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Heat-guided drug delivery via thermally
induced crosslinking of polymeric
micelles
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Targeted drug delivery in response to external stimuli is therapeutically desirable, but long-term drug
retention at the target site after stimulation is turned off remains a challenge. Herein, we present a
targeted-delivery strategy via irreversible aggregation of drug carriers in response to mild external
heating.We constructed two types of polymericmicelles, DBCO-TRM and Az-TRM, having a thermo-
responsive polymer shell based on N-isopropylacrylamide (NIPAAm) and incorporating alkyne and
azide moieties, respectively. Upon heating at 42 °C, the micelles aggregated through hydrophobic
interaction between their dehydrated shells. Further, the azide moieties of Az-TRM become exposed
on the surface due to the thermally shrinkage of the shells, thereby enabling crosslinking between the
two types of micelles via azide-alkyne click chemistry to form irreversible aggregates. These
aggregates were efficiently accumulated at tumor sites in mice by local heating after intravenous
administration of amixture of themicelles, andwerewell retained after cessation of heatingdue to their
increased size. As proof of concept, we show that delivery of doxorubicin in this heat-guided drug
delivery systemdramatically improved the anti-tumor effect in amousemodel after a single treatment.
Our results suggest that this platform could be an efficient tool for on-demand drug delivery.

Targeted drug delivery is an effective approach for increasing ther-
apeutic efficiency and reducing off-target adverse effects. The twomajor
strategies are passive targeting by modulating the physicochemical
properties of the drug carrier, and active targeting by modifying the
drug carrier with affinity ligands1,2. Both strategies can be employed for
theranostics, which integrates therapy and diagnosis3,4. However, the
delivery efficacy is dependent on factors such as heterogeneity in target
tissues or cells, disease progression, and inter-individual differences.
Therefore, to achieve on-demand targeted delivery, drug carriers
responding to external stimuli (magnetic field, light, ultrasound, heat)
have garnered attention5. The functionality of external stimulus-
responsive carriers can be changed in situ, enabling the external control
of drug pharmacokinetics. For example, magnetic drug targeting, in
which magnetic drug carriers are guided to the target site in the body by
external magnetic fields, is well established6,7. However, the attractive
force disappears when the magnetic field is turned off 8,9, leading to
random diffusion of the carriers and off-target delivery via the systemic
circulation10. Thus, we considered that a persistent change in drug
carrier properties in response to external stimulation would improve
the efficiency of stimulus-responsive targeting.

Herein, we aimed to develop a targeted delivery strategy based on
irreversible aggregation of drug carriers in response to external heating.
Nanoparticle aggregation triggered by tumor microenvironments (acidic
pH11–14 or overexpression of certain enzymes15–18) has proven effective for
long-termretentionof thenanoparticles in tumor tissues, due to the increase
in size19,20.Wehypothesized that if drug carrierswere irreversibly aggregated
by crosslinking inducedby external heating, the drugwould bewell retained
at the heated site even after discontinuation of heating. To induce in situ
crosslinking by heating, we designed a pair of thermo-responsive micelles,
DBCO-TRM and Az-TRM, possessing bioorthogonal reaction handles,
dibenzocyclooctyne (DBCO) and azide, respectively21, which could form a
covalent bond between the micellar surfaces. The shells of both micelles
mainly consist of a thermo-responsive polymer based on N-iso-
propylacrylamide (NIPAAm),which exhibits a phase transition at the lower
critical solution temperature (LCST); namely, the polymer hydrates and
extends below the LCST, while it dehydrates and shrinks above the
LCST22,23. At temperatures below the LCST, both DBCO-TRM and Az-
TRM are expected to circulate well in the blood due to their hydrophilic
shells. Upon heating at a temperature above the LCST, the micelles aggre-
gate at the heated site through hydrophobic interaction between their
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dehydrated thermo-responsive shells, and are trapped at the heated site due
to their increased size. Further, the thermally shrinkage of the shell exposes
the azide moieties of Az-TRM on the micelle surface, resulting in cross-
linking between DBCO-TRM and Az-TRM via azide-alkyne click chem-
istry. This irreversible reaction enables retention of aggregates containing an
encapsulated drug within the heated site after cessation of heating (Fig. 1).
To validate this strategy, we employed it to deliver an anticancer drug in a
tumor-bearing mouse model.

