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Polymer nanoparticles that can sharply sense and detect biological signals in
cells are promising candidates for biomedical and theranostic nanomaterials.
However, the response ability of current polymer assemblies poorly matches
the requirement of trace concentration level (107 ~107° mol/L) of cellular
biosignals due to their linear signal input-to-function output mode, which
impedes their practical applications in vivo. Here we report a kind of nanobowl
system with pH-tunable invaginated morphology that can nonlinearly amplify
the response abilities toward biosignals by modulating the surface concavity.
Compared to conventional spherical nanoparticles, nonspherical nanobowls
with a specific concave structure reduce the critical response threshold of
polymers by up to 5 orders of magnitude, from millimole to nanomole level,
covering most of biosignal concentration windows. Moreover, we find that this
nonlinear signal gain effect is originated from the collective impact of a single

signal on transitioning the polymer chain aggregation state of individual
assemblies, rather than just altering a certain unit or chain. This nonlinear
signal-to-response mechanism is potential to solve the tricky problems of
probing and sensing endogenous signals with trace physiological

concentration.

Biological signaling molecules are acknowledged as the major reg-
ulators for message transfer of living organisms owing to their pivotal
role in cell communications””. They mediate almost all cellular
response events, including signal transduction, metabolic regulation,
oxidative stress, and immune processes® . Normally, signaling mole-
cules produced endogenously can maintain homeostasis to meet
essential requirements of cell activities; nevertheless, once this bal-
ance is broken, even subtle fluctuations in their concentrations will
cause severe diseases®’. As such, this feature makes biosignals a class
of hallmarks to differentiate pathological abnormalities from physio-
logical states, a major challenge in any diagnostic and therapeutic
applications®’. Based on this principle, the past decade has witnessed
extensive advances in stimuli-responsive polymer engineering that
capitalizes on biosignals as the main cues because of their promising
prospects in bio-imaging, drug delivery, and clinical theranostics'®".

Compared with other common external stimuli, one of the most
conspicuous characteristics of biosignals is their trace level in the cell
milieu, typically on the order of micromolar-nanomolar range
(107°~10mol/L)"**, This requires that responsive polymers them-
selves must possess extremely low critical response thresholds (Cr), so
as to sharply sense and probe the minute variations of biosignal con-
centration in vivo. Presently, most known polymers basically follow a
one-to-one (‘1-to-1’) response mode, that is, one molecule of signal
input can only trigger the output of one responsive unit, usually
reflected by the cleavage of that unit from polymer (Fig. 1a)"'. In this
context, to realize complete functional expression it necessitates
biosignals with the same stoichiometry to responsive units in the
polymer. This results in relatively high C; values (10 ~10™*mol/L) that
far exceed their level in cells”'®. To fulfill the goal of lowering Cr,
another effective way is to employ a self-immolative polymer,
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Fig. 1| Illustration of traditional signal-to-response modes and the design
concept of signal nonlinear amplification by regulation of surface concavity of
nano bowils. a ‘1-to-1’ response mode by side-group-type responsive polymers. b ‘1-
to-N’ response mode by main-chain-type self-immolative polymers. ¢ This work

Critical Response Threshold (cy) to SO, biosignal

presents a ‘1-to-N” response mode by chain aggregation state mutation. d Designed
SO,-biosignal-responsive block copolymer, PEO-b-P(Cy-co-TPE), and its self-
assembly shape transformation with a pH-tunable surface concavity that confers to
the nonlinear amplifying effect of response-ability towards SO, biosignal.

a main-chain-type macromolecule that can dissociate from head to tail
through a domino-like fragmentation when its head group is reacted
with a biosignal®. This method allows linear amplification of a single
signal by a factor of N (‘1-to-N’, N is the number of immolative nodes,
Fig. 1b)***. In spite of this, there still remains a certain gap between Cy
and actual biosignal level due to the finite N value, which may affect the
practical biological applications of related materials*.

To overcome this insurmountable obstacle, the quest for an effi-
cient response mode capable of nonlinear amplification between sig-
nal input and functional output is a possible solution. Here, we report a
bowl-like polymer assembled system with variable depressed mor-
phology that manifests an unprecedented exponential growth in
response-ability to biosignal by tuning the surface concavity. Such
nano bowls are assembled from cyanine-containing amphiphilic block
copolymers, where common poly (ethylene oxide) (PEO) serves as the
hydrophilic chain while polycyanine (PCy) is introduced as the
responsive segment. In our recent work, PCy has been shown to sense
a type of gas signaling molecule, sulfur dioxide (SO,), which is endo-
genous and involved in the regulation of physiological and patholo-
gical functions in numerous organs” >, and be converted into a
negatively charged indole species via nucleophilic addition of C=C
double bond with bisulfate®. In addition, tetraphenylethylene-based
monomers (TPE) were also copolymerized on the blockchain as the
fluorescent reporters to quantify this responding output through its
aggregation-induced emission (AIE) effect””, Such copolymers
(denoted as PEO-b-P(Cy-co-TPE)) tend to pre-form large complex
spherical structures (LCS) because of their small volume ratio of
hydrophilic PEO segment (fpro - 7%)*°. The addition of SO, gas would
induce the conversion of hydrophobic, conjugated Cy groups
into charged, non-conjugated indole (Ino) forms, thus evoking a
detectable fluorescent decline through changing the aggregation
state of TPEs. Not surprisingly, this response defers to a linear corre-
lation with SO, concentration, like other biosignal-responsive

polymeric systems'%?°*2, This leaves the C; range merely on the
order of ~10*mol/L, failing to match the intracellular SO, concentra-
tion of 1078 ~10"mol/L*. Yet, an unexpected discovery is that these
LCSs are quite plastic in morphology, like rubbery balls, whose outer
shell could undergo a local invagination with fine pH regulation, gra-
dually deforming into a kind of non-canonical bowl-shaped nanos-
tructure. Spectral variations of the assembled solution provide
molecular-level evidence of this deformation process, demonstrating
that hydrogen-bonding interactions between the hydroxyl groups on
the Cy motifs and m-1t stacking between the conjugated structures
combine to facilitate the morphology transition from balls to bowls.
Moreover, as the degree of surface collapse is deepening (0~ 1), the
response-ability of concave nano bowls toward SO, as compared to the
initial nanospheres would exponentially jump by 5 orders of magni-
tude (Cr, 10> 10®mol/L), as shown in Fig. 1d, which is anticipated to
significantly enhance the value of the materials for applications in real
biological environments and assist in enhancing the specific biodis-
tribution of the specific drugs in the SO lesion cells. We conjecture,
that the collective impact of a single signal on shifting the chain
aggregation state inside an individual assembly, rather than just
response to a certain unit or chain, might be the reason for this non-
linear signal gain (Fig. 1c). This is a meaningful attempt to explore the
relationship between the block copolymer self-assembly morphology
and their stimulus response ability. We envision that this present
strategy has the potential to apply to other broad-spectrum biological
signals, which will provide us guidance on nanoparticle shape selection
for in situ detection of various pathophysiological hallmarks in trace
levels.

Results

Design of SO,-biosignal-responsive polymers

Aiming to achieve the above design rationale, a Cy compound pos-
sessing a peculiar phenol group was chosen as the SO,-sensitive
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monomer. The installation of phenolic hydroxyl functionality makes
it susceptible to external pH*. In a weak alkaline environment, the
deprotonated phenol anions could produce slight repulsion with each
other, but in an acidic solution, they could be reversible protonation
and form intermolecular H-bonding, which will become a driving force
to regulate the nano bowl geometry. On the other hand, vinyl tetra-
phenylethylene (TPE) was prepared as the self-reporting monomer.
Not only could it express the degree of interchain aggregation via the
shift in emission intensity, but it also assists the polymer-assembled
transition by participation in the -t stacking of the hydrophobic core
of the assemblies, which enhances m-t interactions” . The monomers
were well-characterized by 'H and *C NMR and mass spectrometer
(Supplementary Figs. 1-4). With these two functional monomers,
reversible addition-fragmentation chain transfer (RAFT) polymeriza-
tions using trithioester-capped PEO as macromolecular chain transfer
agent afforded a series of diblock copolymers with varying comono-
mer compositions, including PEQO,s-b-P(Cys3-co-TPEs;), PEO,s-b-
P(Cy7g-co-TPEy), and PEO,5-b-P(Cy.s-co-TPE3p). Their respective struc-
tures were confirmed by '"H NMR and GPC analysis (Supplementary
Figs. 20-22), and the compositional parameters were summarized in
Supplementary Table 1.

