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Bl ABSTRACT: Drug self-delivery systems consisting of small-molecule active drugs with nanoscale features for intracellular delivery
without the need for additional polymeric carriers. In this work, we proposed a highly efficient strategy to fabricate protonized and reduc-
tion-responsive self-assembled drug nanoparticles from an am-
phiphilic small molecule Camptothecin-ss-1,2,3-triazole-

Gemcitabine conjugate (abbreviated as CPT-ss-triazole-GEM) for S5l

combination chemotherapy, which was prepared via Cu(l)-catalyzed o & Self-assembly ;
azide-alkyne cycloaddition (CuAAC) “click” reaction. In order to s

obtain this drug-triazole-drug conjugate, we first prepared a CPT

derivate containing propargyl group linked with a disulfide group ® GEM @ Triazole '
and a GEM derivate attached an azide group. Subsequently, the two /f
kinds of modified drugs were connected together through CuAAC o
reaction between the alkynyl and azide groups to yield CPT-ss- ;"’
triazole-GEM prodrug. The characterization of chemical structures of P v

these intermediates and the final product were performed by 1H NMR, gnﬂ"";gz : Endortosis
FT-IR and LC/MS measurements. This amphiphilic small-molecule e"( o @

drug-triazole-drug conjugate displayed high drug loading content,

that is, 36.0% of CPT and 27.2% of GEM. This kind of amphiphilic o M. s, @
small-molecule prodrug could form spherical nanoparticles in aque- @ f‘. 3 .\
ous solution in the absence of any other polymeric carriers, in which 06‘\* . e U- ot o8 4

the hydrophobic CPT formed the core of the nanoparticles, while the 4 g ‘e oA N\ .‘J
hydrophilic GEM and protonated 1,2,3-triazole group yielded the s . N::r.;_l_;us
shell. In the tumor microenvironment, the prodrug nanoparticles .

could release both pristine drugs simultaneously. Under the condi-

tions of pH 7.4 and pH 7.4 plus 2 uM glutathione (GSH), the pro-

drug nanoparticles could maintain stable and only 7% of CPT was leaked. However, under a high GSH environment (pH 7.4 plus 10 mM
GSH) with the same incubation time, the disulfide linkage would be dissociated and lead to about 34% of CPT release. The results of MTT
test demonstrated that these prodrug nanoparticles showed higher cytotoxicity toward HepG2 cells than free CPT and free GEM in both 48
h and 72 h incubation. Both in vitro cellular uptake and flow cytometry results implied that these prodrug nanoparticles could be
internalized by HepG2 cells with efficient drug release inside cells. The pharmacokinetics and tissue distribution of the prodrug showed a
moderate half-life in vivo and the prodrug peak concentration in most of collected tissues appeared at 0.25 h after administration. In addi-
tion, CPT-ss-triazole-GEM prodrug could not cross blood-brain barrier. Even more important is that there is no accumulation in tissues
and a rapid elimination of this small molecule prodrug could be achieved. In brief, this protonized and reduction-sensitive prodrug
simultaneously binds both antitumor drugs and has good self-delivery behavior through the donor-acceptor interaction of H-bonding
ligand, i.e. 1,2,3-triazole group. It provides a new method for the combined drug therapy.

B KEYWORDS: Cancer therapy, Drug self-delivery systems, Small-molecule prodrug, Drug-drug cconjugate, Nano-medicine.

B INTRODUCTION

With the continuous advancement and development of nano-
technology, various strategies for cancer treatment have been
broadened and deepened.! Some main routine treatments for tu-
mors, for example, surgical intervention, radiation and chemother-
apeutic drugs, have been widely used in clinic. Among them,
chemotherapeutic drugs are most often used because of its potent
efficiency, however they can cause severe adverse effect to the
patients by killing normal cells. Therefore, more efforts have been
focused on passively targeting carriers based on liposomes and

polymers, or actively targeting carries, in which chemotherapeutic
drugs are linked to a molecule that overexpresses antigen or recep-
tor binding on target cells. Carrier-assistant drug delivery systems
(DDSs) can overcome some shortcomings of conventional anti-
cancer drugs, such as the limited solubility in physiological condi-
tions, random distribution, rapid blood clearance and poor bioa-
vailability.22 However, there might be several limitations for these
DDS systems, for example, low drug loading capacity, carrier-
caused toxicity and immunogenicity, as well as complicated syn-
thesis process.*®

