Open Access Article. Published on 20 June 2024. Downloaded on 10/30/2025 2:37:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of _
Materials Chemistry B

COMMUNICATION

¥® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online
View Journal | View Issue

’ '.) Check for updates ‘

Cite this: J. Mater. Chem. B,

2024,12,6563 Shiwei Fu,? Ajay Zheng,

Xiao Zhang,
Rajeev Prabhakar

Received 6th April 2024,
Accepted 11th June 2024

DOI: 10.1039/d4tb00751d

rsc.li/materials-b

This paper outlines a novel drug delivery system for highly cytotoxic
mertansine (DM1) by conjugating to an albumin-binding Evans blue
(EB) moiety through a tuneable responsive disulfide linker, provid-
ing valuable insights for the development of effective drug delivery
systems toward cancer therapy.

Significant advances in classical cancer treatment modalities,
including chemotherapy, radiotherapy, and surgery, have con-
tributed to a decline in cancer mortality rates in recent decades;
however, cancer remains the second most common cause of
death in the USA, with an estimated 609 820 deaths in 2023.7
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Small molecular drugs play a pivotal role in treating cancer, but
many of these small molecular drugs, such as camptothecin
(CPT), monomethyl auristatin E (MMAE), and mertansine
(DM1), suffer from limited solubility, severe side effects, and
unsatisfactory efficacy due to unfavourable pharmacokinetics
and inefficient drug delivery to diseased sites.*”® Drug delivery
systems, including polymeric micelles, liposomes, polymer-
drug conjugates, antibody-drug conjugates, and nanoparticles,
have been widely used to improve pharmacokinetics and bio-
distribution, ultimately leading to enhanced therapeutical effi-
cacy and reduced adverse effects.”**

Small molecular drug amphiphiles (SMDAs) have drawn great
interest in drug delivery, which enhance drug solubility, stability,
and bioavailability by conjugating hydrophilic molecules to hydro-
phobic drugs resulting in self-assembly into nanoparticles in
aqueous environments.”>** SMDAs have demonstrated drug deliv-
ery compared to unmodified, small molecular drugs with poor
water solubility, ensuring efficient and effective accumulation in
targeted areas.”® For instance, hydrophilic oligo ethylene glycol
(OEG) was conjugated to CPT to form SMDA that self-assembled
into nanoparticles with high in vitro and in vivo antitumor
activity.* However, self-assembled SMDA nanoparticles are subject
to disintegration at concentrations below their critical aggregation
centration (CAC), and cannot take advantage of nanomedicine,
including increased drug stability and high accumulation in the
tumour.

As a natural carrier for various nutrients and metabolites,
albumin is abundant (35-50 g L") and stable (¢1/2:19 days) in
humans.?® The tumour microenvironment is characterized by
an overexpression of specific proteins, such as the gp60 recep-
tor and SPARC (secreted protein, acidic and rich in cysteine),
which exhibit a high affinity for albumin.?® Therefore, employ-
ing albumin as a carrier for anticancer drugs not only prolongs
the half-life of these drugs, but also optimizes their delivery and
retention within the tumour. Indeed, albumin has been utilized
to deliver various therapeutic agents, for example, the FDA-
approved albumin-bound paclitaxel (Abraxane).>**° The bind-
ing of paclitaxel to albumin leads to an improvement in
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solubility, a decrease in toxicity, and an enhancement of the
drug pharmacokinetics.*® However, many drugs are not suita-
ble for albumin-based delivery, where their binding to albumin
is either too weak or irreversible to release drugs in tumour
cells. To achieve optimized binding with endogenous albumin
and controlled release drugs in tumour cells, we have conju-
gated the drug molecule to a clinically used albumin-binding
small molecule Evans blue (EB). The transformative SMDAs
were converted to nanosized prodrug-albumin complexes that
had long blood circulation time and remarkable anticancer
activities in vivo.*** The therapeutic efficacy of the transfor-
mative SMDA in cancer therapy is inherently limited due to
relatively moderate toxicity of the therapeutic drug CPT. Novel
and potent drug molecules are expected to further enhance
SMDA'’s potential in cancer therapy.
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DM1 is renowned for its potent anticancer activity at extre-
mely high cytotoxicities, being 20-500 times more toxic than
CPT, vinblastine, and paclitaxel.>*° Due to its superior anti-
tumor efficacy, DM1 has shown promise in effectively treating a
variety of malignancies, including breast cancer, melanoma,
multiple myeloma, liver cancer, and lung cancer.’>?” Never-
theless, its clinical application has been constrained by sig-
nificant limitations, including severe side effects, a narrow
therapeutic window, and poor water solubility.*® Despite these
challenges, DM1’s high antitumor activity positions it as a
potential great candidate for SMDAs. In this communication,
we report a novel DM1-based SMDA where DM1 was conjugated
to EB via a responsive disulfide bond leveraging an albumin-
hitchhiking strategy. Linkers with different length and hydro-
phobicity were used for optimized drug delivery with tuneable
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= 14). (B) (i) Formation of the nanoparticle from the self-assembly of

