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pH/redox-responsive self-assembling nanoparticles for combinatorial delivery of
S-fluorouracil and methotrexate in colon cancer therapy

H. Guo®, J. J. Zhang’, J. H. Liv®, Y. M. Wang®, S. J. Fan"’
“Research Institute of Medicine and Pharmacy, Qigihar Medical University, China
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To fulfil the synergistic delivery and on-demand drug release of 5-fluorouracil (5-FU) and
methotrexate (MTX) at tumor sites, we innovatively synthesized pH and redox responsive
self-assembling nanoparticles based on ZIF-8 frameworks as the 5-FU vehicle decorated
with hyaluronic acid-MTX bioconjugates linked with a redox-responsive disulfide bond.
The constructed HA-SS-MTX/5-FU@ZIF-8 nanoplatform exhibited monodisperse and
spherical shape with a mean hydrodynamic diameter of 161.0nm and loaded about 0.345 g
of 5-FU and 0.0508 g of MTX per gram. The preliminary in vitro experiments showed that
the as-prepared HA-SS-MTX/5-FU@ZIF-8 nanoparticles (NPs) displayed high inhibiting

proliferation and promoting apoptosis performance towards the colon cancer cells.
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1. Introduction

As ecarly as the fifties of the last century, scientists found that mouse liver cancer cells
consumed uracil much faster than normal cells, which means that uracil metabolism is likely to
become a target of antimetabolites [1]. Based on this, the antimetabolite drug 5-fluorouracil (5-FU)
has also become a broad-spectrum anticancer drug widely used in clinical practice. The anti-tumor
mechanism of 5-FU in vivo was mainly contributed by two approaches including the
misincorporation of fluoronucleotides into RNA and DNA structures and the inhibition to the
physiological effects of thymidylate synthase (TS) [2-5].

Despite the clear mechanism of action, the clinical effect of 5-FU is not ideal. Even in
colon cancer treatment that 5-FU has the best efficacy, its response rate is only 10-15% [6]. The
primary clinical resistance of 5-FU is rooted in the poor bioavailability because of its rapid
degradation catabolized primarily in the liver by dihydropyrimidine dehydrogenase (DPD) to
dihydrofluorouracil (DHFU) and loses its efficacy. So, strategies that could inhibit DPD-mediated
degradation tend to be effective ways to enhance the efficacy of 5-FU. Plenty of researches were
developed, for instance, saturating DPD ahead by the application of a large amount of non-toxic
uracil [7, 8], designing prodrugs to protect 5-FU from the degradation by DPD in the liver [9], etc.
But these strategies have not improved the response rates in colorectal cancer therapy dramatically.
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Thus, we could conclude that simply inhibiting DPD-mediated degradation of 5-FU seemed to be
not enough to enhance the antitumor efficacy of 5-FU [10, 11].

Another aspect to improve the antitumor activity of 5-FU is enhancing its inhibition ability
to the physiological effects of thymidylate synthase. The combination of methotrexate (MTX) with
5-FU was considered as a potential method [12-14]. MTX itself is an anti-cancer drug with active
targeting. Its active targeting stems from the similarity between the molecular structure of MTX
and folic acid (FA), resulting in a specific affinity for MTX with the overexpressed folate receptor
(Fr) in many cancer cells. MTX is a dihydrofolate reductase (DHFR) inhibitor that inhibits the
conversion of dihydrofolate (DHF) to tetrahydrofolate (THF) in the body. THF has important
physiological and biochemical functions, such as:(1)THF is an essential raw material for purine
biosynthesis; (2)THF is a precursor substance of 5,10-methylenetetrahydrofolate (CH,THF), and
CH,THF is a carbon donor during uracil deoxynucleotide methylation, which is the only way to
synthesize deoxythymidine monophosphate (d{TMP) de novo in vivo. MTX can simultaneously
inhibit both the purine and thymidine biosynthesis, thereby inhibiting the growth and reproduction
of tumor cells. A large number of in vitro [13, 15, 16] and in vivo [17, 18] studies have shown that
the pre-administration of MTX can play a good synergistic effect with subsequent 5-FU.
Specifically, the inhibition of MTX on the purine biosynthesis increases the levels of
phosphoribosyl pyrophosphate (PRPP) in vivo. PRPP is a donor of the phosphoribose group in the
conversion of 5-FU to fluorodeoxyuridine monophosphate (FAUMP) catalyzed by orotate
phosphoribosyl transferase (OPRT). So, the increased PRPP levels induced by MTX would
promote 5-FU ribonucleotides generation and consequently enhance the inhibition ability towards
thymidylate synthase and increase 5-FU incorporation into RNA [2]. The antitumor mechanism of
MTX and its synergistic mechanism of action on 5-FU can be briefly represented in figure 1.

