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Host-Guest Binding-Site-Tunable Self-Assembly of Stimuli-
Responsive Supramolecular Polymers

Hao Yao, Miao Qi, Yuyang Liu, and Wei Tian*"

/Abstract: Despite the remarkable progress made in control-
lable self-assembly of stimuli-responsive supramolecular
polymers (SSPs), a basic issue that has not been consider-
ation to date is the essential binding site. The noncovalent
binding sites, which connect the building blocks and endow
supramolecular polymers with their ability to respond to
stimuli, are expected to strongly affect the self-assembly of
SSPs. Herein, the design and synthesis of a dual-stimuli
thermo- and photoresponsive Y-shaped supramolecular
polymer (SSP2) with two adjacent P-cyclodextrin/azoben-
zene ($-CD/Azo) binding sites, and another SSP (SSP1) with
similar building blocks, but only one (-CD/Azo binding site

\

as a control, are described. Upon gradually increasing the
polymer solution temperature or irradiating with UV light,
SSP2 self-assemblies with a higher binding-site distribution
density; exhibits a flower-like morphology, smaller size, and
more stable dynamic aggregation process; and greater con-
trollability for drug-release behavior than those observed
with SSP1 self-assemblies. The host-guest binding-site-tuna-
ble self-assembly was attributed to the positive cooperativity
generated among adjacent binding sites on the surfaces of
SSP2 self-assemblies. This work is beneficial for precisely
controlling the structural parameters and controlled release
function of SSP self-assemblies. D

Introduction

Stimuli-responsive supramolecular polymers (SSPs), which can
self-assemble into various tunable nanostructures, such as vesi-
cles, micelles, nanoparticles, microcapsules, hydrogels, and
tubes, have attracted growing interest in the past few decades
due to their applications in chemistry, biotechnology, and ma-
terials science.” Compared with traditional covalent stimuli-re-
sponsive polymers (CSPs), SSPs possess specific weak and re-
versible noncovalent interactions, such as hydrogen bonding,”
metal-ligand coordination,” and host-guest interactions,” be-
tween the two immiscible blocks. Furthermore, stimuli-respon-
sive properties of SSPs can be inherited from their polymer
building blocks and the introduction of noncovalent binding
sites, which endows them with more versatile tunable proper-
ties and functions.

Precisely controlling the structural parameters and function
of SSP self-assemblies is a major topic in the field.”’ According
to reports in the literature,” the self-assembly behavior of SSPs
can be tuned by adjusting polymer (block species and degree
of polymerization (DP) of building blocks), solution (solvent
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species and selective solvent content),” and stimulus (e.g., pH,
light, temperature, and ultrasound) parameters.”’ Barner-Ko-
wollik et al. reported a series of SSPs with various topologies,
such as ABA linear, star, H, and brush.”) Zhou et al. reported
a novel Janus particle and supramolecular block copolymer
that could self-assemble into unilamellar bilayer vesicles and
disassemble reversibly under UV irradiation."” Yuan et al. de-
scribed a voltage-responsive block copolymer through (3-cyclo-
dextrin (B-CD)/ferrocene complexation that could reversibly
self-assemble and disassemble in response to voltage
changes."" Nevertheless, in these systems, supramolecular
binding sites located in the backbone of the SSPs only served
as scaffolds. From the viewpoint of structure—property relation-
ships, binding sites are the key component of SSPs and should
have a pronounced effect on their solution properties. Howev-
er, to the best of our knowledge, the influence of binding sites
on the self-assembly and function of SSPs has not been report-
ed to date.

On the other hand, cooperativity is widespread in enzyme
control and many other vital biological processes, and has
been rigorously defined in the case of multiple intermolecular
bindings of a monovalent ligand to a polyvalent macromole-
cule.™ Inspired by cooperativity, we intended to design an
SSP containing two adjacent host-guest binding sites on one
chain end (Scheme 1A). In this case, the structural parameters
and function of SSP self-assemblies may be subject to regula-
tion on the basis of cooperativity among adjacent host-guest
binding sites under external stimuli, such as temperature or
light (Scheme 1 A-E).

Based on the above consideration and our recent work on
the construction of SSPs,"™ we first designed and synthesized
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Scheme 1. Representation of the host-guest binding-site-tunable self-assembly mechanism of dual thermo- and photoresponsive supramolecular polymers.
Chemical structures of SSP2 (A) and SSP1 (A’) constructed from one and two host-guest interactions, respectively. The positive cooperativity generated by
the adjacent -CD/azobenzene (Azo) binding sites leads to the stronger binding strength of SSP2 than that of SSP1 without cooperativity. When heating the
solution above the lower critical solution temperature (LCST), the surfaces of self-assemblies of SSP2 (A, B) have a higher 3-CD/Azo binding-site distribution
density than those of SSP1 (A’, B'), leading to enhanced cooperativity. During further heating, the enhanced cooperativity of the hydrophilic shell layer of self-
assemblies of SSP2 (B, C) plays an important role in steadying the hydrophobic core layer compared with that of SSP1 (B’, C'). The formation of a flower-like
morphology with smaller sizes of self-assemblies of SSP2 (C, D) than those of SSP1 (C’, D) with a regularly spherical structure and bigger size at 60°C.
Through irradiation with UV light at 60°C, the enhanced cooperativity endows self-assemblies of SSP2 (D, E) with a more stable self-assembly state and

avoids coalescence, unlike self-assemblies SSP1 (D', E').

