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Abstract: Drug safety and efficacy due to premature
release into the bloodstream and poor biodistribution
remains a problem despite seminal advances in this area.
To circumvent these limitations, we report drug cycliza-
tion based on dynamic covalent linkages to devise a dual
lock for the small-molecule anticancer drug, camptothe-
cin (CPT). Drug activity is “locked” within the cyclic
structure by the redox responsive disulfide and pH-
responsive boronic acid-salicylhydroxamate and turns
on only in the presence of acidic pH, reactive oxygen
species and glutathione through traceless release. Nota-
bly, the dual-responsive CPT is more active (100-fold)
than the non-cleavable (permanently closed) analogue.
We further include a bioorthogonal handle in the
backbone for functionalization to generate cyclic-locked,
cell-targeting peptide- and protein-CPTs, for targeted
delivery of the drug and traceless release in triple
negative metastatic breast cancer cells to inhibit cell
growth at low nanomolar concentrations.

Introduction

Chemotherapy is one of the mainstream treatments to
combat cancer, but the safety and efficacy limitations of
anticancer drugs persist due to their often indiscriminate
biodistribution in healthy and tumor tissue.[1] To improve
the efficacy of existing small-molecule anticancer drugs,
targeted therapeutics have been developed that combine a
small-molecule drug with a cell recognition moiety that
binds exclusively to and penetrates cancer cells.[2] Examples
include peptide- or antibody-drug conjugates and targeted
nanoparticle delivery systems.[3,4] Peptide- and antibody-
drug conjugates offer certain advantages over targeted
nanoparticle systems, as the nanoparticle can bind to plasma
proteins that shield the targeting groups and thus compro-
mise the targeting effect in vivo.[5] Besides targeting, stability
in blood plasma without burst or premature release of cargo
in low glutathione (GSH) concentrations (μM) through
disulfide exchange reactions or in acidic extracellular tumor
microenvironments (TME) of malignant tumors (extracellu-
lar pH 6.5–6.9) are required to reduce off-target toxicity.[6–9]

Additionally, controlled drug release from the targeting
group within tumor cells or a nanoparticle formulation
should, ideally, be quantitative for high therapeutic efficacy.
However, to date, there are limited linker chemistries that
fulfill these criteria. Therefore, new strategies are urgently
needed to furnish an anticancer drug that 1) prevents
premature release in blood plasma; 2) exhibits low drug
toxicity outside tumor microenvironments or cancer cells; 3)
possesses the availability of a targeting group to bind to cell
surface receptors expressed on cancer cells with high
affinity; 4) enables controlled quantitative traceless drug
release in cancer cells to convert the inactive drug into its
active form.

Cyclic peptide or peptoid structures in Nature, for
example, in peptide hormones[10] or snake venom,[11] have
inspired the design of drug candidates.[12,13]

Besides their improved stability and bioavailability,[14]

one of the eminent features of cyclization in Nature is
activity control. Bioactivity can be influenced by a con-
formational switch from the cyclic (closed/locked) to the
linear (open) form, suggesting that embedding small-mole-
cule drugs within a cyclic and cleavable “lock” would be a
viable approach to reduce premature release by selective
drug activation in cancer cells.[14] However, it is synthetically
challenging to combine a small-molecule drug, a targeting
group and stimuli-responsiveness within a cyclic structure,
with limited examples in literature.[15,16] Moreover, it is even
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more difficult to introduce functionalities that respond to
two independent stimuli using the classical head-to-tail
cyclization approach (Figure 1). We recently reported the
combination of redox responsive disulfides and pH respon-
sive catechol – boronic acids (BAs) containing interlocked
peptide linkers that display dual-stimuli-responsiveness, with
improved stability and controlled disassembly in tumor
cells.[17] Therefore, this strategy could offer a broadly
applicable approach to enable directionality to form a cyclic-
locked, dual stimuli-responsive drug for controlled release
combined with a cell targeting group for biorecognition
(Figure 1).

