as indicates the graph is
very slow). The graph shows also the release of Rh(B) from
PNIPAM particles without magnetic contents, PNIPAM(0),
where the release, which is much lower than those from
MTNs, is mostly due to simple diffusion.

The effect of the concentration of NBs in the MTNs on
the release under magnetic stimuli is shown in Figure 5(b).
In general, a higher concentration of NBs yields a higher
temperature of the MTNs, resulting in a larger release. Below
4mgmL−1, no release was observed, which is attributed to
the fact that the heating of the MTNs is not sufficient to
generate a response. Between 4mgmL−1 and 6.5mgmL−1,
the release is small with values below 2%. Between 6.5
and 10mgmL−1, the release increases linearly from about
2% to about 7.5%. Within this concentration range, the
temperature reaches the LCST, causing an increased release
due to pronounced shrinking. While maximum shrinking
is obtained with a concentration of 10mgmL−1, the release
continues to increase, though slower, with the concentration.
This effect is generated by the increasing temperature inside
the MTNs that is driving the release. This indicates that it
would be possible to increase the release beyond 7.5% by
further increasing the NBs concentration; however, in our
experiments we found that the polymerization of the gel was
affected at such high concentrations.

3.3.2. Pulsatile Release Mode. The release can be enhanced
by a pulsatile release profile, which is also important for
applications that need a successive release of drug such as the
release of insulin [49].The pulsatile release mode was studied
by applying AMF pulses of 6-minute duration separated by 5-
minute intervals without magnetic field. The pulse duration
was chosen to obtain a maximum release as found in the
continuous release mode. As shown in Figure 5(c), theMTNs
maintain a relatively constant release for each pulse even after
15 cycles, and a total release of nearly 80%was achievedwithin
1.5 hours. The reason for the increased release performance
is that unlike the continuous AMF mode (where the gel can
collapse, leading to a decrease of the pore dimensions or even
clogging of the pores) the pulsatile mode enables the gel to
reswell, resulting in an opening of the pores for the next cycle.
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Figure 5: (a) Release rate of Rh(B) from MTNs and PNIPAM(0) when an AMF is applied continuously for 30 minutes. (b) Effect of iron
oxide nanobeads (NBs) concentration on the release rate of Rh(B) after applying magnetic stimuli for 7 minutes. (c) Pulsatile release of Rh(B)
from MTNs and PNIPAM(0) by consecutively applying an alternating magnetic field (AMF) for 6 minutes separated by 5-minute intervals
without magnetic field.

Similarly to Figure 5(a), release of Rh(B) from PNIPAM(0),
which is mainly due to simple diffusion, was presented and
used as control test to show the significant effect of magnetic
triggering (case of MTNs).

4. Conclusions

In this work, PNIPAM microparticles with embedded NBs
were studied for controlled release applications. The fab-
rication of monodispersed MTNs was performed using a
capillary microfluidic system, providing a versatile, simple,

and fast method to produce MTNs from 20 to 500 𝜇m in
diameter at a rate of up to 1 kHz. The produced MTNs have
a temperature behavior that is characterized by the LCST at
31∘C.

The drug release study was carried out by remotely
triggering theMTNs with an AMF of 72mT in amplitude and
600 kHz in frequency. It is found that the MTNs are able to
deswell bymore than 80%of their initial weightwithin a short
time (around 6 minutes) under the effect of an AMF.

We found that the thermoresponsive behavior of the
MTNs is not affected by the NB size and concentration
up to 500 nm and 10mgmL−1, respectively. This seems to
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be a distinct feature of the developed fabrication process,
offering a high flexibility in the choice of the embedded par-
ticles. Beyond 10mgmL−1, the polymerization got adversely
affected. On the other hand the crosslinker concentration
has a considerable effect and more than 2.5 wt% should
be used to achieve the maximum responsive behavior. The
experiments also showed that increasing the concentration
of NBs increases the amount of drug release. This could be
linked to the saturation temperature of the MTNs, which
increases with the NB concentration. The efficiency of the
particles for drug release applications was shown using Rh(B)
as amodel of liquid drugs. In case of a continuous application
of the AMF, a release of nearly 7% was achieved in 7 minutes.
Thereby, the release rate closely correlates with the shrinking
and temperature increase of the MTNs. In case of pulsatile
application of the AMF nearly 80% of release was obtained
within 100 minutes.
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Diblock copolymers (mPEG-b-PDPA), which were designed to possess pH-sensitivity as well as amphipathy, were used as an
intelligent lock in the liposomalmembrane.The so-called pH-sensitive liposomeswere prepared by simplemixing of the synthesized
mPEG-b-PDPA with phospholipids and cholesterol. Fluorescence polarization at pH 7.4 showed that the membrane stability of
the hybrid liposome was significantly increased compared with the pure liposome. Therefore, in the neutral environment, the
leakage of doxorubicin (DOX) was inhibited. However, when pH decreased to 6.0, DOX release rate increased by 60% due to the
escape of copolymer.The effects of the membrane composition and the PDPA segment length on bilayer membrane functions were
investigated. These results revealed that the synthesized copolymers increased the difference in DOX cumulative release between
pH 7.4 and 6.0, that is, improved the pH-controllability of the drug release from hybrid liposomes.

1. Introduction

There exists a long-term problem that is how to improve the
switch effect of drug carriers for the sake of preventing the
drug leakage during transport before reaching to the target
sites and stimulating the release of drugs at the appropriate
time [1, 2]. It is very important to design a kind of intelligent
carrier for delivering drugs to the target site accurately and
releasing drugs timely in a certain environment with the help
of the environmental stimulation. In recent years, researchers
have prepared pH-sensitive [3–5], thermosensitive [6–8],
and photosensitive [9, 10] vesicle for drug delivery system,
in response to the various physiological and pathological
environments.

For example, triblock copolymers poly(N-vinylcaprolac-
tam)-poly(dimethylsiloxane)-poly(N-vinylcaprolactam)
(PVCL-PDMS-PVCL) with temperature sensitivity were
synthesized and used to deliver anticancer drugs in
physiological temperature range of 37–42∘C [11]. Benzoyl
peroxide (BPO) had been incorporated into a pH-sensitive
mesoporous silica nanocomposite and the enhanced free
radical generation induced higher cytotoxicity at pH 6.5
than pH 7.4 [12]. Many pH-responsive copolymers had

been designed and synthesized for various applications
[13, 14]. For example, Arg-Gly-Asp-polycarboxybetaine
methacrylate-poly(2-(diisopropylamino)ethyl methacrylate)
(RGD-PCB-PDPA) triblock copolymers were prepared by
Huang and coworkers. Their in vitro and in vivo evaluation
findings showed that the multifunctional RGD-PCB-PDPA
nanoparticle was a flexible design approach, which indicated
a great potential for nanocarriers in tumor-targeted drug
delivery.

We are interested in designing and preparing liposomes
with various stimuli responsibilities. Liposome has attracted
much attention in the field of medicine as a drug car-
rier. Liposome, known as a phospholipid-based vesicle, is
composed of a closed vesicle with a structure of bilayer
constructed by self-assembly in the aqueous phase [15, 16].
We have synthesized a series pH-sensitive di- and triblock
copolymers and inserted it into liposome for pH-controlled
releasing [17]. In general, the drug release mechanism of pH-
sensitive nanocarriers is often based on the pH-triggered
protonation, or hydrolysis, or dissolution/degradation of the
polymers [18, 19]. The pH values of extracellular matrix of
tumor site, endosome, and lysosome are known to be in weak
acid. Then, poly(2-(diisopropylamino) methyl methacrylate)
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(PDPA), whose triggered pH value (about 6.2) is appropriate
for physiological environment, was often selected to be the
pH-sensitive segment for various materials [20, 21].

We believe a diblock pH-sensitive copolymer might give
“lock” effect on lipid membrane fluidity and just need to
adjust the block size. In this paper, we synthesized pH-
sensitive diblock copolymers with various PDPA lengths. In
order to make the diblock copolymers act as a lock, the
PDPA lengths were selected to be similar to the thickness
of phospholipid bilayer. The synthesized diblock copoly-
mers were inserted into liposome membrane, which was
composed of hydrogenated soybean phosphatidylcholine
(HSPC), 1,2-dioleoyl-sn-3-phosphocholine (DOPC) [22] and
DC-cholesterol. DC-cholesterol was selected for providing
positive charge to liposomes so that the liposomes could
keep from aggregating. The synthesized polymer is posi-
tively charged under neutral environment. At pH 7.4, the
interaction between DC-cholesterol and polymer should be
electroattraction, while at pH 6.0, the protonated polymers
become hydrophilic and escaped from liposomes. The elec-
trorepulsion between PDPA blocks and liposomes should
help the escaping behavior. Then, the release behaviors of
these hybrid liposomes were comparatively studied under pH
7.4 and pH 6.0. This study confirmed that the DOX-loaded
liposome containing pH-responsive diblock copolymers was
able to inhibit drug release at pH 7.4 and gave a motivation to
release drug at pH 6.0. The synthesized copolymer played a
very good role to improve the biofunction of lipid bilayer.

2. Experimental

2.1. Materials. Methoxypolyethylene glycol (mPEG350),
2-(diisopropylamino) ethyl methacrylate (DPA, 97%),
and copper(I) bromide (CuBr; 99.99%) were purchased
from Sigma-Aldrich. 1,6-Diphenyl-1,3,5-hexatriene (DPH),
doxorubicin hydrochloride (DOX⋅HCl, 98%) and 2-bromo-
2-methylpropionyl bromide (98%) were obtained from J&K
Scientific. N,N,N,N,N-Pentamethydieyhylenetriamine
(PMDETA, 98%) was provided by TCI. Tetrahydrofuran
(anhydrous) (THF, AR) and trichloromethane (AR) were
bought from Tianlian Company. Aluminium oxide used
for removal of the ATRP copper catalyst was of column
chromatography grades 100–200 list order from Tianlian
Company. 1-Palmitoyl-2-stearoyl-sn-glycero-3-phosphati-
dylcholine (HSPC > 98%), 1,2-dioleoyl-sn-glycero-3-phos-
phocholine (DOPC > 97%), and DC-cholesterol were
provided from Lipoid.

2.2. Characterizations

2.2.1. Proton Nuclear Magnetic Resonance (1H NMR) and
Gel Permeation Chromatography (GPC) Characterization.
Molecular weight and polydispersity index (PDI) of mPEG-
b-PDPA copolymers were determined by gel permeation
chromatography (GPC) using a Waters 1515 instrument at
25∘C. THF was used as an eluent with a flow rate of
1.0mL/min and polystyrene was used as calibration stan-
dard. A Bruker 500MHzNMR spectrometer instrument
was used to acquire the 1H NMR spectra of mPEG-Br

and mPEG-b-PDPA using CDCl
3
as solvent. The block

copolymer compositions were determined by comparing
appropriate integrals assigned to the different comonomers.

