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Drug resistance is a major obstacle in cancer treatment, and designing a material that monitors real-time
drug release remains a top priority. In this study, metal-organic frameworks doped with lanthanum and
thulium were synthesized and then coated with aminated silica to form La/Tm-MOF@d-SiO, as a drug
carrier. Doxorubicin hydrochloride (DOX) was selected as a drug model, and the drug loading and
release were investigated. It was found that the release of DOX under acidic conditions reached an
optimal level, indicating the pH-responsiveness of La/Tm-MOF@d-SiO,. Under acidic conditions (pH =

5.8), upconversion fluorescence was generated after loading DOX on La/Tm-MOF@d-SiO,. At pH = 5.8,
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Accepted 7th August 2020 the longer the drug released, the stronger the upconversion fluorescence. It was found that the
upconversion fluorescence intensity is directly proportional to the amount of drug released; thus, the

DOI: 10.1035/d0ra06417c real-time monitoring of DOX release in tumor cells can be performed based on the upconversion

rsc.li/rsc-advances fluorescence.

1. Introduction

At present, cancer has become an important factor threatening
human health, and chemotherapy is still the most basic way to
treat cancer. In order to prevent side effects of chemotherapy,
various kinds of functional drug carriers have been designed to
load drugs and controllably release them to the cancer cells.!
However, during the use of drug carriers for tumor treatment,
there is often a dilemma: when the anti-cancer drugs loaded on
drug carriers are not delivered in a sufficient amount to the
cancer cells, the cancer cells cannot be completely killed;
however, when the dose of the anti-cancer drugs exceeds the
actual dose required to kill the cancer cells, over-treatment
occurs, leading to drug resistance, which is one of the impor-
tant factors resulting in the failure of anticancer drugs in clin-
ical practice.> During the development and clinical application
of anticancer drugs, the therapeutic effect of these drugs is
directly related to the drug concentration-time correlation in
the tissue.®* Therefore, the real-time monitoring of drug
concentrations during chemotherapy is necessary.

However, the traditional methods of analyzing and detecting
the concentration of drugs in cells and tissues are significantly

complicated; for examples, high-pressure liquid
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chromatography (HPLC) was adopted to determine the
concentrations of drugs;*® however, it could not provide the
exact relationship between the concentration of drug and time
of drug release to monitor the release of drug. Therefore, there
is a need to design a smart drug carrier that can monitor the
real-time release of drugs. At present, there are many types of
synthetic materials, such as molecular sieves, micelles, lipo-
somes, and dendrimers,*® that can be used as controlled
release carriers; however, only few of them can be used for the
real-time monitoring of drug release.

Although many studies have been reported on the design
and development of drug carriers, strategies for the real-time
monitoring of targeted intracellular drug release are still in
their infancy.” In this regard, the most widely used strategies
are simulation experiments using fluorescent drugs as models
and doxorubicin as an important drug of choice.™ Indeed, this
strategy has obvious limitations. During the release process, the
fluorescence of DOX will be disturbed by the autofluorescence
of the organism. The fluorescence of these fluorescent markers
overlaps with the autofluorescence of biological tissues; this
results in a significant background and reduced sensitivity in
deep-tissue imaging. In order to solve the abovementioned
autofluorescence problem, upconversion fluorescence mate-
rials are designed because the pump laser beam emitted by
them is blue and can be easily filtered from the red-shifted
autofluorescence.”** Therefore, designing a novel drug carrier
that can monitor drug release using upconversion fluorescence
is important.

This journal is © The Royal Society of Chemistry 2020


http://crossmark.crossref.org/dialog/?doi=10.1039/d0ra06417c&domain=pdf&date_stamp=2020-09-12
http://orcid.org/0000-0001-8747-3959
http://orcid.org/0000-0002-2046-3462
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06417c
https://pubs.rsc.org/en/journals/journal/RA
https://pubs.rsc.org/en/journals/journal/RA?issueid=RA010056

Open Access Article. Published on 14 September 2020. Downloaded on 1/19/2026 11:20:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

