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A R T I C L E I N F O  A B S T R A C T

In this study, we describe the innovative use of metal-organic frameworks (MOFs) as propranolol (PRO) carriers 
for mephedrone (4-MMC) overdose treatment or supervised withdrawal. The group of model Zr-based MOFs 
including UiO-66, UiO-67, MOF-808, and NU-1000, and PRO@MOF composites were synthesised and charac­
terised. The PRO release was tested in water and simulated body fluid (SBF) environments. The prepared 
PRO@MOF differed in the amount and pore sizes, as well as in the surface properties, which affected the kinetics 
of PRO release. The inhibitory effect of SBF resulted in a more gradual, and controlled PRO release from 
PRO@MOF composites, further confirming the feasibility of this type of solution in real applications. The 
sorption mechanism in prepared PRO@MOF composites was studied by molecular dynamics (MD) and density 
functional theory (DFT) calculations. The molecular calculations (ring orientation, partial charges and bond 
orders) confirmed n-n stacking as the main contribution to the interaction between the electronic structures of 
PRO molecule and MOFs linker. The in vivo studies demonstrated the lack of cytotoxicity of MOFs and com­
posites, and pre-evidence confirmed the effectiveness of using PRO-loaded MOFs as drug carriers in a 4-MMC 
overdose. The study provides a new potential detoxification system for addicts.

1. Introduction

Synthetic cathinones (SCs), classified as new psychoactive sub­
stances (NPS), exhibit effects closely resembling the pharmaceutical 
properties o f amphetamine and amphetamine-like compounds [1 ]. 
These substances, otherwise known as “ legal highs”, “designer drugs” or 
“bath salts”, are becoming increasingly popular, and thus easily acces­
sible and widespread [2 ,3 ]. The European Monitoring Centre for Drugs 
and Drug Addiction (EMCDDA [4 ]) has monitored more than 670 new 
NPs available (data from the end o f 2017) o f which SCs were the most 
numerous group o f all seizures. The characteristic feature o f SCs is their 
structural similarity to (±)-cathinone. The most common compound 
included in this group is 4-methylmethcathinone (4-MMC, mephedrone, 
ß-ketoamphetamine). This was first synthesised by Sanchez in 1929 [5 ].

Despite its short-acting time, 4-MMC causes euphoria and empathy, and 
increases libido and feelings o f arousal. The United States, Germany and 
Sweden, among others, made 4-MMC illegal in 2010. Nowadays, the 4- 
MMC is treated as an illegal psychoactive substance in the vast majority 
o f  countries. However, due to its widespread presence and low  price, it is 
one o f the most commonly abused drugs among young people [5 ] .

Recently, it has been noted that ß-adrenergic receptor antagonists 
(ß-blockers) can interact in combination with psychoactive compounds, 
causing a reduction in the side effects o f their use. ß-blockers are 
commonly used to lower blood pressure and protect against cardiac 
arrhythmias [6 ] . ß-blockers, such as propranolol (PRO, (±)-1-iso- 
propylamino-3-(1-naphthyloxy)-2-propanol), may be used in the treat­
ment o f amphetamine intoxication. They act by blocking the effects o f 
norepinephrine and decreasing heart rate, blood pressure, and agitation.
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ß-blockers, in an amphetamine overdose, are typically used in combi­
nation with other treatments such as benzodiazepines and supportive 
care [2 ]. PRO is a non-selective ß-adrenergic receptor antagonist. This 
small molecule counteracts vasoconstriction, slows down the work o f 
the heart muscle, and exhibits antiarrhythmic effects. Considering the 
negative effects o f 4-MMC, more specifically, cardiovascular symptoms 
such as tachycardia, palpitations, hypertension, and myocarditis, PRO 
can be successfully used in the event o f 4-MMC overdose or supervised 
withdrawal treatment. Moreover, PRO is readily available and inex­
pensive, which is conducive to scientific research in this area [2 ,7 -9 ].

Although there are justifiable reasons for delivering PRO in the case 
o f an overdose o f SCs, safe and controlled delivery routes o f  this 
ß-blocker are in high demand. O f the many drug delivery systems, the 
use o f metal-organic frameworks (MOFs) appear to be the most optimal 
and prospective solution [10,11]. MOFs belong to the group o f porous 
materials with well-defined structures and are distinguished by high 
biocompatibility, bioavailability and relatively high drug loadings [ 1 2 ] . 
Many examples o f the applications o f  MOFs as efficient drug carriers 
have recently been described in the literature [13-18 ]. Experimental 
studies have demonstrated the successful use o f MOFs as drug delivery 
systems (DDS) for many types o f drugs including dichloroacetone (DCA) 
[19,20], 5-fluorouracil (5-FU) [21-23 ], a-cyano-4-hydroxycinnamic 
acid (a-CHC) [24,25], doxorubicin (DOX) [26-29 ], oxaliplatin [11 ], and 
many others. Among numerous MOF structures, zirconium-based MOFs 
are o f high interest to researchers due to their unique properties such as 
ease o f synthesis, high chemical and thermal stability, high stability in 
different media (acids, water, and water vapour), and ease o f modifi­
cation o f sorption parameters through post-synthesis treatment. The 
model group o f  UiO-66, UiO-67, MOF-808, and NU-1000 is also reported 
to be potentially safe for living organisms, showing no substantial 
cytotoxicity o f  linkers or metal ions building MOF structure [30,31]. In 
our previous work, zirconium-based MOFs (UiO-66, UiO-67, MOF-808, 
and NU-1000) were used as acriflavine carriers against SARS-CoV-2 
virus [3 2 ]. Furthermore, the in vivo and in vitro experiments have 
proven their low  cellular cytotoxicity, cardioprotective effects, and 
prolonged drug delivery while minimising side effects [11,32 ].