Results and Discussion
To construct the required micelles, amphiphilic diblock polymers were
synthesized (Supplementary Scheme S1, S2 and Supplementary
Table S1). As shown in Fig. 2a, DBCO-TRM consists of two polymers,
P(NIPAAm-co-AAm)-b-PBMA, whose hydrophilic domain is com-
prised of a thermo-responsive polymer, and DBCO-P(NIPAAm-co-
AAm)-b-PBMA, in which DBCO is introduced at the hydrophilic end
of the polymer. By usingDBCO-containing polymerwith a longer chain
length than the former polymer, DBCO is expected to be exposed on the
surface of DBCO-TRM regardless of temperature. On the other hand,
Az-TRM consists of P(NIPAAm-co-AAm)-b-PBMA and another
polymer, P(Az-co-AAm)-b-PBMA, in which multiple azide moieties
are introduced in the hydrophilic domain. To control the masking/
exposure of azide by thermo-responsive extension/shrinkage of Az-
TRM, the chain length of the azide-containing polymer was made
moderately shorter than that of the thermo-responsive polymer.

DBCO-TRM and Az-TRM each exhibited phase transition upon
heating (Fig. 2b), similar to previously reported polymeric micelles with
NIPAAm-based shells24–26. To enable control of the pharmacokinetics of the
micelles by external heating, the micellar LCSTs were tuned to a slightly
higher than physiological temperature (Supplementary Table S2) by
adjusting the copolymerization ratio of acrylamide (AAm) andNIPAAm22.
The copolymerization ratio of the polymers and the mixing ratio of poly-
mers in the micelles are shown in Supplementary Tables S1 and S2. As
expected, when examined individually, DBCO-TRM (119 nm in mean
diameter) andAz-TRM(114 nm) formedmicellar aggregateswith apparent
sizes of 400 nm at 42 °C andmore than 1 µm at 47 °C (Fig. 2c), likely due to
increased hydrophobic interaction between the thermo-responsive shells.
Indeed, the hydrodynamic diameter of the micelles was greatly increased at
42/47 °C (above the LCST) compared to that at 37 °C (below the LCST).
Furthermore, the aggregation observed at 42/47°C was completely reversed
after cooling to 32 °C (Fig. 2c, Supplementary Fig. S1).

Next, we examined the response of a mixture of DBCO-TRM and
Az-TRM to heating. Micelles in the mixture increased in size upon
heating above the LCST (42/47°C), showed little change upon cooling
below the LCST (32 °C) and further increased in size upon repeated
heating (Fig. 3a). In accordance with this, the optical transmittance of
the micelle mixture decreased after heating above the LCST (Supple-
mentary Fig. S2). In contrast to the behavior of the individual micelle
types, micelle aggregation of the mixture was irreversible. To confirm
that these aggregates contained both micelle species, DBCO-TRM and
Az-TRM were fluorescently labeled by encapsulating different hydro-
phobic indocarbocyanine dyes, DiI and DiD, in the core. When the red
solution of DiI-loaded DBCO-TRM and the blue solution of DiD-
loaded Az-TRM were mixed, heated at 42 °C, and centrifuged at 25 °C,
purple precipitates appeared (Fig. 3b). The same result was observed
when DBCO-TRM was loaded with DiD instead of Dil and Az-TRM
was loaded with Dil instead of DiD (Supplementary Fig. S3). The purple
precipitates were dissolved in dimethyl sulfoxide (DMSO) and the
fluorescence was measured. The results showed that DBCO-TRM and
Az-TRM were aggregated at a ratio of 1:1 (Supplementary Table S3),
and the aggregation ratio corresponded well to the mixing ratio of
micelles (Supplementary Table S4), suggesting that the two types of
micelles are crosslinked to each other in the aggregates, as expected.