Metal-organic frameworks (MOFs) are a kind of periodic
network structures of three-dimensional porous materials and
a broad category of crystal materials. Due to the high porosities
and large specific surface areas of MOF materials, a larger
amount of drug can be loaded on these materials; therefore, the
development of these MOF materials for application in the
fields of drug carriers and drug release is being promoted.*** In
our previous study, MOFs co-doped with lanthanide metal ions
have demonstrated unique fluorescence properties. The mutual
activation between two different metal ions can make MOFs
have higher application performance.'® Fe/La-MOFs produce
a unique fluorescence as compared to those generated by Fe-
MOFs and La-MOFs; Gd/Tm-MOFs produce upconversion
fluorescence. Due to the antenna effect, the Ln-MOF can over-
come the problem of weak light absorption of lanthanide ions
due to the forbidden f-f transitions and has high photo-
luminescence efficiency, a unique narrow band, and long
luminous lifetime."”

On the other hand, dye-sensitized upconversion typically
involves the use of organic dye molecules anchored on a nano-
particle surface for the implementation of an antenna effect.®
Organic dyes with both absorption and emission in the visible
range provide alternative possibilities for the direct sensitiza-
tion of luminescent lanthanide ions to produce upconversion
fluorescence. DOX has a strong absorption peak at 475 nm and
a strong fluorescence peak at 585 nm." Therefore, it is expected
that the combination of DOX with the MOFs co-doped with
lanthanide metal ions will produce upconversion fluorescence.

Inspired by this, La** and Tm*" were selected to form La/Tm-
MOFs. In recent years, silica substrates have attracted extensive
research interest due to their excellent physicochemical
stability, non-toxicity, adjustable particle size, high surface area,
and easy surface functionalization.”® During the drug-delivery
process, the silica matrix can maximize the bioavailability of
drugs, minimize the toxicity of the drugs to normal cells, and
enable the use of encapsulated biomolecules by its external
environment such that the response of the trapped molecules to
an external analyte can be monitored.”*** Because the micro-
environment of cancer cells is different from that of normal
cells, measuring the relative concentration of substances in the
cell microenvironment is helpful for early cancer diagnosis.**?**
In order to endow the La/Tm-MOFs with high drug-loading
capacity and pH-responsiveness, they were wrapped with ami-
nated porous silicon to form La/Tm-MOF@SiO,. After DOX
loading, the interaction between -COOH of DOX and surface
La’" ions will permit the transfer of excitation energy across the
organic/inorganic interface. The excited sensitized La*" will
then interact with the activator Tm*" ions to produce upcon-
version fluorescence by classical energy transfer.

In a weakly acidic surrounding, the DOX loaded on the
amino surface of the aminated porous silicon is released,
whereas the doxorubicin loaded on the MOFs based on coor-
dination is protected by the silicon layer and is not released.
Some doxorubicin molecules in the MOFs are agglomerated by
hydrogen bonding, which cannot achieve energy transfer.
However, in an acidic medium, the agglomeration phenom-
enon weakens due to protonation, and more doxorubicin
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molecules can coordinate with La®*, which is beneficial for
energy transfer. As a result, the real-time monitoring of drug
release can be performed by the increased upconversion fluo-
rescence (Scheme 1).

2. Experimental

2.1. Materials and instruments

Lanthanum nitrate (LaNOy-6H,0), thulium(m) chloride hexa-
hydrate (TmCl;-6H,0), and trimesic acid (H3;BTC) were
purchased from Shanghai Macklin Biochemical Co., Ltd.
Concentrated hydrochloric acid (HCl, 36.0-38.0%), poly-
vinylpyrrolidone (PVP, K-30), ammonium hydroxide (NH;-H,O,
25.0-28.0%), tetraethyl orthosilicate (TEOS), (3-aminopropyl)
triethoxysilane (APTES), doxorubicin (DOX), ethanol absolute,
diethyl ether, and acetone were purchased from the Aladdin
Chemistry, Co. (Shanghai) and used as received. PEG-SH was
obtained from DingGuo Chang Sheng Biotech. Co., Ltd. Diso-
dium hydrogen phosphate dodecahydrate (Na,HPO,-6H,0) was
purchased from Sinopharm Chemical Reagent Co., Ltd.
Aqueous solutions were prepared with deionized water. All
other chemicals used in this study were of analytical grade,
obtained from commercial suppliers, and used without further
purification unless otherwise noted.