Considering the constantly growing problem o f psychoactive sub­
stance abuse and the easy access to SCs, including 4-MMC, one aim o f 
our research was to highlight the prospective use o f Zr-based MOFs as 
PRO hydrochloride carriers for 4-MMC detoxification or supervised 
withdrawal. Encouraged by the success in the effective adsorption o f 4- 
MMC over UiO-66 and NU-1000 in our previous study [33 ], we would 
like in this paper (being somewhat a continuation o f our previous 
studies) to expand the idea o f the application o f Zr-based MOFs as an 
efficient PRO carrier. In all adsorbates we have studied, the n-n stacking 
mechanism was responsible for the binding energy wherever the sorp­
tion was observed. In the literature describing the use o f MOFs as a 
potential drug carrier, a great many possible drugs were recently re­
ported. In our recent review  devoted to the application o f MOFs as drug 
carriers and adsorbents [34 ], we describe the most popular drugs and 
the MOFs used. It may be noted that the differences in chemical struc­
ture, or electronic properties, require an individual approach for the 
determination o f the possibility o f  drug dosage through MOFs. As pre­
viously reported for UiO-66 family MOFs, their adsorption properties 
are influenced not only by their structural properties but also by the 
local electronic changes implied by the incorporation o f functional 
groups (e.g., -N H 2, -COOH, -SO3H). The adsorption/desorption effi­
ciency is thus a derivative o f the structural and electronic properties o f 
the MOF serving as a drug carrier, and by the mutual interactions be­
tween the MOF framework and the incorporated drug. Since the number 
o f possible interactions between guest and host molecules is at least 
limited by the number o f possible MOFs and drugs, the mutual in­
teractions between MOF and drug should be considered for each system 
separately. Since the Zr-MOFs are still under intense investigation and 
the number o f proposed drugs that were previously considered is still 
limited, the mutual interactions between drug and MOF by experimental

and molecular approaches are o f great interest.
Although the possibility o f the use o f Zr-MOFs as an efficient 

adsorbent o f toxic substances is w idely reported in the literature, to our 
best knowledge, the use o f PRO@MOF composites for efficient mephe- 
drone detoxification and withdrawal has not yet been reported. The 
nature o f PRO action is to inhibit angiogenic factors and vasoconstric­
tion [7 ,35]. It has been noted that this action is opposite to that induced 
by SCs, including 4-MMC. Ingestion o f 4-MMC is usually associated with 
cardiac arrhythmia and increased blood pressure [36,37]. Given the 
opposing action profiles o f PRO and 4-MMC, the use o f the drugs which 
are ß-adrenergic receptor antagonists may lim it the effects o f 4-MMC 
overdose [7 ,9 ]. In addition, PRO can relieve 4-MMC withdrawal 
symptoms such as drowsiness, anhedonia, and irritability. The struc­
tures o f both PRO and 4-MMC are shown in Fig. 1.

Thus, in this study, an innovative and prospective method o f PRO 
administration in an acute overdose or supervised withdrawal is pro­
posed. W e want to answer the follow ing questions: a) is it possible to use 
zirconium-based MOFs as a delivery system for PRO hydrochloride? b) 
can PRO@MOF composites be used as an innovative detoxification 
system in SCs overdose? c) how w ill PRO@MOF composites affect living 
organisms?

To answer the above-posed questions comprehensively, we describe 
in this paper a step-by-step approach to the development o f Zr-MOFs and 
PRO@MOF composites, the release profiles o f the drug into different 
media, and in vitro and in vivo studies. The research on the sorption and 
controlled release o f  PRO from the MOF structure was complemented by 
classical molecular dynamics (M D) and density functional theory (DFT) 
calculations.

2. Experimental

2.1. Material synthesis and characterisation

A  series o f zirconium-based metal-organic frameworks (MOFs), 
commonly known as UiO-66 [32 ], UiO-67 [38 ], MOF-808 [39 ], and NU- 
1000 [40 ], was synthesised based on procedures available in the liter­
ature [3 2 ]. Specific information on the synthesis o f pristine MOF sam­
ples is provided in the Supporting Information file.

The synthesised materials were characterised using powder X-ray 
diffraction (PXRD), low-temperature N 2 adsorption (BET), Fourier 
Transform Infrared Spectroscopy (FTIR), Scanning Electron Microscopy 
(SEM), and pRaman spectroscopy. A  detailed description o f characteri­
sation methods is available in the Supporting Information file.

To characterise PRO@MOF composites, a computational approach 
using density functional theory (DFT) and molecular dynamics (MD) 
was applied. A  detailed description o f the methodology and models used 
are provided in the Supporting Information file.

2.2. Própranólól@MOF composites (PR O @ M O F)

PRO@MOF composites were synthesised as described below. In 
brief, 100 mg o f activated MOF (UiO-66, UiO-67, MOF-808, NU-1000) 
was heated in Schlenk tubes at 120 °C under vacuum for 1 h. A t the 
same time, 100 mg o f PRO hydrochloride was dissolved in 10 mL o f 
distilled water. The solution o f PRO in water was then injected into the 
heated MOFs. The whole mixture was stirred for 24 h, followed by 
separation by centrifugation (10 min, 6000 rpm). The resulting com­
posites were called PRO@UiO-66, PRO@UiO-67, PRO@MOF-808, and 
PRO@NU-1000, respectively. The filtrates were used to calculate the 
percentage o f drug loading.

The amount o f PRO loaded in PRO@MOF composites was calculated 
from the filtrates o f PRO hydrochloride solution after the PRO loading 
into the PRO@MOF composites by using UV-Vis spectroscopy (AvaS- 
pec-ULS3648 high-resolution spectrometer, deuterium-halogen light 
source AvaLight-DHc and Sarspec CH-MP cuvette holder) by monitoring 
the maximum absorbance at 290 nm. From each PRO filtrate, the 10 mL



Fig. 1. (A) Propranolol (PRO) structure; (B) Mephedrone structure (4-MMC).

o f PRO hydrochloride solution was collected and diluted with distilled 
water and the resulting UV-Vis spectrum was collected. The amount o f 
PRO@MOF was determined from calibration curves prepared for H2O 
and SBF solution (see Supporting Information file, Figure S2).

The amount o f the PRO loading in prepared PRO@MOF composites 
was determined using the follow ing formula:

(1)

where:
mPRO -  PRO hydroxide amount used to prepare PRO solution for 

PRO loading procedure, 100 mg,
mMOF -  MOF mass used for preparation o f PRO@MOF composite, 

100 mg,
C -  Propranolol concentration in the filtrate (mg/mL).