the Y-shaped SSP2, which consisted of two adjacent -CD/Azo
host-guest binding sites, one poly(N-isopropylacrylamide)
(PNIPAM) arm and two methoxypolyethylene glycol (MPEG)
arms (Scheme 1A), as well as another Y-shaped SSP1 contain-
ing one such binding site and similar building blocks as a con-
trol (Scheme 1A’). With the introduction of thermoresponsive
PNIPAM segments™ and photosensitive B-CD/Azo com-
plexes," the influence of the binding site on the self-assembly
of SSPs can be easily investigated by adjusting the tempera-
ture and light irradiation of the solution (Scheme 1A-E and A'-
E' ). Compared with SSP1 self-assemblies, SSP2 self-assemblies
exhibited a flower-like morphology and smaller size with in-
creasing solution temperature. Meantime, SSP2 self-assemblies
presented a much more stable self-assembly process than
those of SSP1 self-assemblies when the polymer solutions
were heated or irradiated by UV light. Additionally, the drug-re-
lease behavior of doxorubicin (DOX) from SSP2 self-assemblies
was more controllable than that of SSP1 self-assemblies, re-
gardless of increasing temperature or UV irradiation. Coopera-
tivity between adjacent 3-CD/Azo binding sites was proposed
as a possible mechanism for the tunable self-assembly process
and controlled release function.
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Results and Discussion

To obtain the target SSP1 and SSP2 self-assemblies, several
building blocks, including singly or doubly (-CD-terminated
PNIPAM (PNIPAM-3-CD or PNIPAM-2(3-CD)), as well as Azo-mid
or -ended MPEG (Azo-2MPEG and Azo-MPEG), were first syn-
thesized by reversible addition fragmentation chain-transfer
polymerization (RAFT) and a click reaction, according to the
routes shown in Scheme S1-54 in the Supporting Information.
All polymer precursors were well defined and characterized by
'H and "CNMR spectroscopy, FTIR spectroscopy, ESI-MS, and
size exclusion chromatography/multiangle laser light scattering
(SEC-MALLS). The characterization data and corresponding
spectra are provided in Figures S1-S25 and Table S1 in the
Supporting Information. It should be noted that, although the
SEC curves demonstrated tiny lower-molecular-weight shoul-
ders (Figure S15 in the Supporting Information), the molecular
weights of these polymers were still well controlled. With the
well-defined building blocks, the formation of SSP1 and SSP2
was facilitated by directly dissolving PNIPAM-3-CD and Azo-
2MPEG or PNIPAM-2(3-CD) and Azo-MPEG in water in stoichio-
metric quantities, respectively. Subsequently, 2D NOESY NMR,
'H NMR in D,0, and UV/Vis absorption spectra were performed
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to confirm the formation of host-guest complexes in SSP1 and
SSP2.

The 2D NOESY NMR spectra of SSP1 and SSP2 are shown in
Figure 1A and B, respectively. The appearance of intermolecu-
lar correlations between the internal H3 and H5 protons (6 =
3.5-4.0 ppm) in the inner cavity of B-CD and the protons of
the Azo group (0=7.1-8.2 ppm) indicated the formation of
the host-guest complexes in both SSPs. '"H NMR spectra of
SSP1 and SSP2 in D,O are shown in Figure S26 in the Support-
ing Information. Figure S26a and c in the Supporting Informa-
tion refers to the Azo protons of Azo-2MPEG and Azo-MPEG
(H,—Hy). The addition of an equimolar amount of PNIPAM-3-CD
to Azo-2MPEG and PNIPAM-2(3-CD) to Azo-MPEG both caused
distinct changes, with all signals being altered from sharp to

Figure 1. 2D NOESY NMR spectra of the supramolecular polymers SSP1 (A)
and SSP2 (B) at 20°C in D,O (inset: partial enlargement).
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broad and shifted upfield, and protons H, and H. producing
a large splitting (Figure S26b and d in the Supporting Informa-
tion). These results were ascribed to the trans-Azo proton envi-
ronment variation in the hydrophobic -CD cavity. A similar
result was reported by Yuan et al."?