We also confirmed the involvement of azide-alkyne click chemistry in
the thermally induced crosslinking. As a control without azide, TRM was
prepared from only P(NIPAAm-co-AAm)-b-PBMA (Supplementary
Table S2, Supplementary Fig. S4) and reacted with DBCO-TRM. Alter-
natively, DBCO-TRM was treated with excess NaN3 (DBCO-TRM(N3))
(Supplementary Fig. S5) before reaction with Az-TRM to inhibit the reac-
tivity of DBCO. In both cases, the increases of micellar size upon heating
above the LCST were transient (Supplementary Figs. S6, S7) and reversed
after cooling (Fig. 3c). To further investigate the role of the phase transition,
DBCO-TRM(high) with a higher LCST (52 °C) than 47 °Cwas prepared by
increasing the ratio of AAm in the polymer (Supplementary Fig. S8). Upon
heating at 47 °C, the efficiency of crosslinking of DBCO-TRM(high) with
Az-TRM was much lower than that of DBCO-TRM (Fig. 3d). This result
indicates that hydrophobic aggregation above the LCST drives the micellar
crosslinking. In addition, two control micelles, Az-TRM(long) and Az-
TRM(short), were prepared using azide-containing polymers with longer
and shorter chain lengths than that used in Az-TRM, respectively. The
LCSTsof thesemicelleswere between39 and40 °C (Supplementary Fig. S9).
At 37 °C, Az-TRM(long) was partly aggregated with DBCO-TRM com-

Fig. 1 | Schematic illustration of our heat-guided drug delivery system (DDS).
Upon external heating above the LCST, the pair of thermo-responsive micelles,
DBCO-TRM and Az-TRM, are trapped at the heated site due to their increased size
via hydrophobic aggregation between their dehydrated thermo-responsive shells.

Further, irreversible crosslinking between DBCO-TRM and Az-TRM is induced by
azide-alkyne click chemistry in response to the thermally exposure of the azide
moieties on Az-TRM surface, leading to efficient delivery of the micelles after ces-
sation of heating.
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pared with Az-TRM (Fig. 3e). This result also supports the idea that
hydrophobic interactions above the LCST promote the micellar cross-
linking. In contrast, the efficiency of crosslinkingwithDBCO-TRMat 47 °C
was decreased in Az-TRM(short) (Fig. 3e). These results support the idea
that the change of exposure of azide upon transition across the LCST is
deeply related to the thermal control of micellar crosslinking.

To utilize thermally induced crosslinking of drug carriers for targeted
delivery, precise control of aggregation in vivo is indispensable. Thus, we
evaluated micellar aggregation in serum-containing buffer. Although the
LCSTs were slightly increased in the presence of serum (Supplementary
Figs. S10, S11), the size of the aggregates of DBCO-TRMandAz-TRMafter
heating at 42 °C increased with increasing serum concentration

Fig. 2 | Thermo-responsiveness of the polymeric
micelles. aMolecular design of DBCO-TRM and
Az-TRM. b Temperature-dependent change of
optical transmittance of the micelles. c Reversible
response of the micelles to heating. The size of the
micelles was measured after holding the indicated
temperature for 5 min.
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Fig. 3 | Thermally induced crosslinking between DBCO-TRM and Az-TRM.
a Irreversible response to heating of a mixture of DBCO-TRM and Az-TRM.
b Photographs of the micellar aggregates. c Effect of inhibition of azide-alkyne click
chemistry. d Comparison of micelle aggregation using DBCO-TRM with a higher