Boronic acids (BAs) can undergo pH-reversible coordi-
nation to diols and salicylhydroxamates (SHAs), as well as
provide traceless release in the presence of high hydrogen
peroxide (H2O2) concentrations of in cancer cells to afford
the alcohol group in cargo drugs.[18] We selected SHA, which
offers several advantages over catechol groups, with better
binding affinity to BAs (μM versus mM) to afford stable
conjugates at low concentrations (μM), while being rapidly
and quantitatively cleavable at acidic pH (Figure 1).[19–21]

Under physiological pH in healthy tissue, the structure
remains in its “closed” form but opens in the acidic environ-
ment of subcellular compartments.[22] Additionally, BAs
offer more chemical innovation space for pharmaceuticals as
they are non-toxic, as exemplified by several marketed drugs
with boronic acid groups such as Eucrisa™ or Vabomere™,
among others, which are used in clinical trials.[18,23] Further-
more, due to the elevated content of reactive oxygen species
(ROS) present in cancer cells such as H2O2,

[24] boric acid
“masked” alcohol functional groups can be restored by

oxidation in cancer cells in a traceless fashion (Figure 1). A
disulfide linkage is introduced as a second chemical lock to
control the release within cytosolic compartments and
prevent cleavege in the acidic extracellular space within the
TME.[25–27] Disulfides remain stable over several pH units
but they can undergo self-immolative intracellular reduction
in tumor cells in the presence of high intracellular GSH
concentration.[28–30] This restores the activity of the drug
cargo, which may be an advantage over conventional
disulfide linkers that result in loss of drug activity due to the
formation of less active glutathione-drug conjugates.[31]

However, premature burst release of disulfide containing
pro-drugs in the blood circulation still represents a concern
that could potentially be prevented in combination with an
intramolecular SHA-BA lock that is stable at neutral pH
and in the absence of high concentrations of reactive oxygen
species.[32–34]

We choose the pentacyclic natural product, camptothe-
cin (CPT), as the drug lead structure (Scheme 1A).[35,36] CPT
binds to nuclear enzyme DNA topoisomerase I (TOP1) and
DNA complexes, which ultimately leads to apoptosis.[37,38]

Different analogues of the topoisomerase I inhibitor are
FDA approved, highly potent (IC50 low nM), and they have
been widely applied for treatment of leukemia, lung cancer,
breast cancer, among others.[39–41] In addition, we introduced
a bioorthogonal reactive handle for post-functionalization of
the macrocyclic drug, where the targeting moiety is linked
via a stable covalent linkage. In this way, we could generate
cell-targeting peptide-macrocyclic and protein-macrocyclic
CPTs for traceless drug release in triple negative metastatic
breast cancer cells to inhibit cell growth. We envision that

Figure 1. Conceptual overview of the “classical approach” for macrocyclization, a cyclic dual-locked CPT that allows selective and traceless release
in cancer cells, and a possible reaction Scheme for sequential cleavage and traceless CPT release.
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targeted dual-stimuli-responsive macrocyclic chemothera-
peutics can be positioned as an efficient strategy to generate
drugs without premature release into the bloodstream nor in
the acidic TME revealing selective and traceless drug release
in the chemical environment relevant for cancer cells.

Results and Discussion

To prepare a dual-responsive cyclic CPT analogue, we
introduced a boronic acid moiety on the quinoline ring
(Scheme 1B), as previously shown for the prodrug of SN-
38.[42] The alcohol of the α-hydroxy lactone was modified
with a self-immolative disulfide linker.[43,44] In this way,
traceless CPT release could be achieved, which is essential
for bioactivity. We started the synthesis with the trifluor-
omethanesulfonation of commercially available 10-OH CPT
(1) using N-phenylbis(trifluoromethanesulfonimide) fol-
lowed by palladium catalyzed Miyaura-borylation resulting
in 10-BPin CPT (3, see Scheme 1B). The alcohol function-
ality on the stereocenter (C20) of 3 was transformed to the
corresponding carbonate, using the activated disulfide 4 in
the presence of DMAP, providing compound 5 in an overall
yield of 42% (over three steps).

