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Abstract
Smart hydrogel materials are a popular topic of investigation because they have the potential to be used as smart drug carriers
and soft actuators. Hydrogel materials showing responsiveness to logic gate-type stimuli are of special interest because their
responsiveness can be regulated more accurately than that of common stimuli-responsive materials. In this study, poly(N-
isopropylacrylamide) nanogels containing catechol substituents in their polymer network structure were prepared via
precipitation polymerization. The prepared nanogels showed AND-type logic gate thermal aggregation behavior. The possible
use of this logic gate-type smart nanogel aggregating system was investigated in a smart valve system.

Introduction

Many research groups have been enthusiastically studying
nanogels and investigating their various functions [1–5]
because these nanosized gel particles have the potential to
be used in various applications, such as drug carriers [6],
sensors [7], and catalysts [8]. For example, aggregated
nanogels act as bulk materials and express functions that are
inaccessible to dispersed nanogels [9, 10]. Therefore, if it is
possible to regulate the aggregation and dispersion of
nanogels smartly, new stimuli-responsive functional soft
materials can be created. The poly(N-isopropylacrylamide)
(PNIPAM) nanogel is one of the most popular nanogels
because it demonstrates thermal responsiveness, such as
size changes due to dehydration of the N-iso-
propylacrylamide substituents [11].

Some researchers have reported that nanogels, including
PNIPAM nanogels, can be used as embolic materials; [12]

controlling nanogel aggregation is important for this function.
The preparation of nanogels that will aggregate in easily and
accurately in a controlled manner would represent great pro-
gress in the field of nanogel-mediated embolic therapy.

In the human body, many molecules express stimuli-
responsive functions [13–15]. However, this responsiveness
is a complex combination of multiple stimuli-responsive
processes that result in complicated and amazing functions.
By mimicking the responsiveness of living systems, it will
be possible to create better soft materials that can be used as
drug carriers under very stringent conditions. Recently,
many stimuli-responsive materials that mimic living sys-
tems, i.e., logic gate-type smart soft materials, have been
reported [16–18]. For example, Hamachi et al. reported
supramolecular hydrogel materials showing logic gate-type
gel-sol phase transitions that respond to the reactions
between enzymes and substrates [19].

Thus, we speculated that nanogels possessing logic gate-
type aggregation properties could be very useful valve agents
when their aggregation can be controlled extremely accurately.

The objective of this research was to construct a logic
gate type nanogel aggregation system that is controllable
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using heat. Moreover, we evaluated the possibility of using
our aggregating system in smart valve systems.

Materials and methods

Experimental apparatus

N-Isopropylacrylamide (NIPAM), N,N’-methylenebis
(acrylamide) (MBAA), acryloyl chloride, and 2,2′-azobis
(2-aminopropane) dihydrochloride (AAPH) were pur-
chased from Wako Pure Chemicals (Osaka, Japan). 3-
Hydroxytyramine hydrochloride was purchased from the
Tokyo Chemical Industry (Tokyo, Japan). Iron(III)
chloride, anhydrous, was purchased from Kanto Chemi-
cals. Triethylamine was purchased from Junsei Chemicals
(Tokyo, Japan). All other chemicals and solvents were
purchased from Kanto Chemical Co., Inc (Tokyo, Japan).

1H NMR spectra were measured using Varian a 400
MHz spectrometer. 13C NMR spectra were measured using
a Varian 700MHz spectrometer.

The average particle diameters of the nanogels were
measured using a Shimadzu SALD-7100 nanoparticle size
analyzer.

UV-vis spectra were measured using a 10 mm quartz cell
in a Shimadzu UV-1800 spectrometer.

FT-IR spectra (KBr) were measured using a Shimadzu
FTIR-8400S spectrometer.

Digital microscope images were obtained using a Key-
ence VHX-900 microscope and scanning electron micro-
scopy (SEM) images were obtained using a Jeol JCM-6000
scanning electron microscope.

The amine monomer shown in Fig. 1 was used to prepare
the nanogels according to known literature procedures [20].

Catechol monomer

The catechol monomer, shown in Fig. 1, used to prepare the
nanogels was synthesized according to known literature
procedures [21].