As a control, we also synthesized three kinds of block copolymer
counterparts. First, PEO45-b-PCy79 and PEO4s-b-PTPEsg, paucity of the
fluorophores and responsive pendants, respectively, were prepared to
show that the cooperative effect of Cy and TPE units is a prerequisite
for the fabrication of nano bowls. Second, C3TPE and C;;TPE mono-
mers with short and long aliphatic spacers were adopted instead of
TPE to afford copolymers, PEOQ,s-b-P(Cygo-c0-C3TPE3,) and PEQys-b-
P(Cy73-co-C1 TPE3,). Since the flexible alkyl chains impeded the stack-
ing interactions among TPEs, neither of their assemblies had enough
inward depression in-depth, which can function as polymer contrasts
to reveal the role of surface concavity on the amplifying signal. Third,
using pyrene (Py), a fluorophore with aggregation-caused quenching
(ACQ) effect to replace TPE*, obtained PEQ,s-b-P(Cyys-co-Pys,) copo-
lymer as counterpart for comparing the difference of response-ability
with TPE-bearing ones. The aforesaid monomers were structurally
verified (Supplementary Figs. 5-19), and all the polymerizations were
of high conversion (>80%) and relatively narrow distribution
(P=11-12, Supplementary Figs. 23-28 and Table 2).

With the as-designed Cy-containing polymer series in hand, we first
surveyed their specific reactivity to SO, by 'H NMR analysis. Taking
PEO,4s-b-P(Cy,3-co-TPE34) as a representative, prior to gas stimulus,
it gave a diagnostic proton peak at §=6.26 ppm (H,), assigned to the
free double bond in Cy pendants. However, after purging with SO,
(2 mM, equal molar amount to that of Cy units in polymer), this peak
completely vanished while a new broad signal at §=9.30 ppm corre-
sponding to the sulfonate proton (Hg) appeared simultaneously
(Fig. 2a). This means that SO, can react with the Cy side groups in
polymer chain via nucleophilic addition, structurally converting into
sulfonate-substituted polyindole (PIno)**’. A depressed absorption
around 530 nm ascribed to Cy chromophore probed by UV-Vis spec-
troscopy corroborated this point (Supplementary Fig. 31). Notably, this
process is reversible. Peroxides (e.g., H,0,) can facilitate the elimination
of the bisulfate group via oxidation, which induces an inversion from Ino
to Cy species and thus restores the polymer structural form (Supple-
mentary Fig. 32). On the other hand, we also cared about this response
selectivity of copolymers, because in addition to SO, biosignal, there
coexisted many endogenous interfering substances in the cell. Not only
are their reactivity analogous to SO,, but most of them also have higher
physiological levels. Using a palette of nucleophilic anions (CI, Br, I,
S,05%, NO3, HPO,?, and HCO3) and gas signaling molecules (NO, N,O,
NH;, CO, and H,S) as analytes to treat with our copolymer, the resulted
spectral variations were all negligible (AA/Aq < 5%), indicating its excel-
lent anti-interference and specific recognition to SO, in intricate cell
milieu (Fig. 2b and Supplementary Fig. 33).

Polymer self-assembly behavior and nano bowl formation

After ensuring that the polymer has good SO, reactivity, we wanted to
explore their self-assembly behavior in solution. Owing to the amphi-
philicity, PEO4s-b-P(Cy;3-co-TPE34) can spontaneously form aggregates
by the common selective solvent method*. To eliminate the influence
of polymer concentration and cosolvent ratio on the assemblies, it was
dissolved in THF, followed by slowly addition of H,O precipitant to
guarantee the final solution at a constant concentration of 1.0 mg/mL
(THF/H,O, 1/1, v/v). Preliminary studies by transmission electron
microscope (TEM) found that the co-polymers in the weak basic milieu
(phosphate buffer, pH=8.3) can organize into typical globular nanos-
tructure (Fig. 2¢), and exhibited a nearly uniform size of 510 + 28 nm by
TEM particulate statistics (Supplementary Fig. 34a), consistent with
their hydrodynamic diameter of 526 nm and low polydispersity (PDI) of
0.052 measured by dynamic light scattering (Supplementary Fig. 35).
Close inspection using scanning electron microscope (SEM) and atomic
force microscope (AFM) disclosed that these spheres own solid-like
interior and intact, smooth enclosures without holes or cracks on the
surface (Fig. 2d, e), indicating that they should belong to typical LCS
morphology®. However, as the solution pH dropped below 6.0, they
unexpectedly transformed into a kind of non-spherical invaginated
aggregates, each possessing a wide open mouth on the surface and one
deep cavity inside, and thus we refer to them as nano bowls (NB)
(Fig. 2f)*°*1, Their mean size remained at 522 + 35 nm (Supplementary
Figs. 34-35), close to that of the original spheres, which implies that
such a sphere-to-bowl transition is probably derived from the defor-
mation of assembly individuals as if each nanosphere was subjected to
press inwardly to cause a local collapse (arrows in Fig. 2f). SEM and AFM
images also supported the formation of nano bowls, as evidenced by
the sunken cavitary bodies with sharp contrast to the shell edges
(Fig. 2g, h). These results together prove that the geometry of polymer
assemblies is of dynamic plasticity, and subtle pH fluctuation can highly
concave the surface of the nano bowls. In addition, regardless of
nanospheres or nano bowls, they were quite stable in the absence of
stimuli, and no obvious size and shape changes were seen for over two
months (Supplementary Fig. 36). This indicates that the structure
exhibits excellent physical stability, which can be attributed to the high
glass transition temperatures of the two motifs that comprise the
hydrophobic block in the copolymer (Supplementary Figs. 37, 38).

Tunable surface concavity of nano bowls

What is curious is how solution pH dictates the deformation of NBs
and whether their dented degree can be modulated. To elucidate this
point, cryogenic TEM (cryo-TEM), high-contrast TEM, and AFM were
employed to track the shape evolution of polymer assemblies, in which
representative TEM images were selected to analyze the electron-beam
intensity profile for evaluating the geometric parameters of NBs. When
pH was at 8.3, cryo-TEM revealed that the true form of LCSs in solution
was indeed spherically symmetric with a solid-like interior (Fig. 3a, i, ii),
and their average diameter (D) was determined to be 523 nm (Fig. 3a, iii,
iv). With pH reducing to near neutral (7.6), individual shallow pits
emerged on the shell surface, resembling dimpled aggregates (Fig. 3b, i,
ii). If we defined the width of the open mouth as W and the vertical
depth from the bottom to the top of the pit as H, the two parameters
were respectively measured to be 282 + 29 nm and 164 + 22 nm from the
electron contrast curves (Fig. 3b, iii, iv). This shallow depression
nanostructure, termed s-NB, was also confirmed by tapping mode AFM
height image, as indicated by the small area of shadow void located in
each assembly (Fig. 3b, v). Of further interest was the depressed
space could be gradually deepened and extended as the pH decreases
(Fig. 3¢, i, ii). Upon pH down to 6.8, a more negative concave curvature
was obtained, where the H value presented a double elevation
to 325+34nm while W expanded to an average of 336+35nm
(Fig. 3c, iii, iv). AFM also validated the formation of the moderately
depressed region on the nano bowl surface (termed as m-NB; Fig.3c, v).
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Fig. 2 | Block copolymers responsive to SO, and self-assembly transition. a 'H
NMR spectra probing the structural change of PEO4s-b-P(Cy;3-co-TPE3y) in the
absence and presence of SO,. b Specific differentiation of PEO4s-b-P(Cy73-co-TPE34)
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indicate the standard deviation (n=3). ¢, f TEM, (d, g). SEM, (e, h). AFM images of
the self-assembly morphologies of PEO,s-b-P(Cy;3-co-TPE34) in weak alkaline buffer
(pH = 8.3, c-e) and weakly acidic solution (pH=5.5, f-h). Scale bar: 500 nm.

