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Drug delivery systems (DDSs) show great application prospects in tumor therapy. So far, physical

encapsulation and covalent grafting were the two most common strategies for the construction of

DDSs. However, physical encapsulation-based DDSs usually suffered from low drug loading capacity and

poor stability, and covalent grafting-based DDSs might reduce the activity of original drug, which greatly

limited their clinical application. Therefore, it is of great research value to design a new DDS with high

drug loading capacity, robust stability, and original drug activity. Herein, we report a super-amphiphile

based drug delivery system (HBS-DDS) through self-assembly induced by hydrogen bonds between

amino-substituted N-heterocycles of the 1,3,5-triazines and hydrophilic carmofur (HCFU). The resulting

HBS-DDS had a high drug loading capacity (38.1%) and robust stability. In addition, the drug delivery

system exhibited pH-triggered size change and release of drugs because of the pH responsiveness of

hydrogen bonds. In particular, the anticancer ability test showed that the HBS-DDS could be efficiently

ingested by tumor cells, and its half-maximal inhibitory concentration (IC50 ¼ 3.53 mg mL�1) for HeLa

cells was close to that of free HCFU (IC50 ¼ 5.54 mg mL�1). The hydrogen bond-based DDS represents

a potential drug delivery system in tumor therapy.
1. Introduction

Drug delivery systems (DDSs) have shown great application
prospects in tumor therapy due to their long blood half-life and
enhanced permeability and retention (EPR) effect.1–3 So far,
physical encapsulation and covalent graing were currently the
two most common strategies for the construction of DDS. As
reported, physical encapsulation could effectively maintain the
efficacy of original drug, but it usually had the following two
disadvantages: (1) low drug loading capacity (usually <5%)
caused the use of a large number of nontherapeutic carrier
materials; (2) poor stability might lead to drug molecule
leakage.4–7 In contrast, covalent graing could signicantly
improve the drug loading efficiency and stability of DDS.4,8

Nevertheless, covalent graing sometimes need to occupy the
functional groups of drugs and affects the release of drugs in
the lesion, which would reduce or even change the activity of
ospital Orthopedics Department, Sichuan
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original drugs.9,10 Thus, it is still a hotspot and challenge in the
eld of tumor therapy to nd a general strategy to build a DDS
with high drug loading capacity, robust stability, and original
drug activity.

Recently, loading based on non-covalent interactions,
provided a new idea to solve the above problems, as it could not
only retain the advantages of physical encapsulation and cova-
lent graing but also overcome their disadvantages.11–13 For
example, our groups reported a DDS based on electrostatic
interaction, which not only exhibited a high drug loading
content (up to 45.0%) and robust stability but also maintained
the activity of loaded chemotherapeutic drugs.10 As non-
covalent interactions, hydrogen bonding was also widely used
in the design and construction of DDS. A large number of
studies have demonstrated that the drug loading system based
on hydrogen bonds not only had high drug loading capacity and
excellent stability but also could intelligently release loaded
drugs due to the pH responsiveness of hydrogen bonds.14–16

Herein, we reported a new hydrogen-bond super-
amphiphile-based drug delivery system (HBS-DDS) for tumor
therapy. As shown in Scheme 1, the HBS-DDS was constructed
through self-assembly induced by hydrogen bonds between
carrier molecules (amino-substituted N-heterocycles of the
1,3,5-triazines, 1) and anticancer drugs (hydrophilic carmofur,
HCFU). The hydrogen bond between carriers and drugs
endowed the HBS-DDS with high drug loading capacity and
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://crossmark.crossref.org/dialog/?doi=10.1039/d1ra08624c&domain=pdf&date_stamp=2022-02-18
http://orcid.org/0000-0002-8210-7121
http://orcid.org/0000-0003-4464-9541
http://orcid.org/0000-0001-7633-358X
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra08624c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA012010