2.2.2. Transmission Electron Microscopy (TEM). Transmis-
sion Electron Microscopy (TEM) images were performed on
a JEM-1400 electron microscope operated at 100 kv. To pre-
pare TEM samples, the liposome suspension was deposited
on a carbon-coated copper grid and negatively stained
with the phosphotungstic acid solution. Excess solution was
absorbed and the samples were allowed to dry at ambient
temperature.

2.2.3. Dynamic Light Scattering (DLS). Dynamic light scat-
tering (DLS) studies were carried out using a Zetasizer Nano
ZS Instrument.The influence of pH on zeta-potential of lipo-
somes was investigated in the range of pH 2–9 [17, 20]. The
diblock copolymers were firstly dissolved in 0.01MHCl to
prepare stock solution at final a concentration of 0.1mg/mL.
The pH titration was carried out by adding small volume of
0.1MNaOH solution under stirring.The change of pH values
was monitored by using PHS-2C precision acidity meter.The
average results were accepted as the final data measured at
least three times.

2.2.4. Turbidity. The aggregation behavior of the copolymer
wasmeasured in aUV-Vis spectrophotometer (UV-2450, Shi-
madzu, Japan). The transmittance of the copolymer solution
wasmonitored in a quartz cuvette (1 cmwidth) under various
pH values.

2.2.5. Fluorescence Polarization. The fluorescence polariza-
tion (Pol) of liposome was measured by a LS55 fluorimeter
(Perkin Elmer) equipped with automated polarizer. Lipo-
some suspensions were prepared: 75 𝜇L of liposome suspen-
sion and 200𝜇LofDPHsolutionwere added to the PBS buffer
solution to be further diluted to 4mL. The concentration
of DPH was 2mmol/L and lipid/DPH (w/w) was 800 : 1. In
order to make the probes to be incorporated, the samples
were shaken overnight at 37∘C before measurements. The
Pol values were measured at an excitation slit of 10 nm and
emission slit of 5 nmand excitation and emissionwavelengths
of 360 and 425 nm, respectively. Fluorescence polarization
was then calculated automatically by [23, 24]

Pol =
(𝐼VV − 𝐺𝐼Vℎ)

(𝐼VV + 𝐺𝐼Vℎ)
, (1)

where Pol is the fluorescence polarization and 𝐼VV and 𝐼Vℎ
are the fluorescence intensities of the emitted light polarized
parallel and perpendicular to the exciting light, respectively.
𝐺 is the grating correction factor, which is equal to 𝐼

ℎV/𝐼ℎℎ,
obtained by measuring the vertically and horizontally polar-
ized emission intensities after excitation with horizontally
polarized light.

2.3. Synthesis of mPEG-Br Macroinitiator. mPEG-Br macro-
initiator was synthesized according to the literature method
[21, 25]. Typically, mPEG-OH (0.0086mol) was dropped
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Table 1: GPC, 1H NMR, and triggering pH values of mPEG-b-PDPA diblock copolymers.

Copolymer Composition 𝑀

𝑛,NMR (gmol−1) 𝑀

𝑛,GPC (gmol−1) PDI (𝑀
𝑤

/𝑀

𝑛

) Triggering pH
1 mPEG

8

-b-PDPA
10

2632 4171 1.37 6.36
2 mPEG

8

-b-PDPA
15

3699 4037 1.22 6.47
3 mPEG

8

-b-PDPA
22

5192 7227 1.19 6.54

into 50mL of dichloromethane. The flask containing the
solutionwas placed in an ice bath, and trimethylamine (TEA)
(0.0216mol) was added to the solution. Then, 2-bromo-2-
methylpropionyl bromide (0.0202mol) was added dropwise
to the solution over 1 h under stirring and then the reaction
was continued for about 30 h at room temperature.The crude
solution was washed with saturated sodium chloride solution
and saturated sodium hydrogen carbonate solution for three
times followed by extracting with dichloromethane. After
that, anhydrous magnesium sulfate was added to the extract
liquor and then filtered to remove insoluble impurities and
concentrated by evaporation. The product was finally dried
under vacuum for about 12 h.

2.4. Synthesis of mPEG-b-PDPA Diblock Copolymer. The
diblock copolymer was synthesized by ATRP with mPEG-
Br as initiator [26, 27]. In a typical ATRP procedure, a
Schlenk flask with a magnetic stir bar and a rubber septum
was charged with DPA monomer (12.657mmol), mPEG-
Br macroinitiator (0.8438mmol), PMDETA (0.9282mmol),
and anhydrous tetrahydrofuran (6.0mL). This mixture was
deoxygenated by bubbling N

2
for 0.5 h before adding CuIBr

catalyst (0.8438mmol). The reactant mixture was degassed
by three freezing-thawing cycles. Afterwards, the polymeriza-
tion reaction was carried out in an oil bath preheated at 55∘C
for 12 h. Finally, the reaction solution was diluted by addition
of THF and then passed through a neutral alumina column to
remove the copper catalysts.The diblock copolymer was then
washed by Milli-Q water for at least 3 times and dried under
vacuum for 24 h.

2.5. Preparation of Liposomes. Liposomes were prepared by
a thin lipid film hydration method [28]. In brief, HSPC or
DOPC, DC-cholesterol, and different mole ratio of diblock
copolymer were dissolved in chloroform in a round bottom
flask. Then a film was formed by rotary evaporation of
the solvent at the temperature of 45∘C and then organic
solvent was volatilized completely after 1 h.The lipid film was
hydrated with 5mL of ammonium sulfate solution at 60∘C
to achieve a final lipid concentration of 1mg/mL. Following
hydration, uniform liposomes were obtained by extrusion at
60∘C through 400 nm polycarbonate filter 11 times and then
200 nm filter 7 times by using a LiposoFast.

2.6. Drug Loading. The active transport method was used to
encapsulate DOX into liposome. The liposome suspension
was dialyzed against the 0.9% NaCl solution using dialysis
tubes (cutoff 𝑀

𝑛
= 14000) to remove the free ammonium

sulfate acid. Then, the suspension was placed in a flask.
DOX solution (2.5mg/mL) was mixed with the liposome

suspension at the molar ratio of 1 : 10 (DOX : lipids). The
unloaded free DOX was removed through a Sephadex G-50
column.The liposomes loaded with DOX were collected and
mixedwithTritonX-100 formeasuring encapsulated amount.
The total DOX amount 𝐴

1
and encapsulated DOX amount

𝐴

0
were determined by the absorbing intensity at 485 nm

(UV-2450, Shimadzu). The encapsulated efficiency (𝐸%) was
calculated based on [29]

𝐸% =
𝐴

0

𝐴

1

× 100%. (2)

2.7. In Vitro DOX Release. In vitro DOX release was carried
under various pH values (pH 6.0 or 7.4). 1mL of DOX-loaded
liposome suspension was moved to a dialysis tube (cutoff
𝑀𝑛 = 14000), which was exposed to 25mL of PBS solution at
37∘C.The cumulative release amount ofDOXat different time
𝐴

𝑡
was measured and the release percentage was calculated:

Cumulative release% =
𝐴

𝑡

𝐴

0

× 100%. (3)

3. Results and Discussions

3.1. Synthesis of mPEG-PDPA. The mPEG-b-PDPA diblock
copolymers with different block lengths were synthesized
[30]. Considering the thickness of the lipid bilayer, not very
long chains were selected for PDPA (𝑛 = 10, 15, and 22).
The properties of the copolymers, determined by GPC and
1H NMR, were shown in Table 1 and Figure 1. These diblock
copolymers had a small polydispersity index (PDI), showing
that the distributions of mPEG-b-PDPA were narrow, uni-
form, and well controlled. Various degrees of polymerization
of the copolymers can be obtained by changing the feed
ratio of raw materials. GPC curves (not shown) revealed that
unimodal peak and no tailing in the low molecular weight
were observed. 1H NMR spectra of mPEG-Br and mPEG-
b-PDPA with the relevant peaks were illustrated in Figure 1.
As shown in Figure 1(A), the peaks at 𝛿3.60 and 𝛿3.33 ppm
were assigned to protons of -CH

2
-CH
2
and -OCH

3
groups of

the mPEG-Br, respectively. The peak at 𝛿1.96 ppm belonged
to -C(CH

3
)
2
- groups. Compared with the 1HNMR spectrum

of mPEG-Br (Figure 1(A)), the characteristic peaks at 𝛿0.97
and 𝛿2.60 ppm appeared in the spectrum of mPEG-b-PDPA
(Figure 1(B)), which were assigned to -CH-(CH

3
)
2
- and

O-CH
2
-CH
2
-N- groups, indicating the presence of PDPA.

According to these results, the copolymers of the desired
structures were successfully synthesized.

3.2. pH-Sensitivity of mPEG-b-PDPA Diblock Copolymers.
The diblock copolymers responded to the change of
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Table 2: Compositions and properties of the liposomes (pH 7.4).

Liposome Composition of liposomea Copolymer percentage Diameter (nm) PDI Zeta-potential (mV)
Lp1 HSPC 0 139.3 ± 4.0 0.151 10.3 ± 0.8

Lp2 HSPC : polymer
(mPEG

8

-b-PDPA
10

) 5% 173.2 ± 8.0 0.229 13.6 ± 1.4

Lp3 HSPC : polymer
(mPEG

8

-b-PDPA
15

) 5% 183.7 ± 8.0 0.246 15.8 ± 1.4

Lp4 HSPC : polymer
(mPEG

8

-b-PDPA
22

) 2% 179.9 ± 8.0 0.219 15.7 ± 1.4

Lp5 HSPC : polymer
(mPEG

8

-b-PDPA
22

) 5% 198.8 ± 8.0 0.250 16.9 ± 1.4

Lp6 HSPC : polymer
(mPEG

8

-b-PDPA
22

) 10% 206.2 ± 8.0 0.334 18.7 ± 1.4

Lp7 HSPC :DOPC (1 : 1) 0 146.0 ± 4.0 0.178 11.6 ± 1.4

Lp8 HSPC :DOPC (1 : 1) : polymer
(mPEG

8

-b-PDPA
10

) 5% 163.5 ± 8.0 0.207 17.2 ± 1.4

Lp9 HSPC :DOPC (1 : 1) : polymer
(mPEG

8

-b-PDPA
15

) 5% 175.1 ± 8.0 0.210 16.1 ± 1.4

Lp10 HSPC :DOPC (1 : 1) : polymer
(mPEG

8

-b-PDPA
22

) 5% 187.3 ± 8.0 0.207 17.2 ± 1.4

aCholesterol was contained in all liposomes and the molar ratio between lipid and cholesterol was 5 : 1.
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Figure 1: 1HNMR spectra (CDCl
3

) of mPEG-Br (A) and mPEG-b-
PDPA (B).

environmental pH. In order to obtain a better understanding
of the pH-sensitive mPEG-b-PDPA copolymers, the
properties of copolymers in a certain pH range had been
investigated. Figure 2(a) shows the zeta-potential of the
copolymers under different pH values. At low pH, the
tertiary amine groups of PDPA block were protonated, which
provided high positive zeta-potential. With increasing pH,
the tertiary amine groups of PDPA block were deprotonated
gradually, which induced a transition in charges from
positive to negative values. As shown in Figure 2(a), the
isoelectric points (IEP) of these copolymers were in a range
of pH 6.5–7.0. Thus, it clearly revealed that the property of
the diblock copolymers was significantly affected by pH of
the solution. The transmittances of copolymer solutions at
different pH values were measured and shown in Figure 2(b).