LCST. e Effect of azide-containing polymer length on the micellar aggregation.
f Control of micellar aggregation by temperature in the presence of serum. These
data were obtained by measuring micelle mixture at 1 mg/mL (mean ± SD, n = 3,
Student’s t test).
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(Supplementary Fig. S12). To examine the possibility of trapping serum
component into the aggregates, FITC-labeled dextrans were mixed and
heated with DBCO-TRM and Az-TRM, where the ratio of fluorescence
intensity suggested that neglectable amounts of dextrans were incorporated
(Supplementary Fig. S13). Furthermore, serum similarly increased the size
of aggregates during heating when TRM (non-azide control) was used
instead of Az-TRM (Supplementary Fig. S14). These results suggest that
micellar aggregation above the LCST may be enhanced by hydrophobic
interaction between the aggregates and serum proteins. In PBS containing
70% FBS, only small aggregates were formed after heating at 37 °C, and
nonspecific aggregation with serum components did not occur (Fig. 3f). In
contrast, themicellemixture (129 nm inmean diameter) formed aggregates
with an apparent size of 2 µm after heating at 42 °C. Further, no aggregation
was observed in a mixture of DBCO-TRM and TRM (non-azide control)
after heating at 42 °C (Supplementary Fig. S15). Thus, crosslinking of
DBCO-TRM and Az-TRM can be controlled by heating at 42 °C.

As proof-of-concept, we evaluated a mixture of DBCO-TRM and Az-
TRM for tumor-targeted delivery in vivo. A hydrophobic anticancer drug,
doxorubicin (Dox), was encapsulated in DBCO-TRM (Supplementary
Table S2), and we confirmed the resulting DBCO-TRM@Dox was cross-
linkedwith Az-TRMby heating (Supplementary Fig. S17). Further, although
the release rate of Dox showed some decrease by pre-heating in the in vitro
assay, sufficient release of Dox from the micelles was observed even after the
crosslinking (Supplementary Fig. S18). Then, as illustrated in Fig. 4a, a
mixture of DBCO-TRM@Dox and DiD-loaded Az-TRMwas intravenously
administered to tumor-bearingmodelmice, and the subcutaneous tumorwas
heated for 30min at 42 °C from 1min after the injection (Supplementary
Fig. S19). This procedure is feasible for clinical hyperthermia treatment27–29.
At 1.5 h after the coadministration of DBCO-TRM@Dox and Az-TRM
followed by heating, micelle accumulation in the tumor was increased more
than 10-fold (Fig. 4b), and this enhancement was retained at 48 h post-
injection. A similar result was obtained for Dox accumulation (Supplemen-
tary Fig. S20). When TRM (non-azide control) instead of Az-TRM was
coadministered with DBCO-TRM@Dox, micelle accumulation was not
significantly increased upon heating. This result confirms that thermally
induced crosslinking between DBCO-TRM and Az-TRM is effective for
targeted delivery to heated tissue. Interestingly, infarction of surface blood
vessels was seen on the heated tumor (body surface side) in the mice at 48 h
after coadministration of DBCO-TRM@Dox and Az-TRM (Fig. 4c). This

was clearly different from the appearance in mice treated with DBCO-
TRM@Dox andAz-TRMbutwithout heating, or in heatedmice treatedwith
DBCO-TRM and TRM, which do not undergo crosslinking.

