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ABSTRACT: Poly(N-isopropylacrylamide) (pNIPAm) undergoes a hydrophilicity/hydrophobicity change around its lower critical
solution temperature (LCST). Therefore, pNIPAm-based polymer nanoparticles (NPs) shrink above their LCST and swell below
their LCST. Although temperature responsiveness is an important characteristic of synthetic polymers in drug and gene delivery, few
studies have investigated the temperature-responsive catch and release of low-molecular-weight drugs (LMWDs) as their affinity to
the target changes. Since LMWDs have only a few functional groups, preparation of NPs with high affinity for LMWDs is hard
compared with that for peptides and proteins. However, LMWDs such as anticancer drugs often have a stronger effect than peptides
and proteins. Therefore, the development of NPs that can load and release LMWDs is needed for drug delivery. Here, we engineered
pNIPAm-based NPs that capture paclitaxel (PTX), an anticancer LMWD that inhibits microtubules, above their LCST and release it
below their LCST. The swelling transition of the NPs depended on their hydrophobic monomer structure. NPs with swelling ratios
(=NP size at 25 °C/NP size at 37 °C) exceeding 1.90 released captured PTX when cooled to below their LCST by changing the
affinity for PTX. On the other hand, NPs with a swelling ratio of only 1.14 released melittin. Therefore, optimizing the functional
monomers of temperature-responsive NPs is essential for the catch and release of the target in a temperature-dependent manner.
These results can guide the design of stimuli-responsive polymers that catch and release their target molecules.

■ INTRODUCTION
Protein−protein interactions are a nexus of multiple non-
covalent interactions such as electrostatic and hydrophobic
interactions and hydrogen bonds. Synthetic polymers such as
linear polymers,1 dendrimers,2 and nanoparticles (NPs)3 bind
to their target molecules by incorporating functional groups
that induce noncovalent interactions to their target. Function-
alized synthetic polymers are used in small molecule,4 nucleic
acid,4 and protein5 capture, tissue engineering,6 and disease
therapy.7 Such synthetic polymers have attracted interest as
cost-effective abiotic affinity reagents. Interestingly, the
characteristics of several synthetic polymers respond to their
physical environment.8 For instance, the hydrophilicity/
hydrophobicity, charge, and volume of a polymer can change
with pH,9 light,10 temperature,11 and electric field.12 These
stimuli-responsive polymers are potentially useful for diag-
nostic applications and disease therapy.13

Poly(N-isopropylacrylamide) (pNIPAm)-based polymers
are known as stimuli-responsive polymers14 that reversibly
change their hydrophilicity/hydrophobicity around their lower
critical solution temperature (LCST, ∼ 32 °C).15 Below the
LCST, pNIPAm-based polymers are hydrophilic and interact
with water molecules, but above the LCST, they are
hydrophobic and undergo pNIPAm−pNIPAm interactions.16

Consequently, pNIPAm exhibits a coil-to-globule transition at
temperatures above its LCST. Lightly cross-linked pNIPAm-
based polymer NPs extract water molecules and swell below
their LCST; conversely, they exclude water molecules and

shrink above their LCST.17 This hydrophilicity/hydrophobic-
ity change alters the affinity of NPs to their target.18,19 The
affinity change around the LCST has been exploited in protein
purification17 and switchable on/off catalytic reagents.20 The
temperature-responsive characteristics of pNIPAm have
attracted special attention in drug discovery because the
LCST of pNIPAm can be rigorously controlled by optimizing
the structure and composition of the functional monomer.21

Low-molecular-weight drugs (LMWDs) such as paclitaxel
(PTX) and doxorubicin can be physically loaded into the
swollen polymer matrix of NPs above their LCST and
squeezed from the NPs by heating above their LCST. The
swollen polymer NPs collapse after heating or a pH decrease.22

Although the squeezing-out strategy shows a considerable
anticancer effect in vivo, loaded LMWDs will slowly leak from
the polymers unless the temperature changes. Because the
LMWDs packed into the swollen polymer network do not bind
to the NPs, they passively diffuse, inducing side effects.18,23

Previously, we developed NPs with a high affinity for melittin,
a cytotoxic bee venom-derived peptide, above their LCST (37

Received: September 20, 2023
Revised: December 11, 2023
Accepted: December 13, 2023
Published: December 27, 2023

