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1. Introduction

Among many psychoactive substances, legal highs and “club drugs”

keep gaining more and more popularity among young people. Their

ABSTRACT

Mephedrone (4-MMC), due to its psychoactive effects similar to amphetamines and cocaine, and much lower
price, is currently one of the most abused drugs by adolescents. Due to its commonness and low price, it is one of
the stimulants that causes a strong mental and physical addiction, even leading to overdosing or the occurrence
of strong withdrawal effects. In this work, we describe comprehensive spectroscopic and biomedical research on
zirconium-based metal-organic frameworks (MOFs) for efficient, yet gradual, 4-MMC removal. Several methods
including FTIR, pRaman, 1H NMR, UV-Vis, and DFT were used to characterize the 4-MMC adsorption on MOFs. It
was found that due to the structural similarities of both 4-MMC and MOF, spectroscopic signals overlap and the
use of combined techniques such as DR UV-Vis/dissolution H NMR may be required to comprehensively
characterize 4-MMC adsorption. According to the 4-MMC adsorption tests, the adsorption efficiency aswell as its
kinetics strongly depends on the MOF structure parameters. The maximum 4-MMC adsorption from 1000 pM aq.
Solutions were achieved by NU-1000 reaching ca. 45 wt% of adsorption. Additionally, by using the modulated
synthesis of UiO-6625% hci with hydrochloric acid, 4-MMC adsorption efficiency increases from 24 wt% to 35 wt
%. The in vitro and in vivo experiments have confirmed that the addition of MOF to the 4-MMC solutions de-
creases the 4-MMC concentration allowing proper Danio rerio embryo development. Furthermore, the in vivo
experiments proved that MOFs are potentially safe for model organisms. Additionally, the in vivo experiments
have proven the cardioprotective properties of MOFs.

billion each year [2]. According to the recent report by the European
Monitoring Centre for Drugs and Drug Addiction (EMCDDA), the Eu-
(28%),
into consideration the amounts of

ropean market is dominated by cannabis (38%), heroin and

cocaine (24%) without taking

availability, price, and legal loopholes make them more and more easily
available and thus cause numerous health and social problems. Ac-
cording to the European Monitoring Centre for Drugs and Drug Addic-
tion, every year 50 newly reported psychoactive substances are reported
[1]. The drug black market in the EU is estimated to be worth about 24
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so-called “legal highs” or “new psychoactive substances” (NPS) which
are not on the list of illegal substances due to their fast synthesis and
wide distribution. It is estimated that every week about 2 new psycho-
active substances are introduced into circulation, which constitutes 8%

ofdrug use among adolescents [2]. Difficulties related to the detection of
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NPS in the environment and the ease of distribution of precursors for
their production make them widely available on the black market as
well as on Darknet. The effective prevention and monitoring of illicit
drugs are challenging since drug use usually takes place in drug un-
dergrounds, closed events, or private homes. The recent report on drug
abuse at Glastonbury Festival 2019 showed that the problem of drug
abuse not only has a negative impact on human health and life but also
has a negative effect on fauna [3]. During the Glastonbury Festival in
2019, increased drug content downstream of Whitelake River reached
maximum concentrations equal to 32.33 ng/L, 548.41 ng/L, and 322.77
ng/L for cocaine, benzoylecgonine, and MDMA, respectively. The high
cocaine concentration in the Whitelake River resulted in the disruption
of European eels’ endocrine system which hypothetically caused the
extinction of this species.

The problem of drug abuse is not limited to annual rock festivals but
occurs globally. In Table 1 the occurrence of the most popular illicit
drugs was summarised based on monitoring of drug abuse based on
measuring drugs and/or drug metabolites in urban wastewater. The
method called sewage-based epidemiology (SBE) allows for the accurate
determination of drug concentration based on drug metabolites from
untreated urbane wastewater [4]. The analysis of the data shown in
Table 1 illustrates the wide spectrum of illicit drugs that were detected
in urban wastewater. In Europe, high concentrations of such drugs as
mephedrone (4-MMC), amphetamine, methamphetamine, cocaine, and
MDMA were recently detected. It is worth mentioning that the problem
of water pollution is not limited to the psychoactive compounds in
Table 1, but also includes other compounds such as methcathinone,
butylone, and isomers (1-(2-methoxyphenyl)piperazine, 1-(4-methox-

yphenyl)piperazine; 1-(2-flurophenyl)piperazine, 1-(4-flurophenyl)

piperazine; 1-(3-trifluoromethylphenyl)piperazine, 1-(4-tri-

fluoromethylphenyl)piperazine) [5], methylenedioxypyrovalerone

(MDPV), benzylpiperazine (BZP), trifluoromethylphenylpiperazine
(TFMPP), and 1-(3-chlorophenyl)piperazine (mCPP) [6] and many
others.

