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KEYWORDS Abstract Using curcumin and carborane as raw materials, four different kinds of curcumin fluo-
Cineumiting rescent complexes RL-100-Curcumin (RL-100-Cur), RS-100-Curcumin (RS-100-Cur), RL-100-
Carborone; Curcumin -Carborane (RL-100-Cur-B) and RS-100-Curcumin-Carborane (RS-100-Cur-B) were
Oil-in-water; prepared by one-pot method, which solved the shortcomings of curcumin’s poor solubility and
Acrylic resin; improved the biocompatibility of curcumin-carboranes. The prepared fluorescent complexes were
Cell imaging characterized by infrared spectroscopy, and the characteristic peaks at 1634 cm™' (aromatic),

1732 cm™" (carbonyl) and 2568 cm™' (boron) were confirmed. The coating of curcumin-
carborane into nano-spheres by acrylic resin carrier can be observed by transmission electron
microscope. Acrylic resins RL-100 and RS-100 are zwitteric ionic polychloride polymer materials,
which can be firmly combined with polar or ionic molecules in the form of hydrogen or ionic bonds
to form regular nanoparticle. Through in vitro tumor cell imaging, it was observed that the four
kinds of curcumin fluorescent complexes had good biocompatibility and accurately entered into
tumor cells, indicating that the four compounds had certain selectivity. This design not only solves
the problem of curcumin-carborane bioavailability but also has a certain visual fluorescence target-
ing effect. In particular, the properties of RS-100-Cur-B are particularly obvious.
© 2023 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction
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Curcumin is a phenolic pigment extracted from turmeric, which has
important medicinal value(Ali et al., 2020, Liu et al., 2022, Liu 2022,
Bar-Sela et al., 2010, Bhawana et al., 2011). Studies have found that
the main pharmacological effects of curcumin include antioxidant,
anti-inflammatory, anticoagulant, lipid-lowering, anti-atherosclerosis,
anti-aging, free radical elimination and tumor growth inhibition
(Calabrese et al., 2012, Hu et al., 2022, Lupina et al., 2023, Cui
et al., 2021). Curcumin can inhibit the proliferation, invasion and
metastasis of tumor cells, which further explains the biological value
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of curcumin in tumor therapy. At the same time, curcumin has also
become the focus of anti-tumor research at home and abroad, involv-
ing more and more extensive research fields. The antitumor mechanism
of curcumin is very complex and varied, mainly including the following
three points: 1) inducing apoptosis of tumor cells; 2) stasis of tumor
cell cycle; 3) Inhibit the proliferation and metastasis of tumor cells
and the angiogenesis of tumor tissues.

As anew tumor targeting drug, carborane (C,H,Bo) has a very high
cure rate and survival rate for refractory tumor diseases(Metawea et al.,
2021, Mehanyetal., 2023, Duceacetal., 2023, Fuetal.,2021). Carborane
has a regular dodecahedral spatial conformation similar to the miniatur-
ized C60 structure and is similar in volume size to the benzene ring.
According to the relative positions of the two carbon atoms, they can
be divided into ortho-carborane, meta-carborane and para-carborane.
In terms of chemical structure, carborane has a special large steric hin-
drance skeleton, so it has a strong hydrophobicity. Therefore, the chem-
ical structure modification of carborane can not only play a stable role,
but also improve the solubility and biocompatibility of carborane in
aqueous solution. However, because curcumin and carborane are insol-
uble in water, they are difficult to be absorbed by the human body
through the intestinal wall, so the biological functional role of curcumin
and carborane is not fully utilized(Shao et al., 2022, Dai et al., 2022,
Gutierrez et al., 2017). In addition, its poor stability and other defects
greatly limit its application in the medical field(Wang et al., 2021,
Kharatetal.,2018). Their water-soluble research has the following types,
such as solution or emulsion dosage form, changing its chemical struc-
ture, preparing into nanoparticles and so on, among which the nano
preparation has become a hot research field(Kocaadam et al., 2017,
Mirzaei et al., 2018, Mirzaei et al., 2017, Olusanya et al., 2019).

