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INSPIRING QUOTES

Contentment is the only real wealth.

---Alfred Bernhard Nobel (1833.10 - 1896.12)

An experiment is a question which science poses to Nature, and a measurement is the recording of Nature’s

answer.

---Max Karl Ernst Ludwig Planck (1858. 4 - 1947.10)

You never fail until you stop trying.

——-Albert Einstein (1879.3 - 1955.4)
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SUMMARY

In polymer mechanochemistry, ultrasound (US) has become a highly effective and commonly used tool to
induce mechanochemical transformations in solutions. In addition, the non-invasive nature and precise
spatiotemporal control render ultrasound-induced mechanochemistry attractive for biomedical applications. In
recent years, the rapid developments in US-induced activation of prodrugs (Sonophamacology) have opened a
new era of polymer mechanochemistry. However, the ultrasonication experiments in polymer mechanochemistry
studies were commonly conducted by high intensity 20 kHz ultrasound. Low-frequency (20 kHz) ultrasound can

generate strong cavitation, and operated at high acoustic pressures that are toxic to cells and tissues.

During my PhD study, I explored biocompatible ultrasound-responsive polymer systems for molecule release.
The polymer architecture is an important parameter that influences the bond scission and degradation rates of
polymers. Based on the exploration of different polymer architectures, I developed four biocompatible
ultrasound-responsive polymer systems, namely polymeric microcapsules, network core-structured star polymers

(NCSPs), polymeric microgels and polymeric microbubbles.

In Chapter 1 of this thesis, mechanical stimuli-induced polymer mechanochemistry is reviewed. Then, the
background of ultrasound is introduced and ultrasound-induced bond scission in polymers are described. Next, I

summarized the recent decade’s achievements in ultrasound-induced polymer mechanochemistry.

In Chapter 2, polymeric microcapsules as protection shells or cages to inhibit the activity of drugs. Before
sonication, the polymer shell is intact and stops the drug release from microcapsules, hence, the activity of drugs
is suppressed. After US sonication, the polymer shell consisting of ionic bonds is destroyed and polymer chain
scission occurs. The released drug then exerts its bioactive properties. This strategy for controlling the activity of

drugs is a method based on physical isolation of the drugs to the target.

In Chapters 3, 4, and 5, the molecules or drugs were covalently loaded in the polymer architectures, and
ultrasound-induced molecule or drug release are based on mechanophores activation. In Chapter 3, I prepared
Network Core-Structured Star Polymers (NCSPs) containing multiple disulfide mechanophores by reversible-
addition-fragmentation chain-transfer (RAFT) polymerization. 1.5 MHz high-intensity focused ultrasound
(HIFU) was applied to verify the mechanochemical responsivity of NCSPs. Over 60% of disulfide
mechanophores were activated within 60 minutes of sonication. Importantly, mechanophore-free network core-
structured star polymers (FNCSPs) as control sample showed a low degradation rate of polymers, which
indicates the significant influence of the mechanophores on mechanochemical bond scission. In addition, as a
comparison, HIFU-induced mechanophore activation from linear polymers was not observed. In Chapter 4, 1
presented the preparation of microgels (MGLs) containing disulfide mechanophores, as well as inactive
fluorescent probes (umbelliferone, UMB) or a small molecule drug (Camptothecin, CPT). Upon HIFU
irradiation, the disulfide mechanophores undergo bond scission, generating free thiols. Then, the thiols activate a
carbonate unit within the polymer scaffolds through thiol-disulfide exchange and intramolecular cyclization,
resulting in the release of UMB or CPT. In Chapter 5, I presented a polymeric microbubbles (PMBs) system.
The PMBs consist of an N, gas-core and a polymer shell, which was produced in a double emulsion (gas in oil in
water) microfluidic chip. The mechanophores were covalently incorperated into the polymer shell. Upon US
irradiations, the PMBs burst accompanied by the mechanophore activation. In this chapter, we demonstrated US
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remote-controlled versatile mechanochemical transformations in PMBs. The first two strategies are based on
disulfide mechanophore activation, the third approach illustrated the US-triggered release of fluorogenic
molecules from the masked furfuryl carbonate through retro Diels-Alder reaction. In the fourth approach, we

demonstrated fluorophore release via US-induced “Flex-activation”.

In summary, we have developed four biocompatible ultrasound-responsive polymer systems, which were
successfully used for molecule or drug release under megahertz HIFU irradiation. We further investigated the
cytotoxic effects of the released drug and its potential for therapy by cell proliferation assays. This thesis
demonstrates the potential of megahertz HIFU-responsive polymer systems for molecules or drug release based
on mechanochemical transformations. Overall, the utilization of HIFU as a stimulus to activate drugs in our

polymer systems represents an important step for exploiting polymer mechanochemistry applied in biomedicine.
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ZUSAMMENFASSUNG

In der Polymermechanochemie hat sich Ultraschall (US) zu einem &uBerst effektiven und hdufig verwendeten
Werkzeug entwickelt, um mechanochemische Polymerumwandlungen in Losung herbeizufiihren. Dariiber
hinaus bergen die nichtinvasive Natur und die prézise rdumlich-zeitliche Steuerung die durch Ultraschall
induzierte Mechanochemie grof3es Potential fiir biomedizinische Anwendungen. In den letzten Jahren haben die
rasanten Entwicklungen der US induzierten Aktivierung von Prodrugs (Sonopharmakologie) eine neue Ara der
Polymermechanochemie eingeleitet. Die Ultraschallexperimente in Studien zur Polymermechanochemie wurden
jedoch tiblicherweise mit 20-kHz-Ultraschall der eine hohe intensitétaufweist durchgefiihrt. Niederfrequenter (20
kHz) Ultraschall kann starke Kavitation und die Bildung von fliissigen Mikrojets erzeugen, was fiir biologische

Systeme ungiinstig ist.

Wiéhrend meiner Doktorarbeit habe ich versucht, biokompatible, ultraschallreaktive Polymersysteme fiir die
Molekiilfreisetzung oder Sonopharmakologie zu entwickeln. Dabei stellt die Polymerarchitektur einen wichtigen
Parameter dar, der die Bindungsspaltung und Abbauraten von Polymeren beeinflusst. Basierend auf der
Erforschung der Polymerarchitektur habe ich vier biokompatible, ultraschallreaktive Polymersysteme entwickelt,
ndmlich Polymermikrokapseln, sternformige Polymere mit Netzwerkkernstruktur (NCSPs), Polymermikrogele

und Polymermikroblédschen.

In Kapitel 1 dieser Arbeit wurde zunichst die durch mechanische Stimuli induzierte Polymermechanochemie
zusammengefalit. AnschlieBend wird der Hintergrund von Ultraschall und ultraschallinduzierter
Bindungsspaltung in Polymeren vorgestellt. Als Nachstes werden die Erfolge der letzten Dekade in der

ultraschallinduzierten Polymermechanochemie beschrieben.

In Kapitel 2 werden polymere Mikrokapseln als Schutzhiillen oder Kifige hergestellt, um die Wirkung von
Medikamenten zu hemmen. Vor der Ultraschallbehandlung ist die Polymerhiille intakt, was die Freisetzung von
Medikamenten aus den Mikrokapseln verhindert und deren Wirkung unterdriickt. Nach der
Ultraschallbehandlung wirde die Polymerhiill die durch ionische Bindungen stabilisiert wird, zerstort. Die
freigesetzten Medikamente entfalten dann ihre medizinischen Eigenschaften. Diese Strategie zur Kontrolle der

Aktivitdt von Medikamenten basiert auf physikalischer Isolierung.

In den Kapiteln 3, 4 und 5 werden die Molekiile oder Medikamente kovalent in die Polymer architekturen
inkorporiert, und die durch Ultraschall induzierte Freisetzung von Molekiilen oder Medikamenten basiert auf der
Aktivierung von Mechanophoren. In Kapitel 3 haben wir Netzwerkkernstrukturierte Sternpolymere (NCSPs)
mit mehreren Disulfid-Mechanophoren durch reversible Additions-Fragmentierungs-
Ketteniibertragungspolymerisation (RAFT) hergestellt. Zur Uberpriifung der mechanochemischen
Reaktionsfdhigkeit der NCSPs wurde hochintensiver fokussierter Ultraschall (HIFU) mit 1.5 MHz angewendet.
Uber 60% der Disulfid-Mechanophore wurde innerhalb von 60 Minuten Ultraschallbehandlung aktiviert.
Wichtig ist, dass Mechanophor-freie Netzwerkkernstrukturierte Sternpolymere (FNCSPs) als Kontrollproben
eine niedrige Abbaurate der Polymere zeigten, was auf den signifikanten Einfluss der Mechanophore auf die
mechanochemische Bindungsspaltung hindeutet. Dariiber hinaus wurde im Vergleich dazu keine HIFU-
induzierte Aktivierung von Mechanophoren bei linearen Polymeren beobachtet. In Kapitel 4 wird die
Herstellung von Mikrogelen (MGLs) vorgestellt, die Disulfid-Mechanophore sowie inaktive Fluoreszenzsonden
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(Umbelliferon, UMB) oder ein niedermolekulares Arzneimittel (Camptothecin, CPT) enthalten. Bei HIFU-
Bestrahlung werden die Disulfid-Mechanophore gespalten, wodurch freie Thiole entstehen. Anschlieend
aktivieren die Thiole durch Thiol-Disulfid-Austausch und intramolekulare Zyklisierung eine Carbonateinheit
innerhalb der Polymergeriiste, was zur Freisetzung von UMB oder CPT fiihrt. In Kapitel 5 wird ein System aus
polymeren Mikrobldschen (PMBs) beschrieben. Die PMBs bestehen aus einem N>-Gaskern und einer
Polymerhiille, die in einem Mikrofluidchip mit doppelter Emulsion (Gas in Ol in Wasser) hergestellt wurde. Die
Mechanophore wurden kovalent in die Polymerhiille inkorporiert. Bei US-Bestrahlung platzen die PMBs,
begleitet von der Aktivierung der Mechanophore. In diesem Kapitel haben wir US-ferngesteuerte, vielseitige
mechanochemische Transformationen in PMBs anhand von vier Strategien demonstriert. Die ersten beiden
Strategien basieren auf der Aktivierung von Disulfid-Mechanophoren, der dritte Ansatz veranschaulicht die US-
ausgeloste Freisetzung fluoreszierender Molekiile aus dem maskierten Furfurylcarbonat durch eine Retro-Diels-
Alder Reaktion. Im vierten Ansatz demonstrierten wir die Fluorophorfreisetzung durch US-induzierte ,,Flex-

Aktivierung®.

Zusammenfassend wurden vier biokompatible, ultraschallreaktive Polymersysteme entwickelt, die erfolgreich
zur Freisetzung von Molekiilen oder Medikamenten unter Megahertz-HIFU-Bestrahlung eingesetzt wurden. Wir
untersuchten auBlerdem die zytotoxischen Effekte des freigesetzten Medikaments und sein therapeutisches
Potenzial durch Zellproliferationstests. Diese Arbeit zeigt das Potenzial von Megahertz-HIFU-reaktiven
Polymersystemen zur Freisetzung von Molekiilen oder Medikamenten auf der Grundlage mechanochemischer
Transformationen. Insgesamt stellt die Verwendung von HIFU als Stimulus zur Aktivierung von Medikamenten
in unseren Polymersystemen einen wichtigen Schritt zur Nutzung der Polymermechanochemie in der

Biomedizin dar.
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1. Introduction
1.1 Mechanical stimuli-induced polymer mechanochemistry

Polymers are widely used in consumer products, packaging, coatings, medical devices, electronics, and
engineering composites due to their strength, flexibility, and ease of processing. Understanding how external
forces affect polymers' stability and mechanical performance is an interesting and important area of polymer
research, and this could help determine their performance in use. Stimulus-responsive polymers, which exhibit
specific response to physical or chemical triggers, have attracted growing interest.!** Recently, external stimuli-
responsive polymers have been well studied, polymers properties were altered in response to light,>”7 heat,>®
pH,*#71% or redox potential®!!!2,

The chain-like nature of polymers is ideal for the instantaneous accumulation of mechanical energy along the
backbone. This behavior has led to mechano-responsive polymers that harness mechanical energy to drive
chemical transformations. The response of polymeric materials to mechanical forces may range from simple
conformational changes to bond bending and bond stretching deformations. If enough force is applied, bond
breaking occurs and mechanical properties are compromised.

In industrial production, mechanical stimuli-induced polymer mechanochemistry has broad relevance for various
applications. Rubber mastic coating, polymer injection moulding, and fiber drawing are all closely related to

mechanochemistry.'>!* In academic research, polymer mechanochemistry induced by mechanical stimulation

15-16 20-21

has been applied in fields such as catalysis, synthesis,!” sensing,'3!® damage detection, surface

22-23 24-27

patterning, and drug delivery.

1.1.1 History of polymer mechanochemistry

Staudinger and his colleagues first investigated the molecular response of polymers to mechanical stress in 1934.
They described the reduction of the molecular weight of polystyrene under the action of a high-speed ball
milling or turbid flow.2873% Early studies in the field of polymer mechanochemistry are mainly focused on the
mechanochemical degradation of polymers.

Following Staudinger’s work, Encina and co-workers found that relatively weak O-O bonds (bond dissociation
energy ~150 kJ mol ") incorporated in the polymer backbone were preferentially broken over the more abundant
C-C bonds (bond dissociation energy ~376 kJ mol !).3!32 This exciting discovery highlight that the location and
products of mechanochemical reactions can be precisely programmed by the structural design of polymers. It
offers the possibility of achieving a transformation from mechanical energy to chemical energy at the molecular
level. Notably, Encina's work also reveals a key distinction between mechanochemical transformations and
mechanically induced physical transformations, emphasizing that understanding the atomic fundamentals is
essential to unlocking the full potential of polymer mechanochemistry. Then, continued study by researchers, the
field of polymer mechanochemistry emerged, along with a renewed focus on more refined perspectives and
novel terminology.

In the early 2000s, researchers reported the site-specific bond cleavage in polymers, highlighting the potential to
manipulate the polymer mechanochemistry through the strategic placement and design of functional groups.
These groups were thought to undergo covalent transformations induced by mechanical forces that go beyond

simple homolytic bonds cleavage in polymers. Moore and co-workers first introduced the term “mechanophore”



to describe the force-sensitive molecular unit.>*> Mechanophores have mechanically labile bonds that undergo
chemical transformations when incorporated into mechanically stressed polymers.

From the 2000s, Moore, Craig, and other researchers have made many breakthroughs in polymer
mechanochemistry. These studies encompass the utilization of mechanical forces to uncover forbidden reaction
pathways** or prolong the lifespan of diradical intermediates>. Boulatov's work exemplifies the significance of
molecular restoring force, as opposed to strain energy, in modulating the reaction barriers within stretched
macromolecules.*® This pioneering research significantly contributed to the advancement of mechano-responsive
materials and heralds a new epoch in the field of polymer mechanochemistry.

In recent years, advancements in polymer mechanochemistry have primarily concentrated on two key areas: (i)
the design and synthesis of mechanophores for diverse applications, including stress sensing, catalysis, and self-
healing, and (ii) the investigation of polymer structures that enable the efficient conversion of mechanical force

into chemical transformations.
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Figure 1. Historical perspective on the development of polymer mechanochemistry. Adapted from ref. 22.

Copyright © 2015 American Chemical Society.

1.1.2 Compression and tension-induced polymer mechanochemistry

Over the past decade, the study of mechanical force-triggered chemical transformations in polymeric materials
has advanced significantly. By incorporating the mechanophore at specific points along the polymer chain,
researchers have explored the use of compression or tension as mechanical stimuli to induce polymer
mechanochemistry for applications such as sensing, catalysis, and molecular release.

Among the developments in polymer mechanochemistry, mechanochromophores have been designed as damage
sensors in polymeric materials and composites, exhibiting color responses upon the direct formation of
chromophores after compression or tension stimuli. This color change in polymers allows for rapid visual
assessment of materials under high strain. Notably, the spiropyran mechanophore has been reported as a
molecular force sensor, enabling visible detection and mapping of mechanical stresses within bulk polymeric
materials.>”3® Researchers, including Moore, Sottos, and their collaborators, have developed mechanoresponsive
synthetic polymeric materials by directly integrating spiropyran mechanophores into the polymer chains of bulk
polymers or by using these mechanophores as cross-linkers (Figure 2). Representative images of active PMA-1-
PMA samples undergoing cyclic loading, as shown in Figure 2e, demonstrate the appearance of a red color with
increasing plastic deformation. Control structures were prepared to determine whether the observed color change
was dependent on the specific linking through the ‘spiropyran-junction’ or was influenced by other factors such

as localized heating or radical generation from polymer chain cleavage during mechanical deformation. The

2



absence of activation in the control samples strongly indicates that the color change is exclusively due to the

application of mechanical force, rather than the influence of temperature changes or photolytic activation.
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Figure 2. Mechanochromic response of spiropyran-linked PMA elastomer under tensile loading. Adapted from

ref. 37. Copyright © 2009 Macmillan Publishers Limited.

Gostl and Sijbesma reported the synthesis of m-extended anthracenes that can be released from their respective
maleimide Diels—Alder adducts upon the application of mechanical stress in the solid state (Figure 3).3° This -
extension of anthracenes, and their integration into mechanochemically active Diels-Alder adducts, has proven to
be a highly effective approach for enhancing stress-reporting optical probes compared to bare anthracene. The
novel m-extended anthracenes exhibit excellent fluorescence quantum yields, low oxygen sensitivity, and red-

shifted absorption and emission spectra.
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Figure 3. The mechanochemical study of Diels—Alder adduct of n-extended anthracenes. Adapted from ref. 39.
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Copyright © 2016 The Royal Society of Chemistry.



The Robb research group developed a mechanophore based on a masked donor—acceptor Stenhouse adducts
(DASA) precursor, which facilitates a mechanically gated multicolour chromogenic response in polymeric
materials.*’ Application of mechanical force, such as compression in solid materials, triggers a retro-Diels—Alder
reaction in the polymers, revealing an activated furan species. Subsequent reaction with a secondary amine
results in the formation of an intensely colored DASA photoswitch. Importantly, the chromogenic response
critically depends on the specific secondary amine used, enabling the generation of a variety of DASAs with

diverse photophysical and photochemical properties from a single mechanophore (Figure 4).
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Figure 4. The formation of mechanically gated DASA (multicolor chromism). Adapted from ref. 40. Copyright
© 2023 Springer Nature Limited.

They exploit the distinctive reactivity of this system to pioneer the concept of mechanochemical multicolour soft
lithography. This approach involves imprinting a complex multicolour composite image into a mechanophore-
crosslinked elastomer through a series of localized compression events followed by amine development. This
mechanochemical platform offers precise control and flexibility in dye formation using mechanical force,

demonstrating significant potential for a wide array of patterning and sensing applications (Figure 5).
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Figure 5. Schematic illustrating the process of mechanochemical multicolor soft lithography, involving iterative
localized compression followed by pattern development through DASA formation using a secondary amine.

Adapted from ref. 40. Copyright © 2023 Springer Nature Limited.



1.1.3 Ball milling-induced polymer mechanochemistry

Mechanical force induced formation and cleavage of chemical bonds in polymers can be achieved through
various experimental methods. Ultrasonication and ball milling of polymeric matrices are two prominent
approaches in polymer mechanochemistry. Pulsed ultrasonication in polymer mechanochemistry is noted for its
precise control at the microscopic level. In contrast, ball milling protocols exert more pronounced effects at the
macroscopic level, such as comminution, amorphization, polymorphic transformations, and even sample
melting.*!

Ball milling techniques exert forces on samples in a stochastic manner, where friction, shearing, and
compression dominate over pulling forces. Kobayashi and colleagues investigated the depolymerization of chitin
via ball milling, recognizing the impact of both tensile and compressive forces generated by the balls impacting

the sample during milling (Figure 6).4?

Tensile Tensile
force i " force

Compressive
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Figure 6. Illustration of the collision between a ball and the solid polymer sample. Adapted from ref. 42.
Copyright © 2021 The Owner Societies.

Baytekin et al. demonstrated the application of ball milling to activate mechanophores integrated within
polymers. They showed that ball milling of cross-linked polyacrylate polymer 1 could induce the release of
singlet oxygen from anthracene—endoperoxide mechanophores (Figure 7a).* In 2021, Otsuka and colleagues
incorporated a bis(9-methylphenyl-9-fluorenyl) peroxide mechanophore into glassy and rubbery polymeric
networks such as poly(butyl methacrylate) and poly(hexyl methacrylate).** Treatment of polymeric material 2 in
a mixer mill (Figure 7b) triggered mechanical homolytic fragmentation of the O-O peroxide bond in BMPF

units, releasing fluorescent 9-fluorenone (3) via B-scission.

Figure 7. a) Activation of the anthracene—endoperoxide mechanophore in polyacrylate polymer 1 through cryo-
milling in a mixer mill. Adapted from ref. 43. Copyright © 2020 The Royal Society of Chemistry. b)
Mechanophore activation in the polymer network matrix by ball milling. Adapted from ref. 44. Copyright ©
2021 American Chemical Society.



1.1.4 Blade cutting and puncturing-induced polymer mechanochemistry

In contrast to compression and tension, blade-cutting or needle-puncturing processes offer alternative methods
for applying conventional forces. The Gostl group developed poly(N-isopropyl acrylamide) (PNIPAAm)
hydrogel networks incorporating Diels—Alder adducts of m-extended anthracenes (Figure 8).% This
mechanofluorophore sensitivity enabled the detection of subtle mechanical stresses. Using confocal laser
scanning microscopy (CLSM), they conducted an unprecedented analysis to investigate the micro-scale fracture
behavior of PNIPAAm hydrogels following mechanical disruption using a simple and readily implementable
needle-puncturing method. CLSM images revealed a distinct circular fluorescence pattern in punctured hydrogel
samples (Figure 8d), while the absence of fluorescence confirmed no mechanical disruption in pristine (non-

activated) specimens (Figure 8c).
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Figure 8. Needle puncturing-induced activation of Diels—Alder adducts from 9-m-extended anthracene and
maleimide in a cross-linked polymeric network. Adapted from ref. 45. Copyright © 2020 The Royal Society of
Chemistry.

Subsequently, they introduced a novel mechanofluorophore based on Diels—Alder adducts of m-extended
anthracenes and maleimide (Figure 9).*° The central aromatic structure of these optical stress probes was easily
modified with dihalide building blocks, enabling access to red-shifted absorption and emission spectra, as well as
dual fluorescence capabilities. The mechanically induced bond scission process was qualitatively observed in
rubber networks using confocal laser scanning microscopy. Micrographs of the elastomer network precisely
localized the expected bond scission events (Figure 9c¢), highlighting the immediate advantage of employing

dual fluorescent mechanophores.



Figure 9. Blade cutting-induced mechanofluorophore activation in elastomer network. Adapted from ref. 46.

Copyright © 2021 Wiley-VCH GmbH.

1.1.5 The application of single-molecule force spectroscopy in polymer mechanochemistry

Atomic force microscopy (AFM) enables single-molecule force spectroscopy (SMFS) to investigate
mechanochemistry at the molecular level. This technique involves anchoring one end of the target polymer to a
silicone substrate and the other end to an AFM tip, as depicted in Figure 10. Retracting the tip at a constant
velocity generates a force-extension curve that exhibits a characteristic shape for each polymer. Bond rupture
typically occurs in the nano-newton range.*” SMFS offers high resolution down to the pico-newton regime,
allowing detailed exploration of how structural and conformational changes in the mechanophore influence the

mechanical activation force.

Single molecule force spectroscopy

Figure 10. Single-molecule force spectroscopy (SMFS) to investigate mechanochemistry at the molecular level.

AFM provides detailed insights into the underlying principles of mechanochemistry. For instance, Wang et al.
recently demonstrated that the force required to activate an E-alkene-substituted gem-dichlorocyclopropane
(gDCC) mechanophore was 0.4 nN lower than that needed for the corresponding Z-alkene-substituted
mechanophore, occurring at approximately 800 pN (Figure 11).*® The extension along the polymer backbone

during the transition from the ground state to the transition state is termed the activation length. Through a
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combination of experiments and molecular modeling, these activation lengths were determined to be 1.65 and
1.24 A for the E- and Z-alkene-mechanophores, respectively, using density functional theory (DFT), and 1.67
0.05 and 1.20 + 0.05 A from single-molecule force spectroscopy (SMFS) experiments. The authors propose that
relative to the Z isomer, the £ isomer functions akin to a mechanical lever, offering a greater mechanical
advantage for a given applied force. This lever arm effect was initially demonstrated with gDCC and gem-
dibromocyclopropane (gDBC) mechanophores integrated into poly(butadiene) (PB) and linear poly(norbornene)
(PNB), where changes in the polymer backbone were found to exert a more significant influence on the plateau

force compared to halogen substitution within the mechanophore.*
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Figure 11. Schematic representation of the SMFS experiment. The E (blue) and Z (red) a-alkene stereoisomers
open in sequential transitions at ~800 and ~1200 pN, respectively. Adapted from ref. 48. Copyright © 2014

American Chemical Society.

Additionally, employing SMFS techniques, Gossweiler et al. discovered that the force necessary to activate two
spiropyran (SP) mechanophores was significantly lower than that required for gDCC, mentioned above, at
approximately 240 pN.>® The SP mechanophores differed in their regiochemistry, with the anchoring polymer
chains attached at different positions within the SP-ring system. Specifically, the isomer linked via the two
outermost phenyl rings demonstrated a slightly more difficult opening compared to the isomer connected

through one outer phenyl ring and the nitrogen species (Figure 12).
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Figure 12. Regiochemical effects on spiropyran (SP) mechanophore activation. Adapted from ref. 50. Copyright
© 2015 American Chemical Society.



Mechanochemical cycloreversion of cyclobutane has been observed in ultrasound experiments,®'-5 but the forces
required to induce this reaction remain unclear. In atomic force microscopy (AFM) studies, Beyer and colleagues
determined the force needed for this mechanochemical process by incorporating cyclobutane into a macrocycle
containing a precisely defined ethylene glycol safety line (Figure 13).°* This macrocycle is connected via
polyethylene glycol spacers to a glass surface and an AFM cantilever. When the macrocycle is mechanically
stretched, cycloreversion occurs, characterized by a specific increase in polymer length. The measured length
change aligns closely with values calculated using the external force explicitly included (EFEI) method. By
employing two different lengths of the ethylene glycol safety line, the assignment of the mechanochemical

cycloreversion becomes unequivocal. This reaction is observed to occur at forces exceeding 1.7 nN.
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Figure 13. Mechanochemical cycloreversion of cyclobutane observed at the single molecule level. Adapted from

ref. 53. Copyright © 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

1.2 Ultrasound-induced polymer mechanochemistry

Most studies on polymer mechanochemistry have been conducted in solution phases. Early investigations
utilized turbulent and elongational flow fields to mechanically induce chain scission, although the predominant
method today involves the application of ultrasound energy through probe sonication. This technique activates
mechanophores by generating solvodynamic shear forces through cavitation. Remarkably, ultrasound has been
applied in polymer chemistry even before the formalization of the 'mechanophore' concept. The concept itself
was articulated in a seminal paper titled "Ultrasound-Induced Site-Specific Cleavage of Azo-Functionalized
Poly(ethylene glycol)," published in 2005 in Macromolecules by Kimberly L. Berkowski, Stephanie L. Potisek,
Charles R. Hickenboth, and Jeffrey S. Moore (Figure 14).5
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Figure 14. Ultrasound-induced Azo-mechanophore activation in linear polymers. Adapted from ref. 54.

Copyright © 2005 American Chemical Society.



1.2.1 Sound and energy

Sound is fundamentally mechanical energy characterized by properties such as frequency, pitch, and intensity
when propagating as a compressional wave in air or any fluid medium. Intensity represents the average power
transmitted per unit area perpendicular to the wave's direction. The unit traditionally used is the bel (B), although
the decibel (dB), one-tenth of a bel, is more commonly employed. For instance, conversational speech emits
approximately 60 dB at a distance of 1 meter, while traffic on a busy street can reach 75-80 dB.

Sound propagation involves the transmission of energy through matter, where work is performed and energy
expended when a fluid is disturbed at one point. The compression reappears at another point, signifying energy
transfer via longitudinal wave propagation. The average rate of energy transfer per unit time per unit area of the
wave front is also termed intensity. In practical terms, intensity is expressed as the average flow of power per
unit area, measured in watts per square centimeter (W/cm?).

The term "sonochemistry" refers to the utilization of sound waves to induce chemical and physical effects for
various applications (Figure 15). Although these effects can be achieved across a broad frequency range,
"sonochemical" typically pertains to ultrasound, or sound above the human hearing range (generally above 20
kHz). Natural phenomena, such as animal communication or navigation (ultrasonic) and earthquakes or tidal
motions (infrasonic), are sources of these waves. Ultrasonics has garnered public interest due to its applications

in medical imaging, metal cleaning, industrial and dental drills, and non-destructive material characterization.
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Figure 15. Roadmap of sonochemical research.

The field of ultrasonics is divided into two main categories: low-energy waves and high-energy waves. Low-
energy waves have amplitudes low enough to pass through a medium without significant distortion, causing
minimal changes except for a slight temperature increase due to intensity variations proportional to wave
amplitude. In contrast, high-energy waves induce physical and chemical effects as the medium undergoes
changes from significant mechanical stress and/or intense local heating. The interaction of high-energy
sinusoidal waves with a medium result in distortion and important nonlinear effects, falling under the complex
field of physical acoustics. These effects include shock wave formation, acoustic streaming, cavitation, and

acoustic levitation.

1.2.2 Cavitation and polymer chain scission

Sonochemists recognize two types of cavitation: stable and transient. In stable cavitation, bubbles oscillate
around their equilibrium positions through repeated cycles of compression and rarefaction. This occurs because

the acoustic pressure acts as a force that drives the bubble, causing its radius to vary. Experimental observations
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indicate that bubbles undergoing stable cavitation gradually grow, a phenomenon linked to rectified diffusion.
During compression, the gas inside the bubble is at a pressure higher than equilibrium, leading to diffusion out of
the bubble. Conversely, during rarefaction, the pressure within the bubble drops, allowing gas to diffuse back in.
Due to the larger surface area during expansion compared to compression, there is a net increase in gas content
in the bubble over each cycle. However, bubbles cannot grow indefinitely. When they reach a critical size during
expansion, they collapse violently due to inertial forces of the spherically converging liquid, resulting in transient
(or inertial) cavitation.® This collapse triggers significant mechanical shocks and potential chemical effects.
Additionally, the pulsating bubbles generate microstreaming, a small fluid flow that varies with distance from
the bubble, creating high shear stress near the bubble.

Cavitation involves the nucleation, growth, and collapse of bubbles within a solution, driven by pressure waves
generated by ultrasound energy. As bubbles collapse, the ends of polymer chains near the void are pulled toward
the collapsing bubble more rapidly than those further away. This creates a velocity gradient along the polymer
backbone, resulting in elongation and the buildup of force along the chain.®® Such forces can induce

mechanochemical effects, including polymer chain scission or ring opening (Figure 16).
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Figure 16. Mechanism for ultrasound-induced polymer chain scission. a) Gradual bubble formation induced by
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the acoustic field; b) Polymer extension and chain scission during the collapse process. Adapted from ref. 56.

Copyright © 2009 American Chemical Society.

1.2.3 Ultrasound-induced noncovalent bond scission

Ultrasound-induced non-covalent bond scission in polymers primarily focuses on hydrogen bond scission. A
notable example involves nucleic acid superstructures-aptamers, which bind their cargo strongly via hydrogen
bond interactions.’” Aptamers are short, single-stranded segments of DNA or RNA capable of binding to specific
target molecules. The R23 RNA aptamer, for instance, has been shown to bind aminoglycoside antibiotics, such
as neomycin B (NeoB) and paramomycin, thereby inhibiting their activity.>® In the case of aminoglycosides, the
major binding forces are generated from ionic interaction (NeoB contains 5 net charges). Mechanochemical
activity is highly dependent on molar mass of the polymers. Therefore, nucleic acid-based polymers (repeating
RNA strands) were synthesized using rolling circle transcription that are characterized by very high molar
masses (Figure 17). After 30 minutes of sonication, the minimum inhibitory concentration (MIC) of these
nucleic acid-based polymers was found to be comparable to that of pristine NeoB.>’ This aptamer-antibiotic
complex represents the first example of non-covalent bond scission in RNA-based polymers induced by

ultrasound.
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Figure 17. The activation of antibiotic in a nucleic acid-based polymer system. Adapted from ref. 57. Copyright
© 2021 Springer Nature Limited.

In 2021, our group identified the hydrogen-bond-based supramolecular dimer of the antibiotic vancomycin (Van)
and its complementary peptide target sequence, Cys-Lys-Lys(Ac)-D-Ala-D-Ala (DADA), as a force-responsive
motif within a particle-polymer system.>’ Subsequently, the Van-DADA supramolecular dimer was integrated
into linear polymers and polymer brushes to investigate the effect of topological structure on mechanochemical
activation. Polymer brushes were synthesized using vancomycin-functionalized hyaluronic acid (HA) as the
backbone and DADA-terminated POEGMEMA chains as the brushes in a "grafting to" approach (Figure 18).%°
MIC tests demonstrated that just 5 minutes of sonication (20 kHz) disassembled the supramolecular brush,
thereby activating antimicrobial behavior as effectively as pristine vancomycin. This study illustrates that

ultrasound-induced hydrogen bond scission can be achieved in polymer systems.
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Figure 18. Activation of antibiotic-grafted polymer brushes by ultrasound. Adapted from ref. 59. Copyright ©
2021 American Chemical Society.
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1.2.4 Ultrasound-induced covalent bond scission

Early work in polymer mechanochemistry was centered on understanding the mechanochemical degradation of
polymers. However, recent research has shifted towards mechanophore activation and the design of functional
polymer materials. Most mechanophores reported to date feature a weak bond, a strained ring, or an isomerizable
bond that selectively undergoes scission or conformational changes when mechanical force is applied (Figure

19).
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Figure 19. Bond scission in polymers.

C-C bond scission:

During the 1950s, Melville and other researchers investigated ultrasound-induced polymers degradation in
solution.®® They observed that ultrasonic treatment of polymethacrylate solutions, including styrene, initiated
polymerization events, suggesting that cavitation induced the generation of free radicals. In addition, homolytic
bond breakage was found during the cleavage of polymers (Figure 20). Later, Sohma et al. confirmed the
homolytic scission of carbon-carbon single bond (C-C) in the polymer backbone under applied mechanical force

using electron spin resonance (ESR) spectroscopy.®!
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Figure 20. Homolytic scission of C-C covalent bond along the polymer backbone. Adapted from ref. 33.
Copyright © 2015 American Chemical Society.

0-0 bond scission:

Encina and coworkers provided evidence for the weak-link hypothesis in polymer mechanochemistry by
incorporating peroxide linkages randomly along the polymer backbone.®? Their experiments confirmed that
polymers with these peroxide links degraded more rapidly than control polymers when subjected to ultrasound
irradiation (Figure 21).
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Figure 21. Homolytic cleavage of O-O bond.
N-N bond scission:

The seminal demonstration of mechanochemical selectivity was reported by Berkowski et al. In their study, a
single azo linkage was inserted in the center of a PEG chain and subjected to ultrasonication-induced
degradation (Figure 22).5* Experimental results showed that this polymer degraded faster than a control polymer,
as evidenced by kinetic analysis of molecular weight reduction, akin to the study of peroxide-linked polymers.
More notably, the azo polymer exhibited nearly perfect cleavage at the azo group, contrasting with the random

cleavage profile of the control polymer.
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Figure 22. Ultrasound-induced site-specific reactivity of polymers containing azo mechanophores.
S-S bond scission:

In polymer mechanochemistry, disulfide bond has been investigated due to its low bond energy and thermal
stability. Fritze et al. reported that disulfide bond incorporated into linear-structured polymers could be cleavage

by ultrasound irradiation.53-%

Based on ultrasound-induced disulfide bond scission, our group developed a
mechanoresponsive prodrug system for releasing anticancer drugs from polymers, utilizing a disulfide-centered
polymer platform.®® This system demonstrated that ultrasound-induced bond scission of disulfide-centered
polymers could lead to furan-derivative release (Figure 23). The thiol-terminated polymers participated in a
Michael addition reaction with the Diels—Alder adducts, initiating furan-drug release through a retro Diels—Alder

reaction.
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Figure 23. Disulfide bond scission in linear polymers. Adapted from ref. 65. Copyright © 2020 American

Chemical Society.
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C-S bond scission:

The mechanical scission of chemical bonds in homopolymers predominantly involves homolytic cleavage,
generating radical species. Examples of more selective cleavage include introducing strained rings or weak
bonds like peroxide, azo, and disulfide linkages into polymer backbones. In contrast, reports of heterolytic bond
scission are rare. The Moore group designed a new mechanophore featuring a highly polarized chemical bond
intended to promote heterolytic bond scission (Figure 24).% Triarylsulfonium salts (TAS) are well-known
photoacid generators commonly used in photolithography. Various mechanisms for photochemical acid
production, involving either heterolysis or homolysis of the C—S bond, have been proposed and debated in the
literature.®”-%® Moore's team investigated the mechanochemical scission of TAS through sonication experiments
in solution. Surprisingly, upon C-S bond cleavage, the resulting phenyl cations reacted with

trifluoromethanesulfonate counterions to produce trifluoromethylphenyl structures.
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Figure 24. Ultrasound-induced heterolytic scission of the C—S bond in the triarylsulfonium salt (TAS) moiety.
Adapted from ref. 66. Copyright © 2014 The Royal Society of Chemistry.

C-0 bond scission:

Moore and colleagues demonstrated the use of mechanical force to depolymerize cyclic poly(o-phthalaldehyde)
(PPA) into o-phthalaldehyde (OPA) monomers. The obtained OPA can then undergo anionic polymerization
initiated by n-BuLi to regenerate PPA (Figure 25).% The mechanochemical depolymerization mechanism
involves heterolytic scission of the C-O bond, producing oxocarbenium and hemiacetalate chain ends. These

intermediates subsequently undergo head-to-tail depolymerization to yield OPA monomers.
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Figure 25. Mechanically triggered depolymerization of cyclic poly(ophthalaldehyde) (PPA).
C-N bond scission:

Chen and colleagues explored the geometric and polar (thermodynamic equilibrium) control of mechano-

responsive polymers.”’ They achieved this by strategically incorporating two spirolactam rings into
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aminobenzopyranoxanthene, leading to the development of a series of stereo- and regio-isomeric rhodamine-like
mechanophores (Figure 26). The key innovation in this study lies in combining two reactive sites (thodamine
ring) within a single mechanophore. They achieved the stereo- and regio-selective synthesis of isomeric
mechanophores with significant mechanochromic sensitivity. These polymers exhibited varied mechanochromic

responses, attributed to distinct geometric adjustments induced by mechanical forces and enhanced polarity.
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Figure 26. Ultrasound induced ring-opening from bis-mechanophores. Adapted from ref. 70. Copyright © 2014
The Royal Society of Chemistry.

O-S bond scission:

In 2016, the Moore group introduced an oxime sulfonate-based mechanophore capable of acid generation under
mechanical force, accompanied by NOx release (Figure 27).”' Under ultrasonication, the oxime sulfonate's S-O
bond is preferentially cleaved, yielding sulfonic acid and oxime structures at the chain ends. The generation of
sulfonic acid was confirmed by the decrease in pH observed in the sonicated solution. The oxime then

decomposes to form the corresponding ketone.
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Figure 27. Ultrasound-induced release of NOy from an oxime sulfonate-based mechanophore, which is induced

by ‘S-O’ bond scission. Adapted from ref. 71. Copyright © 2016 American Chemical Society.
O-N bond scission:

Gostl and colleagues introduced the carbamoyloximes as mechanochemical protecting groups for secondary

amines.’”? They demonstrated that carbamoyloximes undergo homolytic bond scission under mechanical force in
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polymers, releasing the free amine (Figure 28). This reaction process lead to the formation of carbamoyloxyl

and aminyl radicals, mirroring its photochemical counterpart.
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Figure 28. Force-induced scission of carbamoyloximes. Adapted from ref. 72. Copyright © 2022 Wiley-VCH
GmbH.

Se-Se bond scission:

Selenium (Se) is increasingly studied for its distinctive redox properties and ability to form dynamic chemical
bonds.”>7* Researchers have employed molecular selenium or incorporated it into polymer structures’ to
explore diverse applications such as catalysis,’® drug delivery,”’ antioxidant,’”® and anticancer properties.”” The
degradation of diselenide bonds typically occurs through redox processes’’ and light activation.® Chen and
colleagues have shown that sonication offers an alternative approach to cleave Se-Se bonds, enabling selective
metathesis reactions between diselenide-linked polymers and small molecules (Figure 29).3! This pioneering

study in the sonochemistry of diselenide-centered polymers enhances our understanding of diselenide chemistry.

“Se-Se

L W—»o)) 47,8 -)“‘\4\/\- =0

/1/\, -"\/\/=’\°E>*5 %ﬁﬂv

L]
/\SC—SC\/ - O’O
| Efvv*;,h

Figure 29. Ultrasound induced diselenide scission in polymers. Adapted from ref. 81. Copyright © 2020

American Chemical Society.

1.2.5 Ultrasound-induced coordinate bond scission

Recent research on metallocenes has demonstrated that the metal ions can be completely dissociated from the
parent polymer. In 2018, Di Giannantonio et al. ultrasonically treated a polymer solution with ferrocene units on
the main chain. They verified the release of metal ions through complexation with K4[Fe(CN)s] and KSCN.%
During ultrasonic treatment, mechanical force breaks the coordinate bonds to release Fe?', followed by rapid
oxidation in air to form Fe’* (Figure 30a). Shortly after, Craig and colleagues conducted similar studies on
ferrocene polymers and successfully captured the released Fe?* with phenanthroline, ultimately forming the

stable complex, [Fe(phen);]** (Figure 30b).%* They showed that the dissociation process of ferrocene could be
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constrained by the distal spatial conformation between two cyclopentadienyl ligands.®* When the polymer is
treated with sonication, the mechanical force can peel the cyclopentadienyl ligand off the metal center,

destroying the responsive structure of ansa-bridged ferrocene.
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Figure 30. Mechanochemical scission of metal-ligand bond in ferrocene mechanophore.

Mechanochemical reactions commonly involve the force-induced cleavage of 'weak bonds." When molecular
strain builds up along the direction of these 'weak bonds', weak linkages such as dative bonds (with bond
dissociation energies (BDE) of about 36 kcal/mol™! for palladium-phosphorus,®® 61 kcal/mol™! for silver-
carbene,® and 66 kcal/mol™! for ruthenium-carbene coordinative bonds®) show mechanochemical activity
(Figure 31). Ultrasonic scission of coordination polymers based on palladium(Il) dichloride and
diphenylphosphine telechelic polytetrahydrofuran selectively occurs at the palladium-phosphorus coordinative
bond and is fully reversible.®> In 2008, Sijbesma et al. demonstrated that polymeric Ag-N-heterocyclic carbene
coordination complexes are highly susceptible to scission when sonicated.®® In the presence of water, this
scission is irreversible, and the formation of the imidazolium product is easily measured. Additionally, in 2009,
Sijbesma and colleagues investigated the ultrasonic activation of a ruthenium-biscarbene complex with polymer
chains, resulting in the catalysis of olefin metathesis reactions.’” In each instance, the catalytic activity is driven
by ligand dissociation, resulting from the transfer of mechanical forces from the polymeric substituents to the

coordination bond.
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Figure 31. Ultrasound-induced palladium-phosphorus, silver-carbene, and ruthenium-carbene coordinative

bonds scission. Adapted from ref. 33. Copyright © 2015 American Chemical Society.