With 10-BPin-CPT pyridyl disulfide (5) in hand, we
performed disulfide exchange with N-acetylcysteine amide.
The pinacolborane conveniently hydrolyzed during HPLC
purification, yielding the unprotected boronic acid 7 (Fig-
ure 2A). A non-cleavable analogue consisting of a cysteine
thioether was synthesized as a control for subsequent
investigation (8, Figure 2A). The prepared CPT derivatives
were subjected to cellular growth assays using MDA-MB-
231 triple-negative breast cancer cells. Cellular growth was
monitored over 110 h using an Incucyte® Live-Cell Analysis
System, which is able to capture high-resolution bright field
images and record data in real-time, directly in the incubator
(Figure 2B, experimental details in Supporting Information
page 64).

As expected, 10-OH CPT (1) displayed high inhibition in
the proliferation assay. At a concentration of 50 nM, no
significant cell growth was observed. The IC50 value was

Scheme 1. Proposed CPT binding and functionalization. A) Key hydro-
gen bonds and ring-stacking interactions between the human top-
oisomerase I–DNA covalent complex and CPT in the proposed CPT
binding mode. The atomic nomenclature for CPT is also indicated.[37]

B) Synthesis of key intermediate 10-pinacolborane (BPin) CPT pyridyl
disulfide (5, Supporting Information page 6–7). DIPEA= N,N-diisopro-
pylethylamine, DMAP=4-dimethylaminopyridine, DMF=N,N-dimeth-
ylformamide, dppf=1,1’-bis(diphenylphosphanyl)ferrocene, Pin=pina-
colato, Tf= trifluoromethanesulfonyl.

Figure 2. A) Structures of CPT derivatives subjected to the cell proliferation assay. B) Cellular growth of MDA-MB-231 cells by treatment with
different CPT derivatives at 50 nM concentration. C) Determination of IC50 values of 10-OH CPT (1) and 10-BA-CPT (6) in MDA-MB-231 cells.
DMSO=dimethyl sulfoxide.
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determined to be 23.1�0.9 nM. Boronic acid modified CPT
6 showed lower activity with a twofold higher IC50 value of
42.4�1.1 nM. In contrast, the non-cleavable analogue 8
resulted in almost no difference in cell growth inhibition
when compared to the DMSO control. The disulfide
containing, self-immolative analogue 7 was as potent as 10-
BA CPT at a concentration of 50 nM suggesting that
efficient disulfide reduction took place under these con-
ditions.

Based on these results, our next step was to embed the
drug in a cyclic structure to achieve selective, dual-
responsive and traceless release in the unique intracellular
cancer environment.

Design and Synthesis of Cyclic CPT Derivatives

To enable cell-targeted dual-stimuli responsive delivery and
release of CPTs, a trifunctional linker was designed. The
water-soluble linker containing SHA, a thiol, an appropriate
number of Fmoc-8-amino-3,6-dioxaoctanoic acid (Fmoc-
AEEAc-OH) linkers in between the SHA and thiol to form
the cyclic structure, and a bioorthogonal chemical handle for
further conjugation (azide or DBCO), were conveniently
conjugated on the solid support, with only one step-
purification required by HPLC (Figure 3A).