The triggering pH values of the diblock copolymers, which
could be determined at a certain pH value when the solution
suddenly became turbid, were listed in Table 1. It could be
seen that the triggering pH values increased slightly with the
increase of PDPA length. This might be due to the fact that
more tertiary amine groups need to be deprotonated when
the PDPA lengths increased.

3.3. The pH-Sensitivity of Hybrid Liposomes. The pH-
sensitive hybrid liposomes were prepared by incorporating
diblock copolymers into the liposome bilayer membranes
with different molar ratios. The physicochemical properties
of the liposomes were summarized in Table 2. In this work,
the molar ratio between phospholipids and cholesterol was
always 5 : 1.

As shown in Table 2, pH-sensitive hybrid liposomes
appeared to be larger than the pure liposome (Lp1) under pH
7.4, which may be due to the stretching PEG chains from the
bilayer. It could be seen that the sizes of Lp2, Lp3, and Lp5
were somewhat increased, which was thought to depend on
the increase of PDPA lengths. The sizes of hybrid liposomes
were found not to change when pH decreased from 7.4 to
6.0 as shown in Figure 3. Their zeta-potentials under pH 7.4
were also shown in Table 2, which were found to be the same
as their values under pH 6.0. The results revealed that the
vesicle structures of hybrid liposomes were not destroyed by
the stimulation of pH, which should relate to their positive
zeta-potentials and the PEG extending on the surface. The
morphology of liposome was examined by TEM (Figure 2,
inset).TheTEM images showed round-shaped vesicles whose
sizes were found consistent with the diameters obtained by
DLS. TEM images also revealed that the vesicle structures of
liposomes still exist when the condition changed fromneutral
to weak acid.
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Figure 2: The pH-sensitivity of diblock copolymers. Zeta-potential (a) and transmittance (b) of copolymers measured as a function of pH
(concentration of copolymer: 0.1mg/mL).
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Figure 3: Size distributions andTEM images (inset, bar: 200 nm) of Lp1 (a) and Lp5 (b) under pH6.0 and pH7.4, separately.The concentration
of the liposome suspension was 1.0mg/mL.

Then, Pol measurements were performed. DPH was used
as a fluorescence probe to investigate the membrane fluidity
of the liposomes [31, 32]. The behavior of fluorescence probe
in liposomal membranes was deemed to reflect the behavior
of lipids.The lower the value of the Pol, the higher the fluidity
(i.e., lower stability) of the liposomal membrane. The Pol
values of the liposome bilayer membrane were found almost
constant over time under pH 7.4. As shown in Figure 4(a),
the Pol values increased obviously when 5% of diblock
copolymers were incorporated (Lp3 and Lp5), comparedwith
pure liposome (Lp1). Except for Lp2, its Pol value had a slight
decrease, which may be due to the short length of PDPA

chain. A shorter PDPA (PDPA
10
) had a length similar to

the thickness of liposomal single-layer. Therefore, copolymer
1 (mPEG

8
-b-PDPA

10
) could not reach the second layer of

the liposome and could not act as a lock to fix the bilayer.
The insertion of copolymer 1, on the contrary, led to a slight
decrease in membrane stability. The Pol values of Lp3 and
Lp5 significantly increased, suggesting that the copolymers
with longer PDPA could go across the whole lipid bilayer and
enhanced the membrane stability.

Figure 4(b) reveals the Pol values of various liposomes
measured as a function of time under pH 6.0. For pure
liposome (Lp1), when pH decreased from 7.4 to 6.0, the Pol
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Figure 4: (a) Polarization of pure and hybrid liposomes at pH 7.4; (b) polarization of liposomes at pH 6.0 measured as a function of time.
The molar ratio of copolymers was 5%.
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Figure 5: Cumulative release profiles of DOX from pure liposome
and hybrid liposomes inserted by copolymers with different PDPA
segment sizes. Solid symbol: pH 6.0. Open symbol: pH 7.4. The
molar ratio of copolymers was 5%.

values were found not to change over the whole time period,
indicating pH did not affect its membrane fluidity. However,
Pol values of Lp3 and Lp5 decreased obviously at pH 6.0.This
was thought to result from the escape of the copolymers from
liposomes. The copolymers became completely hydrophilic
and then could not stay in the lipid bilayer when the PDPA
block protonated. After about 18 h, their Pol values became
close to that of Lp1, suggesting a pure liposome state came
back again. Certainly, the Pol value of Lp2 also tended to
approach that of pure liposome.

3.4. Effect of PDPA Length on Release. In order to assess the
drug loading and releasing of the liposomes, DOX was used
as a model drug. DOX is a water-soluble anticancer drug in
its hydrochloride salt form. Herein, DOX was encapsulated
into liposomes using an active loading method and the drug
loading efficiency was over 80%. Experiment of DOX release
from liposome was performed in PBS solution with different
pH values (pH 6.0 and pH 7.4) at 37∘C. Copolymers with
different lengths had been synthesized in this work to study
the effect of PDPA segment size on the release behavior. The
compositions and properties of the corresponding liposomes
(Lp2, Lp3, and Lp5) were summarized in Table 2. Their DOX
release profiles were investigated and shown in Figure 5.

For the pure liposome, no significant differences (about
26.5% and 24.4%) were observed in the drug release profiles
under both pH values, suggesting that pH itself did not affect
the membrane permeability. However, for liposomes incor-
porated with diblock copolymers, the drug release profiles
showed different behaviors depending on pH. Under pH 7.4,
the drug release from the hybrid liposomes (except for Lp2)
decreased to be 18.1% (Lp3) and 15.1% (Lp5) compared with
that of Lp1, indicating that drug leakage was inhibited. And
under pH 6.0, the drug releases of the three hybrid liposomes
obviously increased, which were 39.1% (Lp2), 43.3% (Lp3),
and 53.2% (Lp5). For Lp5, the difference in cumulative release
percentage between the two pH values increased by about
40%, which was most remarkable. The results highlighted
that copolymers with proper length of PDPA played an
important role, that is, acted as an intelligent lock in lipid
bilayer to inhibit the drug leakage under neutral environment
and enhance the release under weak acidic condition. The
enhanced release occurring at pH 6.0 was thought to result
from the escaping of copolymers from the liposomes [17].
From the results of polarization (Figure 4), the PDPA block of
copolymer was protonated gradually under pH 6.0. It could
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be thought that a polymer began to escape from liposomes
when the protonation is completed and at that time the
quick release could begin. From Figure 4(b), the first 6 h
was mainly a protonation process and after that it was an
escaping process. Comparing this with the behaviors of drug
release shown in Figure 5, it could be easy to understand
that the improvement in release rate of hybrid liposomes is
not very significant during the first 5-6 h comparing with
that of pure liposome. A quick release step was found to
continue till the copolymers have left completely. Copolymers
with longer PDPA should require more time to complete
the protonation and seemed to give the lipid bilayer more
long-time disturbance. The copolymer mPEG

8
-b-PDPA

22

was considered a candidate incorporated into liposomes for
the next studies.

3.5. Effect of Insertion Ratio on Release. The drug release
profiles of liposomes with 0 (Lp1), 2% (Lp4), 5% (Lp5), and
10% (Lp6) copolymer 3 and their liposomal fluorescence
polarizationwere shown in Figure 6. As shown in Figure 6(a),
compared with that of Lp1, the Pol values of Lp4–Lp6
increased, where the Lp5 improved most obviously. The
PDPA block of the copolymer 3 was thought to be long
enough to go across the whole lipid bilayer and then acted
as locks in the fluid membrane (as illustrated in Figure 6(b)).
Their release profiles were obtained under both pH values
as shown in Figure 6(c). With incorporating copolymers,
the drug release rate of hybrid liposomes decreased at pH
7.4 and increased at pH 6.0, compared with pure liposome.
The results suggested that the insertion of the copolymer
significantly enhanced the stability of liposome in neutral
condition, while the DOX release was stimulated when
exposed to weak acidic environment. For Lp5, it had themost
remarkable differences between the two pH values, and the

cumulative release percentage improved from 15.1% to 53.2%
when pH decreased from 7.4 to 6.0. However, beyond our
expectation, the Lp6, incorporating much more copolymer,
did not have the most significant pH-controlled effect on
release. Its accumulated release percentages were 18.5% and
54.7%, respectively. It was thought that toomuch copolymers
inserted into liposomes could impact the spatial structure
of vesicle. Here, the DOX leakage at pH 7.4 had somewhat
increased, which was consistent with the results of Pol. It was
well demonstrated that proper amount of diblock copolymers
incorporated into liposome was able to effectively decrease
the drug leakage at pH7.4 and promote the drug release under
pH 6.0.

3.6. Effect of LipidComposition onRelease. Toour knowledge,
the composition of liposome plays an important role in
the functions of liposome membrane, such as fluidity or
permeability [33]. The above results demonstrated that the
maximum release amount of DOX could only reach as high
as 55% even at pH 6.0. To improve the DOX release efficiency,
DOPC, a kind of phospholipids with unsaturated bond, was
added to liposome bilayer for adjusting membrane fluidity.
Here, HSPC to DOPC at molar ratio of 1 : 1 was selected.

The effect of liposome composition on DOX release was
also investigated and shown in Figure 7(a). As shown in
Figure 7(a) with increase of PDPA length, the values of
accumulated release amount were increased from 63.6% to
73.8%, 81.9%, and 93.4% at pH 6.0. The cumulative release
amount of liposomes with DOPC significantly improved,
in comparison with those of liposomes without DOPC (see
Figure 5). In addition, it was easy to find that the drug release
profiles of pure liposome with DOPC (Lp7) did almost the
same behavior under pH 6.0 and pH 7.4. Like the results
of Lp1 (Figure 5), the accumulated release amounts were
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almost the same, 66.7% and 63.6%, respectively. Among
hybrid liposomes, Lp10 showed the best pH-controlled effect
on DOX release, and the difference in release percentage
between pH 6.0 and pH 7.4 was about 60%. The maximum
amount of DOX release meant almost all cargos had been
released into solution at pH 6.0.

It was known that the insertion of DOPC could increase
the fluidity of lipid bilayer [22]. Then, the polarization of Lp7
and Lp10 was measured under two pH values as a function
of time. Firstly, as shown in Figure 7(b), the Pol values of
Lp7 and Lp10 were lower than those of liposomes without
DOPC (as shown in Figure 6(a)). Secondly, the Pol values
of Lp7 were almost constant under both pH values, which
was similar to Lp1. For Lp10, its Pol value under pH 7.4 was
found to be higher than that of Lp7 and almost did not change
over time. When pH decreased to 6.0, the Pol values of Lp10
reduced rapidly and almost reached the values of Lp7 after
13 h. The Pol results of liposomes seemed to be consistent
with the results of DOX release. Compared to the Pol of
liposomes with and without DOPC, we could find that the
time needed for the recovery of the polarization value to
that of pure liposome was not the same, which was 13 h and
20 h, respectively. It was thought that when the copolymers
escaped from liposome, the micropores left on the lipid
bilayer and induced a rapid release. The higher fluidity
membrane of the liposomes containing DOPC seemed to
make the micropores disappear more quickly. This induced
different release behaviors of Lp5 and Lp10.