Acrylic resin as a good pharmaceutical coating materials. They are
relatively stable in the human stomach environment, and are less
affected by digestive enzymes. They will swell in the human body fluid
environment and form multiple channels, but they will not be absorbed
by the human body, not to be metabolized by the human liver(Deng
et al., 2021, Pillai et al., 2014, Pushpakumari et al., 2015, Rasheed
et al., 2017). A inclusion compound is a unique form of complex in
which a drug molecule is wholly or partially enclosed in the molecular
cavity of another substance. The coating process of inclusion complex
is a physical process, which does not involve the breaking of the old
chemical bond and the formation of the new chemical bond. It just
changes the state of the substance, and does not produce new sub-
stances, so it is not a chemical reaction. Therefore, the stability of
the inclusion complex is mainly dependent on the interaction forces
between the wrapping and the covering, including van der waals forces,
hydrogen bonds formed, and so on. The coating process of clathrate is
a dynamic process, rather than a static one. While the coated sub-
stances continue to enter the cavity, the coated substances also con-
tinue to flow out of the cavity.(Salehi et al., 2019, Xu et al., 2021,
Stanic et al., 2017, Wang et al., 2021, Marinho et al., 2023).

A series of problems such as curcumin-carborane insolubility were
summarized, and the concept of acrylic resin coating was further consid-
ered and designed. Firstly, the structures of curcumin and carborane
were modified, and two carbonyl groups were introduced into the fluo-
rophores, and the carborane potassium salt was introduced again with-
out changing its biological activity to further resolve the solubility
problem. Secondly, the nano-form was prepared by acrylic resin coating.
Finally, the biocompatibility and selectivity were observed by tumor cell
imaging.

2. Experimental section
2.1. Chemistry

2.1.1. General experimental conditions

All solvents and reagents were purchased commercially and
used without further purification. The reagents used are

curcumin (98%, RG), Acrylic resin RL-100 (RG), Acrylic
resin RS-100 (RG), HeLa (Product code: CTCC-001-0006/
HTX1651) and carborane (98%, RG), which were purchased
through commercial channels such as Titan Technologies.
The Biological consumables used: DMEM/HIGH GLUCOSE
medium (Product code: AF29498406), RPMI 1640 medium
(Product code: 70080192), Pancreatic enzyme cell digestive
fluid (Product code: 70080900) and PBS (Product code:
PBSGNM20012), which were purchased through commercial
channels such as Hyclone, biosharp, Bioshop and genomcell.
bio. All glassware were oven-dried and kept in a desiccator
before use. Analysis of TLC results at 254 nm and 360 nm
wavelengths under UV lamps.

2.1.2. General procedure for the preparation of product

Take a 25 mL round-bottom flask, the acrylic resin RL-100
(70 mg) and curcumin (70 mg) were dissolve in EtOH
(3mL), and then at the room temperature stirred for 8hrs.
The EtOH was concentrated to afford 130 mg of L100-Cur
(Scheme 1).

The fluorescent complexes RS-100- Cur, RL-100-Cur-B
and RS-100-Cur-B were obtained by the same method.

2.2. Spectroscopic properties

2.2.1. UV spectrum

Ultraviolet—visible (UV-vis) spectra were recorded on a UV-
2550 spectrophotometer using a 1cm path length quartz
cuvette. The 10mg fluorescent complex was dissolved in
methylene chloride (MC), ethyl acetate (EA), dimethyl sul-
foxide (DMSO) and tetrahydrofuran (THF), respectively,
to prepare the required optimal concentration gradient for
future use. Spectral tests of solutions with different concen-
trations were prepared according to needs and data were
recorded. The UV-Vis wavelength range is 400-700 nm.
The fluorescence of the complex was obtained at the optical
path of 10 mm and the excitation wavelength of 450 nm, and
the wavelength range of the recorded emission was 400-
800 nm.

2.2.2. Fluorescence emission spectrum

Fluorescence Spectra were performed on Shimadzu RF-
5301PCS Spectro fluorophotometer at room temperature.
The four fluorescent complex were dissolved in MC and for-
mulated into a series of concentrations and then the fluores-
cence spectra were tested in EA, DMSO and THF solutions.
Set the excitation wavelength as the corresponding maximum
absorption wavelength in ultraviolet. The corresponding fluo-
rescence emission spectrum was obtained.

2.2.3. IR spectrum

Grind the dried sample and potassium bromide into fine pow-
der in agate mortar under an infrared lamp. Take the fine pow-
der of potassium bromide into the tablet pressing die, make a
transparent sheet on the tablet pressing machine, put the ingot
into the sample chamber of the spectrometer to obtain the
blank infrared spectrum, move the mixture of four samples
and potassium bromide into the tablet pressing die to press
the tablet, and scan the spectrum to obtain the infrared
spectrum.
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Scheme 1

2.3. Biological

2.3.1. Cellular uptake and localization by transmission electron
microscope

A thin supporting film is adhered on the copper net in advance,
and a proper amount of powder and tetrahydrofuran are
added to the small beaker respectively, and ultrasonic oscilla-
tion is carried out for 10-30 min. After 3—5 min, the uniform
mixed liquid of powder and tetrahydrofuran is sucked by a
glass capillary tube, and then 2-3 drops of the mixed liquid
are dropped onto the copper net and dried. Wait for more than
15min to volatilize tetrahydrofuran as much as possible.
Finally, put the sample on the sample table and insert it into
the electron microscope for observation.

