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Drug delivery systems responsive to physicochemical stimuli allow spatiotemporal control over drug activity

to overcome limitations of systemic drug administration. Alongside, the non-invasive real-time tracking of

drug release and uptake remains challenging as pharmacophore and reporter function are rarely unified

within one molecule. Here, we present an ultrasound-responsive release system based on the

mechanochemically induced 5-exo-trig cyclization upon scission of disulfides bearing cargo molecules

attached via b-carbonate linker within the center of a water soluble polymer. In this bifunctional

theranostic approach, we release one reporter molecule per drug molecule to quantitatively track drug

release and distribution within the cell in real-time. We use N-butyl-4-hydroxy-1,8-naphthalimide and

umbelliferone as fluorescent reporter molecules to accompany the release of camptothecin and

gemcitabine as clinically employed anticancer agents. The generality of this approach paves the way for

the theranostic release of a variety of probes and drugs by ultrasound.
Introduction

In conjunction with radiation therapy, surgery, or hyperthermia
therapy, chemotherapeutic agents remain the most effective
way to cure various forms of cancer.1,2 However, the systemic
application of anti-cancer drugs leads to severe side effects due
to the necessity to balance drug activity, selectivity, toxicity, and
emerging resistances.3 Strategies to control where and when
a drug is active thus arguably are promising pathways to
improve the therapeutic efficiency of chemotherapeutics and
simultaneously mitigate side effects. In this light, controlled
drug release systems responsive to internal or external stimuli
have received considerable attention.4 For internal stimuli, the
targeted drug is generally equipped with a pH-5 or redox-
responsive6,7 linker, while light8,9 and electromagnetic elds10

are prototypical external stimuli controlled by the physician.
Ultrasound (US) is a clinically widespread external stimulus to
release drugs from carriers, such as micelles, liposomes, or
microbubbles,11,12 or to synergistically increase drug efficacy.13,14

Recently we showed that US in the context of polymer
erials, Forckenbeckstr. 50, 52056 Aachen,

de; herrmann@dwi.rwth-aachen.de

r Chemistry, RWTH Aachen University,

iversity of Groningen, Nijenborgh 4, 9747

(ESI) available: Detailed synthetic,
cedures. See DOI: 10.1039/d0sc06054b

4

mechanochemistry15,16 can address force-responsive molecular
moieties (mechanophores)17,18 embedded in macromolecular
structures to activate and release drugs with reasonable selec-
tivity.19 Thereby, we reported the polymer mechanochemical
scission of disuldes20–25 that underwent an intermolecular
Michael addition to Diels–Alder adduct conjugates with furan-
bearing drugs spawning the subsequent release of the latter.19

Here we broaden the scope of polymer mechanochemically
induced drug release to a wide range of amino- and hydroxy-
terminated drugs and incorporate the drug payload molecules
on b-carbonate linkers adjacent to the mechanoresponsive
disulde within the samemacromolecule. We use ultrasound to
initiate disulde scission spurring an intramolecular 5-exo-trig
cyclization26 which subsequently releases the cargo molecules
(Scheme 1).

As the assessment whether a drug is released and taken up is
generally indirectly inferred from measuring proliferation or
cell adhesion,27 it is difficult to determine precisely when,
where, and to which extent the pharmacologically active agents
are delivered to the target cell. To tackle this issue, we here use
bifunctional polymers that release a uorophore alongside the
drug molecule in a theranostic approach. We release N-butyl-4-
hydroxy-1,8-naphthalimide (NAP) and umbelliferone (UMB) as
uorescent probes simultaneously with the chemotherapeutics
camptothecin (CPT) and gemcitabine (GEM) for non-invasive
imaging of drug delivery and uptake (Scheme 1).

We investigated two different theranostic agents of which
one bore NAP as reporter uorophore and CPT as drug (Scheme
1a) and the other UMB as uorescent probe and GEM as active
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Reaction mechanisms of the mechanochemical and reductive scission of disulfide-centered polymers with adjacent b-carbonate
linked drugs and fluorophores that are released by a subsequent 5-exo-trig cyclization. (a) N-Butyl-4-hydroxy-1,8-naphthalimide (NAP) was
released in conjunction with camptothecin (CPT) from 1 or P1; (b) umbelliferone (UMB) together with gemcitabine (GEM) from 2 and P2; (c) small
molecule 3 and terminally functionalized polymer P3 controls did not lead to UMB release by ultrasonication.

Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
D

ec
em

be
r 

20
20

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

5:
52

:0
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
component (Scheme 1b). The corresponding disulde-centered
derivatives 1 and 2 bearing two a-bromoisobutyryl moieties
served both as bifunctional initiator for subsequent polymeri-
zation towards telechelic polymers P1 and P2 and as small
molecular control substances. The synthetic pathway towards 1
and 2 is presented in Scheme S1† and the resulting compounds
were veried by 1H- and 13C-nuclear magnetic resonance (NMR)
spectroscopy as well as electrospray ionization mass spec-
trometry (ESI-MS) (Fig. S1–S23†).

