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Sulfadiazine hosted in MIL-53(Al) as a biocide
topical delivery system
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Sulfadiazine (SDZ), a bacteriostatic agent, was hosted in a metal-organic framework, specifically in MIL-
53(Al) and modified-zinc MIL-53(Al,Zn). Materials were characterized structural, and texturally. Both hosts
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loaded sulfadiazine but they were differenced regarding the release of sulfadiazine. The presence of zinc

plays a significant role to the modulation of sulfadiazine—MOF interactions. Release of sulfadiazine from
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Introduction

The drug delivery systems and bioactive molecules should be
safe and efficient in a biological environment. It also should
provide to the particular drug a great bioavailability and
a prolongation of its effect."” There are currently different types
of releasers available, the most commonly used are micelles and
liposomes and new promising candidates include carbon
nanotubes, dendrimers, polymers, nanoparticles, among
others.>*

Recent materials proposed as drug delivers, porous coordi-
nation polymers (PCPs) are included, also known as MOFs
which is the acronym of metal-organic frameworks.> They are
generally constructed of anionic organic ligands connected to
metal cations of Mg?*, Zn**, AI’*, Fe** and Cu**. MOFs can be
sized at micro or nanometric scale®® with an empty space of up
to 90% of the total volume and high internal surfaces.*®**

The applications of MOFs in biological processes are more
and more frequent; they are used as a diagnostic agent as well as
a vector in the administration of drugs.*'>™** The interest in
these materials is mainly due to their pore size and large volume
of pores available to transport biomolecules.
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sulfadiazine@MOFs was monitored in vitro and ex vivo conditions. A kinetic release model is proposed
for in vitro sulfadiazine release. Remarkably, the materials did not show cytotoxicity against eukaryote cells.

It is possible to develop biocompatible MOFs by synthesize
them through hydro and solvothermal syntheses with low-
boiling and non-toxic solvents. That way, it is possible to
ensure that no traces of typically used toxic and non-
biocompatible organic solvents (e.g., DMF, DEF or THF), are
found. It is worth mentioning that the synthesis of active
ingredients or pharmaceutical formulations according to
international pharmacopoeias, which prohibit use of these
solvents or, in any case, the risk-benefit must be sustained when
quantifying trace concentrations. Further, solvent residues in
the structure represents a negative deviation in the results of
cytotoxic tests and the pharmacological effect, resulting in
a “green” synthesis for the acceptance of MOFs as novel drug
delivery systems.'**

MOFs such as MIL-53(Al), are excellent candidates as drug
delivers.">*® MIL-53(Cr and Fe) were used previously as drug
delivery of model drug such as ibuprofen and keeping in mind
release drug to bloodstream. In contrast, MOF containing Al** is
suitable for local administration where systemic distribution is
avoided. For example, this MOF material can be an interesting
sulfadiazine transporter (SDZ). SDZ is a bacteriostatic agent,
practically insoluble in aqueous solutions with low bioavail-
ability and applied in high concentrations for prophylaxis and
wound infections.

The structure of MIL-53(Al) shows three characteristic
structural forms, the first one is identified as “as-synthesized
(as)” which contains within the pores, the inclusion of tereph-
thalic acid (BDC) as a result of its synthesis. After an appropriate
heat treatment, MIL-53(Al) undergoes on a reversible structural
change from a closed pore structure to an open pore structure,
entitled “high temperature (ht)”. When the material is cooled
down, this absorbs water from the environment which induces
another structural change: the structure closes, “low tempera-
ture (It)”.>* These structural transformations considerably
modify the characteristics of the pores and these are crucial for
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the loading and release of the molecules to be transported.
Since it is required that any drug interacts relatively weakly with
the structure of MIL-53(Al), such
completely close the pore.