2.3. Propranolol release profiles

The release o f PRO from PRO@MOF composites was carried out 
based on the follow ing procedure: 10 mg o f PRO@MOF composite was 
placed in a plastic cup, then 40 mL o f liquid medium (demineralised 
water or Simulated Body Fluid) was added. The PRO release was per­
formed on a magnetic stirrer, maintaining human body temperature 
(36.6 °C). Samples o f 0.5 mL o f the medium solution were taken after a 
certain period, and subsequently subjected to UV-Vis analysis and 
replaced with fresh liquid medium. For UiO-67, due to the structure 
collapse in the SBF medium, the PRO release was measured by using the 
Thermo Vanquish Core HPLC System equipped with DAD and FL de­
tectors and Accucore C18 150 x 3.0 mm2 2.6 pm column. A  mobile 
phase consisting o f a solvent mixture o f 0.25 mM solution o f ammonium 
formate in 0.1 % formic acid (solvent A ) and acetonitrile (solvent B) was 
used. Gradient elution was performed at a constant 0.6 mL/min flow  
rate as follows: from 0 min to 4.87 min, solvent A  was used at 95 to 45 %, 
then from 4.87 min to 5.29 min the amount o f solvent A  began to in­
crease from 45 to 95 %. The total measurement time was 10 min. During 
this time, the column was thermostated at 30 °C. The peak response o f 
propranolol was recorded at 290 nm using a UV detector.

2.4. In vivo studies

2.4.1. Zebrafish maintenance
Danio rerio o f the AB strain (Experimental Medicine Centre, Medical 

University o f Lublin, Poland) were maintained according to the pro­
cedure described in the work o f Kozioł et al. [4 1 ]. For the experiments, 
the embryos were treated with PRO (1-100 mM), 4-MMC (200 pM) 
alone and with PRO, (10 mM), MOFs or PRO@MOFs in a sterile 
zebrafish medium (E3) at 28.5 °C, for 96 h. Stock solutions o f drugs were 
prepared in the E3 (pH =  7.1-7.3; 5.0 mM NaCl, 0.17 mM KCl, 0.33 mM 
CaCl2, 0.33 mM MgSO4) and diluted to the final test concentrations 
immediately before the experiments. Immediately after the experiment, 
larvae were killed by immersion in 15 pM tricaine methanesulfonate 
solution. A ll experiments were conducted in accordance with the

National Institute o f Health Guidelines for the Care and Use o f Labora­
tory Animals and the European Community Council Directive for the 
Care and Use o f Laboratory Animals o f 22 September 2010 (2010/63/ 
EU). For the experiment with larvae up to 120 hpf, the agreement o f the 
Local Ethical Commission is not required. The concentrations o f com­
pounds were chosen based on our preliminary studies (Supporting In­
formation file).

2.4.2. Cardiotoxicity
To determine the influence o f PRO@MOFs on cardiac effects induced 

by 4-MMC, newly fertilised zebrafish eggs were exposed to compounds 
for a period o f 96 h. The system applied in the experiment was static, as 
the changes in solution concentrations did not exceed the range o f 20 % 
o f nominal concentration values.

The experiment was performed in 24-well plates, with five embryos 
per well, and 10 per group. Each experiment was triplicate. Each plate 
was covered and kept in an incubator set at 28 ±  0.5 °C. Every 24 h, 
acute toxicity was determined based on a positive outcome o f lethality. 
Death was judged by the coagulation o f embryos or the absence o f a 
heartbeat. At 96 hpf, heart rate was measured. The larvae were equili­
brated at room temperature for 30 min and the heartbeats were counted 
under a stereomicroscope for 20 s. Obtained values were multiplied by 
three to obtain the number o f beats per minute (bpm).

2.4.3. Locomotor activity
Evaluation o f locomotor activity assay was performed in 96 hpf 

larvae. Larvae were incubated in 200 pL o f E3 solution, each compound, 
or their combinations for 96 h. 30 min before the test larvae were 
transferred into 96 multi-well plates, one larva in each well ( Supporting 
M ovie). EthoVision XT v  ideo tracking software (Noldus) was used for 
the evaluation o f the locomotor activity o f zebrafish larvae. The distance 
moved in a 10 min period was calculated in a light condition.

Immediately after the experiment, larvae were euthanised by im­
mersion in the 15 pM o f tricaine methanesulfonate (Sigma Aldrich) 
solution.

Data were analysed using one-way and two-way analysis o f variance 
(ANO VA) followed by Tukey’s post-hoc test or Bonferroni’s post-hoc 
test, respectively. The confidence limit o fp <  0.05 was considered sta­
tistically significant. The analysis was carried out using Prism v8.3.1 
from GraphPad software.

3. Results and discussion

3.1. Materials synthesis and characterisation

For this study, four types o f MOF materials were selected and then 
synthesised: UiO-66, UiO-67, MOF-808, and NU-1000. Common fea­
tures o f the selected materials were Zr6-oxo-clusters bridged by poly­
ethylene linkers [4 2 ]. The presence o f different types o f ligands in MOFs 
determines their different topologies, number, and pore sizes. The 
follow ing organic acids served as ligands: benzene-1,4-dicarboxylic acid 
(H 2BDC) for UiO-66 [32 ], 1,1'-biphenyl-4,4'-dicarboxylic acid (BPDC)

[ mPRO -  C-10mL ]
Propranolol (w t. %) =  ------------------------------------ -100

F v ; |mMOF +  mPRO -  C-10mLj



for UiO-67 [38 ], 1,3,5-benzenetricarboxylic acid (H 3BTC) for MOF-808 
[39 ], and tetraethyl 4,4',4'’,4'” -(pyrene-1,3,6,8-tetrayl)tetrabenzoic 
acid (H 4TBAPy) for NU-1000 [4 0 ]. Evaluation o f the validity o f the 
syntheses, and thus the crystallinity o f the MOFs, was carried out using 
powder X-ray diffractometry (PXRD). The experimental results o f  pris­
tine MOF (Figure S1A ) were compared with literature data 
[32,40,43-45] and the high crystallinity o f the parent MOFs was 
confirmed. Additionally, the PXRD analysis was carried out on PRO@- 
MOF composite materials (Fig. 2A). A ll composites except PRO@UiO-67 
showed structural stability and retained their crystalline character. The 
loss o f crystallinity o f the PRO@UiO-67 composite is due to the presence 
o f an extended linker that builds the MOF structure. The extended 
biphenyl carboxylate linkers in MOF structure favour the clustering o f 
water molecules close to the Zr nodes, resulting in the rotation o f 
extended linkers and structure collapse [4 6 ]. However, low  stability 
does not necessarily eliminate the potential use o f the UiO-67 in PRO­
controlled delivery. The gradual degradation o f PRO@UiO-67 compos­
ite may be advantageous in the case o f co-administration o f combined 
drugs, during which adsorption o f one o f them in the MOF structure 
would be possible.