2.3.2. Cell imaging

HeLa cells at logarithmic growth stage were treated with tryp-
sin, inoculated in 96 well plates with circular plates, placed in
5% CO, incubator, cultured at 37 °C for 24 h, and adhered to
the wall. In DMSO, the prepared resin RL-100-Cur, RS-100-
Cur, RL-100-Cur-B and RS-100-Cur-B stock solutions
(5 mg/ml) were respectively diluted with DMSO to prepare
solutions with appropriate concentrations. The cells in the
original culture medium were deleted in each and replaced
by cells containing 5 pg/ml of different media for 36 h. After
that, they were discarded in PBS, washed twice, and then fixed
with paraformaldehyde for 20 min. The solution eliminated
the repair solution was incubated with PBS and washed twice,
the DAPI dark room was incubated for 20 min, the staining
solution was discarded, and the PBS was washed twice. After
the anti-fluorescence inactivated scaffold treatment, the cell
fluorescence image was obtained on the fluorescence
microscope.

3. Results and discussion

Acrylic resin can be divided into many types because of its dif-
ferent structure, molecular weight and water solubility. In
order to increase its solubility, we selected two acrylic resins
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Synthesis route of curcumin fluorescence complexes.

RL-100 and RS-100 to solve the solubility of curcumin-
carborane itself. It can be seen from Scheme 1 that the struc-
tural characteristics of two different types of acrylic resins
are all with quaternary ammonium salt groups, while the
carborane is treated with potassium hydroxide to obtain potas-
sium salt, which increases the ionic binding ability and water
solubility of acrylic resins. These functional groups can form
hydrogen bonds with hydrogen and hydroxide ions in the
water environment, which can greatly increase the solubility,
and facilitate the coating of lipid-soluble curcumin-carborane
into the water environment.

From the four infrared spectra, it can be observed that RL-
100-Cur-B and RS-100-Cur-B (Fig. 1) have a strong absorp-
tion peaks in the range of 2568 cm ™!, which is the characteris-
tic peak of the boron spectrum of carborane. In contrast, RL-
100-Cur and RS-100-Cur do not have such absorption peaks,
mainly because there are no carborane molecules coated in
these two fluorescent complexes. The strong absorption peaks
in the range of 1732 cm™! is the characteristic absorption peak
of the two carbonyl groups of curcumin, while the subsequent
absorption peak in the range of 1634-1455 cm ™! belongs to the
aromatic absorption peak. And the smooth absorption peaks
at 3441 cm-1 at the far left are characteristic peaks of hydroxyl
and amine groups in acrylic polymer (Fig. 2).

The MC, EA, DMSO and THF were used as solvents for
UV spectrum analysis. The results show that the UV
absorption spectra of RS-100-Cur and RL-100-Cur fluores-
cent complexes have the same double peaks in the range
of 430 ~ 470 nm, respectively, and the maximum absorption
wavelength is in the range of 460 ~ 470 nm. This is because
curcumin has an absorption peak at 200-300 nm and 410-
450 nm respectively, and the maximum absorption peak in
the visible range is at 400 nm, while there is almost no
absorption at 500-800 nm. The results showed that curcumin
could not be activated in the range of 500-800 nm, but
could be activated in the range of 200-300 nm and 410-
450 nm.The UV absorption spectra of RS-100-Cur-B and
RL-100-Cur-B fluorescent complexes showed similar multiple
trailing peaks, and the maximum absorption wavelength was
in the range of 330-360 nm, and the absorption intensity
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Fig. 2 Infrared spectrum of curcumin fluorescence complexes.

also increased with the increase of concentration, but the
wavelength decreases. This is due to the interference of
carborane which affects the absorption peak of curcumin
and causes the instability phenomenon such as multiple
peaks, resulting in the gradual weakening of its wavelength
range. (Fig. 3 and Table 1).

Similarly, the fluorescence emission spectra of the four
fluorescent complexes were tested in MC, EA, DMSO and
THF. The fluorescence emission spectra of RS-100-Cur
and RL-100-Cur fluorescent complexes are in the range of
486 ~ 512 nm, and the emission intensity is basically in the
range of 10000 ~ 4000. The fluorescence emission spectra
of RS-100-Cur-B and RL-100-Cur-B fluorescent complexes
show weak emission intensity in the range of 1000 ~ 400.
On the one hand, it is due to the solubility difference of dif-
ferent solvents, on the other hand, carborane interference
leads to their emission intensity difference of more than 10
times.