Articlehttp://pubs.acs.org/journal/acsodf

© 2023 The Authors. Published by
American Chemical Society

1011
https://doi.org/10.1021/acsomega.3c07226

ACS Omega 2024, 9, 1011−1019

This article is licensed under CC-BY-NC-ND 4.0

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hiroyuki+Koide"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kazuma+Yamaguchi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Keijiro+Sato"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maki+Aoshima"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shoko+Kanata"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sei+Yonezawa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomohiro+Asai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tomohiro+Asai"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.3c07226&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07226?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07226?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07226?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c07226?goto=supporting-info&ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
https://pubs.acs.org/toc/acsodf/9/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.3c07226?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://acsopenscience.org/researchers/open-access/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/


°C). After cooling to below their LCST (25 °C), this affinity is
lost, and the NPs release the peptide for in vivo cancer
therapy.24 Intravenously injected melittin-captured NPs
specifically released their melittin at the cooled tumor,
inhibiting tumor growth in vivo without any side effects.
This temperature-responsive affinity change strategy using
pNIPAm-based NPs promises to be a unique drug-delivery
method. However, pNIPAm-based NPs that catch and release
LMWDs by changing their affinity at different temperatures
have rarely been reported. In general, LMWDs such as
anticancer drugs have a higher effect than peptides and
proteins. Therefore, development of NPs that load and relase
LMWDs is important to obtain the maximum effect and
minimum side-effects. However, capturing a large amount of
LMWDs by NPs and releasing it is difficult compared with that
for peptides. Although NPs can create multipoint interactions
with the melittin because melittin has many functional amino
acids, they cannot create multipoint and multivalent
interactions against LMWDs because of only a few functional
groups in its molecules. Too much inclusion of the
hydrophobic monomer decreases the LCST of NPs below 25
°C and will make it difficult to release LMWDs in response to

temperature. Therefore, NPs that load and release LMWDs in
response to temperature are a significant challenge.

In the present report, we engineered pNIPAm-based
polymer NPs that capture PTX, an anticancer LMWD that
inhibits microtubules (MW: 854), above the LCST (37 °C)
and release it by cooling to below the LCST (25 °C). This
strategy exploits the temperature-induced change in the affinity
for PTX. When cooled to below their LCST, the NPs are
hydrophilic and extract water molecules, causing swelling. As
the swelling degree of the NPs indicates the degree of the
hydrophobic-to-hydrophilic transition, we related the swelling
degree of the NPs to the release of their captured PTX. The
NPs bind to PTX (a highly hydrophobic small molecule)
mainly via a hydrophobic interaction. Alternatively, we
previously reported that pNIPAm-based NPs can be
engineered to bind to the melittin peptide (a middle-
molecular-weight peptide, MW: 2847). The engineered NPs
bind to the melittin peptide by combining electrostatic and
hydrophobic interactions.25 We hypothesized that these
different binding modes affect the swelling degree required
to release the captured target molecules. Therefore, we also
compared the required NP swelling degrees for releasing the

Figure 1. Synthesis of polymer NPs for PTX capture. Functional monomers used in NP synthesis for PTX capture and a schematic of NP synthesis.

Table 1. Monomer Compositions and the Sizes, Polydispersity Indices (PDIs), Swelling Ratio, and Yield of NPs at 25 and 37
°Ca

NIPAm TBAm PAA bis 37°C 25°C swelling ratio yield (%)

size (d nm) PDI size (d nm) PDI

control-NP 98 2 142 ± 12 0.005 ± 0.003 328 ± 18 0.007 ± 0.003 2.31 ± 0.09 80 ± 7
T1-NP 97 1 2 148 ± 8 0.006 ± 0.003 336 ± 27 0.007 ± 0.003 2.28 ± 0.08 72 ± 1
T3-NP 95 3 2 144 ± 3 0.006 ± 0.003 323 ± 7 0.006 ± 0.003 2.24 ± 0.07 68 ± 4
T5-NP 93 5 2 130 ± 8 0.005 ± 0.002 284 ± 17 0.008 ± 0.004 2.18 ± 0.04 69 ± 6
T10-NP 88 10 2 121 ± 4 0.003 ± 0.003 230 ± 15 0.006 ± 0.004 1.90 ± 0.07 73 ± 3
T20-NP 78 20 2 103 ± 2 0.006 ± 0.002 112 ± 4 0.006 ± 0.003 1.08 ± 0.06 77 ± 3
P1-NP 97 1 2 124 ± 1 0.005 ± 0.002 260 ± 1 0.007 ± 0.003 2.10 ± 0.01 80 ± 6
P3-NP 95 3 2 108 ± 7 0.007 ± 0.002 218 ± 162 0.006 ± 0.003 2.02 ± 0.08 90 ± 7
P5-NP 93 5 2 97 ± 7 0.006 ± 0.001 176 ± 12 0.008 ± 0.004 1.83 ± 0.03 82 ± 5
P10-NP 88 10 2 94 ± 16 0.004 ± 0.004 157 ± 28 0.006 ± 0.004 1.66 ± 0.05 85 ± 3
P20-NP 78 20 2 79 ± 1 0.007 ± 0.001 116 ± 11 0.006 ± 0.003 1.46 ± 0.02 81 ± 3