However, the combination of MTX and 5-FU was not found to be significantly superior to
bolus single-agent 5-FU for the treatment of colorectal cancer, no matter in terms of response rate
[19] or overall survival [20] which might be derived from the unreasonable application method.
Due to the great difference of physical and chemical properties between the two drugs, the amount
of 5-FU and MTX at the tumor sites could not achieve the effective dosage at the same time when
they were administered in a traditional "cocktail" way.

Based on the above analysis, it is reasonable for us to expect better clinical therapeutic
efficacy if we could deliver MTX and 5-FU synergistically to tumor sites in a precise and targeted
way and protect 5-FU from being degraded by DPD at the same time. To achieve this goal, we
established a pH- and redox-sensitive drug delivery system based on zeolitic imidazolate
framework-8 (ZIF-8) as 5-FU vehicles decorated with hyaluronic acid-MTX bioconjugates linked
with a redox-responsive disulfide bond though electrostatic interaction to form the
HA-SS-MTX/5-FU@ZIF-8 nanoplatform.
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Fig. 1. The antitumor mechanism of MTX and the synergistic mechanism with 5-FU.

ZIF-8 is a kind of hybrid porous solid material with the Zn metal coordinated by the
2-methyl imidazole linker and synthesized by Yaghi and co-workers in 2006 firstly [21].
Benefiting from its unique features (high aqueous stability, good biocompatibility, etc.) especially
the pH-sensitivity, ZIF-8 nanoparticles have already been widely employed in cancer therapy as
the drug carrier [22-24]. Due to the high metabolic rate of cancer cells, the extracellular
microenvironment of cancer tissues tends to be more acidic than the normal tissues. So, loading
5-FU into ZIF-8 nanostructure was expected to be an effective way to achieve the pH-triggered
drug release. Moreover, the encapsulation of ZIF-8 keeps 5-FU safely inside and avoid the
undesired degradation induced by DPD.

Hyaluronic acid (HA), a linear polysaccharide, is composed of alternating units of a
repeating disaccharide, B-1,4-D-glucuronic acid—f-1,3-N-acetyl-D-glucosamine and is widely
present in body tissues and extracellular matrix. HA plays a vital role in the process of
tumorigenesis and development [25]. In terms of anticancer drugs delivery, HA has attracted much
attention as a CD44 ligand targeting moiety. Due to the overexpression of CD44v6 (an isoform of
CD44) on the surface of many tumor cells rather than normal cells, HA was expected to delivery
drugs to the tumor regions in a targeted manner though the unique ligand-receptor mediated
cellular endocytosis effect [25-31].

In this paper we used cystamine (CYS) as a crosslinker to synthesize the HA-SS-MTX
conjugates (figure 2). The introduction of disulfide bonds confers redox sensitivity on the entire
drug delivery system. Because the disulfide bond is relatively stable in mildly oxidizing and
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physiological pH conditions but could be cleaved by metabolic thiols though a reductive cleavage
reaction. So, disulfide bonds can be rarely found inside cells due to the abundance of cellular free
thiols, especially glutathione (GSH) which is the most abundant thiol-containing small molecule.
Furthermore, intracellular GSH concentration is much higher in cancer cells than that in the
corresponding normal cells which is beneficial to the rapid cleavage of disulfide linkage inside the
cancer cells [32, 33]. Thereby, the HA-SS-MTX conjugates were expected to release MTX at