Simultaneously, the mechanochemical activation of various metal-ligand bonds (including metallocenes;
complexes of Zn, Cu, Ni, and Rh;**%° N-heterocyclic carbene complexes with Ag, Ru, and Cu;°*% as well as Pd
phosphanes) was successfully achieved. In 2021, Schmidt, Gostl, and co-workers introduced the first example of
a supramolecular coordination cage that forms a star-shaped, water-soluble polymer structure responsive to

sonication-induced shear forces in solution (Figure 32).%¢
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Figure 32. Sonication-induced fragmentation of the cage that based on Pd-N coordinative bonds scission.

Adapted from ref. 94. Copyright © 2021 Wiley-VCH GmbH.
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1.2.6 Ultrasound-responsive polymer systems

The architecture of polymers is a critical factor influencing the rates of mechanochemical scission under

mechanical force. Studies have investigated the kinetics of mechanochemical scission and/or activation

95-96

efficiency of mechanophores in various polymer architectures including linear, cyclic, star-shaped,’’

helical,’® brush,” dendronized polymers,'® and polymer cross-linked microgels'?! (Figure 33).
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Figure 33. Ultrasound-responsive polymer architectures.

Cyclic polymers possess unique chemical, thermal (e.g., glass-transition temperature (7g), crystallization
temperature, and melt-transition temperature), and physical/rheological properties, influenced by their
topological features such as the lack of end groups and constrained conformational flexibility. Craig and
colleagues found that cyclic polymers exhibit slower scission rates compared to linear polymers (Figure 34).%
This is because cyclic polymers require two scission events to produce daughter fragments: the first scission
yields a linear intermediate with the same molecular weight, followed by a second scission event for

fragmentation.

19



a - -
9 ( g ) Force C — *-\

=0 -
< l))) Stretched cycle
Cyclic parent

st .
17 scission

nd_ . .
O™ 2" scission

— 3 __"_- —

e (Fragmentation) . =
Linear daughter fragments Linear intermediate (L int)

b
l))
,\r\Q/\,‘F' sci)sion N— -

Figure 34. Mechanical scission of cyclic polymer and linear polymer. Adapted from ref. 96. Copyright © 2019

American Chemical Society.

Boydston et al. investigated how the architecture of star-shaped polymers compared to linear polymers affects
the rates of ultrasound-induced bond scission.”” Their study indicated that star polymers exhibit greater shear
stability compared to linear polymer counterparts of equivalent total molecular weight. Furthermore, the study
supported a mechanistic understanding where the scission of star polymer chains is governed by their spanning

molecular weight rather than their total molecular weight (Figure 35).

bl A

Figure 35. Chain scission sequences in star polymers. Adapted from ref. 97. Copyright © 2014 American
Chemical Society.

Mechanical stretching of helices in biopolymers like DNA and proteins has been studied using single-molecule
force spectroscopy, revealing smooth helix-coil transitions in force-extension curves.'>!% Diesendruck and
colleagues investigated poly-y-benzyl-glutamate, a homopolymer with exceptionally high helicity, as an extreme
case to explore how helicity influences the rate of backbone polymer mechanochemistry in solution (Figure
36).°® Model polymers of poly(y-benzyl glutamate) with varying helicities demonstrated that chains with higher
helicity exhibit increased mechanochemical rate constants, whether for backbone fragmentation or
mechanophore activation. This correlation suggests that the naturally occurring helical secondary structure

significantly impacts the mechanochemical response of polymers.
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Figure 36. Ultrasound induced bond scission in helical polymers and linear polymers. Adapted from ref. 98.

Copyright © 2022 Wiley-VCH GmbH.
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1.3 Recent achievements in ultrasound-induced polymer mechanochemistry

Polymer mechanochemistry has arisen to convert the mechanical force acting on macromolecules into useful
chemical reactions. Mechanophores, embedded within polymer chains and responsive to force, undergo selective
cleavage of poised bonds along reaction pathways when subjected to external force. This field has been
instrumental in investigating how mechanical force affects chemical bonds within polymer backbones. Recently,
ultrasound-induced polymer mechanochemistry has been applied to catalysis, recycling of synthetic polymers,

and activation of prodrugs or proteins.

1.3.1 Ultrasound-induced mechanochemical catalysis and synthesis

In 2004, Sijbesma and colleagues investigated the use of mechanical force to induce ligand dissociation from
transition-metal complexes, introducing a novel strategy to study and control the chemistry of coordination
complexes. This approach creates vacant coordination sites and offers complete reversibility, paving the way for
applications in transition metal catalysis.}” In 2009, Sijbesma’s group reported the mechanical activation of latent
metathesis catalysts. They discovered that silver(I) complexes incorporating polymer-functionalized N-
heterocyclic carbenes, serving as latent organocatalysts, demonstrate catalytic activity in transesterification
reactions under sonication in organic solvents. Moreover, applying mechanical force to a ruthenium biscarbene
complex with polymer chains attached induced the catalysis of olefin metathesis reactions.

"Click" chemistry represents a potent method for linking molecules in chemistry and materials science. In 2015,
Binder et al. reported the pressure-sensitive activation of a homogeneous Cul "click" catalyst anchored at the
center of a polymer chain using mechanical force (Figure 37). Upon sonication, the activated "click" catalyst

triggers successive "click" reactions.”
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Figure 37. Ultrasound-induced activation of “Click” catalyst. Adapted from ref. 93. Copyright © 2015 Wiley-
VCH GmbH.

In 2021, Burns and colleagues employed polymer mechanochemistry to synthesize a fluorinated polyacetylene, a
long-desired air-stable polymer that had been challenging to produce using traditional methods (Figure 38).!7
Following polymerization, ultrasonication resulting in a gold-colored semiconducting fluoropolymer. This
research underscores the utility of polymer mechanochemistry as a powerful synthetic approach for creating

materials on a practical scale.
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Figure 38. Mechanochemical synthesis of an elusive fluorinated polyacetylene. Adapted from ref. 17. Copyright
© 2021 Springer Nature Limited.

1.3.2 Ultrasound-induced mechanochemistry for sustainable polymer degradation

The accumulation of plastic waste, exacerbated by inadequate recycling efforts, has led to severe environmental
pollution. Addressing this unsustainable use of resources requires urgent identification of effective polymer
recycling methods. Advances in polymer mechanochemistry, particularly the incorporation of force-responsive
groups, have demonstrated potential in harnessing destructive mechanical forces for beneficial chemical
transformations. Recent studies have highlighted efficient mechanochemical degradation and recycling of
synthetic polymers based on these principles.

In 2020, Craig and collaborators developed a mechanophore based on 7,8-dimethanol-functionalized
[4.2.0]bicyclooctene (BCOE). This mechanophore undergoes force-induced electrocyclic ring opening of
cyclobutene, followed by spontaneous lactonization, resulting in backbone cleavage and release of a bis-lactone
product (Figure 39).! They synthesized a polymer that includes the dimethanol-functionalized BCOE.

Ultrasonication of the polymer solution for 60 minutes decreased its molecular weight from 120 kDa to 4.4 kDa.
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Figure 39. Polymer degradation via mechanochemically unveiled lactonization. Adapted from ref. 105.

Copyright © 2020 Springer Nature Limited.

In 2023, inspired by the concept of mechanically gated degradation, Wang and colleagues proposed a novel
polymer concept: a high-ceiling temperature (7.) polymer that can transform into a low-7, polymer upon demand
(Figure 40).!% They designed and synthesized a polyether containing cyclobutane-fused tetrahydrofuran in each

repeat unit. Mechanochemical activation of this polymer produces poly(2,5-dihydrofuran), a low-7. polymer.

22



Activation was demonstrated through ultrasonication in solution, as well as extrusion, compression, and ball
milling in bulk. While extrusion and compression showed limited activation (<1%), ultrasonication and ball
milling achieved activation levels of up to 68% and 17%, respectively. The sonicated and ball-milled polymers
contained significant proportions of poly(2,5-dihydrofuran). Upon addition to a dichloromethane solution of a

2"_generation Grubbs catalyst, depolymerization yielding 2,5-dihydrofuran was observed.
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Figure 40. Mechanically converting a poly(cyclobutane-fused tetrahydrofuran) into poly(2,5-dihydrofuran) for
depolymerization. Adapted from ref. 106. Copyright © 2023 Springer Nature Limited.

In 2024, Bruns and colleagues introduced cyclobutene-based monomers capable of co-polymerizing with
conventional monomers to confer mechanically triggered degradability to resulting polymers.'”” These
monomers serve as mechanophores, undergoing a ring-opening reaction triggered by mechanical force. This
reaction leads to a structural rearrangement that renders the polymer chains susceptible to hydrolysis under basic
conditions. These monomers are versatile for use in both free radical and controlled radical polymerizations,
introducing functional groups into polymer backbones. They facilitate the mechanical control of high-molecular-
weight materials or cross-linked polymer networks, transforming them into lower-molecular-weight species

(Figure 41).
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Figure 41. Mechanically triggered on-demand degradation of polymer networks. Adapted from ref. 107.
Copyright © 2024 Springer Nature Limited.
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1.3.3 Ultrasound-controlled prodrug activation

Ultrasound has become a highly effective and commonly used tool in polymer mechanochemistry due to its
noninvasive nature and spatiotemporal control. The emerging field of ultrasound-responsive prodrug systems
harnesses the mechanical effects of ultrasonication to control the activation of prodrugs. In polymer
mechanochemistry, researchers explored the mechanochemical activation of force-sensitive prodrugs by
ultrasound.

In 2020, our group firstly reported a drug release system for furan-containing drugs based on the ultrasound-
induced (20 kHz) homolytic scission of disulfide bonds in linear polymers.®® Sonication was used to break the
polymer chain at the central disulfide site yielding active thiols. These thiols then reacted with the prodrug Diels-
Alder adducts through a Michael addition, leading to a retro Diels-Alder reaction that released furylated drug
derivatives (Figure 42a). However, adding a furan group to the drug reduced its effectiveness. Despite being
limited to drugs with furan groups, this study demonstrated the potential of ultrasound-induced drug molecule
release by mechanochemical transformations.

In 2021, we introduced an enhanced disulfide-centered linear polymer where drugs were attached covalently to
the B-position of the disulfide group via a carbonate linker (Figure 42b).2” Under ultrasound (US) exposure, the
linear POEGMEA polymer broke apart to release thiols. These thiols then underwent an intramolecular 5-exo-
trig cyclization to liberate the drug molecule from the carbonate linker. Similar release patterns were observed
with the anti-cancer drug camptothecin. Cell proliferation assays showed increased cytotoxicity with longer
sonication times, correlating with enhanced drug release. To advance this intramolecular mechanochemical
release system further, we achieved real-time tracking of drug activity by replacing one drug molecule with a
fluorescent reporter on the mechanophore (Figure 42¢).'% This allowed simultaneous release of the reporter and

drug molecule, enabling spatiotemporal imaging of delivery and cell uptake processes.
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Figure 42. Ultrasound-induced disulfide mechanophore activation and release of drug or reporting molecules.

In 2022, Li and Moore demonstrated the activation of mechanophores in cross-linked polymer networks using

high-intensity focused ultrasound (HIFU) at 550 kHz.2* They introduced the concept of mechanochemical
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dynamic therapy (MDT), employing ultrasound to mechanically activate azo mechanophores. This activation

generates reactive free radicals, which enhance ROS-induced cytotoxicity in cancer cells (Figure 43).
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Figure 43. HIFU-induced Azo mechanophore activation and ROS generation. Adapted from ref. 24. Copyright
© 2022 Proceedings of the National Academy of Sciences.

In 2023, Robb and Shapiro introduced a new platform that combines the mechanochemical activation of
mechanophores with biocompatible focused ultrasound (330 kHz), using gas vesicles (GVs) as acoustic-
mechanical transducers (Figure 44).% In this synergistic approach, GVs acted as seeds for bubble formation and
cavitation under biocompatible ultrasound, enhancing the mechanical effects. This setup effectively triggered the
mechanochemical activation of mechanophores. As a proof-of-concept, they successfully achieved prodrug

activation by focused ultrasound in the presence of GVs. This activation led to the expected cytotoxic effects on
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Figure 44. Ultrasound triggered camptothecin release using a biocompatible focused ultrasound. Adapted from

ref. 25. Copyright © 2023 Proceedings of the National Academy of Sciences.
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In 2024, De Bo and colleagues demonstrated that a rotaxane, an interlocked molecule with a macrocycle trapped
on a stoppered axle, could effectively achieve the release of cargo molecules attached to its axle by mechanical
force (Figure 45).'% They attached a bulky maleimide cargo unit via a valine-citrulline peptide linker, connected
to the drug through a self-immolative para-aminobenzyloxycarbonyl spacer. This design, commonly used in
antibody-drug conjugates, relies on the overexpression of cathepsin B, a lysosomal cysteine protease in cancer
cells, to initiate the release cascade.!'® As a proof-of-concept, they loaded the cargo with doxorubicin, a potent
broad-spectrum chemotherapy agent, achieving a release efficiency of 65% in solution under sonication. The
rotaxane architecture enables repeated activation of scissile mechanophores without covalent attachment to the

actuating polymers. However, drug activation requires high-intensity US, not compatible with cells and tissues.
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Figure 45. Ultrasound-controlled release of cargo via retro-cycloaddition. Adapted from ref. 109. Copyright ©
2024 Springer Nature Limited.

1.3.4 Ultrasound to control the activity of proteins

Ultrasound generates cavitation-induced mechanical forces that stretch and break polymer chains in solution.
While this type of polymer mechanochemistry is commonly used in synthetic polymer systems, it is less
explored in bio-macromolecules. In 2021, our group pioneered the selective activation and deactivation of
proteins using US (Figure 46)."'' Zhou et al. using GFP as a model system, demonstrated the response of protein
to US (20 kHz) through the incorporation of long, highly charged domains that efficiently transfer force to the
protein scaffold. After that, they utilized this principle to activate trypsin's catalytic activity by inducing the

release of its inhibitor.
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Figure 46. Ultrasound-controlled activation of protein activity. Adapted from ref. 111. Copyright © 2020 Wiley-
VCH GmbH.

In the same year, Zhao et al. developed an alternative approach for ultrasound-triggered activation of enzymatic
activity. They designed the polyaptamers capable of specifically binding to thrombin to inhibit its catalytic
function.!’? The deactivating polyaptamers (pTBA15) were synthesized by rolling circle amplification (RCA)
(Figure 47).!'*!5 Leveraging the strong recognition and protein-loading capabilities of the TBA15 aptamer,
thrombin was captured and its activity suppressed through the formation of a well-defined aptamer-protein
complex. Upon exposure to irradiations, the polyaptamer complexed with thrombin underwent stretching,
leading to the disruption of specific non-covalent interactions between thrombin and the polyaptamer (such as
hydrogen bonds and hydrophobic interactions) within the loop structures. Subsequent exposure to low-intensity
focused ultrasound (LIFU) at 5 MHz facilitated the release of thrombin from the complex, thereby restoring its
enzymatic function to catalyze the conversion of fibrinogen to fibrin. This work shows a great potential of

biocompatible (high-frequency and low-intensity) ultrasound for inducing activation of protein activity.
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Recently, Rath et al. showcased the mechanochemical activation of an RNA-cleaving DNAzyme by ultrasound
(Figure 48)."® They encoded the reverse complementary sequence of the DNAzyme within the nucleic acid
polymer-a RCA product. The DNAzyme is deactivated through hybridization with the complementary strand
within the RCA product. Under ultrasonication, the supramolecular interactions between the polynucleic acid

and the DNAzyme were mechanically disrupted, which finally resulted in the recovery of DNAzyme activity.
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Figure 48. US-induced activation of DNAzyme. Adapted from ref. 116. Copyright © 2024 Wiley-VCH GmbH.

1.4 Motivations and thesis outline

In polymer mechanochemistry, ultrasound exhibits lots of advantages compared to other mechanical stimuli (ball
milling, compression or tension). For example, easy operation, a small amount of sample required and precise
spatial-temporal control. In addition, exploring the mechanochemical transformation of polymers in solutions
renders ultrasonication a highly effective and commonly used method in polymer mechanochemistry.
Ultrasound-induced polymer mechanochemistry has gained significant attention to achieve diverse functions in
catalysis, polymer degradation, sensing, and activation of drugs or proteins. Particularly, the selective and
controlled release of covalently bound payloads for pharmacology has been a rapidly growing field in polymer
mechanochemistry. However, the ultrasonication experiments in polymer mechanochemistry studies were
commonly conducted by a low-frequency (20 kHz) pulsed ultrasound with high-intensity (~10 W/cm?). This
type of ultrasound generates heavy cavitation and liquid micro-jets, which destroys mammalian cells or tissues.
Moreover, the comparably long sonication times limited the application of polymer mechanochemistry in
biological systems. Hence, it is highly desirable to develop biocompatible ultrasound-responsive polymer
systems to achieve molecule or drug release for sonopharmacology.

In this thesis, I presented two kinds of strategies to achieve molecule or drug release from polymers by
sonication. In Chapter 2, we show a polymeric microcapsule system; physical isolation was used to concentrate

drugs inside the polymeric microcapsules, in which the drug activity is suppressed. After ultrasonic treatment,
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the polymer shell is destroyed by cavitation and the drugs are released, at which point the drug can exhibit
activity in the biological system. In Chapters 3, 4 and 5, ultrasound-induced molecule or drug release from
polymers by mechanochemical transformations that involve mechanophore activation.

In Chapter 1, I introduced the background of ultrasound-induced polymer mechanochemistry. Moreover, recent
achievements in ultrasound-induced polymer mechanochemistry are briefly reviewed.

In Chapter 2, a novel design of ultrasound-responsive nanodrug delivery system by the combination of
nanodrug and microcapsule was presented. Nanodrug was fabricated by covalently attaching the small molecular
drug Vancomycin on the surface of gold nanoparticles (Vanco-Au NPs) to overcome the leakage problem in
microcapsule-based drug delivery systems. During sonication, cavitation destroys the ionic bonds and polymer
chains that belong to polyelectrolytes, finally leading to the decomposition of the polymer shell. We
investigated the effect of unfocused high-intensity ultrasound (20 kHz) on these microcapsules and investigated
the nanodrug release. Moreover, silica-doped polymeric microcapsules were investigated, not only response to
20 kHz ultrasound but also to high-frequency (MHz) ultrasound. Finally, the effect of US-induced drug release
on S.aureus was investigated to determine the medical potential of this novel drug release system.

In Chapter 3, we prepared network core-structured star polymers (NCSPs) with multiple end chains as another
ultrasound responsive polymer architecture. 1.5 MHz high-intensity focused ultrasound (HIFU) irradiation was
applied to verify the responsiveness of NCSPs to sonication. The NCSPs showed high sensitivity to megahertz
HIFU irradiation. The activation of disulfide in NCSPs showed an acceleration effect compared to linear
polymers. The fluorophore and drug release from polymers is based on the activation of disulfide
mechanophores. By exposing HeLa cells to the released drug, its cytotoxic effects and potential for cancer
treatment were further investigated. This study assesses the potential of HIFU-triggered drug release from
polymers for sonophamacology.

In Chapter 4, we reported the design and synthesis of ultrasound-responsive polymeric microgels. The
fluorescence probe (umbelliferone, UMB) and small molecule drug (camptothecin, CPT) were successively
released from microgels via HIFU sonication. This strategy relies on HIFU-induced selective scission of
disulfide bonds to generate reducing agent thiol groups, which activate carbonate-contained polymer by thiol-
disulfide exchange reaction and intramolecular cyclization, to achieve the release of small molecules.

In Chapter 5, we investigate an US-responsive polymeric microbubbles (PMBs) system. In this regard, we
probe if new colloidal polymer architectures with high compressibility are suited scaffolds for polymer
mechanochemistry. Uniform-sized N»-filled PMBs were prepared by microfluidic engineering. The US remote-
controlled versatile mechanochemical transformations in PMBs were investigated. In this chapter, the commonly
used 20 kHz ultrasound and megahertz biocompatible HIFU were applied to study the mechanical response of

microbubbles.
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2. Ultrasound-triggered antibacterial nanodrug release from polymeric microcapsules

The research contained within this chapter has been published in the journal of Nano Research (Jilin Fan,
Mingjun Xuan*, Pengkun, Mark Loznik, Junlin Chen, Fabian Kiessling, Lifei Zheng*, and Andreas Herrmann*.
Ultrasound responsive microcapsules for antibacterial nanodrug delivery. Nano Res. 2023, 16, 2738-2748). The
author (Jilin Fan) of this thesis contributed to experimental design; synthesized and characterized the materials;
analyzed the data and co-wrote the manuscript.

In addition, I (Jilin Fan) declare as follows:

1. I designed and performed the experiments (Microcapsules preparation; Nanodrug preparation; Sonication
Assay; Response of microcapsules to sonication; Quantification of Vanco-Au NPs release; Minimal inhibitory
concentration (MIC) assay; Live/dead staining assay) contained in the publication.

2. I synthesized and characterized the materials (Microcapsules and Nanodrugs) contained in the publication.

3. I collected the data (TEM images; SEM images; IR spectra; Confocal images; Absorption spectra; DLS
analysis; MIC test; Photographs of agar Petri dishes; Live/dead staining test) contained in the publication.

4.1 analyzed the data and drew all the figures and tables contained in the publication.

5. I'wrote the first version of the manuscript and then co-revised the manuscript.

6. Other authors’ contribution to this publication; Pengkun and Mark Loznik gave suggestions on MIC assay;
Fabian Kiessling and Junlin Chen gave suggestions on LIFU sonication; Mingjun Xuan and Lifei Zheng gave
suggestions on experimental design; Andreas Herrmann gave suggestions on experimental design and revised the
first version of the manuscript.

In Chapter 2, a novel design of an ultrasound-responsive nanodrug delivery system by the combination of
nanodrug and polymeric microcapsule was presented. Nanodrug was fabricated by covalently attaching the small
molecular drug Vancomycin on the surface of gold nanoparticles (Vanco-Au NPs) to overcome the leakage
problem in microcapsule-based drug delivery systems. During sonication, cavitation destroys the ionic bonds and
polymer chains that belong to polyelectrolytes, finally leading to the decomposition of the polymer shell and
drug release. Polymeric microcapsules demonstrated excellent sensitivity to the unfocused high-intensity
ultrasound (20 kHz). 80% of Vanco-Au NPs were released under five minutes of sonication. Notably, silica-
doped polymeric microcapsules were responsive not only to 20 kHz ultrasound but also to high-frequency (MHz)
ultrasound. The released Vanco-Au nanodrug showed comparable antibacterial properties as the free nanodrug

against S. aureus, which has the potential for therapeutic use.
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2.1 Abstract

The development of ultrasound-responsive microcapsules has led to advanced spatiotemporally controlled drug
delivery systems for macromolecular cargoes like proteins, nucleic acids, and even cells for biomedical
applications. However, using microcapsules to deliver small molecular cargoes remains challenging due to
potential drug leakage before ultrasound activation, which can cause side effects and reduce the effective drug
concentration at the target site. To address these issues, we propose a novel strategy using nanodrugs-
nanoparticles coated with small molecule drugs. We demonstrated that encapsulating nanodrugs in
microcapsules prevents drug leakage. Additionally, the drug delivery system we developed responds to both
unfocused high-intensity ultrasound and clinically relevant high-intensity focused ultrasound. As a proof of
concept, we showed that the antibacterial activity of nanodrug-loaded microcapsules could be activated in situ by
ultrasound. These findings offer new insights into the development of ultrasound-triggered small molecule drug

delivery systems enhanced by metallic nanoparticles.
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2.2 Introduction

Microcapsules, which typically have hollow shelled structures, are a significant class of compartmental materials

with diverse applications in catalysis, sensing, and drug delivery.!:!3

Their high loading capacity, semi-
permeability, biocompatibility, and potential for easy surface functionalization make them efficient carriers of
various macromolecular cargoes, including proteins, nucleic acids, and even cells for medical diagnostics and
treatments.'*2® However, loading small molecular cargoes poses a challenge due to drug leakage before reaching
the target site, leading to undesired toxicity and reduced drug efficacy.?’-? To enable on-demand drug delivery,
stimuli-responsive microcapsules have been developed. These structures allow controlled drug release triggered
by external factors such as temperature, pH, enzymes, light, magnetic fields, and ultrasound.3-33

Among these triggers, ultrasound is particularly attractive due to its non-invasiveness, deep tissue penetration,
and spatiotemporal control. Most research in this field has focused on using unfocused high-intensity ultrasound,
with few systems responding to the clinically relevant low-intensity focused ultrasound (LIFU). To enhance
sensitivity to ultrasound, polyelectrolyte microcapsule shells have been combined with inorganic nanoparticles
(NPs).3¢40 Despite this, small molecule cargo leakage still occurs, as evidenced by fluorescent probes or
doxorubicin molecules easily penetrating the NPs-polymer hybrid microcapsule shells consisting of eight

41-42

bilayers.
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Figure 1. Schematic illustration of the preparation of Vanco-Au@Polyelectrolyte Microcapsules a) and Vanco-

Au@Silica Microcapsules b) and their responsiveness to ultrasound.

To address these challenges, we present a novel ultrasound-responsive nanodrug delivery system combining two
components: nanodrugs and polymeric microcapsules (Figure 1). The nanodrug was prepared by covalently
attaching the small molecule drug vancomycin to the surface of gold nanoparticles (Vanco-Au NPs), effectively
preventing leakage in microcapsule-based drug delivery systems. We fabricated two types of microcapsules:
PAH/PSS [PAH: poly(allylamine hydrochloride); PSS: poly(sodium-p-styrene sulfonate)] polyelectrolyte
microcapsules and silica microcapsules. No significant drug leakage was observed with either type. When
subjected to ultrasound, the polyelectrolyte microcapsules with four bilayers showed excellent sensitivity to
unfocused high-intensity ultrasound (20 KHz, power intensities >10 W/cm?), releasing 80% of the Vanco-Au
NPs after 5 minutes of sonication. Additionally, silica microcapsules responded to both low-frequency and high-
frequency ultrasound, making them suitable for therapeutic applications. During sonication, cavitation destroys
the ionic bonds and polymer chains that belong to polyelectrolytes, finally leading to the decomposition of the

polymer shell and drug release. /n situ activation of Vanco-Au nanodrugs by ultrasound was performed in the
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presence of bacteria. The application of ultrasound destroyed the microcapsule shells, releasing the Vanco-Au

nanodrug, which exhibited antibacterial properties comparable to the free nanodrug against S. aureus.
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2.3 Results and discussion

2.3.1 Synthesis and characterization of Vanco-Au NPs

First, Vanco-Au NPs were synthesized following the method described in the literature (Figure 2a).*® By
transmission electron microscopy (TEM, Figure 2b and Figure 2¢) an average diameter of Vanco-Au NPs of 8
nm was measured. Accordingly, a diameter of 12.1 nm was determined by dynamic light scattering (DLS)
(Figure S1a). The particle size distribution was larger in DLS compared to TEM, which might be attributed to
the hydrodynamic shell on the gold nanoparticles. Scanning Electron Microscopy (SEM) with Energy Dispersive
X-Ray Analysis (EDX) results showed the characteristic signal of the element chlorine indicating that
vancomycin was successfully conjugated on the surface of gold nanoparticles (Figure 2d). Figure 2e presents
the Infrared Radiation (IR) spectra of both Vanco-Au NPs and pristine vancomycin. Within the fingerprint
region (900-1200 cm™"), the characteristic C-O stretching peaks at 1152 and 1174 cm™' were absent in the
spectrum of Vanco-Au NPs. This result can be explained by the oxidation of glycosides and thier reaction with
tetrachloroauric acid during the preparation of Vanco-Au NPs. The absorption spectrum of the Vanco-Au NPs
(Figure S1b) showed a characteristic Au NP absorption peak at 520 nm. To determine the vancomycin drug
molecules loading on each nanoparticle, the supernatant containing excess vancomycin was analyzed based on a
standard absorbance calibration curve (Figure S2). From this analysis, the amount of vancomycin loaded onto

each gold nanoparticle was estimated to be 3250 molecules.
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Figure 2. Synthesis and characterization of Vanco-Au NPs. a) Schematic representation of Vanco-Au NPs. b)
TEM image of Vanco-Au NPs (Scale bar: 20 nm). ¢) Vanco-Au NPs size distribution from DLS measurements.
d) EDX elemental mapping of Vanco-Au NPs. Scale bar in inset: 10 nm. e) IR spectra of Vanco-Au NPs and the

pristine vancomycin.
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2.3.2 Fabrication of Vanco-Au@Polyelectrolyte Microcapsules and their responsiveness to Ultrasound

For the Layer-by-Layer (LbL) assembly of polyelectrolyte microcapsules, CaCO; particles (Figure S3) with an
average diameter of approximately 5 um were synthesized to serve as the core template. To encapsulate Vanco-
Au NPs into the microcapsules, CaCOs particles that contain Vanco-Au NPs (Vanco-Au@CaCOs3) were
prepared by adding Vanco-Au NPs into the reaction mixture of CaCl, and Na,COs. Once the particles were
obtained, ethylenediaminetetraacetic acid (EDTA) was used to dissolve the CaCOjs particles again to quantify the
concentration of Vanco-Au in Vanco-Au@CaCO; suspension.* The absorption intensity at 450 nm was used for
the determination of the concentration of Vanco-Au, which was 18 nM in respect to Au NPs (Figure S4). This
method was later applied to quantify the encapsulated Vanco-Au, enabling the calculation of nanodrug release
efficiency following ultrasound exposure. Given the high encapsulation efficiency of CaCOs; particles within
microcapsules, the loss of Vanco-Au during this process was considered negligible.

Next, Vanco-Au@CaCOs or CaCOs particles were used as the template to assemble polyelectrolyte
microcapsules. The oppositely charged polyelectrolytes PAH and PSS were used as the alternating layers.
Following the well-established LbL assembly procedure (four and six bilayers were absorbed on the CaCOj3
templates, which were removed subsequently by EDTA to obtain Vanco-Au@Polyelectrolyte (Figure 3b,
Figure S7) and empty Polyelectrolyte Microcapsules (Figure S8), exhibiting red and off-white color,
respectively (Figure 3c). The attempt to fabricate microcapsules with two bilayers was not successful (Figure
S9). In comparison to the empty polyelectrolyte microcapsule, the absorption spectrum of Vanco-
Au@Polyelectrolyte showed an absorption maximum at 520 nm, indicating that Vanco-Au NPs were
successfully encapsulated into the microcapsules. This was further verified by the well overlapping gold and
chlorine signals of elemental mapping with the morphology of microcapsules as shown in Figure S10. Moreover,
simple statistics were conducted according to the TEM study. Approximately 7500 Vanco-Au NPs per um? were
observed on each polyelectrolyte microcapsule, highlighting the remarkable loading capacity of microcapsules
(Figure S11 and Figure S12).

We also investigated the stability of the prepared Vanco-Au@Polyelectrolyte microcapsules. For this purpose,
the leakage of Vanco-Au NPs from microcapsules was evaluated. The supernatants of the freshly prepared
Vanco-Au@Polyelectrolyte microcapsules before and after 24 h shaking (500 rpm) were collected and measured
by UV/Vis absorption spectroscopy. For both of four and six bilayers’ polyelectrolyte microcapsules, no obvious
increase of the absorbance at 450 nm was observed from the spectra (Figure 3d). This result suggests that no
Vanco-Au NPs leaked out of the microcapsules during shaking. In contrast, encapsulating the small molecule
cyanine 3 (Cy3) in microcapsules led to a noticeable change after 24 hours of shaking. The collected supernatant
exhibited a pink colour and a marked rise in absorbance at 560 nm, indicating the presence of Cy3. These
findings indicated strong leakage of the small molecule Cy3 from microcapsules (Figure S13). Thus, the
nanodrug strategy represents an efficient way for the encapsulation of small molecular drugs inside
polyelectrolyte microcapsule drug delivery carriers.

To evaluate the responsiveness of the fabricated microcapsules to ultrasound, we exposed Vanco-
Au@Polyelectrolyte microcapsules to ultrasound irradiation (20 kHz, pulsed: 2.0 s on and 1.0 s off). The
samples were placed in an ice bath to maintain low temperature to exclude any sonothermal effects (Figure
S14). The experimental parameters affecting the fragmentation of microcapsules including amplitude (Amp)

referring to the strength of the US wave and irradiation time were systematically investigated. Firstly, optical
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microscopy was applied to investigate the morphological changes of the microcapsules after US activation
(Figure 3e). Almost all polyelectrolyte microcapsules with 4 bilayers disintegrated into fragments within 5
minutes of sonication at 25% amplitude; those with 6 bilayers required an extended irradiation time for complete
disruption (Figure 3f). This result indicates that microcapsules with thicker layers show higher resistance to US
activation than the thinner ones. Increasing the US amplitude to 50% resulted in shorter irradiation times of 3
min and 5 min that were required to fragment microcapsules with four and six bilayers, respectively. With the

ultrasound amplitude set to 100%, both types of microcapsules were destroyed within one minute.
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Figure 3. Production and Ultrasound Response of Vanco-Au@Polyelectrolyte Microcapsules. a) The
structural composition of Vanco-Au@Polyelectrolyte Microcapsules. b) SEM image of Vanco-
Au@Polyelectrolyte Microcapsules, with a TEM image in the inset. Scale bars: 10 um (main), 2 pm (inset). c)
UV-Vis spectra illustrating the absorption profiles of empty polyelectrolyte (PAH/PSS) microcapsules, Vanco-
Au@Polyelectrolyte Microcapsules, and Vanco-Au NPs. d) Absorbance values of supernatants obtained after
centrifugation of Vanco-Au@Polyelectrolyte Microcapsule suspensions, recorded before and after 24 h of
shaking. Data presented as mean + s.d., N = 3 independent experiments. e) Microscopic images of four-bilayer
microcapsules following ultrasound exposure. Scale bar: 10 pm. f) Duration of sonication for complete

disruption of polyelectrolyte microcapsules with four and six bilayers.
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Next, the collected fragments were subjected to DLS analysis, revealing a decrease in the sizes of the
microcapsules during ultrasound irradiation (Figure 4a and 4b). For example, the fragment sizes of four and six
bilayers microcapsules with initial size of 5.5 um were around 0.8 pm and 1.8 um after 10 min sonication with
25% amplitude. Under 100% amplitude sonication, the sizes of both microcapsules decreased to 0.8 pm within

one minute (Figure 4c).
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Figure 4. Ultrasound-Induced Fragmentation of Microcapsules. a) DLS measurement of fragmented four-
bilayer microcapsules post-ultrasound exposure. Data represented as mean + s.d., N =3 independent experiments.
b) DLS analysis of six-bilayer microcapsule fragments following ultrasound treatment. Mean + s.d., N = 3
independent experiments. ¢) Size distribution comparison of fragments from four- and six-bilayer polyelectrolyte
microcapsules after 10 min of sonication at varying ultrasound amplitudes (25%, 50%, 75%, 100%). Mean =+ s.d.,

N =3 independent experiments.

To assess nanodrug release triggered by US activation, UV/Vis absorption spectroscopy was used to analyze the
supernatants from sonicated Vanco-Au@Polyelectrolyte and empty microcapsule suspensions (Figure Sa). Here,
the measurement of empty microcapsules was used as a reference to eliminate the absorbance of the polymer
shell fragments. Figure Sb shows the absorption spectra of the supernatant from the microcapsules with four
bilayers, from which the concentration of the released Vanco-Au NPs was calculated. As shown in Figure 5c,
under sonication with different US amplitudes, prolonging the irradiation time gradually increased the released
amount of the nanodrug. In comparison to the theoretically encapsulated amount of Vanco-Au NPs, it was
estimated that more than 80% of the nanodrugs could be released from the four bilayers’ microcapsules when the
US amplitude was set to be more than 50% (Figure Sd). When the US amplitude was 100%, nearly 40% vanco-
Au NPs were liberated out of the microcapsules within half a minute. Compared to these results, less amount of
vanco-Au NPs was released from the microcapsules with six bilayers (Figure S16), probably due to their higher

resistance to US as demonstrated before.3°
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Figure 5. Quantification of Vanco-Au NPs released from Polyelectrolyte Microcapsules upon US
activation. a) Schematic representation of the quantification process of the released Vanco-Au NPs. b)
Absorption spectra of the supernatant of vanco-Au NPs @ 4 bilayers PAH/PSS Microcapsules after sonication
with 25%, 50%, 75% and 100% Amp. ¢) Calculated concentrations of released Vanco-Au NPs, Mean values +
s.d. from the mean, N = 3 independent experiments. d) Release percentage of Vanco-Au NPs from 4 bilayers

PAH/PSS microcapsules triggered by sonication.

2.3.3 Fabrication of Vanco-Au@Silica Microcapsules and their responsiveness to ultrasound
Vanco-Au@Silica Microcapsules (Figure 6a) were synthesized according to the reported literature.* Tetraethyl
orthosilicate (TEOS) was used as a monomer to form silicone polymer shells on Vanco-Au@CaCOs template
under basic conditions. After removing CaCO3; with EDTA solution, Vanco-Au@Silica Microcapsules were
obtained with a red color, in agreement with the appearance of a characteristic gold NPs absorption maximum of
520 nm in the spectrum (Figure S17). The size of the prepared microcapsules was determined by SEM, which
exhibited an average size of ~ 5 pm (Figure 6b). Moreover, the elemental mapping results showed well
overlapping signals of silicon, gold and chlorine (Figure S18). Altogether, these results indicate that vanco-Au
NPs were successfully encapsulated inside the silica microcapsules. Using a similar procedure as described
before, the leakage of Vanco-Au NPs from silica microcapsules was studied. The supernatant spectra of Vanco-
Au@Silica Microcapsules before and after 24 hours of shaking did not change in absorbance at 450 nm (Figure
S19), indicating negligible Vanco-Au NPs leakage from the silica microcapsules.

Next, we tested the responsiveness of Vanco-Au@Silica Microcapsules to unfocused ultrasound (20 kHz).
Figure 6¢ shows the microcapsule fragments after 1 minute sonication with 50% amplitude. As shown in
Figures 6d and 6e, extending the ultrasound irradiation time from five seconds to one minute gradually
increased the release of Vanco-Au NPs. Figure S20 shows the concentrations of released Vanco-Au NPs under
different conditions. Within one minute of sonication, approximately 60% of the Vanco-Au NPs were released

from the silica microcapsules.
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Figure 6. Fabrication of Vanco-Au@Silica Microcapsules. a) Schematic representation of the Vanco-
Au@Silica Microcapsule structure. b) SEM image of silica microcapsule. Scale bar: 1 um. ¢) SEM image of
silica microcapsule fragments after 60 s ultrasound (20 KHz) sonication. Scale bar: 2 pum. d) Absorption spectra
of the supernatant of vanco-Au NPs@Silica Microcapsules suspensions after sonication for 5 s, 30 s, and 60 s. €)

Release percentage of Vanco-Au NPs from silica microcapsules triggered by sonication.

To prove that the developed nanodrug delivery system can be used with clinically relevant US, Vanco-
Au@Silica Microcapsules were subjected to LIFU (5 MHz) (Figure S21). Figure 7b shows the structures of
silica microcapsules after 10 min sonication with LIFU. Besides fragment formation, small holes appeared in the
capsule wall. With longer sonication from 0.5 to 10 minutes, the supernatant darkened, suggesting increased
Vanco-Au NPs release from silica microcapsules (Figure 7c¢). Figure 7d displays the absorption spectra.
Accordingly, the release percentages of Vanco-Au NPs under LIFU irradiation were calculated as shown in
Figure 7e. It was found that around 30% of the nanodrug were liberated from the carrier within the first 3 min
and afterwards only a slight increase of release was observed. Three reasons could apply for this finding: first,
silica microcapsules were not completely destroyed so that the NPs might be mostly released from the holes in
the microcapsules; second, the LIFU sonicator focused on a small spot with the area of less than 4 mm?, and the
sound wave did not act on all microcapsules in the well; third, during the preparation of Vanco-Au@Silica
Microcapsules, a certain amount of NPs might be trapped inside the polymer shell. Although the release of
nanodrugs triggered by LIFU is currently less efficient compared to unfocused ultrasound, our findings
underscore the potential of using clinically compatible ultrasound to activate the nanodrug from the

microcapsule carrier.
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Figure 7. Ultrasound Responsiveness of Vanco-Au@Silica Microcapsules. a) Schematic representation of the
experimental process of LIFU sonication (5 MHz). b) SEM images of silica microcapsule after for 10 min. Scale
bar: 5 pm. Scale bar in inset: 1 pm. ¢) Images of the supernatant of vanco-Au NPs@Silica Microcapsules
collected vanco-Au NPs after sonication using LIFU for 0 min, 0.5 min, 1 min, 3min, Smin and 10 min. d)
Absorption spectra of the supernatant of vanco-Au NPs@Silica Microcapsules after sonication using LIFU for
0.5 min, 1 min, 3min, Smin and 10 min. e) Release percentage of Vanco-Au NPs from silica microcapsules

triggered by LIFU.

2.3.4 US triggered antibacterial drug release against S. aureus

To prove the potential of the microcapsule system for controlled delivery of drugs, we investigated the
antibacterial action of the released nanodrugs from polyelectrolyte microcapsules upon in situ US irradiation
(Figure 8a). As positive controls, we measured the minimum inhibitory concentrations (MICs) of pristine
vancomycin and Vanco-Au nanodrug against S. aureus by the broth dilution method.***’ Notably, Vanco-Au
showed a MIC value of 4 pgml! which is only slightly higher than vancomycin. Then, the effect of carriers was
examined. For this purpose, MIC tests of PAH/PSS hollow microcapsules and Vanco-Au@Polyelectrolyte
Microcapsules before US treatment were performed, showing no obvious antibacterial activity (Figure 8b).
Then, Vanco-Au@Polyelectrolyte Microcapsules were subjected to US in the presence of S. aureus. For this
proof-of-concept experiment, US with a frequency of 20 kHz was used for the following reasons. First, the horn-
type instrumentation and experiment are straightforward. Moreover, the application of US at 20 kHz had no
considerable effect on the viability of S. aureus, indicating that this sonication treatment is compatible with the
bacterial culture (Figure 8c and Figure S22). It was found that the MIC value of Vanco-Au@Polyelectrolyte
Microcapsules after 10 min sonication decreased significantly to 8 pg ml'. Control tests confirmed that
ultrasound had no notable impact on the MIC of Vanco-Au or polyelectrolyte microcapsules (Figure S23).