From these initiators, polymers were obtained by Cu0-medi-
ated controlled radical polymerization of oligo(ethylene glycol)
methyl ether acrylate (OEGMEA) yielding disulde-centered,
water-soluble POEGMEA P1 (Mn ¼ 140.9 kDa, ĐM ¼ 1.65) and
P2 (Mn ¼ 146.3 kDa, ĐM ¼ 1.69) (Fig. S29†). Moreover, the
controls 3 and terminally functionalized polymer P3 (Mn ¼ 109.7
kDa, ĐM ¼ 1.45) were synthesized according to the synthetic
© 2021 The Author(s). Published by the Royal Society of Chemistry
pathway in Scheme S2† to conrm the mechanochemical origin
of the observed phenomena (Fig. S24–S28 and S30†).
Results and discussion

Both 1 and P1 (Scheme 1a) were composed of CPT, which acts as
inhibitor of topoisomerase I,28 a disulde mechanophore,19–25

and NAP yielding a considerably bathochromic shi in
absorption and emerging uorescence at ca. 550 nm upon
release from its corresponding b-carbonate (Fig. 1a and b).29,30

Note that residual NAP uorescence, likely due to incomplete
uorophore quenching in the carbonate form, was observable
but consistent with previous reports.29–31

Initially, we veried the ability to release both drug and
reporter molecules from their b-carbonate linkers upon
Chem. Sci., 2021, 12, 1668–1674 | 1669
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Fig. 1 TCEP-induced release of CPT and NAP from 1. (a) UV-vis
spectra (c ¼ 25 mM) of NAP, CPT, 1, and 1 treated with 20 eq. TCEP at
37 �C for 48 h. (b) Fluorescence spectra (c ¼ 5 mM, lexc ¼ 450 nm,
spectral bandwidths 3 nm) of NAP, 1, and 1 treated with 20 eq. TCEP at
37 �C for 48 h. Inset: photograph of the solutions under UV-light (lexc
¼ 455 nm). (c) Released amount of NAP and CPT over reaction time
calculated from normalized integrated areas of the PDA detector
signals of UPLC elugrams (Fig. S32a†). All spectra were recorded in
MeCN : H2O ¼ 2 : 3 (v/v) at room temperature.

Fig. 2 US-induced release of NAP from b-carbonate disulfide polymer
P1 (11.6 mM, 3 mg mL�1) and small molecule control 1 (25 mM) in
MeCN : H2O ¼ 2 : 3 (v/v). (a) UV-vis and fluorescence (lexc ¼ 450 nm)
spectra of P1 during sonication. (b) Released NAP from P1 and control 1
during sonication calculated from fluorescence peak intensity of NAP
at lem ¼ 550 nm. Insets: photographs of the solutions under daylight
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disulde bond scission and subsequent intramolecular 5-exo-
trig cyclization using small molecule control 1.

Therefore, we reduced 1 with tris(2-carboxyethyl)phosphine
(TCEP) and monitored UV-vis absorption and uorescence
(Fig. 1a and b). We calculated a released fraction of 66.5% NAP
via its molar absorptivity at 450 nm using UV-vis spectroscopy
and 60.5% via calibration curve using uorescence emission at
550 nm aer reduction at 37 �C for 48 h (Fig. S31†).

For the theranostic approach it is paramount to correlate the
release of the probe NAP to the release of the drug CPT. For this
purpose, we monitored the reductive release by ultra-
performance liquid chromatography-mass spectrometry
(UPLC-MS), where the integration of peak areas measured by
the UV-vis diode array detector (DAD) allowed quantication
1670 | Chem. Sci., 2021, 12, 1668–1674
(Fig. S26a†) and the MS detector allowed identication of the
corresponding NAP and CPT peaks (Fig. S32b and c†). We
normalized the integrated DAD signals from UPLC-MS
measurements to the maximum obtainable released fraction
of 66.5% as largest value (Fig. 1c). By this, we showed that NAP
release proceeded at a rate comparable to CPT release thus
underlining the suitability of uorophore NAP as a diagnostic
probe for the release of the drug CPT.We then conrmed that in
addition to small molecule 1, polymer P1 could also release NAP
and CPT by reduction with TCEP. UV-vis absorption and uo-
rescence spectroscopy as well as UPLC-MS conclusively proved
this result (Fig. S33†).