To further confirm the formation and reversibility of host-
guest complexes, UV/Vis absorption spectra of Azo-MPEG and
Azo-2MPEG in the absence and presence of PNIPAM-23-CD
and PNIPAM-B-CD were measured. Generally, the absorption
bands at A~323 and 432 nm can be ascribed to the m—x* tran-
sition (H aggregate) of the trans form and n-mt* transition (J
aggregate) of the cis form of the Azo group, respectively."” As
shown in Figure 2A, compared with the pure solution of Azo-
2PEG, the absorption intensity at 1a~323 nm of mixed solu-
tions of PNIPAM-B-CD and Azo-2MPEG was enhanced due to
inclusion complexation between the trans-Azo group and (-
CD units. Upon irradiation with UV light at A=365nm for
15 min, the absorption band at 12360 nm decreased notably,
whereas the absorption band at A~450 nm increased slightly;
both were restored after exposure to visible light, which indi-
cated that the photoisomerization of Azo caused a conforma-
tional change from the trans form to the cis form and was re-
stored to the trans form.'””? Furthermore, the reversible photo-
isomerization of -CD/Azo complexes could be repeatedly in-
duced by alternating UV- and visible-light irradiation, as shown
in Figure 2C. A similar phenomenon was found for mixed solu-
tions of PNIPAM-2(3-CD) and Azo-MPEG (Figure 2B and D).
Moreover, the dissociation of host-guest complexes induced
by the photoisomerization of $-CD/Azo complexes was also
confirmed by 2D NOESY NMR spectroscopy. As shown in Fig-
ure S27 in the Supporting Information, upon irradiation with
UV light at A=365 nm for 15 min, no correlation between f3-
CD and Azo was observed, which indicated that the -CD/Azo
inclusion complexes dissociated in response to UV irradiation.

These results indicated that SSP1 and SSP2 with different
numbers of host-guest binding sites formed. It should be
noted that SSP1 and SSP2 were composed of approximate
building blocks and block lengths with one temperature-sensi-
tive PNIPAM arm (DPpyipamin ssp1 = 46, DPonipamin sspa = 44) and two
hydrophilic MPEG arms (DPypsc=22). The corresponding SSP1
and SSP2 self-assemblies were obtained by heating the solu-
tions above their LCSTs (Figure S28 in the Supporting Informa-
tion). Thus, the influence of -CD/Azo-based binding sites on
the self-assembly behavior of SSP1 and SSP2 can be reasonably
investigated in the presence of external stimuli, including tem-
perature and irradiation. TEM, AFM, dynamic light scattering
(DLS), fluorescence (FL) spectroscopy, and 'H NMR spectrosco-
py (in D,0) were performed to examine the binding-site-regu-
lated self-assembly process.

TEM was used to visualize the morphology and size of the
SSP1 and SSP2 self-assemblies by rapidly heating the solution
of polymer from 20°C to 37, 45, and 60°C. As depicted in Fig-
ure 3A-C and E-G, and Figure S29 in the Supporting Informa-
tion, typical TEM images of these self-assemblies were ob-
tained by drying aqueous solutions of samples on a copper
grid without staining. Significant differences in morphologies
and size were observed at different temperatures. No evident
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Figure 2. UV/Vis absorption spectra for the reversible photoisomerization of the Azo group in different aqueous solutions of polymer at 20°C by irradiating
with UV and visible light: A) solutions of pure Azo-2MPEG and SSP1; B) solutions of pure Azo-MPEG and SSP2. The changes to the UV absorbance at
A=360 nm with alternate cycles of UV- and visible-light irradiation of solutions of SSP1 (C) and SSP2 (D). (Concentrations of SSP1 and SSP2 were constant at

25x107°m.)

Figure 3. Typical TEM images of SSP1 (A-C) and SSP2 (E and G) self-assemblies obtained by rapid heating from 20°C to 37, 45, or 60°C at a polymer concen-
tration of T mgmL™" in H,O (inset: enlarged images; scale bar: 200 nm). AFM images of SSP1 (D) and SSP2 (H) self-assemblies at 60 °C. DLS results (I-K) of

samples in A)-C) and E)-G).
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self-assemblies were found for SSP1 and SSP2 at room temper-
ature (Figure S29 in the Supporting Information); however,
SSP2 self-assemblies gradually presented a flower-like mor-
phology (Figure 3E-G), whereas SSP1 self-assemblies retained
a relatively regular spherical structure (Figure 3A-C) as the
temperature increased. Notably, these morphological differen-
ces became more apparent at 60°C (Figure 3G and C). More-
over, the average diameter (D,, ) of SSP2 self-assemblies was
smaller than those of SSP1 self-assemblies at 37, 45 and 60°C
(Table S2 in the Supporting Information). Similarly, the 3D AFM
images indicated that SSP1 self-assemblies possessed more
regularly spherical structures and bigger sizes than those of
SSP2 self-assemblies (Figure 3D and H). For comparison, the
hydrodynamic diameter (D)) and diameter distributions of
SSP1 and SSP2 self-assemblies at 37, 45, and 60°C were deter-
mined by DLS (Figure 31-K and Table S2 in the Supporting In-
formation). The sizes of SSP1 and SSP2 self-assemblies are
quite large. Similar results can be drawn from the related litera-
ture.®d One possible explanation is that the stabilization effect
of the PEG corona on the PNIPAM cores is weaker than that of
traditional CSPs, leading to easy aggregation during the dy-
namic exchange of the building blocks due to noncovalent
bonds. The size of these self-assemblies displayed similar
changes with increasing temperature as those observed by
TEM. Furthermore, the D, values of SSP2 self-assemblies were
smaller than those of SSP1 self-assemblies. These results dem-
onstrate that the (-CD/Azo binding site has a pronounced
effect on the morphology and size of the SSP self-assemblies
during heating.