Thus, MOF materials (particularly MIL-53(Al)) are suitable to
host molecules with a biological or biochemical function.
Herein, we explore the loading of sulfadiazine in MIL-53(Al) and
its controlled released in local areas of the skin. A topical
administration of antibiotic does not affect the cellular physi-
ological process.”” Thus, we propose an evaluation in vitro of
toxicity of MOF, assuming that AI** ions induce a certain
neurotoxicity because of their interaction with DNA.>*>*

interaction does not

Results and discussion
MOF and MOF-sulfadiazine systems

Fig. 1a shows the XRD patterns of MIL-53(Al) and a modified
MIL-53(Al) sample where a part of the Al(m) metal centres was
replaced by Zn(u) (MIL-53-(Zn,Al)). The XRD pattern of both
synthesized MOFs showed crystalline structures and these
matched accordingly with previously reported XRD for MIL-
53(Al), evidencing that the MOFs was successfully synthesised.
When Zn(u) is present in MOF structure, all of the MOF
diffraction peaks appears at same position of that found for
phase “It” of MIL-53(Al). However, three additional diffraction
peaks were observed at 17.32, 15.01 and 8.67 degrees which are
attributable to phase “ht” of MIL-53(Al). The incomplete
conversion between the two phases MIL-53(Al) was previously
explained due to the presence of defects or residuals strain in
the crystallites, hindering the complete conversion to the
monoclinic phase.” The ratio Zn(u) : Al(m) in (MIL-53-(Zn,Al)
was 1.0 : 3.8 as measured by ICP-MS analysis.

After the loading of SDZ, modifications in the intensities on
the ratio of the Bragg reflections (Fig. 1b), revealed a preferen-
tial orientation of crystallites forced during drug loading.
Further, peaks highest intense changed their angle diffraction
supporting that interatomic distances and bond angles in the
MOF structure modified. Note that this was expected as the size
of SDZ is close to the pore size of the MOF material and
consequently, an interaction MOF-SDZ occurred. Besides,
characteristic peaks of sulfadiazine were only detected in
loaded SDZ-MIL-53(Al,Zn), which can be attributed to a partial
encapsulation of SDZ in the MIL-53(Al,Zn) carrier. In line with
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Fig. 1 XRD patterns of sulfadiazine-free MOF materials (a) and loaded
sulfadiazine—MOF materials (b).
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Fig. 2 FTIR spectra of sulfadiazine-free MOF materials and loaded
sulfadiazine—MOF materials.

this result, the FTIR spectra included in Fig. 2 show the pres-
ence of main absorption bands of sulfadiazine in MOF-SDZ
materials. The IR spectra of MIL-53(Al) and MIL-53(Al,Zn)
mainly showed the absorption bands due to benzene-
carboxylates. For example the characteristic band at
1586 cm™ ' was attributed to the C=0 bonding in the carbox-
ylates, and the band at 1411 cm ™' was from the aromatic carbon
C-C vibrational mode. As the SDZ was loaded in MOF carriers,
the bands at 1251 cm™ " appeared, corresponding to the
stretching modes of aromatic carbon C-N bonding.***
Absorption bands characteristics of SDZ were also observed at
3420 ecm ! and 3349 cm™ ' ascribed to N-H symmetric stretch-
ing mode and at 1317 cm ™' and 1150 cm ™' assigned to SO,
asymmetric stretching mode.

Fig. 3a displays the >*C CP MAS NMR spectra of MIL-53(Al)
and MIL-53(Al,Zn) without sulfadiazine. The signals between
0 = 129 and 137 ppm are assigned to the aromatic carbons.*
Signals close to 170 ppm are attributable to the carbons of the
carboxylate in both, the protonated and deprotonated forms.
Note that the signal from the carboxylate is split. This can be
explained due to the co-existence of the anionic form of the
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Fig.3 '*C CP MAS NMR spectra of (a) sulfadiazine-free MOF materials
(a) and loaded sulfadiazine—MOF materials (b).
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dicarboxylate from the framework and the acidic form present
inside the pores. The presence of Zn(u) does not change
significantly the '*C CP MAS NMR spectra in line with stability
of structure. Further, >’A1 MAS NMR experiments (spectra not
showed) confirmed that coordination of Al(m) remains octahe-
dral after the incorporation of Zn(u).