In contrast with carrier-assistant drug delivery systems, drug
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Scheme 1. Synthetic pathways of the small-molecule prodrug CPT-ss-triazole-GEM and the donor-acceptor transformation mechanism of
the protonized 1,2,3-triazole H-bonding ligand.
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self-delivery systems (DSDSs) are a novel and highly effective
paradigm of cancer treatment, in which the active drugs have na-
noscale characteristics and can achieve intracellular delivery by
themselves without the aid of any additional polymeric carriers.6”
By means of bottom-up self-assembly technique, the DSDSs at-
tract the following attentions: (i) customizing nanoarchitectures
that can protect drugs from leakage and realize the selective tumor
accumulation through the enhanced permeation and retention
(EPR) effect; (ii) potentially achieving high drug loading capaci-
ties without the incorporation of carriers; (iii) reducing the syn-
thetic complexity of carriers, and (iv) avoiding the possible ad-
verse effects induced by carriers.8

Camptothecin (CPT) is a widely used powerful anticancer
drug which can induce the apoptosis of tumor cells through inhib-
iting type | DNA topoisomerase.®11 Gemcitabine (GEM) is also
an antitumor therapeutic with a similar structure to Ara-Cs (Arab-
ino Cytidines) and broad-spectrum in the treatment of various
cancers'? such as ovarian,13 breast,!* bladder,’> small-cell lung
cancer’® and pancreatic cancer,’” in combination chemotherapy
treatment of leukemia and non-small-cell lung cancer.1®8 Small
molecule drug has precise chemical structure, which is critical to
determine specific functionality for effective chemotherapy based
on different drug delivery systems. Meanwhile, using nanomateri-
al self-assembly to accurately design nanomedicines with different
biophysical and biochemical properties, the formulation can be
optimized, for example, doxorubicin-tocopherol succinate pro-
drug,!® irinotecan-chlorambucil,® chlorambucil-gemcitabine,?
camptothecin-floxuridine,22  gemcitabine-camptothecin  conju-
gates,2 and so on. Especially, Yan et al. reported an amphiphilic
nanomedicine prepared from the small molecule drug-drug conju-
gates based on irinotecan (Ir) and chlorambucil (Cb). They found
that this delivery system based on the small-molecule prodrug
could drastically enhance the drug loading content and realize an
excellent therapeutic property against cancer.20

Various stimuli-responsive linkers have been used for con-
structing drug conjugates, among which disulfide bond is particu-
larly interesting since it keeps stable during blood circulation but
can be rapidly cleaved by reductive thiols (such as glutathione)
existed at enhanced levels in tumor regions.?* In the past years, a
lot of multifunctional disulfide-linked conjugate systems have
been developed.?> In addition, one of the advantages of small-
molecule prodrugs is the potential for a high drug content of up to
100%, especially for amphiphilic drug-drug conjugates, in which
one drug acts as the promoiety of the other.28 Therefore, these co-
drug conjugates can self-assembly to nanomedicine and provide a
combination therapy that can enhance system potency.?” Many
studies on small-molecule disulfide-based prodrugs focus on
bis(2-hydroxyethyl) disulfide compound since it can be easily
built by esterification reaction?-31 or amidation reaction.32 Recent-
ly, the pioneering researches of CPT-ss-GEM nanoparticles based
self-delivery system reported by Xu,2 Yu3? and Liang3* have
aroused much attention. For example, the amphiphilic small-
molecule prodrug CPT-ss-GEM containing hydrophilic gemcita-
bine and hydrophobic camptothecin, which was connected by a
disulfide linkage, can self-assemble into nanoparticles in water
without the aid of additional carries. This prodrug nanoparticle
displayed good stability and excellent blood compatibility in vivo.
Moreover, it also achieved high drug loading capacities and
avoided carrier-induced toxicity.

How to bond two different drugs is the key for the prepara-
tion of drug-drug conjugates. Some organic reactions can achieve
such process, especially “click” chemistry, which is a highly effi-
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cient chemical reaction.35-39 Cheng et al. have recently reported a
facile way to manipulate the conformation of polypeptides by
using the donor-acceptor interactions derived from the hydrogen-
bonding ligands in pendant chains.0 In detail, the 1,2,3-triazole
group in the side chain of polypeptides serves as both H-bond
donors and acceptors at neutral pH condition, which can disrupt
the a-helical conformation of polypeptides. When the 1,2,3-triazol
group was protonized at acidic condition, the resulting 1,2,3-
triazolium group would not be H-bond acceptor and the o-helical
structure of polypeptides was recovered. On the other hand,
Hawker et al. found that the polar feature of the triazole nucleus
could enhance the solubility of n-octyl derivatives, leading to
complete dissolution of octyl-substituted polymers in methanol.4!