The presence of drugs in domestic sewages thatend up in wastewater
treatment plants is an enormous challenge from a technological point of
view due to the fact that standard wastewater treatment procedures are
not fully efficient in the case of drug-contaminated water. As previously
reported in work by Haalck et al. [7] the removal efficiency (RE%) of
illicit drugs in wastewater treatment plants (WWTPs), the complete
removal using standard WWTPs cleaning methods was achieved only for
amphetamine (100 RE%), and nearly 100 RE% for benzoylecgonine and
cocaine (94 and 98 RE% in WWTPs in Uppsala, 98 and 99 RE% in
WWTPs in Stockholm, respectively). The removal efficiency for other
illicit drugs like MDMA or methamphetamine, the RE%, was equal to 26
and 64 RE% in WWTPs in Uppsala and 21 and 37 RE% in WWTPs in
Stockholm, respectively. More

importantly, the negative RE%

—28 and —31 RE% in

was
observed for ketamine and 4-MMC reaching
WWTPs in Uppsala. The negative RE% indicates that higher amounts of
drugs were detected after the wastewater treatment process which was

probably due to the biodegradation of precursors in sewage or

Table 1
The concentrations of illicit drugs in wastewater samples worldwide.

post-treatment re-partitioning of drug metabolites to the processed
sewage. The problem of drug removal during the wastewater treatment
becomes acute when comparing the amounts of4-MMC and ketamine in
Bologna and Cambridge where the maximum measured concentrations
of those drugs were equal to 24 ng/L and 57.8 ng/L (Bologna) and
5.49-105 ng/L and 9.72-104 ng/L (Cambridgeshire wastewater),
respectively.

Among the numerous drugs of abuse, mephedrone ((RS)-2-methyl-
4-MMC)

have a high priority on detection and development of the methods for

amino-1-(4-methylphenyl)propan-1-one, among the others
removal from wastewater or human detoxification due to the fact that it
is the most recreationally abused drug around the world. Due to its
MDMA,

accessibility, and high purity, it has been a predominant drug of abuse in

similar effects to amphetamine, or cocaine, low price, easy

seizures. Until the 4-MMC was listed as an illegal substance, it was
widely available in drug markets, “legal high” shops, the internet, and
even gas stations [8]. Despite its banning in most countries in 2010 [9],
its popularity was still growing resulting in an increase in the death rate
of drug addicts. In addition to its wide popularity among the youth,
4-MMC is gaining popularity among the clubbers and so-called “chem-
sex”. The trend of the “chemsex” abbreviated from the term “sex under
the influence” is rapidly growing mainly within the group LGBT and
refers to the use of the drug of abuse like mephedrone, MDMA, and
amphetamine in the presence of cocaine, ketamine, GHB and/or alcohol
(“date-rape drug”) to enhance the sensations during sexual intercourse
[10].

responsible for serious health problems or deaths [9-11].

The combination of multi-drug abuse has been reported as

Taking all the above-mentioned issues related to the removal ofillicit
drugs from urban wastewater it may be concluded that there is an urgent
need to develop novel and efficient methods for the removal of illicit
drugs which could be characterized as efficient, reliable, and safe for
living organisms.

The recent developments in the synthesis and application of metal-
organic frameworks (MOF) as adsorbents make them good candidates
for the application to the removal of illicit drugs during wastewater
treatment. Since the MOFs have been first been announced to the
research community in the early ‘90s [12], numerous literature reports
on their successful use in various applications
[13-15], energy storage [16], adsorption [17,18], drug delivery [19,20]
and medicine [21,22]. The remarkable success of the application of

including catalysis

MOFs for adsorption purposes triggered increased research into their use
for the adsorption of hazardous materials from water. The wide range of
possible applications of MOFs for the removal of hazardous materials
includes the removal of hazardous dyes [23], herbicides/pesticides in
groundwater [24,25], hazardous organics [26], heavy metals [27], and
radionuclides [28]. Among the many possible applications of MOFs,
their possible application for the adsorption of hazardous materials from
aqueous media is currently under intense investigation. The main lines
ofresearch focus on the adsorptive removal of pharmaceutical drugs and
personal care products (PPCPs) that are instantly produced and released

to the environment from hospitals and households. Several studies on

Area Highest compound concentration, [ng/L]

4-MMC AMPH METH MDMA cocC KET Ref.
WWTPa, Krakow, Poland 42.9 - - 40.9 - - [80]
WWTPa, Poznan, Poland 8.9 139.9b - 51.8 - - [4]
Redlake River, USA - - - 322.77 32.33 - [3]
Beiyunhe River, China - 11.3 92.2 - 10.7 - [81]
Bologna, Italy 24 - - - - 54.8 [82]
Cambridge, United Kingdom 5.49105 2.30104 7.15104 _ - 9.72104 [5]

a WWTP- wastewater treatment plant.

b Determined from amphetamine metabolites; 4-MMC-mephedrone; MC-methcathinone; AMPH-amphetamine; METH-methamphetamine; MDMA-methylenediox-

ymethamphetamine (ecstasy); COC- cocaine; KET-ketamine.



the efficient removal of such contaminants as diclofenac sodium (DCF),
chlorpromazine hydrochloride (CLF), amodiaquine dihydrochloride
(ADQ) [29], ibuprofen and acetaminophen [30], methotrexate [31], and
many others [32].