3C CP MAS NMR spectra of both MOFs loaded with sulfa-
diazine are showed in Fig. 3b. The signals attributable to
sulfadiazine (see the reference spectrum) are not undeniably
observed in these spectra, only very low intense signals are
present at 116 and 118 ppm. However, the loading of sulfadia-
zine considerably modifies the resonance peaks of the MOFs.
The resonances due to aromatics carbons, shifted 4 ppm to
weaker fields and the resonance due to carboxylic carbon shif-
ted 1 ppm to stronger fields. The intensity of the signals close to
139 and 170 ppm is considerably increased. Thus, these results
suggest that the two types of hydrogen atoms leading to cross-
polarization are those of the C-H units and those of the
adsorbed molecules inside pores. As the cross-polarization
efficiency of the C-H in the free-sulfadiazine sample demon-
strated to be sufficient to cross-polarize all the carbons, the gain
of efficiency must be due to the additional, presence of sulfa-
diazine molecules. In summary, NMR results suggest that
aromatic rings tend to stack due to the m-m interactions, as
previously observed.>*

The N, adsorption—-desorption isotherms displayed
isotherms type I,>*> which was associated with microporous
materials. The Brunauer-Emmett-Teller (BET) surface area and
pore volume of sulfadiazine-free and sulfadiazine-loaded MOFs
are reported in Table 1. The MIL-53(Al) and MIL-53(Al,Zn) had
specific surface areas of 1022.6 and 1099.3 m” g~ ', respectively.
As the sulfadiazine was loaded at the MOF materials, the
specific BET area decreased significantly. Taking into account
the size of the pores of the MOFs and the kinetic diameter of the
sulfadiazine molecules, it is reasonable to propose that the
decrease in the surface area is due to the incorporation of
sulfadiazine in the pores of the MOFs.

The TG curves of the MOFs and SDZ@MOFs are shown in
Fig. 4. The TG profile of sulfadiazine is also included as
a reference. A first weight loss is observed for the free-
sulfadiazine MOFs between 30 and 56 °C, this weight loss cor-
responded to 8.5 and 9.0% for MIL-53(Al) and MIL-53(Al,Zn),
respectively and this step is attributable to desorption of
water adsorbed within the MOF materials.

This weight loss is also observed in the sample SDZ@MIL-
53(Al) but the step is shifted until 106 °C. In contrast, the first

Table 1 Specific surface area and volume of pore of MOF and
SDZ@MOF samples

Sample Sger [m* g7'] Vpore [cm® g71]
MIL 53(Al) 1022.6 234.9
MIL 53(Al,Zn) 1099.3 252.6
SDZ@MIL 53(Al) 671.7 154.3
SDZ@MIL 53(Al,Zn) 402.5 92.5

This journal is © The Royal Society of Chemistry 2020
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Fig.4 TGA curves of MOF and sulfadiazine@MOF materials. The curve
of sulfadiazine is included as a reference.

weight loss for SDZ@MIL-53(Zn,Al) corresponded only to 4%
and occurs at relative high temperature (104-221 °C). Degra-
dation of free-sulfadiazine samples occurs in a second step,
samples MIL-53(Al) and MIL-53(Al,Zn) are decomposed between
468-581 °C and 394-562 °C, respectively. In addition to the
decomposition step, in TG curves for SDZ@MOF another weight
loss step was observed at 220 °C and corresponds to the sulfa-
diazine loss. According to this step, the amount of sulfadiazine
was estimated and reported in Table 2.

Sulfadiazine as guest in MOF hosts

The Table 2 reports the amount of sulfadiazine loaded on
different MOFs. The loaded sulfadiazine amount is expressed as
a percentage of the sulfadiazine retained by the MOFs from the
total amount that was in contact with particles. Both techniques
used to quantify the sulfadiazine confirm that the highest
fraction of sulfadiazine was loaded in the MOF containing
Zn ().

As the textural properties revealed, MIL-53(Al,Zn) was the
material with the highest surface area before the sulfadiazine
loading and also the material with the lowest surface area after
SDZ incorporation. Thus, it is clear that surface area is a crucial
parameter in order to incorporate the sulfadiazine into these
MOF materials. Further, as previously mentioned, the interac-
tions 7-7 also contribute to stabilization of SDZ into the MOFs.