To visually assess the antimicrobial activity of the released Vanco-Au NPs, bacterial colonies were counted after
culturing S. aureus with PBS (i), pristine vancomycin (ii), Vanco-Au NPs (iii), Vanco-Au@Polyelectrolyte
Microcapsules (iv), and US-triggered Vanco-Au@Polyelectrolyte Microcapsules (v) on agar petri dishes (Figure
8d, 8e). A marked decrease in bacterial colonies was observed on Petri dishes (v) containing US-treated Vanco-

Au@Microcapsules.
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Figure 8. US-triggered nanodrug release from microcapsules against S. aureus. a) Schematic representation
of in-situ nanodrug activation in the presence of S. aureus. b) MIC test in the presence of vancomycin, Vanco-Au
NPs with or without sonication, PBS, PAH/PSS hollow microcapsules, Vanco-Au@PAH/PSS Microcapsules
with or without sonication against S. aureus. Mean values + s.d. from the mean, N = 3 independent experiments.
¢) Growth curve of S. aureus after 10 min ultrasound treatment. Mean values + s.d. from the mean, N = 3
independent experiments. Insert image: Viability of S. aureus after US irradiation with different amplitude. d)
Photographs of agar Petri dishes that were incubated with S. aureus containing PBS (i), vancomycin (ii), Vanco-
Au NPs (iii), Vanco-Au@PAH/PSS Microcapsules without sonication (iv), Vanco-Au@PAH/PSS Microcapsules
with sonication (v). e) Counts of bacterial colonies from agar petri dish shown in Figure 8d.

Additionally, a live/dead staining assay for bacteria was conducted using a DMAO probe (green for live cells)
and EthD-III (red for dead cells). Results showed that pure vancomycin and Vanco-Au NPs eradicated nearly all

bacteria, whereas Vanco-Au@Polyelectrolyte Microcapsules exhibited antimicrobial activity after irradiation

(Figure 9).
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Figure 9. Live/dead staining assay. Live/dead staining assay of S. aureus in presence of PBS (1), vancomycin

(2), Vanco-Au NPs (3), In the presence of PBS with in situ ultrasound treatment for 10 min (4), and in the
presence of vanco-Au@Polyelectrolyte Microcapsules without (5) or with (6) in situ ultrasound treatment for 10
min. Left images represent bright field; Middle images were taken with a FITC filter showing live bacteria;

Right images were taken with a Cy3 filter showing dead bacteria. Scale bar: 5 pm.

Previous studies have achieved US-triggered drug release from polyelectrolyte or silica microcapsules by
breaking the capsule shells with high-intensity ultrasound (> 5 W/cm?).3%4% 48 However, such a high acoustic
intensity might induce local temperature elevation and thus cause thermal injury to nearby tissues.*>! In this

context, we have successfully achieved nanodrug release from silica microcapsules using low intensity focused
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ultrasound (LIFU), which not only prevents thermal damage to the surrounding tissues but eliminates strong
cavitation effects as compared to the systems employing kHz ultrasound.>? Although the delivery of antibiotics
using microcapsule carriers has been investigated,’>-** in these systems the release of drugs was dependent on the
diffusion of the small molecules drugs through the shell of the microcapsule. On-demand activation of drugs was
not realized. In this regard, the nanodrug strategy enabled the controlled release of drugs by LIFU with high
spatial precision to further improve ultrasound enabled therapeutic approaches. This capability also opens up
opportunities for utilizing our system to deliver other nanodrugs, such as kanamycin- or ampicillin-conjugated

Au NPs, silver nanodrugs, and nanoparticles modified with peptidic ligands.33-%0

2.4 Conclusions

In this work, we introduced a novel ultrasound-responsive drug delivery system using Vanco-Au nanodrugs
encapsulated in polyelectrolyte and silica microcapsules with high loading efficiencies. Associating the small
molecule drug with a gold carrier effectively prevents undesired non-triggered leakage from the microcapsules.
The nanodrug@Microcapsule structures demonstrated high responsiveness to unfocused ultrasound, enabling the
in-situ activation of antibiotics against S. aureus. Additionally, the release of nanodrugs from silica
microcapsules was successfully achieved using clinically compatible low-intensity focused ultrasound (LIFU).
This advancement paves the way for future microcapsule-based drug delivery systems that could minimize side
effects, reduce antibiotic resistance, and be compatible with established clinical techniques, offering high

spatiotemporal precision.
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2.5 Experimental section

2.5.1 Materials

All chemical reagents were of analytical grade and used without further purification unless otherwise specified.
Vancomycin (United States Pharmacopeia Reference Standard), poly(allylamine hydrochloride) (PAH, average
Mw 50,000), calcium carbonate (CaCl,, =99.0%), ethylenediaminetetraacetic acid (EDTA, =99%), nitric acid
(HNOs, 65%), tetraecthyl orthosilicate (TEOS), ammonium hydroxide (30 wt %), vancomycin-hydrochloride
(Pharmaceutical Secondary Standard) were purchased from Sigma-Aldrich. Poly(styrene sulfonic acid) sodium
salt (PSS, Mw 70,000) was purchased from Alfa Aesar. Hydrogen tetrachloroaurate (III) hydrate (HAuCls,
99.999 %) was purchased from ACROS and sodium carbonate (Na>CO3, 99.95%) was acquired from ACROS
Organics™. Hydrochloric acid (HCI, 37%) was purchased from VWR. Aqua regia solution (highly corrosive and
must be used with extreme caution!) was prepared by mixing HCI and HNO3 with the volume ratio of 3:1. All
glassware used for gold nanoparticle synthesis was cleaned with freshly prepared aqua regia. S. aureus (ATCC
6538) was obtained from ATCC. Hirn-Herz-Glucose-Bouillon and Mueller-Hinto-Bouillon were purchased from
Carl Roth (Germany). Viability/Cytotoxicity Assay Kit for Bacteria Live&Dead staining (DMAO and EthD-III)
was purchased from BIOTIUM (USA). Ultrapure Milli-Q water (18.2 MQ-cm) was used for all experiments.

2.5.2 Characterization

Transmission electron microscopy (TEM) images were captured on a LIBRA®120 transmission electron
microscope (Carl Zeiss) with an accelerating voltage of 120 kV. Scanning electron microscopy (SEM) images
were captured by a scanning electron microscope S-4800 (Hitachi). FTIR spectra were recorded on Nexus 470
(Thermo Nicolet). Sonication was applied by a 20 KHz Sonicator (Q125, Qsonica) with 125 W power.
Ultraviolet-visible (UV-vis) absorption spectra were collected using a SpectraMax M3 Spectrophotometer
(Molecular Devices). Dynamic light scattering (DLS) was measured on a Zetasizer Ultra ZS instrument

(Malvern). Fluorescence images were captured using a Leica DM6000 B fluorescent microscope.
2.5.3 Low-intensity focused ultrasound (LIFU) setup

The LIFU system is comprised of a waveform generator with an integrated oscilloscope function (Model
SDS1202X-E, Siglent.eu, Helmond, Netherlands), a second waveform generator (Model 33622A, Keysight
Technologies, Boblingen, Germany), a radiofrequency (RF) broadband power amplifier (Model AG1021, T&C
Power Conversion, Rochester, NY, USA), and a waterproof 5 MHz focused immersion transducer (Model V308-
SU, Olympus Europa SE & Co. KG, Hamburg, Germany). The transducer is placed in a 20 L transparent glass

water tank.

2.5.4 Synthesis of vancomycin modified gold nanoparticles (Vanco-Au NPs)

8 nm vancomycin-modified gold nanoparticles were synthesized by a one-pot reaction, which was previously
reported.®* Typically, 2 mL chloroauric acid (10 mM) and 550 uL vancomycin (10 mM) were mixed and kept
stirring for 15 min. Then 400 pL. NaOH solution (2 M) was added under 1000 rpm stirring at room temperature.
The reaction mixture was kept in dark for 24 h. The obtained nanoparticles were rinsed with water 3 times. The

suspensions were filtered through a membrane filter (MW cutoff 3 kDa) using centrifugation at 4000 rpm. The
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filtrate after each rinsing step was collected and used to determine the amount of vancomycin that was not
conjugated on NPs. By subtracting this from the starting amount of vancomycin, the amount of vancomycin
immobilized on the gold nanoparticles was obtained. In addition, the concentration of Au NPs was obtained by
performing UV-vis spectroscopy measurements according to a previous report.** Accordingly, the amount of
vancomycin loading on each gold nanoparticle was estimated to be 3250. The resulting Vanco-Au NPs were
ready for characterization (optical absorption, TEM, IR, DLS, elemental mapping) and further use. The resulting
Vanco-Au NPs were characterized by optical absorption, TEM, IR, DLS, elemental mapping, and for subsequent

use.
2.5.5 Characterization of Vanco-Au NPs

UV-vis absorption spectra were collected on the spectrophotometer at room temperature. 10 pl Vanco-Au NPs
were added into a 2 ml centrifugation tube. Ultrapure water was then added to dilute the solution, which was
transferred to a quartz cuvette (Hellma Analytics) for spectrophotometric measurement. Moreover, concentrated
Vanco-Au NPs were mixed with potassium bromide (KBr) powder. This wet sample was allowed to dry for 12 h
in an oven at 60 °C. Subsequently, the dried sample was analyzed with an FTIR-Spectrometer (Nexus 470,

Thermo Nicolet) and pristine vancomycin was measured as a control.
2.5.6 Preparation of CaCOs particles
Without Vanco-Au NPs

The CaCl; solution was prepared by dissolving 183 mg CaCl, in 5 ml water. The Na,COs solution was prepared
by dissolving 175 mg Na,COs in 5 ml water. These solutions were added into a 50 ml round-bottomed flask and
stirred for 1 min at 1000 rpm. The solution was then transferred into a centrifuge tube and washed with water 5

times (3000 rpm, 10 s). The synthesized CaCOj3 particles were collected by centrifugation for further use.
With Vanco-Au NPs

In addition to the above procedure, 400 pl vancomycin modified gold nanoparticles (Vanco-Au NPs) were added
into the solution. After stirring for 1 min at 1000 rpm, the solution was transferred into a centrifuge tube and
washed with water 5 times (3000 rpm, 10 s). The synthesized Vanco-Au @CaCOj particles were collected by
centrifugation. In order to quantify the amount of Vanco-Au NPs loaded into CaCO3;. EDTA (0.2 M) was used
to dissolve CaCOs. Afterwards, the concentration of Vanco-Au NPs was measured by absorption spectroscopy.
By comparing this value to the initial concentration of Vanco-Au NPs, the encapsulation efficiency of Vanco-Au

NPs into CaCO3 was determined to be approximately 74% (Figure S18b).
2.5.7 Preparation of layer-by-layer PAH/PSS polyelectrolyte microcapsules

CaCOs3 and Vanco-Au@CaCOs particles were utilized as the core templates for microcapsule formation. The
polyelectrolyte microcapsules were fabricated using the established layer-by-layer assembly method.* Briefly, 2
ml freshly synthesized CaCOj; particles were dispersed in 0.5 M NaCl solution, which contained 1 mg/ml PAH.
This mixture was allowed to incubate at room temperature for 15 min. The excess polyelectrolyte was removed
by centrifugation (3000 rpm, 10 s) and the precipitate was washed with 0.5 M NaCl solution 3 times. Then, the

second polymer layer was assembled in the same way by dispersing the particles in 0.5 M NaCl solution, which
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contained 1 mg/ml PSS. This process was repeated to obtain the desired bilayer polyelectrolyte coated templates.
Then, the templates were removed using 2 ml EDTA (0.2 M) to obtain the Au-vanco NPs@Microcapsules and

hollow microcapsules.
2.5.8 Determination of the leakage of nanodrug from polyelectrolyte microcapsules

The leakage of nanodrug from polyelectrolyte microcapsules was determined by comparing the concentration of
gold particles released from microcapsules before and after 24 h shaking (500 rpm). Firstly, the freshly prepared
Vanco-Au@Polyelectrolyte Microcapsules were centrifuged at 5000 rpm for 1 min. The supernatant was
collected and analyzed by optical absorption spectroscopy. Then, the microcapsules were allowed to shake for 24
h on a shaker. Again, after centrifugation (5000 rpm), the supernatant of this solution was collected to measure
the optical absorption. For the 4-layer and 6-layer bilayer polyelectrolyte microcapsules, the absorbance values

of the supernatant before shaking and after shaking for 24 h were similar, indicating that the leakage of

nanodrugs from the microcapsules was minimal.
2.5.9 Determination of Vanco-Au NPs released from polyelectrolyte microcapsules upon sonication

Ultrasound sonication was carried out using a 20 KHz sonicator with a 3 mm-diameter micro-tip probe
(A12628PRB20, Qsonica). The sonication was applied in pulsed mode, with 2.0 seconds on and 1.0 second off.
The tubes were placed in an ice bath to maintain low temperature inside the tube throughout sonication (Figure
S14). The freshly prepared 1 ml Vanco-Au@Polyelectrolyte Microcapsules were added into a 2 ml Eppendorf
tube. Then, the sonicator micro-tip was positioned in the microcapsule suspensions. Subsequently, sonication
was applied at different power amplification (25%, 50%, 75% and 100%) for different times (0 min, 0.5 min, 1
min, 3 min, 5 min and 10 min). After sonication, the suspensions were centrifuged at 5000 rpm for 1 min. The

supernatants were collected and optical absorption was measured.
2.5.10 Preparation of Vanco-Au@Silica Capsule

Vanco-Au@Silica Capsule were prepared referring to a previous report.*> The CaCl, solution was prepared by
dissolving 183 mg CaCl, in 5 ml starch aqueous solution. 400 pl Vancomycin modified gold nanoparticles
(Vanco-Au NPs) were added into the CaCl, solution. Na,COs solution was prepared by dissolving 175 mg
Na,COs in 5 ml water. Then, mix the Na,COj3 solution with CaCl; solution and stir for 1 min at 1000 rpm. The
solution was then transferred into a centrifuge tube and washed with water 3 times (3000 rpm, 10 s). 2 ml the
synthesized Vanco-Au@CaCOj; particles were washed with water and ethanol. Then the particles were incubated
in 1.5 ml TEOS/Ethanol (1:1, v/v) solution for 2 h. After adsorbing TEOS, the particles were centrifuged and
transferred to a flask with a solvent mixture (2.5 mL water, 2.5 mL ammonium hydroxide (30 wt %), 5 mL
ethanol) for overnight hydrolysis at 1000 rpm. Then the CaCOs templates were removed with 0.2 M EDTA

solution (pH 7.4). At last silica capsules were obtained after washing with water 3 times.
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2.5.11 Vanco-Au@Silica Microcapsule subjected to US irradiation

Irradiation with unfocused US was similar as described before. For LIFU radiation, a transparent 96-well plate
(SARSTEDT AG & Co. KG, Neubrecht, Germany) was placed 2.5 cm above the transducer. This setup allowed
the focus to be adjusted to the sample's location. Sonication was performed at 5 MHz with a duty cycle of 20%,
and a peak rarefaction pressure of 2.28 MPa at the focus point. The Mechanical Index (MI) was 1.02.
Specifically, 100 pl Vanco-Au@Silica Microcapsules were added into a well of a 96 well plate. The sonication
point was set at the center of the well. Then, we set the 5s, 30s, 60s, 3min or 5 min ‘on’ time in the LIFU driver.
After sonication, the solution was centrifuged at 5000 rpm for 1 min, and the supernatant was collected and

optical absorption was measured.
2.5.12 Bacterial growth (S. aureus) after sonication

S. aureus (ATCC 6538) was allowed to grow in Mueller-Hinto-Bouillon (MHB medium) for 8 h at 37 °C to
reach the late log phase. Then, the bacteria were rinsed with 0.9 % NaCl solution 2 times and collected by
centrifugation (3000 rpm, 3 min). The bacteria suspension was then diluted to reach an ODgoo of around 0.01. 1
mL of bacterial suspension was pipetted into a 2 mL tube and subjected to 20 KHz US sonication at different
power levels (0%, 25%, 50%, 75%, and 100%) for 10 minutes (irradiation: 2 s on, 1 s off). The sonication-
treated bacteria were allowed to grow for 22 h at 37 °C. Then the optical density of bacteria was monitored by
the spectrophotometer at 600 nm (ODeggo) every 20 min. Finally, the growth curves were obtained by recording

the ODgoo over time.
2.5.13 Minimal inhibitory concentration (MIC) assay (in situ experiments in presence of bacteria)

The Minimal Inhibitory Concentration (MIC) assay was used to evaluate the antimicrobial activities of various
samples, including pure vancomycin, Vanco-Au NPs before and after sonication, hollow PAH/PSS
polyelectrolyte microcapsules, and Vanco-Au@Polyelectrolyte Microcapsules before and after sonication.
Firstly, S. aureus (ATCC 6538) was allowed to grow in MHB medium under gentle shaking for 8 h at 37 °C. The
bacteria were rinsed with 0.9% NacCl solution 2 times and collected by centrifugation (3000 rpm, 3 min) for
further use. For each sample, the antimicrobial solution was serially two-fold diluted into multiple wells in a 96-
well plate to obtain a concentration gradient ranging from 64 pg/ml to 0.125 pg/ml. To each well, 50 uL of the
re-suspended bacteria solution was added to give a final bacterial concentration of 5x10° cells/mL. The ODggo
value was recorded by the spectrometer before and after incubation at 37 °C to examine the viability of bacteria
in each well. From these measurements, the lowest concentration of each sample at which no growth occurred

was obtained.
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2.5.14 Culturing S. aureus on agar petri dishes

20 pL S. aureus ( ~10* cells/mL) suspensions were mixed with 20 pL of different samples, including PBS buffer
(sample 1), vancomycin (1000 ug'mL-!, sample ii), Vanco-Au NPs (1000 pg-mL"! based on vancomycin, sample
iii), suspension of 1 ml Vanco-Au@Polyelectrolyte Microcapsules (4 bilayers) without sonication (sample iv) or
with sonication (50% power amplification for 10 min, sample v), suspension of 1 ml Vanco-Au@Silica
Microcapsules after 10 min LIFU sonication, sample vi). Then 160 pL PBS buffer was added to adjust the
volume to 200 pL. The mixed samples were allowed to gently shaken (~200 rpm) for 2 h at room temperature.
After the incubation, the mixtures were added on agar Petri dishes (diameter: 12 cm), separately. The agar petri

dishes were incubated at 37 °C for 24 hours, after which the bacterial colonies were counted.*¢4’
2.5.15 Live/dead staining of S. aureus

11 uL 100 X staining solution was prepared by mixing 1 pL DMAO, 2uL EthD-III and 8 pL 0.9% NacCl. Then, 1
uL of this stock solution was added to 100 pL of the above-mentioned bacteria suspensions. After mixing in the
dark at room temperature for 15 minutes, 5 pL of the stained bacterial suspension was imaged using the
fluorescence microscopy (Leica DM6000 B). Live bacteria were observed with a FITC filter set (green

fluorescence), while dead bacteria were visualized using a Cy3 filter set (red fluorescence). 44/
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2.6 Supporting figures and tables
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Figure S1. Characterization of Vanco-Au NPs. a) Size of Vanco-Au NPs measured by Dynamic Light
Scattering (DLS). b) Absorption spectrum of Vanco-Au NPs.
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Figure S2. Standard absorption curve of vancomycin. A series of different concentrations (0.05, 0.1, 0.2, 0.4,

1 mg/ml) of vancomycin solutions were prepared to measure the absorbance at 282 nm.
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Figure S3. SEM image of CaCOjs particles, scale bar: 2 um.
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Figure S4. Determination of the percentage of Vanco-Au NPs loading into CaCOs. a) Absorbance of Vanco-
Au NPs in starting solution and Vanco-Au NPs trapped in CaCOj3 particles. Mean values =+ s.d. from the mean, N
= 3 independent experiments. b) Percentage of Vanco-Au NPs loading inside the CaCOj particles, calculated by
the absorbance values. ¢) Concentrations of Vanco-Au NPs in starting solution and Vanco-Au NPs trapped in

CaCO:s particles. d) Percentage of Vanco-Au NPs loading inside the CaCOj particles when added 600ul, 1000ul
or 2000ul Vanco-Au NPs.
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Figure S5. Zeta potential of the alternating layers of the polyelectrolyte microcapsules.

Figure S6. SEM image of the template with 4 bilayers polyelectrolyte, scale bar: 10 pm.
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Figure S7. TEM image of 4 bilayers Vanco-Au@Polyelectrolyte microcapsules, scale bar: 2um.

Figure S8. TEM image of 4 bilayers hollow polyelectrolyte microcapsules, scale bar: 1 um.
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Figure S9. Preparation of 2 bilayers polyelectrolyte microcapsules, scale bar: 10 pm.
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Figure S10. EDX elemental mapping of Vanco-Au@Polyelectrolyte microcapsule (4 bilayers). Scale bar in inset:
2 pm.
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Figure S11. TEM image of Vanco-Au@Polyelectrolyte microcapsules (4 bilayers).
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Figure S12. Number of Vanco-Au NPs in 1 um? polyelectrolyte microcapsules (4 bilayers) calculated from
TEM image shown in Figure S11.

60



800

Fluorescence (a.u.)
N o)
o o
o o

[

o

o
1

e

540 560 580 600 620 640
Wavelength (nm)

Figure S13. Emission spectra of the supernatants of polyelctrolyte capsules containing Cy3 before (0 h) and

after (24 h) shaking.
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Figure S14. Unfocused US setup (f= 20 kHz, with ice bath). Temperature record: 0.3 °C (before sonication), 2.1

°C (after 10 min sonication).
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Figure S15. a) Absorption spectra of the supernatants of 4 bilayers polyelectrolyte microcapsules with 0% US
Amp sonication. b) SEM image of vanco-Au@Polyelectrolyte microcapsules dealt by LIFU sonication.
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Figure S16. Quantification of Vanco-Au NPs released from 6 bilayers Polyelectrolyte Microcapsules upon

US activation. a) Absorption spectra of the supernatant of vanco-Au NPs @ 6 bilayers PAH/PSS Microcapsules
after sonication with 25%, 50%, 75% and 100% Amp. b) Calculated concentrations of released Vanco-Au NPs,
Mean values + s.d. from the mean, N = 3 independent experiments. ¢) Release percentage of Vanco-Au NPs

from 6 bilayers PAH/PSS microcapsules triggered by sonication.
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Figure S17. Absorption spectra of Vanco-Au@§Silica microcapsules and silica microcapsules.

Figure S18. EDX elemental mapping of Vanco-Au@Silica microcapsule, elements: silica, gold and chlorine.

Scale bar: 1 um.
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Figure S19. Absorption values of the supernatants of Vanco-Au@Silica microcapsule before and after 24h

shaking. Mean values + s.d. from the mean, N = 3 independent experiments.
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Figure S20. Concentrations of released vanco-Au NPs from silica microcapsules after sonication. a)
Concentrations of released vanco-Au NPs under 20 KHz US sonication. Mean values + s.d. from the mean, N =
3 independent experiments. b) Concentrations of released vanco-Au NPs under LIFU sonication. Mean values +
s.d. from the mean, N = 3 independent experiments. ¢) Absorption spectra of the supernatant of vanco-Au

NPs@Silica microcapsules suspensions after 1 min, 3 min or 5 min sonication by LIFU.
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Figure S21. LIFU(5 MHz) setup. a) Schematic illustration. b) Real setup (left: side view, right: top view).
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Figure S22. Growth curves (19 - 21 h) of S. aureus after 10 min ultrasound treatment. Mean values + s.d. from

the mean, N = 3 independent experiments.
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3. Accelerated mechanophore activation and drug release in network core-structured
star polymers

The research contained within this chapter has been published in Small Science (Jilin Fan, Mingjun Xuan*,
Kuan Zhang, Rostislav Vinokur, Lifei Zheng, Robert Gostl, and Andreas Herrmann*. Accelerated
Mechanophore Activation and Drug Release in Network Core-structured Star Polymers Using High-Intensity
Focused Ultrasound. Small Science. 2024, 4, 2400082.). The author (Jilin Fan) of this thesis contributed to
experimental design; synthesized and characterized the materials; analyzed the data and co-wrote the manuscript.
In addition, I (Jilin Fan) declare as follows:

1. I designed and performed the experiments (Polymer synthesis; Small molecules synthesis; Sonication Assay;
Response of polymers to sonication; Quantification of mechanophore activation; Quantification of drug release;
MTS proliferation assay; Live/dead cell staining assay) contained in the publication.

2. I synthesized and characterized the materials (polymers and small molecules) contained in the publication.

3. I collected the data (TEM images; DLS analysis; NMR data; ESI-MS; GPC data; Fluorescence intensity; MTS
proliferation test; Live/dead cell staining test) contained in the publication.

4.1 analyzed the data and drew all the figures and tables contained in the publication.

5. I wrote the first version of the manuscript and then co-revised the manuscript.

6. Other authors’ contribution to this publication; Kuan Zhang gave suggestions on MTS proliferation assay;
Rostislav Vinokur built the HIFU setup; Mingjun Xuan and Lifei Zheng gave suggestions on experimental
design; Robert Gostl and Andreas Herrmann revised the first version of the manuscript.
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In Chapter 3, we prepared network core-structured star polymers (NCSPs) with multiple end chains as another

interesting polymer system. 1.5 MHz high-intensity focused ultrasound (HIFU) irradiation was applied to verify
the responsiveness of NCSPs to sonication. The NCSPs showed high sensitivity to megahertz HIFU irradiation.
The efficiency of mechanophore chain scission in network core-structured star polymers with 1.5 MHz HIFU
irradiation is comparable to the efficiency achieved with 20 kHz sonication. Although the spanning molar
masses of star and linear polymers are comparable, a 108 times faster mechanochemical bond scission is
achieved compared to linear polymers under HIFU irradiation. The activation of disulfide in NCSPs showed an
acceleration effect compared to linear polymers.

The fluorophore and drug release from polymers is based on the activation of disulfide mechanophores. By
exposing HeLa cells to the released drug, its cytotoxic effects and potential for cancer treatment were further
investigated. This work demonstrates the potential of HIFU-triggered drug release from polymers for

sonophamacology.
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3.1 Abstract

The ultrasound (US)-induced activation of mechanophores embedded in linear polymers (LPs) is the most
widely employed technique to realize chemical function by polymer mechanochemistry. However, the typical US
frequency used, around 20 kHz, generates strong inertial cavitation that limits its biomedical applications. Here,
we explore the use of both 20 kHz US and 1.5 MHz high-intensity focused ultrasound (HIFU) to activate
disulfide mechanophores and induce polymer chain scission in network core-structured star polymers (NCSPs).
We discovered that the efficiency of activating disulfide mechanophores in NCSPs using 1.5 MHz HIFU
irradiation is comparable to that achieved with 20 kHz sonication. This was evaluated using ‘turn on’ sensor
molecules that exploit the Michael addition of mechanochemically generated thiol groups, followed by retro
Diels-Alder reaction to release a fluorophore. Furthermore, the anti-cancer drug doxorubicin (Dox), covalently
loaded into NCSPs, is efficiently released upon 1.5 MHz HIFU activation. Lastly, an in vitro study of drug
release from NCSPs confirms the potential of HIFU-activated polymer mechanochemistry for

sonopharmacology applications.
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3.2 Introduction

Ultrasound (US)-induced polymer mechanochemistry has garnered significant interest for its applications in
biological systems, such as drug activation (sonopharmacology),'® protein manipulation,”® and biomaterials
engineering.”!° US offers advantages over other stimuli like light,'""'? heat,'> pH,'*!¢ or redox potential due to its
widespread clinical use,'’!® deep tissue penetration, and precise spatiotemporal control. However, current

polymer mechanochemical systems typically utilize a frequency of 20 kHz,'"

which induces strong inertial
cavitation that can damage tissues and biological systems.?

Conversely, high-intensity focused ultrasound (HIFU) driven in the MHz frequency range is an established

21-22 25-26

modality in biomedical applications including tumor ablation,?? pain management,>* neurosurgery, and
drug release.?”2® A metric to quantify the biosafety of such high-frequency US is the mechanical index (MI)
where an MI < 1.9 is considered medically safe as approved by the FDA.?’ HIFU is, however, often operated
above this safety limit for therapeutic applications that exploit destructive mechanical properties and thermal
effects of sonication, such as cancer treatment.3’ Therefore, it is crucial to develop polymer mechanochemical
reactions that can be activated at medically safe US intensities while integrating mechanochemical principles
with biomedical conditions.

Recently, Li, Moore, and coworkers reported the in vitro mechanochemical free radical generation in hydrogels
for noninvasive cancer therapy. They activated azo mechanophores by HIFU with spatiotemporal precision to
generate free radicals that converted to reactive oxygen species for the inhibition of cancer cell growth. Robb,
Shapiro, and coworkers reported a synergistic platform that coupled the selective mechanophore activation in
LPs with biocompatible focused ultrasound by leveraging pressure-sensitive gas vesicles as acousto-mechanical
transducers.’ Although using auxiliary agents such as bubbles can increase the sensitivity of traditional polymers
to sonication,’!33 thus opening the way for polymer biomedical applications, another feasible approach is to
modify the structure of the polymers itself, which contains mechanoresponsive molecules.3**¢ The acceleration
of mechanochemical bond scission has thereby been demonstrated in dendrimers, polymer brushes, and
microgels.?”*

Star polymers represent another polymer architecture explored in the realm of polymer mechanochemistry,
where their mechanophore activation efficiencies compared to linear chains have been scrutinized.***® These
studies provide a mechanistic understanding that attributes the scission of star polymer chains more to their span
rather than their total molar mass. However, existing research predominantly focuses on 3-armed star polymers
with a single mechanophore located near the junction point. Nevertheless, star architectures offer substantial
diversity. For instance, network core-structured star polymers (NCSPs) could feature a potential multi-
mechanophore core and multiple long end chains. Despite this potential, the mechanochemical behavior of such
NCSPs remains unexplored. Conducting a systematic investigation would not only enhance our comprehension

of star polymer chain scission but also advance predictive models for mechanophore activation and facilitate the

rational design of polymers tailored for specific biomedical applications.
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Figure 1. Schematic illustration of the mechanochemical NCSP fragmentation, activation of disulfide

mechanophores, and drug release upon US irradiation.

In this study, we synthesized network core-structured star polymers (NCSPs) containing multiple disulfide
mechanophores through reversible addition fragmentation chain-transfer (RAFT) polymerization (Figure 1). We
investigated the mechanochemical responsiveness of NCSPs using both 20 kHz ultrasound (US) and 1.5 MHz
high-intensity focused ultrasound (HIFU). Our study quantitatively evaluates the activation of disulfide
mechanophores and the fragmentation of NCSP chains. To assess the impact of mechanophores on
mechanochemical bond scission, mechanophore-free network core-structured star polymers (FNCSPs) were used
as the control samples. Comparing the scission kinetics with linear polymers (LPs) highlights the superior
mechanophore activation in NCSPs. Based on these findings, we demonstrate the feasibility of drug release from
NCSPs using 1.5 MHz HIFU, despite with an MI of 2.4. In vitro experiments with HeLa cells exposed to the
released drug illustrate the potential of mechanochemical drug delivery from NCSPs for applications in

sonopharmacology.
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3.3 Results and discussion

3.3.1 NCSP Preparation and Disulfide Mechanophore Activation

First, the disulfide crosslinker Al used in NCSP preparation was synthesized by methacryloylation of
commercial 2, 2'-dithiodiethanol. From there, NCSPs were synthesized by RAFT copolymerization and chain
extension from the endpoints of the NCSP core with the biocompatible PEG-analogue poly(ethylene glycol)
methyl ether methacrylate (PEGMEMA). The synthesis involved two steps: (i) the fabrication of the polymeric
core architecture and (ii) the growth of PEGMEMA chains on the surface of the polymeric core (Figure 2a,
Figure 2b, and Scheme S3). The molar mass of the NCSPs was very roughly approximated to 109 kDa
measured by GPC using a refractive index detector (Figure S7). The morphology and size distribution of the
NCSPs were studied using transmission electron microscopy (TEM, Figure 2¢) and dynamic light scattering
(DLS), respectively. The diameter of NCSPs was in the range of 20 to 50 nm (Figure 2d and Figure 2e).
Additionally, the structure of the NCSPs was analyzed using 'H NMR and GPC, with the number of arms and
degree of polymerization (X)) estimated to be 7 and 37, respectively (see page 106).

a)
Chain
-/ . end elongation
PEGMEMA A1
NCSPs-Core
NCSPs
b) & s
- ¢ CPA, AIBN ©/L £ PEGMEMAAIBN, ©/\s\\ﬁ\ I
5 A i?:o 70°C,1 4-dioxane ‘)/”\To‘{ m% 70°C. 1 4-dioxans ok S 12 /iil r<
2 2 _(2 “coon *(D’ § T LcooH
A
\ ) )
I ¢ § = % &
2 ¢
Q

()
—

304

20

Number (%)

10 20 30 40 50 60 {q 10 100 1000
Diameter (nm) Diameter (nm)

Figure 2. Synthesis and Characterization of NCSPs. a) Schematic diagram of the synthesis process of NCSPs.
b) Chemical components of the synthesis: Red — disulfide mechanophore, Blue — PEGMEMA chains. ¢) TEM
image of NCSPs. d) Size distribution histogram from panel c. e) DLS analysis of NCSPs.
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To evaluate mechanophore activation in NCSPs, we synthesized non-fluorescent 7-oxanorbornadiene sensor B2,
which incorporates a latent fluorophore B1 (Scheme S1).*” B1 acted as a reporter, allowing the facile
quantification of free thiols that reacted with B2 in a Michael addition, whereupon fluorescent B1 was released
by retro Diels-Alder reaction.

As a kinetic control, linear polymers (LPs) containing chain-centered disulfide mechanophores were synthesized
using Cu’-mediated controlled radical polymerization (Scheme S2). The chain growth process was controlled via
the reaction time at room temperature. LPs were obtained after 6 h with M, = 47 kDa and Dy = 1.4. These were
subjected to sonication in H O/DMSO (v:v, 4:1) in the presence of sensor B2, and aliquots were analyzed by gel
permeation chromatography (GPC) as well as fluorescence spectroscopy. Expectedly, significant fluorescence
was recorded after using 20 kHz US at a sound intensity / of 12.4 W cm™ (Figure S3 and Figure S4). Thereafter,
we identified the intensity threshold of mechanophore activation and polymer chain scission. We observed no
polymers chain scission below / = 1.5 W/cm? with 20 KHz sonication (Figure S5) and under all tested

conditions with 1.5 MHz HIFU (Figure S6).
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Figure 3. US-induced disulfide mechanophore activation in NCSPs. a) Fluorescence spectra of the mixture of
B2 and NCSPs after 20 kHz (/ = 12.4 W ¢cm™) and 1.5 MHz (I = 2300 W cm) sonication (lexc = 330 nm). b)
Disulfide mechanophore activation after 20 kHz and 1.5 MHz sonication. Mean + SD from the mean. N = 3
independent sonications. The data correspond to both y-axes. ¢) Fraction of activated disulfide mechanophores in
NCSPs compared to LPs using 20 kHz US at / = 12.4 W cm. Mean + SD from the mean. N = 3 independent
sonications. d) DLS of NCSP solutions over the course of their sonication using 20 kHz US at /= 12.4 W cm™2,

Next, we investigated the activation of disulfide mechanophores in NCSPs using ultrasound. Upon sonication
(20 kHz with /= 12.4 W cm? or 1.5 MHz with I = 2300 W cm, pulse sequence 2.0 s on, 1.0 s off) for 30 min,
the green fluorescence of released B1 was observed (Figure S12). The fluorescence intensity was measured to
quantify mechanophore activation after the respective 20 kHz and 1.5 MHz sonications (Figure 3a). Samples

treated by HIFU irradiation showed comparable fluorescence intensities to 20 kHz US in the same time regime
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under the chosen conditions (Figure 3b). The activated mechanophore fraction was calculated by using the
fluorescence of the mixture of B2 and NCSPs treated with large excess of reducing agent tris(2-
carboxyethyl)phosphine (TCEP) as an upper limiting value. More than 60% of B2 were activated within 30 min
at 20 kHz US using NCSPs, which was higher compared to LPs (Figure 3c). We attributed this difference to the
higher molar mass and hence higher mechanochemical reactivity of the NCSPs.*®4° Additionally, size
distributions of NCSPs were also assessed by DLS. The hydrodynamic size showed a notable reduction within
10 minutes, dropping from approximately 50 nm to below 10 nm after 30 minutes of sonication, suggesting

significant polymer chain fragmentation (Figure 3d).

3.3.2 Mechanochemical Reactivity of NCSPs

Subsequently, we systematically investigated the mechanochemical reactivity of the NCSPs depending on the
ultrasound frequency and intensity (/) (Figure 4). The applied / for 20 kHz and 1.5 MHz US are listed in Table
S1 and Table S2. In addition, we recorded the superposition of non-selective and selective chain scission as
change in M, (Table S4) as a function of time (Figure 4b). Comparing the M, before and after sonication
revealed that the NCSPs decomposed rapidly within 30 min, and the M, decreased to less than 30% of its initial
value (Figure S16). NCSP degradation began at a lower threshold intensity of 0.45 W/cm? at 20 KHz, compared
to LPs, which required a threshold intensity of 1.5 W/cm?. This highlights the enhanced mechanochemical
reactivity of NCSPs toward inertial cavitation. At an 7 of 12.4 W cm, the NCSPs degraded completely within 30
min reaching the limiting molar mass. This was underscored by DLS measurements, which revealed no further
reduction in hydrodynamic size after this time. Conversely, the ultimate M, of LPs was only reached after 60 min

under identical conditions.

a) b)
—=—20 kHz (0.45 W em'?)

+— 20 kHz (6.0 W cm'?)
—a— 20 kHz (12.4 Wem'?)

+— 1.5 MHz (2300 W cm?)

30

025 10 30 60
US time (min)

Figure 4. Mn analysis of NCSPs. a) Schematic representation of the degradation. b) M, over the course of 20
kHz and HIFU sonication.

The mechanochemical reactivity of the NCSPs was quantitatively assessed under 20 kHz sonication using a
previously reported method>®! by calculating the apparent scission rate constant kapp. Expectedly, increasing /
led to higher k.pp (Figure 5a). Comparable observations were made for HIFU sonication at 1.5 MHz. While the
threshold [ for chain scission was determined to 290 W cm™ and a corresponding MI of 2.4 (Figure 5b, Table
S5), kapp expectedly also increased with increasing / (Figure Sc).

The contribution of disulfide mechanophores was further examined by comparing NCSPs with mechanophore-

free FNCSPs of similar size (M,) (Figure S17). Over 10 minutes of HIFU sonication, the Mn of FNCSPs

79



showed a much slighter decrease than that of NCSPs (Table S6, Figure 5d), emphasizing the crucial role of

disulfide mechanophores in enhancing the rate constant (Kgp).
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Figure 5. Mechanochemical reactivity analysis of NCSPs. a) Apparent scission rate constants under 20 kHz
sonication as function of /. Mean £+ SD from the mean. N = 3 independent sonications. b) Final M, after 30 min
sonication with HIFU at 1.5 MHz as a function of /. ¢) Apparent scission rate constants under HIFU at 1.5 MHz
sonication as function of /. d) M, decreasing ratio over the course of the sonication of NCSPs and FNCSPs with
HIFU (I = 2300 W cm™).

From previous reports, the concept of the spanning molar mass (M) emerged.*3% 446 These studies
confirmed a mechanistic interpretation of star polymer chain scission that is governed by the spanning rather
than total molar mass. To verify whether the reported conclusions were applicable to NCSPs as well, Myan of
NCSPs and LPs were calculated (details in page 106). NCSP star polymers with Mpan = 54 kDa and kqpp = 10.8
107 min"' showed comparable performance to LPs with My = 47 kDa and kapp = 10.4 10 min"! upon 60 min
sonication at 20 kHz. The spanning molar mass concept thus holds true for LPs and NCSPs at 20 kHz sonication.
However, under 1.5 MHz HIFU irradiation at / = 2900 W c¢cm? for 60 min NCSPs and LPs showed kapp of 10.8
10 min"! and 0.1 1073 min™! (Table S8) and thus an obvious rate difference in favor of the NCSPs. Therefore, we
concluded that NCSPs demonstrated higher sensitivity to 1.5 MHz HIFU irradiation than LPs, both in terms of

chain scission and disulfide mechanophore activation.

3.3.3 Ultrasound-Induced Drug Release from NCSPs

After successfully demonstrating superior disulfide mechanophore activation in NCSPs using HIFU, our goal
was to illustrate a proof-of-concept application involving the release of a furylated drug molecule. For this
purpose, we employed furylated Dox D1, which has previously shown promising anticancer activity in soft
tissue, bone sarcomas, cancers of the breast, ovary, bladder, and thyroid.>>-* However, it exhibits a short half-life
as well as systemic and specific cardiac toxicity,> rendering it an ideal candidate for remote-controlled release.

In addition, we synthesized the acrylate-functionalized Diels-Alder adduct of furylated Dox C3, and this
compound was incorporated into the core of NCSPs through copolymerization (Figure 6b). TEM analysis was

then performed to examine the morphology of the resulting NCSPs (Figure 6c¢).
80



—— @ @

PEGMEMA Al c3
NCSPs-Core

NCSPs-Dox

Figure 6. The synthesis of Dox-bearing NCSPs. a) Schematic representation of the synthesis process and b)
final polymer. Disulfide mechanophore, Dox, and PEGMEMA chains are highlighted in red, green, and blue
respectively. ¢) TEM micrograph.

HIFU at 1.5 MHz and an intensity of 2300 W/cm? was employed to trigger the release of D1 (Figure 7a). The
Dox-loaded NCSPs were carefully dispersed in a solvent blend of DMSO and PBS (v/v = 1:4) and subjected to
sonication for up to 20 minutes. Fluorescence spectra were meticulously recorded at each interval to track the
release of the fluorescent D1 (Figure 7b). To further substantiate these findings, ultra-high-performance liquid
chromatography-mass spectrometry (UPLC-MS) analysis was conducted throughout the sonication process,
offering precise insights into the drug release dynamics. Additionally underpinning the successful release, 'H
NMR analysis demonstrated the emergence of characteristic peaks of D1 in the aromatic region (Figure 7¢). To
quantify released D1, a correlation between its concentration and fluorescence intensity was established (Figure
S21). To obtain a limiting upper value, 2-mercaptoethanol (MCE) was used to reduce all disulfide bonds within
the NCSPs (Figure S22a). Thereby, a maximum release of D1 by HIFU of around 40% was observed (Figure
7d). Additionally, we conducted experiments using 10% DMSO, 5% DMSO, and water to investigate the effect
of solvents on molecular release. We found that with 5% DMSO solvent, approximately 20% of furan-Dox was
released after 20 minutes of HIFU irradiation. Conversely, in experiments performed in water, over 5% of furan-

Dox was released from NCSPs (Figure S22c¢ and S22e).
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Figure 7. HIFU-induced disulfide mechanophore activation and D1 release from NCSPs. a) Schematic
illustration. b) Fluorescence spectra (lexe = 485 nm) over the course of HIFU application (1.5 MHz, I = 2300
W cm?). ¢) Section of 'H NMR (400 MHz, CDCls) spectrum showing characteristic D1 peaks. d) The release
profile of D1 from NCSPs over sonication time (1.5 MHz, / = 2300 W cm?). Mean = SD from the mean. N = 3

independent sonications.