The porous properties o f prepared MOFs were determined by low- 
temperature N 2  adsorption. Based on the equilibrium points o f nitro­
gen adsorption, adsorption isotherms were plotted (Fig. 2B). Structural 
parameters determined by low-temperature N 2  adsorption are provided 
in Table 1. The specific surface areas o f SB E T  and SL  were determined 
based on the multi-layer and single-layer filling models, respectively 
[47,48]. In NU-1000 and UiO-67 the SB E T  value was equal to approx. 
2000 m2/g. The total volume o f micropores (NLDFT) was between 0.9 
cm3/g and 1.3 cm3/g. Lower values o f  structural parameters were ob­
tained in UiO -66 and MOF-808 materials. The specific surface area o f 
SB E T  was 1380 m2/g and 1200 m2/g, respectively. The volumes o f mi­
cropores, on the other hand, were about 0.6 cm3/g. Fig. 2C shows the 
pore volume distribution (NLDFT), from which it can be observed that 
all materials had pores with diameters in the range between 1.0  nm and
2.0 nm. The NU-1000 had developed additional pores in the range o f 
3.0-4.0 nm. The specific surface area o f PRO@MOF composites drops 
significantly when compared with their pristine counterparts. The 
decrease o f surface area and pore volumes in all prepared composites 
confirms successful PRO loading in PRO@MOF composite samples. The 
most significant change was observed for the PRO@UiO-67 sample, 
where SB E T  decreased from 1962.8 m2/g to 12.1 m2/g, which may 
indicate either structure collapse or complete pore blockage by PRO 
molecules. On the other hand, for the PRO@NU-1000 sample, the 
decrease in SB E T  is not as spectacular as for the PRO@UiO-67 sample 
despite comparable PRO loading (cf. Table 1). This phenomenon is 
related to large NU-1000 pore sizes and pore volumes that facilitate high 
PRO loading.

To determine the PRO encapsulation in prepared PRO@MOF sam­
ples, comparative thermogravimetric analysis was performed 
(Figure S3). A ll tests were carried out under analogous measurement 
conditions and with the same weight as the tested samples. The analysis

Table 1
Sample characterisation details.

PRO
loading
wt.%

SBET

m2/g

S l

m2/g

VDFT

cm3/g

d b j h

nm

UiO-66, 7.4 1377.2 1868.3 0.632 2.9
(PRO@UiO-
66)

(393.7) (506.6) (0.161) (2.4)

UiO-67, 58.0 1962.8 2586.2 0.891 3.3
(PRO@UiO-
67)

(12.1) (30.1) (0.010) (1.1)

MOF-808, 7.5 1197.7 1696.0 0.611 3.1
(PRO@MOF-
808)

(388.6) (497.3) (0.180) (2.0)

NU-1000, 52.5 2005.3 4269.1 1.289 3.7
(PRO@NU-
1000)

(1869.1) (3356.1) (1.132) (3.5)

o f  TGA curves for the PRO sample shows two characteristic mass losses 
in two temperature ranges, i.e., from room temperature to 350 °C (about 
—85 % o f the sample mass loss) and from 350 C  to 650 C  (about —15 % 
o f the tested sample mass loss). Describing the recorded effects 
regarding a two-stage combustion process o f the tested substance, PRO 
seems appropriate. By analysing the DSC curve, it is also concluded that 
an effect related to the melting process o f the test drug takes place [4 9 ]. 
Subsequently, at higher temperatures, the curve indicates the presence 
o f  two exothermic effects, the nature o f which, combined with the TGA 
result, clearly indicates a two-stage oxidation process taking place. For 
all measured samples, two main stages o f mass change were found on the 
TG curves. Each time up to 100 C ,  the weight loss is related to the 
removal o f the adsorbed water (dehydration process). A  further two- 
stage mass loss o f the tested materials occurs at higher temperatures. 
The temperature ranges are similar, while the amount o f weight loss o f 
the samples differs for the different substances. It is claimed that the 
registered processes are related to the degradation o f the linker and, 
finally, the degradation o f the structure o f the tested substances to ZrO2.

The first mass loss stage (Figure S3) was the largest for the MOF-808 
sample (about — 37 %), and the smallest for the UiO-67 sample (about 
—11 %). The second stage o f  mass change was the most intense for NU- 
1000 (about — 52 %) and UiO-67 (about 51 % ), while the slightest 
change in mass was shown by samples MOF-808 (about — 24 % ) and 
UiO-66 (about -  31 %).

In each case described above, the samples after the encapsulation 
process showed a more significant mass change when compared with the 
pristine samples. In temperatures up to 350 C ,  the follow ing weight 
changes o f the tested samples were recorded before and after the 
encapsulation process - PRO@UiO-66: ca. -22 % to — 24 %, PRO@MOF- 
808: ca. -  37 % to -  62 %, PR@NU-1000: ca. -23 % to -  68 %, and UiO- 
67: ca. —11 % to —14 % weight loss, respectively.

The quantitative loading o f PRO into the MOF structure was 
measured experimentally by UV-Vis spectroscopy. For PRO@NU-1000 
and PRO@UiO-67, the amount o f loaded PRO was equal to 52.5 and

Fig. 2 . Characterisation results of prepared samples (A) PXRD; (B) N2 adsorption isotherms; (C) NLDFT pore size distribution.



58.0 wt%, respectively. The lower PRO loadings were achieved for 
PRO@UiO -66 and PRO@MOF-808 and oscillated around approx. 7 wt% 
in both composite samples. A  dependence o f the increase in drug loading 
with increasing pore volume o f Zr-MOFs was observed. The relation­
ships described, along with the results, are shown in Table 1.