Sulfadiazine release from SDZ@MOF

In vitro. The drug-release kinetics of SDZ@MOFs were
assessed by in vitro studies using the dialysis membrane

Table 2 Sulfadiazine (%) loaded into the hosts MOFs

Sulfadiazine amount (%)

Sample TGA HPLC
SDZ@MIL 53(Al) 25 23.6
SDZ@MIL 53(Al,Zn) 40 38.9

RSC Adv, 2020, 10, 25645-25651 | 25647
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Fig. 5 Release profile of sulfadiazine from sulfadiazine@MOF mate-
rials. Curve labelled SDZ refers to pure sulfadiazine permeation
through the membranes.

diffusion technique as (Experimental section). Fig. 5 shows that
in both MOFs, two different regimes can be identified in the
drug-release profile. For the SDZ@MIL-53(Al) and SDZ@MIL-
53(Zn,Al) samples the first regime releases 35% of SDZ and
72%, respectively, within the first 2 h. This behaviour could be
related to the presence of SDZ released from SDZ@MOFs, as
well as to the drug outside of SDZ@MOFs. The second stage, the
release process becomes slower, thus, the delivery of 28.2% of
ZDZ occurred in a period of 2-12 hours in SDZ@MIL-53(Al)
whereas only 10% of sulfadiazine is released for SDZ@MIL-
53(Zn,Al). The comparison of the curves for pure sulfadiazine
and release of SDZ from SDZ@MIL-53(Al,Zn) leads to the most
interesting result: at short periods, a major release is achieved
when sulfadiazine is incorporated into MIL-53(Al,Zn). The
release curve for pure sulfadiazine is, indeed, the permeation of
sulfadiazine trough the membrane and it is limited by the
solubility of sulfadiazine which is indeed very low. However, the
fact that the release increases with MIL-53(Zn,Al) suggests that
adsorbed sulfadiazine could be released as an ionized molecule
because of the high acidic pK, (6.5) of sulfadiazine. Further,
note that MIL-53(Zn,Al) is the carrier with the highest specific
surface and after incorporation of SDZ is the material with
lowest specific surface. Thus, if assumed that difference of
specific area is the area occupied by the drug stacked through
T-1t SDZ-carrier interactions, this surface area occupied in
MIL-53(Zn,Al) is 696.8 m* g~ ' and it should be enough to highly
disperse SDZ and release it according to the profile of Fig. 5.
The in vitro drug release profile was fitted to different
mathematical models such as the Higushi, Hixson-Crowell,
Weibull and Korsmeyer-Peppas. Results were interpreted in the
form of a graphical presentation and evaluated by the correla-
tion coefficient. The highest degree on the correlation coeffi-
cient, determines the suitable mathematical model that follows
certain drug release kinetics.*® In our case, it was found that the
Korsmeyer-Peppas model** showed higher degree of correlation
coefficient than other models. Hence, sulfadiazine release
profile from SDZ@MOF follows the type of diffusion suggested
by model the Korsmeyer-Peppas. In this model the drug release
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follows the equation: M,/M., = K" being M,/M ., a fraction of
the drug released at time ¢. To match the results of release
kinetics, a graph was plotted between log cumulative% drug
release log(M,/M) vs. log time (log ¢). Hence, n value was esti-
mated, which is used to characterize different release mecha-
nisms. In our case, n was equal to 0.37 and 0.25 for the release
results in SDZ@MIL-53(Al) and SDZ@MIL-53(Zn,Al), respec-
tively. Thus these values suggest that the drug release from the
SDZ-MOFs, proceeded according to a quasi-Fickian transport.
In other words, the release mechanism was determined by
diffusion, which occurred partially at the surface of SDZ-MOFs
particles and partially within the pores of the MOFs.*

Ex vivo. An ex vivo permeation study was performed to
determine the distribution of the drug throughout the stratum
corneum, epidermis and dermis. The main target of this
investigation was related to the ability of SDZ to passes through
the skin and reach the blood circulation from SDZ@MIL-53(Al)
and SDZ@MIL-53(Al,Zn).

The permeation of pure sulfadiazine suspended in 0.1 M PBS
(pH 7.4) was practically absent. A high accumulation was
observed in the surface layer of the stratum corneum, Fig. 6a. At
the systemic level, the presence of SDZ was not determined
because, in this case this occurred at a concentration lower than
the detection limit (2 pg mL™") of the validated chromato-
graphic method for the quantification of the drug. The absent
permeation was expected due to the insolubility of SDZ.

Similarly, the permeation of the MIL-53(Al) and MIL-
53(Al,Zn) dispersed in PBS was not detected in the blood-
stream, however accumulation in the epidermis and dermis is
observed after performing cuts in the skin membrane and
perform the extraction with 0.025 M NaOH, observing the
presence of BDC (Fig. 6b and c). Interestingly, SDZ from the
MOFs was systemic permeated after periods as long as 3 h. SDZ
released from SDZ@MIL-53(Al) was detected after 180 min.
After 300 min the presence of BDC was also detected.