Encouraged by these ndings, we turned towards the mech-
anochemical activation of CPT and NAP from the disulde-
centred polymer P1. Therefore, P1 was subjected to sonication
using an immersion probe sonicator (f ¼ 20 kHz, IP ¼ 15.84 W
cm�2). Samples collected over the course of the sonication for
UV-vis and uorescence spectroscopy indicated successful
disulde scission culminating in the release of NAP and CPT
(Fig. 2a). This led us to a calculated released amount of 56% NAP
(and therewith CPT) from P1 aer 3 h of sonication (Fig. 2b).
Notably, small molecule control 1 only showed around 4% non-
specic release under the same conditions verifying the mecha-
nochemical origin of the observed effects (Fig. 2b and S34†).

Hereaer, we investigated the diagnostic behaviour of US-
activated P1 in HeLa cells by imaging using confocal laser
and UV-light (lexc ¼ 455 nm).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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scanning microscopy (CLSM). For this purpose, we stained the
HeLa cells with sonicated P1 aer conrming, once again,
successful NAP release by UPLC-MS (Fig. S35†) and assuring cell
viability (Fig. S36†). NAP uorescence was visible as opposed to
non-sonicated P1 or untreated control cells (Fig. 3a). This indi-
cated the successful mechanochemically-induced release of
NAP quickly diffusing into the cell (Fig. S37†), which would not
be observed for P1 alone due to the hindered cellular internal-
ization of macromolecules.32 To quantitatively conrm CLSM
measurements, uorescence-activated cell sorting (FACS) using
the NAP emission was carried out (Fig. 3b). The population of
HeLa cells stained with US-activated P1 showed uorescence ca.
Fig. 3 HeLa cells stained for 30min with sonicated and non-sonicated
P1 as well as untreated control. (a) Bright-field, CLSM, and merged
micrographs (scale bar: 100 mm). Enlarged micrographs are shown in
Fig. S37.† (b) Flow cytometry analysis using NAP fluorescence.

© 2021 The Author(s). Published by the Royal Society of Chemistry
one order of magnitude higher than those treated with pristine
P1 or the control sample. This underlined the potential use of
this theranostic system for monitoring drug release.

The activity of theranostic agent P1 was then investigated
with MTS proliferation assays aer treatment of HeLa cells.
Control experiments showed that pristine POEGMEA and NAP
both had no cytotoxic effect at the applied conditions while the
IC50 value of small molecule 1 resembled that of pristine CPT
(Fig. 4a). Notably, CPT-bearing polymer P1 was shielded from
intracellular access, thiol exchange, or disulde reduction from
macromolecular thiolated proteins, such as HSA, under physi-
ological conditions within its hydrodynamic coil and exhibited
greatly diminished cytotoxicity compared to 1 and pure CPT.
While this is a routine measure exploited for designing
macromolecular drug carriers,32,33 it is unprecedented for
a mechanoresponsive prodrug system and a considerable
advance compared to the intermolecular mechanochemical
drug release system relying on drugs bound to small molecules
reported by us recently19 as these were taken up by cells and
proved to be prone to endogenous macromolecular thiols.

For the mechanochemical activation of CPT release by irra-
diation with US, samples of P1 taken over the course of its
sonication were freeze-dried, dissolved in cell culture medium,
and aer CPT release was conrmed once more by UPLC-MS
(Fig. S38†) incubated with HeLa cells for 48 h. The decrease in
cell viability with progressing ex situ sonication became visible
and indicated the successful US-activation of P1 spawning the
release of CPT (Fig. 4b). The diagnostic CLSM and FACS data
Fig. 4 US-induced release of CPT from P1 (11.6 mM, 3 mg mL�1 in
MeCN : H2O ¼ 2 : 3 (v/v)) for MTS proliferation assays. (a) Control MTS
proliferation assays of NAP, CPT, 1, P1, and pristine POEGMEA. (b) MTS
proliferation assay of P1 with progressing ex situ sonication. Assay of
pure CPT is shown again for comparison. Mean values � SD from the
mean, N ¼ 3 independent experiments.

Chem. Sci., 2021, 12, 1668–1674 | 1671
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Fig. 5 US-induced release of UMB and GEM from b-carbonate
disulfide polymer P2 (3 mg mL�1) and control 2 (25 mM) in MeCN : H2O
¼ 2 : 3 (v/v). (a) UV-vis and fluorescence (lexc ¼ 325 nm) spectra of P2

during sonication. (b) Released UMB from P2 and controls 2 and P3

during sonication calculated from fluorescence peak intensity of UMB
at lem ¼ 450 nm. Inset: photograph of the solutions under UV-light
(lexc ¼ 365 nm). (c) Released amount of UMB and GEM over time
visualized by PDA detector signal intensities from UPLC elugrams
(Fig. S46†).
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together with the MTS proliferation assays demonstrated the
potential of using the NAP-CPT couple for the mechanochemi-
cally induced activation of theranostic functionality.