aData represent the means ± standard errors (SEs). Swelling ratio = (NP size at 25 °C)/(NP size at 37 °C).
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PTX and peptide. We demonstrated that the PTX capture and
release amount depends on the hydrophobic monomer
structure and percentage in NPs. After optimizing the
functional monomer structure and percentage in NPs, the
NPs captured PTX with a high affinity at 37 °C and easily
released it when cooled to 25 °C. The NPs required a higher
swelling degree for PTX release than for melittin release.
Although temperature-responsive polymers have been widely
reported, we report the first demonstration of the catch and
release of LMWDs through temperature-responsive affinity
changes. We also report the relationship between the swelling
degree of NPs and LMWDs and the peptide release. The
present study provides fundamental information for preparing
temperature-responsive polymers for biomedical applications.

■ RESULTS AND DISCUSSION
Preparation of NPs with Affinity to PTX. Our goal is to

develop NPs that catch and release PTX in a temperature-
dependent manner. Previously, we reported that the normal
temperature of the mouse body (∼35 °C) decreases to 20 °C
after cooling the mouse skin with ice.24 Therefore, we
engineered NPs that capture and release PTX at 37 and 25
°C, respectively. As PTX is a hydrophobic aromatic
compound, we formed hydrophobic and/or π−π stacking
interactions of a hydrophobic monomer [N-tert-butylacryla-
mide (TBAm) or N-phenylacrylamide (PAA)] against PTX.
NIPAm-based NPs were prepared via modified precipitation
polymerization26 of a functional monomer [NIPAm, N,N′-
methylenebis(acrylamide) (bis)] and a hydrophobic monomer
(TBAm or PAA) followed by dialysis purification (Figure 1).
Given that a pNIPAm-based polymer with a large amount of
the hydrophobic monomer loses its temperature-responsive
property between 25 and 37 °C,27 we maintained a low
percentage of the hydrophobic monomer (0−20 mol %) in our
prepared NPs. Table 1 summarizes the monomer composition
of the NPs, their sizes at 37 and 25 °C, and their swelling ratios
(25 °C/37 °C size ratio). The NP size was constant (∼150
nm) at 37 °C but depended on the percentage of the
hydrophobic monomer at 25 °C. The control NPs (without
the hydrophobic monomer) were sized ∼300 nm at 25 °C, and
their swelling ratio was 2.31. In the experimental NPs, the
swelling ratio initially showed no significant change and
thereafter decreased as the TBAm percentage increased
beyond 5 mol %. The temperature-dependent change in the
particle size was lost when the TBAm percentage reached 20%.
The PAA NP samples P1-NP and P3-NP exhibited slightly

smaller swelling ratios (2.10 and 2.02, respectively) than the
control NP (swelling ratio = 2.31). The swelling ratio of P20-
NP was 1.46. Previous studies reported a similar decrease in
the swelling ratio with increasing percentage of the hydro-
phobic monomer.24,28,29 However, the temperature-responsive
particle swelling tended to be more sensitive to the PAA
content than to the TBA content, as evidenced by the higher
swelling ratio of P20-NP (1.46) to T20-NP (1.08). Therefore,
the temperature response of particle swelling depends on the
structure of the hydrophobic monomer in the pNIPAm-based
NPs. NMR data of NPs are shown in the Supporting
Information figures.