tumor sites with a more effective and precise way and avoid the toxic side effects on normal tissue
cells.
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Fig. 2. Synthesis of HA-SS-MTX.
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The dual stimulus-response drugs release manner of the HA-SS-MTX/5-FU@ZIF-8
nanoplatform was displayed in Scheme 1. After the rapid endocytosis with the help of the specific
binding between HA and CD44, the MTX would release firstly due to the high concentrations of
glutathione in tumor cells. Upon endocytosis HA naturally underwent fragmentation to
tetrasaccharides by the enzyme hyaluronidase (HAase) in the lysosome [34,35]. Finally, the
wrapped 5-FU released from the collapsed ZIF-8 frameworks engendered by the acidic tumor
microenvironment. This pH/redox-sensitive and tumor specific drug release system was expected

to achieve the combinatorial delivery of 5-FU and MTX and consequently obtain better treatment
efficacy.
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Scheme 1. Schematic representations of the stimulus-response release of the
HA-SS-MTX/5-FU@ZIF-8 nanoplatform.
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2. Experimental section

2.1. Material

All the reagents used here were analytically pure. Zn(NO3),*6H,0 (99%) was obtained
from Tianjin reagent, Co., Ltd. 2-methylimidazolate (98%), and 5-FU (99%) were provided by
aladdin reagent, Co., Ltd, Shanghai. Hyaluronic acid (100-150 kDa), MTX (99%),
1-hydroxypyrrolidine-2,5dione  (NHS,99.8%), 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide
hydrochloride (EDCI, 98.5%) and cystamine dihydrochloride (CYS) were purchased from
Shanghai Macklin Biochemical Co., Ltd. Methanol (99.9%, HPLC Grade) was acquired from
Dikema Technology Co., Ltd. DMSO were obtain from Biyuntian Biotechnology Co., Ltd.

2.2. Synthesis

2.2.1. Synthesis of 5-FU@ZIF-8

The synthesis of 5-FU@ZIF-8 and the method to gain the amount of absorbed 5-FU in
5-FU@ZIF-8 have been described in detail in our earlier paper [36] and the relevant content would
not be restated here.

2.2.2. Synthesis of HA-SS and HA-SS-MTX

The HA-SS-MTX prodrug was prepared according to previous described literature with
very little modification [32]. Briefly, HA (100mg, 0.264mmol), EDC-HCI (151mg, 0.792mmol),
and NHS (91.1mg, 0.792mmol) were dissolved in Sml deionized water and stirred for 30min under
25°Cto activate the carboxyl group of HA molecules, and then CYS (101.8mg, 0.452mmol) was
added. The reaction mixture was stirred for 24h. Afterwards, the reaction mixture was transferred
to a dialysis bag (Mw cutoff 3500) and dialyzed exhaustively against deionized water. Finally, the
solution in the dialysis bag was flash frozen and lyophilized to get a white and cotton-like solid for
later use.

The as-prepared HA-SS was dissolved in 3 mL of formamide under mild heating condition
and cooled down to 25 °C and then 2ml DMSO was added forming the solution 1. MTX (60mg,
0.132mmol), EDC-HCI (60.8mg, 0.317mmol), and NHS (36.5mg, 0.317mmol) were dissolved in
5ml DMSO and stirred for 30min under 25°Cto activate the carboxyl group of MTX molecules.
Then solution 1 was added dropwise under continuous stirring. The reaction mixture was stirred
for 24h under 25°C The reaction products were purified by extensive dialysis against deionized
water for three days using a dialysis bag (Mw cut-off of 3500 Da). After lyophilization, we
obtained the yellow and flocculent HA-SS-MTX bioconjugates. All the dialysate was collected
and measured by using UV-vis absorption spectra at 388 nm to evaluate the unlinked amount of
MTX based on the calibration curve (figure 3). Then the weight of linked MTX was obtained by
performing the subtraction of the amounts of the initial and unlinked amount of MTX. Finally, the
mass fraction of MTX in HA-SS-MTX conjugates (W; %) could be obtained.

2.2.3. Synthesis of HA-SS-MTX/5-FU@ZIF-8

HA-SS-MTX (0.019¢g) and 5-FU@ZIF-8 (0.059) g were dispersed in 8ml deionized water
separately. Then 5-FU@ZIF-8 solution was added to HA-SS-MTX solution dropwise under
ultrasonication for 30 min and the reaction mixture was agitated vigorously at room temperature
for 24 h. The product was collected by centrifugation at 14000 rpm for 20 min. Afterwards the
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sediment is redispersed into a small amount of water and freeze-dried. The loading amount of
MTX was quantified by the equation: [(my-m;) x W%]/m,. In this equation, m; and m, refer to the
mass of initial 5-FU@ZIF-8 and the final HA-SS-MTX/5-FU@ZIF-8 respectively.