Powder X-ray diffraction (XRD) patterns were obtained using
a D8 Advance X-ray diffractometer (Bruker Company, Germany).
Fourier transform infrared (FTIR) spectra were acquired using
a Spectrum One FTIR spectrophotometer (PerkinElmer, USA) at
room temperature. Morphologies of the samples were observed
using a JSM-6510 LV scanning electron microscope (SEM, JEOL,
Japan). Fluorescence measurements were conducted by an LS55
fluorescence spectrometer (PerkinElmer, America).

2.2. Synthesis

La-MOFs were prepared by a hydrothermal method. Typically,
0.3249 g of La(NO3);-6H,0 was sonicated in 15 mL of deionized
water, and 0.2101 g of H;BTC was sonicated in 15 mL of abso-
lute ethanol. After this, the abovementioned two solutions were
completely dissolved, and the mixture was transferred to
a Teflon reaction vessel followed by reaction at 120 °C for 12 h.
After 12 h, the white precipitate was separated by a centrifuge,
washed three times with deionized water and absolute ethanol,
and then placed in an oven at 60 °C for drying.

Tm-MOFs were prepared by a hydrothermal method. Herein,
0.0383 g of TmCl;-6H,0 was sonicated in 4 mL of deionized
water, and 0.0210 g of H;BTC was sonicated in 8 mL of absolute
ethanol. After this, the abovementioned two solutions were
completely dissolved, and the mixture was transferred to
a Teflon reactor followed by reaction at 140 °C for 24 h. After
24 h, the white precipitate was separated by a centrifuge,
washed three times with deionized water and absolute ethanol,
respectively, and then placed in an oven at 60 °C for drying.

La/Tm-MOFs were prepared by a hydrothermal method.
Typically, 0.23826 La(NOj;);-6H,0 was sonicated in 11 mL of
absolute ethanol, 0.0102 g of TmCl;-6H,0 was sonicated in
4 mL of absolute ethanol, and 0.2101 g of H;BTC was sonicated
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Scheme 1 Synthesis of La/Tm-MOF@d-SiO, and illustration of the mechanism of the pH-responsive therapy. On the basis of the La/Tm-MOFs
with the best morphology, which can be obtained by changing the La®>*/Tm?>* ratio, a core—shell La/Tm-MOF@d-SiO, was synthesized. DOX was
separately loaded on the core and shell. The DOX loaded on the outer shell was released in response to pH, and the doxorubicin loaded on the
inner core sensitized the MOFs to produce upconversion fluorescence, which could be used for the real-time detection of DOX because of the
linear relationship between the fluorescence and the amount of DOX released.

in 15 mL of absolute ethanol. Subsequently, the above-
mentioned three solutions were completely dissolved, and the
mixture was transferred to a Teflon reactor followed by reaction
at 140 °C for 24 hours and cooling to room temperature. The
precipitate was separated by a centrifuge, repeatedly washed
three times with deionized water and absolute ethanol, then
placed in an oven at 60 °C for drying, and stored for use in the
next step. Different conditions for the controlled synthesis of
La/Tm-MOFs are provided in Table 1.

The La/Tm-MOFs were modified with d-SiO, for amino
functionalization. At first, 0.109 g of La/Tm-MOF sample and
0.5 g of CTAB were sonicated in 15 mL of absolute ethanol,
70 mL of deionized water, 0.8 mL of aqueous ammonia, and
15 mL of diethyl ether. After 40 minutes, a stir bar was added to

the solution, the beaker containing the solution was placed on
a magnetic stirrer, stirred at 1000 rpm for 0.5 h at 10 °C, and
a mixture of 2.5 mL of TEOS and 0.1 mL of APTES was quickly
added to the abovementioned solution. Stirring was continued
for 4 h at 1000 rpm below 10 °C. After 4 h, 1 mL of 37% HCl was
added to stop the alkalization reaction. After centrifugation at
4200 rpm for 12 min, the precipitates were separately washed 3
times with a mixture of deionized water, absolute ethanol, and
acetone 1 : 1, then placed in an oven at 40 °C for drying, and
stored for later use.