Eventually, the depth of the depression can attain four-fifths of the nano
bowl dimension (H=398 + 37 nm), and the opening width can account
for 85% of the overall size (W =449 + 40 nm) at pH 5.5 (termed as d-NB;
Fig. 3d, i-v). In addition to directly regulating the pH of the assembly
solution by adjusting the pH of the PBS buffer, we have also attempted
an in situ approach to pH regulation, i.e., by incorporating glucono-
lactone (GL) into the self-assembly solution as an in situ slow acid
generator, which can be gradually hydrolyzed to gluconolactone
(Supplementary Fig. 39)***%, It was found that the evolution of the
obtained assembly morphology was similar to the above results (Sup-
plementary Fig. 40), demonstrating that the formation of the bowl-like
morphology is not affected by way of pH regulation, which allows it to
be free from external control, hinting the broader applications in
organisms with abundant physiological pH gradients®.

From these results, it can be drawn that the nano bowl concaving
degree is well regulated by the pH circumstance. Both W and H, two
key geometric factors to describe nano bowl curvature, have a positive
correlation with the decrease in pH value (Fig. 4a, blue and green
curves). This agrees well with the cross-sectional height analysis by
AFM (Fig. 3a—-d, vi). But two particular phenomena need to be noted,

one is that the mean radius of NBs is nearly unchanged regardless of
how their internal cavities deform (Fig. 4a, gray curve; Supplementary
Fig. 41), and the other is that there exists a pH window of NB formation
(pH 5.5~ 8.3) and no significant changes occur out of the boundaries
(Supplementary Fig. 42). Here, we introduced a geometric scale, sur-
face concavity (0), to quantitatively represent the extent of inward
bending of NBs, where o is the ratio between the total height of the
invagination body and the NB diameter, given by a simple equation
(Eq.1, calculation in Supplementary Fig. 43). By plotting o data as a
function of pH, it results from a near sigmoid-type curve (Fig. 4b). This
nonlinear growth presages that the response-ability of NB assemblies
may have desired morphology-related nonlinearity.

_H+R—\/R2—W2/4 )

o= 2R

In comparison, we also studied other Cy-containing copolymers
of different comonomer ratios. For the cases of PEO,s5-b-P(Cy,s-co-
TPEy) and PEQ,5-b-P(Cys4-co-TPEs) with lower comonomer ratios (0.12
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Fig. 3 | Morphological evolution of nano bowls with variable surface concavity.
Using different analysis and characterization methods, including (i) geometric
illustration of surface invaginated structures, (ii) cryo-TEM, (iii) high-contrast TEM,
(iv) electron-beam intensity profile analysis to individual assemblies, (v) tapping-
mode AFM height images, and (vi) cross-sectional height analysis, to show the
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and 0.09, respectively), it was found that the former was unable to
form large inward incurvation (H=169 +30 nm, H/D =0.34, Supple-
mentary Fig. 44) since the number of Cy groups in per chain is roughly
constant whereas the amount of TPE units decreases three quarters.
Further reduction of the comonomer ratio to 0.09, i.e., PEO4s-b-P(Cys4-
co-TPEs), resulted in formation of shallower incurvation (H=50 = 8 nm,
H/D = 0.18, Supplementary Fig. 45). In contrast, for the cases of PEO,s-
b-P (Cy,s-c0o-TPE30) and PEO4s-b-P (Cy,e-co-TPEs¢) with higher como-
nomer ratios (1.07 and 2.17, respectively), both were found to form
d-NBs with deep cavities, with H/D ratios as high as 0.75 and 0.83
(Supplementary Figs. 46, 47). The outcomes of the self-assembly of the
five groups of polymers with varying TPE/Cy ratios are presented in
Supplementary Table 3 and illustrated in Supplementary Fig. 48, where
the variation curves of H/D with TPE/Cy are plotted. It can be observed
that as the ratio of TPE/Cy increases, the formation of the distinctive
d-NBs becomes more facile. This evidence substantiates the pivotal
role of the TPE moiety in driving the formation of d-NBs architecture.

The said facts demonstrate that pH is key to governing the surface
geometry of NBs. We postulated that the mechanism is related to the
supramolecular synergy among polymer chains, especially possible
H-bonding interactions. To figure out this point, infrared (IR) spec-
troscopic detection of diverse nano bowl shapes were proceeded. As
shown in Fig. 4c, LCSs only gave a weak H-bonding vibration at
3426 cm™. Given that the pKa of the phenol groups on the polymer can
be measured to be ~ 6.56 (Supplementary Fig. 49), it can be concluded
that the weak hydrogen bonding interaction is a consequence of the
majority of the phenol groups in Cy moieties being deprotonated in
the weakly alkaline environment of pH=8.3, only resulting in weak

interchain interaction. However, with pH decreasing, a reversible
protonation brought about a substantial shift of this band to low
wavenumber (3350 cm™) with strengthening, which points to the
interchain H-bonding between the interchain -OH « « « « HO-*® and thus
an enhancement of the interchain cohesion. As the pH is lowered
below 5, the protonation of the phenol groups reaches its end,
resulting in a halt to the continued increase in interchain hydrogen
bonding, which is in accordance with the previous section, where the
structure and size of the aggregates remain unchanged when the pH is
lowered from 5.5 to 5.0 (Supplementary Fig. 42). In addition to
H-bonding effect, their spectrometric properties were also probed. As
compared to the soluble unimer, the absorption of initial LCS assem-
blies exhibited a blue shift from 532 nm to 525 nm (Fig. 4d, gray and
light green curves). This means that as long as the copolymers begin to
self-organize, the conjugated Cy groups can form H-aggregate via
interchain m-stacking, thus leading to a hypochromatic effect".
Moreover, the higher extent the nano bowls incurve, the larger shift
the spectrum has (Fig. 4d, light green to dark green, A1=30nm),
indicating that the enhancement of interchain H-bonding interactions
leads to the gradual aggregation of the chains, which in turn simulta-
neously enhances the interchain m-stacking by enlarging the area of
the T-Tt interacting domains (as shown in Supplementary Fig. 50). In
order to ascertain whether the TPE moiety is involved in the afore-
mentioned process, the UV-vis absorption spectra of the self-
assembled solution of PEO4s-b-PCy;o devoid of PTPE segments were
investigated when the pH was decreased. It was found that the blue
shift decreased to 18 nm, which is reduced by more than one-third
(Supplementary Fig. 52, purple to green), and the self-assembled
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polymer morphology remained spherical (Supplementary Fig. 53),
which further substantiates the hypothesis that the TPE moiety can
facilitate the formation of NBs by participating in supramolecular
interactions within the assemblies. Furthermore, if using PEO4s-b-
PTPEsg without PCy segment, it also failed to assemble into NB due to
the absence of m-mt interactions between the conjugated Cy groups
(Supplementary Fig. 54). The results presented above collectively
demonstrate that the Cy and TPE motifs are collectively involved in the
aggregation of the hydrophobic core, ultimately leading to a mor-
phological transformation process driven by enhanced interchain
interactions®®,

On the other hand, we found that TPE groups also have an aux-
iliary effect on NB formation. It seems that only TPE tightly attached to
the main chain can act on the nano bowl invagination. On the contrary,
the isolation of TPE from the main chain, for example, using PEQ4s-b-
P(Cyeo-c0-C3TPE3;) and PEQ,s-b-P(Cy;3-co-C TPE3,) with spacers, is
against the surface concaving (Supplementary Fig. 55). A possible
reason is that TPEs positioned near the polymer skeleton is rigid whose
aggregation intensifies the cohesive forces inside the core, whereas
TPE pendants with flexible linkers hinder this effect.