3.3.4 In Vitro Cancer Therapy of Released Dox

Next, we explored the potential of Dox-loaded NCSPs for in vitro treatment using MTS proliferation assay and
confocal laser scanning microscopy (CLSM) to evaluate the efficacy of the delivered drug in suppressing cancer
cell growth (Figure 8a). We determined the half-maximal inhibitory concentrations (ICso) of PBS, Dox-loaded
NCSPs, pristine Dox, and Dox-loaded NCSPs after HIFU treatment and hydrolysis. The hydrolysis process to
de-furylate released Dox was carried out in a solvent mixture of DMSO and PBS (v/v = 1:4) at a tumor-like pH
of 5.5 for 48 h (Figure 8b) and confirmed by UPLC (Figure S23).%

Significantly, the ICso of the sonicated and de-furylated Dox-loaded NCSPs was markedly lower compared to the
control samples and comparable to that of pristine Dox (Figure 8c). As anticipated, PBS exhibited negligible
cytotoxicity under the given conditions. At the same time, HeLa cells treated with varying concentrations of non-
sonicated Dox-loaded NCSPs maintained remarkably high viability, highlighting the exceptional
biocompatibility of the intact drug carrier. This effect was attributed to the protective hydrodynamic shielding of
the solvated PEGMEMA chains around the Dox-loaded cores. Moreover, an in-depth investigation of sonicated
Dox-loaded NCSPs before hydrolysis revealed that furylated Dox significantly inhibited HeLa cell proliferation.
This outcome could stem from in situ de-furylation within cancer cells or the inherent cytotoxic nature of the

furylated Dox itself, further underscoring the potential of this delivery system.
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Furthermore, CLSM was performed to underpin these results after live cell staining with calcein AM and dead
cell staining with propidium iodide. Treatment with either pristine Dox or sonicated and hydrolyzed Dox-loaded
NCSPs resulted in a significant decrease in the number of live HeLa cells (Figure 9), highlighting the

effectiveness of HIFU-induced disulfide mechanophore activation and subsequent Dox release from NCSPs in

sonopharmacology.

Calcein AM Pl Overlay

dead cells: propidium iodide, red). (i) PBS, (ii) pristine Dox, (iii) non-sonicated Dox-loaded NCSPs, (iv)
sonicated and hydrolyzed Dox-loaded NCSPs (1.5 MHz, /=290 W cm?, 30 min). HeLa cells were stained for 5

min. Scale bars: 50 pm.

(iii)

(i) | (iv)

Figure 9. CLSM micrographs of HeLa cells treated with different samples (live cells: calcein AM, green;
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3.4 Conclusions

Here, we demonstrate accelerated US-induced disulfide mechanophore activation in NCSPs, which exhibit
higher sensitivity to US compared to LPs. Mechanophore activation was quantified by Michael addition of
mechanochemically generated thiols to a 7-oxanorbornadiene scaffold carrying a latent fluorescent cargo,
subsequently released via retro Diels-Alder reaction. NCSPs showed faster mechanophore activation and
responded to lower sonication powers compared to linear chains with identical mechanophores centered within
them. Moreover, we systematically investigated how mechanochemical NCSP fragmentation varied with
sonication conditions, including frequency and intensity. While linear chains were responsive only to 20 kHz US,
producing strong inertial cavitation, NCSPs also activated under biomedically relevant 1.5 MHz HIFU
irradiations. These findings underscore the pivotal role of polymer architecture in efficient mechanophore
activation. We applied this system in a proof-of-concept drug release experiment, releasing Dox using 1.5 MHz
HIFU with an MI of 2.4 to inhibit cancer cell growth in vitro. These results represent a significant advancement

of polymer mechanochemistry in sonopharmacology.
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3.5 Experimental section

3.5.1 Materials

All chemical reagents and solvents were used without further purification unless otherwise stated. 2-
hydroxyethyl disulfide (technical grade, Sigma-Aldrich), methacryloyl chloride (97%, Sigma-Aldrich),
triethylamine (TEA, =99%, Sigma-Aldrich), dichloromethane (CH>Cl,, anhydrous, =99.8%, Sigma-Aldrich),
4-(dimethylamino)pyridine (DMAP, >99.0%, TCI Deutschland GmbH), toluene (=99.5%, Sigma-Aldrich), 1,4-
dioxane (99.8%, Sigma-Aldrich), tris(2-carboxyethyl)phosphine hydrochloride (TCEP, =98%, Sigma-Aldrich),
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CPA, RAFT agent, Sigma-Aldrich), ethylenebis(2-
bromoisobutyrate) (97%,SigmaAldrich), bis[2(2’bromoisobutyryloxy)ethyl]-disulfide (98%, Sigma-Aldrich),
CuBr; (99%, Sigma-Aldrich), MesTREN (97%, Sigma-Aldrich), lithium bis(trimethylsilyl)amide solution
(LHMDS, 1.0 M in THF), 4-(bromomethyl)benzoic acid (97%, Sigma-Aldrich), N,N’-disuccinimidyl carbonate
(DSC, =95%, Sigma-Aldrich), doxorubicin hydrochloride (Dox, Pharmaceutical Secondary Standard, Sigma-
Aldrich) were used as received. 1, 6-hexanediol dimethacrylate (=90%, Sigma-Aldrich) and poly(ethylene
glycol) methyl ether methacrylate (PEGMEMA, M, ~ 300 Da, Sigma-Aldrich) were purified by a column of
activated basic Al,O; to remove the inhibitor. 2,2’-azobis(2-methylpropionitrile) (AIBN, 98%) was obtained
from Sigma-Aldrich and recrystallized twice from MeOH. Dialysis membranes (3.5 kDa MWCO) were obtained
from Spectrum Labs. Centrifugal filter (3000 MWCO) was obtained from Sartorius. HeLa cell line was obtained
from ATCC: The Global Bioresource Center. Ultrapure Milli-Q water (18.2 MQ-cm) was used for all

experiments.

3.5.2 General Instrumentation

'"H and *C NMR spectra were recorded at room temperature in CDCl; on a 400 MHz Bruker Avance 400
spectrometer ('*C: 101 MHz). The chemical shifts are reported in § units using residual protonated solvent
signals as internal standard*® (‘H: CDCl; (°H = 7.26 ppm), *C: CDCl; (3C = 77.16 ppm)). The following
abbreviations were used: s = singlet, d = doublet, t = triplet, q = quartet, sept. = septet, dd = doublet of doublets

etc., m = multiplet. Coupling constants (J) were given in Hz and refer to the respective H, H-couplings.

Thin-layer chromatography (TLC) was conducted on Merck TLC Silica Gel 60 Fjs4 plates, which featured a
fluorescence indicator for visualization under 254 nm or 365 nm UV light using a hand lamp. High-purity silica

gel (40—-63 um) was utilized for flash column chromatography.

Gel permeation chromatography (GPC/SEC) with THF (HPLC grade) was performed using a Jasco PU-2080plus
HPLC pump equipped with a Jasco RI-2031plus refractive index detector. As an internal standard, the sample
solvent contained 250 mg/mL 3,5-di-z-4-butylhydroxytoluene (BHT, =99%, Fluka). A pre-column (8x50 mm)
and four SDplus gel columns (8%x300 mm, SDplus, MZ Analysentechnik) were used at a controlled flow rate of
1.0 mL/min at 20 °C. The gel particles had a diameter of 5 pm, with nominal pore sizes of 50, 102, 103, and 104
A. Calibration was performed using narrowly distributed poly(methyl methacrylate) (PMMA) standards from
Polymer Standards Service. Molar masses (M, and M,,) and molar mass distributions (M.,/M,) were determined

using PSS WinGPC UniChrom software (Version 8.1.1).
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ESI MS: micrOTOF-Q II™ ESI-Qq-TOF mass spectrometer system (BRUKER).

Transmission electron microscopy (TEM) micrographs were captured on a LIBRA®120 transmission electron
microscope (Carl Zeiss) with an accelerating voltage of 120 kV and images were recorded using a Gatan Ultra
Scan 1000. Transmission electron microscopy (TEM) sample preparation: one drop (~ 10 puL) of sample was

deposited onto carbon-coated copper grid, then air-dried.

Dynamic light scattering (DLS) was measured on a Zetasizer instrument (Zetasizer Ultra, Malvern). Samples

were dispersed in H;O/DMSO (4:1, v/v) and then the mixture was transferred to a disposable plastic cell.

Ultra-high performance liquid-chromatography (UHPLC) system: ACQUITY UPLC I-Class System (Waters)
with the compatible ACQUITY UPLC PDA ek Detector and ACQUITY QDa detector (Waters). Solvents: A=
water (contained 0.1% TFA), B= acetonitrile (contained 0.1% TFA); Flow= 0.4 mL-min"'; Gradient (B): 0-1 min
(10%), 1-5 min (10-90%), 5-7 min (90%), 7-10 min (90-10%).

3.5.3 Fluorescence Spectroscopy

Fluorescence spectra were collected by a SpectraMax iD3 multi-mode microplate reader (Molecular Devices) at
room temperature. For fluorescence spectra measurements of the mixture of B2 and polymers, samples were
excited at 330 nm. The spectral bandwidth for emission was set to 10 nm (380-750 nm). To generate the standard
curve for B1, fluorescence intensity was recorded at 550 nm. To obtain the fluorescence spectra of NCSP-Dox,
excitation was performed at 485 nm, with an emission bandwidth of 5 nm (525-750 nm). The standard curve for
Furan-Dox (D1) was obtained by collecting fluorescence intensity at 595 nm. Samples were incubated at room
temperature for 72 hours to complete downstream reactions before the fluorescence intensity collection. The
fluorescence intensity collection were conducted using a pureGrade™ 96-well plate from BRAND GmbH. In
addition, before fluorescence measurements, the sonicated NCSP solution required a filtration step. This
involved three times centrifugation ( 8000 xg for 10 minutes), followed by filtration through a 3,000 MWCO
centrifugal filter (5000 rpm).

3.5.4 Sonication Experiments

20 kHz sonicator and 1.5 MHz HIFU setup performed ultrasound sonication experiments (Figure S1).

20 kHz: Sonication experiments were carried out using a Qsonica Q125 ultrasonic system with a 3.2 mm probe, f
= 20 kHz. Pulsed sonication (2 s on, 1 s off) was used. 10 mg polymers was dissolved in 1 mL H>,O/DMSO (4:1,
v/v), then injected into a cooled Eppendorf tube (immersed in an ice-water bath). Then, the mixture was exposed

to sonication for 2 min, 5 min, 10 min, 30 min, 60 min and 90 min.

1.5 MHz HIFU: Ultrasound sonication experiments were performed with a home-built HIFU setup. The core
devices include waveform generator (33511B, Keysight Technologies), RF amplifier (AG1021, T&C Power
Conversion, Inc.) and transducers (1.5 MHz, Precision Acoustics Ltd., UK). A 0.5 mm needle hydrophone
(Precision Acoustics Ltd., UK) was used for locating the transducer focal point. Custom-made motorized 3D-
manipulator/positioning system for controlling the well plate submerged in water was employed. Pulsed
sonication (2 s on, 1 s off) was used. 10 mg polymers were dissolved in 1 mL H,O/DMSO (4:1, v/v), then the

solution was added into the 24 well plate that with an acoustically transparent base made of ultra-thin film
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(lumox® multiwall 24, SARSTEDT). Samples exposed to constant sonication for 3 min, 10 min, 15 min and 20

min.
3.5.5 Cell Imaging

HeLa cells designated for imaging were meticulously cultured in Dulbecco’s Modified Eagle’s Medium
(DMEM), enriched with 10% heat-inactivated fetal bovine serum (FBS) and supplemented with 100 U/mL
penicillin and 100 pg/mL streptomycin. The incubation was maintained at 37 °C under a precisely controlled
humidified atmosphere containing 5% CO- to ensure optimal cell viability and proliferation. For imaging studies,
HeLa cells were carefully seeded into ibidi p-Slide 8 Wells (glass-bottomed) at a density of 2.5 x 103 cells per
well in 500 pL of culture medium, ensuring uniform distribution and adherence for high-resolution microscopy
analysis. After 24 h, HeLa cells were incubated with different concentrated sonicated samples or non-sonicated
samples in PBS for 2 h at 37 °C, then washed with phosphate-buffered saline (PBS) three times. Then, PBS was
added into the wells (500 pL per well), 2 uL (1 mg/mL) calcein AM and 2 pL (1 mg/mL) propidium iodide were
transferred to the wells mixed for S5min. PBS was used to wash out the free cell imaging agents. Then the
fluorescence imaging of cells was performed on a confocal laser scanning microscope (STP8, Leica) (confocal

excitation: calcein AM: 496 nm, propidium iodide: 561 nm) and analyzed by Image].

3.5.6 MTS Proliferation Assays

HeLa cells were used to evaluate the cytotoxicity of different samples. HeLa cells were cultured in a basal
medium containing DMEM (supplemented with 10% fetal bovine serum and 1% antibiotics/antimycotics) at
37 °C. Actual cell viability was monitored by using a tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (inner salt, MTS reagent) and a chemical electron
acceptor dye (phenazine ethosulfate; PES) (Promega, Germany) using an assay according to the manufacturer's
instructions. Briefly, approximately 5,000 cells in 100 uL. of medium were seeded into 96-well plates. Following
overnight incubation, the existing medium was carefully aspirated and replaced with 100 pL of fresh medium
containing varying concentrations of the test samples. Control wells received DMSO alone, ensuring that its final
concentration did not exceed 0.5% to prevent cytotoxic interference. After 48 hours of incubation, the culture
medium was gently removed, and the cells were rinsed with 100 pL of PBS buffer to eliminate residuals.
Subsequently, 20 pL of MTS reagent was combined with 100 pL of fresh medium and added to each well. A
mixture of MTS reagent with culture medium served as the negative control. To ensure homogeneity, the
solution was thoroughly mixed, and absorbance was measured at 490 nm using a Synerg™ HT microplate reader
(BioTek Instruments). The resulting MTS signals were analyzed to assess cell viability and proliferation. All

experimental conditions were conducted in at least triplicate to ensure statistical reliability.

3.5.7 Quantification Method of Disulfide Activation Percentage

The disulfide activation percentage was calculated by a simple quantification method, as the following

description:

For linear polymers: 10 mg linear polymers were dissolved in 1 mL H,O/DMSO (4:1, v/v), then pipette 100 pl

polymers solution into a tube, TCEP (0.3 mg) was added to the mixture to cleave all disulfide bonds within the

polymers. Subsequently, DI water was used to wash the LPs two times (the mixture was filtered through a

centrifugal filter (3,000 MWCO) by centrifugation at 5,000 rpm). Next, B2 (0.1 mg) dissolved in the
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H>O/DMSO (1 mL) mixed with the filtered polymers residual. After 3 d reaction that make sure all the thiols
reacted with B2, the fluorescence intensity at 550 nm of the solution was measured. We take the obtained
fluorescence intensity at 550 nm as the maximum value (Fr,). Then, B2 (0.1 mg) dissolved in the H,O/DMSO (1
mL) mixed with the sonicated polymers residual by the same method. We collected the fluorescence intensity at
550 nm (F;) from the sonicated samples. When measuring the fluorescence intensity, the samples were diluted by
the same factor to make sure the Fs and F,, were in the same range according to the standard curve of
fluorescence molecule B1 (Figure S13). Finally, we take the value of F / Fp, as the results of disulfide activation

percentage.

For star polymers: 10 mg star polymers were dissolved in 1 mL H,O/DMSO (4:1, v/v), then then pipette 100 pL
polymers solution into a tube, TCEP (1.3 mg) was added to the mixture to cleave all disulfide bonds within the
polymers. Subsequently, DI water was used to wash the star polymers two times (the mixture was filtered
through a centrifugal filter (3,000 MWCO) by centrifugation at 5,000 rpm). Next, B2 (0.5 mg) dissolved in the
H>,O/DMSO (1 mL) mixed with the polymers residual. After 3 d reaction that make sure all the thiols reacted
with B2, the fluorescence intensity at 550 nm of the solution was measured. We take this obtained fluorescence
intensity at 550 nm as the maximum value (Fy). Then, B2 (0.5 mg) dissolved in the H O/DMSO (1 mL) mixed
with the sonicated polymers residual by the same method. We collected the fluorescence intensity at 550 nm (F)
from the sonicated samples. When measuring the fluorescence intensity, the samples were diluted by the same
factor to make sure the Fsand F,, were in the same range according to the standard curve of fluorescence

molecule B1 (Figure S13). Finally, we take the value of Fs/ Fi, as the results of disulfide activation percentage.

In addition, for the quantification of the concentration of activated thiols or cleaved disulfide bonds, our

established method can be used.?!
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3.5.8 Synthetic procedures and characterization data
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Disulfanediylbis(ethane-2,1-diyl) bis(2-methylacrylate) (A1)
o]

0
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0

A1

2-hydroxyethyl disulfide (2.0 g, 13 mmol, 1 equiv.) and TEA (3.64 mL, 26 mmol, 2.0 equiv.) were added in
THF (30 mL) with a constant flow of N,. The mixture was subject into the ice-water bath to keep the
temperature at 0 °C. Afterwards, a solution of methacryloyl chloride (2.54 mL, 26 mmol, 2.04 equiv.) and 15 mL
CH>Cl, was added dropwise (15 mL/h) to the reaction mixture via an injection pump. The reaction mixture was
continuously stirred until the starting material was entirely consumed, as confirmed by TLC analysis. Then, it
was washed with brine and deionized water three times, respectively. Afterwards, the crude product was purified
by column chromatography on silica gel (hexane:EtOAc = 5:1) to give compound Al (3.2 g, 85% yield) as a
colourless oil. 'TH NMR (400 MHz, CDCls): § (ppm): 6.12 (sept, J=1.6 Hz, 2H), 5.58 (sept, J=1.6 Hz, 2H), 4.4
(t, J=6.8 Hz, 4H), 2.97 (t, J=6.8 Hz, 4H), 1.94 (s, J=1.2 Hz, 6H). 3C NMR (101 MHz, CDCl): J (ppm): 167.23,
136.12, 126.13, 62.6, 37.39, 18.4. ESI-MS (m/z) for Ci2H304S; expected [M+Na]*: 313.0539, Found for
[M+Na]": 313.0590.

ananaaRREn veg BE 8 £33
WO D D DD LT L U L o R —_——
SAPER B g o
[
| .
|
| "
[ r
| | !
|
J | | |
1
i i
I I W
I ! —J|
I i I " y
8 8 2 S 8
3 g E g
. . . ; ; . . ; ; . . ; ; : ‘ . ; ; ‘ ‘
9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0 1.5 1.0 05 0.0
1 (ppm
"H NMR spectrum of Al.

90



I o “ o P °
= e e 2 3 2
g a b g 5 =
1
| I | l ”
T T T T T T T T T T T T T T T T T T T T
190 180 170 160 150 140 130 120 110 100 0 80 70 &0 50 40 30 20 10 0
1 (ppm)
13C NMR spectrum of Al.
Intens.. +MS, 0.0-2.0min #1-239
x108 1+
313.0590
1.5
1.0
0.5
1+
417.0612
1+
205.0391
563.5555
L 1 676.3562
0.0 Lol bty ™ (NG TN lnllA‘;_J A T
. Y ¥ T T u T T T
200 400 600 800 1000 1200 1400 mz

ESI-MS (m/z) of Al.

91




5-(dimethylamino)-N-(furan-2-ylmethyl)naphthalene-1-sulfonamide (B1)

0 |
(o] o, ‘ I\|l DCM, TEA 'S ‘ N
WNHE * S = > O N7
cI Ty v ] H O
B1

Bl is synthesized according to a modified literature reaction (Scheme S1).47 A mixture of 5-
(dimethylamino)naphthalene-1-sulfonyl chloride (1.00 g, 3.70 mmol, 1.0 equiv.) and Et;N (1.0 mL, 7.2 mmol,
2.0 equiv.) in CH2Cl, (20 mL) is added into a solution of furfurylamine (380 mg, 3.9 mmol, 1.05 equiv.) in
CH>Cl, (5 mL) via syringe under N, protection. The resulting solution is stirred for 5 h at room temperature and
poured into 1.0 mM pH 7 phosphate buffer (30 mL). Afterwards, the crude product was purified by column
chromatography on silica gel (hexane:EtOAc = 5:1) to give compound B1 (1.16 g, 95% yield) as a yellow-green
oil. 'TH NMR (400 MHz, CDCls): 6 (ppm): 8.50 (d, 1H, J = 8.0 Hz), 8.25-8.20 (m, 2H), 7.54-7.45 (m, 2H), 7.16
(d, 1H, J=8.0 Hz), 7.01 (dd, 1H, J=2.0 Hz, 0.8 Hz), 6.02 (dd, 1H, J=3.2 Hz, 2.0 Hz), 5.87 (dd, 1H, J=3.2 Hz,
0.6Hz), 5.19 (m, 1H), 4.12 (d, 2H, J = 6.0 Hz), 2.87 (s, 6H). 3C NMR (101 MHz, CDCl:3): 6 (ppm): 151.95,
149.41, 142.20, 134.72, 130.50, 129.84, 129.60, 128.42, 123.13, 118.61, 115.14, 110.14, 107.98, 45.42, 40.20.
ESI-MS (m/z) for C17H1sN203S expected [M+H]*: 331.1111, Found for [M+H]": 331.1061.
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Dimethyl 1-(((5-(dimethylamino)naphthalene)-1-sulfonamido)methyl)-7-oxabicyclo[2.2.1hepta-2,5-diene-2,3-
dicarboxylate (B2)

~ . 0

0, O IL —0\ B Toluene, 80°C ?
o) NS ‘ ~ t g
e
B1 B2

Dimethyl acetylenedicarboxylate (0.71 g, 5.0 mmol, 2.5 equiv.) and 5-(dimethylamino)-N-(furan-2-
ylmethyl)naphthalene-1-sulfonamide (0.66 g, 2.0 mmol, 1.0 equiv.) are dissolved in 8 mL dry toluene. The
solution was stirred at 70 °C for 48 h. After the solvent is removed in vacuo, the crude product was purified by
column chromatography on silica gel (hexane:EtOAc = 2:1) to give compound B2 (0.83 g, 88% yield) as a
yellow oil. 'TH NMR (400 MHz, CDCl3): J (ppm): 8.55 (d, 1H, J = 8.4 Hz), 8.28-8.23 (m, 2H), 7.59-7.51 (m,
2H), 7.19 (d, 1H, J = 7.6 Hz), 7.13 (dd, 1H, J = 5.2 Hz, 2.0 Hz), 6.89 (d, 1H, J= 5.2 Hz), 5.57 (d, 1H, J= 2.0
Hz), 5.25 (t, 1H, J= 6.0 Hz), 3.78 (s, 3H), 3.75-3.69 (m, 4H), 3.60 (dd, 1H, J = 14.0 Hz, 5.6 Hz), 2.89 (s, 6H).
13C NMR (101 MHz, CDCls): 6 (ppm): 163.72, 162.72, 153.53, 152.02, 151.96, 144.88, 142.71, 134.32, 130.68,
129.92, 129.72, 129.60, 128.59, 123.19, 118.65, 115.31, 95.80, 83.96, 52.51, 52.42, 45.43, 41.93, 40.99. ESI-
MS (m/z) for C23H24N20+S expected [M+H]*: 473.1377, Found for [M+H]": 473.1349.
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Ethyl 4-((2-(methacryloyloxy)ethyl)amino)-4-oxobut-2-ynoate (C1)

O
%‘/ NCO + //LO/\ _L.H.M.&n... m \\\\\ 0
o THF, -78 °C 0

c1

C1 was synthesized following a reported procedure.’’ Ethyl propiolate (4.0 mL, 39.5 mmol, 1.0 equiv.) was
dissolved in 60 mL of THF and cooled to -78 °C using a dry ice/acetone bath. LHMDS (1 M in THF, 40 mL, 40
mmol, 1.01 equiv.) was then added dropwise via a syringe pump over 30 minutes, and the reaction mixture was
stirred for an additional 30 minutes at the same temperature. Subsequently, 2-isocyanatoethyl methacrylate (5.6
mL, 39.5 mmol, 1.0 equiv.) was introduced dropwise via a syringe pump. After stirring for another 30 minutes at
-78 °C, the reaction was quenched with 80 mL of saturated aqueous NH4Cl solution while maintaining the low
temperature. Once the mixture gradually warmed to room temperature, 50 mL of water was added, and the
organic and aqueous phases were separated. The aqueous layer was extracted with EtOAc (3 x 100 mL), and the
combined organic extracts were sequentially washed with saturated aqueous NaHCOs3 and brine to remove
impurities. Then, the organic layer was dried over MgSQOs4, concentrated, and purified via a column
chromatography (hexane:EtOAc = 10:1) to give compound C1 (8.09 g, 81% yield) as a colourless oil. '"H NMR
(400 MHz, CDCl3): J (ppm): 6.85 (t, J = 6.0 Hz, 1H), 6.10 (s, 1H), 5.61 — 5.56 (m, 1H), 4.28 — 4.20 (m, 4H),
3.61 (q, J= 5.6 Hz, 2H), 1.91 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). 3C NMR (101 MHz, CDCl): J (ppm): 167.45,
152.34, 151.08, 135.77, 126.55, 76.93, 74.26, 63.03, 62.83, 39.28, 18.30, 13.94. ESI-MS (m/z) for C12HisNOs
expected [M+H]*: 254.1023, Found for [M+H]*: 254.1030.
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Ethyl 1-(hydroxymethyl)-3-((2-(methacryloyloxy)ethyl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate (C2)

0
%I/O\/\N o + [o) OH Toluene o
N o D—/ 80°C
o o “~— o0 ,—
o HN
c1 W

e}

ol

C1 (0.57 g, 2.26 mmol, 1.0 equiv.) and furan-2-ylmethanol (0.46 g, 4.7 mmol, 2.08 equiv.) are dissolved in 2.5

c2

mL dry toluene. The solution was stirred at 80 ‘C for 48 h. After the solvent is removed in vacuo, the crude
product was purified by column chromatography on silica gel (hexane:EtOAc = 2:1) to give compound C2
(0.397 g, 50% yield) as a colorless oil. 'TH NMR (400 MHz, CDCl3): J (ppm): 9.37 (t,J=5.6 Hz, 1H), 7.23 (d, J
=5.2Hz, 1H), 7.15 (dd, J= 5.2, 1.6 Hz, 1H), 6.17 (s, 1H), 5.64 (d, J= 1.6 Hz, 1H), 5.60 — 5.55 (m, 1H), 4.33 —
4.11 (m, 6H), 3.64 (q, J = 5.6 Hz, 2H), 1.94 (s, 3H), 1.33 (t, J = 7.2 Hz, 3H). 3C NMR (101 MHz, CDCl3): §
(ppm): 167.25, 164.50, 163.15, 161.16, 150.32, 143.70, 143.39, 136.09, 126.12, 98.62, 83.75, 63.05, 62.36,
60.54, 38.82, 18.33, 14.14. ESI-MS (m/z) for Ci7H21NO7 expected [M+H]": 352.1391, Found for [M+H]":
352.1363.
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Ethyl 1-(((((2S,3R,4S)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-hydroxyacetyl)-10-methoxy-6,11
-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-yl)carbamoyl)oxy)methyl)-3-((2
(methacryloyloxy)ethyl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (C3)

OH
&NVAO)L{
Q

Kl
OH

o]

8]
Nvmo ) DSC, EtsN, MeCN, 0°C O‘O‘

HO ||} DOX HCI, EtsN, DMF, -20 °C
0 OH ©

c2 c3

The synthesis followed a modified literature protocol.>> N,N ” -Disuccinimidyl carbonate (132 mg, 517 pumol, 1.0
equiv.) and EtN (90 puL, 690 umol, 1.3 equiv.) were dissolved in 2 mL of MeCN in a round-bottom flask. The
reaction mixture was cooled to 0 °C before adding a solution of C2 (121 mg, 345 pmol, 0.67 equiv.) in 1 mL of
MeCN. The reaction was stirred in an ice bath for 1 hour, after which the solvent was evaporated under reduced
pressure, and the crude product was used without further purification. The obtained material was dissolved in
CH,Cl, and added dropwise into a precooled (-20 °C) solution of doxorubicin hydrochloride (70 mg, 120 pmol,
0.23 equiv.) and EtsN (92.5 pL, 709 umol, 1.0 equiv.) in 2 mL of DMF. The reaction was maintained at -20 °C
for 1 hour, then gradually warmed to room temperature over 3 hours. The solvent was subsequently removed
under reduced pressure, and the residue was redissolved in CH,Cl, and washed three times with DI water. The
organic phase was separated, dried, and concentrated to obtain the crude product. The mixture was then purified
by silica column chromatography (MeOH : CH>Cl, = 1:20) to give C3 as a red powder (55 mg, 59.7 pmol, 50%
yield). 'H NMR (400 MHz, CDCls): 6 (ppm): 13.96 (s, 1H), 13.23 (s, 1H), 8.87-8.80 (m, 1H), 8.06-7.99 (m,
1H), 7.78 (td, J = 8.0, 2.8 Hz, 1H), 7.39 (d, J = 8.4 Hz, 1H), 7.28 (dd, /= 5.2, 2.0 Hz, 1H), 6.90 (dd, /= 14.0, 5.2
Hz, 1H), 6.18 (d, J=4.0 Hz, 1H), 5.75-5.72 (m, 1H), 5.59-5.56 (m, 1H), 5.49 (d, J = 3.6 Hz, 1H), 5.30-5.22 (m,
2H), 4.92-4.82 (m, 1H), 4.75 (s, 2H), 4.72-4.65 (dd, J=12.4, 2.4 Hz, 1H), 4.44-4.16 (m, 7H), 4.07 (d, /= 3.2 Hz,
3H), 3.87-3.78 (m, 1H), 3.68-3.57 (m, 4H), 3.26 (d, J= 18.8 Hz, 1H), 3.00 (d, /= 18.8 Hz, 1H), 2.33 (d, /= 14.8
Hz, 1H), 2.17 (dd, J = 14.8, 4.0 Hz, 1H), 1.98-1.90 (m, 5H), 1.37-1.28 (m, 6H). 1*C NMR (101 MHz, CDCl3): §
(ppm): 213.94, 187.21, 186.77, 167.28, 164.71, 162.14, 161.99, 161.16, 156.33, 155.76, 155.05, 146.30, 145.70,
141.27, 136.11, 135.96, 135.58, 133.79, 133.68, 126.19, 120.92, 119.99, 118.58, 111.67, 111.51, 100.69, 95.76,
84.92, 69.64, 69.40, 67.38, 65.67, 63.27, 62.50, 62.30, 56.81, 47.23, 38.66, 35.74, 34.13, 30.17, 18.39, 16.97,
14.07. ESI-MS (m/z) for C4sH4sN2O19 expected [M+Na]*: 943.2743, Found for [M+Na]*: 943.2670.
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Furan-2-ylmethyl  ((2S,3R,4S,6R)-3-hydroxy-2-methyl-6-(((1S,3S)-3,5,12-trihydroxy-3-(2-hydroxyacetyl)-10-
methoxy-6,11-dioxo-1,2,3,4,6,11-hexahydrotetracen-1-yl)oxy)tetrahydro-2H-pyran-4-yl)carbamate (D1)

OH
DSC, Et

D1

The synthesis was carried out following a modified literature procedure.> N,N ’ -Disuccinimidyl carbonate (132
mg, 517 pmol, 3.0 equiv.) and Et3N (90 pL, 690 umol, 4.0 equiv.) were dissolved in 1 mL of MeCN in a round-
bottom flask and cooled to 0 °C. A solution of 2-(hydroxymethyl)furan (51 mg, 520 pmol, 3.02 equiv.) in 1 mL
of MeCN was then added dropwise. The reaction mixture was stirred in an ice bath for 1 hour, after which the
solvent was evaporated under reduced pressure, and the crude product was used without further purification. The
resulting material was dissolved in 1.5 mL of CH>Cl, and added dropwise into a precooled (-20 °C) solution of
doxorubicin hydrochloride (100 mg, 172 pmol, 1.0 equiv.) and Et3N (96 pL, 689 umol, 4.0 equiv.) in 2 mL of
DMF. The reaction was maintained at -20 °C for 1 hour before being gradually warmed to room temperature
over 3 hours. The solvent was then removed under reduced pressure, and the residue was redissolved in CH,Cl,
and washed three times with water. The organic phase was separated, dried, and concentrated to obtain the crude

product. The mixture was then purified by silica column chromatography (MeOH : CH>Cl, = 1:30) to give D1 as
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a red powder (75 mg, 65% yield). '"H NMR (400 MHz, CDCls): J (ppm): 13.89 (s, 1H), 13.13 (s, 1H), 7.99 —
7.95 (m, 1H), 7.74 (t,J = 8.0 Hz, 1H), 7.4-7.3 (m, 2H), 6.36 — 6.23 (m, 2H), 5.47 (d, ] = 3.2 Hz, 1H), 5.35 - 5.28
(m, 1H), 5.21 (s, 1H), 4.95 (s, 2H), 4.74 (s, 2H), 4.12 (q, J = 6.4 Hz, 1H), 4.04 (s, 3H), 3.84 (s, 1H), 3.64 (s, 1H),
3.20(d,J=18.8, 1H), 2.87 (d, J=18.8, 1H), 2.30 (d, ] = 14.8 Hz, 1H), 2.13 (dd, J = 14.8, 4.0 Hz, 1H), 1.86-1.72
(m, 2H), 1.27 (d, J = 6.4 Hz, 3H). 3C NMR (101 MHz, CDCl3): § (ppm): 214.00, 186.98, 186.59, 161.07,
156.27, 155.61, 155.38, 149.91, 143.26, 135.85, 135.44, 133.71, 133.68, 120.78, 119.89, 118.56, 111.56, 111.39,
110.61, 110.51, 100.83, 76.68, 69.69, 69.56, 67.45, 65.64, 58.60, 56.72, 47.15, 35.69, 33.98, 30.17, 16.93.
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Synthesis of Linear Polymers (LPs)

Disulfide mechanophore contained linear polymer (LPs) were prepared according reported literature.! LPs was
synthesized as follows. PEGMEMA (4.0 g, 13.3 mmol, 121 equiv.), bis [2 (2’ bromoisobutyryloxy)ethyl]
disulfide (50 mg, 0.11 mmol, 1.0 equiv.), MesTREN (0.55 mg, 2.4 umol) and CuBr; (0.29 mg, 1.3 umol) were
dissolved in DMSO (3 mL) in a Schlenk flask and sealed with a rubber septum reinforced with a cable tie. The
solution underwent three consecutive freeze-pump-thaw cycles to remove dissolved gas. Simultaneously, a 6 cm
copper wire was activated by immersion in 37% HCI for 30 minutes, followed by thorough washing with water
and acetone before being dried. The activated copper wire was then introduced into the reaction mixture,
initiating polymerization at room temperature for 6 hours, yielding a polymer with an approximate molecular
weight of 47 kDa. To terminate the reaction, the viscous solution was diluted with THF and passed through a
column of basic Al,Os. After solvent removal under reduced pressure, the polymer solution was slowly added
dropwise into ice-cold Et,O under continuous stirring, leading to precipitation. The supernatant was decanted,
and the polymer was redissolved in THF before undergoing a second precipitation in fresh Et,O to enhance
purity. Disulfide centered linear polymers with molar masses of 47 kDa was obtained after repeating the

precipitation process for three times.
Synthesis of Network Core-Structured Star Polymers (NCSPs).*%>°

(1) Synthesis of NCSPs-core: The Network core-structured star polymers core was synthesized as follows.
PEGMEMA (850 mg, 2.83 mmol, 14.1 equiv.), Al (58 mg, 0.2 mmol, 1.0 equiv.) were dissolved in 1,4-dioxane
(3 mL) with CPA RAFT agent (29 mg, 0.1 mmol) and AIBN (4.3 mg, 0.026 mmol) in a reaction flask and sealed
with a rubber septum reinforced with a cable tie. The solution was degassed by 3 consecutive freeze-pump-thaw
cycles and then stirred at 70 °C for 24 h. After 24 h of the polymerization reaction, the solution was directly
placed at -20 °C for approximately 20 min and then exposed to air for termination of the polymerization.
Subsequently, 5 mL of THF was introduced into the mixture. Following solvent removal under reduced pressure,
the concentrated mixture was slowly added dropwise to stirred, ice-cold Et,O, inducing precipitation. The
supernatant was decanted, and the resulting viscous polymer was redissolved in THF before undergoing a second
precipitation in fresh Et;O. This purification process was repeated three times to enhance polymer purity. Finally,

any unreacted monomer and residual impurities were eliminated through dialysis for 48 hours.

(2) Synthesis of NCSPs: Network core-structured star polymers were synthesized by chain extension of a
NCSPs -core with PEGMEMA. Briefly, NCSPs cores (50 mg) were dissolved in 1,4-dioxane (1 mL) with
PEGMEMA (645 mg, 2.15 mmol, 10.7 equiv.) and AIBN (1.7 mg, 0.01 mmol) in a reaction flask and sealed
with a rubber septum reinforced with a cable tie. The solution was degassed by 3 consecutive freeze-pump-thaw

cycles and then stirred at 70 °C for 6 h, then 600 mg NCSPs was obtained.

(3) The structure of NCSPs: The structure of NCSPs was defined by GPC and 'H NMR, the arms number and
monomers number of an arm were calculated. First, the ratio of CPA and PEGMEMA in the core structure was
calculated by '"H-NMR with the following equation:*’

J40ppm

R = 2 . ]7-5ppm
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where 17 PP™ corresponded to signal intensities at 7.5 ppm attributed to RAFT agent CPA (see Figure S9a) and
where I*?PP™ corresponded to signal intensities at 4.0 ppm attributed to A1 (crosslinker) and PEGMEMA. Due to
A1 (290 Da) and PEGMEMA (M, = 300 Da) having comparable molar mass, here we merge the two molecules
and treat them as one molecule as PEGMEMA.

Then, we obtain the ratio (R) of PEGMEMA (300 Da) and CPA (279 Da) is 28:2 (14:1) (see Figure S9b). In
addition, the GPC result show that the molar mass (M,,) of the core structure of star polymers is around 31000 Da

(see Figure 10).
After our calculation:
Meore = 31000 Da =~ (300-14+279-1)-7

Therefore, we extracted that the core structure contained ~7 CPA molecules, which means the core structure on
average had 7 arms. In the next step of star polymers synthesis, PEGMEMA monomers are continuously inserted

at the RAFT end to achieve chain elongation (see Figure S11).

Then, the average molar mass of an arm was calculated:

Marm = (Miotal — Meore)/7 = (108500-31000)/7 = 11071 Da

Next, the average arm length (degree of polymerization) of an arm was calculated:
X = Marm/Minonomer = 11071/300 =~ 37.

Then, we know that one arm contained 37 PEGMEMA monomers.

In addition, the “spanning molar mass” Mspan of star polymers and linear polymers were calculated, defined as:*°

For NCSPs: Mspan: 2Marm + Meore
where Mcor is the molar mass of the core structure. We calculated the Mpan =~ 54 kDa.

For linear polymers (LPs) with the molar mass of 47 kDa, Mpan = M = 47 kDa.

Synthesis of Mechanophore-free Network Core-Structured Star Polymers (FNCSPs)

(1) Synthesis of FNCSPs-core: PEGMEMA (850 mg, 2.83 mmol, 14.1 equiv.), 1,6-hexanediol dimethacrylate
(51 mg, 0.2 mmol, 1.0 equiv.) were dissolved in 1,4-dioxane (3 mL) with CPA RAFT agent (29 mg, 0.1 mmol)
and AIBN (4.3 mg, 0.026 mmol) in a reaction flask and sealed with a rubber septum reinforced with a cable tie.
The solution was degassed by 3 consecutive freeze-pump-thaw cycles and then stirred at 70 °C for 24 h. After 24
h of the polymerization reaction, the solution was directly placed at -20 °C for approximately 20 min and then
exposed to air for termination of the polymerization. Subsequently, 5 mL of THF was introduced into the
mixture. Following solvent removal under reduced pressure, the concentrated mixture was slowly added
dropwise to stirred, ice-cold Et,O, inducing precipitation. The supernatant was decanted, and the resulting
viscous polymer was redissolved in THF before undergoing a second precipitation in fresh Et,O. This
purification process was repeated three times to enhance polymer purity. Finally, any unreacted monomer and

residual impurities were eliminated through dialysis for 48 hours.
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(2) Synthesis of FNCSPs: Non-mechanophore contained network core-structured star polymers were
synthesized by chain extension of a FNCSP-core with PEGMEMA. Briefly, FNCSP-core (50 mg) was dissolved
in 1,4-dioxane (1 mL) with PEGMEMA (645 mg, 2.15 mmol, 10.7 equiv.) and AIBN (1.7 mg, 0.01 mmol) in a
reaction flask and sealed with a rubber septum reinforced with a cable tie. The solution was degassed by 3

consecutive freeze-pump-thaw cycles and then stirred at 70 °C for 6 h, then FNCSPs was obtained.

Synthesis of Drug-Containing Network Core-Structured Star Polymers (NCSPs)

(1) Synthesis of NCSP-core: The NCSP-core copolymer was synthesized as follows. PEGMEMA (850 mg, 2.83
mmol, 70.7 equiv.), C3 (46 mg, 0.04 mmol, 1.0 equiv.) were dissolved in 1,4-dioxane (3 mL) with CPA RAFT
agent (29 mg, 0.1 mmol), Al (58 mg, 0.2 mmol, 5.0 equiv.) and AIBN (4.3 mg, 0.026 mmol) in a reaction flask
and sealed with a rubber septum reinforced with a cable tie. The solution was degassed by 3 consecutive freeze-
pump-thaw cycles and then stirred at 70 °C for 24 h. After 24 h of the polymerization reaction, the solution was
directly placed at -20 °C for approximately 20 min and then exposed to air for termination of the polymerization.
Subsequently, 5 mL of THF was introduced into the mixture. Following solvent removal under reduced pressure,
the concentrated mixture was slowly added dropwise to stirred, ice-cold Et,O, inducing precipitation. The
supernatant was decanted, and the resulting viscous polymer was redissolved in THF before undergoing a second
precipitation in fresh Et;O. This purification process was repeated three times to enhance polymer purity. Finally,

any unreacted monomer and residual impurities were eliminated through dialysis for 48 hours.