amphiphilic DM1 prodrug. (ii) Nanoparticle transformation through binding with albumin. (i) The responsive DM1 release in cancer cells. (C)
Characterization of self-assembled EB-ss-DM1 nanoparticles (Left: A TEM image of EB-ss-DM1-3. The scale bar represents 200 nm; Right: Size

distribution as measured by DLS).
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albumin binding, drug release, and biological performances
towards cancer therapy.

Redox-responsive albumin-binding DM1 analogues were
synthesized in four steps using EB-NH, and commercially available
DM1 (Fig. 1A).> Briefly, by reacting with a bifunctional linker 2, the
amino group of EB-NH, was first converted to compound 3 with an
activated disulfide. The final product EB-ss-DM1 prodrugs (EB-ss-
DM1-3, EB-ss-DM1-16) with varying chain lengths were obtained
via thiol exchange reactions between the thiol group from DM1 and
compound 3. EB-ss-DM1 and other compounds were thoroughly
characterized by "H NMR and high-resolution mass spectrometry
(HRMS) (Experimental details and Fig. S8-S18, ESIt).

Then, we studied the self-assembly of a DM1 amphiphilic
prodrug by directly resuspending into an aqueous solution,
followed by 2 min sonication. It is spontaneously self-assembled
into well-defined nanoparticles as a result of its inherent amphi-
philic nature. Dynamic light scattering (DLS) analyses revealed
that the number-averaged hydrodynamic diameter of the EB-ss-
DM1-3 nanoparticles was 121 + 29 nm (Fig. 1C), with a zeta
potential of —31.9 mV (Fig. S2A, ESIt). The EB-ss-DM1-16 nano-
particles were slightly smaller with a number-averaged hydrody-
namic diameter of 97 £+ 26 nm (Fig. 1C), and a zeta potential of
—43.4 mV (Fig. S2B, ESIf). As shown in Fig. 1C left panel, the
EB-ss-DM1 nanoparticles, as observed through transmission elec-
tron microscopy (TEM), appeared to be spherical and exhibited a
relatively uniform size, with each particle’s diameter of roughly
105 £ 22 nm for EB-ss-DM1-3 (Fig. 1C) and 56 + 11 nm for EB-ss-
DM1-16 (Fig. S1A, ESIT). The smaller size of EB-ss-DM1-16 com-
pared to EB-ss-DM1-3 might be attributed to the increase in the
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chain length of the hydrophobic part, which led to stron-
ger hydrophobic interactions and more compact molecular
packing.

One of the key features of EB-ss-DM1 prodrugs is their
ability to bind with albumin, resulting in the formation of
albumin/EB-ss-DM1 nanocomplexes (Fig. 1B(ii)). Owing to
albumin’s prolonged circulation in the bloodstream and its
ability to accumulate in cancer cells via the so-called enhanced
permeability and retention (EPR) effect, EB-ss-DM1 prodrugs
could potentially enhance their in vivo blood circulation via
binding with albumin, leading to much higher accumulation in
the tumour. To confirm the prodrugs’ ability to bind with
albumin and further elucidate their binding mechanism, a
series of in vitro experiments were conducted (Fig. 2). First,
we monitored the fluorescence intensity of EB-ss-DM1 in the
presence of different concentrations of bovine serum albumin
(BSA). The prodrugs themselves displayed really weak fluores-
cence (Fig. 2A & B and Fig. S3, ESI{). However, a significant
increase in fluorescence intensity was observed when incubated
with BSA with an approximate 30-fold fluorescence intensity
when 6.0 equivalent of BSA was used, indicative of a strong binding
interaction between EB-ss-DM1 and albumin (Fig. 2A and B and
Fig. S3, ESIT). This phenomenon was consistent across both EB-ss-
DM1-3 and EB-ss-DM1-16 (Fig. S3, ESIt). Next, we explored the size
changes in EB-ss-DM1 prodrugs upon adding varying amounts of
BSA, as determined by DLS. Both EB-ss-DM1-3 (Fig. 2C) and EB-ss-
DM1-16 (Fig. S1B, ESIt) nanoparticles displayed an initial size
increase at very low BSA equivalences (0.1 and 0.2 equivalence)
and remarkable reductions in their intensity-averaged hydrodynamic
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Fig. 2