Fig. 1 (a) Synthetic scheme for catechol nanogel formation and (b) illustration and photograph of an aqueous dispersion a catechol nanogel
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Fig. 2 FT-IR spectra (KBr) of a prepared catechol nanogel (blue),
amine nanogel (red), and PNIPAM nanogel (green) (color figure
online) Output
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Fig. 3 (a) Photographs and truth tables of AND-type logic gate
nanogel aggregation ([nanogel]= 0.05 wt%) at [Fe3+]= 57.8 μM,
[NaOH]= 0.2 M (pH= 13.2), and 37 °C. (b) Diagram of a heat-
responsive AND-type logic gate nanogel aggregation
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Preparation of a nanogel with catechol substituents
(catechol nanogel)

According to the synthetic scheme in Fig. 1a, NIPAM (2.89
g, 25.5 mmol), MBAA (231 mg, 1.50 mmol), and the amine
monomer (226 mg, 1.50 mmol) were dissolved in deionized
water (200 mL), and the solution was purged with nitrogen
for 30 min. An aqueous solution of AAPH (163 mg, 120
mM, 5 mL), which had been purged with nitrogen for 30
min, was added dropwise to the solution in a four-neck
separatory flask at 70 °C. The aqueous mixture was stirred
at 250 r.p.m. for 30 min. Thereafter, an aqueous solution of
catechol monomer (312 mg, 150 mM, 10 mL) was added
to the solution. After 4 additional hours of stirring at

250 r.p.m. at 70 °C, the resultant nanogel was washed with
deionized water (three times) via centrifugation (15 × 103 r.
p.m., 10 °C) and collected. An aqueous dispersion of the
catechol nanogel is shown in Fig. 1b.

Preparation of the amine nanogel without catechol
substituents (amine nanogel)

NIPAM (3.06 g, 27.0 mmol), MBAA (231mg, 1.50mmol),
and the amine monomer (226mg, 1.50mmol) were dissolved
in deionized water (200mL), and the solution was purged
with nitrogen for 30min. An aqueous solution of AAPH
(163mg, 120mM, 5mL), which had been purged with
nitrogen for 30min, was added dropwise to the solution in a
four-neck separatory flask, at 70 °C. The aqueous mixture
was reacted for 4 h with stirring at 250 r.p.m. The resultant
nanogel was washed with deionized water (three times) via
centrifugation (15 × 103 r.p.m., 10 °C) and collected.

Preparation of the PNIPAM nanogel

NIPAM (3.23 g, 28.5 mmol) and MBAA (231 mg, 1.50
mmol) were dissolved in deionized water (200 mL), and the
solution was purged with nitrogen for 30 min. An aqueous
solution of AAPH (163 mg, 120 mM, 5 mL), which had
been purged with nitrogen for 30 min, was added dropwise
to the solution in a separatory flask at 70 °C. The aqueous
mixture was allowed to react for 4 h with stirring at 250 r.p.
m. The resultant gel particles were washed with deionized
water (three times) via centrifugation (15 × 103 r.p.m., 10 °
C) and collected.

IR spectra of the nanogels

The IR spectra of the prepared nanogels are shown in Fig. 2.
All the nanogels showed amide I (C=O) and amide II (N–H)
absorption peaks near 1680 and 1530 cm−1, respectively.

Fig. 4 UV-Vis spectra of the catechol monomer (60 μM) in deionized
water before and after the addition of Fe3+ alone, NaOH alone, and
both Fe3+ and NaOH ([Fe3+]= 20 μM, [NaOH]= 0.2 M (pH= 13.2))

Fig. 5 Illustration depicting the AND-type logic gate nanogel aggregation caused by coordination bond formation between the diols of catechol
and Fe3+ ions
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Results and discussion

In this study, we used nanogels containing catechol sub-
stituents (Fig. 1) prepared via radical precipitation poly-
merization as detailed in the Experimental Section. Catechol
is one of the components in mussel tentacles that facilitates
strong rock surface adhesion [22]. Many researchers have
mimicked the strongly adhesive property of mussel tentacles
by appending catechol to various functional materials [23,
24]. As stated in the introduction, catechols form coordination
bonds to certain metal ions [25].

The prepared nanogels dispersed well in water, as
shown in Fig. 1b, and we hypothesized that these nanogels
could be used as strong adhesives, especially to glass,
similar to mussel tentacles. However, unexpectedly, we
found that these nanogels responded to Fe3+ and pH by
aggregating.