Scheme 1 Preparation of the hydrogen-bond super-amphiphile-based drug delivery system.
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robust stability. Owing to the pH sensitivity of hydrogen bonds,
the HBS-DDS exhibited pH-triggered size change and drug
release behavior. The anticancer ability test showed that HBS-
DDS could not only be efficiently ingested by tumor cells but
also its anticancer activity was close to that of HCFU. Thus, HBS-
DDS with high drug loading capacity, robust stability, original
drug activity, and pH responsiveness would be a potential nano-
drug for clinical tumor treatment.
2. Experimental section
2.1 Material

Sodium hydroxide, potassium hydroxide, dinitrile diamine,
anhydrous acetone, petroleum ether, ethyl acetate, dichloro-
methane, anhydrous potassium carbonate, dimethyl sulfoxide,
Tween 80, and hydrochloric acid p-toluenesulfonyl chloride
were purchased from Chengdu Chron Chemicals Co. Ltd,
China. Tetraethylene glycol monomethyl ether, 4-hydrox-
ybenzonitrile, diethylene glycol methyl ether, and hydrophobic
carmofur (HCFU) were purchased from Tansoole (Shanghai,
China). The dialysis bag was purchased from Spectrum Labo-
ratories, Inc. USA. DMEM culture medium, fetal bovine serum
(FBS), and pancreatin were purchased from Cytiva HyClone
Laboratories, USA. Paraformaldehyde was purchased from
Tianjin ZhiYuan Reagent Co. Ltd, China. Hoechst 33342 cell
was purchased from Merck Sigma-Aldrich, USA. Counting kit-8
(CCK-8) was purchased from Beyotime Biotech Inc., China.
2.2 Preparation of HBS-DDS

Compound 1 (amino-substituted N-heterocycles of the 1,3,5-
triazines, 3.9 mg, 0.01 mmol) was dissolved in dimethyl sulf-
oxide (100 mL; DMSO). Then, the ultra-pure (UP) water (4 mL)
© 2022 The Author(s). Published by the Royal Society of Chemistry
was added into DMSO with compound 1 under ultrasonic
conditions at 60 �C. Next, the HCFU (2.5 mg, 0.01 mmol) was
dissolved into chloroform and dried by a vacuum rotary evap-
orator (EYELA N-1300). Finally, the DMSO with compound 1was
quickly added into the HCFU and continued ultrasound for
60 min. Aer cooling, HBS-DDS were successfully prepared. In
subsequent studies, the concentration of compound 1 was used
to represent the concentration of HBS-DDS.

2.3 Characterization of HBS-DDS

The dynamic light scattering particle size meter (DLS, Zetasizer
Nano ZS90, Malvern, UK) was used to measure the hydrody-
namic diameter of HBS-DDS. The morphology of HBS-DDS was
observed by a transmission electron microscope (TEM, G2F20S-
TWIN). Briey, HBS-DDS was dropped onto the copper mesh
and stained with phosphotungstic acid. Aer drying, the
morphology of HBS-DDS was observed by a TEM. The zeta
potential of HBS-DDS was measured by a DLS at different pH
values. The composition of HBS-DDS was measured by 1HNMR.
First, HBS-DDS was cracked using a HCl solution (1 M). Then,
the proportions of compound 1 and HCFU were measured by
1HNMR. Finally, the drug loading capacity was calculated as
follows: drug loading capacity (wt%) ¼ (WHCFU/WHBS-DDS) �
100%.

2.4 Stability assay17

The dilution stability was evaluated by measuring the particle
size of HBS-DDS with different concentrations (concentration of
loaded drug carrier). Briey, HBS-DDS were diluted to the
various concentrations (concentration of loaded drug carrier,
10, 20, 39, 78, 156, 312, 625, 1250, and 2500 mM). Then, the
particle sizes of HBS-DDS with different concentrations were
RSC Adv., 2022, 12, 6076–6082 | 6077
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recorded by DLS. The FBS stability of HBS-DDS was tested by co-
culturing with 10 v/v% FBS. Then, the particle size of HBS-DDS
was determined by DLS at different time periods (0, 1.5, 3, 13,
and 24 h).