Furthermore, it is important to consider the influence of external
forces on morphological transformation, in addition to the supramo-
lecular interaction forces within the assemblies. Among the existing
studies, osmotic pressure-induced deformation is one of the more
studied approaches. This approach has now successfully helped
researchers to obtain a large variety of particles with unique morphol-
ogies, including tubular polymersomes*’, disc®, stomatocytes®, sto-
matocyte in stomatocyte®, and a series of higher-order morphologies
with programmable compartment networks™. In order to discuss the
guiding role of osmotic pressure in driving the deformation process
from balls to bowls, we have also performed two control groups, i.e.,
adding different concentrations of NaCl or PEG, respectively, to the self-
assembled solution, both of which ensured that the osmotic pressure of
the self-assembled system could be regulated without changing the pH
of the solution (Supplementary Figs. 56, 57). It was observed that the
morphology of the particles formed at the four different pH did not

change significantly even when the concentration of NaCl was increased
to 50 mM or the concentration of PEG was increased to 10 g/L. This
indicates that the osmotic pressure was not the primary driving force
for morphological transformation in the self-assembly system.

Nonlinear amplifying effect of nano bowls in response to SO,
biosignal

We next targeted to unveil the relationship between the concavity of
nano bowls and their response ability. To this end, two polymer
assemblies, LCS and d-NB, with the largest shape difference, were first
investigated. The LCS solution (1.0 mg/mL, containing ~2 mM of Cy
responsive unit), in the absence of SO,, gave a typical TPE fluorescent
emission at 473 nm but had no strong intensity (~ 1.1 x 10* arb. units)?.
However, upon exposure to SO,, the emission began to decline. When
the gas level (2 mM) was equivalent to the amount of Cy groups, the
fluorescence was almost silent (Fig. 5a), consistent with the quenching
of the intensity of the absorption peaks observed in the UV-Vis spectral
in Supplementary Fig. 60, suggesting that, as with the free polymer
chains, the reaction of LCS with SO, still conforms to the ‘1-to-1’
response mode. The initial fluorescence originates from the AIE effect
caused by a slight aggregation of TPEs, whereas the addition of SO,
transforms the polymeric structure and breaks the chain aggregation,
thus inhibiting TPE emission. For the case of d-NB solution under the
same conditions, interestingly, its initial fluorescence produced a
sharp increase to -~ 8.9 x 10° arb. units, corresponding to a more com-
pressed hydrophobic core with tighter TPE packing formed. In striking
contrast to LCSs, quenching such bright fluorescence only required a
trace amount of SO, (72 nM, 3.6 x 107 equiv., Fig. 5b). This means thata
very small amount of Cy reacting with SO, is sufficient to vastly loose
the overall chain aggregation state, resulting in a full shutdown of TPE
emitting. Based on this, we further examined the fluorescent intensity
change of nano bowls of diverse shapes before and after treating with a
fixed level of SO, (1%. equiv. to Cy unit). It is clear that the lyer//oe value
displayed an exponential growth by 4 orders of magnitude with sur-
face concaving degree (Fig. 5c). This result was also evidenced by
fluorescent monitoring with SO, concentration. The on-off illuminated
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Fig. 5 | Nonlinear amplification of nano bowls to SO, biosignal. The fluorescent
spectral change of (a) LCS and (b) d-NB assembled from PEQ,s-b-P(Cy,3-co-TPE;y)
with SO, concentration. ¢ Fluorescence intensity transition of four assemblies of
different morphologies before and after treating with a fixed concentration of SO,
(1%o). d Fluorescence intensity plotted versus SO, concentration of four assemblies
of diverse surface concavity: LCSs (blue), s-NBs (yellow), m-NBs (red), and d-NBs
(green). e Cr logarithmic value as a function of surface concavity (o) under different
block compositions: PEQ4s-b-P(Cyz3-co-TPEs,) (black circle), PEO4s-b-P(Cy-g-co-
TPEs) (green diamond), and PEOQ,s-b-P(Cy,g-co-TPE;0) (blue triangle). f The com-
parison of Cr among the designed polymer counterparts: PEO,5-b-PCy7o, PEO4s-b-

PTPEsg, PEO45'b'P(Cy75'CO'PY32), PEO45'b'P(Cy73'C0'C11TPE34), PEO45'b‘P(Cy69'C0'
C5TPE3,), and PEO,4s-b-P(Cy73-co-TPE3,) as reference (from left to right). All the
polymer concentrations were kept at 1.0 mg/mL to guarantee an identical Cy
amount. The error bars in (e, f) are the standard deviation of the mean. g Calculated
geometric parameters of four types of polymer assemblies. h Molecular simulation
of chain aggregation states in LCS and d-NB assemblies under different SO, con-
centration conditions: without SO, (left panels), with a small amount of SO, (middle
panels), and with an excessive amount of SO, (right panels). i Comparison of TPE
unit density and their group distance under different block compositional
conditions.

switching of four nano bowl-like morphologies (LCS, s-NB, m-NB, and
d-NB), corresponding to o of 0, 0.39, 0.72, and 0.93, occurred at bio-
signal levels of 2x107>M, 3.4x10*M, 2.7x10°M, and 1.9 x108 M,
respectively (Fig. 5d). If defining this transition point of fluorescent
intensity as the critical response threshold (Cy) of polymer assemblies
to SO,, its negative logarithm shows a power exponential function with
the nano bowl concavity, and its extreme value can attain 19 nM,
matching the minimal of intracellular SO, level (Fig. 5e, black circles).
In other words, when the surface concavity undergoes a linear increase
from O to 1, the response-ability of our assemblies can be amplified

nonlinearly by a factor of - 10° (Gy, from millimole down to nanomole
level). These findings demonstrate that the geometry of block copo-
lymer assemblies can effectively improve the responsivity to biosignals
in a nonlinear manner.

In a similar way, we also compared the detection limit of another
two copolymers with different TPE ratios. Smaller NBs formed from
PEQ,4s-b-P(Cy,s-co-TPE3p) gave a steeper Cr growing profile as a func-
tion of surface concavity than that of PEOQs-b-P(Cy3-co-TPE3,) (Fig. Se,
blue triangle; Supplementary Fig. 62). One intuitive reason is that the
smaller the NB volume is, the more crowded the internal chains
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arrange, consequently, a lower level of SO, can also cause strong
inhibition on TPE aggregation. On the contrary, NBs assembled by
PEQ,5-b-P(Cy;s-co-TPEo) showed higher Cr under the identical surface
concavity (Fig. Se, green rhombus; Supplementary Fig. 63), which is
ascribed to the less TPE moieties in per chain. Additionally, we studied
the SO, responsivity of those polymer counterparts. As shown in
Fig. 5f, using PEO4s-b-P(Cy,3-co-TPE3,) as a reference, none of them can
lead to a nonlinear signal gain because of the lack of TPE reporters
(PEO45-b-PCy50, -1gCr=2.8), Cy responsive groups (PEO,s-b-PTPEsg,
-lgCt < 0), and no AIE property (PEO45-b-P(Cy;s-co-Pys,), -IgCr =1.3), as
well as low degree of inward invagination (PEO,s-b-P(Cygo-co-C3TPE3,),
'IgCT =3.7; PEO45'b'P(Cy73'CO‘C11TPE34), 'IgCT = 31)

Mechanistic insight on nonlinear signal amplification by surface
concavity of nano bowls

The above experiments confirm that surface concavity is indeed the
crucial parameter to regulating the response-ability of polymer
assemblies. To unravel the mechanism underlying this phenomenon,
we combined theoretical calculation and simulation. It is known that
the ability to respond to SO2 biosignal relies upon the fluorescent
mutation of polymer assemblies, while its fluorescence rests mainly on
the extent of TPE aggregation. Hence, we speculated that the surface
concavity could determine different changes in TPE interacting
domains before and after the SO, trigger, which is the main reason for
distinct signal response modes. For this purpose, we first analyzed
the density of TPE unit in four polymer assembling morphologies
(Fig. 5g and Supplementary Fig. 64). According to their geometric
difference, as the surface becomes more concave from LCS to d-NB,
the total volume (V) of each nanoparticle has a remarkable descent
from 2.30x107 to 0.27 x1077 nm?. Static light scattering (SLS) test
showed that there is only little change in their apparent molecular
aggregation number per particle (N,ge) around 6.6 ~7.2 x 10° (Supple-
mentary Fig. 65). Thus, the number of TPE per unit volume (¢pg) can
be evaluated from V and N,g by Eq. (2), where N is the degree of
polymerization of TPE.