The length of the linker was predicted by molecular
modeling to determine the number of AEEAc-OH spacers
necessary to facilitate intramolecular cyclization of the SHA
to the BA (Figure 3E). The theoretical feasibility of the
intramolecular cyclization was assessed by analyzing the
macrocyclization equilibria, assuming a thermodynamically
controlled process. To determine the relative Gibbs free
energies of cyclic and open-chain structures for SHA-
(AEEAc)n-Cys(CPT-BA)-NHFmoc (n=0, 1, 4), density
functional theory (DFT) calculations were performed. As
the planarity of the SHA and CPT-BA could hinder intra-
molecular cyclization, a longer linker (e.g., 4 AEEAc
groups) would presumably enhance the efficiency of macro-
cyclization. Indeed, DFT calculations showed that the
energy difference between the open and closed structures
for SHA-(AEEAc)4-Cys(CPT-BA)-NHFmoc is
8.6 kcalmol � 1, whereas for SHA-(AEEAc)1-Cys(CPT-BA)-
NHFmoc is 15.4 kcalmol � 1, which is in agreement with the
assumption.

Therefore, we proceeded to prepare the linkers 9 and 10.
Besides “standard” Fmoc-SPPS, we utilized copper(I)-cata-
lyzed azide-alkyne cycloaddition (CuAAC), palladium(0)-
catalyzed alloc deprotection, acid mediated monometh-
oxytrityl (MMT) deprotection and thio-ether bond forma-
tion, directly on resin to afford compound 9 and 10 (Fig-
ure 3A–B). After acidic deprotection, disulfide exchange of
5 to the Cys-side chain of the respective linker was
performed to give 11 or 12 in the “open” conformation
(Figure 3B). The successful switching between intramolecu-
lar cyclization (“closed”) and linear (“opened”) structure
was characterized and confirmed by high resolution electro-
spray ionization (ESI) (Figure 3C and 3D), showing a
change in the m/z of 36 Da. This change in m/z is due to the

release of two water molecules after the condensation
reaction, which corroborates with the calculated exact mass
of the respective structures.

Cleavage and Stability under Biologically Relevant Conditions
of CPT Derivatives

Cancer cells are known to exhibit higher concentrations of
reactive oxygen species such as hydrogen peroxide,[24]

elevated levels of glutathione (GSH)[45] and often an acidic
extracellular matrix. Thus, the cleavage and stability of
various CPT derivatives under biologically relevant con-
ditions were determined. A time course for the cleavage of
the disulfide bond in 7 by glutathione to induce self-
immolative release of CPT-boronic acid (10-BA CPT, 6)
was conducted in reducing conditions (SI-Figure S43–S45).
The glutathione concentration in cancer cells is abnormally
high (up to 10 mM) compared to the extracellular matrix
(10 μM), in blood (up to 20 μM) or normal cells (1–
2 mM).[22,28,29,46,47] To test for cleavage/stability towards GSH
relevant for intracellular conditions in cancer cells, com-
pound 7 (50 μM) was dissolved in ammonium bicarbonate
buffer (50 mM, pH 7.4 or 6.5) containing 10 mM GSH,
1 mM glutathione disulfide (GSSG) (SI-Figures 43 and 44).
The stability was monitored by high-performance liquid
chromatography (HPLC) or LC–MS and showed clean
conversion of the disulfide to 10-BA CPT at both pH values
(SI-Figures 43 and 44). At medium GSH concentration
(100 μM), compound 7 remained stable for up to three days
(SI-Figure S45).

H2O2 is often present at higher concentrations in cancer
cells (10–50 μM), [48–52] where fast oxidation of boronic acids
has been reported.[21,53] To verify this, we tested the
oxidation of compound 7, which contains a boronic acid
group and a disulfide linker, in the presence of 50 μM of
H2O2 at pH 7.4. The boronic acid group in compound 7
undergoes a traceless conversion to the alcohol, while the
disulfide bond remained intact, as observed in the LC–MS
(SI-Figure S46).