2.3. Invitro cell toxicity test

Mouse breast cancer (4T1) cells were cultured in standard cell
media in 96-well plates and incubated in 5% CO, at 37 °C for

Table 1 Different conditions for the controlled synthesis of La/Tm-MOFs

Sample no. RE*" (mmol) BTC (mmol) NaAc (g) PVP (g) Temperature/°C Time/h
La/Tm-MOFs-1 0.1 0.1 0.05 0 140 24
La/Tm-MOFs-2 0.1 0.1 0.1 0 140 24
La/Tm-MOFs-3 0.1 0.1 0.2 0 140 24
La/Tm-MOFs-4 0.1 0.1 0 0.001 140 24
La/Tm-MOFs-5 0.1 0.1 0 0.004 140 24
La/Tm-MOFs-6 0.1 0.1 0.05 0.004 140 24
La/Tm-MOFs-7 0.1 0.1 0.06 0.004 140 24
La/Tm-MOFs-8 0.1 0.1 0.07 0.004 140 24
La/Tm-MOFs-9 0.1 0.1 0.08 0.004 140 24
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24 h. Then, particles at different concentrations were added to
the 96-well plates, and culture was continued for 24 h. Cell
viability was determined using the CKK-8 (2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H-tetrazo-
lium, monosodium salt) assay. Typically, the cells were incu-
bated with 100 mL free DOX and DOX-loaded La/Tm-MOF®@d-
SiO, at different concentrations (25, 50, 100, 200, and 500 pg
mL ") in PBS buffer for 24 h. The cells were rinsed three times
with PBS, and then, 100 uL of a 0.1 mg mL~ " CKK-8 solution was
added to each well followed by incubation for 30 min at 37 °C.
Finally, an ELISA reader was used to measure the absorbance of
each well at 480 nm. Results are expressed as the percentage of
cell viability.

2.4. Drug loading and release experiment

Herein, 0.1 g of La/Tm-MOF@d-SiO, material was added to
a 20 mL aqueous solution of doxorubicin hydrochloride (0.5 g
L~ "). The sample was placed at room temperature and protected
from light, and the absorbance of the supernatant was
measured at 24 h, 48 h, and 72 h using an ultraviolet spectro-
photometer at its maximum absorption wavelength of 460 nm;
moreover, the corresponding concentration was calculated
according to the working curve of doxorubicin hydrochloride
(DOX).

A semipermeable membrane was placed in a beaker con-
taining deionized water for boiling, and the Na,HPO,-12H,0
solution (0.2 M) and the citric acid solution (0.1 M) are config-
ured at buffer solutions of different pH (pH = 3.8, 5.8, 7.4)
according to different volume ratios. Subsequently, 0.1 g of the
MOF with drugs of known quality was loaded onto the boiled
semipermeable membrane. After adding the buffer, the ends of
the semipermeable membrane were sealed. Then, 20 mL of the
buffer solution was added to a culture flask, and the semi-
permeable membrane was placed in this culture flask; after this,
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the culture flask was placed in a THZ-series constant tempera-
ture culture shaker to achieve a constant temperature condition
of 37 °C for simulating the temperature of the human body. The
buffer solution in the culture flask was withdrawn at certain
intervals to measure the absorbance at 460 nm until the
absorbance of the buffer solution in the culture flask became
stable; the substantially unchanged absorbance indicated
complete drug release.

2.5. Upconversion fluorescence detection

Typically, 0.1 g of MOF containing drugs of known quality was
loaded onto the boiled semipermeable membrane. After adding
buffer, the ends of the semipermeable membrane were sealed.
Then, 20 mL of the buffer solution was added to a culture bottle,
and the semipermeable membrane was placed in this culture
bottle; after this, the culture bottle was put in the shaker to
maintain the stability of the culture medium. The material in
the culture flask was withdrawn every 2 hours, and the fluo-
rescence value was measured at the excitation wavelength of
985 nm after drying the material. Subsequently, a product that
released a certain amount of doxorubicin at the release times of
0h,20h,40h, 60 h, and 80 h was taken, dried, and centrifuged,
and the supernatant was used to measure the upconversion
fluorescence.