(2) Synthesis of NCSP-Dox: Drug contained network core-structured star polymers were synthesized by chain
extension of a core copolymer with PEGMEMA. Briefly, NCSP-core (50 mg) was dissolved in 1,4-dioxane (1
mL) with PEGMEMA (645 mg, 2.15 mmol, 53.7 equiv.) and AIBN (1.7 mg, 0.01 mmol) in a reaction flask and
sealed with a rubber septum reinforced with a cable tie. The solution was degassed by 3 consecutive freeze-

pump-thaw cycles and then stirred at 70 °C for 6 h.
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3.6 Supporting figures and tables

.\;
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Figure S1. Sonication system. a) 20 kHz sonicator. b) 1.5 MHz HIFU transducer.
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Scheme S2: Synthesis of LPs.
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Figure S2. GPC RI molar mass distributions of LPs.
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Figure S3. a) Fluorescence spectra of the mixture of LPs and OND sensor, before and after 20 kHz (I =
12.4 W cm?) sonication (solvent: DMSO/H,0). Inset: photograph of the solutions under UV -light (Lexe =
365 nm). b) M, of LPs with different sonication time (20 kHz, / =12.4 W cm).
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Figure S6. a) Fluorescence spectra of the mixture of B2 and LPs, after 1.5 MHz (32 W, I = 2300 W cm?)
HIFU sonication. b) GPC RI molar mass distributions of LPs after 1.5 MHz (32 W, I = 2300 W cm?)
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Figure S7. GPC RI molar mass distribution of NCSPs (M, ~109 kDa).

111



CPA
4 S CN
(>asen
b a o
c
CDCI
a C 8
iid

LN—‘_L_.L

f1 (ppm)

100 95 90 85 80 725 70 65 60 55 50 45 40 35 3.0 25 20 15 1.0 05 00

—7.26)

Core of star|polymers

8
CN d

foHo

cDcl,

Shaver
. = q%coori

p
s
)

QO

A4

b

)

28. OQ«I
~

f1 (ppm)

100 95 90 85 80 725 70 65 60 55 50 45 40 35 30 25 20 15 1.0 05 00

112

Figure S9. "H-NMR spectra of RAFT agent (CPA) and core of star polymers recorded in CDCl; at 20 °C.



2.0

1.51 31kDa

s

81.01

=

0.5

0.0 : : . . T ‘
102 10° 10* 10° 10% 107 108

Mn (Da)

Figure S10. GPC result of core structure of star polymers.

o . AIBN
AIBN 03, PEGMEMA
ha

o]
¢ 1 \ ~
Q= \[)\th_‘,o,; Q = sy A g Sig O ,L_\\
(PEGMEMA) ! (A1)

Figure S11. The synthesis process of NCSPs.
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Figure S12. Fluorescence of the mixture of B2 and NCSPs, after 30 min sonication. 20 kHz (/ = 12.4
W cm?), 1.5 MHz (32 W, 1 =2300 W cm™).
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Figure S14. Size change of NCSPs after sonication (20 kHz, /= 12.4 W cm™).
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Figure S17. a) GPC RI molar mass distributions of FNCSPs (M, = 125 kDa). b) M,, decreasing ratio in
10 min with HIFU irradiation (32 W, 7= 2300 W cm™).
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Figure S21. Furan-Dox standard curve (ex: 485 nm, em: 595 nm).
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Figure S22. a) Fluorescence spectra of NCSP-Dox treated with excessive MCE (solvent: DMSO/H»0). b)
Fluorescence spectra (dexc = 485 nm) of NCSPs after HIFU irradiations (solvent: 5% and 10% DMSO, 1.5 MHz,
I1=2300 W cm?). ¢) The release profile of D1 (Furan-Dox) from NCSPs over sonication time (solvent: 5% and
10% DMSO, 1.5 MHz, I = 2300 W cm?). Mean + SD from the mean. N = 3 independent sonications. d)
Fluorescence spectra (Aexe = 485 nm) of NCSPs after HIFU irradiations (solvent: water, 1.5 MHz, 7 = 2300
W cm?). e) The release profile of D1 (Furan-Dox) from NCSPs over sonication time (solvent: water, 1.5 MHz, [

= 2300 W cm). Mean + SD from the mean. N = 3 independent sonications.
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Figure S23. Release kinetics of Dox from released furan-Dox. Released sample was stirred in a mixture

of DMSO and PBS buffer at pH = 5.5 for different times at rt, then subjected to UPLC analysis.
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Table S1. The US intensities corresponding to the employed ultrasonic amplitudes for 20 kHz
sonications.

Ultrasonic
SRR 25% 30% 35% 40% 45% 50% 75% 100%
amplitude

Sound

. 045 W/em? 0.7 W/em? 1.0 W/em? 1.5 W/em? 2.3 W/em? 2.7 W/iem? 6.0 W/em? 12.4 W/cm?
Intensity (1)

Table S2. HIFU intensities and mechanical indices (MI) of 1.5 MHz transducer.

Acoustic power il o Focal pressure Mechanical
. intensity (1) B index (MI)
ow 0

0 W/em? 0 kPa
2W 140 W/em? 2100 kPa 1.7
3w 220 W/em? 2500 kPa 2.0
4W 290 W/em? 2900 kPa 24
§W 580 W/cm? 4100 kPa 33
16 W 1200 W/cm? 5900 kPa 4.7
32W 2300 W/cm? 8300 kPa 6.7

Table S3. Equations to calculate the M, decreasing ratio and degradation rate constant k.°! M; is the
initial number average molar mass (M,) of the polymer, M; is the number average molar mass of the

sonicated sample at time ¢. M, is the molar mass of the monomer unit.

Equation 1 M, decreasing ratio =2t
Equation 2 1 1
—=—4k’t
M, M;
ko=
=0
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Table S4. M, results of NCSPs with different conditions sonication.

25% Amp 108.5 102.4 98.7 86.3 74.4 63.3
(0.45 w cm™) (kDa) (kDa) (kDa) (kDa) (kDa) (kDa)

20 kHz 50% Amp 108.5 98.1 86.9 723 493 333
(2.7 w cm™?) (kDa) (kDa) (kDa) (kDa) (kDa) (kDa)

100% Amp 108.5 73.7 584 47.2 32.7 324
(12.4 w cm™2) (kDa) (kDa) (kDa) (kDa) (kDa) (kDa)

1.5 32W 108.5 100.2 51.7 40.6 333 324
MHz (2300 w cm™) (kDa) (kDa) (kDa) (kDa) (kDa) (kDa)

Table S5. M, results of FNCSPs with different acoustic power HIFU sonication.

1.5 MHz 1200 2300
(30 min (w cm- 2) (w cm- 2) (w cm*z) (wem?) | (wcem?)

108.5 75.7 53.9 36.8 33.3
o (kDa)  (kDa)  (kDa)  (kDa)  (kDa)

Table S6. M, results of FNCSPs with HIFU sonication.

1.5 MHz 0 min
(2300 w cm?)

1255 1225 1166 1053
" (kDa)  (kDa) ~ (kDa)  (kDa)

M
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Table S7. Molar mass (M,) changes and chain scission rate constant of star polymers and linear polymers with

20 kHz sonication.

Frequenc Polymers Molecular Spanning Molecular weight Mn | Rate constant of chain
a 4 Y! weight (Mn) molecular weight (60 min sonication) scission (10-5 min-1)
Star polymers
(Mn 108.5 kDa) 108.5 kDa 53.5kDa 324 kDa 10.8
20 kHz
(12.4 W cm?) '
Linear polymers 47 kDa 47 kDa 237 kDa 104

(Mn 47 kDa)

Table S8. Molar mass (M,) changes and chain scission rate constant of star polymers and linear polymers with
1.5 MHz HIFU irradiation.

Molecular Spanning Molecular weight Mn | Rate constant of chain
weight (Mn) molecular weight | (60 min sonication) scission (10 min)

Frequency

Star polymers 108.5 kDa 53.5 kDa 32.4 kDa 10.8
HIFU 1.5 MHz
(2900 W em™) Linear
polymers
(Mn 47 kDa) 47 kDa 47 kDa 46.6 kDa 0.1
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4. High-intensity focused ultrasound-induced disulfide mechanophore activation in
polymeric microgels for molecule release

The research contained within this chapter has been published in the journal of CCS Chemistry (Jilin Fan, Kuan
Zhang, Mingjun Xuan*, Xiang Gao, Rostislav Vinokur, Robert Gostl, Lifei Zheng*, Andreas Herrmann*. High-
Intensity Focused Ultrasound-Induced Disulfide Mechanophore Activation in Polymeric Nanostructures for
Molecule Release. CCS Chem. 2024, 6, 1895-1907). The author (Jilin Fan) of this thesis contributed to
experimental design; synthesized and characterized the materials; analyzed the data and co-wrote the manuscript.
In addition, I (Jilin Fan) declare as follows:

1. I designed and performed the experiments (Polymer synthesis; Small molecules synthesis; Sonication Assay;
Quantification of mechanophore activation; Quantification of drug release; MTS proliferation assay; Live/dead
cell staining assay) contained in the publication.

2. I synthesized and characterized the materials (small molecules and polymers) contained in the publication.

3. I collected the data (TEM images; DLS analysis; NMR data; ESI-MS data; GPC data; Fluorescence intensity;
MTS proliferation test; Live/dead cell staining test) contained in the publication.

4.1 analyzed the data and drew all the figures and tables contained in the publication.

5. I wrote the first version of the manuscript and then co-revised the manuscript.

6. Other authors’ contribution to this publication; Kuan Zhang gave suggestions on MTS proliferation assay;
Xiang Gao gave suggestion on polymer synthesis. Rostislav Vinokur built the HIFU setup; Mingjun Xuan and
Lifei Zheng gave suggestions on experimental design; Robert Gostl and Andreas Herrmann revised the first
version of the manuscript.
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In Chapter 4, I present the design and synthesis of ultrasound-responsive polymeric microgels. The fluorescence
probe (umbelliferone, UMB) and small molecule drug (camptothecin, CPT) were successively released from
microgels via HIFU irradiation. This strategy relies on HIFU-induced selective scission of disulfide bonds to
generate reducing agent sulfhydryl groups. Then, the generated thiols initiate thiol-disulfide exchange reaction

and an intramolecular cyclization, to achieve small molecules release.
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4.1 Abstract

The activation of mechanophores in polymers using ultrasound (US) to trigger cascade chemical reactions offers
a promising approach for on-demand molecule release. However, the typical US frequency used for
mechanochemistry is around 20 kHz, which produces inertial cavitation that exceeds biological tolerance limits.
In this study, high-intensity focused US (HIFU) is employed as a mechanical stimulus to activate disulfide
mechanophores in microgels (MGLs). The resulting molecular release mechanism involves a thiol-disulfide
exchange reaction followed by the intramolecular cyclization. MGLs effectively convert HIFU-induced
mechanical input into chemical output, as evidenced by the quantification of fluorescent umbelliferone (UMB)
release. Additionally, an in vitro drug release study using camptothecin (CPT) as a model drug, covalently

loaded in MGLs, highlights the potential of this system for controlled drug delivery to cancer cells.
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4.2 Introduction

Polymer mechanochemistry aims to control chemical transformations by rearranging or cleaving specific bonds
within polymer chains using mechanical forces such as tension, compression, or ultrasound.!* The force-

5-9

sensitive elements that facilitate this process are called mechanophores.”” The development of various

mechanophores has broadened the scope for creating polymer systems with tailored mechanochemical

properties.'%!® While polymer mechanochemistry has been widely applied in areas such as damage detection,'”""?

2022 panolithography,* and self-regulating materials,? its application in biomedicine is still in the

stress sensing,
early stages.

Recently, our group?*3®and others®'-3* have pioneered the field of sonopharmacology, which applies principles of
polymer mechanochemistry for pharmacotherapy.>* Ultrasound (US) offers deep tissue penetration and precise
spatiotemporal control, making it ideal for achieving mechanochemical processes in biological systems and
manipulating drug activation and release.*>-*® However, traditional polymer mechanochemistry using 20 kHz US
poses risks of cellular and tissue damage due to strong cavitation effects and liquid micro-jet formation.’” In
contrast, high-intensity focused ultrasound (HIFU) at MHz frequencies is biocompatible and commonly used in
biomedical applications.*® Robb, Shapiro, and coworkers developed a platform combining selective activation of
masked 2-furylcarbinol mechanophores in linear polymers with biocompatible focused US, using pressure-
sensitive gas vesicles as acousto-mechanical transducers.’> While this method allows precise control over drug
release, it requires co-injection and co-localization of gas vesicles and polymers in tumor tissues, complicating

practical implementation. Further research is needed to fully explore biocompatible US-based polymer

mechanochemistry for developing advanced drug delivery systems.
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Figure 1. a) Summary of previous work on US-activated linear polymer structures containing disulfide
mechanophores. b) Schematic illustration of the mechanism of the activation of disulfide mechanophores in
crosslinked polymeric structures upon HIFU irradiation involving thiol-disulfide exchange reactions and the

following intramolecular cyclization.
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Disulfide mechanophore have garnered significant attention due to its low bond dissociation energy and thermal
stability. Typically incorporated into linear polymers, disulfide can be activated by ultrasound (US)
irradiations.?*2" 34 However, the activation of disulfide mechanophore using high-intensity focused ultrasound
(HIFU) in polymeric nanostructures remains unexplored. In this study, we design microgels (MGLs) containing
disulfide mechanophores, inactive fluorescent probes (umbelliferone, UMB), or a small molecule drug
(camptothecin, CPT). The disulfide mechanophores are covalently integrated into the polymer system. Upon
HIFU irradiations, the mechanophores undergo bond scission, generating free thiols. These thiols activate a
carbonate unit within the polymer scaffold through thiol-disulfide exchange and intramolecular cyclization,
leading to the release of UMB or CPT (Figure 1). The cytotoxic effects of the released drug on HeLa cells are
investigated to assess its potential for cancer treatment. This work highlights HIFU as a noninvasive method for

triggering drug release from polymeric nanomaterials.
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4.3 Results and discussion

4.3.1 Synthesis of MGLs-UMB and HIFU-Induced Disulfide Mechanophore Activation

Initially, we evaluated the release of cargo molecules from the disulfide-carbonate structure. To do this, we
synthesized a monomer containing a disulfide, carbonate, and UMB unit (A2-1), as well as a model compound
containing only a hexanol, carbonate, and UMB unit (A3) (Scheme S1). UMB was the designated fluorescent
reporter, allowing facile quantification of molecule release. In compound A2-1, a carbonate linker was
positioned in the B-position to the disulfide moiety. Upon thiol-initiated thiol-disulfide exchange and the
following intramolecular cyclization, UMB was released and its fluorescence was turned on due to breakage of
the carbonate linker. As shown in Figure S1, strong fluorescence of A2-1 solution was observed under 365 nm
UV light irradiation after the addition of 2-mercaptoethanol (MCE), indicating the occurrence of the thiol-
disulfide exchange reaction, followed by the intramolecular cyclization. The formation of the released
fluorescent UMB was further confirmed by 'H NMR spectroscopy and Ultrahigh-Performance Liquid
Chromatography (UPLC) (Figure S3 and S4). As a control sample, A3 without the disulfide group was also
mixed with MCE. As anticipated, the reaction mixture containing A3 and MCE exhibited no increase in
fluorescence (Figures S1 and S2).

Encouraged by these results, we proceeded to synthesize microgels incorporating the disulfide-carbonate
structure. MGLs-umbelliferone (MGLs-UMB) were synthesized in two steps, as illustrated in Figure 2a and
Scheme S2. The RAFT polymerization process involved the use of PEGMEMA, PFPMA, and acrylate-
disulfide-UMB (A2-1) to produce copolymer P1 (Figure S7) with a molecular weight of 12.9 kDa. The molar
ratio of PEGMEMA to PFPMA to A2-1 was approximately 14:5:1 (Figure S8). Each P1 polymer contained
approximately two acrylate-UMB molecules. Subsequently, P1 was cross-linked using cystamine to form
MGLs-UMB. Notably, the leaving group pentafluorophenolate facilitated the crosslinking reaction, which was
characterized by "F NMR spectroscopy (Figure S9). The morphology and size distribution of MGLs-UMB
were examined using TEM imaging (Figure 2b and Figure S10). The observed size range of MGLs-UMB was
between 150 and 450 nm (Figure S11). Figure 2c illustrates the mechanism of disulfide mechanophore

activation and the release of UMB from MGLs-UMB under HIFU irradiation.
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Figure 2. Synthesis and characterization of MGLs-UMB. a) The synthesis of copolymer (P1) using RAFT
polymerization of PEGMEMA, PFPMA and A2-1 and the following crosslinking by cystamine to form MGLs-
UMB. b) TEM micrograph of MGLs-UMB. ¢) The mechanism of disulfide mechanophore activation in MGLs-
UMB. Fluorescence spectra of MGLs-UMB samples after

Firstly, fluorescence measurements confirmed the activation of disulfide mechanophores using 0.66 MHz HIFU
(Figure 3a). Subsequently, 1.5 MHz and 2.5 MHz HIFU were employed to test the response of MGLs. Both
frequencies were able to trigger UMB release (Figure 3b and 3c¢). However, with 0.66 MHz HIFU more
disulfide mechanophores were activated, as indicated by higher fluorescence intensity compared to 1.5 MHz and
2.5 MHz. It was observed that UMB release reached its maximum (~ 27%) after 20 min of sonication under 0.66
MHz HIFU treatment (Figure 3d). Moreover, the MGLs-UMB responded to HIFU treatment more strongly
compared to linear polymers, which typically have an ultrasonic response time of hours under 20 kHz sonication.
TEM characterization of MGLs-UMB after 30 min of HIFU treatment revealed severe deformation and
disintegration of the structure (Figure S15). From the bimodal size distribution histogram, we know that MGLs-
UMB size increases with many small fragments occurring as well (Figure S16). However, not all MGLs-UMB
were destroyed into smaller fragments. This phenomenon can possibly be attributed to two reasons. Firstly, the
density of the crosslinked network is higher in the core part of the MGLs-UMB compared to the outer layer.
During HIFU treatment, the mechanical forces caused by the US waves peeled off the corona layer from the
surface of MGLs-UMB, leaving behind only the core parts.* Secondly, HIFU activation of the disulfide
mechanophores in MGLs-UMB resulted in a reduction in crosslink density, causing the MGLs to lose their
previous tight connections. This reduction in crosslink density led to structure swelling, which may have
contributed to the retention of large-scale structures even after disintegration.

The correlation between HIFU power and UMB release from MGLs-UMB was examined at 0.66 MHz and 1.5
MHz frequencies, which showed higher disulfide mechanophore activation in MGLs-UMB. Fluorescence
spectra of MGLs were measured after subjecting them to 30 min of HIFU sonication at different acoustic powers
of 0, 4, 8, 16, and 32 W (Figure 3e). The results confirmed a positive relationship between fluorescence intensity
and HIFU power. Notably, no fluorescence was observed at acoustic powers below 4 W, indicating that the
disulfide mechanophore in MGLs-UMB remained inactive under lower HIFU power conditions (Figure 3f).
Thus, the minimum acoustic power needed to activate disulfide mechanophores and release UMB from MGLs-

UMB was approximately 8 W with the 0.66 MHz transducer.
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Figure 3. HIFU-induced activation of disulfide mechanophore in MGLs-UMB. a) 0.66 MHz, b) 1.5 MHz,
and ¢) 2.5 MHz HIFU treatment with an acoustic power of 32 W. d) The release profile of UMB under HIFU
treatment with different frequencies. e) Fluorescence spectra of MGLs after 30 min HIFU sonication at different

acoustic power. f) UMB release from MGLs-UMB with different HIFU frequencies and acoustic power.

4.3.2 HIFU-Induced Disulfide Mechanophore Activation in MGLs for Drug Release

Having successfully demonstrated the release of UMB from polymeric MGLs, we expanded our investigation to
include a drug molecule, specifically CPT. CPT has shown promising anticancer activity in preliminary clinical
trials, particularly against breast, colon, and stomach cancers.*® However, CPT has low solubility in aqueous
medium and can exhibit systemic toxicity.’ To address these challenges, we aimed to achieve the
spatiotemporally controlled release of CPT using our system. Therefore, MGLs-camptothecin (MGLs-CPT) was
synthesized by crosslinking copolymers (20.8 kDa) with cystamine, which contains a disulfide mechanophore
(Scheme S3 and Figure S17). In brief, CPT was covalently connected to the MGLs chains through the acrylate
molecule A2-2. The molar ratio of PEGMEMA to PFPMA to A2-2 was approximately 17:4:1, and each P2
copolymer contained approximately three acrylate-CPT (A2-2) molecules (Figure S18). Subsequently, P2 was
then cross-linked with cystamine, achieving 70% crosslinking relative to the PFPMA moieties, to form MGLs-
CPT. The size of MGLs-CPT was characterized using TEM (Figure S19).

To explore the release of CPT from MGLs-CPT upon HIFU irradiation (Figure 4a), MGLs-CPT were dispersed
in a solvent mixture of DMSO and PBS (v/v = 1:4) and exposed to HIFU irradiation for durations of 0, 5, 10, 20,
and 30 minutes. The solution was subsequently filtered, and fluorescence spectra were measured to qualitatively
assess the release of CPT from MGLs. The fluorescence spectra of CPT, measured at an excitation wavelength
of 335 nm, exhibited a steadily increasing intensity in direct correlation with prolonged HIFU irradiation (Figure
4b). Under UV illumination, a vivid and intense blue fluorescence was distinctly visible (Figure 4b inset). To
further substantiate these findings, precise UPLC-MS analysis was conducted to track the emergence of CPT as a
function of extended HIFU exposure (Figure 4¢ and Figure S20). Additionally, 'H NMR spectroscopy revealed
the distinct appearance of characteristic aromatic proton signals of CPT, providing compelling evidence of
HIFU-triggered disulfide mechanophore activation and subsequent molecular release (Figure 4d). To accurately
quantify the liberated CPT, a clear correlation between fluorescence intensity and CPT concentration was

established (Figure S21). The maximum achievable release was determined by completely reducing all disulfide
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linkages within MGLs-CPT using MCE and was assessed through fluorescence intensity measurements (Figure
S22). Upon subjecting MGLs-CPT to HIFU irradiation, a maximum release of nearly 30% of CPT was achieved,

with the release process plateauing after 20 minutes (Figure 4e and Figure S23).
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Figure 4. HIFU-induced disulfide mechanophore activation and model drug CPT release from MGLs. a)
Schematic illustration of disulfide mechanophore activation in MGLs-CPT and the subsequent CPT release for
in vitro cancer therapy. b) Fluorescence spectra of MGLs-CPT after HIFU treatment (0.66 MHz, 32W). Inset is
the image of MGLs-CPT solution under 365 nm UV illumination before and after HIFU treatment. ¢) UPLC
elugrams of A2-2, free CPT, and released CPT after HIFU treatment. d) Section from '"H NMR spectrum of
released CPT (400 MHz, CDCls). Color-coded signals indicate the characteristic peaks of CPT. e) The release
profile of CPT from MGLs-CPT.

To evaluate MGLs-CPT for potential in vitro treatment, we conducted experiments to assess its ability to deliver
the drug to cancer cells using CLSM and MTS proliferation assays. HeLa cells were treated with various
conditions: PBS, free CPT, non-sonicated MGLs-CPT, and sonicated MGLs-CPT. Live cells were stained with
calcein AM, and dead cells with propidium iodide (PI). Treatment with sonicated MGLs-CPT for 30 minutes
resulted in nearly 100% cell death among HeLa cells (Figure 5a). Furthermore, the mixture of MGLs-CPT
subjected to 20 minutes of sonication effectively inhibited HeLa cell growth (Figure S24). In contrast, PBS and
non-sonicated MGLs-CPT showed no significant impact on HeLa cell survival.

Additionally, we investigated the half-maximal inhibitory concentration (ICs) of PBS, CPT alone, CPT
combined with HIFU (0.66 MHz, 30 min), non-sonicated MGLs-CPT, and sonicated MGLs-CPT (0.66 MHz, 20
min or 30 min). For MGLs-CPT, HIFU irradiation was applied ex situ before adding samples to the cell culture
medium and incubating with HeLa cells. The ICso values obtained after treating HeLa cells with these samples
were analyzed (Figure 5b). Sonicated MGLs-CPT showed significantly lower ICso compared to control samples.
Control samples such as PBS exhibited no cytotoxic effects under the applied conditions. HeLa cells treated with
different concentrations of non-sonicated MGLs samples showed high viability, suggesting minimal cell toxicity
likely due to the good biocompatibility of the PEG chains. These results illustrate the successful HIFU-induced

mechanochemical activation of disulfide bonds and drug release in MGLs-CPT for sonopharmacology.
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Figure 5. The potential of MGLs-CPT for in vitro treatment. a) CLSM images of HeLa cells treated with
different conditions (Live cells: calcein-AM, green; Dead cells: Propidium Iodide (PI), red). (i) PBS. (ii) CPT.
(iii) non-sonicated MGLs-CPT. (iv) Sonicated MGLs-CPT (0.66 MHz, 30 min). HeLa cells were stained for 5

min. Scale bars: 50 pm. b) Investigation of cell viability using MTS proliferation assay. Control (PBS), MGLs-
CPT, CPT, CPT+US, and ex situ sonicated (0.66 MHz; 20 min or 30 min) MGLs-CPT mixed with HeLa cells.
Mean values + SD from the mean. N = 3 independent HIFU experiments (Table S2).

The activation efficiency of disulfide mechanophores in microgels depended on the crosslink density and size of
the MGLs. For instance, 70% crosslinked MGLs-UMB (with respect to the PFPMA moieties) released 25% of
UMB, whereas in 100% crosslinked MGLs-UMB, less than 5% was achieved (Figure S25). Higher crosslink
density in MGLs enhances stability, potentially limiting chain solvation and facilitating interaction with flow
fields in the surrounding medium. Conversely, minimal activation of disulfide mechanophores was observed in
smaller (50 nm) MGLs-UMB (Figure S25), indicating that the size of polymer colloids also influences
mechanophore activation. Previous studies have shown that 200 nm MGLs are highly responsive to low-
frequency sonication, with 20 kHz treatment triggering releases exceeding 60%.%° This suggests that larger
MGLs require strong cavitation to activate mechanophores, explaining why 0.66 MHz sonication demonstrates
superior activation efficiency compared to 1.5 or 2.5 MHz treatments at similar power intensities. The

4849 with diagnostic US

mechanical index (MI) serves as a crucial metric for evaluating cavitation bio-effects,
scanners deemed safe by the FDA below an MI of 1.9. Here, for our polymeric nanomaterial system, we selected

a 0.66 MHz transducer with 8 W acoustic power for the drug release assay due to its relatively low MI of 1.5.
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4.4 Conclusions

In summary, our study demonstrates the activation of disulfide mechanophores in polymeric microgels (MGLs)
via high-intensity focused ultrasound (HIFU), leading to the release of target molecules, including fluorophores
and pharmaceuticals, through disulfide exchange and subsequent cleavage of a carbonate linker. MGL structures
were characterized using TEM, the activation of mechanophores and molecular release were confirmed by ESI
mass spectrometry and UPLC measurements. Fluorescence measurements quantified molecular release under
various HIFU parameters, such as frequency, power, and duration. Additionally, an in vitro drug release study
using the MGLs-CPT system evaluated the efficacy of released CPT with CLSM and MTS proliferation assays.
A notable feature of this system is the use of HIFU, similar to that used in medical applications, marking a
significant step in leveraging polymer mechanochemistry for biomedicine. This work also provides insights into
designing new drug delivery systems based on polymer mechanochemistry with MHz HIFU, considering the

diverse mechanophores and the versatile chemical reactions initiated by thiol groups.
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4.5 Experimental section

4.5.1 Materials

All chemical reagents and solvents were used without further purification unless otherwise stated. 2-
hydroxyethyl disulfide (technical grade, Sigma-Aldrich), methacryloyl chloride (97%, Sigma-Aldrich),
triethylamine (TEA, >99%, Sigma-Aldrich), tetrahydrofuran (THF, anhydrous, Sigma-Aldrich), dichloromethane
(DCM, anhydrous, >99.8%, Sigma-Aldrich), N,N'-disuccinimidyl carbonate (DSC, >95%, Sigma-Aldrich),
toluene (>99.5%, Sigma-Aldrich), 4-(dimethylamino)pyridine (DMAP, >99.0%, TCI Deutschland GmbH), 1,4-
dioxane (99.8%, Sigma-Aldrich), triphosgene (TPS, 98%, Sigma-Aldrich) umbelliferon (UMB, 99%, ACROS
ORGANICS), camptothecin (CPT, >95%, Abcr GmbH), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid
(CPA, RAFT agent, Sigma-Aldrich), N,N-diisopropylethylamine (DIPEA, >99%, Sigma-Aldrich), CuBr; (99%,
Sigma-Aldrich), MesTREN (97%, Sigma-Aldrich), cystamine dihydrochloride (>97.0%, TCI Deutschland
GmbH),  2-mercaptoethanol ~ (MCE, >99.0%, TCI  Deutschland = GmbH), and  bis[2-(2’-
bromoisobutyryloxy)ethyl]disulfide (98%, Sigma-Aldrich) were wused as received. Pentafluorophenyl
methacrylate (PFPMA, 97%, Abcr GmbH) and poly(ethylene glycol) methyl ether methacrylate (PEGMEMA,
M, ~ 300 Da, Sigma-Aldrich) were purified by a column of activated basic Al,O3 to remove the inhibitor before
utilization. 2,2’-azobis(2-methylpropionitrile) (AIBN, 98.0%) was obtained from Sigma-Aldrich and
recrystallized twice from MeOH. Dialysis membranes (3.5 kDa MWCQO) were obtained from Spectrum Labs.
Centrifugal filter (3000 MWCO) was obtained from Sartorius. HeLa cell line was obtained from ATCC: The
Global Bioresource Center. Ultrapure Milli-Q water (18.2 MQ-cm) was used.

4.5.2 Analytical Instrumentation

'H and *C NMR spectra were measured at room temperature in CDCl; with a 400 MHz Bruker Avance 400
spectrometer ('*C: 101 MHz). The chemical shifts are reported in & units using residual protonated solvent
signals as internal standard (‘H: CDCl; (*H = 7.26 ppm), “C: CDCl; 3C = 77.16 ppm)). Thin-layer
chromatography (TLC) was conducted on Merck TLC Silica Gel 60 F2s4 plates, which featured a fluorescence
indicator for visualization under 254 nm or 365 nm UV light using a hand lamp. High-purity silica gel (40-63
pm) was utilized for flash column chromatography. Gel permeation chromatography (GPC/SEC) with THF
(HPLC grade) was performed using a Jasco PU-2080plus HPLC pump equipped with a Jasco RI-2031plus
refractive index detector. As an internal standard, the sample solvent contained 250 mg/mL 3,5-di-t-4-
butylhydroxytoluene (BHT, >99%, Fluka). A pre-column (8x50 mm) and four SDplus gel columns (8300 mm,
SDplus, MZ Analysentechnik) were used at a controlled flow rate of 1.0 mL/min at 20 °C. The gel particles had
a diameter of 5 um, with nominal pore sizes of 50, 102, 103, and 104 A. Calibration was performed using
narrowly distributed poly(methyl methacrylate) (PMMA) standards from Polymer Standards Service. Molar
masses (M, and M,) and molar mass distributions (M,, /M,) were determined using PSS WinGPC UniChrom
software (Version 8.1.1). Ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS)
analysis was conducted using an ACQUITY UPLC I-Class System (Waters) equipped with an ACQUITY UPLC
PDA eA Detector and an ACQUITY QDa detector (Waters). Solvents: A= water (contained 0.1% TFA), B=
acetonitrile (contained 0.1% TFA); Flow= 0.4 mL min’!; Gradient (B): 0-1 min (10%), 1-5 min (10% - 90%), 5-7
min (90%), 7-10 min (90% - 10%). ESI MS: micrOTOF-Q II™ ESI-Qq-TOF mass spectrometer system
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(BRUKER). Transmission electron microscopy (TEM) images were captured on a LIBRA®120 transmission
electron microscope (Carl Zeiss) with an accelerating voltage of 120 kV and images were recorded using a Gatan
Ultra Scan 1000. Transmission electron microscopy (TEM) sample preparation: a single drop (~10 pL) of the
sample was carefully placed onto a carbon-coated copper grid and left to air-dry. Dynamic light scattering (DLS)
measurements were performed using a Zetasizer Ultra instrument (Malvern). For analysis, samples were
dispersed in H,O/DMSO mixture (4:1, v/v) and subsequently transferred to a disposable plastic cuvette for

measurement.

4.5.3 Fluorescence Spectroscopy

Fluorescence spectroscopy was performed on a SpectraMax iD3 spectrometer (Molecular Devices) at room
temperature. For fluorescence spectra measurements of MGLs-UMB, samples were excited at 325 nm. The
spectral bandwidths were set to 1 nm (370 ~ 600 nm) for emission. For obtaining the standard curve of UMB,
the fluorescence value was collected at emission wavelength of 465 nm. For fluorescence spectra measurements
of MGLs-CPT, samples were excited at 335 nm. The spectral bandwidths were set to 2 nm (375 ~ 610 nm) for
emission. For obtaining the standard curve of CPT, the fluorescence value was collected at emission wavelength
of 449 nm. The integration time was 0.1 s and all spectroscopic measurements were carried out with
pureGrade™ 96-wells plate purchased from BRAND GmbH. Multiple essential filtration steps were necessary
for the thoroughly sonicated solution of MGLs before proceeding with the crucial fluorescence measurements.
The meticulous filtration process was carried out in the following detailed steps: First, rigorous centrifugation
was performed thrice at a high speed of 10000 rpm for 10 minutes each. Following this intensive centrifugation
process, the resulting suspensions were carefully filtered through a centrifugal filter with a molecular weight

cutoff of 3000 MWCO (centrifugation at 5000 rpm).

4.5.4 Sonication Experiments

Sonication experiments were performed with a home-built HIFU setup. The core devices include waveform
generator (33511B, Keysight Technologies), RF amplifier (AG1021, T&C Power Conversion, Inc.) and
transducers (0.66 MHz, 1.5 MHz and 2.5 MHz, Precision Acoustics Ltd., UK). A 0.5 mm needle hydrophone
(Precision Acoustics Ltd., UK) was used for locating the transducer focal point. Custom-made motorized 3D-
manipulator/positioning system for controlling the well plate submerged in water was employed. Pulsed
sonication (2 s on, 1 s off) was used. 10 mg of polymers was dissolved entirely in a prepared 1 mL mixture of
H,O/DMSO, maintaining a volume ratio of 4:1 (v/v). Next, 1 mL of this mixed solution was gently added into
the wells of a specialized 24-well plate, designed with a highly transparent, ultra-thin film base (lumox®
multiwall 24, SARSTEDT). The well plate was then securely positioned in the designated well plate holder,
ensuring stability throughout the sonication process. Each sample underwent continuous sonication for a
precisely controlled duration. Then, it will be kept for 72 hours, allowing sufficient time for the downstream
release reactions at room temperature. Finally, the processed samples were prepared for detailed fluorescence

measurements.

4.5.5 Cell Imaging

HeLa cells designated for imaging were meticulously cultured in Dulbecco’s Modified Eagle’s Medium

(DMEM), enriched with 10% heat-inactivated fetal bovine serum (FBS) and supplemented with 100 U/mL
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penicillin and 100 pg/mL streptomycin. The incubation was maintained at 37 °C under a precisely controlled
humidified atmosphere containing 5% CO, to ensure optimal cell viability and proliferation. For imaging
studies, HeLa cells were carefully seeded into ibidi u-Slide 8 Wells (glass-bottomed) at a density of 2.5 x 103
cells per well in 500 pL of culture medium, ensuring uniform distribution and adherence for high-resolution
microscopy analysis. After 24 h, HeLa cells were incubated with different concentrated sonicated samples or
non-sonicated samples in PBS at 37 °C, then washed with phosphate-buffered saline (PBS) for three times. Then,
PBS was added into the wells (500 uL per well), 2 uL (1 mg mL™") calcein AM and 2 pL (1 mg mL™) propidium
iodide were transferred to the wells and mixed for 5 min. PBS was used to wash out the free cell imaging agents.
Then the fluorescence imaging of cells was performed on a confocal laser scanning microscope (STP8, Leica)

(confocal excitation: calcein AM: 496 nm, propidium iodide: 561 nm) and analyzed by ImageJ.

4.5.6 MTS Proliferation Assays

HeLa cells were used to evaluate the cytotoxicity of different samples. HeLa cells were cultured in a basal
medium containing DMEM (supplemented with 10% fetal bovine serum and 1% antibiotics/antimycotics) at
37 °C. Actual cell viability was monitored by using a tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (inner salt, MTS reagent) and a chemical electron
acceptor dye (phenazine ethosulfate; PES) (Promega, Germany) using an assay according to the manufacturer's
instructions. Briefly, approximately 5,000 cells in 100 pL of medium were seeded into 96-well plates. Following
overnight incubation, the existing medium was carefully aspirated and replaced with 100 pL of fresh medium
containing varying concentrations of the test samples. Control wells received DMSO alone, ensuring that its final
concentration did not exceed 0.5% to prevent cytotoxic interference. After 48 hours of incubation, the culture
medium was gently removed, and the cells were rinsed with 100 pL of PBS buffer to eliminate residuals.
Subsequently, 20 uL. of MTS reagent was combined with 100 uL of fresh medium and added to each well. A
mixture of MTS reagent with culture medium served as the negative control. To ensure homogeneity, the
solution was thoroughly mixed, and absorbance was measured at 490 nm using a Synerg™ HT microplate reader
(BioTek Instruments). The resulting MTS signals were analyzed to assess cell viability and proliferation. All

experimental conditions were conducted in at least triplicate to ensure statistical reliability.

4.5.7 Synthetic procedures and characterization data
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Scheme S1. Syntheses of A2 and A3.
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2-((2-hydroxyethyl)disulfaneyl)ethyl methacrylate (A1)

HO S 0] S
S e e T /J'\H/CI TE;;,OEHF )ﬁ( g P~ 0H
@

° A1

The preparation of A1 was carried out according to an adapted literature protocol.>® 2-hydroxyethyl disulfide (2.0
g, 13 mmol, 1 equiv.) and TEA (3.0 mL, 21.5 mmol, 1.65 equiv.) were added in THF (30 mL) with a constant
flow of N». The mixture was subjected into the ice-water bath to keep the temperature at 0 °C. Afterwards, a
solution of methacryloyl chloride (1.3 mL, 13.3 mmol, 1.02 equiv.) and 15 mL CH,Cl, was added dropwise (15
mL/h) to the reaction mixture via an injection pump. The reaction mixture was continuously stirred until the
starting material was entirely consumed, as confirmed by TLC analysis. Then, it was washed with brine and
deionized water three times, respectively. Afterwards, the crude product was purified by column
chromatography on silica gel (hexane:EtOAc = 5:1) to give compound Al (2.2 g, 76% yield) as a colorless oil.
'H NMR (400 MHz, CDCls): 6 (ppm): 6.12 (s, 1H), 5.55 (t, J=1.6 Hz, 1H), 4.41 (t, J=6.8 Hz, 2H), 3.87 (t,
J=6.0 Hz, 2H), 2.96 (t, J=6.8 Hz, 2H), 2.87 (t, J=6.0 Hz, 2H), 2.21 (br, 1H), 1.93 (s, 3H). See Figure S1-1. ¥C
NMR (101 MHz, CDCl): ¢ (ppm): 167.37, 136.09, 126.24, 62.73, 60.30, 41.74, 37.08, 18.38. See Figure S1-2.
ESI-MS (m/z) for CsH1403S; expected [M+Na]*: 245.0277, Found for [M+Na]*: 245.0242.
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2-((2-((((2-ox0-2H-chromen-7-yl)oxy)carbonyl)oxy)ethyl)disulfaneyl)ethyl methacrylate (A2-1)

0 =
o) .S llife e 0 .S m
Aﬁf ~" g7 ~""0H Umbelliferon, DSC, TEA )\W ~"g \/\OJJ\O o0 >0

P [}
o DCM, 0°C o
A1l A2-1

A2-1 was synthesized by following the reported literature.?* N,N'-disuccinimidyl carbonate (133 mg, 0.52 mmo],
1.0 equiv.) and Et:N (90 pL, 0.65 umol, 1.25 equiv.) were dissolved in 1.5 mL CH»Cl,. The mixture was cooled
to 0 °C with an ice-water bath. Then, a solution of A1 (115 mg, 0.52 mmol, 1.0 equiv.) in 1 mL CH,Cl, was
added. The reaction mixture was allowed to stir in the ice-water bath for 1 h. Subsequently, a solution of
umbelliferone (UMB, 84 mg, 0.52 mmol, 1 equiv.), EtsN (90 pL, 0.65 mmol, 1.25 equiv.) and CH>Cl,/DMF
(1.65 mL, v/v,10:1) was added into the reaction mixture. The reaction mixture was stirred for another 1 h at 0 °C.
Then, the reaction mixture was allowed to warm up slowly to room temperature for further reaction. The reaction
mixture was continuously stirred until the starting material was entirely consumed, as confirmed by TLC
analysis. Then, the solvent was completely removed under reduced pressure. The remaining residue was then re-
dissolved in CH,Cl,, and it was washed with deionized water three times. The mixture was then purified by silica
column chromatography (hexane:EtOAc = 4:1) to give compound A2-1 (128 mg, 60% yield) as a colorless oil.
'H NMR (400 MHz, CDCl3): § (ppm): 7.68 (d, /=9.6 Hz, 1H), 7.48 (d, J=8.4 Hz, 1H), 7.19 (d, J=2.4 Hz, 1H),
7.11-7.14 (dd, J/=2.4, 8.4 Hz, 1H), 6.37 (d, /=9.6 Hz, 1H), 6.11 (s, 1H), 5.57 (t, J=1.6 Hz, 1H), 4.51 (t, J/=6.8 Hz,
2H), 4.40 (t, J=6.8 Hz, 2H), 2.97-3.03 (m, 4H), 1.92 (s, 3H). See Figure S2-1. 3C NMR (101 MHz, CDCl3): ¢
(ppm): 167.13, 160.20, 154.65, 153.25, 152.61, 142.80, 136.00, 128.79, 126.13, 117.69, 116.92, 116.31, 109.88,
66.73, 62.50, 37.25, 36.85, 18.32. See Figure S2-2. ESI-MS (m/z) for CigHi307S; expected [M+H]": 411.0567,
Found for [M+H]": 411.0531.
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2-((2-((((4-ethyl-3,14-diox0-3,4,12,14-tetrahydro-1H-pyrano[3',4":6,7]indolizino[ 1,2-b]quinolin-4-
yl)oxy)carbonyl)oxy)ethyl)disulfaneyl)ethyl methacrylate (A2-2)

0
. Camptothecin, TPS 9] .S k
)\WO\/\S’E’\/\OH )ﬁ( 87T "07 g

0o DMAP, DCM, rt 0 0

A1
A2-2

The synthesis of A2-2 was performed using an adapted literature protocol.’! Camptothecin (CPT, 200 mg, 0.57
mmol) was dissolved in 12 mL anhydrous CH>Cl,. Then, triphosgene (TPS, 70 mg, 0.23 mmol) was added under
stirring. After 5 min stirring, DMAP (224 mg, 1.83 mmol) in 0.5 mL CH>Cl, was added into the mixture and
stirred for another 1 h at room temperature. Afterwards, a solution of A1 (378mg, 1.7 mmol) and 1 mL CH»Cl,
was added to the reaction mixture for further reaction overnight. Subsequently, the excess phosgene (CAUTION:
TOXIC) was removed by Ar purging and neutralized by bubbling the exhaust gas through a 2 M NaOH solution.
Afterwards, the reaction mixture was washed three times with H,O. Then, the crude product was purified by
column chromatography on silica gel (hexane:EtOAc = 1:1) to give compound A2-2 (180 mg, 53% yield) as a
white solid. 'TH NMR (400 MHz, CDCls): 6 (ppm): 8.39 (s, 1H), 8.22 (d, J/=8.4 Hz, 1H), 7.93 (d, J/=8.0 Hz, 1H),
7.83 (m, 1H), 7.66 (m, 1H), 7.34 (s, 1H), 6.07 (s, 1H), 5.69 (d, J=17.2 Hz, 1H), 5.54 (t, J=1.6 Hz, 1H), 5.38 (d,
J=17.2 Hz, 1H), 5.28 (s, 2H), 4.31-4.39 (m, 4H), 2.92 (q, J/=6.0 Hz, 4H), 2.32-2.23 (m, 1H), 2.19-2.10 (m, 1H),
1.89 (s, 3H), 1.00 (t, J=7.6 Hz, 3H). See Figure S3-1. 3C NMR (101 MHz, CDCls): § (ppm): 167.37, 167.15,
157.39, 153.57, 152.37, 148.94, 146.56, 145.71, 136.06, 131.35, 130.88, 129.74, 128.59, 128.32, 128.30, 128.23,
126.10, 120.40, 96.13, 78.14, 67.19, 66.65, 62.52, 50.12, 37.35, 36.67, 32.00, 18.36, 7.75. See Figure S3-2. ESI-
MS: (m/z) for C20H2sN>0sS; expected [M+H]*: 597.1360, Found for [M+H]*: 597.1328.
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Hexyl (2-ox0-2H-chromen-7-yl) carbonate (A3)

(@] =
TPS.DMAP,UMB ) m
/\\/\\/\OH L /\\/\/\O 0 0 )

DCM r.t.