While SDZ coming from SDZ@MIL-53(Al,Zn) permeated
after 300 min and the presence of BDC was detected after
360 min. These conditions are favourable when permeation
through the corneal extract and the epidermis is required, but
not a systemic permeation, guaranteeing a local administration
of an antibiotic used in prophylaxis and wound infections.

Cytotoxicity. AI>" ions are neurotoxic agents and are involved
in many neurochemical reactions because of disruption of DNA
as a consequence of formation of DNA-AI** complexes.?*** Fig. 7
presents the electrophoretic analysis of systems MIL-53(Al)
(lane 2 and 3), SDZ@MIL-53(Al) (lane 4 and 5), MIL-53(Al,Zn)

Fig. 6 Dermis from pigskin (a); sulfadiazine in epidermis (b); SDZ and
BDC in dermis (c).

This journal is © The Royal Society of Chemistry 2020
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Fig.7 Image of DNA in agarose gel. ADN control (lanes 1 and 10); MIL-
53(Al) (lanes 2 and 3); SDZ@MIL-53(Al) (lanes 4 and 5); MIL-53(Al,Zn)
(lanes 6 and 7); SDZ@MIL-53(ALZn) (lanes 8 and 9).

(lane 6 and 7) and SDZ@MIL-53(Al,Zn) (lane 8 and 9) at
concentrations of 1000 and 500 pg mL ™', after mixing with 20
uL of DNA at a concentration of 0.030 ug mL ™" at times of 0, 30,
60, 180, 720 and 1440 min. Same molecular weight is observed
in lanes where MOFs were present if compared to a control
solution of integral genomic material (lane 1 and 10), incubated
at same treatment conditions meaning that A’ as a part of the
MOF did not degrade DNA. The Zn** does not present any
cytotoxicity. It is well known that Zn>* plays important biolog-
ical roles such as cofactor in metalloproteins. Close to 10% of
human codifying proteins contain at least a Zn>" site where the
direct interaction with DNA is weak and do not lead to DNA
damage.***® In other words, these MOFs and SDZ@MOF mate-
rials are not toxic for eukaryote cells.

Conclusions

Replacement of 25% of Al(u) by Zn(u) in MIL 53(Al) leads to
a mixture of phases low-temperature and high temperature of
MIL 53(Al). Sulfadiazine was incorporated into pores of MIL-
53(Al) and the zinc modified MIL-53(Al) version. The sulfadia-
zine is released in vitro from the sulfadiazine@MOF materials
following a quasi-Fickian transport. The sulfadiazine release
demonstrated to be faster for the MOF containing Zn(u) in
comparison to the free-zinc MOF. The presence of Zn(u)
enhances the solubility of sulfadiazine in aqueous media. The
sulfadiazine and BDC, ligand of the MOF, permeate through the
pig skin after periods as long as 3 hours. Remarkable, sulfa-
diazine@MOFs are not toxic against eukaryote cells.

Experimental
MOF synthesis

The following reagents were used without further purification.
Terephthalic acid (BDC, 98%), aluminum nitrate nonahydrate
(Al(NO3),-9H,0, 99%), zinc acetate dihydrate (C,HsO4Zn - 2H,0,
98%), zinc nitrate hexahydrate (Zn(NOj;),-6H,0, 98%), acetone
(C3HeO, 98%) and ethanol (C,HeO, 95%) were purchased from
Sigma. Acetonitrile grade HPLC (ACN 99.9%), water grade HPLC
and glacial acetic acid were supplied by J.T. Baker.

The sample MIL-53(Al) was synthesized solvothermally by
using a water solution in a Teflon-lined steel autoclave. A

This journal is © The Royal Society of Chemistry 2020
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mixture of aluminium nitrate nonahydrate (35 mmol, 13.12 g),
terephthalic acid (17.5 mmol, 2.88 g) and distilled water (50 mL)
was incubated at 220 °C for 3 day. Then it was immersed in
50 mL of acetone for 30 min until a white powder precipitated.
The white powder was dried at 100 °C and it was calcined at
400 °C for 12 h, and finally calcined a 330 °C for 24 h.