The core-corona structures of SSP1 and SSP2 self-assemblies
were further explored by 'H NMR spectroscopy analysis in DO.
As shown in Figure 4A-4B, when the solution temperature of
SSP1 and SSP2 self-assemblies was gradually increased from 20

Figure 4. Variable-temperature '"H NMR spectra of SSP1 and SSP2 self-assem-
blies upon rapid heating from 20 to 60°C and then cooling back to 20°C at

a concentration of 1 mgmL™" in H,0: A) SSP1 self-assemblies; B) SSP2 self-as-
semblies. C) The fitted curves of the integral values of r (the methyl protons

in PNIPAM segments) to a (the methylene protons in MPEG segments) corre-
sponding to A) and B).
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to 60°C, signals corresponding to the PNIPAM segments (typi-
cal proton signals of r, k, g, and p corresponding to 6 =1.04,
3.84, 1.97, and 1.44 ppm, respectively) attenuated dramatically
and were shifted downfield, whereas the MPEG segments re-
mained in the spectra. These results suggest that PNIPAM seg-
ments collapsed into the core after the temperature was ele-
vated above the LCST of PNIPAM, whereas the MPEG segments
formed the corona layer. The integral values of r (the methyl
protons in the PNIPAM segments) to a (the methylene protons
in the MPEG segments), representing the hydrophobic-hydro-
philic proportions in the self-assemblies, were also calculated
(Figure 4C). The r/a values of SSP1 and SSP2 self-assemblies
first decreased and were then restored during the cooling pro-
cess, which indicated that the hydrophobic—hydrophilic pro-
portions first increased and then decreased. Furthermore, SSP1
self-assemblies showed much sharper attenuation and restora-
tion than SSP2 self-assemblies, which indicated that they pos-
sessed different hydrophobic-hydrophilic contents, depending
on the $-CD/Azo binding site during the heating—cooling pro-
cess.

Subsequently, the temperature-induced dynamic self-assem-
bly processes of SSP1 and SSP2 were investigated by in situ
monitoring of the changes of D, and /,/I; values during heat-
ing, as determined by DLS and FL, respectively. At a slow heat-
ing rate of 1 Kmin™', the recorded D, obtained by DLS analysis
(Figure 5A) displayed the behavior expected from that report-
ed in the literature.”™™' Small particles with D, below 10 nm
were first observed below 30°C. After heating above the LCSTs
of SSP1 and SSP2, self-assemblies formed with D, values of
tens to hundreds of nanometers. Further heating led to ag-
glomeration of the self-assemblies, accompanied by the gener-
ation of large aggregates with D, values of over 1000 nm. De-
hydration of the PNIPAM chains caused the size to increase
constantly (first stage), then the stability of the PEG corona on
the PNIPAM cores decreased, and finally the aggregates began
to agglomerate or even precipitate (second stage).”®® Al-
though the overall D, changes of these self-assemblies are sim-
ilar due to similar PNIPAM block lengths of SSP1 and SSP2, the
D, growth processes were completely different. Compared
with the stair-like D, growth style of the SSP1 self-assemblies,
the D, of the SSP2 self-assemblies grew gradually with increas-
ing temperature; this indicated that the self-assembly process
of SSP2 was more stable than that of SSP1. FL spectroscopy
was also performed to investigate the thermally induced self-
assembly processes of SSP1 and SSP2 by using pyrene as
a probe. Pyrene FL reports the polarity or hydrophobicity of
the region at which it is solubilized."® The emission intensity
ratio of the first to the third vibronic bands of the pyrene FL,
usually defined as the /,/I; ratio, has been widely used to study
the formation and properties of aggregated systems. The /,/1;
value of the aqueous solution of pyrene in the presence of
SSP1 and SSP2 during heating was recorded (Figure 5B). At
20°C, the I,/I; value of the aqueous solution of pyrene without
the presence of the polymers was 1.413. After the addition of
SSP1 and SSP2, the I,/I; values of the two polymer solutions
were slightly lower than that of the blank pyrene solution. This
is attributed to the formation of hydrophobic domains by mild
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Figure 5. Investigation of the dynamic self-assembly processes of SSP1 and
SSP2. A) Temperature-sequenced DLS measurements of SSP1 and SSP2 self-
assemblies ([polymer]: 1 mgmL™"; slow heating rate of 1 Kmin™"). B) /,//;
values of an aqueous solution of pyrene in the presence of SSP1 and SSP2
as a function of temperature ([polymer]: 1 mgmL', [pyrene]:

6x107 molL™).

aggregation of the backbone or nonhydrated side groups of
PNIPAM. With increasing temperature, the I,/l; values of the
pyrene/polymers system both exhibit an abrupt decrease at
the LCST, which indicates a significant decline in polarity and
the sudden formation of hydrophobic domains in these self-as-
semblies. In comparison, the /,/l; value of SSP1 decreased rela-
tively sharply, whereas that of SSP2 displayed a smoother de-
crease, in accordance with the DLS results. The results indicate
that the 3-CD/Azo binding site could indeed influence the dy-
namic formation process of the SSP self-assemblies.
Additionally, the photo effects on the self-assembly process-
es of SSP1 and SSP2 during heating were investigated. Solu-
tions of SSP1 and SSP2 were irradiated with UV light for
15 min at different temperatures, and the size and morphologi-
cal changes to the self-assemblies were monitored by DLS and
TEM (Figure 6 and Table S2 in the Supporting Information). In-
terestingly, an evident difference in the morphology and size
of these self-assemblies was observed when solutions of poly-
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mer were exposed to UV light at 45 and 60°C (Figure 6B-C
and E-F in comparison with Figure 3B-C and F-G). SSP1 self-
assemblies displayed clear coalescence, whereas SSP2 self-as-
semblies nearly retained their initial morphology, although
their size decreased to some degree. The DLS data for SSP1
and SSP2 self-assemblies shown in Figure 6 G-I and Table S2 in
the Supporting Information also gave similar results to those
obtained by TEM. The results indicate that the effect of the f3-
CD/Azo binding site on the self-assembly process of SSP is
more evident with UV-light irradiation than with increasing the
temperature.

The influence of binding sites on the light-responsive drug-
release functions of SSP1 and SSP2 self-assemblies was also in-
vestigated. As seen in Figure 7, these self-assemblies are good
candidates for controlling the release of DOX molecules. DOX-
loaded SSP1 and SSP2 self-assemblies both showed sustained
release, and less than 20% of DOX was released at 37 °C over
48 h. The cumulative release of DOX-loaded SSP2 self-assem-
blies at 48 h was 14.3%, which was less than that of DOX-
loaded SSP1 self-assemblies (19.5%). Additionally, light has re-
cently attracted much attention in drug-delivery systems, since
it can be localized in time and space, and it can also be trig-
gered from outside of the system.'**< As shown in Figure 7A,
after UV-light irradiation, the cumulative release of DOX-loaded
SSP1 self-assemblies incremented notably from 14.8 to 36.1%,
whereas DOX-loaded SSP2 self-assemblies only increased from
14.3 to 19.5% over a period of 48 h. These results indicate that
the release rate of DOX from SSP2 self-assemblies exhibits
much better controllability than that of SSP1 self-assemblies,
regardless of increasing temperature or UV-light irradiation.

The release mechanism of DOX from SSP1 and SSP2 self-as-
semblies was thus proposed to elucidate the release behavior
by studying the release kinetics with a simple semiempirical
equation [Eq. (1)] and a modified equation [Eq. (2)] to describe
the release behavior of polymeric micelles."

M, N
/\/I—x—kt (1)
Inr=Ink+nint,..r=M,/M, (2)

in which M, and M__ are the cumulative amounts of guest mol-
ecule released at time t and infinity, respectively; k is the re-
lease constant; k' is the constant proportional to k; and n de-
scribes the kinetic and release mechanism. For a diffusion-deg-
radation controlled release system, for spherical particles n is
usually between 0.43 and 0.85. When n is close to 0.43, diffu-
sion, referred to as “Fickian diffusion”, is the major driving
force. When n is close to 0.85, the release is mainly controlled
by degradation.”” Based on the above deduction about the
diffusion-controlled mechanism, Equation (2) can be obtained
from Equation (1) by rearrangement and is more suitable for
this release system. The results in Figure 7B and Table 1 show
that the cumulative release amount and release time of DOX-
loaded SSP1 and SSP2 self-assemblies exhibit a linear correla-
tion within the given range of time at 37°C, with an R? value
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Figure 6. Typical TEM images of SSP1 (A-C) and SSP2 (D-F) self-assemblies upon UV irradiation for 15 min at 37, 45, and 60 °C with a polymer concentration

of 1T mgmL~" in H,0. DLS results (G-I) for samples in A)-F).

Table 1. Release kinetics parameters of DOX from SSP1 and SSP2 self-as-
semblies with or without UV-light irradiation at 37°C fitted with
Peppas'® formula.”!