It is known that CPT has a high plasma protein binding
(>80% in many cases), which limits its bioavailability.[54]

Thus, a dual locked analogue without fluorescent dye (11)
was incubated in human serum, as well as in cell lysates and
monitored using LC–MS. Just a slight decrease in the
amount of 11 after 4 h incubation time was observed. It
remains stable up to 24 h (ca. 10% for cell lysates and
approximately 20–30% for human serum, SI-Figures S47
and S48). Also, we did not observe exchange reactions with
thiol-containing lysate or serum components, which is in line
with previous studies, where disulfide exchange was reduced
in combination with stabilizing boronic acid complexes.[17]

Furthermore, CPT has a low water solubility at physiological
pH (6–15 μM), whereas the cyclic CPT 12 could be dissolved
in 100 μM without any problems.[55]

To explore the effect of a dual-locked cyclic CPT versus
singly caged variants in biologically relevant conditions, we
performed Förster Resonance Energy Transfer (FRET)
studies. Intramolecular FRET occurs at dilute conditions if a
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Figure 3. Synthesis and characterization of dual-stimuli-responsive CPT analogues 11 and 12. A) Preparation of the trifunctional linker by Fmoc-
SPPS (“standard Fmoc-SPPS” refers to: Fmoc-deprotection using 20 vol% piperidine in DMF, preactivation of the AA with hexafluorophosphate
azabenzotriazole tetramethyl uranium/N,N-diisopropylethylamine (HATU/DIPEA), N,N’-diisopropylcarbodiimide/ethyl cyanohydroxyiminoacetate
(DIC/Oxyma, for Cys) and capping using 20 vol% of acetic anhydride in DMF, respectively. B) “Loading” of CPT analogue (5) by disulfide exchange,
structure of the “opened” and the “closed” form (isolated yield of 11: 30%, of 12: 28%, from initial SPPS loading). Intramolecular cyclization of
CPT. C) High-resolution electrospray ionization mass spectrometry (HR-ESI-MS) analysis of dual-stimuli responsive CPT (11) in ammonium
acetate buffer at pH 7.4, “cyclic” structure (calcd for C89H110BN15O29S2: 1927.7128 Da); D) HR-ESI-MS analysis of dual-stimuli-responsive CPT (11)
in ammonium acetate buffer at pH 6.5, “open” structure (calcd for C89H114BN15O31S2: 1963.7340 Da). E) Molecular modeling (some hydrogen
atoms are omitted for clarity) and theoretical evaluation of the macrocyclization process with calculated ΔGcondensation values. DFT calculations
performed at M06-2X/Def2-TZVPP/SMD(water)//B3LYP/6-31G(d) level of theory.
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fluorescent donor-acceptor pair with overlapping emission
and absorption spectra are in close proximity,[56] which give
optical information whether the cleavage of the cyclic linker
took place. To demonstrate the release of CPT, the intrinsic
fluorescence of CPT was utilized as a FRET donor dye and
N-ethylamide-4-dimethyl-1,8-naphthalimide was installed on
a Lys-side chain of the linker as an acceptor dye[57] in the
dual-responsive CPT 13 and linear mono-responsive CPTs
14 and 15 (Figure 4A–D) were studied as well. As a control,
the fluorescence of 10-BA CPT (6) was first evaluated at
pH 7.4 and 6.5 (25 μM in PB buffer containing 10% DMSO
at rt), as well as in the presence and absence of GSH
(10 mM). A strong fluorescence band with a maximum at
428 nm under excitation at 385 nm was found (Figure S55
and S56). For subsequent experiments, we compared the
fluorescence intensity at 428 nm.