Next, we measured the transition patterns of the NP swelling
ratio as the temperature increased from 4 to 40 °C (size at
each temperature/size at 37 °C). The size of the control NPs
began increasing at 35 °C. The sizes of the TBAm NP samples
(T1-, T3-, and T5-NP) also began increasing at 35 °C (Figure
2a), but the onset temperature of particle size increase
decreased to 30 °C in T10-NP and 25 °C in T20-NP. These
results indicate that increasing TBAm percentage decreases the
onset temperature of particle size increase. The maximum
swelling ratios of the TBAm NPs were ∼2.5 regardless of
TBAm percentage. The swelling ratio trends of the PAA NPs
differed from those of the TBAm NPs (Figure 2b). Although
the onset temperature of the particle size increase remained at
35 °C, the swelling ratio decreased with increasing PAA
percentage. These results indicated that the TBAm percentage
does not change the swelling ratio but changes the onset
temperature of the particle size increase. In contrast, the PAA
percentage does not change the onset temperature of the
particle size increase but changes the swelling ratio. The onset
temperature of the NP size increase is known to depend on the
percentage of the hydrophobic monomer.28,29 In addition,
increasing the amount of the TBAm or PAA monomer
reportedly decreases the onset temperature of NP size
increase,28,30 contradicting our present results on PAA NPs.
These results indicate that the swelling pattern of pNIPAm
NPs is dependent on the hydrophobic monomer structure.
Temperature-Responsive Catch and Release of PTX

by NPs. To evaluate the influence of NP swelling on PTX
release, we demonstrated the PTX capture and release ability
of the NPs at 37 and 25 °C (Figure 3a). [3H]-labeled PTX
(100 nM) and NPs (1 mg/mL) were incubated at 37 or 25 °C
for 30 min, and the PTX capture amount at each temperature
was determined from the radioactivity measurements after
ultracentrifugation. The PTX capture amount by the NPs

Figure 2. Swelling transitions of TBAm and PAA NPs. Measured sizes of (a) TBAm NPs and (b) PAA NPs and calculated swelling ratios
(measured size/size at 37 °C) at 4, 15, 20, 25, 30, 35, and 40 °C (n = 3).
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depended on the percentage of the hydrophobic monomer in
the NPs. More specifically, T1 and P1-NP (with 1%
hydrophobic monomer) captured ∼40% of the PTX. After
increasing the hydrophobic monomer percentage to 20%, more
than 70% of the PTX was captured at 37 °C, indicating that a
large amount of the hydrophobic monomer is important for
capturing a large amount of PTX. The PTX capture amounts
of T1, T3, T5, T10, and P1-NP were significantly lower at 25
°C than at 37 °C, but those of T20-, P3-, P5-, P10-, and P20-
NP did not differ between the two temperatures. The drug
loading capacity of NPs at 37 and 25 °C was shown in Table 2.
Next, the anticancer effect of the released PTX was tested in
vitro (Figure 3b). For this purpose, PTX (100 nM) and NPs
(1 mg/mL) were incubated at 37 °C for 30 min. The PTX and

NPs complex was then incubated at 25 °C for 30 min, and the
PTX bound to NPs was removed through ultracentrifugation.
The supernatant was added to murine colon cancer (C26-
NL17) cells. After 24 h of incubation, the viable cells were
determined by the WST-8 assay. The cell viability was
correlated with the PTX capture amount at 25 and 37 °C.
In the cultures incubated with the supernatant after PTX and
NPs incubation at 37 °C, the cell viability exceeded 85%,
indicating that all NPs (except the control NPs) inhibited
almost all PTX release at 37 °C. When the supernatant was
added after the PTX and T10-, T20-, P3-, P5-, P10-, or P20-
NP incubation, cell viabilities did not change substantially
between 37 and 25 °C. In contrast, cell viabilities by adding the
supernatant after PTX and T1-, T3-, T5-, T10-, or P1-NP
incubation were remarkably lower at 25 °C than at 37 °C.
Focusing on the swelling ratio of the NPs, the PTX releases
from the TBAm and PAA NPs with swelling ratios exceeding
1.90 and 2.10, respectively. Therefore, we concluded that a
large change in the particle size is required for the release of
hydrophobic small molecules, such as PTX from temperature-
responsive pNIPAm-based NPs.