Herein, we report on a new reduction-responsive small-
molecule prodrug CPT-ss-triazole-GEM containing donor-
acceptor interaction of H-bonding ligand, i.e. 1,2,3-triazole group,
in which two anticancer drug derivatives, CPT-ss-Propargyl and
GEM-Ns, was linked together by CuAAC “click” reaction as
shown in Scheme 1. This amphiphilic prodrug is composed of
hydrophobic CPT, hydrophilic GEM and protonated 1,2,3-triazole
group, which can self-assembly nanoparticles and form a drug
self-delivery system. To the best of our knowledge, this CPT de-
rivative that links camptothecin (CPT) and propargyl via a disul-
fide bond has not been reported yet. Due to the amphiphilic and
protonated feature, the small-molecule prodrug CPT-ss-triazole-
GEM can self-assemble to form nanoparticles in water without the
help of polymeric carriers. After entering into cancer cells by pas-
sive targeting, the dissociation of CPT-ss-triazole-GEM nanopar-
ticles can be accelerated under the reductive microenvironment
and acidic condition, thus resulting in a fast release of free CPT
and GEM drugs. This work contributes a facile synthetic strategy
for hydrophobic antineoplastic drug derivatives. It is well-known
that many natural or synthetic hydrophobic anticancer drugs con-
tain hydroxyl groups and/or amino groups,*? such as PTX,43:44
GEM*546 and DOX,*"48 which have the potential to be modified
into drug-ss-propargyl structures, and further to obtain drug-ss-
triazole-drug conjugates via “click” chemistry.

B EXPERIMENTAL SECTION

Provided in the Supporting Information Section are the detailed
description of related materials, synthetic methods, characteriza-
tion, self-assembly, in vitro and in vivo experiments.

B RESULTS AND DISCUSSION

Synthesis of Small-Molecule Prodrug CPT-ss-triazole-
GEM. The reduction-responsive small-molecule prodrug CPT-ss-
triazole-GEM was prepared via the following procedures as illus-
trated in Scheme 1:

(1) Preparation of intermediate CPT-ss-Propargyl. CPT-ss-
Propargyl was obtained by the esterification of CPT and 2-[(2-
(prop-2-ynyloxy)ethyl)disulfanyl]ethanol, in which 4-
(dimethylamino) pyridine (DMAP) worked as a catalyst and tri-
phosgene provided an acyl group. The chemical structure of CPT-
ss-Propargyl can be characterized by 'H NMR and LC/MS analy-
sis, respectively. The 1H NMR spectrum in Figure 1 shows char-
acteristic proton signals of the intermediate CPT-ss-Propargyl. By
contrast with the IH NMR spectrum of CPT in Figure 1(A), the
new chemical shifts appear at 6 2.88 ppm (peak d), 8 3.00 ppm
(peak e), 6 3.41 ppm (peak a), 6 3.59 ppm (peak c), 6 4.08 ppm
(peak b) and & 4.33 ppm (peak f) in Figure 1(B), which can be
attributed to the proton signals from 2-[(2-(prop-2-
ynyloxy)ethyl)disulfanyl]ethanol. Moreover, the result of LC/MS
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analysis shown in Figure S1 confirms the successful preparation
of CPT-ss-Propargyl (LC/MS m/z calcd. for C2sH26N207S2 [M+1]:
567.3, found: 566.12.).
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Figure 1. IH NMR spectra of (A) CPT and (B) CPT-ss-Propargyl
(solvent: DMSO-ds).