The prepared nanogel dispersion (0.05 wt%) was mixed
with aqueous FeCl3, and then the pH was increased by the
addition of NaOH ([Fe3+]= 57.8 μM, [NaOH]= 0.2M, pH
13.2). As seen in Fig. 3a and S1, the color of the aqueous
dispersion changed from pale white to red due to the formation
of coordination bonds between the catechol substituents and

Fig. 6 Zeta potentials of catechol nanogel dispersions (0.05 wt%)
containing Fe3+ (57.8 μM) and variable concentrations of NaOH
(0–200 mM, pH= 7.4–13.2)

Fig. 7 Time course changes in the particle size distribution of the catechol nanogels at 37 °C: (a) nanogels (0.05 wt%) mixed with NaOH (0.2M,
pH= 13.2) and Fe3+ (57.8 μM), (b) nanogels (0.05 wt%) mixed with NaOH (0.2M, pH= 13.2), (c) nanogels (0.05 wt%) mixed with Fe3+ (57.8
μM), and (d) nanogels (0.05 wt%) in water
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Fe3+ ions. After 1 min at 37 °C (human homeostatic body
temperature), the nanogels that contained catechol substituents
started to aggregate due to shrinkage of the NIPAM sub-
stituents. Finally, large aggregates were formed after 1.5 min.
The precipitation timeframe was dependent on the nanogel
concentration, Fe3+ concentration, and temperature.

On the other hand, nanogels that were not mixed with
Fe3+ or were not in alkaline pH did not aggregate, even
after heating. Similarly, nanogels without catechol sub-
stituents did not show the AND-type aggregation shown in
Fig. 3b but thermally induced aggregation only at alkaline
pH (pH 13.2). NaOH facilitates the dehydration of NIPAM
because the hydrogen bonds between NIPAM and water
molecules are cleaved at high pH. Additionally, no color
changes were observed, as shown in Figure S2.

In addition, interestingly, it was found that the order in
which FeCl3 and NaOH are added into nanogels is

important for the expression of thermal aggregation by the
nanogels. When FeCl3 was mixed into nanogels before the
pH was increased by the addition of NaOH, the nanogels
showed thermal aggregation. On the other hand, when
NaOH was mixed into the nanogels before FeCl3, the
nanogels did not show thermal aggregation. It is con-
sidered that FeCl3 converts into Fe(OH)3 or Fe(OH)2
before forming coordination bonds with catechol sub-
stituents when NaOH is mixed into nanogels before
FeCl3.

We also confirmed the color changes utilizing UV-vis
spectroscopy, as shown in Fig. 4. No significant absorp-
tion bands were observed before the addition of Fe3+ and
the pH increase nor after the addition of only Fe3+. At
alkaline pH ( > 13), a small absorption band appeared near
400 nm. However, in the presence of Fe3+ and at alkaline
pH, a strong absorption band near 490 nm was observed

Fig. 8 Digital microscope
images of time course changes
in the nanogels (0.05 wt%) at 37
°C after 0–2 min on a glass slide:
(a) nanogels mixed with NaOH
(0.2 M, pH= 13.2) and Fe3+

(57.8 μM), (b) nanogels in
water, (c) nanogels mixed with
NaOH (0.2 M, pH= 13.2), and
(d) nanogels mixed with Fe3+

(57.8 μM)
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due to the formation of coordination bonds between the
catechol diols and Fe3+. None of the prepared nanogels
aggregated in the presence of Fe3+ alone, even at 37 °C,
because base-mediated deprotonation of the catechols is
needed to form the coordination bonds and cross-link the
nanogels.

Thus, the prepared nanogels demonstrated an AND-type
logic gate response to Fe3+ and alkaline pH (Fig. 5). Alkaline
pH is necessary for forming coordination bonds between
catechol diols and Fe3+, as shown in the zeta potentials of the
nanogels under various pH conditions (Fig. 6), because
deprotonation of the alcoholic protons is needed.

The particle size distributions of the nanogels under
specific conditions are shown in Fig. 7. The average particle
size of the nanogel mixed with Fe3+ at alkaline pH was
~153 nm before heating. After heating for 1 min, the particle
size distribution decreased (100 nm). Since PNIPAM chains
contract above their lower critical solution temperature, the
nanogel shrank owing to this chain contraction. After 2 min,
the average particle size increased more than 500 times the
original average nanogel diameter to approximately 75 μm
due to the formation of aggregates. In contrast, the average
particle sizes of the nanogels mixed with Fe3+ ions or
NaOH (approximately 159 nm and 158 nm, respectively)
alone decreased and did not show significant increases, even
after heating to 37 °C for 2 min, similar to the nanogels in
pure water, as shown in Fig. 7b-d.