We then examined the anticancer effect of heat-guided DDS using
DBCO-TRM and Az-TRM. Tumor-bearing mice were treated with micelles
and local heating at day 0. Compared with PBS-treated mice, tumor growth
was partially inhibited by coadministration of DBCO-TRM@Dox and Az-
TRM (Fig. 4d). Furthermore, the combination of local heating with coad-
ministration of these micelles almost completely suppressed tumor growth
for 22 days after the treatment. The therapeutic effects of anticancer drugs are
enhanced by hyperthermia30–32, but the enhancing effect of heating was
smaller in the group treated with Dox (without micelles) than in the group
treated with DBCO-TRM@Dox and Az-TRM (Supplementary Fig. S21).
These results indicate that the efficient delivery of Dox by thermally induced
micellar crosslinking contributes to the therapeutic effect. The survival of
tumor-bearing mice was also significantly prolonged by the combination of
DBCO-TRM@Dox and Az-TRMwith heating (Fig. 4e). Indeed, the tumors
of 7 of the 10mice became unmeasurably small (less than 1mm in diameter)
by day 24 after a single treatment, and no regrowthwas seen at day 180. Since
embolization with microspheres is used for cancer therapy based on the
selective occlusion of blood vessels feeding tumors33–35, infarction in the
locally heated tumormight also play a role in this dramatic therapeutic effect.
However, application of DBCO-TRM (without Dox) and Az-TRM with
heating had no marked therapeutic effect (Fig. 4e) and the blood was also
unaffected (Supplementary Fig. S22), suggesting that not only micellar
crosslinking but also Dox was required for this embolization. We consider
that the potent therapeutic effect of our systemusingDBCO-TRM@Dox and
Az-TRM with heating may be due to a synergic effect of three therapeutic
modalities, i.e., chemotherapy, hyperthermia, and embolization. Importantly,
treated groups showed no body weight loss (Supplementary Fig. S23) or
change in serum biochemical parameters containing D-dimer (a biomarker
of thrombus)36 (Supplementary Table S5), suggesting our system did not
cause acute systemic toxicity.

Conclusions
We have achieved targeted drug delivery guided by local heating to
induce irreversible crosslinking between drug carriers. We term this
system heat-guided DDS. Our constructed micelles, DBCO-TRM and
Az-TRM, each have diameters of about 100 nm, within the favorable size

Fig. 4 | Heat-guided delivery in vivo. a Schematic illustration of the treatment
procedure.bAccumulation ofmicelles at the tumor site (mean ± SD, n = 5, Student’s
t test). c Photographs of the tumor and subcutaneous tissue at 48 h postinjection.

d Tumor growth curves (mean+ SD, n = 8−10) and e survival curves of the tumor-
bearing mice after different treatments at day 0 (mean ± SD, n = 8−10, log-
rank test).
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range for blood circulation37,38. Upon heating at 42 °C, the two types of
micelles rapidly aggregate with each other, affording an apparent particle
size of 2 µm, which is larger than the cutoff size of tumor vessels (200 nm
to 1.2 µm)39,40, thereby facilitating retention in the tumor. The backbone
of the polymers (C-C bonds) is not biodegradable, so we consider that the
disappearance of the micelle aggregates may be mainly caused by the
gradual release of polymer from the micelles. We confirmed efficient
delivery of themicelles to tumor tissues by local heating, and showed that
delivery of Dox by thermally induced crosslinking dramatically
improved the anti-tumor effect in a mouse model. Further studies are
needed to understand the precisemechanism of the therapeutic effect, for
example, whetherDox delivered to the tumor directly damages the tumor
cells, or whether it causes the occlusion of the blood vessels feeding the
tumors. We believe this design platformmay prove widely applicable for
on-demand drug delivery.

Method
Materials
N-Isopropylacrylamide (NIPAAm), glycidyl acrylate (GA) and DMT-MM
were purchased fromTokyoChemical Industries (Tokyo, Japan). NIPAAm
was purified by recrystallization from n-hexane. Acrylamide (AAm) was
purchased from Nacalai tesque (Kyoto, Japan) and used without further
purification. 4-Cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl] pentanoic
acid (CDTPA) was purchased from Sigma-Aldrich (St. Louis, MO, USA).
V-501 and butyl methacrylate (BMA) were purchased from FujifilmWako
Pure Chemical Corporation (Osaka, Japan). GA and BMA were passed
through an inhibitor removers packed column (Sigma-Aldrich) before use.
Sulfo DBCO-amine was purchased fromVector Laboratories (Burlingame,
CA, USA). 1,1’-Dioctadecyl-3,3,3’,3’-tetramethylindocarbocyanine per-
chlorate (DiI)was obtained fromAATBioquest (Pleasanton, CA,USA) and
1,1’-dioctadecyl-3,3,3’,3’-tetramethylindodicarbocyanine perchlorate
(DiD)was obtained from Setareh Biotech (Eugene, OR,USA). Doxorubicin
hydrochloride was purchased from BLD Pharmatech (Shanghai, China).
Dialysis membranes (Spectra/Por 7, molecular weight cut-off (MWCO)
1 kDa and 15 kDa) were purchased from Spectrum Laboratories (Rancho
Dominguez, CA, USA). Hydrophilic syringe filter (Minisart RC25) was
obtained from Sartorius (Goettingen, Germany). Other organic solvents
and chemical reagents were purchased from FujifilmWako Pure Chemical
Corporation. RPMI-1640 medium and Dulbecco’s phosphate-buffered
salinewithout calciumandmagnesium(PBS)werepurchased fromThermo
Fisher Scientific (Waltham, MA, USA). Fetal bovine serum (FBS) was
obtained from Biosera (Nuaille, France).