(A) The emission spectra of EB-ss-DM1-3 and (B) fluorescence intensity at 685 nm and (C) hydrodynamic diameter in the presence of different

equivalents of BSA (EB-ss-DM1-3, 5 uM in PBS; BSA, 0.5-40 uM in PBS. Excitation: 560 nm). (D) ITC determination of the binding thermodynamics of
EB-ss-DM1-3 and BSA binding affinity. (E) Predicted structure of the EB-ss-DM1-3/HSA nanocomplex. HSA (gray) is represented in solid ribbon. EB-ss-
DM1 prodrugs and the residues in the binding site of HSA are represented in stick form.
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diameters. The diameter of EB-SS-DM1-3 decreased from
121 nm to 9 nm, while that of EB-ss-DM-16, changed from
97 nm to 9 nm when higher equivalences of BSA were used.
These observations demonstrated that the majority of the EB-
ss-DM1 prodrugs were converted from larger self-assembled
nanoparticles into much smaller albumin/EB-ss-DM1 nano-
complexes. Furthermore, we determined the binding kinetics
of BSA and EB-ss-DM1 prodrugs in PBS using isothermal
titration calorimetry (ITC). As shown in Fig. 2D, the dissocia-
tion constant (Ky) of EB-ss-DM1-3/BSA was determined to be
0.066 mM (Fig. 2D) and that of EB-ss-DM1-16/BSA was deter-
mined to be 0.104 mM (Fig. S4, ESIf), suggesting a similar
binding affinity of our prodrugs to albumin. The interactions
between the EB-ss-DM-3 and EB-ss-DM1-16 prodrugs and HSA
were investigated by combining molecular docking and mole-
cular dynamics (MD) simulations. The poses with the lowest
binding energies provided by the docking procedure were
equilibrated utilizing MD simulations. The structures derived
from MD simulations showed that both prodrugs interacted in
the same region of HSA, i.e. EB-ss-DM-3 with the E277, R160,
K281, and H288 residues, while EB-ss-DM1-16 with H440, R160,
K281, and H288 (Fig. 2E and Fig. S5, ESIf). The binding
energies of —37 k] mol™" and —39 k] mol™" for EB-ss-DM-3
and EB-ss-DM1-16, respectively computed using the molecular
mechanics Poisson-Boltzmann surface area (MMPBSA)
approach®® were also quite similar. They showed that a differ-
ence in linker length doesn’t change their interaction sites and
binding energies. Collectively, these experimental and compu-
tational findings underscore the remarkable binding affinity of
EB-ss-DM1 prodrugs to albumin, facilitating the formation of
albumin/EB-ss-DM1 nanocomplexes. Furthermore, our study
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reveals that variations in linker length and hydrophobicity
minimally affect the prodrug’s binding capacity to albumin.
The responsive release of DM1 from EB-ss-DM1 nanoparticles
at the target site is a crucial factor for their therapeutic effective-
ness. To achieve this, our prodrugs incorporate a redox-responsive
disulfide bond, designed to be cleaved in the presence of elevated
GSH levels inside cancer cells, thereby enabling accelerated drug
release at the tumour site. EB-ss-DM1 remained very stable in PBS
without GSH (Fig. 3B) as monitored by high-performance liquid
chromatography (HPLC), while 61% DM1 degraded in 18 h in
PBS, demonstrating a much higher aqueous stability in PBS. To
avoid the complications with DM1 degradation in aqueous solu-
tions, we then used the concentration decrease of the EB-ss-DM1
prodrug over time as an indicator of DM1. In the presence of
5 mM GSH, the concentration of EB-ss-DM1-3 decreased by
approximately 60% in 2 h and 90% in 6 h as a result of disulfide
bond cleavage by GSH, which led to the release of DM1 (Fig. 3A).
As a comparison, the EB-ss-DM1-16 concentration decreased by
only 33% in 24 h in 5 mM GSH and 68% in 40 mM GSH (Fig. 3A).
The responsive yet much slower release of DM1 from EB-ss-DM1-
16 over EB-ss-DM1-3 was indeed as expected because the higher
hydrophobicity of the long alky chain led to lower accessibility by
the hydrophilic GSH. The release rate substantially influences the
therapeutic efficacy of the drug. A slower release kinetics may be
beneficial for sustained delivery of DM1 over a longer period,
avoiding premature drug release during blood circulation and
enhancing prodrug accumulation in the tumour via EPR effects.
Furthermore, we investigated the cellular uptake of EB-ss-
DM1 prodrugs using confocal microscopy. Benefiting from the
inherent fluorescence of EB, these prodrugs can be directly
imaged without additional dye labelling. Cell nuclei were
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In vitro drug release (A) in the presence of 5 mM or 40 mM GSH and (B) without GSH over 24 h at 25 °C in PBS, as monitored by the decrease of