2.3. Cell culture

Human colonic carcinoma cell line HT29 were cultivated in Dulbecco’s Modified Eagles’s
Medium (DMEM, Gibco) supplemented with 10% (v/v) fetal bovine serum (FBS, Weishente
bioreagent Co., Zhejiang) and penicillin/streptomycin (100 U-mL™" and 100 g-mL™", respectively,
Gibco) and placed in a humidified atmosphere at 37°Cwith 5% CO,.

2.4. In vitro cytotoxicity

The cell viabilities were evaluated by the standard
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. Firstly, HT29 cells
were cultured into 96 well plates with a density of 5 x 10° cells per well in 100ul of media and
grown overnight. Then the cells were incubated for 48 h with different nanoparticles
concentrations (5-FU, MTX, 5-FU+MTX, and HA-SS-MTX/5-FU@ZIF-8 NPs). After that, cells
were incubated in media of MTT (20ul, 5 mg-mL™") for 4 h. Subsequently, the 96 well plates were
centrifuged at 1500 rpm for 10 min to collect the precipitated formazan violet crystals. These
formazan violet crystals were dissolved in 150ul DMSO to form clear purple solutions which were
detected by a microplate reader (Tecan Safire2, Switzerland) at 490 nm.

The live/dead cell staining assay was also conducted to visually present the in vitro
cytotoxicity of these as-prepared materials. Briefly, the HT29 cells were seeded in 6-well plates
with a density of 5x10° cells per well and incubated with pure 5-FU, MTX, 5-FU+MTX and
HA-MTX/5-FU@ZIF-8 NPs for 24 h. Then the culture medium was discarded and fresh medium
containing calcein AM and PI was added for observation via a laser-scanning confocal
microscopy.

The ability of inducing HT29 cell apoptosis of these materials (pure 5-FU, MTX,
5-FU+MTX and HA-MTX/5-FU@ZIF-8 NPs) was evaluated by flow cytometry. The HT29 cells
were treated with these materials for 24 h. Following the standard operating procedures of the
apoptosis assays kit (Annexin V-FITC/PI), the cell apoptosis was detected by flow cytometer.

2.5. Characterizations

X-ray diffffraction (XRD) patterns were collected by a Siemens D5005 diffractometer
using Cu ka radiation (A = 1.5418 A). The morphologies of the samples were monitored with FEI
Tecnai G2 F20 S-TWIN transmission electron microscope (TEM). The TGA was performed under
air flow at a heating rate of 1°C/min in the range of 25900°C with a Pekin-Elmer TGA
thermogravimetric analyzer. Vibrational spectra were obtained by Fourier transform infrared
spectroscopy (FTIR) analysis on a Nicolet Impact 410 FTIR spectrometer to investigate the
existence of functional groups in these samples at 25°C withthe KBr technique at a resolution of 4
cm’ and wavenumber range of 4000-400cm™. The UV-Vis absorption spectra were determined by
a UV-759 spectrophotometer. NMR analysis was conducted on a AVANCE NEO 600 MHz
spectrometer using D,O containing 0.25 mol/L NaOD as solvent. The hydrodynamic diameters,
PDI and zeta-potential values of all the samples were measured using the dynamic light scattering
(DLS) and electrophoretic light scattering (ELS) techniques on a Nicomp 380ZLS (PSS, USA).



167

3. Results and discussions

3.1. Characterizations of samples

The C NMR spectra was applied to identified the formation of the HA-SS-MTX
bioconjugates (figure 4). We could see that four characteristic CYS peaks appeared in the
spectrum of the HA-SS conjugates at 6 37.9ppm, 39.1ppm, 40.5ppm and 43.7 ppm (figure 4b).
Meanwhile, the peak at 181.8ppm tended to be ascribed to the new amide carbon (carbon number
5 in the inserted structural diagram of HA-SS). After conjugation with MTX, four characteristic
MTX peaks (111.6ppm, 129.2ppm, 146.7ppm and 155.5ppm) and two characteristic signals of
CYS (40.4ppm and 43.7 ppm) were observed clearly in the spectra of HA-SS-MTX (figure 4d).
Furthermore, a new signal generated at 171.0 ppm was expected to be attributable to the amide
carbon (carbon number 1 in the inserted structural diagram of HA-SS-MTX). All these above
signals demonstrated the successful grafting of MTX to the skeleton of HA through the
redox-responsive linker (CYS).