Among the numerous synthesised MOFs presented in the literature,
zirconium-based MOFs are under intense investigation due to their high
thermal and chemical stability, high biocompatibility, and low cyto-
toxicity properties [33-35]. The previous successful application of
UiO-66 and NU-1000 for medical purposes, especially as drug carriers
[36,37] and adsorbents of hazardous compounds like uremic toxins [18]
made them a natural choice in the search for potential NPS adsorbents.
The selected for this study MOFs are composed of Zr6-oxo-clusters
connected by terephthalate ligands for UiO-66 [38] and 1,3,6,8-tetrakis
(p-benzoate)pyrene (TBAPy4-) for NU-1000. The differences between
organic linkers in both Zr-based MOFs result in different topologies and
porous characteristics of UiO-66 and NU-1000) (Fig. 1). The UiO-66
topology may be summarised by the formula [Zr6(p3-0)4(p3-OH)4]12+
where tetrahedral and octahedral cages are present [39]. The NU-1000
is characterized by the formula [Zr6(p3-0)4(p3-OH)4(OH)4(OH2)4]8+,
where pyrene-based linkers (1,3,6,8-tetrakis(p-benzoic-acid)pyrene,
H4TBAPy) form characteristic triangular and hexagonal pores [39]. It
should be also emphasised that the structure of UiO-66 may be rich in
structural defects in the form ofthe missing linker or missing node which
makes the overall structure far from “ideal” [40]. In this study for
comparison reasons, the UiO-66 and UiO-6625% HCl samples were syn-
thesised, where increasing amounts of concentrated hydrochloric acid
were used to increase structure defectivity.

In this paper, inspired by the achievements in the field of MOFs and
their successful use as adsorbents for hazardous materials so far, we
present a comprehensive study on the use of zirconium-based MOFs as
an efficient adsorbent of 4-MMC which is a step forward to their
application in detoxification in an acute drug overdose. Despite
numerous literature reports on the use of MOFs, their composites, or
derivatives, the information about their use for the adsorption of illicit
drugs is scarce. The current literature describes the use of MOFs for the
removal of mainly commonly used medicaments such as personal care
products (PCP), analgetic, or antibiotics. The instant development of
MOF syntheses and their application for medical purposes requires in-
depth characterization by using living organisms.

More importantly, the effect of the use of MOFs as efficient 4-MMC

adsorbents on living organisms has not been described in the litera-
ture before. Based on experimental and theoretical considerations we
answer key questions: i) whether zirconium-based MOFs may be suc-
cessfully used for the removal of 4-MMC from aqueous solution, ii) what
are the mechanisms describing the adsorption of 4-MMC in prepared
UiO-66 and NU-1000 MOFs, and finally iii) are the MOFs potentially safe
for the use in living organisms in 4-MMC detoxification treatment?
Therefore, we present for the first time, according to our best
knowledge, the usability of MOFs as sorbents of a wide range of drugs,
and the use of the fish larvae as the detectors of the detoxification effi-
ciency (removal ofdrugs ofabuse), and, simultaneously, the low toxicity

and cardioprotective effects of the studied MOFs.

2. Experimental

The materials used in this study were reagent grade and used without
further purification. A detailed list of the reagent used in this study is
provided in Supplementary Information File.

2.1. Material synthesis and characterization

The zirconium-based MOFs used in this study: UiO-66, UiO-6625%
HCI, and NU-1000 were prepared according to the procedures described
previously in the literature [18,37]. The synthesis protocols are pro-
vided in the Supporting Information File. The prepared MOF materials
as well as the samples after sorption of 4-MMC, 4-MMC@MOF, were
characterized by powder X-ray diffraction (PXRD), low-temperature
nitrogen adsorption, dissolution 1H nuclear magnetic resonance
(NMR) spectroscopy, attenuated total reflectance Fourier transform
infrared spectroscopy (ATR-FTIR), pRaman spectroscopy and scanning
electron microscopy (SEM). Detailed characterization information is

provided in the Supporting Information File.

2.2. Mephedrone adsorption studies

To determine the adsorption efficiency of 4-MMC on UiO-66, UiO-
6625% Hci, and NU-1000, the kinetic studies were performed according
to the procedure described in our previous work [18] with some mod-
ifications. The 4-MMC adsorption Kkinetic tests were performed by
exposing 10 mg of previously activated MOF samples to 2 mL of 1000

Fig. 1. Crystal structures and Zr6 nodes in prepared Zr-based MOFs (A) UiO-66, (B) NU-1000, (C) mephedrone (4-MMC) structure.



pM 4-MMC aqueous solution under thermostatic conditions (25 °C). The
4-MMC concentrations were determined at specified time intervals by
collecting the 0.1 mL solutions. The collected samples were diluted to
the required concentration, centrifuged at 6000 rpm for 5 min, and
UVv-Vis (AvaSpec-ULS3648

high-resolution spectrometer). To determine the Freundlich adsorption

measured by using a spectrometer
isotherms, the experiments were performed by exposing 10 mg of pre-
viously activated MOF samples to 2 mL of 1000, 1500, and 2000 pM
4-MMC aqueous solution under thermostatic conditions (25 °C). The
4-MMC concentrations were measured as described above for 4-MMC
kinetic experiments. The adsorption experiments were described by
using pseudo-first and pseudo-second-order models using the equations
previously described elsewhere [18,41]. The adsorption efficiency of
4-MMC on NU-1000 was also performed from 1000 pM 4-MMC from SBF
solution under thermostatic conditions (25 °C). The SBF solution was
performed according to the procedure described elsewhere [42]. The
adsorption and 4-MMC concentration determination protocols were as
described above.

To determine Qmax, the experiments were performed by exposing 10
mg of previously activated MOF samples to 2 mL of 250, 500, 750, 1000,
1500, and 2000 pM 4-MMC aqueous solution under thermostatic con-
ditions (25 °C). The 4-MMC concentrations were measured as described
above for 4-MMC kinetic experiments. To obtain Qmaxvalues, the dual-
site Langmuir model was applied [43].

