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Abstract

Dithiomaleimide-based camptothecin-containing nanoparticles are designed to have exceptionally
high drug loading and capable of reduction-responsive, FRET-indicated drug release.

Nanomedicine, with size around 20-200 nm, has emerged as a promising modality for
cancer treatment due to its capability of improving the pharmacological and
pharmacokinetic profiles of anticancer agents.1™ Various types of nanostructural delivery
vehicles have been developed, including lipid vesicles (mostly liposomes), micelles,
nanoparticles (NPs) and drug-polymer conjugates. Among these nanomedicine platforms,
lipid vesicles composed of a bilayer lipid structure feature in their superior stability and
unique interactions with cell membrane, with multiple drug products being approved by
FDA for clinical cancer treatment.>-2 However, one key drawback of conventional lipid
vesicles is their low drug loading (usually much less than 10%) due to the limited interior
volume for drug encapsulation and formulation challenges.1%-13 Much effort has been
devoted to improving the drug loading of lipid vesicles by changing the lipid materials and
formulation methods. Often, marginally improved drug loading is accompanied with
compromised vesicle structural stability.14-17

Apart from excellent stability and high drug loading, an ideal lipid vesicle should also be
able to actively control the release of carried drugs. A large variety of lipid vesicles subject
to controlled structural decomposition and drug release in response to various intracellular
triggers have been reported.18-27 The huge concentration gradient of glutathione (GSH)
between the intracellular (~ 10 mM) and extracellular environment (~ 0.002 mM) has
presented a unique trigger for the design of reduction-responsive lipid vesicles.28-33
However, the design of the GSH-responsive systems has been largely based on the
incorporation of disulfide bond. Despite its GSH-responsiveness, the disulfide bond can also
be non-specifically cleaved at elevated temperature or by intense light irradiation, which
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could potentially lead to severe intermolecular cross-linking with biological materials, such
as proteins that have multiple disulfide bonds.34-40 An interesting chemistry was reported
recently involving the rapid, clean reaction of 2,3-dibromomaleimide and thiols which gives
dithiomaleimide in quantitative yields.#1-44 The maleimide thioether bonds in the resulting
dithiomaleimide conjugate could be substituted by excess thiols,*>,46 suggesting its potential
for being used as a GSH-responsive moiety. Compared to disulfide bond, the maleimide
thioether bond has much better thermal- and photo-stability. Besides its reactivity towards
thiols, dithiomaleimides were also reported to have strong green fluorescence, 47,48 a
property that can potentially be taken advantage for designing functional drug delivery
vehicles.

Here, we report a multifunctional dithiomaleimide-based drug delivery nanomedicine with
very high drug loading, excellent stability, GSH responsiveness, and drug release self-
reporting capability. In our design, camptothecin (CPT)-thiols as the hydrophobic moiety
were conjugated to N-propargyl-2,3-dibromomaleimide, followed by conjugation of
poly(ethylene glycol) (PEG) via click chemistry to yield an AB,-type amphiphilic structure
((CPT),-Mal-PEG, Scheme 1 and 2), resembling the building block structure of liposomes
with one hydrophilic head group and two hydrophobic hydrocarbon tails. (CPT),-Mal-PEG
NPs with drug loading as high as ~60% can be easily prepared via diffusion method.
Interestingly, when excited at 370 nm, (CPT),-Mal-PEG NPs showed a significant emission
peak at 550 nm (dithiomaleimide emission wavelength) instead of at 438 nm (CPT emission
wavelength), indicating the existence of Forster resonance energy transfer (FRET)
phenomenon between CPT and maleimide thioether bonds. In the presence of GSH, the
maleimide thioether bonds could be rapidly cleaved, followed by cyclization reactions to
release CPT and disruption of NP structure. A reduction of FRET signal was observed along
with the release of free CPT, which provided a non-invasive tool to follow drug release from
the (CPT),-Mal-PEG NPs.

CPT-S-S-CPT with a disulfide linker was first synthesized through the activation of CPT
with triphosgene and further reaction with 2-hydroxylethyl disulfide (Scheme 2). CPT-S-S-
CPT was then conjugated to N-propargyl-2,3-dibromomaleimide in the presence of tris(2-
carboxyethyl)phosphine (TCEP) to yield (CPT),-Mal-alkyne. (CPT),-Mal-PEG was
synthesized via Click reaction between (CPT),-Mal-alkyne and PEG-N3. The overall yield
of these three-step reactions was around 35%.