From figure 5a we could see that after the electrostatic interaction with 5S-FU@ZIF-8 NPs,
the HA-SS-MTX aqueous solution color changed from dark yellow to light yellow. In addition, a
dramatical change of zeta potential in deionized water was observed from +18.83 mV
(5-FU@ZIF-8) inversely to -27.84 mV (HA-SS-MTX/5-FU@ZIF-8) due to the coating of
HA-SS-MTX (-36.49 mV) (figure 5b). Obviously, these results demonstrated that the negatively
charged HA-SS-MTX was introduced as a layer to the outside surface of 5-FU@ZIF-8 NPs.
According to the size distribution result (figure 5c), the diameter of HA-SS-MTX/5-FU@ZIF-8
NPs was about 161.0nm with low polydispersity index (PDI; 0.288) indicating excellent
uniformity and dispersibility.

Equation y=a+b'x
] weignt No Weighting
Residual Sum 3.97216E-5

0.70 o o Sauares
* Adj. R-Square 0.99875
Value Standard Error

Intercept -0.02958 0.01002
Slope 0.01488 2.35054E-4

Ad

0.65

0.60 4

Absorption

0.55+

0.50

a

045 +—7F——F——T T T T T T T

34 36 38 40 42 44 46 48 50
MTX Concentration (pg/ml)

Fig. 3. The standard curve for MTX solutions detected at 388nm by UV-vis spectrophotometer.
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Fig. 5. (a) Optical images of HA-SS-MTX aqueous solutions before (right) and after (left)
electrostatic interaction with 5-FU@ZIF-8 NPs, (b) Zeta potentials of 5-FUQZIF-8, HA-SS-MTX
and HA-SS-MTX/5-FU@QZIF-8 in deionized water. (c) The size distribution of
HA-SS-MTX/5-FU@ZIF-8 NPs in deionized water.

In addition, after the coating of the HA-SS-MTX bioconjugates most of the characteristic
peaks of HA-SS-MTX/5-FU@ZIF-8 matched well with the simulated ZIF-8 diffractogram
indicating the good preservation of the crystallinity of the ZIF-8 network (figure 6a). Meanwhile,
due to the external amorphous polymer coating, the XRD signal intensity of
HA-SS-MTX/5-FU@ZIF-8 become obviously weakened.

From the fourier transformed infrared spectroscopy (FTIR, figure 6b), we could see two
newly generated peaks in the FT-IR spectroscopy of HA-SS at 3085cm™ and 1731cm™ compared
with HA which were ascribed to the stretching vibration of N-H and NC=0 respectively indicating
the formation of the amide bond between HA and CYS. Besides the above two stretching vibration
signals, four characteristic peaks of MTX were also observed in the FT-IR spectroscopy of
HA-SS-MTX at 1546cm™, 1205 cm™, 828 cm™ and 776 cm™ demonstrating the successful grafting
of MTX to the skeleton of HA through the redox-responsive linker (CYS).

The thermogravimetric analysis was used to evaluate the stability and thermal
decomposition of the samples and the results were displayed in figure 6¢c. As we have described in
our earlier work, pure ZIF-8 frameworks could keep stable until 580°C and as for 5SFU@ZIF-8, the
weight loss temperature advanced to about 300°C due to the decomposition of 5FU [35]. In case
of HA-SS-MTX/5-FU@ZIF-8, the more thermally unstable polymer coating leaded the first
weight loss to advance to about 208°C which was consistent with that of HA-SS-MTX.
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Fig. 6. (a) XRD patterns of simulated ZIF-8, 5-FU@QZIF-8, HA-SS-MTX and
HA-SS-MTX/5-FU@QZIF-8; (b) FT-IR spectra of HA, HA-SS, MTX and HA-SS-MTX; (c¢) TG curve of
ZIF-8, 5-FU@ZIF-8, HA-SS-MTX and HA-SS-MTX/5-FU@ZIF-8.