From these results, the DOX release profile could be
separated into two steps: rapid and gradual release steps.
It was thought that the rapid drug release was dependent
on both permeation and diffusion through micropores left
by the escaping copolymers. After the copolymers escaped
completely, the micropores disappeared due to the fluidity of
lipid bilayer.Then, the release began to rely on themembrane
permeability resulting in a slow release process. The results
showed that the rapid release step of Lp5 and Lp10 needed
about 20 h and 13 h, respectively.

4. Conclusion

In summary, diblock copolymers with pH-sensitive PDPA
segments synthesized here had a pH triggering point at about
6.5. The pH-sensitive liposomes were prepared by inserting
the copolymers into general liposomes. Diblock copolymers
with different chain lengths and molar ratios had different
effects on the stability of liposomes. The PDPA segment
should be long enough to reach the second layer of the
liposome and could act as a lock to fix the bilayer. At pH 7.4,
the bilayer fluidity of pH-sensitive liposomes decreased due
to the incorporation of copolymers with longer PDPA. Thus,
the liposomes inhibited the leakage of DOX in comparison
with that of pure liposome. When pH decreased to 6.0, the
release efficiency of DOX had been improved because of
copolymer escaping. The membrane property was found to
give great impact on the pH-controllability. When DOPC
improved membrane fluidity of the liposome, the maximum
release amount reached over 90% and the difference in release
amount under two pH environments increased to be 60%.

The optimization of the lipid compositions provided a supe-
rior controlled drug release behavior. These results suggest
that liposomes containing pH-sensitive diblock copolymer
possess a promising potential application in drug delivery
system.
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Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)/polyvinylpyrrolidone (PEDOT:PSS/PVP) composite nanofibers were
successfully fabricated via electrospinning and used as a quartz crystal microbalance (QCM) sensor for detecting CO gas. The
electrical property of individual PEDOT:PSS/PVP nanofibers was characterized and the room temperature resistivity was at the
magnitude of 105Ω⋅m.TheQCM sensor based on PEDOT:PSS/PVP nanofibers was sensitive to low concentration (5–50 ppm) CO.
In the range of 5–50 ppmCO, the relationship between the response of PEDOT:PSS nanofibers and theCO concentrationwas linear.
Nevertheless, when the concentration exceeded 50 ppm, the adsorption of the nanofiber membrane for CO gas reached saturation
and the resonant frequency range had no change. Therefore, the results open an approach to create electrospun PEDOT:PSS/PVP
for gas sensing applications.

1. Introduction

Carbon monoxide (CO) is highly toxic, combustible, and
explosive. Therefore it is of great importance to notice its
leakage in its former stage and give effective monitoring to
avoid anymajor accidents. Althoughmuch attentionwas paid
to metal oxide gas sensor materials such as ZnO, SnO

2
, and

TiO
2
, in order to achieve higher sensitivity, the normal work

temperature of these metal oxide-based gas sensors is rather
high (>200∘C) [1–4]. Gratifyingly conducting polymer acts
as gas sensor material that can work at room temperature to
solve the problems.

Conducting polymers possess many interesting proper-
ties, such as controllable conductivity, stability, and biocom-
patibility. Recently, conducting polymers, such as polyani-
line (PANI), polypyrrole (PPY), and polythiophene, have
become attractive materials for gas sensing application
[5–8]. Poly(3,4-ethylenedioxythiophene) (PEDOT) is one
of the most promising conducting polymers due to its

high conductivity and excellent environmental stability
[9]. Although PEDOT itself cannot be easily cast into
films due to its insoluble property, PEDOT doped with
poly(styrenesulfonate) (PSS) can be dispersed well in the
aqueous solution. PEDOT:PSS complex is a blend of oxida-
tively doped, cationic, conjugated polythiophene derivation
(PEDOT) and excess quasi-insulating PSS. The gas sensing
properties of PEDOT:PSS nanostructures are investigated
mostly by impedance test. PEDOT:PSS films have been
used as sensing material for the detection of NO [5] and
NH
3

[10]. Electrospun PEDOT:PSS/polyvinylpyrrolidone
(PEDOT:PSS/PVP) nanofibers have been used to measure
the gas sensing to organic gases such as ethanol, methanol,
and acetone usually by an electric resistance measurement
method [11]. In addition, metal oxide fibers coated with
PEDOT:PSS can be used as gas sensor at room temperature
by measuring the impedance [6, 12].

Except the common impedance method, there is con-
siderable interest in piezoelectric sensors known as quartz
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Figure 1: Schematic illustration of the experimental apparatus as QCM sensor.

crystal microbalance (QCM) due to its high mass sensitivity.
Zeng et al. [13] used the QCM method to measure the
PEDOT:PSS sensitivity to organophosphorus pesticide o,o-
dimethyl-o-2,2-dichlorovinyl phosphate (DDVP). However,
to the best of our knowledge, the CO sensing characteristics
of the PEDOT:PSS nanofibers using a QCM sensing platform
have not been reported yet. In this paper, conducting poly-
mer PEDOT:PSS/PVP composite nanofibers were prepared
by electrospinning and collected on the QCM. Aligned
nanofibers were electrospun and the electrical resistivity
of individual nanofibers was measured. The gas sensing
property of the PEDOT:PSS/PVPnanofibers was investigated
for detection of CO gas using QCM sensing platform.

2. Experimental

2.1. Preparation of Aligned PEDOT:PSS/PVPNanofibers. 1.8 g
PVP powder was added into 8.2 g of ethanol (AR, Tianjin
Damao Chemical Reagent Factory) and stirred to form
uniform and transparent solution.Then 1.1 g PEDOT:PSSwas
mixed into the previous PVP solution and stirred for two
hours. Then the precursor solution was obtained. Firstly, to
measure the electrical property of individual PEDOT:PSS
nanofiber, aligned nanofibers were prepared via centrifugal
electrospinning. The centrifugal electrospinning setup has
been reported in detail [14]. The solution was loaded into
5mL plastic syringe with stainless steel needle connected
to a high-voltage power supply (Tianjin Dongwen High-
Voltage Power Supply Plant). The voltage for centrifugal
electrospinning was 1.6 kV. The distance between the tip of
the needle and collector was 4.0 cm. The rotating speed was
420 rpm, and the parallel nanofibers were collected on the
aluminum foil.

2.2. Preparation of PEDOT:PSS/PVP and PVP Gas Sensor.
PEDOT:PSS/PVP nanofiber membrane was prepared by
traditional electrospinning. The above precursor solution
was loaded into a 5mL plastic syringe with a stainless steel
needle. The voltage was 20 kV. The distance between the
tip of the needle and collector was 10 cm. The pure PVP
nanofibers were also prepared by traditional electrospinning
as follows: 1.8 g PVP powder was mixed into 8.2 g of ethanol
to form the PVP precursor. And then the precursor solution
was electrospun under an applied voltage of 20 kV and an
electrospinning distance of 10 cm. The QCM (CHI400C,
Shanghai Huachen Instruments Company Limited) was set
on the aluminum foil as collector to attach nanofibers.

After electrospinning for oneminute, the high-voltage power
supply was turned off, and the QCM coated with nanofiber
membrane was taken out. And then the QCM was heated at
60∘C for two hours. This QCM was the sensitive component
of gas sensor.

2.3. Measurement Setup. The gas sensor measurements were
carried out in a closed gas chamber (Figure 1). Two QCM
electrodes were set in the gas chamber: one is the reference
QCM which is blank and the other is coated with sensing
nanofiber membrane, which were connected with frequency
meter. The theory of QCM was based on piezoelectric
effect: QCM produced vibrations under certain voltage. The
mass of QCM with membrane changed when the sensing
materials interacted with the measured gas, which led to AC
electric field changing and the vibration frequency of QCM
changing. Therefore, the oscillation frequencies of the two
QCM electrodes were recorded and treated by frequency
meter.Then the frequency difference between the two QCMs
was obtained and output to a computer.

All experiments were performed at room temperature.
The gas sensingmeasurements included two processes: firstly,
N
2
gas was filled into the sealed gas chamber at a flow

rate of 500 sccm until the frequency difference between the
reference QCM and the sensing QCM was stable at 0Hz ±
1 Hz. Then N

2
gas was closed and CO was inlet at a flow rate

of 500 sccm. The sensor interacted with CO which led to the
mass changing and frequency changing.When the frequency
difference was stable again, N

2
gas was filled into the chamber

again until the output frequency regained its stability.
The morphologies of the nanofibers were characterized

by a scanning electron microscope (SEM, JEOL JSM-6390).
The electrical property was performed by a two-metal-
microprobe testing platform (HP 4156A precision semicon-
ductor parameter analyzer). Raman spectra were recorded
in air at room temperature by means of a LabRAM Infinity
spectrometer (Raman, Jobin Yvom S.A.S.).

3. Results and Discussion

3.1. Morphology, Structure, and Electrical Property. Single
nanofiber was used to measure electrical conductivity of
PEDOT:PSS/PVP, which was closer to intrinsic electrical
characteristics of the nanofibers than that of nonwoven fibers.
Moreover, to measure electrical properties, drawing individ-
ual nanofiber from nanofiber arrays can be easily performed
compared with the crossed structures of the nonwoven fibers.



International Journal of Polymer Science 3

A

V

50𝜇m

(a)

−20 0 20 40 60 80 100 120 140

Voltage (V)

−1

0

1

2

3

4

5

6

7

C
u

rr
en

t 
(n

A
)

(b)

Figure 2: (a) SEM image of the aligned PEDOT:PSS/PVP nanofibers prepared by centrifugal electrospinning. The smaller picture displays
schematic illustration of electrical conductivity measurement of isolated nanofibers by a two-metal-microprobe method. (b) I-V curve of
isolated fibers.
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Figure 3: (a) SEM image and (b) diameter distribution of PEDOT:PSS/PVP nanofibers by conventional electrospinning.

So we prepared aligned nanofibers. So aligned fibers were
prepared via centrifugal electrospinning [14]. Figure 2(a)
shows the SEM image of aligned straight PEDOT:PSS/PVP
nanofibers with diameter of about 800 nm. I-V curve of single
PEDOT:PSS/PVP nanofiber was characterized (Figure 2(b))
and the resistivity was at the magnitude of 105Ω⋅m.

To increase the contact area with CO gas, PEDOT:PSS/
PVP nanofiber membrane was fabricated on the QCM by
conventional electrospinning. Figure 3(a) shows the SEM
image of the nanofibermembrane on theQCM.Each individ-
ual fiber is quite uniform in cross section. And the diameters
of the fibers are 600–800 nm, as shown in Figure 3(b).