¢TPE=Nagg : N/V (2)

From Fig. 5g, for the case of LCSs, TPE groups in hydrophobic core
adopt a loose arrangement (@ype = 0.9 unit/nm?); in contrast, highly
dense aggregation happens in the case of d-NBs, and its @rpg has a 10-
fold increase to 9.2 unit/nm?. This difference in initial TPE density
interprets why the initial fluorescent intensity of the assemblies varies
by orders of magnitudes (LCSs: 1.1 x 10° arb. units, d-NBs: 8.9 x 10° arb.
units). Molecular simulation further supported this point (Fig. 5h): in
the absence of SO,, when the assemblies deform from LCS to d-NB, the
chain crowdedness in unit volume improves abruptly, and the distance
between two TPE groups belonging to different chains is highly com-
pressed from 3.54 A to 2.10 A, and meanwhile, this compression pro-
motes the emergence of H-bonding and m-mt interacting domains (left
panels). However, introducing a trace amount of SO, (2 x 10 M, critical
threshold for d-NB) leads to distinct influences on tuning TPE aggre-
gation behavior in the two assembly forms (middle panels). For d-NBs,
once a very small number of sulfonate groups formed on each chain,
the electrostatic repulsion can greatly break the TPE aggregating
domains and enlarge their molecular spacing (2.10 A>4.48 A), which is
enough to quench the TPE fluorescence. In striking contrast, for LCSs,
due to the longer TPE spacing at the beginning, the increase of inter-
chain TPE distance is too slight (3.54 A>3.78 A) to change the emission.
Only when an excess of SO, (2 x102M) is added, all the double bonds
can be converted to negatively charged sulfonates, which highly
reduces the TPE aggregation in LCSs, so that their extended TPE spa-
cing (5.11 A) is sufficient to turn off the TPE emission (right panels). The
slight expansion of the bowl-shaped particles observed in the electron
microscope images provides experimental evidence for the increase in

molecular spacing observed in the theoretical simulations described
above (Supplementary Fig. 61). This intrinsic mechanism-driven tran-
sition of response mode of assemblies from linear output to nonlinear
gain with the increase of surface concavity is impressive.

Given that the differences in TPE density and their group distance
(drpe-TPe) are two decisive factors to control over the responsive limit,
thus the Cr varying with block composition is also explainable. For NBs
formed by PEQ,4s-b-P(Cyg-co-TPEy), because its initial ¢rpe and drpg.tpe
are, respectively, calculated to be 6.7 unit/nm?®and 2.70 A, this leads to
a higher detection limit as compared to that of PEOQ,s-b-P(Cy5-co-
TPE34). However, in the case of PEO4s-b-P(Cy,g-co-TPE3p), its reduced
volume results in a more compact core, with a bigger @pg of 10.6 but
shorter drpe.1pe Of 2.04 A, which improves the response-ability (Fig. 5i).
Furthermore, by plotting the above-obtained fluorescence intensities
of different groups with their corresponding @rpe and drpe.tpe,
respectively, it can also be revealed that the nonlinear increase in
fluorescence intensity with ¢@rpr and dyperpe is a significant con-
tributing factor to the aforementioned enhancement of response-
ability (Supplementary Fig. 66). In conjunction with the nonlinear
growth presages in surfaces concavity with decreasing pH, this phe-
nomenon contributes to the nonlinear amplification effect of surfaces
concavity of nano bowls on biosignals.

Discussion

Developing an efficient nanoplatform to detect and monitor the level
and distribution of biological signals in the cell milieu is crucial to
biomedicine and theranostics. In the face of the challenge of how to
respond to extremely low concentrations of biosignals in the cell
milieu, we have developed a bowl-shaped polymer self-assembly
nanosystem that enables nonlinear amplification to biosignal stimuli
and improves the critical response limit of polymer entities by more
than 5 orders of magnitude to nanomolar level, matching the scope of
physiological concentrations of various biosignals in vivo. Moreover,
we have first demonstrated that there exists a quantitative relationship
between the nano bowls morphology and the response-ability of
polymers. The response threshold behaves as an exponential growth
with the surface concavity. The underlying mechanism is established
on the collective impact of a single signal on transitioning the polymer
chain aggregation state of individual assemblies, rather than just the
conversion of a unit or chain, which makes the signal input-to-function
output follow a 1-to-N* augmentation mode. This nonlinear signal gain
approach has the potential to be generalizable to a variety of other
biosignals and will offer a promising avenue for designing highly
sensitive stimuli-responsive polymer materials.

Methods

Materials

4-vinylphenylboric acid (95%), methyl methacrylate (99%), tetra-
butylammonium tribromide (TBAB, 98%), pyrene-1-carboxaldehyde
(Py, 99%), tetrakis(triphenylphosphine) palladium (Pd(PPhs)4, 99.9%),
methyl triphenylphosphine bromide (98%), 11-bromo-1-undecanol
(98%), potassium iodide (KI, 99%), and gluconolactone (98%) were
purchased from Sigma-Aldrich Trading Co. Ltd. (Germany). Bromo-
triphenylethylene (98%), 4-(1,2,2-triphenylvinyl) phenol (TPE-OH, 97%),
3-bromo-1-propanol (98%), triethylamine (99%), sodium hydride (NaH,
60% dispersion in mineral oil), and potassium carbonate (K,CO3, 99%)
were obtained from Aladdin Biochemical Technology Co. Ltd.
(Shanghai, China). Poly(ethylene oxide) macro-based chain transfer
agent (PEO-CTA) for RAFT polymerization was synthesized by our
previous method. SO,-sensitive monomer E-3-(2-(4-hydroxystyryl)-(2-
hydroxyethyl)-3,3-dimethyl-3H-indoline methacrylate (Cy) functional
monomer was prepared in three steps according to previous literature
(yield: 45%)*. All the solvents for product purification and self-
assembly process, including dimethyl formamide (DMF), dichlor-
omethane (CH,Cl,), tetrahydrofuran (THF), methanol (CH;0H), ethyl
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acetate, n-hexane, and toluene were purchased from Shanghai Che-
mical Ltd. Co. The solvents for anhydrous reactions or polymerizations
including CH,Cl,, acetonitrile (CH3CN), and DMF were purified by the
Innovative Technologies Solvent Purification System and were degas-
sed via three cycles of freeze-pump-thaw operation prior to use. Unless
stated elsewhere, the other reagents used were of analytical or high-
performance liquid chromatography (HPLC) grade.