The PTX capture amounts in the NPs differed at 37 and 25
°C. To confirm that the temperature-dependent PTX capture
amount arises from the altered affinity of NPs to PTX, we
measured the interaction between T5-NP and PTX at 37 and
25 °C using isothermal titration calorimetry (ITC). PTX was
injected once into a cell culture containing T5-NP dissolved in
5 mM phosphate buffer (pH 7.4), and the thermal change was
monitored (Figure 3c). The ΔQ (heat change) after injecting
PTX was 2.7 μcal at 25 °C and 13.2 μcal at 37 °C. This result
indicates that T5-NP released its captured PTX because its
affinity for PTX at 37 °C was lost at 25 °C.
Temperature-Responsive Size Change of the AAc-

Containing NPs. The NPs required a large swelling ratio to
elicit temperature-responsive PTX release. As PTX is a
hydrophobic aromatic molecule, it should be captured by the
NPs via hydrophobic (single-valent) interactions. Previously,
we reported that NPs prepared with AAc (a negatively charged
monomer) and TBAm capture melittin, a middle-molecular-
weight-peptide (MW: 2847), at 37 °C and release it at 25
°C.24 The NPs bind to melittin via combined electrostatic and
hydrophobic (multivalent) interactions. Given the different
binding characteristics of NP−PTX and NP−melittin (single-
valent versus multivalent), we hypothesized that the required
swelling degree of the NPs differs between PTX and melittin

Figure 3. Temperature-responsive catch and release of PTX by the
NPs. (a) NPs (1.0 mg/mL) and 3H-PTX (100 nM) were incubated
for 30 min at 37 °C. To measure the PTX release amount from NPs,
incubation was continued for 30 min at 25 °C. After ultra-
centrifugation, the radioactivity of 3H-PTX in the supernatant was
measured. (b) NPs (1.0 mg/mL) and PTX (100 nM) were incubated
for 30 min at 37 °C and additionally incubated for 30 min at 25 °C.
After ultracentrifugation, the C26 NL-17 cells were incubated with the
supernatant for 72 h at 37 °C, and the viable cells were measured by
the WST-8 assay. (c) PTX was injected into T5-NP solution. Raw
heat profiles were determined via a MicroCal PEAQ-ITC analysis.

Table 2. Drug Loading Capacity of NPs at 37 and 25 °Ca

drug loading capacity (ng/1 mg NPs)

37°C 25°C

control-NP 10 ± 9 6 ± 4
T1-NP 30 ± 8 18 ± 5
T3-NP 45 ± 2 19 ± 2
T5-NP 44 ± 3 19 ± 2
T10-NP 55 ± 1 30 ± 1
T20-NP 61 ± 2 61 ± 2
P1-NP 27 ± 3 4 ± 2
P3-NP 53 ± 1 44 ± 2
P5-NP 50 ± 4 47 ± 1
P10-NP 52 ± 1 45 ± 1
P20-NP 58 ± 2 53 ± 2

aData represent the means ± SEs. Drug loading capacity = (PTX ng)/
(1 mg NPs).
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release. To demonstrate this hypothesis, we prepared NPs with
NIPAm, Bis (2 mol %), and AAc (5 mol %) along with TBAm
(5−30 mol %) or PAA (5−30 mol %) for melittin capture. The
NPs were generated through modified precipitation polymer-
ization (Figure 1). The monomer compositions, sizes at 37 and
25 °C, and swelling ratios of the prepared NPs are listed in
Table 3. The NP sizes were approximately 80−150 nm at 37
°C and 100−500 nm at 25 °C. The swelling ratio depended on
the percentage of the hydrophobic monomer in the polymer.
The swelling ratios of the TBAm and PAA NPs were 1.04 and
1.47−2.43, respectively. The swelling ratio was slightly higher
in NPs containing the anionic monomer (AAc) than in non-
AAc NPs, probably because AAc induces electric repulsion in
the NPs.

We next measured the temperature dependence of the
swelling ratio in the AAc-incorporated NPs (Figure 4). Here,
the temperature was ranged from 4 to 40 °C. The transition
patterns of the NP swelling ratio were similar in the NPs with
and without AAc. Meanwhile, increasing the TBAm percentage
in the TBAm NPs decreased the onset temperature of NP size
increase but little affected the swelling ratio, which hovered
around 3.5−4.0. In contrast, increasing the PAA percentage
hardly affected the onset temperature of the size increase in the
PAA NPs but decreased the swelling ratio. According to these
results, a small amount of AAc (5%) in the NPs does not
change the NP swelling trends.
Temperature-Responsive Catch and Release of

Melittin by the AAc-Containing NPs. The temperature-
responsive relationship between the swelling ratio and melittin

release from the NPs was investigated through a hemolysis
assay (Figure 5). Red blood cells (RBCs) were incubated with