Figure 4 shows the Raman shifts of the electrospun
PEDOT:PSS/PVP fibers. The band at 438 cm−1 is assigned
to the SO

2
bending. The band 576 cm−1 can be assigned

to the oxyethylene ring deformation, the band 700 cm−1 to

the symmetric C-S-C deformation, and 1099 cm−1 to the C-
O-C deformation. The band at 1250 cm−1 can be assigned to
the C-C interring stretching, 1366 cm−1 to the C-C stretch-
ing, 1430 cm−1 to the symmetric C=C(-O) stretching, and
1529 cm−1 to the asymmetric C=C stretching. The observed
band positions and their assignments are in accord with
published data [11].

3.2. Time Response to CO Gas. As is well known, the mecha-
nism of QCM is based on Sauerbrey Equation (1)

Δ𝑓 = −2.26 × 10−6 × 𝑓2
0

Δ𝑚

𝐴
, (1)

where Δ𝑓 is the measured frequency difference, 𝑓
0
=

7.995MHz the original oscillation frequency of QCM, which
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Figure 4: Raman shifts of the electrospun PEDOT:PSS/PVP fibers.
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Figure 5: Response to 50 ppm CO of the gas sensor based on PEDOT:PSS/PVP nanofibers (a) and pure PVP nanofibers (b).

is a constant, Δ𝑚 is the change in mass on the surface of the
crystal, and 𝐴 = 0.196 cm2 is the effective area of electrode.
For this AT-cut quartz crystal, every hertz frequency change
is equivalent to 1.34 ng, since Sauerbrey equation is suitable
for materials which do not dissipate any energy during the
oscillation, including metallic and metal oxides coatings.
In other words, the relation remains invalid for soft or
viscoelastic films, which do not completely couple with the
oscillating crystal, thereby causing positive frequency shift
and then an underestimation of mass. In our experiment,
after the PEDOT:PSS/PVP nanofibers onQCMwere exposed
to different concentrations of CO, respectively, the frequency
difference remains negative, and the sensing layer acquires a
stable structural conformation. This stability is most prob-
ably due to the establishment of a rigid three-dimensional
network. For this reason, we neglected the viscoelasticity of
the sensing layer and only molecular uptake is considered.
So the Sauerbrey equation was used in the paper. According
to the Sauerbrey formula, the frequency difference of the
QCM is linearly related to mass change. Figure 5(a) shows

that the frequency difference rapidly decreased as the 50 ppm
CO gas flowed into the test chamber and achieved stability
after tens of seconds.Thenwhen the CO valve was closed and
N
2
gas was filled into the chamber, the frequency difference

increased until being back to zero Hz. When CO gas flowed
into the test chamber at 50 ppm, the maximum of frequency
difference is about −54Hz as shown in Figure 5(a). Thus
the mass change of PEDOT:PSS/PVP on the QCM could be
calculated. According to (1) the mass change is 72.36 ng; that
is to say, the PEDOT:PSS/PVP nanofibers adsorb 72.36 ng
CO. The response was comparable to other gas sensors
based on individual PEDOT:PSS nanofibers [15] because the
PEDOT:PSS nanofibers have high surface-to-volume ratio
in favor of contacting more CO molecules to increase the
response.

To assess whether the CO adsorption was affected by
PVP, we tested the QCM covered pure PVP nanofibers
sensing to 50 ppm CO. The results show that the frequency
difference is at zero Hz (Figure 5(b)), which indicated that
pure PVP nanofibers were not sensitive to CO. So the
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Figure 6: (a) The response characteristics of PEDOT:PSS/PVP nanofiber membrane sensing to 10, 30, and 50 ppm CO. (b) Relationship of
frequency difference with CO concentration.

frequency difference decreased since the PEDOT:PSS in the
fibers adsorbed the CO gas leading to the mass increasing
of the nanofiber membrane. Moreover, the nanofibers have
advantages of large aspect ratio and high surface-to-volume
ratio in favour ofmore PEDOT:PSS contactingCOmolecules
and shortening the response time.

3.3. Gas Concentration Measurement. To obtain more details
of the sensing information of the nanofibers, other CO
concentrations were also measured. Figure 6(a) shows the
response characteristics of the PEDOT:PSS/PVP nanofiber
membrane sense to 10, 30, and 50 ppmCO. It can be seen that
the frequency difference increases with the concentration.
Under the same flow rate conditions, more CO molecules
enter the gas chamber with increased concentration, which
enhanced the contact between CO and PEDOT:PSS/PVP.
The adsorbed CO amount rises and the frequency difference
increases.

In order to study the CO concentration detection limits,
over 50 ppm CO was measured. The results show that the
maximum frequency difference is similar to that of 50 ppm,
which illustrates the adsorption of the nanofiber membrane
for CO gas reached saturated at 50 ppm. Generally, the
frequency difference by QCM method is proportional to the
concentration of gas detected [16]. Figure 6(b) reveals a nearly
linear relationship between the frequency difference and CO
concentration less than 50 ppm and the frequency difference
reaches plateau after 50 ppm.The solid line is linear fitting to
the data. If the thickness of the fiber membrane is different,
the CO saturated concentration may be also not the same for
the different contacting area to CO.Thus the sensor based on

PEDOT:PSS/PVP nanofibers by QCM method was suitable
for the low concentration gas measurement.

According to the results previously reported [17, 18]
and obtained in this work, the sensing mechanism of
PEDOT:PSS/PVP nanofibers could be suggested: PEDOT/
PSS has a polar structure, PEDOT is the positive part, and
PSS is the negative part. It shows a better adsorption to
CO polar molecules, which leads to the reduced frequency
difference of QCM. N

2
gas had no effect on the fibers sensing

because of its nonpolar structure. In the CO/PEDOT:PSS
adsorption system, CO molecules play a role as the electron
donor to PEODT:PSS, which leads to the reduction of
holes. If the detection of CO occurs via the mechanism as
shown in Figure 7, it shows the interaction between CO and
PEDOT:PSS.

4. Conclusions

The PEDOT:PSS/PVP nanofibers were successfully fabri-
cated on QCM via electrospinning. The results show that the
PEDOT:PSS/PVP nanofiber membrane was sensitive to low
concentration (5–50 ppm) CO gas. The frequency difference
was proportional to the concentration of CO. When the
concentration increased to a certain value the adsorption
of nanofiber membrane for CO reached saturation. The
size effect of nanofibers makes the PEDOT:PSS/PVP more
comprehensive not only on solar cells and electronic devices,
but also on gas sensors.
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A new hydrogel made of hyaluronan, poly(vinylphosphonic acid), and chitosan (HA/PVPA/CS hydrogel) was fabricated and
characterized to be used for skin wound healing application. Firstly, the component ratio of hydrogel was studied to optimize
the reaction effectiveness. Next, its microstructure was observed by light microscope. The chemical interaction in hydrogel
was evaluated by nuclear magnetic resonance spectroscopy and Fourier transform-infrared spectroscopy. Then, a study on its
degradation rate was performed. After that, antibacterial activity of the hydrogel was examined by agar diffusion method. Finally,
in vivo study was performed to evaluate hydrogel’s biocompatibility. The results showed that the optimized hydrogel had a three-
dimensional highly porous structure with the pore size ranging from about 25𝜇m to less than 125 𝜇m. Besides, with a degradation
time of two weeks, it could give enough time for the formation of extracellular matrix framework during remodeling stages.
Furthermore, the antibacterial test showed that hydrogel has antimicrobial activity againstE. coli. Finally, in vivo study indicated that
the hydrogel was not rejected by the immune system and could enhance wound healing process. Overall, HA/PVPA/CS hydrogel
was successfully fabricated and results implied its potential for wound healing applications.

1. Introduction

Bioadhesives, polymers, or copolymers used to join the
biological surfaces are frequently used alone or combined
with other methods for wound closure applications [1, 2].
The adhesion property of them is a result of strong bonds,
such as covalent, ionic, or metallic bonds, and weak bonds,
such as polar, hydrogen, or Van derWaals bonds, between the
components [2]. Compared with the conventional subcutic-
ular suture, the bioadhesive showed similar effects on wound
healing yet with shorter time, especially when making more
than one incision in one patient, and no need of postsurgery
revisiting as well as increasing the pain relief [3, 4]. Studies on
facial laceration treatment and repair of laceration in children

also proved a significant decrement in time treatment and
patients’ painwhenusing a bioadhesive as compared to suture
method [4, 5]. These results suggested that bioadhesives can
be a trustworthy substitute for the conventional method. To
fabricate bioadhesives, synthetic polymers, natural polymers,
or their combination can be used, yet they have to interact
with each other as mentioned above and fulfill the require-
ments: sufficient biodegradation time for wound healing pro-
cess, high porosity structure to support cell migration, bio-
compatibility to enhance cell proliferation, producing no tox-
icity, minimizing inflammation as well as immune response,
and lastly antibacterial activity to prevent wounds infections
[6].
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Among the natural polymers, chitosan is one of the
most commonly used polymers thanks to its properties of
nontoxicity, biodegradability, and biocompatibility as well
as its abilities to provide hemostasis and bacteriostasis.
Chitosan can be prepared for tissue regeneration applications
in various forms, such as gel and membrane [7–10].

Another natural polymer successfully used in wound
healing as wound dressing method is hyaluronan [11]. With
the properties of noncytotoxicity, nonantigenicity, nonim-
munogenicity, and biocompatibility and the abilities to pro-
mote cell proliferation [8, 9] and induce angiogenesis after
being partially degraded [12, 13], hyaluronan has also been
used in tissue engineering as scaffold, electrospun fiber,
solution, and hydrogel [14, 15].

On the other hand, in the synthetic group, with a nontoxic
property [16, 17], poly(vinylphosphonic acid) (PVPA) has
been widely used in tissue engineering in producing dental
cements, hydrogels, and scaffolds [18, 19]. Thanks to the
abilities to form a three-dimensional (3D) network in hydro-
gels and interact with serum proteins, PVPA-containing
hydrogels have strong mechanical strength and their surface
can enhance cell seeding and proliferation [18].

Each polymer has its own advantages; however, they are
usually combined to synthesize new materials with specified
characteristics for specific applied areas. Fan et al. modified
chitosan and hyaluronan with oxanorbornadiene (OB) and
11-azido-3,6,9-trioxaundecan-1-amine (AA), respectively, to
fabricate chitosan-hyaluronan hydrogel for soft tissue regen-
eration [20]. The in vitro and in vivo studies proved that the
hydrogel could support the proliferation of human adipose
tissue and has a cytocompatible property; hence, it could
have a high potential to be used for soft tissue engineering.
Chang et al. modified hyaluronan with aldehyded 1-amino-
3,3-diethoxy-propane (AHA) and fabricated it with chitosan
to form the gel AHA-chitosan (AHA-CA) [21]. The results
showed that AHA-CA hydrogel could accelerate wound
closure of the full-thickness skin defects (1 × 1 cm) and
enhance keratinocyte migration and cell proliferation, as
well as inducing granulation tissue and capillary formation.
Besides chitosan and hyaluronan, PVPA was also studied for
skin regeneration application. Tan et al. fabricated poly(VPA-
co-acrylamide) hydrogel and evaluated its protein and cell
interaction [18]. The outcomes proved that, by modifying
with VPA, the copolymer hydrogel could increase the protein
uptake up to two times as compared to polyacrylamide
only as well as inducing NIH 3T3 fibroblast adhesion and
proliferation. Though chitosan, hyaluronan, and PVPA have
been studied for skin regeneration and each of them also has
its own advantages, the combination of all of them has not
been performed elsewhere.