Instruments and characterization

Nuclear magnetic resonance (NMR) spectroscopy was performed on an
AVANCE IlIl HD 400 MHz of Bruker BioSpin International Instrument.
Tetramethylsilane (TMS) was utilized as an internal standard, and
CDCl;, CD5CN, CD,Cl,, or DMSO-ds were used as the NMR solvents at
room temperature to probe 'H NMR (400 MHz) and *C NMR (100 MHz)
spectra of all the target compounds and polymers. Gel permeation
chromatograph (GPC) adopted a Waters-515 system, equipped with a
Waters degasser, a HPLC pump, and a Wyatt DSP refractive index (RI)
detector. The molecular weights (M,,, M,,) and polydispersity (P) for all
the polymer samples were evaluated by the GPC system. It contains one
Styragel guard column (7.5 50 mm), a Styragel HR3 column (5 pm,
7.8 x300 mm, M, range: 500 -3 x10*g/mol), and a Styragel HRSE col-
umn (5pm, 7.8 x300 mm, M, range: 2x10%* 4 x10°g/mol), in which
HPLC-grade THF was used as the eluent (flow rate of 1.0 mL/min at
50°C) and polystyrene (PS) series as the standards for calibration
(M, measuring range: 650 ~ 826,000 g/mol). Matrix-assisted laser des-
orption ionization time-of-flight mass spectroscopy (MALDI-TOF)
was performed on an Autoflex Il TOF/TOF mass spectrometer (Bruker
Daltonik GmBH) system. The instrument is equipped with a 337 nm
nitrogen laser. All the samples were dissolved in a solution of THF and
mixed with a matrix solution, trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenylidene] (DCTB) matrix and sodium trifluoroacetate ionization
reagent. Dynamic light scattering (DLS) experiments were performed
by a Zetasizer Nano ZS90 from Malvern Instrument with a 4 mW He-Ne
633 nm laser module operating at 25 °C. Tests were carried out at an
angle of 173°, and the data was analyzed by Malven DTS v7.03 software.
All the measurements were repeated three times, with at least 10
rounds recorded for each run. The hydrodynamic diameter (Dy,) of the
polymer assembly was calculated by the Stokes-Einstein equation,
Dy, = kgT/3tnD, where particles are assumed to be the spherical shape
and kg represents the Boltzmann constant, T as the absolute tempera-
ture, 17 as the solvent viscosity and D as the solvent diffusion coefficient.
Transmission electron microscopy (TEM) was recorded on an FEI Tec-
nai G2-T20 S-TWIN instrument at 120 kV equipped with an AMT 16-
megapixel in-line CCD camera. All TEM samples were prepared as fol-
lows. The aqueous solutions of polymer assemblies (3.0 uL) were
dropped onto a copper grid for 1 min and then blotted with filter paper
to remove excess solution, followed by drying overnight in a vacuum
oven at ambient temperature. These grids were used for imaging
without staining. Scanning electron microscope (SEM) was employed a
Zeiss Gemini SEM500 electron microscope. All the polymer assembly
solutions (3.0 pL) were dropped onto plasma-pretreated silicon sub-
strates and dried. Before observation, the surface of silicon substrates
was also sputtered with a thin layer of Au (10 mA, 60 s) to increase the
electrical conductivity. Atomic force microscope (AFM) was carried out
on a Dimension-ICON Scanning probe Microscope (Bruker, Digital
Instrument Co. Ltd.) equipped with a MikroMasch silicon cantilever,
NSCII (radius <10 nm, resonance frequency=300kHz, spring con-
stant =40 N/m) with tapping mode at room temperature. The polymer
self-assembly samples for AFM observation were prepared by deposit-
ing drops of the polymer solutions (10 pL) onto the freshly exfoliated
mica and after the excess solution was removed with a spin coater.
The samples were freeze-dried at — 50 °C for 24 h by vacuum before
measurement. Fourier transform infrared spectroscopy (FT-IR) was
measured on a Perkin-Elmer Spotlight 400 FT-IR system. The
polymer assemblies underwent freeze-dried operation first and used

their solid powders to proceed with resonance scanning at the range of
500 -~ 4000 cm™. Differential scanning calorimetry (DSC) was employed
to measure the glass transition temperatures (Tg) of PEO-b-PCy, PCy,
and PTPE using a DSC Q2000 (TA Instruments). During the DSC mea-
surement, the polymer powder was kept for 2 min at - 20 °C, heated at
the rate of 10 °C/min to 150 °C and cooled at the rate of 10 °C/min to
—20 °C. This cycle was repeated twice, and TA Universal Analysis Soft-
ware was used to analyze the last heating curve to calculate the 7.

Synthesis of tetraphenyl ethylene-based functional

monomer (TPE)

The TPE monomer was synthesized as referring to a previously reported
method as shown in Supplementary Fig. 1a**. Under nitrogen protec-
tion, bromotriphenylethylene (2.03g, 6.0 mmol), 4-vinylphenylboric
acid (1.07 g, 7.2 mmol), and tetrabutylammonium tribromide (0.29 mg,
0.6 mmol) were added to a 250 mL three-neck flask and dissolved in
40 mL of toluene. Then 10 mL of potassium carbonate aqueous solution
(-2 M) was added to the above solution and stirred for 1h, followed by
adding Pd(PPh3)4 catalyst (8 mg, 7 umol). The reaction was heated to
85 °C for 24 h and then cooled to room temperature. After removing the
toluene solvent via reduced evaporation, the organic phase was
extracted with CH,Cl, and deionized water twice, and followed by dried
with anhydrous magnesium sulfate. The crude product was purified by
silica gel chromatography (n-hexane) to give a white solid powder
product (1.93 g, yield: 90%). The structure was confirmed by 'H NMR, *C
NMR, and MALDI-TOF spectroscopy (Supplementary Figs. 2-4).'H NMR
(CDCl3): 6 (ppm) = 6.95 ~7.18 (m, 19H), 6.57 ~ 6.67 (dd, 1H, /=10.92 Hz,
17.60 Hz), 5.65 (d, 1H, /=17.60 Hz), 5.17 (d, 1H, /=11.00 Hz); *C NMR
(CDCls): § (ppm) =143.78, 143.41,141.09, 140.62, 136.63, 135.55, 131.37,
127.79, 126.51, 125.58, 113.49; MALDI-TOF (m/z): calcd. CogH,, [M +HT*,
358.48; found, 358.30.

Synthesis of 3-(4-(1,2,2-triphenylvinyl)phenoxy)propan-1-ol
(TPE-C3-OH)

The TPE-based other monomers with a short aliphatic spacer were
prepared as the control compound, as shown in Supplementary
Fig. 1b*. TPE-OH (1.04g, 3.0 mM), 3-bromo-1-propanol (0.33 mL,
3.6 mM), and K,CO; (0.83 g, 6.0 mM) were added to 20 mL of dried
CH3CN solution. The reaction mixture was then heated to reflux for
18 h. After cooling to room temperature, the insoluble salts were
removed by filtration, followed by removing the solvent with reduced
evaporation. The residue was purified on silica gel chromatography (n-
hexane/acetate, 3/1, v/v) as the eluent to afford a pure white solid
powder product (0.70 g, yield: 57%). The structure was confirmed by 'H
NMR, ®C NMR, and MALDI-TOF spectroscopy (Supplementary
Figs. 5-7). '"H NMR (CDCl,): § (ppm) =7.18 - 7.03 (m, 15H), 6.96 (d, 2H,
J=8.76 Hz), 6.68 (d, 2H, /= 8.8 Hz), 4.06 (t, 2H, /=5.92 Hz), 3.84 (t, 2H,
J=5.92Hz), 2.11 (s, 1H), 2.01 (q, 2H, /=5.88 Hz); *C NMR (CDCl;): 6
(ppm) =157.24, 143.91, 140.43, 140.09, 136.26, 132.53, 127.70, 127.57,
126.23, 113.54, 65.39, 60.28, 31.94; MALDI-TOF (m/z): calcd. CyoH,60,
[M +HJ*, 406.53; found, 406.35.