(2) Preparation of GEM-Ns. Firstly, 6-azidohexanoic acid was
synthesized through a reaction of 6-bromohexanoic acid and sodi-
um azide in DMF with 63% yield according to a previously pub-
lished procedure.*® Then, GEM-N3s was prepared via an one-step
amidation reaction between GEM-HCI and 6-azidohexanoic acid
at room temperature with 58% yield in the presence of 1-
[bis(dimethylamino)methylene]-1H-1,2,3-triazolo  [4,5-b] pyri-
dinium 3-oxid hexafluorophosphate (HATU) and triethylamine
(TEA). FT-IR, IH NMR and LC/MS analyses were performed to
confirm the chemical structure of GEM-Na. Figure 2 shows the 1H
NMR spectra of GEM and GEM-Ngs, from which all of the signals
ascribed to the corresponding protons can be observed. Compared
with the IH NMR spectrum of GEM in Figure 2(A), the new pro-
ton signals appear at & 1.32 ppm (peak o and peak n), & 1.55 ppm
(peak k and peak m) and & 2.42 ppm (peak j) in Figure 2(B),
which can be ascribed to the protons of 6-azidohexanoic acid.
Moreover, the peak a has shifted from & 9.77 ppm to & 11.0 ppm,
indicating that the chemical structure of amine group has changed.
The FT-IR spectra of GEM and GEM-Ns are shown in Figure 3(A,
B), from which one can observe that the peak at 2092 ¢cm in
Figure 3(B), indicating the successful introduction of azide group
into the GEM molecule. Moreover, the LC/MS analysis result in
Figure S2 indicated that the found value (403.2) for C1sH20F2NsOs
[M+1] is close to the calculated value 402.15. All these results
confirmed the successful preparation of GEM-Ns.

(3) Synthesis of CPT-ss-triazole-GEM. The final reduction-
responsive small molecule prodrug CPT-ss-triazole-GEM was
prepared via the CuAAC “click” reaction between CPT-ss-
Propargyl and GEM-Ns3. The 'H NMR spectrum of CPT-ss-
triazole-GEM s displayed in Figure 4, from which one can ob-
serve all the signals ascribed to the protons of CPT-ss-triazole-
GEM. The FT-IR spectrum for CPT-ss-triazole-GEM is shown in
Figure 3(C), in which the disappearance of the peak at 2092 cm-!
showed that the azide group was completely consumed. Further-
more, LC/MS analysis was adopted to confirm the structure (the

test data LC/MS m/z calcd. for CasHasF2NsO12S2 [M+1]: 969.4,
found: 968.26.), as shown in Figure S3. All these test data con-
firmed that the small-molecule prodrug CPT-ss-triazole-GEM has
been synthesized successfully.
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Figure 2. IH NMR spectra of (A) GEM and (B) GEM-Ns (solvent:
DMSO-ds).
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Figure 3. FT-IR spectra of (A) GEM, (B) GEM-Ns and (C) CPT-
ss-triazole-GEM.
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Figure 4. 'H NMR spectrum of small-molecule prodrug CPT-ss-
triazole-GEM (solvent: DMSO-ds).
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Self-Assembly Behavior of the Small-Molecule Prodrug
CPT-ss-triazole-GEM. The amphiphilic small-molecule pro-
drug CPT-ss-triazole-GEM can form nanoparticles in aqueous
solution with hydrophobic CPT moiety as the core and hydro-
philic GEM part and protonated 1,2,3-triazole group as the shell
after exceeding a critical concentration.2® Unlike the self-assembly
of amphiphilic polymeric prodrug in water, the small-molecule
prodrug could be fabricated into nanoparticles by various mecha-
nisms, including disulfide-induced mechanism,2 intermolecular
n-1t stacking-induced assembly,*%0 as well as lower crystallinity-
induced mechanism.! In order to study the self-assembly behavior
of this small-molecule prodrug CPT-ss-triazole-GEM, its critical
aggregation concentration (CAC) value was measured by the py-
rene fluorescence probe method. The impact of H-bonding pattern
on the CPT-ss-triazole-GEM conformation is illustrated in
Scheme 1(4). After being protonized, the resultant 1,2,3-
triazolium groups displayed hydrophilic feature and lose the abil-
ity of acting as H-bond acceptors. As found in Figure 5, the CAC
value was measured to be 0.0292 mg mL-1 from the fluorescence
intensity ratio (Is/l) as a function of the logarithm concentration
of the CPT-ss-triazole-GEM prodrug. As a drug self-delivery
system, the average particle size and size distribution are im-
portant parameters. Dynamic Light Scattering (DLS) and Trans-
mission Electron Microscope (TEM) analyses were used to assess
the properties of nanoparticle formed by the small-molecule pro-
drug. TEM image of the CPT-ss-triazole-GEM nanoparticles is
displayed in Figure 6(A), from which we can find that these nano-
particles are mainly spherical and well dispersed. The correspond-
ing particle size distribution curve measured by DLS analysis is
shown in Figure 6(B) and exhibits unimodal distribution. A little
difference in particle size between TEM and DLS results might be
attributed to the easy aggregation of small-molecule prodrug. DLS
measurement was further used to check the average diameter of
CPT-ss-triazole-GEM nanoparticles during 6 days in three condi-
tions (Milli-Q water, PBS, FBS) as shown in Figure 7, which
indicated excellent stability in Milli-Q water and PBS over 6 days,
but a little instability after 4 days in fetal bovine serum (FBS,
10 %).