Hence, the aim of this research is to place a first step in
combining hyaluronan, chitosan, and PVPA to fabricate a
novel HA/PVPA/CS hydrogel to be used as a skin bioadhe-
sive.

InHA/PVPA/CS hydrogel, chitosan could give the hydro-
gel the hemostasis and bacteriostasis abilities to stop the
bleeding and prevent wounds infection. It was hypothesized
to form an electrostatic matrix with PVPA to make a highly
spacious 3D porous structure, which could strengthen the

mechanical property of the hydrogel and enhance cell seeding
[22]. Besides chitosan and PVPA, the addition of hyaluronan
to the hydrogel could form the electrolyte complex with
chitosan [23], resulting in the increase of the viscosity of the
hydrogel, the promotion of cell proliferation, and the induc-
tion of angiogenesis. As the primary study for HA/PVPA/CS
hydrogel, this research only assessed the essential require-
ments of the bioadhesive, including (1) highly porous 3D
structure to support skin cell migration, seeding, and blood
vessel formation; (2) short degradation rate to be suitable
for the wound healing process; (3) antibacterial property to
prevent infections; and (4) good biocompatibility to enhance
cells proliferation as well as not to be rejected by the immune
system.

2. Materials and Methods

2.1.Materials. Hyaluronan (hyaluronic acid sodium salt from
Streptococcus equi), PVPA (poly(vinylphosphonic acid)), and
chitosan (chitosan from shrimp shells) were purchased from
Sigma Aldrich, USA. Müller-Hinton medium agar was pur-
chased from HiMedia, India. Ciprofloxacin antibiotic discs
were purchased from Nam Khoa Co., Ltd., Vietnam. Povi-
done solution (povidone-iodine 10%) was purchased from
Mekophar Chemical Pharmaceutical Joint-Stock Company,
Vietnam. All other chemicals used in this study were pur-
chased from major suppliers, otherwise unmentioned. The
materials were used directly without further purification. E.
coli (Escherichia coli, ATCC35218) suspension with OD

620 nm
value of 0.08–0.11 was used for antibacterial experiments.
Swiss-albino mice (16 to 20 g) were obtained from Pasteur
Institute of Ho Chi Minh City, Vietnam, and fed 1 week prior
to implantation.

2.2. Methods

2.2.1. Optimization of Component Ratio for Hydrogel Prepara-
tion. To optimize component ratio of HA/PVPA/CS hydro-
gel for increasing the reaction effectiveness, the concentration
of each component in the hydrogel was evaluated. The ratio
was studied step by step, starting with PVPA/CS ratio. To
optimize the ratio of PVPA and chitosan in the hydrogel,
the concentration of chitosan was studied first, and then
the amount of PVPA was evaluated. Firstly, a fixed amount
of 200𝜇L PVPA 2%w/v was used and chitosan 1%w/v and
chitosan 2%w/v were tested with the amount of 100 𝜇L each
to obtain the effect of chitosan’s concentration on gelation
process. After that, the amount and concentration of chitosan
were fixed to study the effects of varying the amount of PVPA
on the hydrogel. PVPA 10%w/v was added with amounts
varying from 20 to 5 𝜇L with 5𝜇L decrement steps and the
samples were labeled from PCS1 to PCS4 (Table 1). Finally,
HA/PVPA/CS ratios were studied based on the PVPA/CS
ratio of sample PCS4. The samples were made by using a
fixed amount of PVPA and chitosan (following the optimized
ratio) and varying the amount of hyaluronan 1%w/v added
from 100 to 12.5 𝜇L and labeled from HPCS1 to HPCS4
(Table 2). All samples used for in vitro antibacterial activity
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Table 1: Amounts of components in PVPA/CS hydrogels.

Components Samples
PCS1 PCS2 PCS3 PCS4

PVPA 20𝜇L 15𝜇L 10𝜇L 5 𝜇L
CS 100𝜇L 100𝜇L 100𝜇L 100 𝜇L

Table 2: Amounts of components in HA/PVPA/CS hydrogels.

Components Samples
HPCS1 HPCS2 HPCS3 HPCS4

HA 100𝜇L 50 𝜇L 25 𝜇L 12.5𝜇L
PVPA 5 𝜇L 5𝜇L 5 𝜇L 5𝜇L
CS 100𝜇L 100 𝜇L 100𝜇L 100 𝜇L

and in vivo implantation experiments were sterilized using
UV irradiation at room temperature for 45 minutes.

2.2.2. Hydrogel Characterization. The microstructure of
lyophilized sample HPCS4 was observed using a Nikon
Eclipse Ti-U inverted microscope (Nikon, Japan). 1H NMR
spectrum of sample HPCS4 was obtained by measuring
the freeze-dried sample in D

2
O solvent using a Bruker

Advance IIIUltra Shield Plus 500MHz spectrometer (Bruker,
USA). FT-IR spectra of the hydrogel and its components
(hyaluronan, PVPA, and chitosan) were measured with wave
number from 4000 to 400 cm−1 using a Tensor 27 FT-IR
spectrometer (Bruker, USA).

Degradation property of sample HPCS4 was studied
by gravity method. Briefly, the samples were weighed and
then immersed in PBS buffer at 37∘C. At different time
points, the samples were taken out, dried, and weighed. The
percentages of the remaining weights at different time points
were recorded in 15 days following (1), where 𝑤𝑑 is the
percentage of weight remaining at day 𝑡 and𝑤𝑑(0) and𝑤𝑑(𝑡)
are initial weight and weight at day 𝑡, respectively:

𝑤𝑑 (%) = 𝑤𝑑 (𝑡)
𝑤𝑑 (0)
× 100%. (1)

Antibacterial activity of HA/PVPA/CS hydrogel and its
components was evaluated using agar diffusion method.
Briefly, 100 𝜇L of E. coli suspension was added and spread
evenly on Müller-Hinton agar surface by using sterile glass
spreader. Then, 10 𝜇L of each sample was dropped on the
suspension layer. Ciprofloxacin antibiotic was used as a
positive control.The dishes were incubated overnight at 37∘C.

Biocompatibility of hydrogel was evaluated by usingmice
model. The operation process was performed following the
policy of Institutional Animal Care and Use Committee of
International University, Vietnam National University-Ho
Chi Minh City, Vietnam. Firstly, mice were anesthetized
with dimethyl ether, their hair was shaved at their back,
and they were fixed on a table. The implanted site was
cleaned by povidone solution and PBS buffer and a hole with
a diameter of 1 cm was artificially created. Sample HPCS4
was spread evenly on the wound surface. The implantation
was replicated on 5 mice and 3 other mice were used as

the control. The wound morphology during the healing
process was captured for monitoring. At day 14, samples were
extracted. Mice were euthanized using cervical dislocation
method. Then, mice’s hair was shaved and the samples were
extracted.The samples were fixed with formaldehyde 4%w/v,
stainedwithHematoxylin andEosin (H&E), and processed to
microscopic observation.

2.2.3. Statistical Analysis. All experiments in this research
were replicated at least three times. Statistical values were
calculated from raw data using Microsoft Excel 2013. Graphs
were drawn using SigmaPlot 12 software. The comparison
between two sets of measurements was performed using two-
tailed 𝑡-test.

3. Results

3.1. Optimization of Component Ratio for Hydrogel Prepara-
tion. In the first step to optimize HA/PVPA/CS ratio, the
effect of concentration of chitosan on hydrogel formationwas
studied.The results demonstrated that using chitosan 2%w/v
gave a gelation time of 12 ± 1 s, which was faster as compared
to that of using chitosan 1%w/v (15 ± 1 s, 𝑝 < 0.05, 𝑛 = 3).
Hence, chitosan 2% was used for the next steps.

In the second step, study on the effect of PVPA concen-
tration on PVPA/CS gelation illustrated that the decrement
of PVPA amount in the hydrogels affected the gelation and
molecular interaction. As the amount of PVPA decreased
from 20𝜇L to 5 𝜇L, the formation of fibers increased. Sample
PCS4 (PVPA/CS ratio was 5/100) (Figure 1(d)), which had
the least amount of PVPA, showed the largest amount of
fibers and the fastest rate of shrinking after being stretched
as compared to other samples. Hence, PCS4 was chosen as
the optimum for the last step.

In the final step, the ratio between hyaluronan, PVPA, and
chitosan was studied. The results indicated that changing in
amount of hyaluronan did not affect the fiber formation yet
it affected the molecular interaction. After being stretched,
sample HPCS4 (HA/PVPA/CS ratio was 12.5/5/100), with
the least amount of hyaluronan, was the least fragmented
(Figure 1(h)) among other samples.Therefore, HPCS4 hydro-
gel had the optimized component ratio, of which the final
concentrations of hyaluronan, PVPA, and chitosanwere 0.1%,
0.4%, and 1.7%, respectively.

3.2. Hydrogel Characterization. The microstructure of the
hydrogel under light microscopic observation is presented
in Figure 2. The sample showed a 3D network with highly
porous structure. The pore shape and size of the hydrogel
were nonuniform and ranging from about 27 × 43 𝜇m to
about 67 × 127 𝜇m.

Next, chemical interactions of the components of hydro-
gels were studied by NMR and FT-IR spectroscopies. 1H
NMR spectrum of the hydrogel (Figure 3) presented peak at
1.935 ppm, which indicated the presence of N-acetyl group in
N-acetyl-D-glucosamine of hyaluronan [24, 25]. Since there
was a small amount of PVPA in the sample, the methine
proton of PVPA was presented as a peak at 2.1 ppm [26]. The
peaks of nonanomeric protons H molecules in sugar ring of
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Figure 1: Morphology of samples PCS1 (a), PCS2 (b), PCS3 (c), PCS4 (d), HPCS1 (e), HPCS2 (f), HPCS3 (g), and HPCS4 (h).

(a) (b)

Figure 2: Morphology of sample HPCS4 after being freeze-dried; the pictures were observed with the magnification of 10x and 40x.

hyaluronan and chitosan were overlapped from 3.557 ppm
to 3.821 ppm. Peak at 4.790 ppm indicated the presence of
anomeric proton H-1 molecule in D-glucosamine of chitosan
[27].These results confirmed the presence of HA, PVPA, and
CS in its structure.