To demonstrate the sequential purification of 4-MMC solution with
MOF adsorbent, the cascade 4-MMC adsorption studies were performed
for the most efficient adsorbent - NU-1000. In this experiment, the 10 mg
of the previously activated MOF sample was added to 2000 pM 4-MMC
aqueous solution for 24 h under thermostatic conditions (25 °C). After
that time, the resulting 4-MMC concentration was measured spectro-
photometrically. The 4-MMC solution after the adsorption process was
centrifuged at 6000 rpm for 5min toremove MOF with adsorbed 4-MMC
and the fresh-activated 10 mg MOF sample was added to the 4-MMC
solution. The procedure was triple repeated. Prior to the adsorption
experiments, the MOF sample was activated in a vacuum oven at 120 °C
for 12 h.

The additional recyclability experiments on purification of 4-MMC
solution with 4-MMC adsorbent were performed for NU-1000 with the
regeneration of spent NU-1000 in the previous regeneration step. In this
experiment, the 10 mg of the previously activated MOF sample was
added to 1000 pM 4-MMC aqueous solution for 24 h under thermostatic
conditions (25 °C). After that time, NU-1000 was separated from the
solution by centrifugation at 6000 rpm for 5 min. Subsequently, the
spent NU-1000 sample was regenerated by soaking in methanol for 1 h
under vigorous stirring. After that time, the NU-1000 was centrifuged,
dried under ambient conditions overnight, and subsequently dried
under vacuum at 120 °C for 10 h. The recycling procedure was triple
repeated.

2.3. Periodic density functional theory (DFT) calculations

The adsorption process was modeled at the quantum-chemical
Density Functional Theory (DFT) level with the periodic boundary
conditions with the use ofthe VASP package [44,45]. The computational
details concerning both the methodology and the models are given in the
Supplementary Information file. The geometrical relationship between
the planes ofthe aromatic ring ofthe 4-MMC molecules and the aromatic
platform of the MOF hosts were described in the view of their n-n or-
bitals, and the interaction energetics was rationalized as the n-n orbital
stacking (in the parallel or the staggered/parallel-displaced geometry).
The geometric relationship has been determined by the analysis of the

average (as the least squares fit) planes of the aromatic rings.

2.4. In vivo studies

2.4.1. Zebrafish maintenance

Danio rerio of the AB strain (Experimental Medicine Centre, Medical
University of Lublin, Poland) was maintained as described previously
[46]. For the experiments, the embryos were treated with 4-MMC (25 or
200 pM) alone and with MOFs in a sterile E3 medium at 28.5 °C, for 24
h. All experiments were conducted in accordance with the National
Institute of Health Guidelines for the Care and Use of Laboratory Ani-
mals and the European Community Council Directive for the Care and
Use of Laboratory Animals of September 22, 2010 (2010/63/EU). The
concentrations of 4-MMC were chosen based on our preliminary studies.

2.4.2. Ecotoxicity

To determine the toxicity of 4-MMC, the fish embryo toxicity (FET)
test was performed on Danio rerio according to OECD Test Guideline 236
[47]. Briefly, newly fertilized zebrafish eggs were exposed to 4-MMC
alone or with MOFs for a period of 96 h at concentrations ranging up
to 900 pM. The system applied in the experiment was static, as the
changes in solution concentrations did not exceed the range of 20% of
nominal concentration values. The following endpoints after 96 h in-
cubation were noticed: the coagulation of fertilized eggs, lack of somite
formation, lack of detachment of the tailbud from the yolk sac, and lack
of heartbeat. Based on mortality the value of LC50 was calculated. For
the evaluation of cardiotoxicity of 4-MMC, the heartbeat per minute

(bpm) was measured.

2.4.3. Locomotor activity assay

The test was performed on 5 days post fertilization (dpf) larvae.
Larvae were incubated in 4-MMC solution (200 pM), or 4-MMC (200
pM) + MOFs for 30 min. Then one larva per well was placed in 96 multi-
well plates in E3 solution (each group of n = 20). After 5 min of
habituation, EthoVision XT 15 video tracking software (Noldus Infor-
mation Technology b. v., The Netherlands) was used for the evaluation
of the locomotor activity. The distance moved in 10 min period was

calculated in cm, in a light condition.

2.4.4. Colorpreference assay

The test was performed on 5 days post fertilization (dpf) larvae. The
equipment consists of three types of Petri’'s plate: 1) with a blue-
coloured bottom; 2) with a yellow-coloured bottom; 3) with a bottom
divided into two equal parts blue and yellow. One larva per well was
placed on a plate. Our preliminary studies showed that 5 dpf larvae
prefer blue to yellow (Supporting Information). The test consists of

phases.

1

Evaluation of initial preference (pre-test) - incubation on a plate
with the bottom divided into two equal parts - blue and yellow (5

min)

N

Conditioning:

a. incubation in a more preferred (blue) coloured plate with E3 so-
lution (5 min);

b. incubation in less preferred (yellow) in 4-MMC solution (25 pM),
MOFs solution, or 4-MMC (25 pM) + MOFs (5 min);

w

Evaluation of final preference (test) - incubation in a plate with the

bottom divided into two equal parts blue and yellow (5 min).

Time spent on yellow and blue parts was evaluated in the first and
third steps of the experiment during a 5 min period using EthoVision XT
15 video tracking software, in a light condition.

For statistical analysis, Prism software (GraphPad Software, San
Diego, CA) was used. Data were presented as mean + SEM. Data were
analyzed using a two-way analysis of variance (ANOVA). For the color
preference test, a SCORE was calculated, le., the differences between
post-conditioning and pre-conditioning time spent in the drug-

associated (yellow) part of the plate.