6
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Figure 5. Intensity of the fluorescence emission spectrum of py-
rene (I3/l1) as a function of logarithm concentration of the small-
molecule prodrug CPT-ss-triazole-GEM in aqueous solution.
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Figure 6. (A) TEM image of the CPT-ss-triazole-GEM prodrug
nanoparticles with a scale bar of 200 nm; (B) the corresponding
particles size distribution curve with a prodrug concentration of
0.1 mg mL-1L,
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Figure 7. Particle size change of prodrug nanoparticles at differ-
ent incubation time in three media: Milli-Q water, PBS and FBS
(10%)).

In Vitro Drug Release. The reduction-sensitive property has
been given after incorporating the disulfide carbonate linker into
the prodrug. To further study the reduction-triggered dissociation
of CPT-ss-triazole-GEM prodrug nanoparticles, in vitro drug
release was measured in different conditions: (i) PB 7.4, (ii) PB
7.4 plus 2 uM GSH, and (iii) PB 7.4 plus 10 mM GSH. As shown
in Figure 8(A), only a minimal CPT release (~7%) was measured
after incubating for 100 h without GSH or with 2 uM GSH, which
exhibited excellent stability in physiological condition. In compar-
ison, the CPT release was greatly accelerated in the presence of 10
mM GSH within the same incubation time, and about 34% of CPT
was released after incubating for 100 h. To predict the drug re-
lease property in tumorous region, we carry out the testing under a
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more acidic condition in Figure 8(B), which was investigated in
different conditions: (i) PB 5.0, (ii) PB 5.0 plus 2 mM GSH. Ap-
proximately 5% of CPT was released under PB 5.0 condition in
contrast with about 38% of CPT was released under PB 5.0 plus 2
mM GSH condition. All these results indicated the favorable re-
duction-triggered drug release behavior, and these stimuli-
responsive prodrug nanoparticles showed great potential in drug
self-delivery system.
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Figure 8. In vitro CPT release profiles from small-molecule pro-
drug CPT-ss-triazole-GEM nanoparticles in (A) PB 7.4 plus dif-

ferent GSH concentrations and (B) more acidic condition with
different reductive GSH concentrations.

In Vitro Cytotoxicity. According to our design, CPT-ss-
triazole-GEM prodrug nanoparticles could be internalized into
cells. In the microenvironment of tumors, CPT and GEM can be
released into the nuclei almost simultaneously by triggering disul-
fide bond breakage. Therefore, it is anticipated that CPT-ss-
triazole-GEM nanoparticles can exhibit antiproliferative activity
against tumor cells. We utilized the MTT assay to investigated the
cytotoxicity of different formulations against HepG2 cells using
the MTT assay. Figure 9 shows the results of the cell viability of
HepG2 cells, from which one can see that the cells gradually de-
creased with the increase of drug concentrations, indicating a
dose-dependent anti-proliferative activity. Furthermore, at the
same concentration, the CPT-ss-triazole-GEM prodrug nanoparti-
cles were more cytotoxic than either free CPT or free GEM alone.
The half maximal inhibitory concentration (ICso) was also used to
characterize the drug efficacy, which denotes the effectiveness of
a substance in inhibiting a specific biological or biochemical func-
tion. The ICso values of free CPT, free GEM and CPT-ss-triazole-
GEM for HepG2 cells are about 1.38 mg L1, 1.61 mg L1, 1.39 mg
L-1in 24 h incubation shown in Figure 9(A); 2.61 mg L1, 16.48
mg L1, 0.41 mg Lt in 48 h incubation shown in Figure 9(B); 0.56

mg L1, 0.64 mg L%, 0.10 mg L1 in 72 h incubation shown in
Figure 9(C), respectively. CPT-ss-triazole-GEM micelles exhibit-
ed a lower ICso value than free CPT and free GEM, indicating a
better antiproliferative effect.