The molecular nature o f pristine and composite PRO@MOFs samples 
was determined by FTIR spectroscopy (Fig. 3). The spectrum o f PRO 
reveals a broad and characteristic band in the range o f 1350 cm~1 to 
1260 cm~1 originating from asymmetric stretching vibrations o f =C-O- 
C- alkyl aryl ether present in the structure o f PRO [50,51 ]. The band at 
3282 cm~1 may be attributed to NH stretching vibrations from the 
amine group. In addition, the band present on the spectrum near 2947 
cm~1 is characteristic o f the alkane group and supports the identification 
o f PRO [5 0 ]. The band at 1103 cm~1 corresponds with the stretching 
vibrations o f the aryl alkyl ether. The peak at 771 cm~1 is typical o f 
a-substituted naphthalenes [5 1 ]. Other peaks characterising PRO are the 
peak at 1579 cm~1, originating from the aromatic C=C bond, and the 
peak from the aromatic C-H bond at about 3049 cm~1 [5 0 ]. The spectra 
o f pristine MOFs, specifically UiO-66, UiO-67, MOF-808, and NU-1000, 
are typical spectra for Zr-MOFs and are in good agreement with those in 
the literature [38,45]. The typical broad band in the 3600-2600 cm~1 
region is attributed to OH vibrations from adsorbed water [50,51]. The 
carboxyl group, and more specifically, the in-phase and out-of-phase 
stretching vibrations, were confirmed by the bands at 1585 cm~1 and 
1390 cm~1. In the 1750-1000 cm~1 range, the bands o f carboxyl and 
heterocyclic C=C stretching vibrations were observed [38,52]. Addi­
tionally, the band at 3000 cm~1 is identified with C-H bond vibrations in

the benzene ring [3 8 ]. For UiO-67, an additional band at 3675 cm~1 was 
observed, originating from vibrations o f the isolated OH group [3 8 ]. 
Bands in the range o f 750-650 cm~1 correspond to bending vibrations o f 
C-H and O-H and Zr-O [3 8 ]. The FTIR spectra o f  PRO@MOFs composites 
show bands characteristic for both pristine MOFs and introduced PRO, 
which on the one hand confirms that the introduction o f the drug into 
the structure was successful, and on the other hand that the MOFs 
remained stable. It was observed that particularly characteristic bands at 
1269 cm~1 and 1236 cm~1 were present on the spectra and correspond 
with the asymmetric stretching vibrations o f  =C-O-C- alkyl aryl ether 
[50 -52 ]. In Fig. 3, the characteristic regions for PRO vibrations are 
labelled as PRO markers. The intensity o f the two bands on the spectrum 
is dependent on the amount o f PRO that was introduced to the MOF 
structure, and increases simultaneously as the degree o f PRO loading 
into the MOFs structure increases. The intensity o f the bands increases 
sequentially for PRO@UiO-66, PRO@MOF-808, PRO@UiO-67, and 
PRO@NU-1000. For the PRO@UiO -66 ( Fig. 3A ) and PRO@MOF-808 
( Fig. 3C) composites, the bands at 1269 cm~1 and 1236 cm~1 are 
faintly visible, which is related to the low  amount o f PRO in the 
PRO@MOFs composites. In the case o f the other two samples, 
PRO@UiO-67 ( Fig. 3B) and PRO@NU-1000 (Fig. 3D), the PRO bands are 
characterised by significant intensities, which corresponds to the higher 
amount o f PRO loaded into the MOF structure.

The |iRaman characterisation results are shown in Fig. 4. The bands 
characteristic for PRO were detected at 1380 cm~1 and 733 cm~1 and 
are attributed to the naphthalene ring vibrations. The former corre­
sponds with vC-C vibrations. According to the literature, the

Fig. 3. Transmission FTIR spectra of prepared samples; (A) PRO@UiO-66; (B) PRO@UiO-67; (C) PRO@MOF-808; (D) PRO@NU-1000.



characteristic bands at 1560 cm~1 and 1423 cm~1 originate from vC-C 
and C-H vibrations [5 3 ]. In the case o f UiO-66, bands at 1615 cm~1, 
1447 cm~1, and 1142 cm~1 are visible, corresponding to C=C stretching 
vibrations, terephthalate ring breathing, and ring deformation [5 4 ]. 
Pristine UiO-67 exhibits bands at 1609 cm~1, 1447 cm~1, 1286 cm~1, 
1151 cm-1, 855 cm~1, and 631 cm~1. The band at 1286 cm~1 originates 
from C-C ligand interring stretching. The band at 855 cm~1 is associated 
with symmetric C-C breathing, while 631 cm~1 originates from the in­
plane bending o f the C-C aromatic ring [5 5 ]. Considering MOF-808, 
the bands at 807 cm~1 and 570 cm~1 correspond successively to O-H 
bond vibrations and/or symmetric C-C breathing and C-C-C in-plane 
bending [5 6 ]. The NU-1000 exhibits bands at 1180 cm~1, 1150 cm~1, 
and 900 cm~1 which may be attributed to pyrene-based ligand vibra­
tions [5 7 ]. The |iRaman spectra o f  PRO@MOF composite materials 
allowed us to confirm the presence o f PRO in prepared composites. The 
characteristic bands for PRO in MOF materials are 1380 cm~1 and 733 
cm~1 attributed to the C-C vibrations o f  the naphthalene ring. These 
bands are most prominent for PRO@UiO-67, PRO@UiO-66, and 
PRO@MOF-808, all being characterised by much lower intensity. For 
the PRO@NU-1000 sample, they are practically invisible. This is related 
to the large number o f other peaks originating from the extended MOF 
ligand.

The application o f scanning electron microscopy (SEM) allowed us to 
evaluate the morphology o f PRO@MOFs composites (Fig. 5). For pris­
tine MOFs, surface morphology data are w idely available and very well 
described in the literature [32,52,58]. For example, the use o f UiO-66 
with hydrochloric acid as a modulator is associated with a higher 
number o f structural defects and a change in crystal size, compared to 
classical “defect-free” UiO-66 [32,52]. This confirms the literature data 
on the effect o f  modulator concentration and acidity on MOF

morphologies [5 2 ]. In addition, PRO@MOF-808 exhibits nanocrystal 
sizes in the 150-350 nm range, as seen when comparing Figure S4C and 
Fig. 5C [5 8 ]. Additionally, UiO-67 exhibits agglomerated crystals in a 
ca. 1 pm size with visible crystal cracks. The SEM images confirm that 
NU-1000 is characterised by the largest crystal size. The prepared 
PRO@NU-1000 are detected as rod-shaped microcrystals or hexagonal 
prisms with 3 im  diameter.