3. Result and discussion

3.1. Characterization results

The XRD patterns of La-MOFs, Tm-MOFs, and La/Tm-MOFs are
shown in Fig. 1(a). The peaks of the three MOFs are approxi-
mately the same. Because both lanthanum and thulium are
lanthanide metals and the ligand is the same, their crystal
forms are mostly the same, and consequently, the positions of
their peaks are generally similar.
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(a) XRD patterns and (b) FTIR spectra of the La-MOFs, Tm-MOFs, and La/Tm-MOFs. The La-MOFs were synthesized at 120 °C in 12 h,

whereas the Tm-MOFs and La/Tm-MOFs were synthesized at 140 °C in 24 h.
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Fig. 1(b) shows the infrared spectra of H;BTC, La-MOFs, Tm-
MOFs, and La/Tm-MOFs. The peaks at 1508-1623 cm ™" are the
characteristic peaks of the asymmetric carboxylic acid groups of
H;BTC. The characteristic peaks of the symmetrical carboxylic
acid groups of H3;BTC were observed at 1384 cm ' and
1405 cm ™. After the addition of metal ions, these characteristic
peaks became more pronounced and sharp; this confirmed the
exact interaction between the metal ions and the ligand. The
peaks of the La/Tm-MOFs at 1000-1300 cm ™" are different from
those of the La-MOFs and Tm-MOFs; this indicates that the La/
Tm-MOF material is not a mixture of the La-MOFs and Tm-
MOFs but a new MOF material.

The effects of the reaction conditions on the synthesis of La/
Tm-MOFs was explored, as shown in Fig. 2. The effect of NaAc is
shown in Fig. 2(a-c). With an increase in the amount of NaAc,
the La/Tm-MOF crystals gradually showed a uniform rod-like
morphology. Since the amount of NaAc controlled the size of
the sample, a relatively uniform morphology could be obtained
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because of the improvement in the coordination between RE**
and organic ligands.

The effect of the amount of PVP on the morphology of the La/
Tm-MOTF particles is shown in Fig. 2(d and e). As the amount of
PVP was increased, the morphology of the particles tended to be
uniform. Due to the electrostatic repulsion or spatial effect, the
surface-adjusting molecules of PVP adsorbed on the surface of
specific crystals; this significantly reduced the growth rate and
limited the size level of the crystal. La/Tm-MOFs-9 was selected
for the subsequent experiments because it had a uniform stick-
like structure (as shown in Fig. S17).

The structure of the La/Tm-MOF nanoparticles was further
confirmed by EDX, as shown in Fig. 3. The composition of the
La/Tm-MOFs can be clearly determined from the EDX elemental
mapping data. The La, Tm, C, and O elements are evenly
distributed; this indicates that the La/Tm-MOF materials have
been successfully synthesized.

In order to examine the effect of the co-doping of Tm** and
La*", the fluorescence properties of the La-MOFs, Tm-MOFs, the
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Fig.2 SEMimages of different La/Tm-MOF particles synthesized at 140 °C in 24 h with the addition of PVP and NaAc in different amounts. In all
the samples, the amount of both La®>* and Tm®* was 1 mmol, and the amount of BTC was 1 mmol. (a—c) Show the images of the La/Tm-MOFs-1,
La/Tm-MOFs-2, and La/Tm-MOFs-3 particles synthesized by varying the amount of NaAc, respectively. (d and e) Show the images of the La/Tm-
MOFs-4 and La/Tm-MOFs-5 particles synthesized by varying the amount of PVP, respectively. (f—i) Show the images of the La/Tm-MOFs-6, La/
Tm-MOFs-7, La/Tm-MOFs-8, and La/Tm-MOFs-9 particles, respectively, obtained by varying the amount of NaAc and keeping the amount of

PVP constant, as presented in Table 1.