oyl (A) 24 h —=—Free CPT
—+—Free GEM
——Prodrug
_ 80-
g
Z 604
=
L.
> 404
°
[&]
204
0 T T L
0.1 1 10
Concentration (mg L")
10 (Bla8h —=—Free CPT
—s—Free GEM
a0l —a— Prodrug
g
Z eof
=
3
> 40
T
© 20}
u L 'l L
0.1 1 10 100
Concentration (mg L™)
100 - (C) 72h —=—Free CPT
) —e—Free GEM
- ——Prodrug
S
£ 604
H
L]
> 40+
°
5]
20 4
0 T T T

Concentration (mg L")

Figure 9. Cell viability of HepG2 cells treated with CPT-ss-
triazole-GEM prodrug nanoparticles and free CPT or free GEM
with different drug dosages for various incubation times: (A) 24 h,
(B) 48 h and (C) 72 h. The ICso values of free CPT, free GEM,
and CPT-ss-triazole-GEM prodrug were determined by GraphPad
Prism 5 software.

In Vitro Cellular Uptake. The in vitro cellular uptake and intra-
cellular drug release of CPT-ss-triazole-GEM prodrug nanoparti-
cles incubated with HepG2 cells were monitored by a live cell
imaging system. As displayed in Figure 10(A), the blue fluores-
cence of CPT was observed in the cytoplasm of HepG2 cells after
incubation with CPT-ss-triazole-GEM prodrug nanoparticles for
4.5 h, indicating the successful internalization of the prodrug na-
noparticles and efficient CPT release inside HepG2 cells. In addi-
tion, with the increasing incubation time from 4.5 h to 24 h, the
observed CPT fluorescence inside cells was greatly enhanced. By
contrast, as shown in Figure 10(B), free CPT exhibited relatively
less fluorescence in HepG2 cells with the same incubation time
possibly because of the different cellular internalization mecha-
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nisms between free drug (diffusion) and prodrug nanoparticles
(endocytosis). These results implied that the prodrug nanoparticles
could be internalized by HepG2 cells with efficient drug release.
To further detect the fluorescence intensity of HepG2 cells incu-
bated with free CPT and CPT-ss-triazole-GEM prodrug nanopar-
ticles for fixed time intervals (4.5 h, 8.5 h, and 24 h), flow cytom-
etry was adopted to observe the fluorescence intensity of HepG2
cells. The result is shown in Figure 11, the relative geometrical
mean fluorescence intensities of HepG2 cells with the prodrug
nanoparticles increased with the increasing time. Notably, there is
stronger CPT fluorescence intensity at 24 h than those of them at
4.5 h, indicating that the uptake of CPT-ss-triazole-GEM prodrug
nanoparticles was time-dependent property.

Bright feild

Lyso-Tracker

Figure 10. Fluorescence images of HepG2 cells incubated with (A)
CPT-ss-triazole-GEM nanoparticles and (B) free CPT for differ-
ent times. The CPT dosage was 17.98 mg L1 For each panel,
images from left to right show bright field images, cell nuclei
stained by Lyso-Tracker Red (red), CPT (blue) and overlays of the
blue and red images. The scale bars are 50 um in all images.
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Figure 11. Flow cytometry curves of HepG2 cells treated with
CPT-ss-triazole-GEM prodrug nanoparticles for different times
(4.5 h, 8.5 h, and 24 h) with a certain concentration of CPT (17.98
mg L.
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Pharmacokinetics and Distribution of CPT-ss-triazole-
GEM Prodrug. To determine the pharmacokinetics of CPT-ss-
triazole-GEM prodrug in rat, we used the UHPLC-MS/MS meth-
od. CPT-ss-triazole-GEM prodrug was delivered via intravenous,
respectively. The blood samples were collected from tail at indi-
cated time after dosing. The mean concentration-time curve is
shown in Figure 12. The pharmacokinetic parameters were figured
out and summarized in Table 1. The results showed that CPT-ss-
triazole-GEM prodrug has a moderate half-life in vivo.
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Figure 12. The pharmacokinetic curve of CPT-ss-triazole-GEM
prodrug. The mice were intravenously administration of CPT-ss-
triazole-GEM prodrug at dose of 5 mg kg. The blood samples
were collected at the indicated time point. The validated UHPLC-
MS/MS assay was employed to determine the concentration of
CPT-ss-triazole-GEM prodrug. The concentration time curve was
plotted, n = 6.