2.5 Drug release assay10

First, HBS-DDS was added to a dialysis bag (2000 Da). Then, the
dialysis bag with HBS-DDS was immersed into 100 mL of
different buffer solutions (pH 7.4 buffer, 6.5 PBS buffer, and pH
5.5 acetate buffer, 0.1% Tween 80), respectively. Next, the
solutions were removed and replaced with fresh buffer solu-
tions at different time points. The content of HCFU released
from HBS-DDS was determined by high-performance liquid
chromatography (HPLC, HP1100, USA). Detailed condition:
column: C18 column; ow rate¼ 1000 mL min�1; mobile phase
was a mixed solution of methanol and water (Vmethanol : Vwater ¼
56 : 44); detector absorbance ¼ 258 nm.

2.6 Cellular uptake assay10

The cellular uptake behavior of HBS-DDS was examined by
confocal laser scanning microscopy (CLSM, Leica Microscopy
Systems Ltd, Germany). First, Nile Red was loaded into the core
of the HBS-DDS (the detail process was shown in ESI†). Then,
the HBS-DDS with Nile-Red were incubated with HeLa cells
(DMEM medium containing 10% FBS, Shanghai Institute of
Fig. 1 (a) Distribution of the hydrodynamic diameter of HBS-DDS. (b) TEM
(d) Particle sizes of HBS-DDS after incubation with 10% FBS for 24 h. [1]

6078 | RSC Adv., 2022, 12, 6076–6082
cell, Chinese Academy of Sciences) for different time periods.
Aer washing three times with PBS solution, the HeLa cells were
xed with paraformaldehyde for 30 min and stained with
Hoechst 33342 for 10 min. Finally, the HeLa cells were observed
by a CLSM.

2.7 Antitumor activity and cytotoxicity to normal cells18,19

First, the HeLa cells and normal cells (L929 cells, DMEM
medium containing 10% FBS, Shanghai Institute of cell,
Chinese Academy of Sciences) were seeded in 96-well plates and
cultured for 12 h. Then, the old medium was replaced with
a fresh medium (100 mL) with various concentrations of HBS-
DDS (concentration of loaded HCFU) and HCFU and
continued to incubate for 48 h. Aer co-culturing, the culture
medium was replaced with a fresh medium with CCK-8 solution
(10 v/v%, 100 mL) and continued to incubate at 37 �C for 2 h.
Finally, the optical density (OD) of the solution was measured at
480 nm using a microplate reader (Thermo Fisher Scientic,
USA). Finally, the popular calcusyn soware was used to
calculate the half-maximal inhibitory concentration (IC50) of
samples.

2.8 Statistical analysis

Data are presented as the mean � standard deviation of at least
three independent samples, and each measurement was
images of HBS-DDS. (c) Size of HBS-DDSwith various concentrations.
¼ 5.0 � 10�4 M.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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performed in triplicate. Statistical analysis was determined by
the analysis of variance tests (ANOVA) using two-tailed,
unpaired tests, and the p values < 0.05 were considered to be
statistically signicant.
3. Results and discussion
3.1 Synthesis and characterization of HBS-DDS

Detailed synthesis steps of the drug carrier (compound 1) are
shown in SI. The 1H NMR, 13C NMR and high-resolution mass
spectrum (Fig. S1–S5†) showed that compound 1 was success-
fully synthesized. The hydrodynamic diameter of HBS-DDS
determined by DLS is �145 nm with unimodal size distribu-
tion (Fig. 1a). The polydispersity index (PDI) of HBS-DDS was
0.17 � 0.04, which indicated that HBS-DDSs displayed a rela-
tively uniform particle size. The TEM images indicated that
HBS-DDS presented a spherical morphology (Fig. 1b), which
was similar to the size determined by DLS. In order to resist
metabolism and then enrich tumor tissue through the EPR
effect, high stability was required for drug delivery systems. As
shown in Fig. 1c, the particle size did not change signicantly,
even if HBS-DDS was diluted to the concentration of compound
1 was equal to 10 mM. Aer incubation in FBS (10%), HBS-DDS
showed also a slight size change (Fig. 1d). All these results
indicated that the hydrogen bond network endowed HBS-DDS
with excellent stability in the normal physiological environ-
ment. The drug loading capacity was measured by 1H NMR. As
Fig. 2 (a) TEM image of HBS-DDS at different pH values. (b) The zet
cumulative release of drug from HBS-DDS at different pH values.