A3

Umbelliferone (UMB, 47 mg, 0.29 mmol) was dissolved in 6 mL anhydrous CH»Cl,. Then, triphosgene (TPS, 40
mg, 0.13 mmol) was added under stirring. After 5 min stirring, DMAP (112 mg, 0.91 mmol) was added into the
mixture that was stirred for another 1 h at room temperature. Afterwards, a solution of hexanol (70 mg, 0.68
mmol) in 1 mL CH,Cl, was added to the reaction mixture for further reaction overnight. Subsequently, the
excess unreacted phosgene (CAUTION: TOXIC) was removed by Ar purging and neutralized by bubbling the
exhaust gas through a 2 M NaOH solution. Afterwards, the reaction mixture was washed three times with H.O
and the crude product was purified by column chromatography on silica gel (CH,Cl,:MeOH = 50:1) to give
compound A3 (63 mg, 75% yield) as a white solid. 'H NMR (400 MHz, CDCl3): 6 (ppm): 7.68 (d, J=9.6 Hz,
1H), 7.48 (d, J/=8.4 Hz, 1H), 7.20 (d, J=2.0 Hz, 1H), 7.13 (q, J=2.0 Hz, 1H), 6.38 (d, J=9.6 Hz, 1H), 4.27 (t,
J=6.8 Hz, 2H), 1.78-1.70 (m, 2H), 1.45-1.30 (m, 6H), 0.89 (t, J=6.8 Hz, 3H). See Figure S3-1. *C NMR (101
MHz, CDCl): ¢ (ppm): 160.36, 154.72, 153.51, 152.95, 142.88, 128.75, 117.85, 116.82, 116.24, 110.00, 69.64,
31.43, 28.56, 25.41, 22.58, 14.07. See Figure S3-2. ESI-MS (m/z) for CisHi30s expected [M+H]*: 291.1227,
Found for [M+H]": 291.1275.
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4.5.8 Synthesis of Microgels (MGLs)

4.5.8.1 Synthesis of MGLs-UMB

g ¥

\ — (L g ‘_L,
J e « — ) k A
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Scheme S2: Synthesis of MGLs-UMB.

Microgels-UMB (MGLs-UMB) were prepared by following reported literature rocedures.3% 3253

(1) Synthesis of random copolymer P1: Copolymers P1 were obtained by a reversible addition-fragmentation
chain-transfer (RAFT) polymerization reaction (Scheme S5). Pentafluorophenyl methacrylate (PFPMA, 215 mg,
0.9 mmol, 6.0 equiv.), poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, 720 mg, 2.4 mmol, 16
equiv.), A2-1 (62 mg, 0.15 mmol, 1.0 equiv.), 2,2’-Azobis(2-methylpropionitrile) (AIBN, 3 mg, 0.018 mmol), 4-
cyano-4-(phenylcarbonothioylthio)pe-ntanoic acid (33.5 mg, 0.12 mmol) and 1,4-dioxane (2 mL) were added
into a Schlenk-flask. The solution underwent three consecutive freeze-pump-thaw cycles to remove dissolved
gas before the sealed Schlenk flask was placed in a 75 °C oil bath. Polymerization proceeded for 5 days and was
then halted by immersing the flask in cold water (0 °C) for 10 minutes. After solvent removal under reduced
pressure, the polymer solution was slowly added dropwise into ice-cold hexane under continuous stirring,
leading to precipitation. The supernatant was decanted, and the polymer was dissolved in THF before
undergoing a second precipitation in hexane. This process was repeated three times to obtain the pure polymer.
GPC (THF): P1 with the M, = 12.9 kDa, Dy = 1.43. By comparing the integral of the methylene protons adjacent
to the ester in the polyethylene glycol unit and the polymer backbone proton in both the polyethylene glycol and
the pentafluorophenyl units, the molar ratio was found to be 14:5:1 (PEGMEMA: PFPMA: A2-1).

(2) Synthesis of MGLs-UMB: The copolymers P1 showed amphiphilic character and formed stable assemblies
in solution, which were then crosslinked to form MGLs-UMB (Scheme S5). MGLs-UMB synthesis was
performed by base-catalyzed nucleophilic addition/elimination of cystamine to the PFPMA moieties in Pl
polymers. First, P1 were dissolved in dry THF (10 mg/mL). Then, cystamine dihydrochloride (0.35 equiv. with
respect to the PFPMA moieties) and DIPEA (1.0 equiv.) were added into the polymer solution. The solution was
then heated at 55 °C for 6 h to afford 70% (relative to the PFPMA moieties) cross-linked MGLs-UMB.
Pentafluorophenolate acted as a leaving group, allowing reaction monitoring via "F-NMR spectroscopy (Figure
S23). H,O was then added to the MGLs solution, and THF was removed by stirring in air for 24 h. Finally, the
polymers solution was further purified by dialysis in Milli-Q water for 3 days. The MGLs-UMB were
characterized by TEM (Figure 3b, Figure S24). In addition, smaller size (average size 50 nm) MGLs-UMB were
synthesized by a slightly modified approach. P1 were dissolved in dry THF (2 mg/mL). Then, cystamine
dihydrochloride (0.35 equiv. with respect to the PFPMA moieties) and DIPEA (1.0 equiv.) were added into the
polymer solution. The solution was then heated at 55 °C for 6 h. Then, H,O was added to the MGLs solution and

148



THF was evaporated by stirring the solution in air for 24 h. After that, the MGLs solution was further purified by

dialysis in milliQ water for 3 d.

4.5.8.2 Synthesis of MGLs-CPT

—

random copolymer (P2)

MGLs-CPT

75°C -

-~ S S
e
oo D 1 O h— 1
- % 0Py DIPEA, THE o™, o
. { o v e

S s

Scheme S3: Synthesis of MGLs-CPT.

(1) Synthesis of random copolymer P2: Pentafluorophenyl methacrylate (PFPMA, 200 mg, 0.84 mmol, 4.2
equiv.), poly(ethylene glycol) methyl ether methacrylate (PEGMEMA, 624 mg, 2.08 mmol, 10.4 equiv.), A2-2
(120 mg, 0.2 mmol, 1.0 equiv.), 2,2’-azobis(2-methylpropionitrile) (AIBN, 4 mg, 0.024 mmol), 4-cyano-4-
(phenylcarbonothioylthio)pentanoic acid (24 mg, 0.086 mmol) and 1, 4-dioxane (2.5 mL) were added into a
Schlenk-flask. The solution underwent three consecutive freeze-pump-thaw cycles to remove dissolved gas
before the sealed Schlenk flask was placed in a 75 °C oil bath. Polymerization proceeded for 5 days and was then
halted by immersing the flask in cold water (0 °C) for 10 minutes. After solvent removal under reduced pressure,
the polymer solution was slowly added dropwise into ice-cold hexane under continuous stirring, leading to
precipitation. The supernatant was decanted, and the polymer was dissolved in THF before undergoing a second
precipitation in hexane. This process was repeated three times to obtain the pure polymer. GPC (THF): P2 with
the M, = 20.8 kDa, Dy = 1.46. By comparing the integral of the methylene protons adjacent to the ester in the
polyethylene glycol unit and the polymer backbone proton in both the polyethylene glycol and the
pentafluorophenyl units, the molar ratio was found to be 17:4:1 (PEGMEMA: PFPMA: A2-2).

(2) Synthesis of MGLs-CPT: Microgels (MGLs) were prepared following literature procedures.’>>* The
copolymers P2 showed amphiphilic character and formed stable assemblies in solution, which were then cross
linked to form MGLs-CPT (Scheme S6). MGLs-CPT synthesis was performed by the base-catalyzed
nucleophilic addition/elimination of cystamine to the PFPMA moieties in polymers P2. First, P2 were dissolved
in dry THF (10 mg/mL). Then, cystamine dihydrochloride (0.35 equiv. with respect to the PFPMA moieties) and
DIPEA (1 equiv.) were added into the polymer solution. The solution was then heated at 55 °C for 6 h to afford
70% cross-linked MGLs. Pentafluorophenolate acted as a leaving group, allowing reaction monitoring via '°F-
NMR spectroscopy. H,O was then added to the MGLs solution, and THF was removed by stirring in air for 24 h.
Finally, the polymers solution was further purified by dialysis in Milli-Q water for 3 days. The MGLs-CPT were
characterized by TEM (Figure S30).
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4.6 Supporting figures and tables

Control MCE
) i D
a — i
W
Hs\’/\OH + OJLO 0" "0 DMSOMH0
2-mercaptoethanol A3
Control MCE
b) o S LN
2\,(0\,/\3,3\/\(3)\0 0" S0 DMSOH,0
0 o]
AZ-1 o]
oA

Figure S1. a) Reaction between 2-mercaptoethanol (MCE) and A3, and the photograph of the solution under UV
light (ex: 365 nm). b) Reaction between MCE and A2-1, and photograph of the solution under UV-light (ex: 365

nm).
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Figure S2. a) Fluorescence spectra of A3 and A3 mixed with MCE. b) Fluorescence spectra of A2-1 and A2-1

mixed with MCE.
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Figure S3. 'H NMR spectroscopy of A2-1 treated with excess MCE.
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Figure S4. HPLC elugrams of UMB, UMB+US, A2-1 and A2-1 + MCE
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Figure S5. Photographs of the solution of A2-1 with (1.5 MHz, 30 min) and without sonication under UV light
(ex: 365 nm).
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Figure S6. Fluorescence spectra of A2-1 with sonication, without sonication and mixed with excess MCE.
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Figure S7. GPC RI molar mass distribution of copolymer P1, M, = 12.9 kDa.
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Figure S8. a) 'H NMR and b) "YF-NMR spectra of polymer P1 recorded in CDCls with trifluoroacetic acid
(TFA, 5 v% in CDCls).
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The composition ratio of polymer was determined using TFA as an internal reference in both 'H NMR and "°F
NMR spectra according to the following formulas.

14.0 ppm

A= 2 . [10.4 ppm

In the 'H NMR spectrum, [*° PP and ['%4 PP represent the signal intensities at 4.0 ppm and 10.4 ppm,
corresponding to PEGMEMA and TFA, respectively;

17.8 pPpm
B

= 110.4 ppm

In the 'H NMR spectrum, 78 PP™ and ['%4 PPm represent the signal intensities at 7.8 ppm and 10.4 ppm,
corresponding to A2-1 and TFA, respectively;

3. 1—151 ppm

¢= 2 . [-75ppm

Lastly, in the '°F NMR spectrum, 7> PP™ and [''! PP™ refer to the signal intensities at -75 ppm and -151 ppm,
corresponding to TFA and PFPMA, respectively.

A:B:C=14:1:5
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Figure S9. Characterization of crosslinking process from P1 to MGLs-UMB: release of pentafluorophenyl
groups tracked by ""F-NMR. Top: 'F-NMR spectrum of reaction mixture after 4 h reaction time. Bottom: '°F-

NMR spectrum of polymer P1 before reaction.
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Figure S10. TEM micrograph of MGLs-UMB.
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Figure S11. Size distribution of MGLs-UMB obtained from TEM micrograph.

Figure S12. TEM micrograph of smaller size (50 nm) MGLs-UMB.
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Figure S13. Size distribution of smaller size (average size 50 nm) MGLs-UMB obtained from TEM micrograph.
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Figure S14. Fluorescence spectra of MGLs-UMB treated with excess MCE.

Figure S15. TEM micrograph of MGLs-UMB after 30 min HIFU sonication (0.66 MHz).
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Figure S16. Size distribution of sonicated MGLs-UMB obtained from TEM micrograph.
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Figure S17. GPC RI molar mass distributions of copolymer P2, M, = 20.8 kDa.
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Figure S18. a) 'H NMR and b) ’F-NMR spectra of polymer P2 recorded in CDCls with trifluoroacetic acid
(TFA, 5 v% in CDCl3).

The composition ratio of polymer was determined using TFA as an internal reference in both 'H NMR and '°F

NMR spectra according to the following formulas.>
14.0 ppm

A= 2 . [10.4 ppm

In the 'H NMR spectrum, [*° PP and ['%4 PP™ represent the signal intensities at 4.0 ppm and 10.4 ppm,
corresponding to PEGMEMA and TFA, respectively;

17.8 ppm

B = J10.4 ppm

In the 'H NMR spectrum, /78 PPm and ['04 PP™ represent the signal intensities at 7.8 ppm and 10.4 ppm,
corresponding to A2-2 and TFA, respectively;

3. 1—151 ppm

¢= 2 . [~75ppm

Lastly, in the '°F NMR spectrum, 7> PP™ and [!'! PP™ refer to the signal intensities at -75 ppm and -151 ppm,
corresponding to TFA and PFPMA, respectively.
A:B:C=17:1:4
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Figure S19. TEM micrograph of MGLs-CPT.
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Figure S20. Mass spectrum of sonicated MGLs-CPT solution.
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Figure S21. CPT standard curve obtained from fluorescence spectra of CPT; ex: 335 nm, em: 449 nm).
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Figure S22. Fluorescence spectra of MGLs-CPT treated with excessive MCE.
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Figure S23. a) Concentrations of released CPT from the MGLs-CPT (Sonication: 0.66 MHz, 32 W). b) The 'H
NMR comparison of free CPT and released CPT in CDCls.
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50 pm

Figure S24. HeLa cells stained for 5 min with sonicated MGLs-CPT (HIFU 20 min). Bright field, CLSM-
I(calcein-AM, excitation: 494 nm), CLSM-2 (PI, excitation: 535 nm), and merged micrographs (scale bar: 50
pum).
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Figure S25. Disulfide mechanophores activation in different MGLs-UMB. a) Fluorescence spectra from the
sonicated (0.66 MHz, 32W, 30 min) samples of 500 nm (70% cross-linked) MGLs-UMB, 500 nm (100%
crosslinked) MGLs-UMB and 50 nm MGLs-UMB. b) UMB release from the 500 nm (70% cross-linked) MGLs-
UMB, 500 nm (100% crosslinked) MGLs-UMB and 50 nm MGLs-UMB.
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Table S1. HIFU parameters with 0.66 MHz, 1.5 MHz and 2.5 MHz transducers.

- Acoustic . Foca_l Focal Mo
Transducer power intensity pressure .
(Wicm2) (Kpa) indextt-4
0.66 MHz 8 50 1240 1.5
16 100 1720 21
32 200 2470 3
4 290 2950 2.4
1.50 MHz 8 580 4240 3.4
16 1160 5830 4.7
32 2320 8370 6.8
4 820 4900 3.1
2.50 MHz 8 1640 7260 45
16 3280 9630 6.1
32 6530 14100 8.9

Table S2. Data points measured to plot Figure 5g of the manuscript. All values + standard deviation.

Concentration | Control (PBS) MGLs CPT+US MGLs+US MGLs+US
(uM) (20 min) (30 min)

16

0.5

0.25

0.125

0.0625

1.007 + 0.005

1.001 £ 0.014

0.994 + 0.004

1.004 £ 0.015

0.994 + 0.001

0.999 + 0.043

0.976 + 0.023

0.986 +0.014

0.999 + 0.027

1.000 £ 0.020

0.833 £ 0.023

0.886 + 0.029

0.910 + 0.031

0.934 + 0.041

0.924 + 0.034

0.926 + 0.038

0.911 £ 0.036

0.946 + 0.031

0.970 £ 0.013

1.000 + 0.007

0.007 +0.009
0.066 +0.032
0.282 + 0.063
0.453 +0.085
0.535 + 0.099
0.613 +0.117
0.657 +0.082
0.737 £ 0.106
0.790 + 0.090

0.935 £ 0.040

161

0.018 £0.012

0.082 +0.043

0.278 +£0.079

0.397 £ 0.098

0.471+0.115

0.506 £0.174

0.530 £0.170

0.612£0.175

0.761 £0.182

0.956 £ 0.027

0.041 + 0.003

0.214 £ 0.029

0.340 + 0.041

0.393 £ 0.065

0.443 + 0.058

0.464 + 0.090

0.507 + 0.099

0.622 + 0.133

0.833+0.118

0.984 + 0.096

0.033 +0.105

0.209 +0.114

0.329 + 0.142

0.375+0.138

0.389 + 0.137

0.411 £0.144

0.455 + 0.146

0.549 + 0.171

0.797 + 0.148

1.015+0.116
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5. Ultrasound-induced molecules release from polymeric microbubbles
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In Chapter 5, I present an ultrasound-responsive polymeric microbubbles (PMBs) system. Uniform-size N»-
filled PMBs were prepared by microfluidic engineering. We demonstrated US remote-controlled
mechanochemical transformations in PMBs. In this chapter, the commonly used 20 kHz ultrasound and
megahertz biocompatible HIFU were applied to investigate the mechanical response of microbubbles. This study

explored the potential of ultrasound-induced mechanochemistry in polymeric microbubbles.

Thanks to Regina Lennarz and Jan Meisner for the computational simulations section in this chapter. Thanks to

Ahmed Mourran for the stiffness measurements by Atomic Force Microscopy (AFM).
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5.1 Abstract

The flow-induced activation of mechanophores embedded in linear polymers by ultrasound (US) suffers from
slow mechanochemical conversions at the commonly used frequency of 20 kHz and in many cases remains
ineffective with higher frequencies in the MHz regime. Here, we present polymeric microbubbles (PMBs) as a
platform that accelerates the mechanochemical activation of several mechanophores under both 20 kHz and
MHz irradiation, i.e., biocompatible high-intensity focused ultrasound (HIFU). By virtue of their pressure-
sensitive gas core, PMBs act as an acousto-mechanical transducer for the transformation of energy, stretching
and eventually fracturing the polymer shell by stable and inertial cavitation. Exemplarily, we investigate three
different mechanophores among which one flex-activation derivative was unprecedentedly activated by US in
solution. Through a combination of experiments and computation, we find that PMBs likely exert compressive
force onto the copolymerized mechanophores rather than the typical clongational forces solvated chain
fragments experience in flow. We thereby both underscore the fundamentally unprecedented mechanochemical
properties of the PMB platform as well as its versatility for diverse accelerated mechanochemical

transformations with a perspective on biomedical applications.
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5.2 Introduction

Stimuli-responsive polymers that elicit a desired function when subjected to a specific chemical or physical
stimulus are a subject of great interest.'> Particularly, chemical transformations induced by mechanical force

have received attention, since the force-activated alteration of polymer structures® or the generation of chemical

11-13 14-17

functions for catalysis,”!? sensing,'!"! cargo delivery,'*!” or soft robotics'® promise exciting future applications.
In this light, US has become an accessible and widely used tool in polymer mechanochemistry due to its non-
invasive nature, spatiotemporal control, and ease of use!! for applications in mechanochemical synthesis?> and
activation of material function.!>?*25 Because linear mechanophore-centered polymer chains conduct mechanical
force along their backbone?® and are straightforward to analyze by solution-borne methods, they are commonly
employed to perform US-induced bond scission.?’*! Recent research shows that the architecture of the

mechanophore-bearing polymer is an important parameter that influences the mechanochemical efficiency.

2 33,34 35,36

Therefore, helical polymers,* cyclic polymers,3334 star polymers,*>* polymer bottlebrushes,*’° dendronized

40-42 and polymer microgels*** have been investigated.

polymers,
Another architecture are polymer-shelled gas bubbles, which exhibit special topological characteristics, such as
the absence of solvated end groups and restricted conformational freedom. PMBs are an established modality in
theranostic biomedicine and have been used to enhance the US response for imaging, drug delivery, and
sensing.** However, mechanochemical transformations in PMBs have remained unknown until we recently
reported the US-induced cleavage of disulfide mechanophores.® There, PMBs have served as the acousto-
mechanical transducers during the sonication, and subsequent disruption of the bubble shell was accompanied by
mechanophore activation. However, the generality of this system remained unclear and we were unable to utilize
biocompatible MHz US. Both aspects are crucial for the successful application of the PMB concept in a
biomedical context.

Here, we show that the microfluidically engineered PMB system can accelerate the activation of several
exemplarily chosen mechanochemical motifs for molecular release. Unprecedentedly, we find that even the flex
activation, which was previously impossible to achieve by ultrasonication in solution, is enabled using PMBs. In
addition, we investigate biocompatible MHz HIFU for the activation of PMBs.

Therefore, uniformly sized, N,-filled PMBs are prepared by microfluidic engineering (Figure 1a).
Mechanophores are copolymerized into the PMB shell and activated with 20 kHz US and MHz HIFU (Figure
1b). We demonstrate mechanochemical transformations in PMBs by four strategies (Figure 1c). Firstly,
disulfide mechanophores and subsequent molecular release are achieved by thiol-initiated Michael addition and
retro Diels-Alder (rDA) reaction consolidating our previous findings. Secondly, the fluorophore umbelliferone
(UMB) and the active pharmaceutical ingredient camptothecin (CPT) are released by thiol/disulfide exchange
and intramolecular cyclization, which also bases on the activation of disulfide mechanophores.!>*->2 Third, we
release a fluorogenic molecule from a masked furfuryl carbonate by mechanochemical rDA reaction and an
autocatalytic effect, as principally conceived by Robb and coworkers.>® Lastly, we achieve US-induced flex

activation of a furan Diels-Alder adduct, which was pioneered by Boydston and coworkers.3*38

These strategies
underline the general applicability of the PMB system and even show that otherwise unobtainable

mechanochemical reactions can be performed using US in solution.
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Figure 1. Schematic illustration of the various mechanophore activation processes possible in PMBs. a, The
preparation of PMBs. b, Illustration of mechanophore activation in PMBs under US. ¢, The structural formula

and reaction mechanisms of the employed mechanochemical released systems.
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5.3 Results and discussion

5.3.1 Disulfide mechanophore activation for dansyl-fluorophore release

Previously we demonstrated the 20 kHz US-triggered disulfide mechanophore activation in microbubbles.>
Hence, we first used this established system to understand the effect of HIFU in the MHz regime on the PMBs.
A thiol-sensitive probe quantifying mechanochemical disulfide scission by fluorescence, a masked dansyl-
fluorophore, was copolymerized into the polymer shell through photo-crosslinking. In addition, bis(2-
methacryloyl)oxyethyl disulfide (N1-CL) was used as the mechanoresponsive crosslinker. US-induced
deformation and explosion of the PMBs would expectedly lead to disulfide activation and the free thiols would
react with neighboring masked dansyl-fluorophore molecules releasing the dansyl-fluorophore (N1-A3) via rDA
reaction.

The gram-scale syntheses of the probe N1-A3, its complementary dienophile N1-B3, and the resulting Diels-
Alder adduct monomer N1-DA are detailed in Supplementary Scheme S1.%° Before copolymerization into the
PMB shells, the reactivity of the constitutional isomers N1-DA1 and N1-DA2 toward thiols was verified by
mixing with 2-mercaptoethanol for 4 d and subsequent fluorescence spectroscopy (Supplementary Figure S3).
Due to a higher reactivity, N1-DA2 was used as the masked dansyl-fluorophore (MDF) to prepare PMB-MDF.
Then, PMBs were prepared in a microfluidic device by gas-in-oil-in-water (G/O/W) double emulsion (Figure
2a). A UV lamp was set up surrounding the outlet tube for the PMB shell polymerization, which stabilized the
gas (N,) core. The shape of the PMBs was characterized by scanning electron microscopy (SEM) and optical
microscopy (Figure 2b, Supplementary Figure S4) with an average PMB size of ~29 um (Figure 2¢). PMB
samples were then treated with 20 kHz, 0.68 MHz, 1.52 MHz, and 2.6 MHz US (Figure 2d, Supplementary
Figure S6). At 20 kHz and an intensity of / = 12 W cm?, sonication for 5 min led to bursting of the PMBs and
the fragments sunk to the bottom of the solution. Under HIFU irradiation, PMB explosion commenced at a focal
pressure of 1300 kPa for 0.68 MHz, 1800 kPa for 1.52 MHz irradiation, and 6000 kPa for 2.6 MHz irradiation
(Supplementary Figure S6). Microscopy showed that the PMB fragment size gradually decreased with
sonication time at 20 kHz while comparably larger fragments remained with HIFU (Figure 2e).

To quantify the mechanophore activation and fluorophore release (Figure 2f), the suspensions of PMB
fragments after 15 min sonication runs were collected, filtered, and fluorescence was measured (Figure 2g).
Approximately 23% of the copolymerized fluorophores were released at 20 kHz and 12 W c¢cm™. When [ was
decreased to 1.0 W cm™, we found that the release accordingly decreased to around 10% (Figure 2h). Notably,
more than 10% release was achieved when HIFU at 0.68 MHz and 2000 kPa was used while no significant
release was found below a focal pressure of 1000 kPa (Figure 2i). Fluorophore release dropped to 5% when
HIFU at 1.5 MHz and 2000 kPa was used (Figure 2j) and to < 1% release for HIFU at 2.6 MHz and the same
focal pressure likely due the absence of PMB bursting and fragmentation (Figure 2Kk).

As negative control for non-specific activation, we prepared PMBs without disulfide crosslinker
(Supplementary Figure S14) and expectedly did not observe fluorescence after sonication (Figure 2I).
Furthermore, solid-core microgels were prepared by microfluidic single emulsion (Figure 2m), serving as
negative control regarding the role of the gas core of the PMBs. Figure 2n shows the optical micrograph of these
microgels with an average diameter of ~ 26 um (Supplementary Figure S15 and S16). Upon sonication
conditions identical to those of the PMBs, only a very weak increase of fluorescence was observed

(Supplementary Figure S17) corresponding to <0.1% release (Figure 20). The absence of morphological
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changes in the microgels after sonication indicated the important role of the gas core for mechanochemical

activation (Figure 20).
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Figure 2. The activation of disulfide mechanophores and dansyl fluorophore release via rDA from PMB-MDF.

a, The production of PMBs in microfluidic chip. b, The collection of PMBs in a glass vial and the associated

optical micrograph (scale bar: 50 um). Inset: SEM image, scale bar: 10 pm. ¢, Diameter distribution of the PMBs

corresponding to Supplementary Figure S4. d, The response of PMBs to 20 kHz (12 W cm™), 0.68 MHz, or 1.52
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MHz US for 5 min, scale bar: 5 mm. e, Fragments of PMBs, with 20 kHz US (12 W cm™) or HIFU (2000 kPa
for 0.68 and 1.52 MHz, 6000 kPa for 2.6 MHz), scale bar: 50 um. f, Scheme of mechanophore activation and
fluorophore release. g, Photographs of samples under daylight and UV light (Aexe = 365 nm), i) PMBs without
sonication. ii)) MeCN/H»O blank. iii) The filtered solution of sonicated PMBs (0.68 MHz, 15 min). iv) The
filtered solution of sonicated PMBs (20 kHz, 15 min). h-k, Fluorophore release from PMBs under 20 kHz, 0.68
MHz, 1.52 MHz, and 2.6 MHz irradiations. 1, Fluorescence spectra of sonicated PMB control without disulfide.
m, The production image of microgels in the microfluidic chip. n, Microscopy image of microgels, scale bar: 30

pm. o, The morphological of microgels and fluorophores release after 15 min US irradiations, scale bar: 50 um.
5.3.2 Disulfide mechanophore activation for UMB and CPT release

In addition to the Michael addition of thiols with subsequent rDA release, thiol/disulfide exchange was activated
mechanochemically in PMBs. Therefore, UMB (fluorophore) and CPT (drug) were selected as the functional
target molecules.>! The respectively carbonylated monomers N2-A3 and N2-B3 (Supplementary Scheme S2)
would undergo intramolecular 5-exo-trig cyclization after mechanochemically initiated thiol/disulfide exchange
releasing both UMB and CPT.

First, PMB-UMB was synthesized from N2-A3 (Figure 3a and b) and US treatment qualitatively confirmed
UMB release by fluorescence turn-on (Figure 3¢). The maximum UMB loading was established by reduction of
the disulfides with subsequent fluorescence spectroscopy (Supplementary Figure S18). 15 min sonication runs
of PMB-UMB at 20 kHz and 12 W ¢m™ released 19% UMB (Figure 3d) while 0.68 MHz and 2000 kPa led to 8%
UMB release (Figure 3e). Proton nuclear magnetic resonance ('H NMR) and mass spectrometry (MS)
measurements of sonicated PMB-UMB cross-validated the successful release (Figure 3f, Supplementary
Figure S21).

Having established the molecular proof-of-concept with UMB, pharmacologically active PMB-CPT was
synthesized from N2-B3 (Figure 3g) and its activity after sonication was investigated by MTS proliferation
assays with HeLa cells (Figure 3h). Since CPT is also fluorescent, this mode of detection was used to
qualitatively confirm CPT release in conjunction with ultra-high-performance liquid chromatography-mass
spectrometry (UPLC-MS, Figure 3i). After 15 min sonication, 18% CPT were released at 20 kHz and 12 W c¢m™
(Figure 3j) while 8% at 0.68 MHz could be achieved. Incubation of the sonicated PMB-CPT solutions with
HeLa cells showed considerable lower ICso of PMBs after sonication than before while highlighting the
biocompatibility of the PMB system and of the mechanophore-free PMB fragments (Figure 3k).
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Figure 3. The activation of disulfide mechanophores and small molecule release via thiol/disulfide exchange
from PMBs. a, Optical micrograph, scale bar: 50 um. b, Structural composition of PMB-UMB shell. c,
Photographs of samples under daylight and UV light (lexe = 365 nm), i) PMB-UMB without sonication. ii)
DMSO/H;O blank. iii) The filtered solution of sonicated PMB-UMB (0.68 MHz, 15 min). iv) The filtered
solution of sonicated PMBs-UMB (20 kHz, 15 min). d-e, UMB release under 20 kHz and 0.68 MHz irradiations.
f, 'H NMR spectra of free UMB and released UMB. g, Morphological characterization by optical microscopy,
scale bar: 50 pm. h, Structural composition of PMB-CPT and illustration of CPT release. i, Photographs of
samples under daylight and UV light (Aexc = 365 nm), 1) DMSO/H,O blank. ii) The filtered solution of sonicated
PMB-CPT (0.68 MHz, 15 min). iii) The filtered solution of sonicated PMB-CPT (20 kHz, 15 min). UPLC
elugrams of free CPT and released CPT (20 kHz). j, CPT release from PMBs under 20 kHz and 0.68 MHz
irradiation. k, MTS proliferation assay of negative controls PBS, PMBs and mechanophore-free PMB
fragments, positive controls CPT and CPT+US, and ex situ sonicated (0.68 MHz, 15 min) PMB-CPT mixed with

HeLa cells. Mean values + SD from the mean. N = 3 independent sonications (Supplementary Table S3).
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5.3.3 2-Furylcarbinol Diels-Alder adduct mechanophore activation for pyrene fluorophore release

For the introduction of 2-furylcarbinol Diels-Alder adduct mechanophores, pioneered by Robb and
coworkers,>>% into PMBs, we designed and synthesized the masked furfuryl carbonate (N3-A5) containing a
fluorogenic pyrenebutanol (PBL) payload (Figure 4a, Supplementary Scheme S3). Subsequent to the
mechanochemical scission of the furan-maleimide Diels-Alder adduct, PBL would be released based on the
instability of furfuryl carbonate in polar protic solvents.

First, PMBs were prepared from N3-A5 (PMBs-PBL) and analyzed by optical microscopy (Figure 4b). The
latent instability of the small molecule N3-A4, and hence its capability for molecular release, (Figure 4¢) were
verified in a mixture of MeCN-d3;, MeOH, and H,O (3:1:0.5, v/v/v) while monitored by 'H NMR spectroscopy.
The decomposition process of N3-A4 was complete within in 4 d at 37 °C accompanied by the formation of N3-
A3 and PBL (Figure 4d) and negligibly slower at 23 °C (Figure 4e and Supplementary Figure S24).

The fluorogenic properties of PBL allowed the observation of the mechanochemical release process by
fluorescence spectroscopy (Figure 4f and g). Around 24% PBL were released from PMBs-PBL using 20 kHz
US at 12 W cm™ for 15 min (Figure 4h). The PBL release expectedly correlated positively with both sonication
time and US intensity. More than 10% released PBL were obtained using 20 kHz US at 1.0 W cm? while 9%
could be measured using 0.68 MHz at 2000 kPa (Figure 4i).
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Figure 4. US-triggered activation of 2-furylcarbinol maleimide Diels-Alder adducts and fluorogenic cargo
release. a, Scheme of mechanophore activation in the shell of PMB-PBL. b, Optical micrograph of PMB-PBL;
scale bar: 50 um. ¢, The decomposition mechanism of N3-A4 in polar protic solvent. d, 'H NMR
characterization of the conversion of N3-A4 to N3-A3 and PBL (solvent: MeCN-d;:MeOH:H;0, 3:1:0.5; 5 mg
N3-A4 in 0.5 mL solvent). e, The time-dependent conversion of furfuryl carbonate N3-A4 by 'H NMR
spectroscopy. f, Fluorescence spectra of sonicated PMB-PBL in MeCN:MeOH:H,O (20 kHz, 12 W c¢cm™3). g,
Photographs of samples under daylight and UV-light (Aexc = 365 nm), i) PMB-PBL solutions without sonication.
ii) MeCN/MeOH/H,0 blank. iii) The filtered solution of sonicated PMB-PBL (0.68 MHz). iv) The filtered
solution of sonicated PMB-PBL (20 kHz). h-i, The release of fluorogenic cargo under 20 kHz and 0.68 MHz
irradiation.
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5.3.4 Flex-activation of mechanophores to release dansyl-fluorophore

The overwhelming majority of mechanophores are activated by the direct scission of bonds force-coupled along
the pulling vector of the polymer chain. One notable exception are flex-activated mechanophores where the
scission of bonds and the subsequent release of small molecules are induced by a distortion of adjacent bond
angles.>>”* However, up to today these could only be activated in bulk polymers by compression with single

digit percentage released fractions>>7-58

where double network hydrogels are a notable exception releasing ~ 20%
of their payload.®! Conversely, the ultrasound-induced flex-activation in solution has not been achieved.

To achieve flex-activation in PMBs, we synthesized the required oxanorbornadiene-based mechanophore N4-A3
incorporating furylated dansyl as fluorogenic probe cargo (Supplementary Scheme S4). This was then either
appended with initiator moieties for controlled radical polymerization yielding N4-C4 toward linear control
chains or with acrylates for use as crosslinker within the PMB system resulting in N4-A4 and correspondingly
PMB-Flex (Supplementary Scheme S5, Figure 5a). PMB-Flex showed a shell thickness of ~ 180 nm
(Supplementary Figure S28) and were characterized by optical microscopy where no coalescence or rupture
was observed for multiple days (Figure 5b).

Sonication of PMB-Flex with US at 20 kHz resulted in an immediate development of fluorescence
(Supplementary Figure S29a), which led us to investigate the fluorescence intensities of sonicated samples in
dependence of different applied sound intensities (Supplementary Figure S30). This yielded the activated
mechanophore fractions (Figure Sc¢) with a positive correlation between US intensity released fraction. With 20
kHz US at 12 W ¢cm? for 15 min, ~ 15% payload could be released comparing favorably to the original bulk
polymer work of Boydston and coworkers.>* Cross-validation by 'H NMR underlined this result (Figure 5d).
The application of 0.68 MHz US also successfully initiated the flex-activation release at focal pressures > 1000
kPa (Supplementary Figure S31, Figure Se).

To scrutinize these results, we synthesized the monofunctional mechanophore N4-B4 as a control sample that
would not be able to undergo flex-activation, albeit being covalently copolymerized into the PMB shell
(Supplementary Figure S32). No fluorescence was observed under sonication conditions identical to above
excluding thermal or other interfering effects. Moreover, water-soluble, mechanophore-centered linear polymers
(LPs) with M, = 140 kDa were prepared to exclude the strong inertial cavitation of water as a source for the
successful flex-activation. Also in this case sonication showed no fluorescence (Figure 5f and g) although the
M, decreased to ~ 100 kDa due to unproductive bond scission (Figure 5h). Likewise, no notable release could be
discerned upon the sonication of solid microgel particles with diameters of ~ 25 um containing N4-A4 clarifying
that dangling, solvated chain ends do not contribute to the observed PMB performance (Supplementary Figure
S33 and S34, Figure 5i).

We then measured force-distance curves by atomic force microscopy (AFM) equipped with an FMV-A tip.
PMBs and control microgels revealed considerable differences in shape deformation when loading the same 5
nN force with average deformations of microgels and PMBs being 2.3 nm and 60.5 nm respectively (Figure 5j).
PMBs showed an average stiffness of ~ 300 pN nm™', while the stiffness of microgels was one order of
magnitude larger with ~ 4900 pN nm™! (Figure 5k and Supplementary Figure S35). This relatively larger
deformability of the PMB shells likely contributed significantly to stable as well as inertial cavitation induced by

US.
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An explanation of the flex-activation mechanism through combined experimental and computational studies was
previously attempted by Boydston and coworkers and is the basis of the currently predominant interpretation of
their observed results as caused by bond angle distortion.>* To revisit the mechanistic interpretation of this
activation mode, we first attempted to model the influence of the mechanical stress in PMBs by a pulling force,
utilizing the approach of the “Force Modified Potential Energy Surface” (FMPES) according to Martinez and
coworkers (Figure 51).% In agreement with previously published literature, it became obvious that the simulation
of a pulling force onto the system does not lead to a reduction of the activation energy of the flex-activation.53-%
Even at high forces of 4.0 nN (Figure Sm), only a reduction in activation energy ¥ of about 5.5 kcal mol™! was
observed, reflecting the mechanochemical inactivity of linear chains in elongational flow fields.>® Since the US-

1,°° a model

induced deformation of PMBs arguably leads to the generation of a pressure load on the polymer shel
based on the idea of the “Generalized Force Modified Potential Energy Surface”® (G-FMPES) was developed
and applied to simulate uniaxial pressure onto the molecular system adding an external potential Vex to the ab

initio potential summing over all N atoms:

N
v Zk ) (
Xt 5 %

ext i:12 1)

In Eq. 1, z is the distance of the i-th atom to the plane created by the x- and the y-axes and k is an external
parameter describing the strength of the uniaxial pressure acting on the system. Thus, every atom of the system
was pushed towards the xy-plane by using a harmonic potential. The corresponding external force Fex were then
obtained by calculating the negative derivative of the external potential Ve with respect to the spatial
coordinates. When exposed to uniaxial pressure, an increase in activation energy Va was observed at small
values of k, which was caused by the rather unfavorable orientation of the transition state with respect to the xy-
plane. With increasing force constants, a reduction of the activation energy Va was obtained (Figure Sn). Using
a force constant of 50 N m™!, the activation energy Va is reduced to 16 kcal mol™!, which is a sufficiently small
barrier for the reaction to occur.