Table 1. Pharmacokinetic parameters of CPT-ss-triazole-GEM
prodrug administrated through intravenous.

i.v. 5mg /kg

AUC(0-t) (ng/L*h) 402.525 + 496.57
AUC(0-00) (ug/L*h) 402.525 + 496.57
MRT(0-t) (h) 0.589 +0.378
MRT(0-0) (h) 0.59+ 0.38

t1/2z (h) 1.294 +1.271

Tmax (h) 0.25+0.00

CLz (L/h/kg) 71.62 +89.28

Vz (L/kg) 313.716 + 439.992
Cmax (ug/L) 376.764 + 455.515
CO (ug/L) 1635.169 + 1760.459
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Figure 13. Tissue distribution of CPT-ss-triazole-GEM prodrug.
The mice were intravenously administration of CPT-ss-triazole-
GEM prodrug at dose of 5 mg kg. The blood, heart, liver, spleen,
lung, kidney, brain samples were collected at 0.25h. The validated
UHPLC-MS/MS assay was employed to determine the concentra-
tion of CPT-ss-triazole-GEM in each organ. The concentration
time curve was plotted, n = 6.
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Figure 14. The distribution study of CPT-ss-triazole-GEM pro-
drug. The mice were intravenously administration of CPT-ss-
triazole-GEM prodrug at dose of 5 mg kg. The blood, heart, liver,
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spleen, lung, kidney, brain samples were collected at 0.25 h. The
validated UHPLC-MS/MS assay was used to determine the con-
centration of CPT-ss-triazole-GEM prodrug in each organ. The
concentration time curve was plotted, n = 6.

The tissue distribution of CPT-ss-triazole-GEM prodrug in
vivo was further assessed in rat and the results were showed in
Figure 13 and Figure 14. The results showed that the peak con-
centration of CPT-ss-triazole-GEM prodrug in most of collected
tissues appeared at 0.25 h after administration and CPT-ss-
triazole-GEM prodrug could not cross blood-brain barrier (Figure
13). Moreover, the he tissue area under the curve from time zero
to 6 h was in the following order: liver > heart > kidney > lung >
spleen > brain (Figure 14). As shown in Figure 14, the concentra-
tion levels in liver and heart were much higher than those in other
tissues, illustrating that liver and heart are the main target organs
of CPT-ss-triazole-GEM prodrug. Over time, the main trend of
the prodrug concentration of icariin in all tissues was reduced, and
the concentration dropped very quickly at 2h after administration,
suggesting no accumulation in tissues and a rapid elimination of
this compound.