We next selected (CPT),-Mal-PEG to evaluate its GSH-responsiveness and fluorescence
property. (CPT),-Mal-PEGy in methanol showed strong green fluorescence instead of
typical blue fluorescence of CPT under UV irradiation (365 nm) (Inset, Figure 1a). Analysis
of (CPT),-Mal-PEG by fluorescence spectrometer also showed a significant emission peak
at 550 nm instead of 438 nm (CPT maximum emission wavelength) at an excitation
wavelength of 370 nm (Figure 1a, black line), suggesting the existence of FRET
phenomenon between CPT and maleimide thioethers. To confirm this, the fluorescence
spectra of free CPT and various dithiomaleimides were collected and compared (Figure S6
and Table S1). The maximum excitation and emission wavelengths of CPT are 370 nm and
438 nm, respectively, as compared to the maximum excitation and emission wavelengths of
dithiomaleimides at 420-450 nm and 520-560 nm, respectively (Table S1). Given the facts
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that the emission wavelength of CPT is very close to the maximum excitation wavelength of
dithiomaleimides and these two fluorescent moieties are only 5 o bonds away from each
other (<1 nm), it is therefore not surprising to observe the FRET phenomenon (Scheme 1).
We then studied whether treatment with an excessive amount of GSH would release CPT
from (CPT),-Mal-PEGq, and how the FRET signal would change over time upon GSH
treatment. The emission of (CPT),-Mal-PEG; at 438 nm was found to increase
significantly, accompanied with the decrease of the emission intensity at 550 nm after
treated with 5 mM GSH for 15 min. After 30-min treatment with GSH at the same
concentration, the emission intensity at 438 nm further increased while the peak at 550 nm
disappeared, indicating the complete degradation of (CPT),-Mal-PEG which was
confirmed by HPLC analysis (Figure S7). A correlation between the intensity ratio (143g/
Is50) and the percentage of released CPT from (CPT),-Mal-PEGqy showed a quasi-linear
relationship (R? = 0.993, Figure 1b and S8). These experiments demonstrated that (CPT),-
Mal-PEG y can release free CPT rapidly in the reductive environment and the release of
CPT correlates well with the decrease of FRET signal between CPT and maleimide
thioethers.

After demonstrating reduction-responsiveness and the FRET property of (CPT),-Mal-
PEGk, we next prepared (CPT),-Mal-PEG1x NPs by adding nanopure water to a DMF
solution of (CPT),-Mal-PEG4, (DMF/H,0, 1/40, v/v). NP with an average hydrodynamic
size of 151 nm and a polydispersity (PDI) of 0.154 was obtained (Figure 1c). TEM analysis
confirmed the formation of nanostructure with an average size of 140 nm (Figure 1d). As the
structure of (CPT),-Mal-PEG is similar to that of (OEG)-DiCPT which was reported to
form nanocapsule structure by Shen and coworkers#®, (CPT),-Mal-PEGy, NP likely has
similar vesicle-like structure.

We next studied the GSH-responsive drug release and fluorescence property of the prepared
(CPT),-Mal-PEG1, NPs. As expected, a significant emission peak at 550 nm was observed
when the NPs were excited at 370 nm, indicating the existence of FRET signal between CPT
and maleimide thioethers in the nanostructure (Figure 2a, black line). Although the analysis
here was based on the overall FRET effect, it should be noted that intermolecular FRET may
also exist because of the closely packed nanostructures. With the change of the
concentration of (CPT),-Mal-PEG NP, the l43g/1550 value remained largely unchanged,
suggesting that the FRET property of the NP was independent of its concentration (Figure
S9). We then studied the degradation of (CPT),-Mal-PEG; NPs in the presence of GSH.
Compared to GSH-mediated degradation of (CPT),-Mal-PEGy, it took much longer time
for GSH to completely degrade the maleimide thioether structure of the (CPT),-Mal-PEG
NPs, presumably because of the well-packed (CPT),-Mal-PEG1 hanostructure. After the
NPs were incubated with 5 mM GSH for 2 h, the emission peak at 550 nm was largely
reduced while the emission at 438 nm increased significantly, which could be explained by
GSH-induced cleavage of maleimide thioether bonds, release of CPT, and disruption of the
presumed nanocapsule structure. After the NPs were treated with 5 mM GSH for 8 h, 143g/
Is5g reached a plateau, indicating the complete degradation of maleimide thioether structure.
To further demonstrate the disruption of nanostructures upon GSH treatment, we monitored
the size and the count rate of NPs in PBS over time (Figure 2b). In the absence of GSH, the
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change of size and count rate was negligible over 5 days (Figure 2b and S10), demonstrating
the excellent stability of (CPT),-Mal-PEG1, NPs. In the presence of 5 mM GSH, however,
the size of NPs increased from 151 nm to 733 nm at 5 h, and further increased to ~1300 nm
at 8 h, presumably due to the aggregation of the released CPT (Figure 2b and S11).
Decreased count rate of the NP solution also suggested the disruption of nanostructure over
GSH treatment (Figure 2b).