Fluorescence quenching was observed for the singly
caged, mono-responsive CPT with a disulfide bond (14,

Figure 4B, E) at pH 7.4 (PB). After addition of GSH, a
significant increase in fluorescence intensity (ca. 50-fold)
was observed, indicating cleavage of the disulfide and
release of the CPT. Quenching occurred for the singly
caged, pH-responsive BA-SHA CPT conjugate 15 at pH 7.4
(Figure 4C,E). A clear increase in fluorescence intensity (ca.
10-fold) was observed at pH 6.5, suggesting the release of
the CPT. On the other hand, the fluorescence signal of the
dual-stimuli-responsive CPT 13 (Figure 4A, E) indicated
that this compound was much more stable in the presence of
a single stimulus. Quenching occurred at pH 7.4 and 6.5, as
well as after adding GSH at pH 7.4, which clearly demon-
strated that CPT cannot be released in the cyclic form by a
single stimulus only. However, a strong fluorescence signal
was detected at pH 6.5 and in the presence of GSH
(Figure 4E). Therefore, both chemical triggers (GSH and
low pH) were required to unlock the double hinges to
release the CPT from the cyclic structure in 13.

Figure 4. Förster resonance energy transfer (FRET) of CPT derivatives. Studies were carried out with 25 μM of the CPT derivative or control in PB
buffer containing 10% DMSO at room temperature at different pH values and reductive conditions (10 mM GSH). Full spectra are available in
Figures S55 and S56. A) GSH-induced cleavage of the disulfide bond and concomitant release at pH 6.5 of BA-SHA in dual-responsive CPT
conjugate 13. B) Mono-responsive CPT 14 shows GSH-induced cleavage of the disulfide bond already at neutral pH. C) Mono-responsive CPT 15
reveals release at pH 6.5. D) 4-Dimethylamino-1,8-naphthalimide derivative 16 and 10-BA CPT (6) as controls. E) Comparison of the fluorescence
intensity for CPT derivatives and stimuli-responsive release at different pH values (6.5 or 7.4) and reductive conditions (10 mM GSH). Emission
intensity was measured at 428 nm with an excitation wavelength of 385 nm.
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Taken together, the results underline the unique features
of the dual-responsive macrocyclic structure compared to
the corresponding singly caged derivatives. We provide
evidence that premature release of the free CPT does not
occur in human serum, cell lysate and acidic extracellular
environments such as those of glycolytic tumors. The
compound can be unlocked only with the two stimuli to
release the active drug in the chemical environment found in
cancer cells.

Synthesis of Cell-Targeting Macrocyclic Dual-Locked CPT

To further improve selectivity of the macrocyclic CPT drug,
we demonstrated the feasibility of post-functionalization of
the newly designed cyclic CPT drug to implement targeting
through binding to overexpressed surface receptors on
cancer cells. A series of CPT analogues with bioorthogonal
handle for strain-promoted copper-free azide-alkyne cyclo-
addition (SPAAC) were designed (Figure 5). Besides the
dual responsive CPT-azide (12), a benzyl thio-ether, similar
in size to the salicylhydroxamate (SHA) was introduced at
the 10-position, as a “non-cleavable – open” analogue
(compound 17, Figure 5A, Supporting Information pa-
ges 24–25). A “non-cleavable – cyclic” CPT derivative 18
was prepared by cyclization through CuAAc to propargyl
glycine side chain (Figure 5A, Supporting Information
pages 29–30). The compounds 12, 17 and 18 were purified
using HPLC and isolated in 28, 63, 58% yield, respectively.
The compounds were characterized using LC–MS (SI-Fig-
ure S14, S21, S26).

Two different cancer cell-targeting entities were attached
by SPAAC. First, the cyclic growth hormone peptide

somatostatin, which binds to G-coupled protein receptors
(SSTR), known to be overexpressed in triple negative
MDA-MB-231 cancer cells was chosen.[58,59] Disulfide re-
bridging of SST with a DBCO or azide linker yielded SST–
DBCO/azide 19 and 20 (SI pages 31–32) in 47% and 42%
yield, respectively. SST conjugated CPTs 23–25 (Figure 6A,
Supporting Information pages 33–37) were prepared by
SPAAC of 12, 17 or 18 to its corresponding SST analogue
(Figure 5). Next, we conjugated azide or bicyclononyne
(BCN)-modified Cetuximab antibody fragment (FAB, MW
ca. 50 kDa) with cleavable or non-cleavable CPT derivative
to afford dual responsive CPT-FAB 26 and non-cleavable
CPT-FAB 27 (Figure 6B, Supporting Information pages 39–
45). The Cetuximab FAB is often employed as EGFR
targeting group.[60,61] Full chemical structures of the CPT-
SST/FAB compounds are given in the Supporting Informa-
tion (pages 33–37 and 39).