Release sample uv Fitting equation ~ n® K®! R
DOX-loaded SSP1 without  Inr=0.542 0.542 0.016  0.966
Int—4.160
DOX-loaded SSP2  without Inr=0.528 0.528 0.026 0.990
Int—3.645
DOX-loaded SSP1 with Inr=0.433 0433 0.038 0.985
Int—3.266
DOX-loaded SSP2  with Inr=0.509 0.509 0.051 0.986
Int—2.979

[a] All experiments were conducted at 37°C. [b] Calculated by using
Equation (2).

equal or close to 0.99 and n close to 0.43. This result indicates
that the release mechanism of DOX is mainly dominated by
the diffusion-controlled mechanism. In particular, UV-light irra-
diation caused the n values to decrease for both DOX-loaded
SSP1 and SSP2 self-assemblies, from 0.542 to 0.433 for SSP1
self-assemblies and a slighter decrease from 0.528 to 0.509 for
SSP2 self-assemblies. These decreases indicated that the domi-
nance of the diffusion mechanism increased to a greater
extent for the DOX-loaded SSP1 self-assemblies than that for
the SSP2 self-assemblies after UV-light irradiation due to the
effect of 3-CD/Azo binding sites.

These results collectively indicate that the 3-CD/Azo binding
site can affect the self-assembly process and function of SSPs
with dual thermo- and photoresponsiveness in aqueous solu-
tions, and a corresponding mechanism was proposed
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(Scheme 1). The main reason for the differences between the
self-assembly morphology and size, as well as controlled re-
lease rates of DOX, of SSP1 and SSP2 may be attributed to the
cooperativity generated by the adjacent -CD/Azo binding
sites. Generally, cooperativity takes place when multiple inter-
molecular binding interactions of a monovalent ligand to
a polyvalent macromolecule occur.* Positive cooperativity is
evidenced by a statistically normalized enhancement of bind-
ing strength.'®9 Herein, positive cooperativity generated by
the adjacent B-CD/Azo binding sites leads to the stronger
binding strength of SSP2 than that of SSP1 (Scheme 1A and
A’). When the solution was heated above the LCST of the
PNIPAM segment, the 3-CD/Azo binding sites were distributed
onto different surfaces of the SSP1 and SSP2 self-assemblies.
The surfaces of SSP2 self-assemblies have a higher (3-CD/Azo
binding-site distribution density than that of SSP1 self-assem-
blies (Scheme 1A-B and A’-B’). Thus, the cooperativity of SSP2
self-assemblies is enhanced. During further heating, enhanced
cooperativity on the hydrophilic shell layer of SSP2 self-assem-
blies plays an important role in steadying the hydrophobic
core layer, compared with that in the SSP1 self-assemblies
(Scheme 1B-C and B'-1C). As a result, the smaller, flower-like
morphology of the SSP2 self-assemblies formed at 60°C com-
pared with SSP1 self-assemblies with regularly spherical struc-
tures and bigger sizes (Scheme 1C-D and C'-D’). Furthermore,
when these self-assemblies were irradiated by UV light at
60°C, enhanced cooperativity endows the SSP2 self-assemblies
with a more stable self-assembly state and avoids coalescence
compared with the SSP1 self-assemblies (Scheme 1D-E and
1D’-E’). Based on this analysis, enhanced cooperativity can fur-
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Figure 7. Cumulative release curves of DOX from SSP1 and SSP2 self-assem-
blies as a function of time over a period of 48 h: A) with or without UV light
irradiation for 15 min at 37°C; B) corresponding fitted curves for release ki-
netics.

ther induce better controllability of the DOX-release behavior
from SSP2 self-assemblies than that of SSP1 self-assemblies, re-
gardless of increasing temperature or UV-light irradiation. In
summary, cooperativity exists between two adjacent -CD/Azo
binding sites and dominates tuning of the self-assembly and
function of the SSP.

To further confirm the existence of this cooperativity, we uti-
lized isothermal titration calorimetry (ITC) and UV/Vis spectros-
copy measurements to determine the initial association con-
stants (K) of B-CD/Azo host-guest binding sites in SSP1 and
SSP2. In a typical ITC experiment, an aqueous solution of 3-CD-
PNIPAM (12.0 mm) was trickled into a solution of Azo-2MPEG
(0.6 mm), and an exothermic binding isotherm was obtained
(Figure 8A). The data yielded the binding constant, K, for SSP1
of 0.92x10°m . Similarly, the K, value of SSP2 was calculated
to be 3.95x10°m ' at the same concentration of B-CD and
Azo. The results indicate that the K; of 3-CD/Azo in SSP2 is sig-
nificantly higher than that of SSP1, which confirms the exis-
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tence of positive cooperativity in the two adjacent binding
sites of SSP2.