Synthesis of TPE-based monomeric analog with short

C3 spacer (C;TPE)

The above-obtained TPE-C5-OH (0.60g, 1.48 mM) was dissolved in
10 mL of CH,Cl,, followed by the addition of triethylamine (0.62 mL,
4.43mM) in an ice bath. Methyl methacrylate (0.18 mL, 1.77 mM) was
dissolved in 5mL of CH,Cl, and then slowly added to the reaction
system under nitrogen protection. Removing the ice bath after the ice
melted naturally, and then the reaction was stirred at room temperature
overnight. After the reaction ended and was detected by TCL, the
reactive solution was washed with dilute hydrochloric acid aqueous
solution (0.1 M) and brine to remove the water-soluble byproducts from
the system. The collected organic phases were then dried and con-
centrated by evaporation. Purified by silica column chromatography
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(n-hexane/acetate, 3/1, v/v) as the eluent, a final yellowish product was
obtained (0.38 g, yield: 80%). The structure was confirmed by 'H NMR,
C NMR, and MALDI-TOF spectroscopy (Supplementary Figs. 8-10). 'H
NMR (CDCl,): § (ppm) = 7.15~ 6.97 (m, 15H), 6.91 (d, 2H, /= 8.76 Hz), 6.61
(d, 2H, J=8.8Hz), 6.09 (s, 1H), 5.56 (t, 1H, /=156 Hz), 4.31 (t, 2H,
J=6.32Hz),3.99 (t, 2H, /= 6.16 Hz), 2.01 (q, 2H, /=5.2 Hz), 1.93 (s, 3H);
BC NMR (CDCls): 6 (ppm) =167.37,157.26,143.99, 140.10,136.24,132.52,
131.31, 129.05, 127.58, 126.23, 125.52, 113.54, 64.20, 61.58, 28.67, 18.32;
MALDI-TOF (m/z): calcd. C33H3005 [M + HJ", 474.60; found, 474.41.

Synthesis of 11-(4-(1,2,2-triphenylvinyl)phenoxy)undecan-1-ol
(TPE-Cy;-OH)

The TPE-based another monomer with a long aliphatic spacer was
prepared as the control compound, as shown in Supplementary Fig. 1c.
K,CO5; (0.78¢g, 5.6 mM), 11-bromo-1-undecanol (0.84 g, 3.4 mM), KI
(2.3 mg, 0.014 mM) were added to the TPE-OH compound (1.04 g,
2.8 mM) in DMF solution and stirring vigorously. Then the mixture was
heated to 100 °C for 10 h. Afterward, the organic solvent was removed
by rotary evaporation, and the residual was extracted with CH,Cl, and
deionized water twice, followed by collecting the organic phases
and drying with anhydrous magnesium sulfate. Finally, the crude
product was purified by silica gel chromatography (n-hexane/acetate,
10/1, v/v) as the eluent to obtain a pure product (0.73 g, yield: 44%). The
structure was confirmed by 'H NMR, *C NMR, and MALDI-TOF spec-
troscopy (Supplementary Figs. 11-13). 'H NMR (CDCl5): 6 (ppm) =7.14
~7.00 (m, 15H), 6.93 (d, 2H, /=8.64 Hz), 6.64 (d, 2H, /=8.64 Hz), 3.87
(t,2H,/=6.56 Hz), 3.64 (t, 2H, /= 6.68 Hz), 1.74 (q, 2H, / = 6.64 Hz), 1.59
(q, 3H, J=5.83 Hz), 1.31 (m, 14H); ®C NMR (CDCls): § (ppm) =157.69,
144.03, 140.60, 139.97, 135.88, 132.50, 131.37, 127.58, 126.20, 113.56,
67.79, 63.04, 60.42, 32.80, 29.43, 26.07, 25.76; MALDI-TOF (m/z):
calcd. C57H4,0, [M +HJ', 518.74; found, 518.50.

Synthesis of TPE-based monomeric analog with long C11 spacer
(CuTPE)

The above-prepared TPE-C;;-OH (0.73 g, 1.41 mM) was dissolved in
10 mL of CH,CIl, dichloromethane, followed by the addition of trie-
thylamine (0.59 mL, 4.23 mM) in an ice bath. Methyl methacrylate
(0.17 mL, 1.70 mM) was dissolved in 5 mL of CH,Cl, and then slowly
added to the reaction system under nitrogen protection. Removing
the ice bath after the ice melted naturally, and the reaction was stirred
at room temperature overnight. After the reaction ended and detected
by TCL, the residual was washed with dilute acid and brine to remove
the water-soluble byproducts from the system. The collected organic
phases were then dried and concentrated, followed by purified by
silica gel chromatography with (n-hexane/acetate, 4/1, v/v) to obtain
the final yellowish product (0.46 g, yield: 78%). The structure was
confirmed by 'H NMR, BC NMR, and MALDI-TOF spectra (Supple-
mentary Figs. 14-16). 'H NMR (CDCls): § (ppm)=7.13 - 6.98 (m, 15H),
6.90 (d, 2H, /=8.76 Hz), 6.63 (d, 2H, /=8.76 Hz), 6.09 (s, 1H), 5.54
(s,1H), 4.14 (t, 2H, /= 6.68 Hz), 3.86 (t, 2H, /= 6.56 Hz); 3C NMR (CDCl5):
6 (ppm) =167.61, 157.69, 144.03, 132.50, 131.34, 129.05, 127.58, 126.20,
125.18, 113.56, 67.81, 64.86, 29.53, 28.62, 25.99; MALDI-TOF (m/z):
calcd. C41H4603 [M + HT, 586.82; found, 586.55.

Synthesis of pyrene-based fluorescent monomeric counterpart
1-vinyl pyrene (Py)

1-Vinyl pyrene was synthesized according to the previous literature with
some modifications (Supplementary Fig. 1d)**. NaH (0.22 g, 5.4 mmol)
and methyltriphenylphosphine bromide (1.61g, 4.5mmol) were dis-
solved in 20 mL of THF under nitrogen protection and heated at 50 °C
for 1 h. The THF solution of pyrene-1-carboxaldehyde (0.69 g, 3.0 mmol)
was subsequently added, and the solution was restored to room tem-
perature for reaction overnight. After quenching and neutralizing the
reaction with dilute hydrochloric acid aqueous solution, the organic
phase was extracted with CH,Cl, and dried. The concentrated solution

was purified by silica gel chromatography (n-hexane/ acetate, 40/1, v/v)
to obtain the pure product (0.51g, yield: 75%). The structure was con-
firmed by 'H NMR, ®C NMR, and MALDI-TOF spectra (Supplementary
Figs. 17-19). '"H NMR (CDCl3): 6 (ppm) =8.37 - 8.41 (dd, 1H, /=9.28 Hz),
7.98-8.23 (m, 8H),7.75~7.84 (dd, 1H,/=11.00 Hz, 17.24 Hz), 6.02 (d, 1H,
J=18.56 Hz), 5.63 (d, 1H,/ =12.24 Hz); ®C NMR (CDCls): 6 (ppm) =134.26,
132.42, 131.50, 130.94, 127.62, 127.48, 127.32, 125.99, 125.29, 125.06,
124.51, 123.73, 123.08, 123.08, 117.28; MALDI-TOF (m/z): calcd. CigHyn
[M +HJ, 228.29; found, 228.20.

RAFT polymerization of PEO-b-P(Cy-co-TPE) block copolymer
The target block copolymer PEO-b-P(Cy-co-TPE) was prepared by RAFT
polymerization according to the literature elsewhere (Supplementary
Fig. 20a), in which the PEO-based macro-chain transfer agent (PEO-
CTA) and the SO,-sensitive cyanine-based functional monomer (Cy)
were successfully synthesized from the methods reported in our pre-
vious work®. Typically, PEO4s-CTA (0.022 g, 10 umol, 1.0 equiv., The
subscript represents the degree of polymerization), Cy monomer
(0.30 g, 0.8 mmol, 80 equiv.) and TPE monomer (0.072 g, 0.2 mmol,
40.0 equiv.) were dissolved in 1 mL of anhydrous DMF. Then 164 pL of
AIBN (1.0 mg mL™ in anhydrous DMF, 0.1 equiv.) radical initiator was
added, and the mixing solution was degassed by three freezing-pump-
thawing cycles. The feed ratio of the initiator, macro-CTA, and two
monomers was fixed at [initiator]:[CTAL:[Cyl:[TPE] = 0.1:1:80:40. After
being sealed carefully, the reaction tube was placed in an oil bath at
70 °C and stirred for 10 h. Then the polymerization was quenched in
liquid nitrogen. The reaction mixture was concentrated by rotary
evaporation and then an excess of diethyl ether was added for pre-
cipitation, and then the precipitation and supernatant were separated
by centrifugation. This dissolution-precipitation step was repeated for
at least three times to finally obtain a light yellow powder (0.30g,
conversion: 79%). The polymer structure was confirmed by 'H NMR
analysis, and the number-average molecular weight (M,), weight-
average molecular weight (M,,), and polydispersity (P) were deter-
mined by GPC analysis (Supplementary Figs. 21, 22 and Supplementary
Table 1). Mn,(;pc =38,000 g/mol, Mw,(;pc =45,600 g/mol, D =119.