3.2. Prolonged propranolol release in different media

PRO release profiles from PRO@MOFs composites were determined 
in two types o f media: demineralised water and Simulated Body Fluid 
(SBF). The results are shown in Fig. 6 (percentage release) and Figure S5 
(PRO released in mg). When analysing the release o f the drug into the 
distilled water medium at 36.6 °C, the highest amount o f PRO release 
was observed for the PRO@UiO-66 and PRO@MOF-808 composites. 
The maximum amounts o f PRO released reach 97 % and 41 %, respec­
tively, after 24 h. Above that, the smallest amount o f PRO was released 
from PRO@NU-1000, being equal to 23 %. The PRO@UiO-67 compos­
ites were characterised by a drug release o f approx. 27 %. An atypical 
but at the same time intriguing correlation is that PRO@UiO-66, when 
loaded with PRO, is characterised by the lowest amount o f  drug and the 
highest release, in contrast to PRO@NU-1000, where loading is high, 
and release is low. This dependency is shown in Fig. 6A. In each case, the 
release o f PRO into distilled water occurs rapidly. After less than 30 min, 
most o f the drug has already been released from each composite, and 
after 24 h a plateau is reached. The results o f PRO release to the SBF 
solution are shown in Fig. 6B. Regarding the percentage amount o f 
released PRO, the highest values are observed for PRO@UiO-66 and 
PRO@UiO-67 (95 % and 90 %, respectively). Significantly smaller

Fig. 4. iRaman spectra of prepared samples.



Fig. 6. PRO release profiles in different media; (A) H2O; (B) SBF.

amounts o f released PRO are shown by PRO@MOF-808 and PRO@NU- 
1000, with values o f about 30 % and about 5 %, respectively. For all 
composites except PRO@UiO-67, we observe a reduction in the amount 
o f released PRO in the SBF medium compared to distilled water. The 
highest inhibition o f PRO release occurs for PRO@NU-1000, as the value 
o f released PRO drops from 23 % in distilled water to 5 % in SBF. A  
similar relation was observed by us in our previous studies [3 2 ]. Above 
that, H. Dong et al. [59 ], also observed a decrease in the amount o f 
released drug in a PBS environment o f pH =  7.4. It has been confirmed 
that the ionic environment influences a decrease in the stability o f the 
MOF structure, especially under more alkaline conditions [60,61]. When 
focusing on drug release, it is important to consider not only the higher 
instability at higher pH, but especially the effect o f the ionic environ­
ment on drug-framework interactions o f MOFs. The presence o f ions in 
the medium can promote ion exchange between the drug and the anions 
in the solution, which can in turn be a limiting factor in the release o f the 
drug from the structure. Ions dissolved in the SBF (Cl-, SO2-, HCO3, 
HPO4-) may impede the exit o f the drug from the MOF structure, thus 
being the reason why less drug is released into the medium [6 1 ]. A

completely different situation is observed in the case o f drug release 
from PRO@UiO-67. The amount o f released PRO from PRO@UiO-67 is 
higher when SBF is used. This phenomenon may be caused by the 
gradual MOF structure collapse in the SBF solution by the mechanisms 
described in the work [4 6 ]. However, the gradual PRO@UiO-67 struc­
ture degradation may be beneficial in terms o f the prospective appli­
cation o f PRO@MOF composites in living organisms. The gradual MOF 
structure degradation followed by the PRO release may favour easier 
removal o f MOFs from living organisms when considering their poten­
tial oral administration. Despite the 15-300 nm size o f prepared 
PRO@UiO-67 composite their further degradation may even reduce the 
crystal size, which w ill allow  MOF residue removal by, e.g., kidney 
filtration. Additionally, when considering the potential application o f 
PRO@MOF composites in an acute overdose or controlled withdrawal, 
several drugs may be administered, thus competitive drug adsorption 
may not be favourable.

Considering the potential application o f selected Zr-MOFs as efficient 
PRO carriers for 4-MMC detoxification or supervised withdrawal, the 
toxicity o f linker and node species should be taken into account. In the

Fig. 5. SEM images of prepared samples; (A) PRO@UiO-66, (B) PRO@UiO-67, (C) PRO@MOF-808, (D) PRO@NU-1000.



case o f the MOF showing relatively low  chemical stability, the degra­
dation products, i.e., the inorganic and organic building blocks, may 
slowly diffuse intercellularly and cause a local increase in concentration 
o f metals and organic linkers [6 2 ]. Over the years, numerous MOFs have 
been examined for their toxicity using various cell lines and animals. For 
the top 10 MOF, including MOF-5(Zn), HKUST-1(Cu), UiO-66(Zr), MIL- 
100(Fe), ZIF-8(Zn), MIL-88A(Fe), MIL-88B(Fe, Cr), MIL-101(Fe, Cr), 
MOF-74(Co, Ni, Mg, Cu, Mn, Zn) and UiO-67, however, the literature 
information on cytotoxicity is scarce [63] In the recent work o f Yang 
et al. [64 ], the acute toxicity and biodistribution o f ZrO2 were tested in 
vivo by intravenous injection. The authors revealed that a higher con­
centration o f zirconium was detected in the liver than in the spleen or 
other organs and that the zirconium concentration in the range o f 
10-350 mg/kg may be considered safe. In the work by Ruyra et al. [63] 
the toxicity o f 16 selected representative nano-MOFs, including nano- 
UiO-67 and nano-UiO-66, was tested in vivo and in vitro using human 
hepatocyte (HepG2) and breast cancer (MCF7) cell lines, and the 
zebrafish model. To determine the concentration o f zirconium ions that 
may migrate from MOF structure to the surroundings, selected nano- 
MOFs were dispersed in 10 mL o f DMEM with 10 % fetal bovine 
serum and the concentration o f solubilised metal ions was measured by 
ICP-OES spectroscopy. The authors developed a five-grade toxicity scale 
(0: no toxicity, 4: maximum toxicity) to qualitatively compare selected 
nano-MOFs. The authors found that Co2+, N i2+, Zn2+, Zr2+, or M g2+ 
salts did not show any significant cytotoxicity in the in vitro tests using 
two HepG2 and MCF7 human cell lines. Similarly, in the in vivo exper­
iments using zebrafish embryos, both nano-UiO-66 and nano-UiO-67 
revealed hardly any cytotoxic effects.