UV/Vis measurements were also performed to determine K.
When the trans-Azo concentration of Azo-2(MPEG) (Figure 9A)
and Azo-MPEG (Figure 9C) was maintained at 1x107°m, the
absorption of trans-Azo at A =322 nm markedly increased with
increasing PNIPAM-3-CD and PNIPAM-2(3-CD) concentrations.
With an assumption of 1:1 stoichiometry, inclusion complexa-
tion of PNIPAM-3-CD (H) with Azo-2(MPEG) (G) and PNIPAM-
2(3-CD) (H) with Azo-MPEG (G) is expressed by Equation (3):

H+GXoH-G (3)

The double reciprocal plot was utilized through the modi-
fied Hildebrand-Benesi equation [Eq. (4)]:

1 _ 1 1
4A) ~ KAHG] " Ae[H] (4)

in which H, G, and K, represent the host, guest, and association
constants, respectively; AA denotes the absorbance difference
before and after the addition of the [3-CD species; and Ae de-
notes the difference of the molar extinction coefficient be-
tween the host and host-guest complex at the same wave-
length. The association constant, K, of SSP2 calculated by the
equation is 8.25x10°m~', which is higher than that of the
SSP1 complex (2.96x10°m ") and in accordance with the ITC
results. Such a difference in K, values implies that the binding
strength of SSP2 with positive cooperativity is stronger than
that of SSP1 without cooperativity.

The zeta potential was used to further confirm the enhanced
cooperativity of SSP2 self-assemblies during heating through
determining the distribution density of 3-CD/Azo binding sites
on the surfaces of the self-assemblies. According to published
work®? and our own prior reports,”"" adamantane (Ada) can
form inclusion complexes with B-CD and its 3-CD inclusion
constant is higher than that of Azo/f3-CD. Thus, Ada—COONa
was used as a guest molecule to monitor the surface charge of
the self-assemblies. As shown in Figure 10, the zeta-potential
values of SSP1 and SSP2 self-assemblies decreased upon the
addition of Ada—COONa (0.2 mm) while increasing the temper-
ature. By comparison, SSP2 self-assemblies with Ada—COONa
had a higher surface charge than those of SSP1 self-assemblies
at the temperatures tested. The higher charge values of SSP2
self-assembly surfaces can be attributed to the greater number
of B-CD/Ada—COO™ inclusion complex sites during heating.
This result directly confirmed that the surfaces of SSP2 self-as-
semblies possessed a higher distribution density of -CD/Azo
binding sites than those of SSP1 self-assemblies. Thus, the co-
operativity of SSP2 self-assembly surfaces was clearly en-
hanced.

Conclusion

Two dual-stimuli thermo- and photoresponsive supramolecular
Y-shaped polymers containing one or two binding sites (SSP1
or SSP2, respectively) were successfully synthesized by combin-
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Figure 8. Typical ITC curves corresponding to the binding interaction of SSP1 (A) and SSP2 (B) in aqueous solution at 20 °C. Top panels show exothermic heat
flows that are released upon successive injection of aliquots (10 uL) of PNIPAM-B-CD into AZO-2MPEG or PNIPAM-2(3-CD) into AZO-MPEG. Bottom panels
show integrated heat data, which give a differential binding curve that was fitted to a standard single-site binding model.

ing RAFT polymerization and click chemistry. Compared with
the SSP1 self-assemblies, SSP2 self-assemblies exhibited
a flower-like morphology and smaller size with increasing poly-
mer solution temperature. SSP2 self-assemblies also exhibited
a much more stable self-assembly process than that of SSP1
self-assemblies when the polymer solutions were heated or ir-
radiated with UV light. The release behavior of DOX from SSP2
self-assemblies is much more controllable than that of SSP1
self-assemblies, regardless of increasing temperature or UV
light irradiation. The positive cooperativity generated by the
two adjacent -CD/Azo binding sites of SSP2 contributed to
tuning of the self-assembly behavior and drug-release function.
The positive cooperativity could be further enhanced when
self-assemblies with a high binding-site distribution density
formed. Our study is expected to be further used to generalize
the design of novel supramolecular polymer systems with pre-
cisely controlled self-assembly parameters and adjust function-
al applications in smart drug delivery and biomedicine.

Experimental Section
Materials

4-Phenylazobenzoyl chloride (TCl, 98%), N-isopropylacrylamide
(NIPAM; Acros, 99%), and pyrene (Alfa Aesar, 99%) were used as
received. 4-Dimethylaminopyridine (DMAP; 99%), doxorubicin hy-
drochloride (DOX-HCI; 98%), N,N-dicyclohexylcarbodiimide (DCC;
95%), N-hydroxysuccinimide (NHS, 95%), and triethylamine (TEA)
were from Sinopharm Chemical Reagent Co., Ltd., Shanghai, PR.
China. Pyrene (98%) was purchased from Adamas-beta.
N,N,N',N",N"'-Pentamethyldiethylenetriamine (PMDETA, 98%) was
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supplied by Yutian Chemical Co., Ltd., Liyang, P.R. China. 2,2"-Azo-
bis(isobutyronitrile) (AIBN; Fluka, 99%) was recrystallized twice
from methanol. CuBr (Aladdin, 99%) was purified by being stirred
in acetic acid overnight. After filtration, it was washed with ethanol
and diethyl ether and then dried in a vacuum oven at room tem-
perature. MPEG (M,,=1000 Da, Aladdin) was dried by azeotropic
distillation in the presence of toluene. 1,4-Dioxane, CHCl;, CH,Cl,,
and DMF, were dried with a 3 A grade molecular sieves before use.