NPs (1 mg/mL) and melittin (6 × 10−6 M) for 120 min at 37
or 25 °C. The hemolysis percentage was determined from the
hemoglobin absorbance (405 nm) after centrifugation
(10,000g for 10 min at 4 °C). Hemolysis was not inhibited
by T5-A5-NP and T10-A5-NP at 37 or 25 °C but was
inhibited by T25-A5-NP and T30-A5-NP at both temper-
atures, indicating that T5-A5-NP and T10-A5-NP captured no
melittin at these temperatures and released no melittin upon
cooling. We previously reported that both electrostatic and
hydrophobic interactions are required for melittin capture by

Table 3. Monomer Compositions and the Sizes, PDIs, and Swelling Ratios of the NPs at 25 and 37 °Ca

NIPAm TBAm PAA AAc bis 37°C 25°C swelling ratio

size (d nm) PDI size (d nm) PDI

T5-A5-NP 88 5 5 2 163 ± 25 0.096 ± 0.0017 609 ± 89 0.021 ± 0.018 3.75 ± 0.21
T10-A5-NP 83 10 5 2 151 ± 25 0.061 ± 0.046 433 ± 45 0.107 ± 0.095 2.89 ± 0.20
T15-A5-NP 78 15 5 2 136 ± 24 0.058 ± 0.015 214 ± 42 0.117 ± 0.086 1.57 ± 0.19
T20-A5-NP 73 20 5 2 131 ± 15 0.073 ± 0.042 149 ± 14 0.054 ± 0.068 1.14 ± 0.04
T25-A5-NP 68 25 5 2 120 ± 17 0.050 ± 0.042 131 ± 25 0.051 ± 0.034 1.09 ± 0.11
T30-A5-NP 63 30 5 2 107 ± 17 0.081 ± 0.045 111 ± 13 0.078 ± 0.011 1.04 ± 0.03
P5-A5-NP 88 5 5 2 111 ± 15 0.031 ± 0.022 270 ± 52 0.081 ± 0.131 2.43 ± 0.18
P10-A5-NP 83 10 5 2 94 ± 10 0.059 ± 0.019 193 ± 36 0.129 ± 0.054 2.04 ± 0.17
P15-A5-NP 78 15 5 2 90 ± 3 0.105 ± 0.048 173 ± 13 0.038 ± 0.023 1.91 ± 0.07
P20-A5-NP 73 20 5 2 89 ± 3 0.073 ± 0.007 157 ± 11 0.070 ± 0.022 1.76 ± 0.06
P25-A5-NP 68 25 5 2 87 ± 2 0.083 ± 0.048 140 ± 11 0.083 ± 0.028 1.61 ± 0.08
P30-A5-NP 63 30 5 2 86 ± 4 0.085 ± 0.007 128 ± 13 0.075 ± 0.064 1.47 ± 0.09

aData represent the means ± SEs.

Figure 4. Swelling transitions of AAc-containing NPs: measured sizes of (a) TBAm−AAc−NPs and (b) PAA−AAc−NPs and calculated swelling
ratios (measured size/size at 37 °C) at 4, 15, 20, 25, 30, 35, and 40 °C (n = 3).