For the organic linker toxicity, the “rule o f thumb” was introduced in 
the work by Ettlinger et al. [62 ], where the toxicity increases from 
fumaric acid (considered the most biocompatible) through trimesic acid, 
terephthalic acid, and nitro- and tetramethyl-terephthalic acids. It must 
be emphasised, however, that the toxicity o f the individual MOF organic 
linker should be determined individually, depending on the MOF used. 
In recent works, the toxicity o f the most utilised organic linkers such as 
terephthalic acid, 1,1'-biphenyl-4,4'-dicarboxylic acid (organic linkers 
for UiO-66, UiO-67, respectively), and 1,3,5-benzenetricarboxylic acid

(MOF-808) was tested using the various cell lines including mammal 
J774A.1 cells, carcinoma cell line HT-29, and the human breast carci­
noma cell line MCF-7 [62 ], A549, and (B) MH-S cell lines [65 ], showing 
no significant toxicity o f organic linkers building MOF structure.

Propranolol adsorption -  a molecular approach
The DFT calculations were performed with the use o f the VASP [66] 

code to determine the adsorption sites o f guest molecules in the 
frameworks o f the studies MOFs. The computational methodology is 
described in detail in the Supporting Information file, while the repre­
sentative and optimised structure o f NU-1000 with adsorbed PRO mol­
ecules is shown in Fig. 7. The n-n orbital stacking was used as a 
geometrical descriptor o f the molecule-framework interactions (see 
Fig. S6) and it was determined by the analysis o f the least square fit o f 
the planes o f the aromatic rings thereof. The angles and distances be­
tween the aromatic rings o f PRO and MOF linkers were found typical for 
the systems with pronounced n-n stacking. The interaction o f the elec­
tronic structures o f the aromatic rings o f the PRO molecule and the MOF 
linker was also studied in the v iew  o f the charge transfer between the 
interacting systems, and the covalent bond order between them (see 
Table S6).

The sorption loading o f PRO in the MOF structures, studied by 
forcefield-based, rigid host MC, was found to be the highest (25 mole­
cules per 1 unit cell o f MOF) for NU-1000 and only 4 for UiO-67 (see 
Table S3). In the case o f the “defect free” UiO-66, no PRO sorption was 
possible. To resolve the discrepancy between the MC modelling and the 
experiment, three defective structures o f UiO-66 were studied: one with 
the Zr cluster missing, one with the linker removed and one w ith the Zr 
cluster and the adjacent linker missing (see Table S3). Sorption was 
found to be possible only for the latter two structures. Even though the 
small amount o f PRO was found to be able to adsorb in the latter case, 
the sorption was weak, with Eads =  —0.409 eV, and no n-n stacking is 
observed. Much stronger adsorption was found for the other studied 
MOFs, namely for MOF-808, UiO-67, and NU-1000, Eads was —0.920 eV, 
—1.106 eV, and —1.183 eV, respectively.

To assess the relationship between the material properties and the 
adsorption performance, RDA analysis was carried out for the following 
inputs: pore size (RDA 1) and SBET (RDA 2) for the composites, and the

A

Fig. 7. DFT optimised structure of NU-1000, with four Zr6 nodes bonded to the linker (zoomed area), with adsorbed PRO molecule (ellipsoid); (A ) general model, (B) 
zoomed large channel with adsorbed PRO; hydrogens in MOF framework omitted for clarity; green -  Zr, red -  O, grey -  C, blue -  N; additional DFT optimised 
structures are provided in the Supplementary Information file. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.)



follow ing outputs: maximum PRO release (at 24 h) and PRO loading (see 
Figure S7). By analysis o f the RDA graph, the direct relationship between 
the structural parameters and the PRO loading and maximum PRO 
release cannot be found, and the PRO release is controlled by the mo­
lecular forces as revealed above from DFT analyses. However, due to the 
low  number o f points, such analysis is statistically o f limited 
significance.

The 100 ns molecular dynamic (MD) simulation was performed using 
the Gromacs 2019.4 program [67,68 ]. The DFT-optimised structure o f 
the PRO@MOF complex was used as the initial configuration (Fig. 8). 
The computational methodology is described in detail in the Supporting 
Information file. The MD study shows that the 3D structures o f MOF 
crystals were slightly deformed due to interactions with the drug 
(Fig. 8). The reason may also be the presence o f water in the studied 
system. However, throughout the simulation time (100 ns), PRO mole­
cules remain inside the pores and adopt conformations different from 
that DFT-optimised, and n-n interaction is no longer observed at all or in 
an altered T-shape geometry (Fig. 8, S8 and Supporting Movies). In the 
case o f MOF-808 (Fig. 8E and F), due to the largest channel size, PRO 
molecules can move most freely. During the simulation, the drug was 
able to diffuse only along the pores, in the direction along the Z axis in 
Fig. 8 and S8. The plots o f the Mean Square Displacement (M SD(t)) 
dependence (Figure S9) show that the propranolol molecules moved 
very slightly, and the movement was noticeable only in the case o f MOF- 
808. The calculated diffusion coefficients (DA) (Figure S9) increase from 
UiO-67, NU-1000, and MOF-808 series, and are equal to 0.00026-10-5, 
0.00039-10-5, and 0.00047-10-5 cm2/s, respectively, which further 
confirms the above observations. In summary, the drug’s movements are 
only due to the change in its conformation within a single pore (cf. 
Fig. 8). This means that this moderately lipophilic compound (logP =  
3.10) could not diffuse so extensively and freely in the porous material 
in an inert aqueous environment.

It should be emphasised here that the computationally obtained 
maximum sorption capacity is dependent not only on the binding energy 
and the volume o f the cages in the sorbent framework, but also on the 
shape o f the cages. The experimental sorption capacity depends also on 
the cage availability to the sorbate molecules, i.e., the dimension o f the 
channels, which is reflected in Table S5.

3.3. Controlled PRO delivery from  M OF composite reduces mortality and 
locomotor activity - in vitro and in vivo experiments

The complementary characterisation o f prepared samples to be used 
as a novel detoxification material in 4-MMC overdose or controlled 
withdrawal involved in vivo studies o f pristine MOFs, PRO, PRO@MOFs 
composites, and 4-MMC (Fig. 9, Figure S10-S11).