The Zn(u)-doped MIL-53(Al) was synthesized as follows:
Al(NO3),-6H,0 (17.5 mmol, 6.56 ¢g), C4Hc0,Zn-2H,0
(17.5 mmol, 3.84 g) and BDC (17.5 mmol, 2.88 g) were dissolved
in water (50 mL). The mixture was stirred until obtaining the
homogeneous solution, followed by transfer into a 100 mL
Teflon-lined autoclave and the temperature increased to 220 °C.
After 3 days, the white powder was washed several times with
acetone and then dried at 100 °C.

Characterization methods

X-ray powder diffraction (XRD) patterns were obtained using
a D8 Advance (Bruker), with a copper Ko radiation source. **C
CP MAS NMR spectra were obtained at a Larmor frequency of
75.4 MHz using a Bruker Avance 300 spectrometer equipped
with a 4 mm cross-polarization (CP) MAS probe. The samples
were spun at a rate of 5 kHz. Spectra were recorded using
a contact time of 5 ms and 7/2 pulses of 5 ps. The chemical
shifts were referenced to TMS.

Textural properties of MOFs were characterized by N,
adsorption-desorption isotherms, which were obtained at
—196 °C in a BELSORP-mini II instrument.

Incorporation of SDZ to MOFs

The MOF materials were dried at 200 °C for 12 h before sus-
pended in the SDZ solution. A dried sample of 50 mg of each
MOF was separately weighed and mixed with the SDZ solution
in 10 mL glass containers. After sealing the container, the
mixture was stirred (at 700 rpm) for 48 h at room temperature by
a magnetic stirrer. The supernatant was collected.

The MOF loaded with SDZ (SDZ@MOFs) was immediately
washed with 30 mL of acetone and centrifuged to remove SDZ
adsorbed on the outer surface of MOFs. Samples containing
sulfadiazine were labelled as SDZ@MIL 53(Al) and SDZ@MIL
53(Al,Zn). After loading SDZ@MOF material was dried over-
night at 100 °C in an oven.

SDZ@MOF were analysed by HPLC to determine the amount
total of SDZ. The SDZ calibration assay was analysed by high-
performance liquid chromatography-UvV (HPLC-UV) (Agilent
10 000) at a range of SDZ concentration between 10 and 200 pg
mL~! in sodium hydroxide [0.025 N]. The mobile phase was
a mixture of water, ACN and glacial acetic acid (87, 12 and 1%
respectively).

SDZ release profiles

For in vitro experiments a known quantity of system MOF
loaded with SDZ was immersed into 10 mL of preheated
dissolution medium PBS (0.1 M) at pH 7.4 in sealed 30 mL
capacity glass vials maintained at 37 + 1 °C with a constant
stirring at a rate of around 300 rpm.
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An aliquot of 100 pL was withdrawn at different times and
replaced with the same volume of fresh dissolution medium.
The aliquots were filtered by 0.2 um syringe filter and analysed
using HPLC. A correction of the SDZ amount in dissolution
medium extracted was calculated regarding the SDZ lost in each
aliquot.

The ex vivo delivery proceeded as follows: the pig skin, ob-
tained from pig ears, was cut into circular sections of 3 cm in
diameter. The excess fat was removed. The samples were
washed with saline and subsequently with 0.1 M PBS (pH 7.4)
solutions. 6 Franz cells were used where the temperature was
maintained constant at 37 £+ 0.5 °C and the diffusion area was
7.07 cm®.

The pig skin was placed in Franz's cells and the stratum
corneum remained in contact with the donor cell compartment,
with the dermis towards the recipient's compartment which was
filled with 30 mL of 0.1 M PBS solution (pH 7.4) and kept under
constant stirring at 350 rpm.

1 mL of a suspension of the SDZ@MOF was transferred onto
the donor cell containing 8 mL of PBS (0.1 M, pH 7.4) and
transferred onto the donor cell at a concentration of 2 mg mL ™",
a stirring of 350 rpm is maintained and a sampling of 1 mL is
performed with replacement of medium at period times of 0, 15,
30, 60, 180, 240, 300 and 360 min. The samples are quantified by
HPLC method as the same procedure as the release profiles.