Synthesis of DBCO-P(NIPAAm-co-AAm)-b-PBMA
Carboxyl-terminated amphiphilic diblock polymer was prepared by two-
step reversible addition−fragmentation chain transfer (RAFT) poly-
merization. NIPAAm, AAm, and CDTPA as a chain transfer agent
(CTA; 1.0 eq.) were dissolved in 1,4-dioxane in a two-necked flask (initial
total monomer: 3000 mM). Then, V-501 (0.1 eq.) as a radical initiator
was added to the solution. The reaction mixture was degassed by bub-
bling with argon for 30 min, and stirred for 16 h at 74 °C. Then, the
reaction solution was diluted with acetone and poured into diethyl ether
to precipitate the polymer, which was collected and dried under vacuum
to afford P(NIPAAm-co-AAm) as a pale yellow solid. In the second block
preparation, P(NIPAAm-co-AAm) as the macro-CTA, BMA (50 eq.),
and V-501 (0.2 eq.) were reacted in 1,4-dioxane for 24 h at 74 °C, and
then the reaction solution was dialyzed against methanol using dialysis
membranes (MWCO 1 kDa) at room temperature for 3 days. The
resulting solution was evaporated to dryness. Next, DBCO was intro-
duced via amide condensation at the carboxyl terminal of the diblock
polymer. To a solution of P(NIPAAm-co-AAm)-b-PBMA (67 mg/mL)
in tetrahydrofuran (THF) was added sulfo DBCO-amine (1.2 eq.) and
triethylamine (10 eq.). To thismixturewas addedDMT-MM(10 eq.) and
the whole was stirred for 16 h at 4 °C. After further reaction for 16 h at

room temperature, the polymer was purified using the same method as
described for the second block preparation.

Synthesis of P(Az-co-AAm)-b-PBMA
P(GA-co-AAm)-b-PBMA was prepared by two-step RAFT poly-
merization as described above. GA was copolymerized with AAm in the
first block (initial totalmonomer: 1000 mM). Themolar equivalent ratios
of total monomer and initiator to CTA were 200 and 0.2, respectively. In
the second block preparation, BMA (50 eq.) was reacted with P(GA-co-
AAm). Next, azidemoieties were introduced by ring-opening reaction of
epoxides in GA. To a solution of P(GA-co-AAm)-b-PBMA (2 mM) in
dimethyl sulfoxide (DMSO) was added NaN3 (5 eq. to epoxide in poly-
mer) andNH4Cl (5 eq.) and themixture was stirred for 24 h at 50 °C. The
polymer was dialyzed against water and lyophilized to afford P(Az-co-
AAm)-b-PBMA.

Characterization of the polymers
The molecular weight of polymers was determined by gel permeation
chromatography (GPC) (GPC-8020 system, TOSOH, Tokyo, Japan)
using a TSKgel guard column α and TSKgel column α-M with N,N-
dimethylformamide (DMF) containing 10 mM LiCl as a mobile phase.
Calibration was done with polyethylene oxide standards. 1H NMR
spectra were recorded at 500MHz using a AVANCE500 spectrometer
(Bruker, Billerica, MA, USA).