In addition, the relative photoluminescence fluorescence
quantum yield ®f of four fluorescent complexes was mea-
sured and calculated using Rhodamine B (®f = 0.5) in buf-
fer solution and used as a reference for target compounds.

Sunlight 365nm

RL-100-Cur:B

Sunlight and 365 nm images of four curcumin fluorescence complexes.

The fluorescence quantum yields of RS-100-cur-B and RL-
100-cur-B were 0.038 and 0.051 respectively, both of which
were lower than that of RS-100-Cur and RL-100-Cur. This
is because the addition of carborane makes the steric hin-
drance of the whole increase, and the degree of conjugation
of the molecule decreases, leading to the decrease of quan-
tum yield. This also proves that the phenomena in the UV
absorption spectrum described above are consistent. (Fig. 4
and Table 1).

In order to observe the internal morphology more directly,
four kinds of fluorescent complex were tested by transmission
electron microscopy. As can be seen from the picture, these flu-
orescent complexes have form of nanoparticles and are uni-
formly dispersed in the system. These four sets of images
have very unique features. For example, RL-100-Cur and
RS-100-urR nanoparticles are fluffed together like clusters of
cotton, while RL-100-Cur-B and RS-100-Cur-B are very obvi-
ous solid nanoparticles. This is because the former is acrylic
resin coated curcumin, while the latter is acrylic resin coated
curcumin and carborane. The carborane itself has the three-
dimensional structure of dodecahedron in the shape of a
sphere. It can be clearly observed by the TEM that the carbo-
rane particles are coated with acrylic resin and tightly aggre-
gated together. These images show that the acrylic resin
tightly coats the two materials to form nanoparticles (Fig. 5).

The selectivity, affinity and biocompatibility of the four flu-
orescent complexes in tumor cells were studied by cell imaging
according to their structural characteristics. HeLa cell staining
under the laser confocal microscope can be clearly seen under
the fluorescence microscope.

As shown in Fig. 6, bright field, DAPI, green channel,
red channel and merge imaging are provided. The selectivity,
affinity and biocompatibility of the four fluorescent com-
plexes with HeLa cells were improved compared with the
two control groups. However, the cell imaging effect of
RL-100-Cur-B and RS-100-Cur-B is more obvious than that
of RL-100-Cur and RS-100-Cur. This is because the coating
carborane potassium salt increases the affinity with Hela
cells, leading to different effects between the two groups.
Moreover, carborane itself has a very good selective effect
on tumor cells, which further increases the targeting effect.
In particular, the effect of RS-100-Cur-B is significant, and
it was observed that the fluorescent complex almost sur-
rounded or entered the tumor cells.
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Fig. 3 UV absorption spectrum of fluorescent complexes RL-100-Cur, RS-100-Cur, RL-100-Cur-B and RS-100-Cur-B in different
solvents.

Table 1 Absorption and emission spectra data in different solutions of four fluorescent complexes.

Fluorescent Complex Items Solvents (XS
DCM EA THF DMSO

RS-100-Cur Aabe/NM 459 464 458 462 0.312
A/ 510 512 485 484

RL-100-Cur Aabe/NM 460 469 458 459 0.263
Aem/NM 512 512 487 485

RS-100-Cur-B Aabe/NM 458 458 452 461 0.038
Aem/NM 470 480 482 475

RL-100-Cur-B Aabe/NM 458 434 430 454 0.051
Aem/NM 470 472 465 474

# photoluminescence quantum yield estimated relative to rhodamine B as the standard (Uf = 0.5 in ethanol).
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Fig. 4 Fluorescence emission spectrum of fluorescent complexes RL-100-Cur, RS-100-Cur, RL-100-Cur-B and RS-100-Cur-B in
different solvents.
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Bright Field

Fig. 6
4. Conclusion

Through the research of the subject, fat-soluble curcumin and carbo-
rane are coated with acrylic resin to achieve “oil-in-water” effect and
increase its compatibility with tumor cells. This design shows good
application potential, and novel fluorescent composite drugs are pre-
pared by an outside-in approach combining pharmaceutical excipients
and zwitterion technology, which not only solves the problem of
incompatibility, but also enables curcumin-carborane fluorescent
complex are driven into tumor cells by aggregation-induced dynamic
self-assembly. These relevant data can provide theoretical feasibility
basis for subsequent research on curcumin-carborane fluorescent
complexes.

Green Channel

Red Channel

Cellular imaging of RL-100-Cur, RS-100-Cur, RL-100-Cur-B and RS-100-Cur-B.
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