At the end of the test, the skin samples were extracted from
Franz cells and fragmented into small pieces with a surgical
scalpel to extract the sulfadiazine from the layers with 30 mL of
SDZ in 0.025 M NaOH. The extract was centrifuged at 2000 rpm
for 10 min and analysed by UV-vis HPLC.

DNA degradation

DNA of leucocytes extraction and quantification proceeded as
follows: blood was drawn through venous puncture with
Vacutainer™ tubes from EDTA/K2 and the rapid extraction
protocol of the Wizard® Promega Genomic DNA Purification Kit
was performed. 2 pL of DNA solution was taken and quantified
with a dark field microcell with an Eppendorf® brand
biophotometer.

For MOF interaction treatments with DNA, a standard 5Xx
TBE buffer solution was prepared. The pH was adjusted to 8.3
and a 1: 10 dilution was performed to obtain a working solu-
tion of 0.5x TBE. Subsequently, 20 puL of DNA solution was
mixed with 20 pL of MOF suspended suspension in TBE 0.5
varying concentration of suspension at 1000 and 500 pg mL "
and then samples incubated at 37 °C. Sampling of 2 pL was
performed at different periods, and mixed with 2 pL of loading
buffer to deposit them in the wells of the agarose gel at 1.5%.
They were then placed in an electrophoresis chamber with
a solution of 100 mL TBE 0.5x at conditions of 100 V for 35 min.
At the end of the time it was revealed with 10 mL of a solution of
ethidium bromide (2 mg mL™") in 100 mL of 0.5x TBE and
placed in the Bio-Rad Universal Hood II photodocumentor —
Software Quantity One.

25650 | RSC Adv, 2020, 10, 25645-25651

View Article Online

Paper

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

We would like to express our very great appreciation to G.
Cedillo, A. Lopez-Vivas and A. Tejeda for their technical assis-
tance. This work was financially supported by CONACYT (Grant
220436), PAPIIT-IN205320 and PAPIIT UNAM (IN202820). ]J.
Aguila-Rosas aknowledges the PhD scholarship (467309)
provided by CONACYT.

Notes and references

1 ]J. V. Natarajan, C. Nugraha, X. W. Ng and S. Venkatraman, /.
Controlled Release, 2014, 193, 122.

2 H. Zare-Zardini, A. Taheri-Kafrani,
A.-K. Bordbar, Sci. Rep., 2018, 8, 586.

3 J. H. Lee and Y. Yeo, Science, 2015, 125, 75.

4 K. E. Albinali, M. M. Zagho, Y. Deng and A. A. Elzatahry, Int. J.
Nanomed., 2019, 14, 1707.

5 S. R. Batten, N. R. Champness, X.-M. Chen, ]. Garcia-
Martinez, S. Kitagawa, L. Ohrstrom, M. O'Keeffe, M. P. Suh
and J. Reedijk, Pure Appl. Chem., 2013, 85, 1715.

6 P. Horcajada, C. Serre, M. Vallet-Regi, M. Sebban, F. Taulelle
and G. Férey, Angew. Chem., Int. Ed. Engl., 2006, 118, 6120.

7 P. Horcajada, R. Gref, T. Baati, P. K. Allan, G. Maurin,
P. Couvreur and C. Serre, Chem. Rev., 2012, 112, 1232.

8 A. C. McKinlay, R. E. Morris, P. Horcajada, G. Férey, R. Gref,
P. Couvreur and C. Serre, Angew. Chem., Int. Ed., 2010, 49,
6260.

9 X.-G. Yang, X.-M. Lu, Z.-M. Zhai, Y. Zhao, X.-Y. Liu, L.-F. Ma
and S.-Q. Zang, Chem. Commun., 2019, 55, 11099-11102.

10 H.-C. Zhou, J. R. Long and O. M. Yaghi, Chem. Rev., 2012,
112, 673.

11 J. Liu, G.-P. Yang, J. Jin, D. Wu, L.-F. Ma and Y.-Y. Wang,
Chem. Commun., 2020, 56, 2395-2398.

12 J. An, S. J. Geib and N. L. Rosi, J. Am. Chem. Soc., 2009, 131,
8376.

13 S. Rojas, T. Baati, L. Njim, L. Manchego, F. Neffati,
N. Abdeljelil, S. Saguem, C. Serre, M. F. Najjar, A. Zakhama
and P. Horcajada, J. Am. Chem. Soc., 2018, 140, 9581.