The MOFs used in this study including MOF-808, UiO-66, UiO-67, 
and NU-1000 showed mortality o f 3.57 %, 24.14 %, 35.48 %, and 
25.81 %, respectively (Fig. 9A). 4-MMC (200 iM ) combined with PRO 
(10 mM) exerted mortality at the level o f 17.39 %. Combined treatment 
using 4-MMC with PRO@MOFs resulted in mortality at the following 
levels: 4-MMC +  PRO@MOF-808 -  3.33 %; 4-MMC +  PRO@UiO- 
66-28.57 %; 4-MMC +  PRO@UiO-67-10 % and 4-MMC +  PRO@NU- 
1000-6.67 % (Fig. 9A). A ll living larvae hatched correctly (data not 
shown).

Materials displayed changes in heart rhythm (Fig. 9B). Two-way 
ANOVA showed statistically significant changes in the interaction F 
(9, 564) =  5.599, P <  0.0001; PRO@MOFs treatment F (9, 564) =  17.97, 
P <  0.0001 without 4-MMC effect F (1, 564) =  2.494, P =  0.1163). A  
post-hoc Bonferroni test showed that PRO (p <  0.01) decreased, and 4- 
MMC (p <  0.01) increased the heart rate when compared to E3 treated 
groups. Furthermore, PRO@MOF-808 increased heart rate in compari­
son with the PRO-treated group (p <  0.01). 4-MMC +  UiO-67 (p <  0.01), 
4-MMC +  NU-1000 (p <  0.001), 4-MMC +  MOF-808 (p <  0.001), 4- 
MMC +  PRO (p <  0.0001), 4-MMC +  PRO@MOF-808 (p <  0.001), 4- 
MMC +  PRO@UiO -66 (p <  0.0001), 4-MMC +  PRO@UiO-67 (p <

0.0001) 4-MMC +  PRO@NU-1000 (p <  0.0001) decreased heart rate in 
comparison with the 4-MMC treated group, 4-MMC +  PRO@MOF-808 
(p <  0.05) increased heart rate when compared to the 4-MMC +  PRO 
group.

Two-way ANOVA showed statistically significant changes in loco­
motor activity (interaction F (9, 586) =  7.886, P <  0.0001, PRO@MOFs 
treatment F (9, 586) =  5.974, P <  0.0001 without 4-MMC effect F (1, 
586) =  1.285, P =  0.2584). A  post-hoc Bonferroni test showed that PRO 
(p <  0.05), and 4-MMC (p <  0.0001) increased distance travelled when 
compared to E3 treated groups, Combinations o f 4-MMC with MOFs and 
PRO as well as PRO@MOFs decreased locomotor activity in comparison 
with 4-MMC treated group (p <  0.0001).

NPS potentially affects brain function and exerts cardiovascular side 
effects. Complementing laboratory rodents, the zebrafish (Danio rerio) is 
a powerful animal model organism for screening neuroactive and car- 
diotoxic drugs, e.g., amphetamines. Here, we tested a series o f four 
PRO@MOFs and their ability to reverse cardiac, as w ell as the toxic 
effects o f 4-MMC in the zebrafish larvae. Overall, PRO was shown to 
reverse the 4-MMC-induced increase in heart rate. However, we 
observed increased mortality o f  larvae subjected to the coadministration 
o f  the above-mentioned drugs. Our studies showed that incorporation o f 
PRO into the MOF structure alleviates the cardiotoxic and neurotoxic 
effects o f 4-MMC, observed as a decrease in heart rate and a decrease o f 
distance swum by larvae, respectively. Interestingly, mortality was 
decreased when compared to PRO with 4-MMC-treated groups (without 
any MOFs). The exception was noticed for PRO@UiO -66 administered 
to 4-MMC intoxicated larvae, which was shown to be more toxic than 4- 
MMC with PRO itself.

4. Conclusions

Our study aimed to examine the possibility o f using Zr-based MOF 
materials as an efficient PRO cargo for 4-MMC overdose and controlled 
withdrawal. PRO hydrochloride was efficiently loaded into selected Zr- 
MOFs and composites were formed: PRO@UiO-66, PRO@UiO-67, 
PRO@MOF-808, PRO@NU-1000. Due to the different porosity and 
crystallinity o f the materials, the amount o f PRO introduced into the 
MOFs varied significantly.

The kinetics o f drug release from PRO@MOFs was studied, which 
allowed us to observe differences in the rate and amount o f  PRO released 
depending on the medium. W e can conclude that the use o f ion-rich 
solutions, such as SBF, has an inhibitory effect on the release o f the 
PRO from the MOF structure. This is most likely due to increased ion 
exchange between the drug and the anions in the solution. On the other 
hand, the interaction o f ions with the metal-organic framework affects 
the much slower and more gradual release o f PRO, which may minimise 
the negative effects o f its use. For drug release into water and SBF en­
vironments, PRO@UiO -66 was the most efficiently used, with more than 
95 % o f the drug released.

Based on the experimental and theoretical DFT and MD results, we 
can conclude that the Zr-based MOFs may be used successfully as an 
efficient PRO carrier. The use o f PRO@MOF composites is an effective 
and safe solution, whereby the release o f the drug occurs gradually, with 
high bioavailability and low  cytotoxicity. Moreover, the side effects o f 
PRO therapy are inhibited. Our studies, for the first time, presented the 
safety o f PRO@MOFs in 4-MMC intoxication in a sensitive in vivo 
vertebrate model system, the zebrafish, raising the possibility o f their 
potential use in NPS overdose and as a detoxification system for addicts.
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Fig. 8. Close-up views of the complexes of three propranolol molecules in the channel of MOFs. (A, C, E) Initial structure =  DFT-optimised and (B, D, E) after 10 ns 
of the molecular dynamic simulation respectively for NU-1000, UiO-67, and MOF-808; green -  Zr, red -  O, blue -  N, and grey, salmon, light orange or purple -  C, 
respectively for MOFs and ligand molecules. Water molecules and hydrogen atoms are invisible. The corresponding super-cell views are provided in the Supporting 
Information File. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



Fig. 9. Effects of 96 h exposure to compounds in zebrafish; (a) a percentage of mortality (b) heart rate estimated by beats per minute (c) locomotor activity; Data are 
presented as means ±  SD; two-way ANOVA, n =  30; *p < 0.05, **p < 0.01, ****p < 0.0001 versus E3 control group; && p < 0.01 versus propranolol (PRO treated 
group ##p < 0.05, ###p  < 0.001, # ###p  < 0.0001 versus 4-MMC (200 pM) group, $ p < 0.05 versus 4-MMC (200 pM) +  PRO group, Bonferroni’s test.
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