FT-IR spectra of HPCS4 and its components are pre-
sented in Figure 4. The hydrogel shared with CS, HA,
and PVPA a peak at 3450 cm−1, which represented –OH
stretching vibration. It also shared the –C=O vibration with
CS and HA, which was represented by a peak at 1640 cm−1.
Besides, peaks at 1414 cm−1, which represented NH

3

+ vibra-
tion, confirmed the interaction between the acid groups
(carboxyl group and phosphonate group) and base group
(primary amine in D-glucosamine) [23, 25, 28, 29].

Degradation assay was studied using PBS buffer at 37∘C
in a period of 15 days and the method of measuring and

calculating was described previously in Materials and Meth-
ods. Figure 5 showed that the remainingweights after 1, 3, and
6 days were 64 ± 12%, 43 ± 10%, and 20 ± 3%, respectively, for
the first week. From day 6 to day 15, the weight reduced, yet
it was not statistically different. From those results, it can be
concluded that HPCS4 had a short degradation time.

The inhibition zones of the hydrogel and its components
against E. coli are shown in Figure 6. The result revealed that
all the materials and samples had antibacterial activity. CS
had the clearest inhibition zone with diameter of 0.99 cm
(Figure 6(d)). Inhibition zone of PVPA was observed with
diameter of 1.25 cm (Figure 6(c)). The blurry inhibition zone
of HA, with diameter of 1.28 cm, indicated that it had weak
antibacterial property (Figure 6(b)). HPCS4 (Figure 6(a))
showed a slightly larger inhibition zone than those of
its components (1.73 cm) and had a medium antibacterial
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Figure 3: 1H NMR spectrum of sample HPCS4 and its enlargement (box) from 3.5 to 3.8 ppm.
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Figure 4: FT-IR spectra of CS (a), PVPA (b), HA (c), and HPCS4
(d).

activity as compared to the control Ciprofloxacin antibiotic
(Figure 6(e), 2.48 cm). From these results, it can be concluded
that the hydrogels got antibacterial activity that inhibited E.
coli proliferation.

The hydrogel’s biocompatibility was studied by in vivo
murine implantation in duration of 14 days. The wound
morphology of the implanted zones and their sizes are shown
in Figure 7. Photograph images show that the postimplan-
tation area with the treated hydrogels indicated no sign of
inflammation along the period of implantation. The wounds
were healed gradually in the first week; their remaining size
was 36 ± 3% and smaller than that of the control (54 ± 8%,
𝑝 < 0.01, 𝑛 = 5). In the second week, from day 7 to day
10, wound size rapidly reduced from 36 ± 3% to 6.8 ± 3%
(𝑝 < 0.01, 𝑛 = 5) and then 2.0 ± 1% at day 14. Comparing
the results after 14 days, sample HPCS4 showed that a smaller
wound site remained (2.0 ± 1%) as compared to the control
(5.6 ± 2%, 𝑝 < 0.01, 𝑛 = 5).

H&E staining extracted skins of the implanted sites
(Figure 8) also indicated aligned results with themorphology.
Both opened wounds were closed with new tissue formation,
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Figure 5: Biodegradable test of sample HPCS4 after 16 days in PBS
buffer.

arrangement of cells, and formation of capillary. However,
new tissue formed differently between the untreated and the
treated sample. For example, the untreated wound showed
that the wound site was closed but the epidermal tissue layer
was not yet formed. In contrast, the treated wound showed
that the wound site closed with epidermal layer (Figure 8(d)).

4. Discussion

Wounds, without closure treatments, are healed by secondary
intention, which may take longer time and leave a scar at the
wound sites. Compared to the conventional suture method,
the bioadhesive can be considered to have more advantages
as it can shorten the treating time and reduce patients’
pain during that process. In this research, a combination of
hyaluronan, PVPA, and chitosan was used to take advantage
of each material in order to fabricate a new hydrogel that
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Figure 6: Comparison of antimicrobial activity of samples HPCS4 (a), HA (b), PVPA (c), CS (d), and Ciprofloxacin (e) against E. coli.
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Figure 7: Photographs of treated wound compared with untreated wound after implantation (a) and percentage of remaining wound areas
implanted with sample HPCS4 and control at days 1, 3, 5, 7, 10, and 14 after implantation (b), ∗𝑝 < 0.01.

intends to be used as a bioadhesive for skin wound healing.
The hydrogels were examined for their reaction effectiveness,
structure, degradation time, antibacterial property, and bio-
compatibility to prove whether the hydrogel could fulfill the
requirements or not.

In the first step of optimizing the reaction effectiveness,
the effect of concentration of chitosan on the gelation process
was studied first and used as the fixed condition to alter
other factors. The results proved that increasing chitosan

concentration led to the decrease of gelation time. For the
purpose of decreasing the gelation time which will lead
to the decrease in surgical time, which is very important
when performing surgery on patients having more than one
wound [3], the higher the concentration of chitosan is, the
more preferred it is. Though chitosan concentration can be
prepared to more than 2%w/v, its instability to dissolve
completely makes it hard to prepare. Hence, 2%w/v was
chosen as the initial condition. Based on the initial amount
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Figure 8: Optical images of H&E staining of postimplantation at day 14 after implantation of the control mice at 4x (a) and 20x (b)
magnifications and the HPCS4 implanted mice at 4x (c) and 20x (d) magnifications.

and concentration of chitosan, the effects of varying the
amounts of PVPA and hyaluronan were studied and HPCS4
was lastly chosen as the optimum based on its reaction
efficiency, which was represented by the formation of fibers,
and viscoelasticity. With good viscoelasticity, HPCS4 could
adhere to the skin edge when skin stretches or compresses.
The final concentrations of hyaluronan, PVPA, and chitosan
in the optimized hydrogel HPCS4 were 0.1%, 0.4%, and 1.7%,
respectively.

The result from microstructure studies confirmed the
success of fabricating new hydrogels by formation of elec-
trostatic bonding between NH

3

+ and acid groups [22, 23].
The hydrogel is an electrolyte complex that has a 3D porous
structurewith pore size ranging from27 to 127𝜇m,whichwas
suggested to reduce the wound contraction and enhance the
proliferation of the preseeded cells [30].

Besides the porous structure, the wound healing process
also requires a suitable degradation time of the hydrogel, with
a degradation time of about two weeks, which is long enough
for the duration of inflammation and proliferation stages in
the wound healing process [31, 32]. During these processes,
the hydrogel would have served a multifunctional role,
including hemostasis, prevention of external contamination,
and framework for fibroblast cells seeding and building extra-
cellular matrix (ECM) framework. After helping fibroblast
cells to form the ECM framework for other cells’ migration,
proliferation, and differentiation, the hydrogel would have
completed its roles, hence no longer needed. For that reason,
two weeks would be a suitable degradation time for the
hydrogel to be used as a skin adhesive.

Besides degradation rate, antibacterial activity is also an
important factor. With its mild antibacterial activity against

E. coli, the hydrogel was suggested to have ability to prevent
wound infections. Normally, decontamination process takes
place in inflammatory stage. Yet if contamination cannot be
cleaned effectively, it would prolong the stage, whichmay lead
to the worst consequence of chronic wounds, which fail to
be healed [33]. Hence, with this ability, the hydrogel could
minimize the delay in wound healing process.

Biocompatibility of the hydrogel is another main issue
that determines its applications in tissue engineering. In
this study, the biocompatibility was evaluated in mice. The
postimplantation zone showed no sign of inflammation
during 14 days after treatment, which suggested that the
hydrogel could generate no immune response and the wound
was not infected or contaminated. Besides, the wound sizes of
mice treated with hydrogel were reduced faster as compared
to the untreated mice, suggesting that the hydrogel could
have the ability to enhance wound healing process.Moreover,
since the hydrogel covered the wound, it reduced the wound
contraction, which is caused by myofibroblast cells to reduce
the wound size, and hence minimized scar formation. After
14 days, the wound size reduced up to 98%. The extracted
results showed a complete structure of epidermal layer
developed from adjacent keratinocytes [31], which means
the wounds were sealed. In the inner layer, there are no
signs of hydrogel residue, which means it was degraded
completely, and the blood capillaries were being formed. In
conclusion, the wound size after 14 days was mostly healed
with no sign of fester and small size of scar remaining and
the internal structure was forming. These results proved that
HA/PVPA/CS hydrogel is a material that could enhance the
wound healing process.
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5. Conclusion

In this research, a new type of hydrogel, HA/PVPA/CS hydro-
gel, was fabricated and its characteristics were examined.The
hydrogel was optimized with the final concentration of 0.1%,
0.4%, and 1.7%, of hyaluronan, PVPA, and chitosan, respec-
tively. With highly porous structure, short gelation time,
fast degradation rate, and ability to prevent E. coli infection
and enhance wound healing process, HPCS4 hydrogel has
fulfilled the basic requirements and has a potential in further
studies to be used as a bioadhesive for skin wound healing
application.
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Cucumber grows with complex phenomena by changing its volume and shape, which is not fully investigated and challenges
agriculture and food safety industry. In order to understand the mechanism and to characterize the growth process, the cucumber
is modeled as a hydrogel in swelling and its development is studied in both preharvest and postharvest stages. Based on
thermodynamics, constitutive equations, incorporating biological quantities, are established. The growth behavior of cucumber
follows the classic theory of continuous or discontinuous phase transition.Themechanism of bulged tail in cucumber is interpreted
by phase coexistence and characterized by critical conditions. Conclusions are given for advances in food engineering and novel
fabrication techniques in mechanical biology.

1. Introduction

Development of fruit growth can be identified as a series of
successive stages. Before harvest, it develops nonlinearly, then
enlarges slowly at initial period, and then grows rapidly as it
approaches its maturation. At the moment of harvesting, the
fruit is not fully ripened but leaves space for growth that may
continue during agricultural storage and transportation for
sale. This explains why bananas are almost green and stiff on
the shelves of a supermarket and then turn yellow and soft
gradually in your kitchen. The growth of fruit after harvest is
denoted as postharvest behavior. Ethylene is frequently used
to accelerate the process of ripening [1].

According to recent TV news, some cucumbers in the
kitchen displayed inhomogeneous deformation in body and
their tails bulged locally, as seen in Figure 1. Concerns for
the food safety were raised about this unusual phenomenon,
since the underlying mechanism, relating multifields knowl-
edge in chemistry, biology, and mechanics, was elusive. In
cross-disciplines of plant study, enormous efforts have been
devoted to the research of plant growth, including experts
from botany to mathematics [2, 3]. In solid mechanics, the

establishment of the nonlinear gel theory offers a new insight
to the study of biomechanics. Using the gel theory, the
quantities in physics, chemistry, and biology are coupled [4].
Since both gel and biological tissues are soft, flexible, and
stretchable, the expansion of biological organs under the reg-
ulation of hormones is analogous to the swelling of gel. Large
deformation and mass transportation of gel are capable of
characterizing the biological system, that is, the morphology
of esophagi in growth [5], pattern formation of pumpkin
shell [6], wrinkle profile of a finger immersed in water [7],
dehydrated green pea in a dry environment [8], and so forth.
Through these researches, the capability of gel theory has
been reproduced and verified by modeling in biology. In the
current presentation, we also adopt the gel theory to analyze
the growth process in a specific fruit category: the cucumber.
The phenomenon in growth resembles the phase transition
in classic thermodynamic systems, while the biochemistry is
involved.