Figure 5. Temperature-respondent catch and release of melittin by
NPs: red blood cells were incubated with NPs (0.3 mg/mL) and
melittin (6 μM) for 120 min at 37 or 25 °C. The hemolysis ratio was
determined from the measured absorbance of hemoglobin (405 nm).
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NPs, implying that T5-A5- and T10-A5-NPs lack sufficient
hydrophobic monomer amounts for capturing melittin.
Because T25-A5-NP (swelling ratio = 1.09) and T30-A5-NP
(swelling ratio = 1.04) were not swelled by cooling from 37 to
25 °C, they were considered as temperature-unresponsive. In
contrast, melittin incubated with T15-A5-NP (swelling ratio =
1.57) and T20-A5-NP (swelling ratio = 1.14) induced
hemolysis at 25 °C but not at 37 °C, indicating that both
NPs capture melittin at 37 °C and release it after cooling to 25
°C. We showed that a swelling ratio above 2 is required for
PTX release from the NPs, although NPs with a smaller
swelling ratio (1.14) released melittin in response to
temperature. As shown in Figure 6a, NPs bind to PTX via
monovalent (hydrophobic) interactions and to melittin via
multivalent (electrostatic and hydrophobic) interactions. As
PTX−NP interactions rely only on hydrophobic interactions,
breakage of the PTX−NP bonds (i.e., PXT release) should
require a substantial increase in hydrophilicity (Figure 6b). In
contrast, the NPs bind to melittin via multivalent electrostatic
and hydrophobic interactions. The T15-A5-NP and T20-A5-
NP samples incorporated a minimum amount of the monomer
for melittin capture. Therefore, a slight hydrophobicity-to-
hydrophilicity change in the NPs should elicit a drastic change
in the melittin affinity and release. This reasoning explains why
T15-A5-NP and T20-A5-NP released melittin when swelled by
a small amount. Among the PAA NPs, only P5-A5-NP
inhibited hemolysis at 37 °C and induced only slight hemolysis
at 25 °C. The other PAA NPs inhibited homolysis at both 37
and 25 °C. Although all PAA NPs swelled when cooled from
37 to 25 °C, only P5-A5-NP captured and released melittin in
response to temperature. Unlike TBAm NPs, PAA NPs bind to
melittin via π−π-stacking and hydrophobic interactions. The
π−π stacking interaction induced by the phenyl group of PAA
is more stable than the sole hydrophobic interactions induced
by the tert-butyl group of TBAm. TBAm NPs might capture
PTX within the hydrophobic-rich environment created by tert-
butyl groups.31 In contrast, each phenyl group in the PAA NPs
binds to one aromatic group (tryptophan) in melittin. These
results imply that the release of captured molecules from NPs
depends on the target and its mode of binding to the NPs.

■ CONCLUSIONS
pNIPAm-based NPs captured and released PTX, a hydro-
phobic small molecule (MW: 854), in response to temper-
ature. To release its captured molecules (in the present case,
PTX), the NPs must swell when cooled, although the NP

swelling pattern depended on the structure of the hydrophobic
monomer. TBAm percentage affected the onset temperature of
the particle size increase but not the swelling ratio. In contrast,
PAA percentage affected the swelling ratio but not the onset
temperature of particle size increase. PTX was released from
TBAm NPs only when the swelling ratio exceeded 2.0, but
melittin (a midmolecular weight peptide, MW: 2847) was
released at a swelling ratio of 1.1. Judging from these results,
the amount of target molecules released from temperature-
responsive NPs depends on both the structure and the
percentage of the included hydrophobic monomer. Whereas
the TBAm NPs released the captured target molecules (PTX
and melittin) in large amounts, the PAA NPs released few of
their captured target molecules. These results emphasize that
optimizing the functional monomers of temperature-respon-
sive NPs is essential for the effective catch and release of the
target in a temperature-dependent manner. However, we did
not incubate PTX-loaded NPs with the cell because of the NP
stability problem. To improve NP stability, poly(ethylene
glycol) modification should be a useful method. The present
results are expected to provide useful information for designing
synthetic polymers that catch and release their target molecule
under a stimulus, such as temperature or pH.

■ MATERIALS AND METHODS
Materials. The following materials were obtained from

commercial sources: N-isopropylacrylamide (NIPAm, ≥98.0%
purity), acrylic acid (AAc, ≥99.0% purity), and N-phenyl-
acrylamide (PAA, ≥98.0% purity) from Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan); ammonium persulfate
(APS, ≥98.0%, purity) and melittin (from honey bee, ≥85.0%)
from Sigma-Aldrich, Inc. (St Louis, MO, USA); N,N′-
methylenebis(acrylamide) (bis, ≥97.0%, purity), N-tert-buty-
lacrylamide (TBAm, ≥95.0%, purity), sodium dodecyl sulfate
(SDS, ≥95.0%, purity), PTX (≥98.0%, purity), and isoflurane
(≥98.0% purity) from Wako Pure Chemical Industries, Ltd.
(Osaka, Japan); N- Taxol, [3H] from Moravek Biochemicals,
Inc. (Brea, CA, USA); and Hionic Fluor from PerkinElmer
Japan Co. Ltd. (Yokohama, Kanagawa, Japan). NIPAm was
recrystallized from hexane (Wako Pure Chemical Industries,
Ltd., 96.0%) before polymerization.
NP Synthesis. NIPAm, TBAm, AAc, PAA, bis, and SDS (4

mg) were dissolved in ultrapure water (20 mL). Prior to
addition, TBAm and PAA were dissolved in ethanol (600 μL)
and acetone (1000 μL), respectively. The total monomer
concentration was 65 mM. The monomer solution was