3. Results and discussion

3.1. Synthesis and characterization

The successful preparation of Zr-based MOF materials was confirmed
with PXRD analysis (Fig. 2A). The comparison of PXRD patterns of
prepared MOF materials with the literature data confirms their high
crystallinity [48,49].

The porous structure of prepared materials was confirmed by low-
temperature N2 adsorption experiments (Fig. 2 B, C). According to the
IUPAC classification the nitrogen adsorption isotherms of UiO-66 and
UiO-6625% Hci were I-type and the biggest increase in sorption capacity

was obtained in the range 0 < “0< 0.05. For NU-1000 IV-type isotherm

was observed and the ranges of greatest increase in sorption capacity

were in a range of 0 < < 0.05 and 0.25 < M0 < 0.3. Additional hys-

teresis of H2-type was also noticed. Based on the N2 adsorption equi-
librium points, the structural parameters were calculated (Table 2). The
specific surface area SBET and SLang were determined based on the
multilayer and single-layer filling model, respectively [50,51]. For
UiO-66, the specific surface area SBETwas 1060 m2/g and SLangwas 1517
m2/g. The use of the higher amount of hydrochloric acid as a modulator
for the synthesis of UiO-6625% HCl resulted in structural changes and an
increase in surface area values to SBET = 1278 m2/g and SLang = 1803
m2/g, respectively. The total volume of meso- and fine macropores were
0.08 cm3/g for UiO-66 and 0.32 cm3/g for UiO-6625% HCl samples with
average pore diameters of 4.9 nm and 14.5 nm, respectively. In the case
of NU-1000, the determined SBET was equal to 2259 m2/g whereas SlLang
was 4095 m2/g, which isin agreement with the literature data [52]. The
pore volume VBIH was much higher than that of UiO-6625% HCI and
reached 1.07 cm3/g and the DBJH = 2.5 nm. The pore size distribution
(PSD) for MOFs was carried out based on the NLDFT model (Fig. 2C).
The NU-1000 exhibited increased pore volume with diameters in the
range 0f 2.1-3.0 nm and one dominant peak in the pore size of 3.2-3.8
nm with increased volume. These pore sizes correspond to mesopores in
the lower diameter size range, and NU-1000 can be considered a mes-
oporous material. The volume of micro- and mesopores was 1.26 cm 3/g.
A peak of increased pore volume in the range 0.5-1 nm was detected for
UiO-66 and two peaks in the ranges: 0.8-1.2 nm and 1.5-2.0 nm in the
UiO-6625% HCl sample.

The molecular nature of prepared MOFs samples before and after the
4-MMC adsorption from aqueous 4-MMC solution was determined by
transmission FTIR and pRaman spectroscopies. The results of the FTIR
analysis of crystalline 4-MMC and MOF samples after 4-MMC adsorption
are shown in Fig. 3A. The broadband in arange of 3000-2500 cm~1may
be attributed to ring stretching vibrations. The band at 2715 cm~1can be
attributed to NH2vibrations [53]. The most characteristic band at 1689
cm~1originates from stretching vibrations of the carbonyl group [53].
The FTIR spectra of pristine MOF samples showed typical vibrations for
UiO-66 and NU-1000 that can be found in the literature. The obtained
results support the diffraction patterns obtained by PXRD analyses. The
broad band at 3500-2500 cm~1 may be attributed to OH vibrations of

Table 2
Sample characteristics.

Parameter Unit Uio-66 Uio- NU-1000
66250/0 HCI

Sorption capacity at a cmas/g 336.0 603.3 835.8
0.1 MPa STP

BET surface area SBET mz/g 1060.0 = 1278.0 = 2258.5 +

229 42.2 188.6

Langmuir surface Slang m2/g 1516.5 + 1802.6 + 4095.2 +
area 1.7 24 131.7

BJH surface area SBIH m2/g 63.5 88.3 1703.6

BJH total pore VBIH cms/g 0.08 0.32 1.07
volumeo

BJH adsorption DBJIH nm 4.9 14.5 25
average pore
width

NLDFT total pore Vniper  CMs/g 0.55 0.66 1.26
volume*1

Maximum 4-MMC wt% 24.01 = 35.17 + 44.75 +
loadingo 0.37 1.74 3.22

where.

a pores with a width of 1.7 nm-300 nm.

b pores with a width of less than 23.7 nm.

c in a single adsorption experiment 10 mg MOF/2 mL 1000 pM 4-MMC ag.
Solution at 25 °C.