33898 | RSC Adv, 2020, 10, 33894-33902

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra06417c

Open Access Article. Published on 14 September 2020. Downloaded on 1/19/2026 11:20:53 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

MAG: 225000 x

View Article Online

RSC Advances

Fig. 3 EDX elemental mapping of the La/Tm-MOFs. Elemental distribution of La, Tm, C, and O in the La/Tm-MOFs.
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Fig. 4 Fluorescence of different particles at the excitation wavelength
of 375 nm. The black line and red line represent the fluorescence of
the pure La-MOFs and Tm-MOFs, respectively. The blue line repre-
sents the fluorescence of the physical mixture of La-MOFs and Tm-
MOFs. The green line represents the fluorescence of the synthesized
La/Tm-MOFs.

mixture of La-MOFs and Tm-MOFs, and La/Tm-MOFs were
investigated, as shown in Fig. 4.

The Tm-MOFs and La-MOFs had no fluorescence, and the
mixture of La-MOFs and Tm-MOFs exhibited no fluorescence
properties. In comparison, the La/Tm-MOFs showed a strong
fluorescence emission at 568 nm. This proves that the La/Tm-
MOF material is not a simple mixture of Tm-MOFs and La-
MOFs, but a new kind of heterometallic MOFs formed through
the co-coordination of Tm*" and La*" with H,BTC. The fluores-
cence of the lanthanide clusters is mainly derived from the f-f
electronic transition. However, there are no 4f electrons in La*";
therefore, the La-MOFs exhibit zero or negligible fluorescence.
However, the coupling interactions between the lanthanide and
transition metal ions (f-d) are substantially stronger than the f-f

This journal is © The Royal Society of Chemistry 2020

interactions, and the introduction of 3d—4f heterometallic units
into an MOF makes the energy levels more controllable, resulting
in high efficiency and photoluminescence of the MOF. The
possible mechanism of fluorescence is energy transfer from the
excited levels of Tm>" to the nearby levels of La>". Upon the 3d-4f
energy transfer, Tm>* activates the luminescence properties of
La*". These observations show that the successful co-doping of
Tm?*/La*" into an MOF improves the fluorescence properties of
the MOF. This finding further proves the successful synthesis of
the La/Tm-MOFs.

3.2. Cell viability and drug loading/release of La/Tm-
MOF@d-SiO,

On basis of the La/Tm-MOFs with an optimal morphology, La/
Tm-MOF@d-SiO, was prepared, and the EDX elemental

120

Cell Viability(%)

25 50 100 200 500 1000

Concentration(pg mL™)

Fig.5 Cellviability of the La/Tm-MOF@d-SiO, solution containing La/
Tm-MOF@d-SiO, at various concentrations. The error bar is the
standard deviation of three experiments.
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Fig. 6 Drug loading and drug release. (a) The increase in the loading
profiles of DOX-loaded La/Tm-MOF@d-SiO, over 60 h at pH 3.8, 5.8,

mapping of La/Tm-MOF@d-SiO, is shown in Fig. S2.1 The
uniform distribution of La, Tm, and Si illustrates the successful
synthesis of La/Tm-MOF@d-SiO,. In order to investigate the
possibility of La/Tm-MOF®@d-SiO, as a drug carrier, cell viability
was examined, and the results are shown in Fig. 5. It can be
clearly observed that the cell viability of the La/Tm-MOF®@SiO,
solution at different concentrations is above 95%, which proves
that the La/Tm-MOF@d-SiO, material has low cytotoxicity and
is suitable as a drug carrier.

The loading and release of DOX were examined, and the
results are shown in Fig. 6. The drug loadings on the first,
second, and third days were 22.5 mg g ', 40 mg g ', and
57.5 mg g~ ', respectively. In Fig. 6(b), it can be noticed that the
drug is hardly released at pH = 7.4, and at pH 3.8 and 5.8, the
release of the drug is very rapid. This is due to the fact that in an
acidic environment, due to the protonation of the hydroxyl
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amount of DOX on La/Tm-MOF@d-SiO, over time. (b) In vitro release
and 7.4.

group of DOX and the amino group of La/Tm-MOF@d-SiO,, the
hydrogen bond between DOX and the carrier is broken, and
DOX is released. Therefore, La/Tm-MOF@d-SiO, can be applied
as a pH-responsive cancer drug carrier.