In Vitro Studies of Macrocyclic Dual-Locked CPT in Cancer Cells

Next, we investigated the binding of the targeted-cyclic CPT
to cell lines with the respective receptors and whether the
dual-stimuli-responsive CPT derivatives could be activated
in cancer cells, as compared to non-cleavable CPTs that
retain their cyclic structure in the TME (extra- and intra-
cellular).

Radioligand binding assays of dual-responsive CPT-SST
(23) showed binding to the somatostatin receptors of human
recombinant CHO-K1 cells with low nanomolar IC50 value
(3.5 nM, SI-Figure 58), suggesting that modified SST re-
tained its receptor binding affinity expressed on the CHO-
K1 cells. Thereafter, we incubated MDA-MB-231 cells with

Figure 5. Prepared CPT derivatives and tumor-selective targeting moieties. A) Cleavable and non-cleavable CPT analogues with bioorthogonal
handles for further functionalization. B) Cell-targeting entities, namely, somatostatin and FABEGFR functionalized with the corresponding
bioconjugation handles for reaction with CPT derivatives in (A). Inset shows the structure of the various bioorthogonal handles used.
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Figure 6. Structures of CPT derivatives conjugated to A) somatostatin and B) anti-EGFR, FAB fragment, which were subjected to proliferation assay
of MDA-MB-231 cells. C) Determination of IC50 values for somatostatin conjugates using 23, 24, and 25. D) Determination of IC50 values for FAB
conjugates using 26 and 27. E) Visualization of confocal laser scanning micrographs of MDA-MB-231 cells treated with 200 nM Alexa Fluor™ 594
labeled dual-responsive CPT–FAB, at 37 °C and 4 °C, for 4 h. MDA-MB-231 cells and B16-F10 cells treated with 200 nM Alexa Fluor™ 594 labeled
dual-responsive CPT–FAB 26 for 24 h at 37 °C. Nucleus stained with Hoechst 33342 dye, scale bars: 50 μm.
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the prepared CPT-SST derivatives 23–25 and determined
their impact on cellular growth using Incucyte® over 110 h
(Figure 6C). Dual-stimuli-responsive CPT-somatostatin con-
struct 23 impeded cell growth in the cell proliferation assays
(Figure 6C). Remarkably, the IC50 value was determined to
be 119�9 nM, which is in a similar range as 10-BA CPT (6,
Figure 2C, IC50 42.4�1.1 nm). In clear contrast to this, non-
cleavable cyclic CPT-somatostatin construct 25, retaining its
“closed” ring structure in the TME showed no cell growth
inhibition in this concentration range (25, Figure 6C).
Inhibitory effects were only observed starting at concen-
tration of 5–10 μM (Figure 6C). The IC50 value was esti-
mated to be in the order of 10 μM, being approximately 100
times higher than the dual-responsive analog. The non-
cleavable open CPT 24, which can be seen as an intermedi-
ate where one bond has already been cleaved, was more
active than 25 (IC50 value 2.7�0.1 μM), but still approx-
imately 20-fold less potent than the dual-responsive deriva-
tive 23, corroborating that both traceless stimuli are required
to regenerate the efficient chemotherapeutic inside cells.