adsorbed water. The small bands in a 3000 cm~1 region originate from
CH modes from benzene rings [54]. The most characteristic bands at
1585 and 1395 cm~1 correspond with in- and out-of-phase stretching
vibrations of carboxylate groups. The bands in the 750-650 cm~1 range
originate from OH and CH bending and Zr-O modes [54]. The trans-
mission FTIR spectra of MOF samples after 4-MMC show band broad-
ening in a 4-MMC fingerprint region which is an effect of overlapping of
both metal-organic frameworks and adsorbed 4-MMC molecules. The
predominant band broadening was observed for the 4-MMC@NU-1000
sample, for which the highest 4-MMC loading was determined. More
importantly, the marking band at 1689 cm~1 originating from 4-MMC
C- O vibrations considerably increases in the case of the
4-MMC@NU-1000 sample (Fig. 3A) which indicates successful 4-MMC
adsorption. The analysis of pRaman spectra of pure and MOF samples
after 4-MMC adsorption are shown in Fig. S1 A and Fig. S1 B. The
pRaman spectra of both NU-1000 and UiO-66 are in good agreement
with the literature data [55,56]. Parent NU-1000 sample shows bands at
1180, 1160, 900, 840, and 430 cm~1 which correspond with
pyrene-based ligand vibrations [55]. While UiO-66 exhibited charac-
teristic bands at 1621, 1454, 1434, and 1135 cm~1which are attributed
to C-C aromatic stretching, O-C-O carboxylate stretching, C-C
stretching from carboxylate and C-C symmetric breathing, respectively.
The Raman spectrum of pure 4-MMC (Fig. S1 B) shows bands at 1678,
1606, 1184, and 804 cm~1 which correspond with C- O stretching,
C- C stretching, asymmetric C-N-C stretching, and benzene ring vi-
brations, respectively [57]. The pRaman spectra of MOF samples after
4-MMC adsorption do not show the signals from 4-MMC probably due to
the overlapping of characteristic bands of both MOFs and 4-MMC or

Fig. 2. (A) PXRD; (B) N2 adsorption isotherms; (C) DFT pore size distribution.



Fig. 3. (A) Transmission FTIR spectra of 4-MMC@MOF samples; (B) IH NMR spectroscopy results.

because there is not enough 4-MMC adsorbed to give a good Raman
signal in MOF matrix. In work by Mabott et al. [57] the analysis of
4-MMC performed by Surface-Enhanced Raman Scattering shows its
great advantage in the determination of 4-MMC even at concentrations
as low as 1.6 pg/mL. Although the concentrations of 4-MMC in our
samples exceeds LOD determined by Mabott et al. [57], in our study we
performed conventional pRaman analysis and the work of Mabott et al.
[57] does not consider the complex MOFs matrix.

The complexity of our system pushed us to design the spectroscopic
measurement which will allow us to detect the 4-MMC in the MOF
matrix. Based on previous work by Shearer et al. [49] we applied
dissolution 1H NMR spectroscopy, to digest the MOF matric to determine
the presence of 4-MMC adsorbed in MOF pores. The results of dissolu-
tion spectroscopy are presented in Fig. 3B and Figs. S2-S6.The 1H NMR
spectrum of 4-MMC diluted in 1M NaOD (Fig. 3B, Figure exhibits signals
at57.61 (d,J = 8.2 Hz, 1H), 7.14 (d, J = 7.9 Hz, 1H), 2.22 (s, 3H), 2.11
(s, 3H) and correspond with the 1H NMR spectrum of 1-(4-methyl-
phenyl)-1,2-propanedione (MPPD) which is degradation the product of
4-MMC at highly basic conditions which were applied during the MOF
digestion [58,59]. The degradation pathways of 4-MMC under basic
conditions were recently described in work by Tsujikawa et al. [58]. In
their work, the degradation mechanism of4-MMC in the pH = 12 buffer
after 0, 6, 12, and 48 h of storage was determined by using the GC-MS
method. They found that under those conditions 4-MMC degrades to
the following molecules in order: 4-MMC - > MPPD - > MBA - > DMBA
(MPPD: 1-(4-methylphenyl)-1,2-propanedione; MBA: 4-methylbenzoic
acid; DMBA: N, 4-dimethylbenzamide), respectively. To confirm the
purity of pristine 4-MMC and its decomposition under highly basic
conditions thatwere used for our study, we performed the 1H NMR. The
experimental IH NMR and 13C NMR spectra of 4-MMC are in good
agreement with the literature [53,58,60] data and simulated patterns
(Figs. S2-S6). One could expect that under these conditions after 12 h of
digestion, the 1H NMR gives the signals for DMBA rather than MPDD as
suggested by Tsujikawa et al. [58]. It must be kept in mind, however,
that 4-MMC was adsorbed in the MOF matrix and the exact time of
interaction of NaOD was shorter than 12 h due to its reaction with MOF’s
framework.

The electronic structure of pristine and MOFs after 4-MMC adsorp-
tion was determined by DR UV-Vis spectroscopy (Figs. S7-S8). Upon
adsorption of 4-MMC, the bathochromic effect (for NU-1000) or hyp-
sochromic (for UiO-66) effects were observed, and its interpretation as
the result of the n-n orbital interaction is analogous to that recently
noted by Sun et al. [61] in the porous pyrene-based organic cage where
the C-H

The morphology of the MOF samples after the 4-MMC adsorption is

. ninteraction took place.

shown in Fig. 4. The MOF samples showed morphology that was pre-
viously reported in the literature for NU-1000 and UiO-66 samples [36,
52]. The NU-1000 may be characterized as 3 pm (diameter) crystals in a
form ofa hexagonal prism. The UiO-6625% HCl and UiO-66 samples were
detected as agglomerated crystals with ca. 2 pm size. It must be
emphasised that the morphology of MOFs is strongly affected by the
synthesis parameters. As previously described in the literature [49,62]
the size and the morphology of the resulting MOF can be tuned by the
choice of the modulator concentration and acidity. As shown by Shearer
et al. [49], the morphology of crystals of UiO-66 becomes more distinct
and the crystals in the form of the octahedron are mostly detected with
increasing molar equivalents of the organic modulator used during the
synthesis. When analysing the SEM images of UiO-6625% HCl and UiO-66
after the 4-MMC adsorption (Fig. 4 B, C) we did not observe the changes
in the morphology of MOFs in comparison with their pristine
counterparts.