The micromorphology of 5-FU@ZIF-8 and HA-SS-MTX/5-FU@ZIF-8§ NPs was
displayed in figure 7a and b. Overall, the as-prepared HA-SS-MTX/5-FU@ZIF-8 NPs is
monodisperse with uniform morphology. The mean diameter of HA-SS-MTX/5-FU@ZIF-8 NPs is
in the range of 50-80 nm. Overall, after the polymer coating, no obvious change in particles size
took place but a pale shell formed on the outer surface of 5- FU@ZIF-8 nanoparticles could be
observed obviously. Meanwhile, dramatical changes of the macroscopical morphology appeared
from a white powdery solid (5-FU@ZIF-8) to a yellowish and fluffy material
(HA-SS-MTX/5-FU@ZIF-8, figure 7c). The features of size and spherical shape might facilitate
the HA-SS-MTX/5-FU@ZIF-8 NPs endocytosis and the enhanced penetration and retention effect.
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Fig. 7. TEM images of: 5- FUQZIF-8 (a); HA-SS-MTX/5- FU@ZIF-8 (b); Optical images
of these samples (c).

3.2. Drugs loading efficiency and redox-responsive drug release

The per gram of as-prepared HA-SS-MTX/5-FU@ZIF-8 NPs load about 0.345 g of 5-FU
and 0.0508 g of MTX. Certainly, a higher MTX loading could be obtained but it has been found
that the degree of substitution (DS) (ratio between the number of substituted reactive group (the
carboxylate groups in our paper) and the number of repeating disaccharide units of the
polysaccharide) above 25% would decrease the HA’s ability to target CD44 receptors and change
the HA’s overall charge [31]. That is to say, the the drug loading and the HA’s targeting properties
are contradictory and restrictive. A great number of experimental studies are essential to determine
the optimal DS value to gain the best therapy effect. In this paper the substitution degree of HA
was about 31% and the mass fraction of MTX in HA-SS-MTX conjugates (W; %) was about
23.9%.

To confirm the stimulus-response release of MTX induced by GSH, the drug release
behavior was determined by a dialysis method in PBS buffer solution and the amount of MTX
released was measured by a UV-vis spectrophotometer (figure 8). We could see that there was no
obvious adsorption peak in the HA-SS spectrum. The two characteristic peaks of MTX appeared at
299nm and 388nm. As for HA-SS-MTX, we could detect the free MTX signals in the dialysis
solution with 10mM GY'S but no obvious adsorption peaks were observed in the dialysis solution
without GYS after the same dialysis time (about 6 hours). These results indicated that MTX
molecules could be released from the HA-SS-MTX bioconjugates after the cleavage of disulfide
bonds induced by the simulation of GSH. The pH responsive drug release of 5-FU@ZIF-8 NPs has
been evaluated in our earlier work (figure S1) [35].
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Fig. 8. UV-Vis absorption spectra of MTX, HA-SS and HA-SS-MTX in PBS with different
concentration of GSH.

3.3. In Vitro Cytotoxicity Studies

The cytotoxicity of as-prepared HA-SS-MTX/5-FU@ZIF-8 NPs towards HT29 cells,
folate and CD44 receptors-overexpressing cancer cells, were determined by the MTT assay and
the data were used to obtain the 1Cs, values by the dose-effect relationship fitting (figure 9a). For
comparison, the free 5-FU, free MTX, and free 5-FU+MTX mixture (the ratio of the two drugs
were the same with that of the HA-SS-MTX/5-FU@ZIF-8 nanoparticles) were also studied at a
series of concentrations. As shown in figure 9a, both the two free drug solutions, 5-FU+MTX and
HA-SS-MTX/5-FU@ZIF-8 NPs showed a concentration-dependent cell-killing ability. In addition,
no significant cytotoxicity of the drug vehicles ZIF-8 material was observed indicating that ZIF-8
NPs did not impact the mechanism of pharmacological action of both small molecular drugs 5-FU
and MTX (figure S2). The ICsy value of HA-SS-MTX/5-FU@ZIF-8 (13.24pg/mL) nearly dropped
to one seventh of the the single 5-FU (91.42pg/mL) and one sixth of pure MTX (79.89ug/mL)
indicating that the combination of the two drug indeed inhibit the proliferation of the cancer cells.
Furthermore, with the help of the ligand-receptor mediated endocytosis contributed by HA,
HA-SS-MTX/5-FU@ZIF-8 NPs exhibited much higher cytotoxicity compared with the simple
5-FU+MTX mixture (IC5;=48.14pug/mL). From the cells apoptosis results (figure 9d), we could see
that all the four groups tended to migrate from live cells status to early and late apoptosis
compared with the control group confirming an apoptosis-activated cell death pathway. Moreover,
the quantitative analysis of percent apoptotic cells (figure. 9¢) showed that the group treated with
HA-SS-MTX/5-FU@ZIF-8 NPs possessed the highest cell apoptotic percentage (20.69%) with
significant statistical differences with 5-FU+MTX group confirming that the dual
stimulus-response multi-drug delivery nanoplatform could fulfil the effective combination of MTX
and 5-FU and subsequently obtain better antitumor efficiency. The results of live/dead cell staining
assays and the corresponding fluorescent quantitative analysis (figure. 9b and c) also coincide with
the above cytotoxicity tests and cells apoptosis results.