Preparation of the polymeric micelles
15 mg of diblock copolymer was dissolved in 2.0 mLN,N-dimethylace-
tamide (DMAc) containing a fluorescent dye (30 µg of DiI or DiD) and
the solution was stirred overnight at room temperature. The polymer
solutionwas slowly added to 6.0 mLof deionized water stirred at 750 rpm
using a syringe pump at 0.1 mL/min. The resulting solution was dialyzed
against deionized water using dialysis membranes (MWCO 15 kDa) at
20 °C for 1 day. After removal of un-loaded dye through a 0.45 µm pore
syringe filter, the micelle solutions were stored at 4 °C until use. For
preparation of Dox-loaded DBCO-TRM (DBCO-TRM@Dox), doxor-
ubicin hydrochloride was neutralized with triethylamine (5 eq.) in
DMSO overnight at room temperature, and the Dox solution (5 mg/mL)
was mixed with the diblock copolymer (10 wt%) instead of the dye. The
drug-loading content in the micelle was calculated to approximately
2.5 wt% from the fluorescence intensity of Dox measured using a fluo-
rometer (FP-6300; JASCO, Tokyo, Japan). To check the homogeneity
and reproducibility of the prepared micelles, the hydrodynamic dia-
meters and their distribution were measured, and the efficiency of
crosslinking of DBCO-TRM and Az-TRM was evaluated prior to use in
the following experiments.

Characterization of the polymeric micelles
The hydrodynamic diameters and their distribution of DiI-loaded micelles
(1mg/mL in PBS) were measured at 25 °C by dynamic light scattering
(DLS) using a Zetasizer Nano-ZS (Malvern Instrument, Worcestershire,
UK) equipped with a 633 nm laser at a scattering angle of 173°. The optical
transmittanceof theDiI-loadedmicelles (1mg/mL inPBS)wasmeasured at
750 nm using a UV-Vis spectrophotometer V-630 (JASCO) and a water
circulation bath CTU-100 (JASCO) at a heating rate of 1.0 °C/min. The
LCST of themicelle solutionwas defined as the temperature showing a 50%
decrease in optical transmittance. The criticalmicelle concentration (CMC)
of themicelleswas determined using pyrene as a fluorescence probe. Pyrene
solution in acetone (120 µM, 7.5 µL) was added to micelles without fluor-
escent dye in PBS (1500 µL) at various concentrations (1−1000 µg/mL) and
themixtures were incubated at 20°C for 16 h. The fluorescence spectra were
recorded using a fluorescence spectrophotometer F-7000 (Hitachi High-
Tech, Tokyo, Japan) (excitation: 338 nm, emission: 350−450 nm) and the
CMC value was estimated by extrapolating the crossing-point of the
intensity ratio I375/ I386.
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Aggregation of the polymeric micelles
DBCO-TRMandAz-TRMweremixed equally (1.0 mg/mL inPBS), and the
temperature was repeatedly cycled between 32 °C (cooling) and the indi-
cated temperature (heating). The size of themicelles in themixture (100 µL)
was measured 5min after reaching the target temperature by DLS. After a
total of 10min at the indicated value, the temperature was changed to the
next level. For evaluation of the irreversibility of aggregation by heating, the
size of micelles in the mixture was measured at 32 °C after two heating/
cooling cycles (10min at each step).

In vitro release of Dox from the polymeric micelles
DBCO-TRM@DoxandAz-TRMweremixed in equal amounts (1.0mg/mL
in PBS, 0.75mL each), heated twice at 42 °C for 10min, and transferred into
a dialysis tube (MWCO 12−14 kDa). The dialysis tube was immersed in
30mLofPBS (pH7.4) containing 1%Tween-20 andcontinuously shaken at
100 rpm and 37 °C. At 0.5, 1, 3, 8, 24, 48, 72 and 96 h after the immersion,
1.5mL of the outside solution was taken out and replaced with an equal
volume of fresh buffer. The release solution was lyophilized and the residue
was redissolved in 90% DMSO, then the fluorescence intensity was mea-
sured using a fluorescence spectroscopy F-7000 (excitation: 480 nm, emis-
sion: 550 nm).