In combination, our experimental and computational results on the one hand consolidate the findings of previous

studies,>*8

and on the other hand arguably suggest that the bursting of PMBs does not result in a stretching but
rather in a compressive force. This would be in stark contrast to conventional US-based polymer
mechanochemistry that relies on the overstretching of polymer segments in cavitation-induced flow fields.®® Our
findings on linear chains and microgels suggest that the uncoiling and overstretching of solvated chain segments
is insufficient to drive the flex-activation mechanism. Contrarily, the elastic crosslinked network structure,
expected stable and inertial cavitation of the PMB gas core, and the computationally demonstrated reduction of
the activation barrier upon uniaxial compression indicate that compressive rather than extensional forces might
act on the polymer system upon ultrasonication. The absence of activation of the monofunctional mechanophore
is not in disagreement with this hypothesis since the accessible conformation space of a bifunctionally
copolymerized mechanophore is considerably lower compared to its monofunctional counterpart inhibiting
possible rotation of the molecule out of the direction of compression to avoid the energetically penalized bond

angle distortion.
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Figure 5. Ultrasound-triggered flex-activation of mechanophores in PMBs. a, Schematic illustration. b, Optical
micrograph of PMB-Flex, scale bar: 50 pm. ¢, Fluorophore (N1-A3) release from PMB-Flex under 20 kHz US
irradiation. d, '"H NMR spectra of free N1-A3 and released N1-A3. e, Fluorophore release from PMB-Flex under
0.68 MHz US irradiation. Inset: photographs of PMBs before (left) and after (right) HIFU treatment under
daylight (top) and 365 nm UV (bottom) illumination in MeCN/H;O. f, Representation of mechanophore-centered
LPs upon sonication. g, Fluorescence spectra of LPs before and after US. h, GPC RI molar mass distributions of
LPs before and after sonication. Insets: photographs of LP solutions under 365 nm UV in MeCN/H-O. i,
Fluorescence spectra of microgel suspension after 5 min US irradiation. j, Force-distance curves of PMB-Flex
and microgels obtained by AFM. Kk, Stiffnesses of PMB-Flex and microgels obtained from panel j. 1, Molecular
structure that was used in computational modelling to investigate the flex activation. m, Activation energy ¥ in
dependence of the applied pulling force. n, Activation energy Va in dependence of the force constant of the

applied uniaxial pressure.
179



5.4 Conclusion

We here presented the versatile character and unique mechanochemical activation pathway of PMBs for polymer
mechanochemistry. We showed that the PMB platform is suitable to activate several mechanophore classes,
ranging from covalent disulfide scission over rDA reactions of furan-maleimide adducts to the flex activation of
furan-acetylene adducts. Underscored by molecular computation, we found that the elastic polymer network
shell in combination with stable and inertial cavitation of the PMBs’ gas cores likely lead to the application of a
compressive force onto the polymer structure rather than the elongational force usually observed for solvated
polymer chains during ultrasonication. Thereby, the PMB system is able to drive mechanochemical reactions
previously restricted to bulk polymer networks by US establishing a conceptual link between solution and
network polymer mechanochemistry.®’

With the employed mechanophores we moreover showed that several pathways to release small molecule cargo
are accessible using the PMB platform. In addition, the PMB’s unique cavitation response enabled the use of
high frequency US up to the MHz range to achieve the desired release. In combination, these results underpin the
high future potential of mechanoresponsive PMBs for targeted drug delivery applications, although several

challenges, such as the PMB size, must be overcome in the future for diagnostic and therapeutic applications.
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5.5 Experimental section

5.5.1 Materials

All chemical reagents and solvents were used without further purification unless otherwise stated. Dansyl
chloride (98%), furfurylamine (99%), 2-isocyanatoethyl methacrylate (contains <X 0.1% BHT as inhibitor, 98%),
ethyl propiolate (99%), lithium bis(trimethylsilyl)amide solution (LHDMS, 1.0 M in THF), toluene (=99.5%),
2-hydroxyethyl disulfide (technical grade), methacryloyl chloride (97%), triethylamine (TEA, = 99%),
dichloromethane (CH>Cl,, anhydrous, =99.8%), MeCN (99.8%), N,N’-disuccinimidyl carbonate (DSC, =95%),
methylmagnesium bromide (3.0 M in diethyl ether), diethyl ether (99.7%), 1-pyrenebutanol (PBL, 99%) 1-
pyrenebutyric acid (97%), DMSO (99.9%), CuBr> (99%), Me6TREN (97%), acetylenedicarboxylic acid (95%),
1,6-hexanediol (97%), benzene (99.8%), @ -bromoisobutyryl bromide (98%), 5-(hydroxymethyl)furfural (99%),
triphosgen (TPS, 99%), 1,6-hexanediol dimethacrylate (=90%), poly(propylene glycol) diacrylate (PPGDA,
average Mn ~800), poly(propylene glycol) (PPG, average Mn ~2,000), poly(vinyl alcohol) (PVA, My, 31,000-
50,000), glycerol (99.5%), 2-mercaptoethanol (MCE, 99%), were obtained from Sigma-Aldrich.

Ethyl (2,4,6-trimethylbenzoyl)phenylphosphinate (TPO-L, 95%, Fluorochem), umbelliferon (UMB, 98%, Acros),
camptothecin (CPT, 95%, abcr), 4-(dimethylamino)pyridine (DMAP, >99.0%, TCI Deutschland GmbH), p-
toluenesulfonic acid monohydrate (PTSA, 98%, TCI Deutschland GmbH), N-(2-Hydroxyethyl)maleimide (98%,
TCI Deutschland GmbH), were used as received. Poly(ethylene glycol) methyl ether methacrylate (PEGMEMA,
M, ~ 300 Da, Sigma-Aldrich) were purified by a column of activated basic Al,O3; to remove the inhibitor.
Dialysis membranes (3.5 kDa MWCO) were obtained from Spectrum Labs. Centrifugal filter (3000 MWCO)
was obtained from Sartorius. HeLa cell line was obtained from ATCC: The Global Bioresource Center.

Ultrapure Milli-Q water (18.2 MQ-cm) was used for all experiments.
5.5.2 Analytical instrumentation

(1) 'H and '*C NMR spectra were recorded at room temperature in CDCl; on a 400 MHz Bruker Avance 400
spectrometer ('3C: 101 MHz). The chemical shifts are reported in & units using residual protonated solvent
signals as internal standard' (‘H: CDCl; (°H = 7.26 ppm), '3C: CDCl; (3C = 77.16 ppm); 'H: (CD3).SO (°H =
2.50 ppm), 13C: (CD5)2SO (°C = 39.53 ppm)). The following abbreviations were used: s = singlet, d = doublet, t =
triplet, q = quartet, sept. = septet, dd = doublet of doublets etc., m = multiplet. Coupling constants (J) were given
in Hz and refer to the respective H, H-couplings.
(2) Electrospray ionization (EST) MS: micrOTOF-Q II™ ESI-Qq-TOF mass spectrometer system (BRUKER).
(3) Thin-layer chromatography (TLC) was conducted on Merck TLC Silica Gel 60 Fas4 plates, which featured a
fluorescence indicator for visualization under 254 nm or 365 nm UV light using a hand lamp. High-purity silica
gel (40-63 um) was utilized for flash column chromatography.
(4) Gel permeation chromatography (GPC/SEC) with THF (HPLC grade) was performed using a Jasco PU-
2080plus HPLC pump equipped with a Jasco RI-2031plus refractive index detector. As an internal standard, the
sample solvent contained 250 mg/mL 3,5-di--4-butylhydroxytoluene (BHT, =99%, Fluka). A pre-column
(8%50 mm) and four SDplus gel columns (8x300 mm, SDplus, MZ Analysentechnik) were used at a controlled
flow rate of 1.0 mL/min at 20 °C. The gel particles had a diameter of 5 um, with nominal pore sizes of 50, 102,
103, and 104 A. Calibration was performed using narrowly distributed poly(methyl methacrylate) (PMMA)
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standards from Polymer Standards Service. Molar masses (M, and M,,) and molar mass distributions (M,/M,)
were determined using PSS WinGPC UniChrom software (Version 8.1.1).

(5) Transmission electron microscopy (TEM) images were captured on a LIBRA®120 transmission electron
microscope (Carl Zeiss) with an accelerating voltage of 120 kV and images were recorded using a Gatan Ultra
Scan 1000. Transmission electron microscopy (TEM) sample preparation: one drop (~ 10 pL) of sample was
deposited onto carbon-coated copper grid, then air-dried.

(6) Ultra-high-performance liquid chromatography-mass spectrometry (UHPLC-MS) analysis was conducted
using an ACQUITY UPLC I-Class System (Waters) equipped with an ACQUITY UPLC PDA el Detector and
an ACQUITY QDa detector (Waters). Solvents: A= water (contained 0.1% TFA), B= acetonitrile (contained 0.1%
TFA); Flow= 0.4 mL/min; Gradient (B): 0-1 min (10%), 1-5 min (10% - 90%), 5-7 min (90%), 7-10 min (90% -
10%).

(7) Optical microscopy: the imaging of PMBs was performed on a confocal laser scanning microscope (STPS,

Leica).

5.5.3 Fluorescence spectroscopy

Fluorescence spectra were collected by SpectraMax iD3 Multi-Mode Microplate Reader (Molecular Devices) at
room temperature. The fluorescence spectra measurements from PMBs-MDF, samples were excited at 340 nm.
The spectral bandwidths were set to 5 nm (400 nm - 750 nm) for emission. To obtain the standard curve of
dansyl-fluorophore (N1-A3), the fluorescence intensity at the emission wavelength of 545 nm was collected. The
fluorescence spectra measurements from PMBs-UMB, samples were excited at 325 nm. The spectral bandwidths
were set to 5 nm (370 - 650 nm) for emission. To obtain the standard curve of UMB, the fluorescence intensity at
the emission wavelength of 465 nm was collected. The fluorescence spectra measurements from PMBs-CPT,
samples were excited at 335 nm. The spectral bandwidth for emission was set to 5 nm (375-600 nm). To
generate the standard curve for CPT, fluorescence intensity was recorded at 450 nm. To obtain the fluorescence
spectra of PMBs-PBL, excitation was performed at 320 nm, with an emission bandwidth of 5 nm (360-500 nm).
The standard curve for PBL was obtained by collecting fluorescence intensity at 390 nm. To obtain the
fluorescence spectra of PMBs-Flex, excitation was performed at 340 nm, with an emission bandwidth of 5 nm
(400-750 nm). Samples were incubated at room temperature for 72 hours to complete downstream reactions
before the fluorescence intensity collection. The fluorescence intensity collection were conducted using a
pureGrade™ 96-well plate from BRAND GmbH. In addition, before fluorescence measurements, the sonicated
PMBs solution required a filtration step. This involved a centrifugation (8000 xg for 15 minutes), followed by
filtration through a 3,000 MWCO centrifugal filter (5000 rpm).

5.5.4 Sonication experiments

20 kHz sonicator and 1.5 MHz HIFU setup were used to perform the ultrasound sonication experiments. The
number concentration of PMBs (2.3 x 10® mL™"), was calculated by an EVE Automatic cell counter (NanoEntek).
(1) 20 kHz sonicator: Sonication experiments were carried out using a Qsonica Q500 ultrasonic system with four
3.2 mm probes (No. A12628PRB20), /= 20 kHz. Pulsed sonication (2 s on, 1 s off) was used. The sound
intensity / of applied ultrasound was calculated by / = P-4A™!, where P is the output power obtained via the output
energy over the sonication on-time # (P = E't') and 4 is the surface area of the transducer probe (4 = 77%). The

ultrasound properties (power intensity, amplification, and output energy) are shown in Table S1. Then, 100 pL
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PMBs or 30 pL microgels was added to a 1.5 mL Eppendorf tube consisting of the corresponding solvent
(immersed in an ice-water bath). Then, the samples were exposed to sonication for 1 min, 5 min, 10 min, and 15
min.

(2) HIFU: We used a home-made HIFU device for ultrasonic sonication experiments. The core components
included a waveform generator (33511B, Keysight Technologies), an RF amplifier (AG1021, T&C Power
Conversion, Inc.), and transducers operating at 0.66 MHz, 1.5 MHz, and 2.5 MHz (Precision Acoustics Ltd.,
UK). In addition, a 0.5 mm needle hydrophone (Precision Acoustics Ltd., UK) was used to position the
transducer's focus. A custom-made motorized 3D manipulator/positioning system was used to control the
position of the well plate submerged in water. The focal point of transducer was positioned in the center of the
well, 3 mm above its bottom. Voltage applied to the transducer was measured by the oscilloscope and adjusted to
obtain the desired acoustic power based on the transducer’s factory calibration data extrapolated to low voltages.
Pulsed sonication (2 s on, 1 s off) was used. 100 pL PMBs was mixed with 1 mL solvent, then transfer to the 24
well plate that with an acoustically transparent base made from ultra-thin film (lumox® multiwall 24,
SARSTEDT). Then, the 24 well plate are placed on the well plate holder. Samples exposed to irradiation for 1

min, 5 min, 10 min and 15 min.
5.5.5 MTS proliferation assays

HeLa cells were used to evaluate the cytotoxicity of different samples. HeLa cells were cultured in a basal
medium containing DMEM (supplemented with 10% fetal bovine serum and 1% antibiotics/antimycotics) at
37 °C. Actual cell viability was monitored by using the tetrazolium compound 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (inner salt, MTS reagent) and a chemical electron
acceptor dye (phenazine ethosulfate; PES) (Promega, Germany) using an assay according to the manufacturer's
instructions. Briefly, approximately 5,000 cells in 100 uL. of medium were seeded into 96-well plates. Following
overnight incubation, the existing medium was carefully aspirated and replaced with 100 pL of fresh medium
containing varying concentrations of the test samples. Control wells received DMSO alone, ensuring that its final
concentration did not exceed 0.5% to prevent cytotoxic interference. After 48 hours of incubation, the culture
medium was gently removed, and the cells were rinsed with 100 pL of PBS buffer to eliminate residuals.
Subsequently, 20 pL of MTS reagent was combined with 100 pL of fresh medium and added to each well. A
mixture of MTS reagent with culture medium served as the negative control. To ensure homogeneity, the
solution was thoroughly mixed, and absorbance was measured at 490 nm using a Synerg™ HT microplate reader
(BioTek Instruments). The resulting MTS signals were analyzed to assess cell viability and growth. All

experimental conditions were conducted in at least triplicate to ensure statistical reliability.
5.5.6 Computations

Computations were performed on the level of density functional theory (DFT) employing the B3LYP
functional®®’ using D3-dispersion correction’! and the 6-31G* basis set.”>’* TeraChem’>’® was utilized for
computing the electronic structure. Stationary points under the influence of external forces were obtained using
DL-FIND,”” which is interfaced to TeraChem via a python interface. This python interface allows to incorporate
a module simulating the effects of a pulling force as well as the effects of a uniaxial acting force. The
convergence criterium for the gradient was set to 1.0 10 atomic units. To confirm whether the geometry found

is a minimum on the (force-modified) potential energy surface, the eigenvalues of the Hessian matrices were
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considered, as for minima the Hessian matrix is positive definite. For the optimization of transition state
structures, the dimer method was used.”®”® The found structures were confirmed to be first order saddle points
on the (force-modified) potential energy surface by the Hessian matrices as they show exactly one negative
eigenvalue in case of a transition state. For calculations utilizing the FMPES approach, the external force was
increased stepwise in increments of 0.5 nN up to 4.0 nN. For simulating a uniaxial pressure onto a system, the
force constant k of the external harmonic potential was increased in general in increments of 10 N m™. At
regions of low pressure smaller increments were chosen to achieve better resolution on the effects of lower

uniaxial pressure onto a molecular system.
5.5.7 Microfluidic Engineering

(1) Microfluidic chip preparation

The template of chip channel is printed on glass slide using the high-resolution 3D printer (Photonic Professional
GT2, Nanoscribe GmbH & Co. KG) with a 25x objective. Then, the glass slide is transferred into a PGMEA
bath to remove uncured photoresist and develop the printed geometry patterns. Isopropanol is used to wash the
glass slide once. SYLGARD™ 184 silicone elastomer kit (Dow Corning) is poured on the glass slide and cured
for 4 h at 60 C. After cooling, PDMS replica is peeled off from the slide. Then, PDMS replica was punched to
produce inlets and outlet. Subsequently, the PDMS replica is assembled with a clean glass slide by oxygen
plasma treatment. Lastly, the assembly is heated in the oven for 3 d at 60 C to obtain the microfluidic chip.
Dopamine is used for the surface hydrophilisation process of chip channel forward to prepare the polymeric
microbubbles by microfluidic engineering. 2.0 mg'mL"' dopamine solution (pH 8.0 Tris buffer) is filled to the
microfluidic chip chanel and kept for 30 min. Then, DI water is injected to flush the microchannel twice. Finally,
a hydrophilic-treated chip was obtained (as Figure S1 shows), which was used to prepare polymeric
microbubbles through microfluidic engineering.

(2) Microfluidics station

Self-made microfluidics station was used to prepare the microbubbles and microgels. The connection between

the computer, microscopy, syringe pump, flow controller, and microfluidic chip is shown in Figure S2.
5.5.8 Preparation of polymeric microbubbles and microgels

(1) Preparation of PMBs that contain masked dansyl-fluorophore (PMBs-MDF)

High-purity N, was used as the gas phase to prepare the G/O/W double emulsion polymeric microbubbles. First,
N> was blown into the microfluidic chip with a flow controller (digital pressure valve) to regulate the flow rate.
Then, the oil phase solution that was loaded in a glass syringe (Hamilton-Gastight #1001) was introduced into
the chip by a syringe pump (PHD ULTRA™, Harvard Apparatus). The H>O phase solution was squeezed into
the microfluidic chip through a flow controller (pressure pump, Millipore). Once the flow rate of each phase
reaches the desired value, the double emulsion production in the microfluidic device proceeds automatically. The
PMBs products were collected in a glass vial. Finally, PMBs were washed 3 times using DI H,O before
sonication. G/O/W emulsion: Gas: N,; Oil phase (~ 1 ml): PPGDA (400 mg), PPG (50 mg), TPO-L (10 mg),
toluene (440 mg), N2-CL (100 mg), N1-DA2 (2 mg); H,O phase: PVA (4.5%, w/w), glycerol (40%, v/v). Flow
rate: gas (530 mbar), oil phase (90 nL min™"), H>O phase (2.3 bar). A high-power UV LED LZ1-10UVOR-0000
(set 200 mA, Osram) was fixated above the outlet tube to initiate the oil-phase shell polymerization. Next, 100
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pL PMBs was mixed with 1 mL solvent (MeCN:H-O, 1:1), then transferred to a 1.5 mL Eppendorf tube or 24
well plate (lumox® multiwall 24, SARSTEDT). The PMBs were exposed to US irradiation for constant time.

Quantification of molecules release: 100 pL PMBs-MDF were mixed with 1 mL solvent (MeCN:H,O, 1:1),
and were then transferred to a 1.5 mL Eppendorf tube. Next, the samples were sonicated for 30 minutes (20 kHz)
to break the PMBs into fragments. Then, 3 mg MCE (1000 times excess in respect to the N1-DA2) was added to
the mixture to react with the N1-DA?2 in the fragments. This mixture was incubated for 3 days shaking (700 rpm)
at 37 °C to ensure that all the N1-DA2 reacted with MCE. After centrifugation at RCF 8000 xg for 15 min, the
the solutions were filtered through a centrifugal filter (3,000 MWCO) by centrifugation at 5,000 rpm. The
filtration steps were carried out toremove the fragments, and then the collected solution was transferred to a
cuvette for the fluorescence measurements. The fluorescence intensity at 545 nm of the solution was measured.
The obtained fluorescence intensity at 545 nm was defined as the maximum value F.. Subsequently, we
measured the fluorescence intensity of sonicated PMBs by the same method and defined the intensity value as F.

Finally, we calculated the ratio of Fs / Fiy as the maximum molecular release percentage.

(2) Preparation of PMBs-UMB or PMBs-CPT

High-purity N, was used as the gas phase to prepare the G/O/W double emulsions polymeric microbubbles. First,
N> was blown into the microfluidic chip with a flow controller (digital pressure valve) to regulate the flow rate.
Then, the oil phase solution that was loaded in a glass syringe (Hamilton-Gastight #1001) was introduced into
the chip by a syringe pump (PHD ULTRA™, Harvard Apparatus). The H,O phase solution was squeezed into
the microfluidic chip through a flow controller (pressure pump, Millipore). Once the flow rate of each phase
reaches the desired value, the double emulsion production in the microfluidic device proceeds automatically. The
PMBs products were collected in a glass vial. Finally, PMBs were washed 3 times using DI H,O before
sonication. G/O/W emulsion: Gas: N»; Oil phase (~ 1 ml): PPGDA (400 mg), PPG (50 mg), TPO-L (10 mg),
toluene (440 mg), N2-CL (100 mg), N2-A3 or N2-B3 (2 mg); H,O phase: PVA (4.5%, w/w), glycerol (40%,
v/v). Flow rate: gas (530 mbar), oil phase (90 nL min™"), H,O phase (2.3 bar). A high-power UV LED LZ1-
10UVOR-0000 (set 200 mA, Osram) was fixated above the outlet tube to initiate the oil-phase shell
polymerization. 100 uL PMBs was mixed with 1 mL solvent (DMSO:H-0O, 4:1), then transferred to a 1.5 mL
Eppendorf tube or 24 well plate (lumox® multiwall 24, SARSTEDT). The PMBs were exposed to US irradiation
for constant time.

Quantification of molecules release: 100 uL. PMBs-UMB or PMBs-CPT were mixed with 1 mL solvent
(DMSO:H-0, 1:1), and were then transferred to a 1.5 mL Eppendorf tube. Next, the samples were subjected to
30 minutes of sonication (20 kHz) to break the PMBs into fragments. Then, 3 mg MCE was added to the mixture
to react with the N2-A3 or N2-B3 in the fragments. This mixture was incubated for 3 days (700 rpm) at room
temperature to ensure that all the N2-A3 or N2-B3 reacted with MCE. After centrifugation at RCF 8000 xg for
15 min, the solutions were filtered through a centrifugal filter (3,000 MWCO) by centrifugation at 5,000 rpm.
The filtration steps were carried out to remove the fragments, and then the collected solution was transferred to a
cuvette for the fluorescence intensity measurements. The fluorescence intensity at 465 nm of the solution was
measured for UMB release. The obtained fluorescence intensity at 465 nm was defined as the maximum value
Fn. Subsequently, we measured the fluorescence intensity of sonicated PMBs by the same method and defined
the intensity value as Fs. Finally, we calculated the ratio of F, / F, as the maximum molecular release percentage.

The fluorescence intensity at 450 nm of sonicated PMBs-CPT were collected for CPT release quantification.
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(3) Preparation of PMBs-PBL

High-purity N, was used as the gas phase to prepare the G/O/W double emulsion polymeric microbubbles. First,
N> was blown into the microfluidic chip with a flow controller (digital pressure valve) to regulate the flow rate.
Then, the oil phase solution that was loaded into a glass syringe (Hamilton-Gastight #1001) and was introduced
into the chip by a syringe pump (PHD ULTRA™, Harvard Apparatus). The H,O phase solution was squeezed
into the microfluidic chip through a flow controller (pressure pump, Millipore). Once the flow rate of each phase
reaches the desired value, the double emulsion production in the microfluidic device proceeds automatically. The
PMBs products were collected in a glass vial. Finally, PMBs were washed 3 times using DI H,O before
sonication. G/O/W emulsion: Gas: N»; Oil phase (~ 1 ml): PPGDA (500 mg), PPG (50 mg), TPO-L (10 mg),
toluene (440 mg), N3-AS (2 mg); H,O phase: PVA (4.5%, w/w), glycerol (40%, v/v). Flow rate: gas (530 mbar),
oil phase (90 nL min™!), H>O phase (2.3 bar). A high-power UV LED LZ1-10UVOR-0000 (set 200 mA, Osram)
was fixated above the outlet tube to initiate the oil-phase shell polymerization. 100 pL PMBs was mixed with 1
mL solvent (MeCN:MeOH:H,O, 14:5:1), then transferred to a 1.5 mL Eppendorf tube or 24 well plate (lumox®
multiwall 24, SARSTEDT). The PMBs were exposed to US irradiation for constant time.

Quantification of molecules release: We used N3-A4 (1.4 mg, 2.78 umol) to prepare the control PMBs that
contain equal molar mass N3-A4 compared to the N3-AS in PMBs-PBL. The prepared control samples (100 pL
PMBs) were mixed with 1 mL solvent (MeCN:MeOH:H,0, 14:5:1), and were then transferred to a 1.5 mL
Eppendorf tube. Next, the samples were subjected to 30 minutes of sonication (20 kHz, 12 W c¢cm™) to break the
PMBs into fragments. This mixture was incubated for 3 days (1000 rpm) at 37 °C to ensure that the intermediate
was decomposed completely (decomposition of the free furfuryl carbonate in polar protic solvent). After
centrifugation at RCF 8000 xg for 15 min, the solutions were filtered through a centrifugal filter (3,000 MWCO)
by centrifugation at 5,000 rpm. The filtration steps were carried out to remove the fragments, and then the
collected solution was transferred to a cuvette for the fluorescence intensity measurements. The fluorescence
intensity at 390 nm of the solution was measured. The obtained fluorescence intensity at 390 nm was defined as
the maximum value (Fy). Subsequently, we measured the fluorescence intensity of sonicated PMBs-PBL by the
same method and defined the intensity value as Fs. Finally, we calculated the ratio of Fs / Fi, as the maximum

molecular release percentage.

(4) Preparation of PMBs-Flex

High-purity N, was used as the gas phase to prepare the G/O/W double emulsion polymeric microbubbles. First,
N> was blown into the microfluidic chip with a flow controller (digital pressure valve) to regulate the flow rate.
Then, the oil phase solution that was loaded into a glass syringe (Hamilton-Gastight #1001) was introduced into
the chip by a syringe pump (PHD ULTRA™, Harvard Apparatus). The H,O phase was squeezed into the
microfluidic chip through a flow controller (pressure pump, Millipore). Once the flow rate of each phase reaches
the desired value, the double emulsion production in the microfluidic device proceeds automatically. The PMBs
products were collected in a glass vial. Finally, PMBs were washed 3 times using DI H,O before sonication.
G/O/W emulsion: Gas: N»; Oil phase (~ 1 ml): PPGDA (500 mg), PPG (50 mg), TPO-L (10 mg), toluene (440
mg), N4-A4 (2 mg); H,O phase: PVA (4.5%, w/w), glycerol (40%, v/v). For the control samples, N4-A3 or N4-
B4 (2 mg) was used to prepare PMBs. Flow rate: gas (530 mbar), oil phase (90 nL. min™!), H,O phase (2.3 bar).
A high-power UV LED LZ1-10UVOR-0000 (set 200 mA, Osram) was fixated above the outlet tube to initiate
the oil-phase shell polymerization. 100 pL. PMBs was mixed with 1 mL solvent (MeCN:H,O, 1:1), then
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transferred to a 1.5 mL Eppendorf tube or 24 well plate (lumox® multiwall 24, SARSTEDT). The PMBs were
exposed to US irradiation for constant time.

Quantification of molecules release: 100 uL. PMBs-Flex were mixed with 1 mL solvent (MeCN:H-O, 1:1), and
were then transferred to a 1.5 mL Eppendorf tube. Next, the samples were subjected to 30 minutes of sonication
(20 kHz) to break the PMBs into fragments. Then, 3 mg MCE was added to the mixture to react with the N4-A4
in the fragments. This mixture was incubated for 3 days incubation with shaking (700 rpm) at 37 °C to ensure
that all the N4-A4 reacted with MCE. After centrifugation at RCF 8000 xg for 15 min, the solutions were filtered
through a centrifugal filter (3,000 MWCO) by centrifugation at 5,000 rpm. The filtration steps were carried out
to remove the fragments, and then the collected solution was transferred to a cuvette for the fluorescence
intensity measurements. The fluorescence intensity at 545 nm of the solution was measured. The obtained
fluorescence intensity at 545 nm was defined as the maximum value Fy. Subsequently, we measured the
fluorescence intensity of sonicated PMBs by the same method and defined the intensity value as F;. Finally, we

calculated the ratio of Fs / Fi,, as the maximum molecular release percentage.

(5) Preparation of microgels

Preparation of microgels that contain masked dansyl-fluorophore

Microgels were prepared in an O/W single emulsion process. The oil phase solution was introduced into the
microfluidic chip by a syringe pump (PHD ULTRA™, Harvard Apparatus). Then, the H>O phase was squeezed
into the chip by a flow controller. Once the flow rate of each phase reaches the desired value, the emulsion
production in the microfluidic device proceeds automatically. The microgels were collected in a glass vial.
Finally, microgels were washed 3 times using DI H,O before sonication. O/W emulsion: Oil phase (~ 1 ml):
PPGDA (840 mg), PPG (50 mg), TPO-L (10 mg), N1-CL (100 mg), N1-DA2 (2 mg); H,O phase: PVA (3%,
w/w). Flow rate: Oil phase (150 nL min™"), H>O phase (0.27 bar). A high-power UV LED LZ1-10UVOR-0000
(set 400 mA, Osram) was fixated above the outlet tube to initiate the oil-phase polymerization. Then, the 30 pL
microgels were mixed with 1 mL solvent (MeCN:H,O, 1:1), transferred to a 1.5 mL Eppendorf tube or 24 well
plate (lumox® multiwall 24, SARSTEDT). The microgels were exposed to US irradiation for constant time.
Quantification of molecules release: 30 pL microgel solution was mixed with 1 mL solvent (MeCN:H-O, 1:1),
and was then transferred to a 1.5 mL Eppendorf tube. Then, 3 uL. MCE (excess in respect to the N1-DA2) was
added to the mixture. This mixture was incubated for 3 days incubation with shaking (700 rpm) at 37 °C to
ensure that all the N1-DA2 reacted with MCE. After centrifugation at RCF 8000 xg for 15 min, the collected
solution was transferred to a cuvette for the fluorescence intensity measurements. The fluorescence intensity at
545 nm of the solution was measured. The obtained fluorescence intensity at 545 nm was defined as the
maximum value Fn. Subsequently, we measured the fluorescence intensity of sonicated microgels by the same
method and defined the intensity value as F,. Finally, we calculated the ratio of Fs / Fn, as the maximum

molecular release percentage.

Preparation of microgels-Flex

Microgels that contain ‘Flex-activated’ mechanophores were prepared in an O/W single emulsion process. The
oil phase solution was introduced into the microfluidic chip by a syringe pump (PHD ULTRA™, Harvard
Apparatus). Then, the H,O phase was squeezed into the chip by the flow controller. Once the flow rate of each
phase reaches the desired value, the emulsion production in the microfluidic device proceeds automatically. The
microgels were collected in a glass vial. Finally, microgels were washed 3 times using DI H,O before sonication.
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O/W emulsion: Oil phase (~ 1 ml): PPGDA (940 mg), PPG (50 mg), TPO-L (10 mg), N4-A4 (2 mg); H,O phase:
PVA (3%, w/w). Flow rate: Oil phase (150 nL min~"), HO phase (0.27 bar). A high-power UV LED LZ1-
10UVOR-0000 (set 400 mA, Osram) was fixated above the outlet tube to initiate the oil-phase polymerization.
Then, the 30 uL microgels were mixed with 1 mL solvent (MeCN:H-O, 1:1), transferred to a 1.5 mL Eppendorf
tube or 24 well plate (lumox® multiwall 24, SARSTEDT). The microgels were exposed to US irradiation for
constant time.

Quantification of molecules release: 30 nL. microgels-Flex were mixed with 1 mL solvent (MeCN:H,O, 1:1),
and were then transferred to a 1.5 mL Eppendorf tube. Then, 3 pnL. MCE (excess in respect to the N4-A4) was
added to the mixture. This mixture was incubated for 3 days (700 rpm) at 37 °C to ensure that all the N4-A4
reacted with MCE. After centrifugation at RCF 8000 xg for 15 min, the collected solution was transferred to a
cuvette for the fluorescence intensity measurements. The fluorescence intensity at 545 nm of the solution was
measured. The obtained fluorescence intensity at 545 nm was defined as the maximum value Fy. Subsequently,
we measured the fluorescence intensity of sonicated microgels by the same method and defined the intensity

value as Fs. Finally, we calculated the ratio of Fs/ Fi, as the maximum molecular release percentage.

5.5.9 Preparation of linear polymers.
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Linear polymers (LPs) were prepared according reported literature.'* LPs were synthesized as follows.
PEGMEMA (8 g, 26.6 mmol, 1330 equiv.), N4-C4 (20 mg, 0.02 mmol, 1.0 equiv.), MesTREN (0.55 mg, 2.4
pmol) and CuBr; (0.29 mg, 1.3 pmol) were dissolved in DMSO (6 mL) in a Schlenk flask and sealed with a
rubber septum reinforced with a cable tie. The solution underwent three consecutive freeze-pump-thaw cycles to
remove dissolved gas. Simultaneously, a 6 cm copper wire was activated by immersion in 37% HCI for 30
minutes, followed by thorough washing with water and acetone before being dried. The activated copper wire
was then introduced into the reaction mixture, initiating polymerization at room temperature for 11 hours. To
terminate the reaction, the viscous solution was diluted with THF and passed through a column of basic Al,Os.
After solvent removal under reduced pressure, the polymer solution was slowly added dropwise into ice-cold
Et,0 under continuous stirring, leading to precipitation. The supernatant was decanted, and the polymer was re-
dissolved in THF before undergoing a second precipitation in fresh Et,O to enhance purity. Afterwards, it was
again precipitated in fresh Et,O. Linear polymers with molar masses of 140 kDa were obtained after repeating

the precipitation process for three times.
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5.5.9 Synthetic procedures and characterization data
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Scheme S1. Synthesis of bis(2-methacryloyl)oxyethyl disulfide (N1-CL) and probe molecule (N1-DA2).
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Bis(2-methacryloyl)oxyethyl disulfide (N1-CL)
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N1-1 N1-CL

2-hydroxyethyl disulfide (2.0 g, 13 mmol, 1 equiv.) and TEA (3.64 mL, 26 mmol, 2.0 equiv.) were added in
THF (30 mL) with a constant flow of N,. The mixture in a flask was placed into an ice-water bath to keep the
temperature at 0 °C. Afterwards, a solution of methacryloyl chloride (2.54 mL, 26 mmol, 2.04 equiv.) and 15 mL
CH,Cl, were added dropwise (15 mL/h) to the reaction mixture via an injection pump. The reaction mixture was
continuously stirred until the starting material was entirely consumed, as confirmed by TLC analysis. Then, it
was washed with brine and deionized water three times, respectively. Afterwards, the crude product was purified
by column chromatography on silica gel (hexane:EtOAc = 5:1) to give compound N1-CL (3.2 g, 85% yield) as a
colourless oil. '"H NMR (400 MHz, CDCls): J (ppm): 6.12 (sept, J=1.6 Hz, 2H), 5.58 (sept, J=1.6 Hz, 2H), 4.4
(t, J=6.8 Hz, 4H), 2.97 (t, /=6.8 Hz, 4H), 1.94 (s, J=1.2 Hz, 6H). 3*C NMR (101 MHz, CDCl:): J (ppm): 167.23,
136.12, 126.13, 62.6, 37.39, 18.4. ESI-MS (m/z) for Ci2Hi304S, expected [M+Na]*: 313.0539, Found for
[M+Na]*: 313.0590.
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'"H NMR spectrum of N1-CL.
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5-(dimethylamino)-N-(furan-2-ylmethyl)naphthalene-1-sulfonamide (N1-A3)
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N1-A3

N1-A3 was synthesized according to a modified literature reaction.® A mixture of 5-
(dimethylamino)naphthalene- 1 -sulfonyl chloride (1.00 g, 3.70 mmol, 1.0 equiv.) and Et;N (1.0 mL, 7.2 mmol,
2.0 equiv.) in CH>Cl, (20 mL) were added into a solution of furfurylamine (380 mg, 3.9 mmol, 1.05 equiv.) in
CHCI, (5 mL) via a syringe under N, protection. The resulting solution was stirred for 5 h at room temperature
and poured into 1.0 mM pH 7 phosphate buffer (30 mL). Afterwards, the crude product was purified by column
chromatography on silica gel (hexane:EtOAc = 5:1) to give compound N1-A3 (1.16 g, 95% yield) as a yellow-
green oil. 'TH NMR (400 MHz, CDCl:): J (ppm): 8.50 (d, 1H, J = 8.0 Hz), 8.25-8.20 (m, 2H), 7.54-7.45 (m,
2H), 7.16 (d, 1H, J = 8.0 Hz), 7.01 (dd, 1H, J = 2.0 Hz, 0.8 Hz), 6.02 (dd, 1H, J = 3.2 Hz, 2.0 Hz), 5.87 (dd, 1H,
J=3.2 Hz, 0.6Hz), 5.19 (m, 1H), 4.12 (d, 2H, J = 6.0 Hz), 2.87 (s, 6H). *C NMR (101 MHz, CDCl3): J (ppm):
151.95, 149.41, 142.20, 134.72, 130.50, 129.84, 129.60, 128.42, 123.13, 118.61, 115.14, 110.14, 107.98, 45.42,
40.20. ESI-MS (m/z) for C;7HsN20sS expected [M+H]*: 331.1111, Found for [M+H]": 331.1061.
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'H NMR spectrum of N1-A3.
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Ethyl 4-((2-(methacryloyloxy)ethyl)amino)-4-oxobut-2-ynoate (N1-B3)
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THF, -78 °C

o

N1-B3

N1-B3 was synthesized following a reported procedure.** Ethyl propiolate (4.0 mL, 39.5 mmol, 1.0 equiv.) was
dissolved in 60 mL of THF and cooled to -78 °C using a dry ice/acetone bath. LHMDS (1 M in THF, 40 mL, 40
mmol, 1.01 equiv.) was then added dropwise via a syringe pump over 30 minutes, and the reaction mixture was
stirred for an additional 30 minutes at the same temperature. Subsequently, 2-isocyanatoethyl methacrylate (5.6
mL, 39.5 mmol, 1.0 equiv.) was introduced dropwise via a syringe pump. After stirring for another 30 minutes at
-78 °C, the reaction was quenched with 80 mL of saturated aqueous NH4Cl solution while maintaining the low
temperature. Once the mixture gradually warmed to room temperature, 50 mL of water was added, and the
organic and aqueous phases were separated. The aqueous layer was extracted with EtOAc (3 x 100 mL), and the
combined organic extracts were sequentially washed with saturated aqueous NaHCO3 and brine to remove
impurities. Then, the organic layer was dried over MgSOs, concentrated, and purified via column
chromatography (hexane:EtOAc = 10:1) to give compound N1-B3 (8.09 g, 81% yield) as a colourless oil. 'H
NMR (400 MHz, CDCl3): J (ppm): 6.85 (t, J = 6.0 Hz, 1H), 6.10 (s, 1H), 5.61 — 5.56 (m, 1H), 4.28 — 4.20 (m,
4H), 3.61 (q, J = 5.6 Hz, 2H), 1.91 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). 3C NMR (101 MHz, CDCl3): J (ppm):
167.45, 152.34, 151.08, 135.77, 126.55, 76.93, 74.26, 63.03, 62.83, 39.28, 18.30, 13.94. ESI-MS (m/z) for
C12HsNOs expected [M+H]": 254.1023, Found for [M+H]": 254.1030.
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Ethyl 1-(((5-(dimethylamino)naphthalene)-1-sulfonamido)methyl)-3-((2-(methacryloyloxy)ethyl)carbamoyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2-carboxylate (N1-DA1) and Ethyl 4-(((5-(dimethylamino)naphthalene)-1-
sulfonamido)methyl)-3-((2-(methacryloyloxy)ethyl)carbamoyl)-7-oxabicyclo[2.2.1]hepta-2,5-diene-2-
carboxylate (N1-DA2)

K)_\ O/\ Toluene
g ﬁ)j\o/\/N T78c 0\/\N
i

N1-A3 N1- B3

N1-DA1 N1-DA2
N1-A3 (0.66 g, 2.0 mmol, 1.01 equiv.) and N1-B3 (0.5 g, 1.97 mmol, 1.0 equiv.) were dissolved in 3.5 mL dry
toluene. The solution was stirred at 75 ‘C for 48 h. After the solvent was removed in vacuo, the crude product
was purified by column chromatography on silica gel (hexane:EtOAc = 3:1) to give compound N1-DA1 (0.22 g,
19% yield, as a yellow oil) and N1-DA2 (0.37 g, 32% yield, as a yellow solid).

N1-DA1, 'H NMR (400 MHz, CDCls): J (ppm): 8.93 (t, J = 5.6 Hz, 1H), 8.53 (d, J = 8.4 Hz, 1H), 8.32 — 8.24
(m, 2H), 7.57 — 7.48 (m, 2H), 7.17 (d, J = 7.6 Hz, 1H), 7.05 — 7.01 (dd, J= 5.2 Hz, 1.6 Hz, 1H), 6.94 (d, J=5.2
Hz, 1H), 6.15 (s, 1H), 6.02 (t, J= 6.4 Hz, 1H), 5.56 — 5.53 (m, 1H), 5.50 (d, J=2.0 Hz, 1H), 4.28 — 4.14 (m, 4H),
4.78 — 4.68 (m, 2H), 3.54 — 3.43 (m, 2H), 2.88 (s, 6H), 1.92 (s, 3H), 1.29 (t, J = 7.2 Hz, 3H). 3C NMR (101
MHz, CDCls): J (ppm): 167.22, 164.17, 162.23, 159.57, 149.52, 144.03, 143.11, 136.07, 134.95, 130.34, 129.92,
129.74, 128.27, 126.14, 123.44, 115.31, 96.78, 83.57, 63.04, 62.28, 45.57, 42.72, 38.63, 18.33, 14.11. ESI-MS
(m/z) for C2oH33N305S expected [M+H]": 584.2061, Found for [M+H]*: 584.2000.

N1-DA2, 'H NMR (400 MHz, CDCl3): J (ppm): 8.86 (t, J= 5.6 Hz, 1H), 8.59 (d, J = 8.0 Hz, 1H), 8.28 — 8.21
(m, 2H), 7.58 — 7.50 (m, 2H), 7.22 — 7.14 (m, 2H), 6.74 (d, J = 5.2 Hz, 1H), 6.18 (s, 1H), 5.63 (d, J = 2.0 Hz,
1H), 5.59 (m, 1H), 5.09 (m, 1H), 4.23 (t, /= 5.2 Hz, 2H), 4.16 — 4.09 (qd, J = 7.2 Hz, 2.4 Hz, 2H), 3.95 — 3.87
(m, 1H), 3.65 — 3.58 (m, 2H), 3.53 — 3.46 (m, 1H), 2.90 (s, 6H), 1.95 (s, 3H), 1.27 (t, J = 7.2 Hz, 3H). 3C NMR
(101 MHz, CDCl): 6 (ppm): 167.27, 164.38, 162.10, 161.84, 146.18, 145.65, 141.57, 136.08, 134.24, 130.81,
129.84, 129.74, 128.79, 126.21, 123.34, 115.65, 95.72, 84.53, 63.25, 62.49, 45.60, 42.90, 38.61, 18.39, 13.89.
ESI-MS (m/z) for C20H33N305S expected [M+H]": 584.2061, Found for [M+H]": 584.2016.
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ESI-MS (m/z) of N1-DA2.