1004
- € I,
£ 804 =X
E =
E 604 =
=] =
> 1C5,=91.42 I -
T g 1Cs0™L Zpg/mlL =
o R*=0.9730 =

ﬂ Ll Ll 1
1 10 100 1000
C(ug/ml)

100+
- 3) -
$ 0 S
E 60 ::
= =
- 404 ) =
Z 0l 1C5p=48.14pg/mL =
“ R2=0.9863 ~

(1]

control

T 1
100 1000

C(ug/ml)

T
10

1004

173

()
80+
60
404
I(fs(|='?9.89|lgfm 1.
204 2
R*=0.9571
0 T T 1
1 10 100 1000
C(ug/ml)

1004

804

)

2041C5¢=13.24pg/ml
o [R?=0.9656 . .
1 10 100 1000
C(ug/ml)

5-FU+MTX HA-SS-MTX/5-FU@ZIF-8

(b)
104 ==
=
-
¢ 1
Z 05 I —
&" i
0.0 T T T T T
> S + ' S
S U\
& g ?‘ S )
A (&
S &
e] 4.\5:
6.
-~
Kl
b=l
&
(c)

Fig. 9.1. Cell viability of HT29 after 24 h incubation with different concentrations of 5-FU, MTX,
5-FU+MTX, HA-SS-MTX/5-FU@ZIF-8 (from 1 to 4), and the calculated IC50 values
(a) CLSM images of HT29 cells after incubation with these samples (24 h), dyed with calcein AM/ Pl
(b) the corresponding fluorescent quantitative analysis

(c) Annexin V-FITC/PI double-staining to analyze the HT29 cells apoptosis treated with these samples (24 h)

by flow cytometry
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Fig. 9.2. Cell viability of HT29 after 24 h incubation with different concentrations of 5-FU, MTX,
5-FU+MTX, HA-SS-MTX/5-FU@QZIF-8 (from 1 to 4), and the calculated IC50 values
(d) The quantitative analysis of apoptotic cells percent
(e). The unmarked asterisk is the result of comparison with the control group, ***P < 0.001.

4. Conclusion

In this paper we innovatively combined the CD44 receptors mediated targeting ability of
HA, the redox-responsive disulfide bond and the pH-sensitive dissolution property of ZIF-8
frameworks to fabricate a dual pH/Redox-responsive drug delivery system
(HA-SS-MTX/5-FU@ZIF-8) to achieve the combinatorial delivery and on-demand drug release of
5-FU and MTX at the tumor sites. Preliminary in vitro experiments showed that the as-prepared
HA-SS-MTX/5-FU@ZIF-8 NPs exhibited high inhibiting proliferation and promoting apoptosis
performance towards the colon cancer cells indicating that the nanoplatforms indeed enhanced the
synergistic anticancer effect of 5-FU and MTX. Taken together with the precise targeting,
controlled release, and high cytotoxicity, these creative HA-SS-MTX/5-FU@ZIF-8 NPs hold a
promising prospect in clinical application. More importantly, due to the facile yet versatile
procedure it is potential to expand this strategy to other multi-drug synergistic combination
systems and provide an appealing alternative therapy against cancer.
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