14 C. Doonan, R. Ricco, K. Liang, D. Bradshaw and P. Falcaro,
Acc. Chem. Res., 2017, 50, 1423.

15 W. Liu, Y. Pan, W. Xiao, H. Xu, D. Liu, F. Ren, X. Peng and
J. Liu, RSC Med. Chem., 2019, 10, 2038-2051.

16 S. Wuttke, A. Zimpel, T. Bein, S. Braig, K. Stoiber, A. Vollmar
and S. Meiners, Adv. Healthcare Mater., 2017, 6, 1600818.

17 J. Cao, X. Li and H. Tian, Curr. Med. Chem., 2020, 26, 1.

18 T. Simon-Yarza, A. Mielcarek, P. Couvreur and C. Serre, Adv.
Mater., 2018, 30, 1870281.

19 P. Horcajada, C. Serre, G. Maurin, N. A. Ramsahye, F. Balas,
M. V. Regi, M. Sebban, F. Taulelle and G. Férey, J. Am. Chem.
Soc., 2008, 130, 6774.

20 C. Serre, F. Millange, C. Thouvenot, M. Nogues, G. Marsolier,
D. Louér and G. Férey, J. Am. Chem. Soc., 2002, 124, 13519.

A. Amiri and

This journal is © The Royal Society of Chemistry 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra03636f

Open Access Article. Published on 07 July 2020. Downloaded on 3/5/2026 5:32:33 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

21 T. Loiseau, C. Serre, C. Huguenard, G. Fink, F. Taulelle,
M. Henry, T. Bataille and G. Férey, Chem.—Eur. J., 2004, 10,
1373.

22 A. Punjataewakupt, S. Napavichayanun and P. Aramwit, Eur.
J. Clin. Microbiol. Infect. Dis., 2019, 38, 39-54.

23 J. Wu, F. Du, P. Zhang, I. A. Khan, J. Chen and Y. Liang, J.
Inorg. Biochem., 2005, 99, 1145-1154.

24 Z. Wenhu, S. Runjhun and L. Juewen, Chem. Rev., 2017, 117,
8272-8325.

25 Y. Liu, J.-H. Her, A. Dailly, A. J. Ramirez-Cuesta,
D. A. Neumann and C. M. Brown, J. Am. Chem. Soc., 2008,
130, 11813.

26 M. Kandiah, S. Usseglio, S. Svelle, U. Olsbye, K. P. Lillerud
and M. Tilset, J. Mater. Chem., 2010, 20, 9848-9851.

27 X.-y. Zheng, H.-N. Kong, D.y. Wu, C. Wang, Y. Li and
H.-r. Ye, Water Sci. Technol., 2009, 60, 2929-2938.

28 F. G. Vogt, Future Med. Chem., 2010, 2, 915.

This journal is © The Royal Society of Chemistry 2020

View Article Online

RSC Advances

29 C. M. Doherty, E. Knystautas, D. Buso, L. Villanova,
K. Konstas, A. J. Hill, M. Takahashif and P. Falcaro, J.
Mater. Chem., 2012, 22, 11470.

30J. A. Greathouse, N. W. Ockwig, L. J. Criscenti,
T. R. Guilinger, P. Pohl and M. D. Allendorf, Phys. Chem.
Chem. Phys., 2010, 12, 12621.

31 C. A. Hunter, K. R. Lawson, J. Perkins and C. J. Urch, J. Chem.
Soc., Perkin Trans. 1, 2001, 2, 651.

32 K. S. W. Sing, Carbon, 1994, 32, 1311.

33 R. W. Korsmeyer, R. Gurny, E. M. Doelker, P. Buri and
N. A. Peppas, Int. J. Pharmacol., 1983, 15, 25.

34 C. Z. Bueno and A. M. Moraes, Mater. Sci. Eng., C, 2018, 93,
671.

35 D.Y. Arifin, L. Y. Lee and C. H. Wang, Adv. Drug Delivery Rev.,
2006, 58, 1274.

36 C. Andreini, L. Banci, I. Bertini and A. Rosato, J. Proteome
Res., 2006, 5, 196-201.

RSC Adv, 2020, 10, 25645-25651 | 25651


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0ra03636f

	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system

	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system

	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system
	Sulfadiazine hosted in MIL-53(Al) as a biocide topical delivery system