2. A Chemomechanical Model

Figure 2 sketches an illustration of a thermodynamic system
for gel. We first model the growth of a cucumber before
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Figure 1: Growth of cucumber is complex. After harvest, the
cucumbers are immature and ripen gradually during storage. This
phenomenon is defined as postharvest ripening. During posthar-
vest, as a result of biological nature, some cucumber species select
to ripen part of the whole body, with limited nutrition. Therefore,
they show a local inhomogeneous growth at the tail of a cucum-
ber body. Report by Phoenix TV: http://v.ifeng.com/news/society/
201205/05a4eed1-dc0b-4936-b3be-fb70681691f9.shtml.

harvest as a process of swelling in a cylinder gel. The
dry polymer network imbibes solvent molecules (individual
volume of V) and enlarges itself from volume 𝜋𝑅2×𝐿 at initial
state to volume𝜋𝑟2×𝑙 at harvested state. In fruit development,
the hormones stimulate the expansion of cells, tissues, and
organs, which is similar to the swelling mechanism of gel
under its chemical potential 𝜇.

𝑊(𝜆
1
, 𝜆
2
, 𝜆
3
, 𝜇), the free energy per unit initial volume of

the gel, is the combination of𝑊
𝑠
, the strain energy in polymer

network due to stretching, and𝑊
𝑚
, the chemical energy due

to mixing network with solvent [4, 9]. Consider

𝑊(𝜆
1
, 𝜆
2
, 𝜆
3
, 𝜇) = 𝑊

𝑠
+𝑊
𝑚
. (1)

Here, 𝜆
𝑖
, 𝑖 = 1, 2, 3 are the principle stretches to be

determined by coordinates.The free energy expression is then
specified by Gent model [10] and Flory-Rehner function [11]
as

𝑊
𝑠
= −
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V
(𝐽 − 1) ,

(2)

where 𝑁 is the number of crosslinks in unit initial volume,
𝐾 is the Boltzmann constant, 𝑇 is the temperature, 𝐽

𝑚
is the

maximum extension limit, 𝜒 is a dimensionless constant,𝐶 is
the concentration of solvent molecule in initial volume, and
𝐽 = 1 + V𝐶 = 𝜆

1
𝜆
2
𝜆
3
.

According to the thermodynamics, we define
the nominal stresses as 𝑠
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Then we have
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(3b)
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(3c)

Consider the shape of cucumber is cylindrical, so the
stretches are represented by

𝜆
1
=

𝑙

𝐿

= 𝜆
𝐿
,

𝜆
2
= 𝜆
3
=

𝑟

𝑅

= 𝜆
𝑅
.

(4)
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Figure 2: The growth of a cucumber is analogous to the process of swelling in a tubular gel. Subjected to the chemical potential, the dry
polymer network imbibes solvent molecules, forming a swollen gel. The sketched model characterizes the shape change of cucumber during
growth, with the dimension enlarging from (a) 𝜋𝑅2 × 𝐿 at the initial state to (b) 𝜋𝑟2 × 𝑙 at the harvested state.

Thus, the constitutive equations are expressed as
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(5b)

In cucumber growth, no external forces are applied to
the biological entity, so that we model the growth of the
cucumber as an isotropic free swelling process of the gel.

Therefore, we have 𝑠
𝐿
= 𝑠
𝑅
= 0 and 𝜆

𝐿
= 𝜆
𝑅
= 𝜆. Equations

(5a) and (5b) are reduced to
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(6)

3. Results and Discussion

Figure 3 plots the swelling of four types of gel, differing
in the material density of crosslink, 𝑁V, to characterize the
growth of cucumbers. 𝐽

𝑚
= 100 and 𝜒 = 0.5 as selected for

representative values [6]. Gel, which is heavily cross-linked,
is stiffer, behaved in mechanical strain responding. So 𝑁V
characterizes the stiffness of material, which, in terms of
biological interpretation, is the species of cucumber featuring
in strength, elasticity, and firmness.The growth stretch shows
a nonlinear trendwhich is in good coincidence of observation
of real cucumber growth; during the early stage, the cucum-
ber enlarges slowly, which corresponds to the small stretch.
When the chemical potential reaches a critical value, cucum-
ber expands abruptly and then reaches a plateau for harvest.
Some fruit is able to increase its volume by 100 times which
resembles the performance of hydrogel in solvents absorbent.
Figure 3 shows a continuous phase transition in material
volume which recalls classic phase transformation in physics.
For example, PbZrO

3
ceramic transits from antiferroelectric

state to ferroelectric state when the electric field exceeds the
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Figure 3: Stretch versus chemical potential during the gel swelling to model the growth of cucumber, showing an analogue to continuous
phase transition.

critical magnitudes. In ferroelectric material, the transition is
tunable by mechanical confinements such as stress or strain
[12]. Here, we also investigate how the stiffness affects the
cucumber growth. Figure 4 illustrates the swelling associated
with crosslink density at selected chemical potentials. In
Figures 4(c) and 4(d), the stretch curve is nonmonotonic
that follows “Z” shape as crosslink density increases. At a
specific 𝑁V condition, two stretches coexist, which means
that a special type of cucumber might grow with two shapes
in the same body, at a prescribed hormone degree. Within a
whole cucumber body, one part enables a fast and accelerated
growth while the other grows normally. Figure 4(d) explains
the news report in Figure 1 when the cucumber bulged locally
in the tail. This verifies the first-order phase transition in
thermodynamics. For example, at 0 degrees of temperature,
H
2
O can coexist in both solid ice phase and liquid water

phase.
We next investigate the phenomenon in Figure 1 in detail

to extend the model to the study of postharvest process.
After harvest, the cucumber is close to maturation but not

fully ripened. To regulate the ripening speed, ethylene is
spayed to form an artificial hormones environment. Denote
the concentrate of ethylene asΩ and reexpress the free energy
as
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(7)

Figure 5 plots the free energy landscapes, normalized by
𝑁𝐾𝑇. Three magnitudes of crosslink density are prescribed
with variation less than 10%, but the associated energy curves
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Figure 4:The growth processes by themodel of gel swelling are influenced by chemical potential and density of crosslink, which are analogous
to the concentration of plant hormone and cucumber stiffness in species. (a)–(d) show the effect of crosslink density, which denotes the
firmness of cucumber species.

distinguish greatly in landscape. At 𝑁V = 11.2, the thermo-
dynamics system stabilizes at a lower stretch phase, since the
energy minimizes. The higher stretch phase, corresponding
to the second-minimized energy, is the metastable state that
the gel might stabilize here temporally; but under a small
perturbation, it could transit to the lower stretch state for
global stabilization. Similar case is also presented in 𝑁V =

11.4 since two minima are presented. The small stretch
phase is metastable and large stretch phase is globally stable.
Equation (7) offers to determine a level of density, 𝑁V =

11.317, when the two stretches,𝜆 and𝜆, share the same level
of minimum free energy that both are globally stable. The
two stretches in the growth of cucumber during postharvest
process are possibly coexisting, only subject to a specific level
of ethylene concentration.

Not all the cucumbers ripen with coexistence. The phe-
nomenon is determined by the critical conditions of both the

density of crosslink 𝑁V and the chemical potential Ω/𝐾𝑇.
Here, Figure 6(a) shows themechanism. At the onset of phase
coexistence of 𝜆 and 𝜆, the critical density 𝑁V∗ separates
the curve, resulting in two grey regions which are the same in
area. In thermodynamics, this line is defined as Maxwell line
[13]. Following the classic theory in physics, we denote the
critical value as Maxwell density to study the phase behavior
in the current biochemical system.

The critical Maxwell density is a function of chemical
potential that determines the occurrence for transition. By
solving equations in Appendix, we plot in Figure 6(b) the
relations. Under a prescribed chemical ethylene concentrate,
cucumbers with density above the critical line are stable
in the rod phase (phase B) with a small growth stretch;
for cucumbers with density below the critical line, they
bulge (phase A) for stabilization. For cucumbers holding the
density that exactly falls in the critical line, their tails bulge
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Figure 6: (a) The Maxwell density determines the coexistence of stretch states where the two states have the equal grey area. (b) Above the
critical value, the small growth stretch state is stable; below the value, the large stretch state is stable.

but bodies are left in rod state.The local bulging instability has
been documented in the research of tissue engineering, that
is, aneurysm angiogenesis [14–16], with extensive solution
of the inhomogeneous deformation. Here, we explain the
mechanism for the first time from the perspective of botany in
biology and characterize it using chemical thermodynamics.
Using this model, an engineer is able to regulate the growth
of plant and to achieve a prescribed shape in fruits and
vegetables [17]. This offers a new insight into on-demand
manufacturing. The element in mechanical structure is fab-
ricated in a biological way to form its profile naturally.

4. Conclusion

In summary, the growth of cucumber is analogous to the
swelling of gel. We characterize the phenomena of cucum-
ber growth, covering the processes of both preharvest and
postharvest, by establishing a thermodynamic gel model.The
phase behavior in plant growth resembles the transition in
ferroelectric ceramic and other biological tissue growth. The
model offers solutions to regulate fruit development and can
be extended to other plant candidates for potential technique
in biological and food engineering.
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Appendix

Assume the cucumber gel is composed of two parts with
lengths 𝐿 and 𝐿, with 𝐿+𝐿 = 𝐿. At the phase coexistence,
the bulge phase is of length 𝜆𝐿 and the rod phase is of
length 𝜆𝐿. The areas are 𝐴 and 𝐴. Define 𝐿/𝐿 = 𝛼

and 𝐿/𝐿 = 1 − 𝛼. The free energy is then expressed as
Π = 𝐴
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which gives
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and rewritten as
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According to the second law of thermodynamics, the system
is stable by minimizing the energy change for any arbitrary
variation of quantities, so we have
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Substituting the specific Gent and Flory-Rehner energy
functions in (A.4), we obtain
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⋅

𝑁𝐾𝑇

2

(

𝜆
6
− 1

2

− log 𝜆3)
4

− 𝜆
2

⋅

𝐾𝑇

V
[(𝜆
3
− 1) log 𝜆

3

𝜆
3
− 1

+

𝜒

𝜆
3
] − 𝜆
2Ω

V
(𝜆
3

− 1) = −𝜆
2𝑁𝐾𝑇

2

𝐽
𝑚
log(1 − 3𝜆

2
− 1

𝐽
𝑚

) + 𝜆
2

⋅

𝑁𝐾𝑇

2

(

𝜆
6
− 1

2

− log 𝜆3)
4

− 𝜆
2

⋅

𝐾𝑇

V
[(𝜆
3
− 1) log 𝜆

3

𝜆
3
− 1

+

𝜒

𝜆
3
] − 𝜆
2

⋅

Ω

V
(𝜆
3
− 1) .

(A.5)

Solving (A.5), we are able to determine the critical conditions
for phase coexistence.
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