The adsorption properties of 4-MMC were tested on UiO-66, UiO-
6625% HCI, and NU-1000 samples (Fig. 5 A). The most efficient adsorp-
tion of 4-MMC takes place in the first 1 h of adsorption. In the first 5 min
of 4-MMC adsorption from 1000 pM solution, the adsorption was equal
to 8.7, 5.1, and 3.0 mg/g for NU-1000, UiO-6625% HCl, and UiO-66,
respectively. It must be emphasised, that the beneficial effect of the
modulated synthesis on the adsorption efficiency in the case of UiO-66
family samples may be observed in the first 1 h of the adsorption pro-
cess. In the case of UiO-6625% HCl modulated synthesis with hydrochloric
acid causes easier access to the MOF channels, which is reflected in the
greater sorption capacity for 4-MMC molecules. This phenomenon may
be also observed with the overall adsorption efficiency of UiO-6625% HCI
giving the final 4-MMC loading equal to 24.01 + 0.37 wt%. On the other
hand, when considering the prepared materials in terms of their po-
tential application for the removal of 4-MMC during their overdose, the
adsorption profile should have a much gentler growth and high overall
adsorption spread over time. Such requirement is met by NU-1000
which at 1 and 2 h of adsorption efficiency places in between UiO-66
and UiO-6625% HCI, whereas its maximum loading is twice as high as
for UiO-66 reaching 22.9 mg/g. The detailed kinetic parameters of the 4-
MMC adsorption are also shown for UiO-6625% HCland NU-1000 samples
in the form of detailed calculated pseudo-first order and pseudo-second
order kinetic curves fitted to Freundlich adsorption model (Figs. S9-S11,
Table S1).

To determine the 4-MMC adsorption process in living organisms, the
adsorption experiments for the most efficient sample - NU-1000 were
also performed in the simulated body fluid solution (SBF) (Fig. 5A). It
may be found that the overall adsorption efficiency is almost 1.5 times
higher than in the case of the adsorption of 4-MMC from water solution.



Fig. 4. SEM images of prepared samples after 4-MMC adsorption; x 25 k magnification; (A) 4-MMC@NU-1000; (B) 4-MMC@UiO-6625% hci; (C) 4-MMC@UiO-66

Fig. 5. (A) 4-MMC removal efficiency on prepared Zr-MOFs, (B) equilibrium loading in prepared Zr-MOFs, (C) 4-MMC cascade removal efficiency on NU-1000
sample from 2000 pM solution (fresh MOF was used in each cycle), (D) 4-MMC cascade removal efficiency on NU-1000 sample from 1000 pM solution (MOF

was regenerated after each cycle and reused).

Following the findings in the literature [63], it can be presumed that in
our case the analogous functionalisation of NU-1000 by the SBF solution
may lead to the formation of hydroxyapatite (HA) on the MOF surface.
The differences in surface charge distribution, imposed by the presence
of various ions in SBF solution, favour the 4-MMC adsorption. As evi-
denced in the work of Hohn et al. [63], the soaking of bioglasses in SBF
solution turns the inert structure into the biocompatible, charged surface
with enhanced human serum albumin (BSA) adsorbents. In other work
by Liu et al. [64], the SBF surface functionalisation was performed to
obtain a carbonated hydroxyapatite layer to improve the bioactivity of
bio-MOF-1.

To further test the hypothesis whether the ions that form the SBF
solution were also adsorbed together with the 4-MMC molecules from
the SBF solution, the EDS elemental analysis of pristine NU-1000 and
NU-1000 after 4-MMC adsorption form SBF solution was performed
(Table 3). As it can be inferred, the elements that are present in an ionic

form in an SBF solution (Na, K, Ca) were notdetected in the pristine NU-

Table 3
EDS analysis results for parent NU-1000 and NU-1000 after 4-MMC adsorption
from SBF solution.

Pristine NU-1000 (NU-1000 after 4-MMC adsorption from SBF solution)

Element Atomic % Weight %

Na 0.00 (2.18) 0.00 (3.74)
K 0.10 (0.31) 0.10 (0.52)
Ca 0.00 (0.21) 0.00 (0.52)

1000 sample. In contrary, in NU-1000 sample after 4-MMC adsorption
the elements like Na, K or Ca were detected. Moreover, the prominent
element that is present in the SBF solution - Na, was detected as 3.74 wt
%. Indeed, it isworth mentioning that the values obtained from the EDS
analysis should be treated as semi-quantitative rather than qualitative.
However, the presence of the surface charge induced by SBF can be a
rationale for the enhanced sorption properties in SBF, as previously