EB-ss-DM1 prodrugs by HPLC, and in vitro cytotoxicities of EB-ss-DM1-3, EB-ss-DM1-16, and DM1 against (C) 4T1 and (D) PANC-1 cancer cells.
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(A) Confocal microscopic images of 4T1 cells treated with 10 uM of EB-ss-DM1-3, EB-ss-DM1-16, and RPMI-1640 media. Red: EB fluorescence

from EB-ss-DML1 prodrugs; Blue: Hoechst 33342 (nuclear stain). (B) The average fluorescence intensity of each cell treated with either EB-ss-DM1-3 or

EB-ss-DM1-16. (The fluorescence intensity was analysed by ZEISS ZEN 3.8.).

stained with a Hoechst dye. In 4T1 cells, both EB-ss-DM1-3 and
EB-ss-DM1-16 successfully enter the cell as indicated by red
fluorescence in the cytoplasm around the nuclei. EB-ss-DM1-16
with a longer hydrophobic linker exhibited slightly higher
cellular uptake compared to that of EB-ss-DM1-3 with a shorter
chain linker (Fig. 4B). A similar trend was observed in PANC-1
pancreatic cancer cells and hTERT-HPNE immortalized pan-
creatic epithelial cells (Fig. S7, ESIt). These observations
demonstrated effective intracellular uptake of EB-ss-DM1 pro-
drugs and that the longer alkyl hydrophobic linker may lead
to high cellular uptake, highlighting their potential for can-
cer therapy with tuneable physiochemical and biological
properties.

Building on the understanding of the release profiles and
cellular uptake of EB-ss-DM1 prodrugs, we further investigated
DM1 prodrugs’ in vitro cytotoxicity against multiple cancer cell
lines. In 4T1 murine mammary cancer cells, the ICs, value of
EB-ss-DM1-3 was 17.5 + 0.5 nM, while the IC5, value of EB-ss-
DM1-16 was 37.2 £ 7.4 nM. Similar results were observed in
PANC-1 pancreatic cancer cells, where EB-ss-DM1-3 also dis-
played lower cytotoxicity with an ICs, value of 0.51 £+ 0.02 nM
vs. 1.3 £ 0.1 nM for EB-ss-DM1-16. The difference in cytotoxicity
was more pronounced in AsPC-1 pancreatic cancer cells, respec-
tively (Fig. S6 and Table S1, ESIt). Furthermore, prodrugs’
cytotoxicities were also evaluated in a normal pancreatic cell
line hTERT-HPNE. DM1 was found to be extremely cytotoxic
with an ICs, value of ca. 0.000029 nM, whereas EB-ss-DM1-3
and EB-ss-DM1-16 were much less cytotoxic to the healthy cell
lines with ICs, values of ca. 0.61 nM and ca. 1.15 nM, respec-
tively (Fig. S6 and Table S1, ESIt). The relatively much lower
cytotoxicity in the healthy cell line of these prodrugs vs. DM1
suggests the great potential of our strategy in drug delivery. It is
worth noting that EB-ss-DM1 prodrugs displayed much lower

This journal is © The Royal Society of Chemistry 2024

cytotoxicity in all cell lines, partly due to slower drug release.
These results confirmed the potent cytotoxicity of the EB-ss-DM1
prodrugs compared to many chemotherapeutic agents such as
CPT,*>*° cisplatin,*' and doxorubicin.** Though higher cellular
uptake was observed, the longer hydrophobic chain linker of EB-
ss-DM1-16 exhibited reduced cytotoxicity compared to the shorter
chain in EB-ss-DM1-3, which could be explained by the signifi-
cantly slower drug release (Fig. 3). The faster DM1 release of EB-ss-
DM1-3 endowed it with higher cytotoxicity with a rapid onset of
action. These insights are pivotal for prodrug optimization, high-
lighting the importance of linker design in drug development.

In summary, we have developed an innovative approach for DM1
delivery towards cancer therapy, hijacking albumin as a drug carrier
through the conjugation of an albumin-binding EB via a responsive
linker. We demonstrated that these EB-based prodrugs maintain
their ability to bind with albumin and enter cancer cells. The
incorporation of disulfide bonds in these prodrugs allows for
responsive and controlled release of DM1 within tumour cells.
Importantly, our research highlights the importance of the linker
design, which significantly affects prodrug’s self-assembly, drug
release, cellular uptake, and cytotoxicity against multiple cancer
cells, thereby impacting their therapeutic potential. The straightfor-
ward synthesis and tuneable physicochemical and biological perfor-
mances render our approach extremely promising for drug optimi-
zation towards specific diseases. These findings offer valuable
insights for the development of effective drug delivery systems for
cancer therapy.
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