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Although surface immobilization of medical devices with bioactive molecules is one of the most widely used strategies to
improve biocompatibility, the physicochemical properties of the biomaterials significantly impact the activity of the immobilized
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
implants and tissue engineering.
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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 1: Schematic image of evaluating cell adhesion performance as a combination effect of biomolecules and its immobilized polymer
property. Poly(NIPAAm-co-CIPAAm) surface was fabricated to create the cell assay platform. Due to the thermoresponsive polyNIPAAm
effect, the cell adhesion performance of the same immobilized biomolecules can be tested; the polymer properties can be compared by
changing the temperature. Cell-selective adhesion was compared among three types of cells (ECs, SMCs, and FBs), which control the
regeneration process of vascular tissue engineering.
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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
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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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