3.3. Upconversion fluorescence

The upconversion fluorescence changes of La/Tm-MOF@d-SiO,
after drug loading are shown in Fig. 7(a). It is clear that there is
no upconversion fluorescence of La/Tm-MOF@d-SiO, at the
excitation wavelength of 985 nm. After drug loading, two peaks
appeared at 539 nm and 645 nm. The appearance of these peaks
can be explained by the DOX-sensitized upconverted fluores-
cence. The mechanism is shown in Fig. S3.1 After DOX loading,
the interaction between ~-COOH of DOX and surface La** ions
permits the transfer of excitation energy across the organic/

1.2x10° = 539nm
e 645nm

1.0x10°

8.0x10° -

6.0x10° -

4.0x10° -

2.0x10° -
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Fig. 7 Upconversion fluorescence of DOX-loaded La/Tm-MOF@d-SiO, after drug release. (a) Changes in the upconversion fluorescence
intensity at 539 nm and 645 nm with different DOX release amounts (excitation wavelength is 985 nm). (b) Linear relationship between the
upconversion fluorescence intensity at 539 nm and 645 nm and the released DOX. The error bar is the standard deviation of three experiments.
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inorganic interface. The excited sensitized La®* then interacts
with the activator Tm** ions to produce upconversion fluores-
cence via the classical energy transfer.

In addition, with the release of DOX, the intensity of the
upconversion fluorescence increases. The reason is mainly
related to the molecular association of DOX molecules. In
order to confirm our inference, the particle size of DOX under
different pH conditions was examined, as shown in Fig. S4.1 It
can be noticed that as the pH decreases, the size of the
molecules gradually decreases. The carboxyl groups in the
DOX molecule can associate with each other to form
a macromolecule through hydrogen bonding. When the pH
value is lowered, the protonation of the hydroxyl group of DOX
becomes stronger, and the number of macromolecules formed
by hydrogen bonding and the particle sizes are reduced.
Therefore, the interaction between -COOH of DOX and surface
La*" ions is more likely to occur and will permit the transfer of
more excitation energy across the organic/inorganic interface.
As a result, the intensity of the upconversion fluorescence will
increase.

At pH 5.8, the DOX loaded on the amino surface of aminated
porous silicon is released, and agglomeration of the DOX
molecules loaded on the MOFs by hydrogen bonding weakens
due to the protonation of the hydroxyl group of DOX. The longer
the release time, the longer the protonation time; as a result,
more doxorubicin molecules can coordinate with La*", which is
beneficial for energy transfer.

The amount of DOX released by the shell of La/Tm-MOF@d-
SiO, is proportional to the release time; therefore, a relationship
between the fluorescence intensity and the amount of drug
released can be established, as shown in Fig. 7(b). The release
amount of DOX is positively correlated with the upconversion
fluorescence intensity at 539 nm and 645 nm. The corre-
sponding linear equations are as follows:

Is3o = 3.84 x 108 + 1.015 x 107 (W%) R* = 0.99771

Toas = 1.874 x 10® + 4.885 x 10 (W%) R® = 0.99352

Therefore, the amount of drug released can be determined
by the fluorescence intensity, which can be used for real-time
monitoring of drug release.

4. Conclusion

In this study, cerium and lanthanum were doped into MOFs to
form new mixed metal MOFs, and SiO, was wrapped in the
outer layer of MOFs and finally functionalized. The successful
doping of lanthanum and cerium has been proved by scanning
electron microscopy, fluorescence imaging, EDX elemental
analysis and other methods. The excellent fluorescence perfor-
mance provides the basis for the fluorescence imaging of MOFs.
The encapsulation of the outer aminated SiO, endows the drug
carrier with not only controllable drug release, but also pH-
responsive drug release under specific acidic conditions. Drug
release can be monitored in real time through the change of

This journal is © The Royal Society of Chemistry 2020
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fluorescence intensity; this provides new ideas for the treatment
of cancer.
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