We next studied CPT release kinetics from (CPT),-Mal-PEG ) NPs in the presence or
absence of GSH. In the absence of GSH, negligible CPT release was observed over 24 h. In
comparison, over 59% and 95% of CPT were released from (CPT),-Mal-PEG ) NPs after
the NPs were treated with 1 mM GSH and 5 mM GSH, respectively for 24 h (Figure 2c).
CPT release profile of (CPT),-Mal-PEG1 NPs in the presence of 5 mM GSH determined by
HPLC correlated well with FRET-indicated release kinetics in the first 5 h (Figure S12).
Different from the unchanged l43g/1550 value after 8 h, release of free CPT increased
continuously, which was probably resulted from the difference between cleavage of
maleimide thioether struture and release of free CPT. Despite the complete cleavage of
maleimide thioether bonds, CPT might be entrapped in the dialysis tube and slowly diffuse
into the release medium.

To demonstrate the proliferation inhibition capability of (CPT),-Mal-PEGx NPs, we
investigated the cytotoxicity of NPs against LS174T colon cancer cells via MTT (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) colorimetric assay. LS174T cells
were incubated with (CPT),-Mal-PEGq, NPs or free CPT at various CPT concentrations for
48 h, and the cell viability results were shown in Figure 2d. (CPT),-Mal-PEG, NPs and
free CPT showed an 1Csg value of 177 nM (CPT equivalent) and 78 nM, respectively. To
further demonstrate the reduction-responsive cytotoxicity of (CPT),-Mal-PEG, NPs, we
investigated the viability of NP-treated LS174T cells with the addition of cellular GSH level
regulators. GSH-OEt has been widely used to increase the GSH level via its hydrolyzation
after entering cells.>%-53 Prior to treatment with NPs, cells were pretreated with GSH-OEt
for 4 h. As shown in Figure 2d, GSH-OEt significantly decreased the ICgq value of (CPT),-
Mal-PEG NPs from 177 nM (CPT equivalent) to 108 nM (CPT equivalent). In
comparison, free CPT showed negligible change in 1C5q with GSH-OEt pretreatment. This
comparison well demonstrated the reduction-responsive cytotoxicity of (CPT),-Mal-PEG
NPs.

Conclusions

In conclusion, we developed a multifunctional dithiomaleimide-based CPT-containing NP
with very high drug loading (up to 60%). (CPT),-Mal-PEG NPs showed great stability
under physiological condition while underwent rapid disruption in the presence of GSH.
Release of CPT from (CPT),-Mal-PEG1x NPs in the presence of GSH was accompanied
with a reduction of the FRET signal between CPT and maleimide thioethers, suggesting the
drug-release self-reporting property of (CPT),-Mal-PEG NPs. In vitro anticancer efficacy
study demonstrated GSH-responsive cancer inhibitory effect of (CPT),-Mal-PEGq NPs.
Further studies of (CPT),-Mal-PEG1, NP, such as in vivo efficacy and structural analysis,
are underway.
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(a) Fluorescence spectra of (CPT),-Mal-PEGq in methanol treated with 5 mM GSH for 0,
15, and 30 min, respectively. Excitation wavelength was set at 370 nm. Inset: pictures of
(CPT),-Mal-PEG ) in methanol under UV irradiation (365 nm) before (left) and after (right)
GSH treatment. (b) Correlation of I43g/l550 to the percentage of released CPT from (CPT),-
Mal-PEG1 in the presence of 5 mM GSH. DLS (c) and TEM (d) characterizations of
(CPT),-Mal-PEG i NPs. The scale bar represents 200 nm.
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(a) Fluorescence spectra of (CPT),-Mal-PEGqx NPs in PBS (pH 7.4) after treated with 5
mM GSH for 0 min, 1 h, 2 h, 5 h, and 8 h, respectively. Excitation wavelength was set at
370 nm. (b) Changes of the size (black line) and the count rate (red line) of (CPT),-Mal-
PEG1k NPs over time in the presence () or absence (H) of 5 mM GSH. (c) CPT release

profiles of (CPT),-Mal-PEGq, NPs in the presence of 0 mM, 1mM, and 5 mM GSH,

respectively. (d) 1C5q values of free CPT and (CPT),-Mal-PEG NPs against LS174T colon
cancer cells with or without GSH-OEt pretreatment. Data were presented as average +
standard deviation, n = 3. Statistical significance analysis was assessed by Two-Sample
Unpaired Student’s t-test; 0.01 < p < 0.05 and p < 0.01 were considered statistically
significant and highly significant and were denoted as “*” and “**” respectively.
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Scheme 1.
Schematic Illustration of GSH-Mediated Drug Release and FRET Inactivation of (CPT),-
Mal-PEG NPs.
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Synthesis of Reduction-Responsive Amphiphilic (CPT),-Mal-PEG.
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