RAFT polymerization of other TPE- and Py-containing polymer
controls/counterparts

In a similar way, other polymer controls, including PEO-b-P(Cy-co-
C5TPE) and PEO-b-P(Cy-co-C; TPE), in which the short and long spacers
were introduced to isolate the main chain and TPE group, were poly-
merized, respectively (Supplementary Fig. 20b, c). PEO-b-PCy and PEO-
b-PTPE, which lack fluorescent units and SO,-sensitive functional
groups, were also prepared (Supplementary Fig. 20d, e) as two poly-
mer counterparts to indicate the point of view that the formation of
bowl-shaped particles requires the simultaneous existence of Cy and
TPE units. In addition, we also synthesized PEO-b-P(Cy-co-Py) block
copolymer as the counterpart, where pyrene fluorophores replace the
TPE ones (Supplementary Fig. 20f). The corresponding 'H NMR spectra
and block composition parameters were shown in Supplementary
Figs. 23-28 and Supplementary Table 2.

RAFT polymerization of PCy homopolymer

A dried Schlenk tube equipped with a magnetic stirring bar was added
with the CTA (2.73 mg, 10 umol, 1.0 equiv.), Cy monomer (0.378 g,
0.8 mmol, 80 equiv.) and 1 mL of anhydrous DMF. Then 328 pL of AIBN
(1.0 mg/mL in anhydrous DMF, 0.1 equiv.) radical initiator was added
to the Schlenk tube subsequently. The feed ratio of [I]: [CTA]: [M] is
0.2:1:80. The tube was carefully degassed by three freezing-pump-
thawing cycles and then sealed under vacuum. After polymerization
for 10 h at 70 °C with stirring, the tube was immersed in liquid nitrogen
to quench the polymerization and then returned to room temperature.
Subsequently, the reaction mixture was precipitated into an excess of
cold diethyl ether for three times to obtain the yellowish product
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(0.13 g, conversion: 52%). The polymer structure was confirmed by 'H
NMR analysis, and the number-average molecular weight (M,,), weight-
average molecular weight (M), and polydispersity (P) were deter-
mined by GPC analysis (Supplementary Fig. 37, M, gpc = 25,500 g/mol,
MW,GPC =33,400 g/mol, P =1.31).

RAFT polymerization of PTPE homopolymer

A dried Schlenk tube equipped with a magnetic stirring bar was added
with the CTA (2.73 mg, 10 pmol, 1.0 equiv.), TPE monomer (0.107 g,
0.3 mmol, 30 equiv.), and 1mL of anhydrous DMF. 328 pL of AIBN
(1.0 mg/mL in anhydrous DMF, 0.1 equiv.) radical initiator was added
to the Schlenk tube subsequently. The feed ratio of [I]: [CTA]: [M] is
0.2:1:30. The tube was carefully degassed by three freezing-pump-
thawing cycles and then sealed under vacuum. After polymerization
for 10 h at 70 °C with stirring, the tube was immersed in liquid nitrogen
to quench the polymerization and then returned to room temperature.
Subsequently, the reaction mixture was precipitated into an excess of
cold diethyl ether for three times to obtain the yellowish product
(0.06 g, conversion: 64%). The polymer structure was confirmed by 'H
NMR analysis, and the number-average molecular weight (M,), weight-
average molecular weight (M), and polydispersity (P) were deter-
mined by GPC analysis (Supplementary Fig. 38, M,, gpc =10,100 g/mol,
My, Grc =12,400 g/mol, B=1.23).

Visualization of nano bowls by cryogenic transmission electron
microscope (Cryo-TEM)

Cryo-TEM images were acquired on a Cryo ARM 300 cryo-transmission
electron microscope operating at an acceleration voltage of 300 kV
under conditions with a Gatan 626 cryo holder. Samples were first
prepared on Vitrobot by depositing 5 pL sample solution onto Quan-
tifoil porous carbona grid (300 mesh, R2/2, which had been pre-
treated with a glow discharger to increase its hydrophilicity), and the
excess solvent was removed by filter paper (blot time was 3 seconds).
Then, the copper grid was quickly plunged into a pool of liquid ethane,
which was cooled down at liquid nitrogen temperature to vitrify the
samples. Finally, the copper grid was transferred through a pre-cooled
magazine into a cryo-transmission electron microscope, and the
rapidly frozen samples were observed using Gatan’s K3 camera in low-
dose mode. The images were recorded on a 4Kx4K CCD digital
camera at 52000 x magnification.

SO,-responsive block copolymer self-assembly process

The as-synthesized PEO-b-P(Cy-co-TPE) copolymers were dissolved in
1mL of THF to give a 1.0 mg/mL solution, followed by slowly adding a
variety of pH buffer in aqueous solutions (phosphate buffer, pH=9.0,
83, 7.6, 6.8, 6.2, 5.5, and 5.0; dropwise rate ~ 0.1 mL/h) to obtain an
aggregate solution (THF/H,0, 1/1, v/v). After the aggregate formed,
these solutions with diverse pH values were incubated to equilibrium
for 48 h before microscopic observation and responsive investigation.

pH measurement

The pH measurement was conducted utilizing a SevenCompact S220-K
benchtop pH meter (Mettler Toledo), equipped with an InLab Science-
Pro ISM pH/temperature electrode. Prior to each analysis, the pH
meter was calibrated using standard buffer solutions with pH values of
2.00, 4.010, 7.00, 9.21, and 11.00. Following each analysis, the pH
electrodes were subjected to a repeated cleaning process. This
involved immersing them in deionized water and gently wiping them
with lint-free paper in order to remove any excess water. The elec-
trodes were then immediately immersed in the solution to be mea-
sured for the next analysis.

In situ pH adjustment in self-assembled solutions
A 100 mM solution was prepared by weighing 0.178 g of glucono-
lactone and dissolving it in 10 mL of phosphate-buffered saline (PBS)

buffer with a pH of 8.3. Subsequently, the aforementioned solution was
added to the THF solution of the PEO4s-b-P(Cy3-co-TPE34) copolymer
to obtain the aggregation solution (THF/H>O, 1/1, v/v). A quick mixing
was done prior to pH measurement and microscopic observation of
the particles in the solution.

Gas control device and gas concentration calibration

In order to quantitatively control the gas aeration amount to the poly-
mer self-assembly solution, we regulated the gas aeration by connecting
a microflow-pump HRF 1425-580 (ProStar, Praxair Co.) to a gas cylinder
(4 L) of high-purity SO,. The gas flow rate was controlled in the range of
0.002 to 2.0 mL/s, and the inlet pressure ranged from 0.1 to 1.0 MPa.
The actual SO, concentration in the solution was calculated using the
ideal gas state equation (pV'=nRT), where p is the pressure, V is the
volume of the gas, n is the amount of substance of the gas, R is the molar
gas constant, and T is the temperature. To be more precise, the UV-Vis
absorption measurements were also conducted at 277 nm by drum-
ming SO, into an equal volume of ethanol as the assembled solution at
the same inlet pressure and gas flow rate. The fresh ethanol solution of
SO, was then immediately placed into a UV-Vis absorption spectro-
meter for analysis. According to Lambert’s law (A = ebc, where A is the
absorbance, € is the molar absorption coefficient, b is the thickness of
the absorbing layer, and c is the concentration of the absorbing sub-
stance), the molar absorption coefficient (¢) is equal to 365Mcm™ in
this case, allowing for the calculation of the concentration of SO..

Data availability

All data supporting the findings of this study are detailed in the paper
and the Supplementary Materials. The raw data generated in this study
have been deposited in the Figshare database under the accession
code https://doi.org/10.6084/m9.figshare.27117103.
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