Bl CONCLUSIONS

In summary, a novel reduction-responsive small-molecule
prodrug CPT-ss-triazole-GEM has been successfully synthesized
using the CPT-ss-Propargyl and GEM-Ns3 via the CUAAC “click”
reaction. We utilized donor-acceptor interactions H-bonding lig-
and 1,2,3-triazole group between two small molecule drugs (CPT
and GEM). Because of its amphiphilic feature, the small-molecule
prodrug CPT-ss-triazole-GEM can self-assemble to form spherical
nanoparticles in water in the absence of additional polymeric car-
riers, in which the hydrophobic CPT constituted the core of nano-
particles, while the hydrophilic GEM and protonated 1,2,3-
triazole groups yielded the shell. This amphiphilic small molecule
drug-drug conjugate (CPT-ss-triazole-GEM) showed high drug
loading capacity, 36.0% of CPT and 27.2% of GEM. The size of
nanoparticle is about 180 nm, which could simultaneously release
fixed dosage of the two drugs free CPT and free GEM in cancer
cells. The cumulative release is approximate 34%. The results of
MTT assay demonstrated that the prodrug nanoparticles exhibited
higher cytotoxicity (ICso: 0.41 mg L) against HepG2 cells than
free CPT (ICso: 2.61 mg L) and free GEM (ICso: 16.48 mg L™1)
in 48 h incubation. Also, in 72 h incubation, the prodrug exhibited
higher cytotoxicity (ICso: 0.10 mg L) against HepG2 cells than
free CPT (ICso: 0.56 mg L 1) and free GEM (ICso: 0.64 mg L1).
Both cellular uptake and flow cytometry results implied that the
prodrug could be internalized by HepG2 cells with efficient drug
release from the nanoparticles. The pharmacokinetics and tissue
distribution of the prodrug showed a moderate half-life in vivo and
the peak concentration of CPT-ss-triazole-GEM prodrug in most
of collected tissues appeared at 0.25 h after administration. More-
over, CPT-ss-triazole-GEM prodrug could not cross blood-brain
barrier. All these results suggest no accumulation in tissues and a
rapid elimination of this small-molecule prodrug. This protoniza-
ble and reduction-sensitive prodrug binds two antitumor drugs
simultaneously through disulfide linker and possess the character-
istics of low toxicity, reduction-responsiveness, and effective tu-
mor therapy.
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Scheme 1. Synthetic pathways of the small-molecule prodrug CPT-ss-triazole-GEM and the donor-acceptor
transformation mechanism of
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33 Figure 1. 'H NMR spectra of (A) CPT and (B) CPT-ss-Propargyl. (solvent: DMSO-dg)
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Figure 2. 'H NMR spectra of (A) GEM and (B) GEM-N3. (solvent: DMSO-dg)
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33 Figure 3. FT-IR spectra of (A) GEM, (B) GEM-N3 and (C) CPT-ss-triazole-GEM.
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Figure 4. 1H NMR spectrum of small-molecule prodrug CPT-ss-triazole-GEM. (solvent: DMSO-dg)
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Figure 5. Intensity of the fluorescence emission spectrum of pyrene (I3/I1) as a function of logarithm
concentration of the small-molecule prodrug CPT-ss-triazole-GEM prodrug in aqueous solution.
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Figure 6. (A) TEM image of the CPT-ss-triazole-GEM prodrug nanoparticles with a scale bar of 200 nm; (B)
the corresponding particles size distribution curve with a prodrug concentration of 0.1 mg mL™1.
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31 Figure 7. Particle size change of prodrug nanoparticles at different incubation time in three media: Milli-Q
water, PBS and FBS (10%).
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29 In vitro CPT release profiles from small-molecule prodrug CPT-ss-triazole-GEM nanoparticles in (A) PB 7.4
plus different GSH concentrations and (B) more acidic condition with different reductive GSH concentrations.
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31 Figure 10. Fluorescence images of HepG2 cells incubated with (A) CPT-ss-triazole-GEM nanoparticles and (B)

32 free CPT for different times. The CPT dosage was 17.98 mg L. For each panel, images from left to right
33 show bright field images, cell nuclei stained by Lyso-Tracker Red (red), CPT (blue) and overlays of the blue
34 and red images. The scale bars are 50 um in all images.
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Figure 11. Flow cytometry curves of HepG2 cells treated with CPT-ss-triazole-GEM prodrug nanoparticles for
different times (4.5 h, 8.5 h, and 24 h) with a certain concentration of CPT (17.98 mg L—1y,
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25 Figure 12. The pharmacokinetic curve of CPT-ss-triazole-GEM prodrug. The mice were intravenously

26 administration of CPT-ss-triazole-GEM prodrug at dose of 5 mg kg1. The blood samples were collected at
the indicated time point. The validated UHPLC-MS/MS assay was employed to determine the concen-tration
of CPT-ss-triazole-GEM prodrug. The concentration time curve was plotted, n = 6
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Figure 13. Tissue distribution of CPT-ss-triazole-GEM prodrug. The mice were intravenously administration of
CPT-ss-triazole-GEM prodrug at dose of 5 mg kg-1. The blood, heart, liver, spleen, lung, kidney, brain
samples were collected at 0.25 h. The validated UHPLC-MS/MS assay was employed to determine the
concentration of CPT-ss-triazole-GEM in each organ. The concentration time curve was plotted, n = 6.
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Figure 14. The distribution study of CPT-ss-triazole-GEM prodrug. The mice were intravenously

administration of CPT-ss-triazole-GEM prodrug at dose of 5 mg kg™!. The blood, heart, liver, spleen, lung,

kidney, brain samples were collected at 0.25 h. The validated UHPLC-MS/MS assay was used to determine

the concentration of CPT-ss-triazole-GEM prodrug in each organ. The concentration time curve was plotted,
n = 6.
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26 R4. Synthesis of Reduction-Responsive Small Molecule Prodrug CPT-ss-triazole-GEM.
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