Digital microscope images of the nanogels are pre-
sented in Fig. 8. As evidenced in Fig. 8b, nanogel samples
that were not mixed with Fe3+ and were not at alkaline pH

were invisible under this magnification because the
nanogel particle size was too small. Similar images were
observed for the nanogel samples containing only Fe3+ at
neutral pH or not containing Fe3+ at alkaline pH, as
shown in Fig. 8d, c, respectively. However, large nanogel
aggregates could be found extensively for the samples
mixed with both Fe3+ and NaOH, as shown in Fig. 8a.
The nanogel formed large, visible, aggregates under
heating after the addition of both NaOH and Fe3+ because
coordination bonds between the nanogels could be
formed, leading to cross-linking.

The surface morphology of the prepared nanogel samples
was observed by SEM (Fig. 9). Nanogels were cast onto
carbon tape and spin-coated with Au. Large aggregated
nanogels were observed only in the sample containing Fe3+

at alkaline pH, similar to that observed in the digital
microscopy images in Fig. 8a. Only ionic salt crystals could
be observed in all other nanogel samples.

Thus, the prepared nanogels aggregated only when the
pH increased to alkaline values after Fe3+ had been added to
the dispersion. This aggregation behavior is reflective of
AND logic gate aggregation. A phase diagram is presented
in Figure S5. This logic gate-type nanogel aggregation
should be useful for the construction of soft actuators, in
particular, smart nanogel valve systems. Therefore, we
investigated this nanogel aggregation system as a valve
system to regulate water flow.

Figure S3 shows a high concentration of the nanogels
dispersed in water ([nanogel]= 1.0 wt%) before and after
heating. Only the dispersion containing Fe3+ at alkaline pH

Fig. 9 SEM images of nanogels
after heating at 37 °C: (a)
nanogels (0.05 wt%) in water,
(b) nanogels (0.05 wt%) mixed
with NaOH (0.2 M, pH= 13.2),
(c) nanogels (0.05 wt%) mixed
with Fe3+ (57.8 μM), and (d)
nanogels (0.05 wt%) mixed with
NaOH (0.2 M, pH= 13.2) and
Fe3+ (57.8 μM)
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([Fe3+]= 1.16 mM, [NaOH]= 0.2 M, pH 13.2) formed a
gel after heating. None of the other nanogels showed any
significant phase transitions. This gelation behavior indi-
cates that the nanogel polymer networks formed one large
polymer network. This nanogel cross-linking through Fe3+

coordination enabled water retention and led us to design a
water flow-regulating valve.

To investigate the possibility that our nanogel aggrega-
tion system could be applied as a valve system for reg-
ulating water flow smartly, nanogel dispersions (1.0 wt%)
were placed in thin glass tubes (φ= 0.8 mm), and the flow
of the dispersions from tube to tube was observed before
and after heating (fingers used as the heat source), as shown
in Fig. 10a and S4. All of the nanogel dispersions flowed
out of the thin tubes under the influence of gravity. After
warming the tips of the tubes, the nanogel dispersion con-
taining Fe3+ at alkaline pH ([Fe3+]= 1.16 mM, [NaOH]=
0.2 M, pH 13.2) stayed in the tubes. Thus, by partially
warming the thin tube, the water flow could be controlled
due to nanogel aggregation, as shown in Fig. 10b. This
AND-type smart aggregation system indicates that the
prepared nanogels have the potential to be used as smart
valve systems for regulating water flow.

Conclusions

We prepared PNIPAM nanogels containing catechol sub-
stituents. The prepared nanogels showed body heat-induced
aggregation behavior due to the formation of an AND-type
logic gate response to Fe3+ and alkaline pH conditions.
Moreover, we regulated water flow using this smart nanogel
aggregation system in glass capillary tubes using only body
heat (37 °C). We believe that this logic gate-type body
temperature aggregation system may be useful for creating a
new generation of smart valve systems that can regulate
solvent flow, such as embolic agents. In its current state, the
technology discussed in this paper cannot be applied to the
human body. However, this study provides proof-of-
concept for logic gate-type smart embolic agents compa-
tible with the human body.

Acknowledgements This work was supported by JSPS Kakenhi
(Grant Number: 17K14537) from the MEXT in Japan.

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Fig. 10 (a) Photographs of
flowing nanogel dispersions
(1.0 wt%) in glass capillary
tubes (φ= 0.8 mm) before and
after warming the tubes using
finger heat ([Fe3+]= 1.16 mM,
[NaOH]= 0.2 M, pH= 13.2).
(b) Schematic illustration of
water flow stoppage due to
nanogel aggregation
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