Formation of SSP1 and SSP2 through f3-CD/Azo interactions

Azo-MPEG (6.0 mg, 1.0 equiv) was dissolved in DMF (2.0 mL) and
added dropwise to a solution of PNIPAM-2-CD (18.0 mg,
1.0 equiv) in DMF (2.0 mL) under vigorous stirring. Similarly, Azo-
2MPEG (6.0 mg, 1.0 equiv) was dissolved in DMF (2.0 mL) and
added dropwise to a solution of PNIPAM-3-CD (12.0 mg, 1.0 equiv)
in DMF (2.0 mL) under vigorous stirring. The resulting solution was
dialyzed against a mixture of deionized water/DMF. The water con-
tent was gradually changed from 70 to 100% over 1 day and dialy-
sis was continued for 3 days with deionized water at 4°C. The sol-
vent was removed in vacuo to yield the supramolecular copolymer
in quantitative yield.

Polymer structure characterization

FTIR spectra were recorded on a Nicolet iS10 IR spectrometer
(Nicolet USA) by casting samples into thin films on KBr. Transition
mode was used and the wavenumber range was set from 7 =4000
to 500 cm™". '"H and "*C NMR spectra were recorded on a Bruker
Avance 300 spectrometer (Bruker BioSpin, Switzerland) operating
at 400 MHz ('H) in CDCl,, [DJDMSO, or D,0. 2D NOSEY was per-
formed on a Bruker Avance Ill 400 spectrometer operating at
400 MHz. ESI-MS was recorded by using a microTOF-QIl 10280
spectrometer (Varian Inc., USA). The molecular structure parame-
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Figure 9. UV absorption spectra of trans-Azo upon the stepwise addition of 3-CD species to determine the binding interactions of SSP1 (A, B) and SSP2 (C, D).
The concentration of Azo-MPEG and Azo-(2MPEG) was kept at 1x 10 °m for the stepwise addition of PNIPAM-B-CD (A) and PNIPAM-2(B-CD) (C); double recip-
rocal plots of Azo-2(MPEG)/PNIPAM-3-CD (B) and Azo-MPEG/PNIPAM-2(3-CD) (D) are also shown.

ters of the resulting polymers were determined on a DAWN EOS
SEC/MALLS  instrument. HPLC-grade DMF containing LiCl
(0.01 molL™"; at 40°C) or THF (at 25°C) was used as the eluent at
a flow rate of 0.5 mLmin". The chromatographic system consisted
of a Waters 515 pump, differential refractometer (Optilab rEX), and
one-column MZ 10° A 300x8.0 mm for the DMF system or two-
column MZ 10° A and 10* A for the THF system. The MALLS detec-
tor (DAWN EOS), quasi-elastic light scattering (QELS), and differen-
tial viscosity meter (ViscoStar) were placed between the SEC and
the refractive index detector. The molecular weight (M,,) and mo-
lecular weight distribution (MWD) were determined by using
a SEC/DAWN EOS/OptilabrEX/QELS instrument. ASTRA software
(Version 5.1.3.0) was utilized for acquisition and analysis of data.

SSP self-assembly characterization

TEM observations were conducted on a Hitachi H-7650 electron
microscope at an acceleration voltage of 70 kV. Samples were pre-
pared by dropping micellar solution (10 uL) onto copper grids
without staining, followed by quenching with liquid nitrogen and

Figure 10. Change in the zeta-potential values on the surfaces of SSP1 and freeze-drying in vacuum. The heating speed was kept at
SSP2 self-assemblies in aqueous solution before and after the addition of 20°C min~" and then the micellar solution was stable at a predeter-
Ada—COONa at various temperatures ([polymer]=1mgmL™). mined temperature for 5 min. The morphology was visualized by
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means of AFM in tapping mode with a Nanowizard Il controller
(Benyuan, CSPM 5500, PR. China). Tip information: radius <

33 mm, cantilever length 10 mm, width 100 mm, thickness 30 mm,
resonant frequency 300 kHz, and force constant 40 Nm™'. The size
and size distribution of the aggregates at various temperatures
were determined by DLS by using a Malvern Zetasizer Nano ZS in-
strument. The polymer solutions (1 mgmL™") were passed through
a 0.45 um microfilter and kept at a predetermined temperature for
5 min before measurements. The scattered light of a vertically po-
larized He—Ne laser (1 =633 nm) was measured at an angle of 173°
and collected on an autocorrelator. The pyrene inclusion behavior
of polymers was determined by FL spectroscopy (Hitachi F-4600).
The emission spectra of micellar solutions with a polymer concen-
tration range from 1 to 1x10™*mgmL™" and a fixed pyrene con-
centration of 6x10°m were recorded from 1=355 to 550 nm
with an excitation wavelength of 2 =335 nm. The emission intensi-
ty ratio of the first vibronic band to that of the third of the spectra

Full Paper
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