We distinguished N1-DA1 and N1-DA2 by '"H NMR. The chemical shifts of proton peak of H-N (b) in the two
compounds show a characteristic difference. One is around 5.1 ppm, the other one is around 6.0 ppm. This is due
to the fact that H-N (b) in N1-DA1 forms hydrogen bonds with the oxygen atom belonging to the
oxanorbornadiene structure. The formation of hydrogen bonds increased the electron density around the proton,
causing the chemical shift of the proton to a high field. In contrast, the H-N (b) in N1-DA2 cannot form

hydrogen bonds with any oxygen atom.
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N1-DA1

N1-DA2

3D structure of a) N1-DA1 and b) N1-DA2 (The hydrogen bonds in N1-DA1 and N1-DA2 were calculated by
Chem3D®, version: 19.0.1.28).
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"H NMR stack of N1-DA1 and N1-DA2.
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2-((2-hydroxyethyl)disulfaneyl)ethyl methacrylate (N2-A2)

HO_~g-8 gy + %Tm TEg,OEHF )\WOWS”S\/\OH
0 o)

N2-A2

The preparation of N2-A2 was carried out according to an adapted literature protocol.®° 2-hydroxyethyl disulfide
(2.0 g, 13 mmol, 1 equiv.) and TEA (3.0 mL, 21.5 mmol, 1.65 equiv.) were added in THF (30 mL) with a
constant flow of N». The flask with the mixture was placed in an ice-water bath to keep the temperature at 0 °C.
Afterwards, a solution of methacryloyl chloride (1.3 mL, 13.3 mmol, 1.02 equiv.) and 15 mL CH,Cl, was added
dropwise (15 mL/h) to the reaction mixture via an injection pump. The reaction mixture was continuously stirred
until the starting material was entirely consumed, as confirmed by TLC analysis. Then, it was washed with brine
and deionized water three times, respectively. Afterwards, the crude product was purified by column
chromatography on silica gel (hexane:EtOAc = 5:1) to give compound N2-A2 (2.2 g, 76% yield) as a colorless
oil. 'TH NMR (400 MHz, CDCl3): J (ppm): 6.12 (s, 1H), 5.55 (t, J=1.6 Hz, 1H), 4.41 (t, J=6.8 Hz, 2H), 3.87 (4,
J=6.0 Hz, 2H), 2.96 (t, J=6.8 Hz, 2H), 2.87 (t, J=6.0 Hz, 2H), 2.21 (br, 1H), 1.93 (s, 3H). 3C NMR (101 MHz,
CDCh): 6 (ppm): 167.37, 136.09, 126.24, 62.73, 60.30, 41.74, 37.08, 18.38. ESI-MS (m/z) for CsH140;3S;
expected [M+Na]*: 245.0277, Found for [M+Na]*: 245.0242.
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2-((2-((((2-ox0-2H-chromen-7-yl)oxy)carbonyl)oxy)ethyl)disulfaneyl)ethyl methacrylate (N2-A3)

0 =
Q .S i (9] S m
)W ~ g7 ~"0H Umbelliferan, DSC, TEA )w_r ~Nge \/\O)J\O o o

0 DCM, 0°C Io!
N2-A2 N2-A3

N2-A3 was synthesized by following the reported literature.!* N,N'-disuccinimidyl carbonate (133 mg, 0.52
mmol, 1.0 equiv.) and EtsN (90 pL, 0.65 pmol, 1.25 equiv.) were dissolved in 1.5 mL CH,Cl,. The mixture was
cooled to 0 °C with an ice-water bath. Then, a solution of N2-A2 (115 mg, 0.52 mmol, 1.0 equiv.) in 1 mL
CHxCl, was added. The reaction mixture was allowed to stir in the ice-water bath for 1 h. Subsequently, a
solution of umbelliferone (UMB, 84 mg, 0.52 mmol, 1 equiv.), EtzN (90 pL, 0.65 mmol, 1.25 equiv.) and
CH.CIl/DMF (1.65 mL, v/v,10:1) was added into the reaction mixture. The reaction mixture was stirred for
another 1 h at 0 °C. Then, the reaction mixture was allowed to warm up slowly to room temperature for further
reaction. The reaction mixture was continuously stirred until the starting material was entirely consumed, as
confirmed by TLC analysis. Then, the solvent was completely removed under reduced pressure. The remaining
residue was then re-dissolved in CH,Cl,, and it was washed with deionized water three times. The mixture was
then purified by silica column chromatography (hexane:EtOAc = 4:1) to give compound N2-A3 (128 mg, 60%
yield) as a colorless oil. '"H NMR (400 MHz, CDCl3): 6 (ppm): 7.68 (d, J=9.6 Hz, 1H), 7.48 (d, J=8.4 Hz, 1H),
7.19 (d, J/=2.4 Hz, 1H), 7.11-7.14 (dd, J=2.4, 8.4 Hz, 1H), 6.37 (d, J=9.6 Hz, 1H), 6.11 (s, 1H), 5.57 (t, J/=1.6 Hz,
1H), 4.51 (t, J=6.8 Hz, 2H), 4.40 (t, J=6.8 Hz, 2H), 2.97-3.03 (m, 4H), 1.92 (s, 3H). 3C NMR (101 MHz,
CDCh): 0 (ppm): 167.13, 160.20, 154.65, 153.25, 152.61, 142.80, 136.00, 128.79, 126.13, 117.69, 116.92,
116.31, 109.88, 66.73, 62.50, 37.25, 36.85, 18.32. ESI-MS (m/z) for C3H;307S; expected [M+H]": 411.0567,
Found for [M+H]": 411.0531.
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2-((2-((((4-ethyl-3,14-dioxo-3,4,12,14-tetrahydro-1H-pyrano[3',4":6,7]indolizino[ 1,2-b]quinolin-4-
yl)oxy)carbonyl)oxy)ethyl)disulfaneyl)ethyl methacrylate (N2-B3)

o]

Camptothecin, TPS 0 -5
%(O%S,SwOH P )\T ~ s \/\Oko
DMAP, DCM, rt e} 0

N2-A2

N2-B3

The synthesis of N2-B3 was performed using an adapted literature protocol.®! Camptothecin (CPT, 200 mg, 0.57
mmol) was dissolved in 12 mL anhydrous CH>Cl,. Then, triphosgene (TPS, 70 mg, 0.23 mmol) was added under
stirring. After 5 min stirring, DMAP (224 mg, 1.83 mmol) in 0.5 mL CH,Cl, was added into the mixture and
stirred for another 1 h at room temperature. Afterwards, a solution of N2-A2 (378mg, 1.7 mmol) in 1 mL CH,Cl,
was added to the reaction mixture for further reaction overnight. Subsequently, the excess phosgene (CAUTION:
TOXIC) was removed by Ar purging and neutralized by bubbling the exhaust gas through a 2 M NaOH solution.
Afterwards, the reaction mixture was washed three times with H,O. Then, the crude product was purified by
column chromatography on silica gel (hexane:EtOAc = 1:1) to give compound N2-B3 (180 mg, 53% yield) as a
white solid. 'TH NMR (400 MHz, CDCls): 6 (ppm): 8.39 (s, 1H), 8.22 (d, J/=8.4 Hz, 1H), 7.93 (d, /=8.0 Hz, 1H),
7.83 (m, 1H), 7.66 (m, 1H), 7.34 (s, 1H), 6.07 (s, 1H), 5.69 (d, J=17.2 Hz, 1H), 5.54 (t, J=1.6 Hz, 1H), 5.38 (d,
J=17.2 Hz, 1H), 5.28 (s, 2H), 4.31-4.39 (m, 4H), 2.92 (q, J=6.0 Hz, 4H), 2.32-2.23 (m, 1H), 2.19-2.10 (m, 1H),
1.89 (s, 3H), 1.00 (t, J=7.6 Hz, 3H). 13C NMR (101 MHz, CDClL:): J (ppm): 167.37, 167.15, 157.39, 153.57,
152.37, 148.94, 146.56, 145.71, 136.06, 131.35, 130.88, 129.74, 128.59, 128.32, 128.30, 128.23, 126.10, 120.40,
96.13, 78.14, 67.19, 66.65, 62.52, 50.12, 37.35, 36.67, 32.00, 18.36, 7.75. ESI-MS: (m/z) for CyH2sN,0sS;
expected [M+H]": 597.1360, Found for [M+H]": 597.1328.
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1-(5-(hydroxymethyl)furan-2-yl)ethan-1-ol (N3-A2)

OH OH
o j() MeMgBr 0 OH
| EL,0 W,
N3-A1 N3-A2

N3-A2 was synthesized by following the reported literature.> ® N3-A1 (1.14 g, 9.0 mmol) and diethyl ether (45
mL) were added into a round bottom flask. The solution was cooled to —30 °C, followed by the dropwise
addition of methylmagnesium bromide (3 M in diethyl ether, 7.0 mL, 21.0 mmol). The mixture was allowed to
warm to room temperature and stirred for another 12 h, after that the reaction was cooled to 0 °C and terminated
with 10% NH4Cl (30 mL). The reaction mixture was extracted with EtOAc (3 x 100 mL) and the combined
organic phase was dried over MgSQOys, filtered, and concentrated under reduced pressure. Then, the crude product
was purified by column chromatography on silica gel (CH2Cl,:MeOH = 100:5) to give compound N3-A2 as a
viscous yellow oil (1.18 g, 92%). 'H NMR (400 MHz, (CD3)2SO): J (ppm): 6.16 (d, J=3.2 Hz, 1H), 6.12 (d,
J=3.2 Hz, 1H), 5.21 (d, J=5.2 Hz, 1H), 5.16 (t, J/=5.6 Hz, 1H), 4.68-4.60 (m, 1H), 4.34 (d, J/=5.6 Hz, 2H), 1.34 (d,
J=6.4 Hz, 3H). 3C NMR (101 MHz, (CD3):S0): 6 (ppm): 158.24, 154.06, 107.34, 105.10, 61.89, 55.77, 22.09.

NoMy ARSSZS B3 ECHA H&
OO WD D [LALELETETIE A o o o —
e R N R W

H,0

s
ol
T
L5

3.08=

8
T Hr S O e B S B S B S S S S S B S B S S —
0 55 50 45 40 35 3.0 25 20 15 10 05 00
1 (ppm)

"H NMR spectrum of N3-A2.
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(5-(1-hydroxyethyl)furan-2-yl)methyl methacrylate (N3-A3)

OH j\/ oj\/o
OH o7 ¢l o OH

0
l TEA, CH,Cl, |/
N3-A2 N3-A3

N3-A3 was synthesized by following the reported literature.>> % N3-A2 (0.45 g, 3.17 mmol), triethylamine (0.33
mL, 4.7 mmol), and CH,Cl, (30 mL) were added into a three neck flask with a constant flow of N». The flask
with the mixture was placed into an ice-water bath to keep the temperature at 0 °C. Afterwards, a solution of
methacryloyl chloride (0.36 mL, 3.7 mmol, 1.17 equiv.) and 8 mL CH,Cl, was added dropwise (10 mL/h) to the
reaction mixture via an injection pump. The reaction mixture was stirred under nitrogen for another 30 min and
was allowed to warm slowly to room temperature. After 15 h, the reaction mixture was extracted with EtOAc (3
x 20 mL) and the combined organic phase was dried over MgSOs, filtered, and concentrated under reduced
pressure. Then, the crude product was purified by column chromatography on silica gel (hexane:EtOAc = 6:1) to
give compound N3-A3 (0.64 g, 96% yield) as a colorless oil. '"H NMR (400 MHz, CDCl3): J (ppm): 6.34 (d,
J=3.2 Hz, 1H), 6.18 (d, J=3.2 Hz, 1H), 6.11 (s, 1H), 5.58-5.54 (m, 1H), 5.08 (s, 2H), 4.85 (q, J=6.4 Hz, 1H),
2.26 (s, 1H), 1.92 (s, 3H), 1.52 (d, J=6.4 Hz, 3H). 3C NMR (101 MHz, CDCl): § (ppm): 167.21, 158.51,
148.98, 136.08, 126.24, 111.41, 106.15, 63.67, 58.52, 21.27, 18.40. ESI-MS: (m/z) for C1Hi404 expected
[M+Na]*: 233.0972, Found for [M+H]": 233.0784.

BHARALGRANE GBS B 8 & 66
R R R R AT, BT, AT AT AL IR I S S s ri i —
Y Y
Il f ( / |
| | /
| | J J| | I / |
1 1
1
‘u Jl LL__ " JIJ|_I : N—JL_.‘_,JJl_._J.lA .
FL i g T oY
888 &5 88 % 8 3
— — o= - m o
T - T N T N T N T N T N T N T T v T T T - T N T v T N T T T N T T T T T T
10,0 95 90 85 80 75 70 65 60 55 50 45 40 35 30 25 20 15 10 05 00

f1 (ppm)
"H NMR spectrum of N3-A3.

210



& i} & =t & T 49 [ ~ o
~ og o e} [Te] i [ w0 (ST
g a T e st =4 8 3 B HA
| | | | | [ [ I
1 |
L - Jow L

T T T T T T T T

T T T T T T T T T T
180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0
f1 (ppm)

13C NMR spectrum of N3-A3.

Intens. | +MS, 0.0-2.0min #1-239
4 1+
x10
233.0972

1+
24 231.0824

1+
234.1004
1+

232.0860

1+ CiH1a0s, M+nNa, 233.0784

233.0784
2000

1500

1000

500 1

234.0818

T T T T T T T T T T
2225 225.0 2275 230.0 2325 235.0 2375 240.0 2425 245.0 mz

ESI-MS (m/z) of N3-A3.

211



2-(2,5-diox0-2,5-dihydro-1H-pyrrol-1-yl)ethyl methacrylate (N3-B2)

O/—/OC|O/_/O

N — - N
~ 0 TEA, THF . 0

N3-B1 N3-B2

N3-B2 was synthesized by following the reported literature.>* ¢ N3-B1 (1.0 g, 7.1 mmol, 1.0 equiv.) and Et;N
(1520 pL, 10.9 mmol, 1.5 equiv.) were dissolved in 50 mL THF. The mixture was cooled to 0 °C with an ice-
water bath. Then, a solution of methacryloyl chloride (1.05 g, 10 mmol, 1.4 equiv.) in 1.5 mL THF was added
slowly into the mixture. The reaction mixture was stirred further in the ice-water bath for 2 h. Then, the reaction
mixture was allowed to warm up slowly to room temperature. The reaction mixture was continuously stirred
until the starting material was entirely consumed, as confirmed by TLC analysis. Then, the solvent was
completely removed under reduced pressure. The remaining residue was then dissolved in EtOAc, and it was
washed with deionized water. After concentration under reduced pressure, the mixture was purified by silica
column chromatography (hexane:EtOAc = 3:1) to give compound N3-B2 (1.21 g, 82% yield) as a white solid.
'H NMR (400 MHz, CDCl3): 6 (ppm): 6.71 (s, 1H), 6.04 (s, 1H), 5.56-5.53 (m, 1H), 4.27 (t, J=5.2 Hz, 2H),
3.83 (t, J=5.2 Hz, 2H), 1.88 (s, 3H). *C NMR (101 MHz, CDClL): J (ppm): 170.48, 167.14, 135.85, 134.34,
126.35, 61.83, 36.90, 18.31. ESI-MS: (m/z) for C1oH;1INO4 expected [M+Na]*: 232.0581, Found for [M+H]":

232.0580.
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(5-(1-(((4-(pyren-1-yl)butoxy)carbonyl)oxy)ethyl)furan-2-yl )methyl methacrylate (N3-A4)

OI ““‘1/ &o 98

ll / TPS, DMAP, DCM OO

1 /
N3-A3 N3-A4

N3-A3 (140 mg, 0.66 mmol) was dissolved in 10 mL anhydrous CH»Cl,. Then, triphosgene (TPS, 94 mg, 0.31
mmol) was added under stirring. After 5 min stirring, DMAP (224 mg, 1.83 mmol) was added into the mixture
and stirred for another 1 h at room temperature. Afterwards, a solution of 1-pyrenebutanol (300 mg, 1.09 mmol)
in 2 mL CH>Cl, was added to the reaction mixture and reacted overnight. Subsequently, the excess phosgene
(CAUTION: TOXIC) was removed by Ar purging and neutralized by bubbling the exhaust gas through a 2 M
NaOH solution. Afterwards, the reaction mixture was washed three times with H>O. After evaporation of the
solvent under reduced pressure, the crude product was purified by column chromatography on silica gel
(hexane:EtOAc = 10:1) to give compound N3-A4 (68 mg, 43% yield) as a white solid. '"H NMR (400 MHz,
CDCl): 0 (ppm): 8.27 (d, J/=9.2 Hz, 1H), 8.18-7.96 (m, 7H), 7.85 (d, J=7.6 Hz, 1H), 6.34 (d, /=3.2 Hz, 1H),
6.20 (d, /=3.2 Hz, 1H), 6.08 (s, 1H), 5.50-5.47 (m, 1H), 5.09 (s, 2H), 4.44 (q, J=6.8 Hz, 1H), 3.54-3.42 (m, 2H),
3.34 (t, J=8.0 Hz, 2H), 1.96-1.87 (m, 5H), 1.79-1.70 (m, 2H), 1.51 (d, J=6.4 Hz, 3H). *C NMR (101 MHz,
CDCh): J (ppm): 167.14, 156.94, 149.05, 137.01, 136.11, 131.56, 131.04, 129.88, 128.74, 127.64, 127.41,
127.25, 126.66, 126.09, 125.90, 125.20, 125.16, 124.93, 124.89, 124.76, 123.63, 111.19, 107.60, 70.85, 68.62,
58.60, 33.37, 29.95, 28.54, 19.90, 18.38.
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(2-(2-(methacryloyloxy)ethyl)-1,3-dioxo-7-(1-(((4-(pyren-1-yl)butoxy)carbonyl)oxy)ethyl)-1,2,3,3a,7,7a
hexahydro-4H-4,7-epoxyisoindol-4-yl)methyl methacrylate (N3-A5)

N3-A4 Toluene

— = o
75°C
0.0

N3-B2

N3-A4 (60 mg, 0.11 mmol, 1.0 equiv.) and N3-B2 (42 mg, 0.2 mmol, 1.8 equiv.) were dissolved in toluene (1.1
mL) and stirred for 48 h at 75 °C. Afterwards, the solvent was removed in vacuo. The residue was re-dissolved
in EtOAc, and washed with H>O. After removal of the solvent under reduced pressure, the crude reaction
mixture was purified by column chromatography (hexane:EtOAc = 1:1) to give compound N3-A5 (35 mg, 44%
yield) as a yellow oil. "TH NMR (400 MHz, CDCl3): J (ppm): 8.31 (d, J=9.2 Hz, 1H), 8.15 (d, J=7.6 Hz, 2H),
8.12-8.06 (m, 2H), 8.04-7.95 (m, 3H), 7.88 (d, /=8.0 Hz, 1H), 6.46 (d, J=5.6 Hz, 1H), 6.29 (d, J=5.6 Hz, 1H),
6.10 (s, 1H), 6.03 (s, 1H), 5.58 (t, J=1.6 Hz, 1H), 5.48 (t, J/=1.6 Hz, 1H), 4.88 (d, J=12.8 Hz, 1H), 4.41 (d,
J=12.8 Hz, 1H), 4.33-4.20 (m, 2H), 3.89 (q, /=6.0 Hz, 1H), 3.78-3.67 (m, 4H), 3.40 (t, /=7.6 Hz, 2H), 2.92 (d,
J=6.4 Hz, 1H), 2.82 (d, J=6.4 Hz, 1H), 2.04-1.95 (m, 2H), 1.94 (s, 3H), 1.85 (s, 3H), 1.83-1.76 (m, 2H), 1.13 (d,
J=6.4 Hz, 3H). 3C NMR (101 MHz, CDCl): § (ppm): 174.01, 173.97, 167.05, 166.87, 138.10, 137.25, 137.20,
136.00, 135.96, 131.55, 131.04, 129.87, 128.78, 127.66, 127.58, 127.20, 126.66, 126.25, 126.21, 125.95, 125.22,
125.16, 124.97, 124.91, 124.76, 123.73, 93.29, 89.44, 71.57, 68.94, 61.72, 60.82, 51.45, 50.25, 37.90, 33.55,
30.27, 28.58, 18.40, 18.31, 15.97.

216



=60'E

rb0z
Fare
Erre

il

660
001

Feoy
EE0'T

Fsoz
=00'T

FEO0'T

=50'T
Ba0'1

=50'T
ot
Eegor
Feot

0.5

20 15 1.0

50 45 40 35 3.0 25

f1 (ppm)

"H NMR spectrum of N3-AS5.

6.5

9.0

LB'ST~
TEST
Dw,mﬁv

85827
fZe’
558
06 /5~

SC05~
SE TS

2808~
ceT9"

FEEs—
[A=R¥s

wsldby

L
M

breg—
6286 —

£L'ECT
9 RTT

16%CT

£6'%CT

91'SZT

ZZ'STT

S5'5CT
TZ'9ZT
5291
99'9CT
Sy
85'LCT
WL
88T
£B'6CT
HO'TET
S5TET
95'5ET
00'9ET
E'LET
SCLET
OT'8ET

——rr

£8'99T
50497 >
LB'ELT
T0PLT >

JWM«M-W o WLWM I

10

40

90
f1 (ppm)

13C NMR spectrum of N3-AS5.

T T T
140 120 100

160

170

T
180

217



Bis(6-hydroxyhexyl) but-2-ynedioate (N4-A2)

HO(CH;)gOH
—C = HO(H;C)g0,C———C05(CH5)sOH
HOOC COOH PTSA, Benzene, reflux (H2C)602 2(CHa)s

N4-A1 N4-A2

The synthesis of N4-A2 was performed using an adapted literature protocol.>* 3 Acetylenedicarboxylic acid (2.0
g, 17.5 mmol), 1,6-hexanediol (20.8 g, 176 mmol) and p-toluenesulfonic acid monohydrate (333.2 mg, 1.75
mmol) were dissolved in 28 mL benzene in a 100 mL round bottom flask. Then, the reaction flask was equipped
with a reflux condenser fitted with a Dean-Stark trap. The reaction mixture was heated up to 100 °C. After 24 h,
ca. 15 mL of solution had collected in the trap. The reaction mixture was allowed to cool down to room
temperature. Then, the reaction solution was diluted with Et,O (30 mL) and cooled to -10 °C for 1 h. The
solution was decanted and the solids were rinsed with additional portions of Et,O. The combined organic layer
was washed with saturated NaHCO3 (2 x 20 mL), water (3 x 20 mL) and brine (20 mL). Afterwards, the solvent
was removed in vacuo. The crude product was purified by column chromatography (CH>Cl:MeOH = 15:1) to
give compound N4-A2 (3.7 g, 67% yield) as a pale-yellow oil. 'H NMR (400 MHz, CDCl3): J (ppm): 4.24 (4,
J=6.4 Hz, 4H), 3.63 (t, /=6.4 Hz, 4H), 2.08 (s, 2H), 1.75-1.67 (m, 4H), 1.62-1.54 (m, 4H), 1.45-1.36 (m, 8H).
3C NMR (101 MHz, CDCls): J (ppm): 151.99, 74.75, 67.04, 62.62, 32.49, 28.27, 25.57, 25.34. ESI-MS: (m/2)
for C16H260¢ expected [M+H]": 315.1802, Found for [M+H]": 315.1951.
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Bis(6-hydroxyhexyl) 1-(((5-(dimethylamino)naphthalene)-1-sulfonamido)methyl)-7-oxabicyclo[2.2.1]hepta-2,5-
diene-2,3-dicarboxylate (N4-A3)

HO(H,C)g0,C—==—C0,(CH;)sOH
N4-A2

75°C
EO)_\ . ] g O/\/\/\\/OH
"0
o /
o S
\ \

N1-A3 N4-A3

N4-A2 (2.0 g, 6.37 mmol, 1.0 equiv.) and compound N1-A3 (3.16 g, 9.55 mmol, 1.5 equiv.) were dissolved in
10 mL toluene and stirred at 75 °C in a 50 mL round bottom flask. After 36 h, the reaction solution was cooled
down to room temperature. Afterwards, the solvent was removed in vacuo. The residue was re-dissolved in
EtOAc (50 mL), and washed with H>O (30 mL). The organic layer was removed with a rotary evaporator. Then,
the crude product mixture was purified by column chromatography (hexane:EtOAc = 1:5) to give compound N4-
A3 (2.3 g, 56% yield) as an orange oil. '"H NMR (400 MHz, CDCl3): ¢ (ppm): 8.53 (d, J/=8.4 Hz, 1H), 8.26-8.20
(m, 2H), 7.52 (q, J/=8.8 Hz, 2H), 7.16 (d, J=7.6 Hz, 1H), 7.10 (dd, J=5.2 Hz 2.0 Hz, 1H), 6.86 (d, J/=5.2 Hz, 1H),
5.54 (d, J=2.0 Hz, 1H), 5.46 (t, J=6.0 Hz, 1H), 4.19-4.05 (m, 4H), 3.70 (dd, /=13.6 Hz 7.2 Hz, 1H), 3.62-3.52 (m,
5H), 2.86 (s, 6H), 2.16 (s, 2H), 1.68-1.59 (m, 4H), 1.58-1.48 (m, 4H), 1.40-1.30 (m, 8H). 3*C NMR (101 MHz,
CDCl): J (ppm): 163.69, 162.67, 153.19, 152.03, 151.73, 144.89, 142.73, 134.38, 130.70, 129.93, 129.69,
129.63, 128.62, 123.25, 118.68, 115.37, 95.91, 84.01, 65.91, 65.66, 62.58, 45.48, 41.98, 32.51, 28.48, 28.39,
25.66, 25.65, 25.44, 25.40. ESI-MS: (m/z) for C33H4aN209S expected [M+H]": 645.2840, Found for [M+H]":
645.3102.
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Bis(6-(methacryloyloxy)hexyl) 1-(((5-(dimethylamino)naphthalene)-1-sulfonamido)methyl)-7-oxabicyclo[2.2.1]
-hepta-2,5-diene-2,3-dicarboxylate (N4-A4)

0 S S0 0 o
HO/“\/’\V/“\/O o o) \erL

NN
OWVD” . ﬁi TEA. DCM_ @ 0 OT(K
Cl

o o
HN=S O 0
R NG HN ¢
\ 0
N4-A3
N/
\

N4-Ad

N4-A3 (1.74 g, 2.7 mmol, 1.0 equiv.) and EtsN (964 uL, 6.9 mmol, 2.5 equiv.) were dissolved in 30 mL CH,Cl,.
The mixture was cooled to 0 °C with an ice-water bath. Then, a solution of methacryloyl chloride (653 uL, 6.75
mmol, 2.5 equiv.) in 6 mL CH,Cl, was added slowly into the mixture. The reaction mixture was stirred in the
ice-water bath for 1 h. Then, the reaction mixture was allowed to warm up to room temperature to react further.
The reaction mixture was stirred until complete consumption of the starting material, as indicated by TLC.
Afterwards, 10 mL water was added into the reaction solution to hydrolyze the unreacted methacryloyl chloride.
The organic solvent was collected and removed in vacuo. The crude product was then purified by silica column
chromatography (hexane:EtOAc = 1:1) to give compound N4-A4 (1.26 g, 60% yield) as a light yellow oil. 'H
NMR (400 MHz, CDCL3): ¢ (ppm): 8.53 (d, J/=8.4 Hz, 1H), 8.26-8.20 (m, 2H), 7.57-7.48 (m, 2H), 7.17 (d,
J=7.6 Hz, 1H), 7.10 (dd, J=5.2 Hz 2.0 Hz, 1H), 6.87 (d, J=5.2 Hz, 1H), 6.08 (s, 2H), 5.56-5.51 (m, 3H), 5.29-
5.23 (m, 1H), 4.18-4.07 (m, 8H), 3.70 (dd, J=13.6 Hz 6.8 Hz, 1H), 3.57 (dd, J=13.6 Hz 5.6 Hz, 1H), 2.87 (s, 6H),
1.92 (s, 6H), 1.71-1.61 (m, 8H), 1.43-1.34 (m, 8H). 3C NMR (101 MHz, CDCl): é (ppm): 167.58, 167.55,
163.54, 162.50, 153.47, 152.09, 151.82, 144.90, 142.79, 136.54, 136.51, 134.40, 130.73, 129.98, 129.74, 129.66,
128.66, 125.39, 125.37, 123.24, 118.67, 115.38, 95.84, 84.04, 65.81, 65.50, 64.65, 64.57, 45.50, 42.05, 28.56,
28.46, 28.36, 25.73, 25.70, 25.57, 18.42. ESI-MS: (m/z) for C41Hs:N>O1:S expected [M+H]": 781.3365, Found
for [M+H]": 781.3690.
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2-(6-hydroxyhexyl) 3-(6-(methacryloyloxy)hexyl) 1-(((5-(dimethylamino)naphthalene)-1-sulfonamido)methyl)-
7-oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (N4-B4)

0]

HO 0 0 e 0.0
oH 9 Q
o i i TEA, DCM
+ " e _~OH

g o \I/M\m @ 0

/
N4-A3 Fid

o}

N4-B4

N4-A3 (0.64 g, 1.0 mmol, 1.0 equiv.) and EtsN (154 uL, 1.1 mmol, 1.1 equiv.) were dissolved in 20 mL CH,Cl,.
The mixture was cooled to 0 °C with an ice-water bath. Then, a solution of methacryloyl chloride (102 uL, 1.05
mmol, 1.05 equiv.) in 2 mL CH,Cl, was added slowly into the mixture. The reaction mixture was stirred in the
ice-water bath for 1 h. Then, the reaction mixture was allowed to warm up to room temperature to react further.
The reaction mixture was stirred until complete consumption of the starting material, as indicated by TLC.
Afterwards, 3 mL water was added into the reaction solution to hydrolyze the unreacted methacryloyl chloride.
Then, the organic phase was collected and removed in vacuo. The crude product was then purified by silica
column chromatography (hexane:EtOAc = 1:2) to give compound N4-B4 (0.28 g, 39% yield) as a light yellow
oil. 'H NMR (400 MHz, CDCl3): J (ppm): 8.54 (d, J=8.4 Hz, 1H), 8.27-8.20 (m, 2H), 7.57-7.49 (m, 2H), 7.17
(d, /=7.6 Hz, 1H), 7.11 (d, /=5.2 Hz 2.0 Hz, 1H), 6.87 (d, /=5.2 Hz, 1H), 6.08 (s, 1H), 5.56-5.51 (m, 2H), 5.27 (t,
J=6.0 Hz, 1H), 4.19-4.08 (m, 6H), 3.70 (dd, J/=13.6 Hz 6.8 Hz, 1H), 3.65-3.53 (m, 3H), 2.87 (d, J/=4.4 Hz, 6H),
1.93 (s, 3H), 1.73-1.60 (m, 8H), 1.42-1.33 (m, 8H). 1*C NMR (101 MHz, CDCl): J (ppm): 167.66, 163.62,
162.59, 153.45, 152.10, 151.85, 144.93, 142.78, 136.53, 134.39, 130.76, 129.98, 129.79, 129.66, 128.69, 125.46,
123.25, 118.67, 115.39, 95.86, 84.05, 65.88, 65.62, 64.69, 62.72, 45.51, 42.05, 32.59, 28.57, 28.46, 28.37, 25.72,
25.57,25.46,25.41, 18.44.
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Bis(6-((2-bromo-2-methylpropanoyl)oxy)hexyl) 1-(((5-(dimethylamino)naphthalene)-1-sulfonamido)methyl)-7-
oxabicyclo[2.2.1]hepta-2,5-diene-2,3-dicarboxylate (N4-C4)

PN s o 9 0.0
HO o) >[/LL %0/\/\/\/ 0
Br
@ O/\/\/\/OH Br Br g O’\/\/\/() 5
.
Q Et;N, DCM o )7/{
HN-S HN. o
0 / P
e

N
W
N4-A3 O

N -~

N4-C4 1

N4-A3 (0.13 g, 0.2 mmol, 1.0 equiv.) and EtzN (69 uL, 0.5 mmol, 2.5 equiv.) were dissolved in 6 mL CH,Cl..
The mixture was cooled to 0 °C with an ice-water bath. Then, a solution of a-bromoisobutyryl bromide (102 mg,
0.44 mmol, 2.2 equiv.) was added dropwise into the mixture. The reaction mixture was stirred in the ice-water
bath for 30 min. Then, the reaction mixture was allowed to warm up to room temperature to react further. The
reaction mixture was continuously stirred until the starting material was entirely consumed, as confirmed by
TLC analysis. Then, the solvent was completely removed under reduced pressure. The crude product was then
purified by silica column chromatography (hexane:EtOAc = 2:1) to give compound N4-C4 (0.16 g, 85% yield)
as a yellow oil. 'H NMR (400 MHz, CDCl3): 6 (ppm): 8.57 (d, J=8.0 Hz, 1H), 8.25 (d, J=7.6 Hz, 2H), 7.54 (q,
J=8.0 Hz, 2H), 7.19 (d, J=7.6 Hz, 1H), 7.11 (dd, J=5.2 Hz 2.0 Hz, 1H), 6.88 (d, J=5.2 Hz, 1H), 5.54 (d, /=1.6 Hz,
1H), 5.23 (t, /=6.0 Hz, 1H), 4.19-4.07 (m, 8H), 3.71 (dd, J=13.6 Hz 6.8 Hz, 1H), 3.56 (dd, J/=13.6 Hz 5.6 Hz,
1H), 2.89 (s, 6H), 1.92 (s, 12H), 1.73-1.61 (m, 8H), 1.45-1.34 (m, 8H). 3C NMR (101 MHz, CDCl): J (ppm):
171.78, 163.54, 162.49, 153.52, 151.81, 144.95, 142.79, 134.45, 130.69, 129.81, 129.67, 128.65, 123.40, 115.51,
95.83, 84.06, 65.97, 65.87, 65.80, 65.49, 56.13, 56.07, 45.59, 42.08, 30.87, 30.85, 28.45, 28.35, 28.30, 25.52.
ESI-MS: (m/z) for C41Hs4Br:N,O1;S expected [M+H]": 941.1888, Found for [M+H]": 941.2257.
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5.6 Supporting figures and tables

Figure S1. Microfluidic chips. The images of the microfluidic chips for the production of a) O/W emulsion, and
b) G/O/W emulsions.

a)

CCDl_EI_|

Computer

ol

v

Oil Water E; :
Microfluidic chip

i PMBs
Syringe Flow :
;umg:) controller Objective Collecting

Figure S2. Microfluidic system. a) Schematic illustration of the process of the microfluidic system. b)
Photograph of the setup of the microfluidic system.
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Figure S3. Kinetic analysis of 2-mercaptoethanol (MCE) reacting with N1-DA1 and N1-DA2. N1-DA1 and N1-
DA2 were mixed with an excess of MCE (10 mM) in MeCN/H,0.
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Figure S4. Morphological characterization of PMBs-MDF. a) Scanning electron microscope (SEM) image of

microbubbles. b) Confocal microscope image of microbubbles.
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Figure SS. Sonication systems. a) 4-probes 20 kHz sonicator. b) HIFU sonication system (left), transducer and

24 wellplate (right).
a) b)
2.6 MHz
1000 kPa  1500kPa 2000 kPa 6000 kPa
[}
2
g
]
L)
m
4]
]
5
Z

Figure S6. a) 24-well plate with an ultrasound-transparent bottom for HIFU experiments. b) The response of

PMBs to different focal pressure irradiation (2.6 MHz, 5 min), scale bar: 5 mm.

Figure S7. Confocal microscopy image of fragments of PMBs, after 2.6 MHz ultrasound irradiation (7000 kPa,
15 min), scale bar: 50 pm.
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Figure S8. a) Fluorescence spectrum of PMBs-MDF mixed with an excess of MCE (solvent: MeCN/H»0)

Standard curve of dansyl-fluorophore (N1-A3, fluorescence intensity collected at 545 nm, Ex: 340 nm).
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Figure S9. Fluorescence spectra collected from PMBs-MDF under 20 kHz irradiation (solvent: MeCN/H»0). a)

Sound intensity, 1 W ¢cm™. b) Sound intensity, 3 W cm™. ¢) Sound intensity, 6 W cm™. d) Sound intensity, 12 W

cm”.
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Figure S10. Fluorescence spectra collected from PMBs-MDF under 0.68 MHz irradiations (solvent:

MeCN/H;0). a) Focal pressure 500 kPa. b) Focal pressure 1000 kPa. ¢) Focal pressure 1500 kPa. d) Focal
pressure 2000 kPa.
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Figure S11. Fluorescence spectra collected from PMBs-MDF under 1.52 MHz irradiations (solvent:

MeCN/H>0). a) Focal pressure 500 kPa. b) Focal pressure 1000 kPa. ¢) Focal pressure 1500 kPa. d) Focal
pressure 2000 kPa.
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Figure S12. Fluorescence spectra collected from PMBs-MDF under 2.6 MHz irradiations (solvent: MeCN/H»O).
a) Focal pressure 500 kPa. b) Focal pressure 1000 kPa. ¢) Focal pressure 1500 kPa. d) Focal pressure 2000 kPa.
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Figure S13. The percentage of fluorophores (N1-A3) release from PMBs-MDF with 2.6 MHz ultrasound
irradiation.
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Figure S14. Schematic representation of the shell structure of PMBs without disulfide mechanophores.
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Figure S15. Optical micrograph of microgels, a) before sonication b) after sonication (20 kHz, 15 min).
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Figure S16. Size distribution of microgels. 200 microgels were analyzed.
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Figure S17. a) The fluorescence spectra of microgels treated with US irradiation (20 kHz, 12 W cm%; 0.68 MHz,
2000 kPa). b) The fluorescence spectra of microgels mixed with an excess of MCE (solvent: MeCN/H,0).
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Figure S18. a) Fluorescence spectrum of PMBs-UMB mixed with an excess of MCE (solvent: DMSO/H,0). b)

UMB standard curve (fluorescence intensity collected at 465 nm, Ex: 325 nm).
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Figure S19. Fluorescence spectra collected from PMBs-UMB under 20 kHz ultrasound irradiations (solvent:
DMSO/H,0). a) Sound intensity, 1 W cm™. b) Sound intensity, 3 W cm?. ¢) Sound intensity, 6 W cm?. d)

Sound intensity, 12 W cm™,
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Figure S20. Fluorescence spectra collected from PMBs-UMB under 0.68 MHz ultrasound irradiation (solvent:

DMSO/H;0). a) Focal pressure 500 kPa. b) Focal pressure 1000 kPa. ¢) Focal pressure 1500 kPa. d) Focal

pressure 2000 kPa.
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Figure S21. Molar mass of released UMB as determined by mass spectrometry.
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Figure S22. Fluorescence spectra collected from PMBs-CPT samples (solvent: DMSO/H,0) under a) 20 kHz
sonication (12 W cm?) and b) 0.68 MHz ultrasound irradiation (2000 kPa).
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Figure S23. a) The fluorescence intensity of PMBs-CPT mixed with an excess of MCE (solvent: DMSO/H>0).

b) CPT standard curve (fluorescence intensity collected at 450 nm, Ex: 335 nm).
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Figure S24. 'H NMR spectra demonstrating the conversion of N3-A4 into N3-A3 and PBL at 23 °C (5 mg N3-

A4 in 0.5 mL solvent (MeCN-d3:MeOH:H>O0, 3:1:0.5)).
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Figure S25. a) PBL standard curve in MeCN/MeOH/H,O (fluorescence intensity collected at 390 nm, Ex: 320
nm). b) The fluorescence spectra from the PMBs that contain N3-A4 for the quantification of PBL release.
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Figure S26. Fluorescence spectra collected from PMBs-PBL samples under 20 kHz ultrasound irradiations

(solvent: MeCN/MeOH/H;0). a) Sound intensity, 1 W cm™. b) Sound intensity, 3 W cm™. ¢) Sound intensity, 6
W cm. d) Sound intensity, 12 W cm™.

a b
) ) 6.0x10%4
3’(1057 —— 15 min
5 -
s g
2 > 4.0x10°%4
@ 2x10% £
=
2 ]
£ z
) 5 ]
3 1x10°4 g 2.0x10°
w [
T r T 0.0
350 400 450 500 350 400 450 500
Wavelength (nm) Wavelength (nm)
c) d
4x10°4
2x106 —— 15 min
3 -
s 3 3x10° |
z >
E 2x10° =
g & 2x10°
-] 5
o‘ -
3 1x10% E
o T 1x10°
Q " T =5 T 0 e
350 400 450 500 350 400 450 500
Wavelength (nm) Wavelength (nm)

Figure S27. Fluorescence spectra collected from PMBs-PBL samples under 0.68 MHz ultrasound irradiation
(solvent: MeCN/MeOH/H,0). a) Focal pressure 500 kPa. b) Focal pressure 1000 kPa. ¢) Focal pressure 1500
kPa. d) Focal pressure 2000 kPa.
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Figure S28. SEM image of fragments of PMBs-Flex. The shell thickness of PMBs was around 180 nm.
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Figure S29. a) Photographs of the filtered PMBs solution, PMBs before and after ultrasound irradiation (20 kHz,

15 min; solvent: MeCN/H,0, 365 nm UV illumination). b) Fluorescence spectra from PMBs-Flex mixed with an

excess of MCE.
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Figure S30. Fluorescence spectra collected from PMBs-Flex samples under 20 kHz ultrasound irradiation

(solvent: MeCN/H,0). a) Sound intensity, | W cm™. b) Sound intensity, 3 W cm?. ¢) Sound intensity, 6 W cm™.

d) Sound intensity, 12 W cm?.
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Figure S31. Fluorescence spectra collected from PMBs-Flex samples under 0.68 MHz ultrasound irradiation

(solvent: MeCN/H,0). a) Focal pressure 500 kPa. b) Focal pressure 1000 kPa. ¢) Focal pressure 1500 kPa. d)

Focal pressure 2000 kPa.
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Figure S32. PMBs that contain acrylate-mechanophores (N4-B4) with only one polymerizable unit. a)
Schematic structure of the polymeric shell. b) Fluorescence spectra of PMBs before and after US irradiation (20

kHz, 15min). Insets: photographs of the filtered solution of sonicated PMBs (20 kHz, solvent: MeCN/H,0),

under 365 nm UV illumination.

Figure S33. Optical micrograph of Microgels-Flex.

Figure S34. Optical brightfield micrograph of microgels before and after 5 min US irradiation (scale bar: 50 pm).
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Figure S35. Stiffness of PMB-Flex and Microgels-Flex measured by AFM.

Table S1. The corresponding US intensity values of ultrasonic amplitudes.

Ultrasonic
. 35% 53% 75% 99%
amplitude

Sound

i 1.OW/cm? 3.0W/cm? 6.0W/cm? 12.0 W/cm?
Intensity (1)
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Table S2. HIFU intensity and mechanical index of 0.68 MHz, 1.52 MHz and 2.6 MHz transducer.

ORI Focal Focal sound | Acoustic | Mechanical
E y pressure | intensity () power index (MI)

500 kPa 8.4 W/cm? 134 W

1000 kPa  33.6 W/cm? 537TW [l
0.68 MHz
1500 kPa  75.5 W/cm? 12.08 W 1.8
2000kPa 1342 W/cm? 21.48W 24
500 kPa 8.4 W/cm? 0.12W 0.4
B
1.52 MHz 1000 kPa  33.6 W/cm 047 W 0.8
1500 kPa 75.5W/cm? 1.05W [l
2000 kPa  134.2 W/cm? 1.87W 1.6
500 kPa 8.4 Wicm? 0.04 W 0.3
1000 kPa  33.6 W/cm? 0.16 W 0.6
2.6 MHz
1500 kPa 75.5W/cm? 037TW 0.9
2000 kPa  134.2 W/cm? 0.66 W o2

Table S3. Data points measured to plot Figure 3k of the manuscript. All values + standard deviation.

Concentration Control PMBs PMBs+US
(M) (PBS) - CPTYS | (15 min)

100.1+£2.0 68.0+10.9 1.9£0.7 0.6%0.3 421+03
16 99.3+1.0 86.9 9.1 8.7+04 6.8+1.5 228+1.9
8 100.7+ 1.5 95.8+5.5 26.0+2.7 25327 36.6+2.9
4 99.8+0.6 944 7.4 379+3.8 41429 423 4.7
2 100.4 £ 5.0 94.7+6.2 440+1.0 475+25 472 +4.6
1 97.8+1.3 95.1+56.8 49215 533+1.6 498+7.5
0.5 98.7+1.5 93.7+6.5 51325 579+23 547+7.9
0.25 100.0 £ 2.5 94.8+6.8 58.0+2.6 64.4+2.4 67.3+10.7
0.125 99.7+23 97.8 £5.1 722+1.0 76.3+2.7 87.2+6.1
0.0625 96.3+0.8 948+7.8 91.4+0.5 922+23 99.1+1.2
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