The epidermal growth factor receptor (EGFR) is highly
expressed in different cancer types including MDA-MB-231,
which was confirmed by western blot analysis (SI-Fig-
ure S70). Thus, we investigated the cellular uptake of the
Fab-drug conjugate in MDA-MB-231 cells using Alexa
Fluor™ 594 labeled dual responsive CPT-FAB (26, Fig-
ure 6E, Figures S59–S61 and S63), suggesting that the CPT-
FAB conjugate penetrated into the EGFR-expressing
MDA-MB-231 cells. The B16-F10 melanoma cell line, which
is known to have a low expression of EGFR, [62] was used as
a negative control to confirm receptor-mediated uptake of
Alexa Fluor™ 594 labeled dual-responsive CPT-FAB 26
(Figure 6E, Figure S62). A clear difference in uptake of
compound 26 was observed in the MDA-MB-231 cells
compared to the B16-F10 cells after incubation for 4 h or
24 h incubation at 37 °C (Figure 6E). In addition, MDA-MB-
231 cells was incubated with 26 for 4 h at 4 °C, where energy
dependent internalization was quenched and no uptake was
observed (Figure 6E). The results taken together confirmed
the receptor-mediated uptake of the CPT-FAB construct.
Next, the impact of attaching a bulky FAB to the cyclic CPT
on the release and recovery was investigated. A proliferation
assay of dual-responsive CPT-FAB 26 displayed high drug
toxicity with an IC50 value of 48.4�1.6 nM (Figure 6D),
which was comparable to 10-BA CPT (6). On the other
hand, non-cleavable-cyclic CPT-FAB 27 displayed no no-
ticeable toxicity up to the tested maximum concentration of
5 μM. These results clearly demonstrate that only the dual-
stimuli-responsive CPT conjugates 23 and 26 showed high
cell toxicity comparable to the unmodified drug 10-BA CPT
(6).

Notably, we demonstrated that conjugation of the
macrocyclic CPT to biomacromolecules such as peptides and
proteins had no detrimental effects on the toxicity of the
released CPT (Figure 6C–D), further supporting traceless
release. Our results clearly indicate that the dual-responsive
cyclic locked drugs designed herein represent dual stimuli-
controlled “turn-on” drugs for selective and traceless

release, a versatile approach for improving the delivery of
existing small-molecule therapeutics.

Conclusions

In this work, we demonstrated the potential of dynamic
covalent chemistry to direct the macrocyclization of a small-
molecule anticancer drug, CPT, to afford a locked, inactive
prodrug in a cyclic form. Our strategy enables: 1) the
incorporation of a targeting group that binds with high
affinity to cell surface receptors; 2) the combination of two
cross-orthogonal chemistries to direct cyclization in a
stimuli-responsive manner; and 3) traceless release of free
drug to its active form. Notably, the cyclic CPT showed
lower binding to components in human serum and it was
stable to cell components. We equipped the dual-locked
cyclic CPT with two therapeutically relevant targeting
entities: a cyclic peptide somatostatin that recognizes G-
coupled protein receptor and an antibody protein fragment
of Cetuximab (anti-EGFR, FAB fragment). Traceless
release of the small molecules drug CPT from the cyclic
drug conjugates took place under certain conditions mimick-
ing intracellular space of cancer cells. Presumably, this
enables the high recovery of CPT potency when the
structure were unlocked within cancer cells. Overall, we
have devised a new strategy for the convenient synthesis of
dual stimuli responsive drugs through a cyclic locked, as well
as enhanced the features of current repertoire of small-
molecule therapeutics with the possibility for targeted
delivery with controlled intracellular release. The dual-latch
mechanism holds great promise to overcome the current
limitations of existing systems, i.e., to prevent premature
release of the active drug in the extracellular and often
acidic TME or disulfide burst release during circulation in
the bloodstream. Furthermore, by introducing a boronic
acid into the design, we provide new chemical space for the
innovation of medicinal drugs, which holds immense prom-
ise for the pharmaceutical development of safer and more
efficient biotherapeutics.

Supporting Information

The Supporting Information gives the full experimental
procedures, characterization data for new compounds, DFT
calculations and in vitro studies.
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