Figure 6. Schematic of NP−PTX and NP−melittin interactions and temperature-responsive release of target molecules from NPs: (a) NPs bind to
PTX (a low-molecular-weight drug) via hydrophobic (monovalent) interactions and to melittin (a middle-molecular-weight peptide) via combined
hydrophobic and electrostatic (multivalent) interactions. (b) Large and small swelling degrees elicit PTX and melittin release from TBAm NPs,
respectively.
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degassed by nitrogen gas bubbling for 20 min. After the
addition of APS aqueous solution (0.6 mg/mL), polymer-
ization was carried out at 65 °C for 3 h under a nitrogen
atmosphere. The polymerized solutions were purified by
dialysis against excess pure water for more than 4 days.
Characterization of NPs. The particle size and poly-

dispersity index (PDI) of the NPs were obtained from dynamic
light scattering (DLS) measurements at 37 or 25 ± 0.1 °C.
The DLS instrument was an Anton Paar LiteSizer 500 (Anton
Paar GmbH, Graz, Austria). Each sample was dissolved in PBS
(pH 7.4), and the swelling ratio was determined as

Swelling ratio (NP size at 25 C)/(NP size at 37 C)= ° °

Hemolysis Assay. Bovine blood was washed with PBS,
centrifuged (10,000g, 10 min, 4 °C) and washed an additional
four times with PBS. The RBCs were resuspended in PBS
(four times dilution), and the RBC solution was incubated
with melittin (6 × 10−6 M) and/or NPs at 37 or 25 °C (total
200 μL) for 2 h after preincubating the melittin and NPs (n =
3). The culture was centrifuged (10,000g for 10 min at 4 °C),
and the hemoglobin amount in the supernatant was calculated
from the absorbance at 405 nm (Tecan Infinite M200
microplate reader). As a control (100% hemolysis), RBCs
were incubated with 1% reduced Triton X-100.
Cell Culture. Colon26 NL-17 carcinoma cells (C26NL17)

were cultured in Dulbecco’s modified Eagle’s medium, a high-
glucose medium from Wako Pure Chemical Industries,
supplemented with streptomycin (100 μg/mL) and penicillin
(100 U/mL) from MP Biomedicals, Inc. (Solon, OH, USA)
and 10% heat-inactivated fetal bovine serum from Thermo
Fisher Scientific Inc. (Kanagawa, Japan). The culture was
incubated at 37 °C in a 5% CO2 atmosphere.
Binding of NPs to PTX. [3H]-labeled PTX (100 nM) and

NPs (1 mg/mL) were incubated at 37 °C for 30 min and
ultracentrifuged (453,000g, 30 min, 37 °C) to precipitate the
NPs. The radioactivity of free [3H]-labeled PTX in the
supernatant was measured by a liquid scintillation counter
(LSC-7400, Hitachi Aloka Medical, Tokyo, Japan).
Cytotoxicity of PTX. C26NL17 cells were seeded in a 96-

well plate at a density of 1.0 × 103 cells/well. The PTX (100
nM) and NPs (1 mg/mL) were incubated at 37 °C for 30 min
and ultracentrifuged (453,000g, 30 min, 37 °C) to precipitate
the NPs. After the supernatant was added, the cells were
incubated at 37 °C for 24 h. The viable cells were determined
by the WST-8 assay (n = 5) using cell counting kit-8 (Dojindo
Laboratories, Kumamoto, Japan), which was added to each
well as described in the technical manuals. After 1 h of
incubation at 37 °C, the absorbance at 450 nm was measured
using a Tecan Infinite M200 microscope reader.
Binding of NPs to PXT at 37 and 25 °C. Interactions

between the NPs and PTX at 37 and 25 °C were monitored via
ITC on a Malvern MicroCal iTC 200 instrument in the single
injection mode. The NPs and PTX were prepared in 5 mM
phosphate buffer (pH 7.4). Prior to ITC injection, all samples
were degassed by centrifugation (3000g, 3 min). Using a
syringe, 30 μL of PTX (350 nM) was titrated into the sample
cell, filled with 210 μL of NP solution (3.5 mg/mL). The heat
flow data (μcal/s) were collected at 1 s intervals until the signal
returned to the baseline. Experiments were carried out at 37 or
25 °C with a stirring speed of 500 rpm.
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