We then investigated the generality of this theranostic
approach by exchanging both the diagnostic uorophore NAP
and the drug CPT against UMB and GEM, respectively. GEM is
a nucleoside analogue used for the treatment of pancreatic,
breast, and ovarian cancers. GEM replaces cytidine during DNA
replication and interacts with ribonucleotide reductase result-
ing in cell apoptosis.10,26,27 However, rapid enzymatic deamina-
tion to inactive 20-deoxy-20,20-diuorouridine (dFdU),34 short
plasma half-life, and adverse toxicity10,35 limit its therapeutic
efficacy. Hence GEM would benet from a controlled delivery
approach in a theranostic combination with a reporter uo-
rophore. Moreover, protecting GEM within the random coil of
a polymer chain is a promising strategy to decrease renal
clearance and enhance its circulation half-life.36

Both 2 and P2 (Scheme 1b) contained GEM and UMB bound
to the b-carbonate functionality alongside the disulde
mechanophore. We reasoned that upon activation of P2, the
disuldes centred at the polymer chain were readily cleaved and
liberated GEM and UMB from the carbonates analogously to P1.
Note that again residual UMB uorescence was visible, most
likely stemming from the diminished uorescence quantum
yield of UMB in the carbonate form compared to the free
hydroxide.37

Again, we initially veried the capability to release GEM and
UMB from small molecule control 2. Therefore, we reduced 2
with glutathione (GSH) overnight at room temperature and
monitored UV-vis absorption and uorescence (Fig. S39†). The
release of UMB was conrmed by its characteristically emerging
absorption and uorescence bands. UPLC-MS measurements
supported this observation detecting both UMB and GEM with
their corresponding retention times andmass spectra aer GSH
reduction (Fig. S40†). In addition to small molecule 2, polymer
P2 could also release UMB and GEM by TCEP reduction, as
proven by UV-vis absorption and uorescence spectroscopy as
well as UPLC-MS measurements (Fig. S41†). We then investi-
gated the mechanochemical activation of GEM and UMB from
the disulde-centred polymer P2. Therefore, P2 was subjected to
ultrasonication using the same setup described for P1. UV-vis
and uorescence spectroscopy over the course of the sonica-
tion indicated the successful release of UMB and GEM (Fig. 5a).
By calibrating UMB uorescence in dependence of its concen-
tration by uorescence spectroscopy (Fig. S42†), we calculated
an approximate released amount of 55% UMB aer 4 h of
sonication (Fig. 5b). Importantly, small molecule control 2 as
well as terminally substituted polymer P3 showed considerably
reduced non-specic release under the same conditions veri-
fying the mechanochemical origin of the observed effects
(Fig. 5b, S43 and S44†).

While the mechanochemically induced release of UMB was
readily visible, GEM release was conrmed by UPLC-MS
(Fig. S45†). We again normalized the integrated DAD signals
from UPLC-MS measurements during GEM and UMB release to
the maximum obtainable released fraction UMB of 55% as
largest value (Fig. 5c and S46†). While UMB release proceeds at
1672 | Chem. Sci., 2021, 12, 1668–1674
an increased rate compared to GEM, the suitability of UMB as
a diagnostic probe for the drug GEM was still underlined by
these results.
Conclusions

In conclusion, we here presented a versatile method to
mechanochemically induce theranostic drug activation where
a pharmacologically active moiety alongside an indicative
uorescent reporter molecule is released. We demonstrated the
versatility of this platform with the drug-probe combinations
camptothecin and N-butyl-4-hydroxy-1,8-naphthalimide as well
as gemcitabine and umbelliferone. We anticipate that the cargo
attachment process via b-carbonate linkers accompanied by
© 2021 The Author(s). Published by the Royal Society of Chemistry
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a central disulde bond in principle is useful for many drug-
probe combinations containing nucleophilic hydroxy- or
amino-groups. In the future, this novel methodology will be
developed towards the compatibilization with clinically estab-
lished US techniques38,39 and energy doses,40 the convergence of
mechanochemical scission rates and yields (i.e. released
amount of drugs) with medically tolerable timeframes avoiding
US-specic side effects,41 and the stability and inertness42 of the
carrier systems towards small endogenous reactants, e.g. GSH.19
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A. Herrmann, Angew. Chem., Int. Ed., 2020, DOI: 10.1002/
anie.202010324.
© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc06054b

	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b
	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b
	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b
	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b
	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b
	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b
	Mechanochemical activation of disulfide-based multifunctional polymers for theranostic drug releaseElectronic supplementary information (ESI) available: Detailed synthetic, spectroscopic, kinetic, and cell culture procedures. See DOI: 10.1039/d0sc06054b