Cell culture
Murine colon carcinoma (Colon-26; RCB2657) cells were obtained from
RIKEN Cell Bank (Ibaraki, Japan). Colon-26 cells were cultured on non-
coated dishes in RPMI-1640 supplemented with 10% FBS, 100 units/mL
penicillin G and 100mg/L streptomycin. Cells were grown in a CO2 incu-
bator (humidified atmosphere of 5% CO2 in air at 37 °C) and subcultured
twice a week after washing with PBS and detaching with 0.25%
trypsin-EDTA.

Animal model
All animal experiments were carried out in accordance with the Guidelines
on Animal Experimentations of Keio University. BALB/cCrSlc mice
(female, 6-week-old, 16−18 g) were purchased from Sankyo Labo Service
(Tokyo, Japan). The mice were housed in the animal care facility with food
and water ad libitum and were used for experiments at 7–8 weeks old. To
establish the tumor-bearingmodel, 2.5 × 105 Colon-26 cells in 50 μL of PBS
were subcutaneously transplanted into the right hind limb of each mouse
using a 29 G needle (Terumo, Tokyo, Japan). The length (L) andwidth (W)
of the tumor were measured using an electronic caliper, and the tumor
volume (V) was calculated as 0.5 × L ×W2. When the tumor volume
reached 50−100mm3, the mice were assigned to in vivo experiments.

In vivo tumor accumulation
A PBS solution containing equal amounts of DBCO-TRM@Dox and DiD-
loaded Az-TRM was injected via the tail vein (200 µL/mouse, 240mg
polymer/kg body weight, 5 animals/group) using a 1.0mL insulin syringe
with a 29 G needle (Terumo). At 1min after the injection, an electric hand
warmer (XY-101; ZeRay)was placed over the tumor site for 30min for local
heating at 42 °C (the setting was the first gear). During the procedure, mice
were anesthetized with isoflurane and kept on a heating pad (Heater Mat
type III; Natsume Seisakusho, Tokyo, Japan). At 48 h after the injection,
tumor tissue was collected and homogenized, and the fluorescence of DiD
andDox in the tissue lysatewasmeasured using afluorescence spectroscopy
(FP-6300; JASCO).Theaccumulationofmicelles in the tumor is shownas%
ID/g (percent of injected dose per gram of tissue). Standard samples were
prepared for each type of micelle to estimate the value corresponding to 1%
of injected dose: tissue lysate fromuntreated tumor-bearingmicewasmixed
with the micelle solution.

Anti-tumor effect in vivo
The subcutaneous tumor-bearing model mice (8−10 animals/group)
were injected with the mixed solution of micelles and locally heated as

described above. The dose of Dox was 3 mg/kg. The day of this single
treatment was set as day 0, and the tumor volume and the body weight
were measured every other day. Mice with tumor volume exceeding
2000 mm3 were euthanized as an experimental end point. Survival rates
were analyzed by theKaplan−Meiermethod andmedian survival time in
days was calculated for each group. To evaluate the safety of the micelles,
blood samples collected at 48 h after the injection, and serum alanine
aminotransferase (ALT), aspartate transaminase (AST), blood urea
nitrogen (BUN) and creatinine (Cre) were measured at Oriental Yeast
Co. (Tokyo, Japan). Mouse D-dimer was measured using an ELISA kit
(Cloud-Clone Corp, Houston, TX, USA).

Statistical analysis
All data are shown as mean ± standard deviation (SD) obtained from three
samples. The differences between two groups were analyzed by Student’s
t test, and the survival rate was analyzed by the log-rank test with the
Bonferroni correction using EZR software [SR1]. Values of p > 0.05 were
considered statistically not significant (n.s.).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability
The data that support the findings of this study are available from the
corresponding author, K.H., upon reasonable request.
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