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. S6 and Table S1,† the molar ratio of compound 1
to HCFU in HBS-DDS was 1 : 0.94, which was close to the feed
molar ratio of 1 : 1, presumably as a result of alternating self-
assembly induced by multiple hydrogen bonds between
compound 1 and HCFU. Furthermore, the drug loading of HBS-
DDS was calculated as 38.1%, which was much more than
physical encapsulation and even close to covalent graing.20–22

All the above-mentioned results demonstrated that HBS-DDS
possessed high drug loading and robust stability, so that it
had the potential to become a nano-drug for tumor treatment.

3.2 pH-triggered size change and drug release

As shown in Fig. 2a, the morphology of HBS-DDS was dense with
a particle size of 100–150 nm at pH 7.4. The HBS-DDS gradually
became loose and dissociated into small nanoparticles with 10–
50 nm size at pH 6.5. Aer pH continues to decrease to 5.5, the
small nanoparticle (10–50 nm) was further uffy and dissociates
small fragments. The results indicated that HBS-DDS possessed
pH-triggered size change and gradually dissociates into small
fragments/nanoparticles with the decrease in the pH value. The
size change ability could overcome two intrinsically conicting
(tumor accumulation and penetration) attributes of nano-drugs
for tumor treatment.23 On the one hand, HBS-DDS exhibited
a �100 nm size in the blood (pH 7.4), which was conducive to
their enrichment at the tumor site through EPR effect.24–27 On the
other hand, HBS-DDS dissociated into small fragments in the
tumor microenvironment (pH 5.5–6.5), so that they could
a potentials of HBS-DDS at different pH values. (c) Time-dependent

RSC Adv., 2022, 12, 6076–6082 | 6079
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efficiently penetrate the tumor tissue and enter tumor cells.
Fig. 2b shows that the zeta potential of HBS-DDS was�14.7mV at
pH 7. However, the zeta potential of HBS-DDS gradually
increased with the decrease in pH and was 1.5 mV and 2.0 mV
aer the pH becomes 6 and 5, respectively. The zeta potential
change of HBS-DDS came from the protonation of the amino
group in compound 1 aer pH reduction, which might cause the
weakening of hydrogen bonds (cross-linker of HBS-DDS) between
compound 1 and HCFU, thereby leading to HBS-DDS swell and
dissociation. As reported, the hydrogen bond could be used for
the controlled release of drugs due to its pH sensitivity.28–31 To
test the drug release, HBS-DDS was investigated in a buffer
solution with different pH at 37 �C. Fig. 2c reveals the accumu-
lative drug release curve of HCFU from HBS-DDS was markedly
correlated with the solution pH values. At neutral pH, the release
rate of HCFU was slower from HBS-DDS than pH 6.5 and pH 5.5,
and�18%HCFU was released frommicelles in 30 h at pH 7.4. In
Fig. 3 CLSM images of HeLa cells incubated with Nile Red-loaded HBS-
Nile Red, scale bar: 25 mm).

6080 | RSC Adv., 2022, 12, 6076–6082
contrast, the release of HCFU from HBS-DDS was almost �40%
and �74% at pH 6.5 and 5.5, respectively. These results
demonstrate that the release behavior of HCFU from HBS-DDS
was pH-dependent, and the lower the pH, the faster the HCFU
release rate, as the HBS-DDS would gradually dissociate into
fragments aer pH decreases. The pH-triggered release behavior
of the drug not only avoided the leakage of HCFU in the neutral
physiological environment but also enabled HBS-DDS to effi-
ciently release HCFU in the acidic environment of the tumor to
achieve efficient anti-tumor. Thus, the pH-triggered release of
anticancer drugs was conducive to improving bioavailability and
reducing the toxicity of drug.10,32–34
3.3 Cell uptake of HBS-DDS

The intracellular uptake of HBS-DDS was evaluated by CLSM
aer the co-culture of Nile Red-loaded HBS-DDS and HeLa cells
DDS for 0.5, 1, and 2 (blue fluorescence: cell nuclei, red fluorescence:

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Cell viability of HCFU and HBS-DDS for HeLa cells after incubation for 48 h. (b) Cell viability of HCFU and HBS-DDS for L929 cells after
incubation for 48 h.
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(Fig. 3). Aer co-culture for 0.5 h, a strong red uorescence (Nile
Red) could be observed around the blue uorescence (cell
nucleus), and some of the red uorescence coincided with the
blue uorescence, suggesting that the Nile Red-loaded HBS-
DDS has gradually entered the nucleus. Compared with the
co-culture for 0.5 h, the red uorescence did not signicantly
increase aer co-culture for 1 and 2 h. The result indicated that
it took only 0.5 h for a large amount of Nile Red-loaded HBS-
DDS to enter the tumor cells through endocytosis. All these
results of the intracellular uptake test demonstrated that HBS-
DDSs were able to quickly and effectively enter the tumor
cells, which was conducive to the efficacy of HCFU.
3.4 Antitumor activity test

The cytotoxicity of carriers (compound 1) to normal cells (L929
cells) and tumor cells (HeLa cells) should be tested before
evaluating the antitumor activity of HBS-DDS. Fig. S9† shows
that the cell survival rate was more than 80% of L929 cells and
HeLa cells, even if the concentration of compound 1 was as high
as 150 mgmL�1. The results demonstrated that compound 1 had
good biocompatibility and no obvious anticancer activity. In
addition, the anticancer activity of free HCFU and HBS-DDS was
evaluated in HeLa cells (Fig. 4). As shown in Fig. 4a, the IC50 for
the HeLa cells of HBS-DDS (3.53 mg mL�1) was close to that of
HCFU (5.54 mg mL�1), suggesting that the HBS-DDS could
maintain high anticancer activity similar to that of free HCFU,
which was caused due to the following three reasons; (1) the
HBS-DDSs were able to quickly and effectively deliver HCFU into
tumor cells (Fig. 3); (2) the pH sensitivity of HBS-DDSs (see
Fig. 2) avoided the leakage of HCFU in normal environment and
the rapid release in tumor cells; (3) compared with covalent
graing, the non-covalent interactions between compound 1
and HCFU did not involve the functional groups of original
drugs. The cytotoxicity of the HBS-DDS to normal cells (L929
cells) is shown in Fig. 4b. The IC50 for the L929 cells of HCFU
was 5.78 mg mL�1, indicating that HCFU exhibited high cyto-
toxicity for healthy cells as most antitumor drugs were not
selective to kill tumor cells and healthy cells.35,36 By comparison,
© 2022 The Author(s). Published by the Royal Society of Chemistry
IC50 for L929 cells of HBS-DDSs (8.09 mg mL�1) was higher than
that of HCFU, which indicated that the cytotoxicity of HCFU for
healthy cells was reduced. The results might be caused by the
slow release of HCFU of HBS-DDS due to the neutral environ-
ment in normal cells. In short, all the above results demon-
strated that the HBS-DDSmaintained high anticancer activity of
HCFU and reduced its cytotoxicity to normal cells.

4. Conclusions

In summary, the hydrogen-bond super-amphiphile-based drug
delivery system has been constructed for tumor therapy under
multiple hydrogen bonds between compound 1 and HCFU. The
resulting HBS-DDS with a particle size of �145 nm exhibited
a drug loading capacity of up to 38.1%, and the high drug
loading capacity ensured the effective delivery of drugs and
reduced the number of carriers. In addition, the HBS-DDS could
maintain stable particle size even the concentration was diluted
to 10 mM or incubated in FBS for 24 h. Thanks to the pH
sensitivity of hydrogen bonds, the HBS-DDS exhibited pH-
triggered size change and drug release behavior, which was
conducive to improving bioavailability and reducing the toxicity
of the drug. The anticancer ability test showed that the HBS-
DDS could be efficiently ingested by tumor cells and its anti-
cancer efficiency was close to that of free HCFU, indicating that
the HBS-DDS maintained original drug activity. Thus, the HBS-
DDS with high drug loading capacity, robust stability, original
drug activity, and pH responsiveness, and represents a potential
drug delivery system in cancer treatment and provides guidance
for the design of a new drug loading system.
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