reported by Héhn et al. [63]. The obtained results give new insights into
the research on 4-MMC adsorption and will be the subject of further
research using other methods of MOF surface characterization. Another
important factor that influences the 4-MMC adsorption is the structural
defectivity of MOFs. According to the literature data, the structural
defects may be engineered via several methods including modulated
synthesis, temperature, Zr/ligand ratio, thermal activation, or metal
cation substitution [65]. Numerous works have been devoted to defect
generation through modulated synthesis, where numerous acids like
benzoic acid, hydrochloric acid, acetic acid, or trifluoracetic acids are
used [49,62,66-68]. According to the literature describing the structural
defects in various MOFs, it may be observed that the determination of
structural defects is challenging and require the application of numerous
methods for the proper characterization of structure defectivity. In an
exemplarywork of Koschnick et al. [69] to describe the structure defects
in Zr-based PCN-221 MOF, numerous methods were used including
single-crystal X-ray diffraction (SCXRD), total scattering pair distribu-
tion function (PDF), Rietveld, and chemical analysis as well as
solid-state nuclear magnetic resonance spectroscopy (SsNMR). In their
work, they reveal that the Zr604(OH)4 clusters in prepared PCN-221
may be misinterpreted as ZrgO6 clusters. Additionally, they found that
in highly defective MOFs (up to 50% of linker vacancies), vacancy
ordering may occur. Indeed, although in our work the considerable
4-MMC adsorption efficiency in UiO-6625% HCI and UiO-66 samples
may be due to the generated structure defectivity in the modulated
synthesis, the unambiguous determination of the number and nature of
the generated structure defects would require the use of advanced
characterization techniques as presented by Koschnick et al. [69].

To calculate the maximum loadings of 4-MMC in prepared NU-1000
and UiO-6625% HClI samples (Qmax), the isotherms were calculated
(Fig. 5B). As can be seen, the adsorption resembles the dual-site Lang-

muir model [43]. The calculated Qmax values were equal to 74 and 23

mg/g, for NU-1000 and UiO-66, respectively.

To determine the removal efficiency of 4-MMC we performed the 3-
cycle experiment consisting of three-fold purification of the starting
2000 pM 4-MMC aqueous solution (Fig. 5C). Such an approach is
dictated by the potential application of Zr-MOFs for 4-MMC controlled,
gradual withdrawal (detoxification) from living organisms. For that
reason, although a cyclic administration of the adsorbent may increase
the costs of the entire treatment, it is commonly practiced in the case of
adsorption of intoxicants by, e.g., active carbon [70]. Following thisway
of thought, to simulate the multiple dosing of the adsorbent during a
clean-up treatment, 3-step adsorptive removal of 4-MMC with fresh
MOF is proposed. In each step after 24 h of adsorption, the spent
NU-1000 was replaced by a fresh MOF sample, and the adsorption was
continued for the next 24 h. The results of the 4-MMC removal by triple
dosing of 4-MMC clearly show that the 4-MMC is successfully removed
from the aqueous solution. The gradual removal of 4-MMC in the pre-
sented way allows to avoid withdrawal effects such as increased anxiety,
depression, digestive problems, or tremors, which can occur in highly
addicted people [71]. The additional experiment showing the possible
application of NU-1000 to the adsorptive removal of 4-MMC from
aqueous solution was performed, where the NU-1000 sample was re-
generated after each adsorption cycle and regenerated MOF was reused
for the adsorptive removal of 4-MMC (Fig. 5D). As shown in Fig. 5D, the
adsorption efficiency remains at the same level reaching ca. 60% in each

recycle cycle.

3.2. Mephedrone loading - a DFT computational approach

To comprehensively understand the mechanisms of the adsorption of
4-MMC over prepared samples we performed DFT calculation. The
optimized models of 4-MMC adsorbed on prepared material are shown
in Fig. 6 and Figs. S12-S16. The calculated sorption energies are shown

Fig. 6. DFT optimized structure of NU-1000, in zoomed region the adsorbed 4-MMC molecules are marked as ellipsoids; (A) general model, (B) zoomed large

channel with adsorbed 4-MMC, (C) zoomed small channel with adsorbed 4-MMC; hydrogens omitted for clarity; green - Zr, red - O, grey - C, blue - N; additional DFT

optimized structures are provided in the Supplementary Information File.



in Table S2.

The equilibrium loading was estimated by means of the Monte-Carlo
(MC) simulations in the temperature of 298 K, with the use of the
Metropolis algorithm and with Universal Force Field (UFF) (Table S3).
The isotherms were modeled for fugacity up to 100 kPa. The rigid host
approximation was used, and it can rationalize the underestimation of
the modeled loading for the MOF structures with tight channels.

Besides the sorption isotherm, the MC/UFF simulations were also
used for the crude determination of the optimal sorption sites ofthe MOF
structures. Such qualitative pre-screening was unavoidable due to the
size of the phase space (positions and orientation of the sorbent mole-
cule) that should be sampled. The obtained positions of 4-MMC mole-
cules in MOF matrices were subsequently refined at the DFT+D level of
theory with the use ofthe VASP code [44,45] (see Sl for details). Such an
approach was deemed appropriate as was shown in our previous article
[36].

The geometrical relationship between the aromatic ring of the 4-
MMC molecules and the aromatic rings of the MOF linkers was
described in view of their n-n orbital stacking (see Table S4 and
Fig. S16). The geometric descriptors have been determined by the
relative position of the average (as the least squares fit) planes of the
aromatic rings.

Based on the Monte Carlo force-field simulations, 3 stable locations
of 4-MMC molecule in the large channel of NU-1000 and 1 stable posi-
tion in the small channel have been found and further reoptimized at the
DFT+D level oftheory. Outofthe 3 former locations, the most stable one
is characterized by the strongest adsorption, Eads= —0.897 eV, while for
the latter position, the sorption is slightly weaker, Eads = —0.882 eV. In
the case of 4-MMC sorption in UiO-66, the adsorption was stronger and
the optimal position of the adsorbate gave Eads= —2.528 eV.

For the sake of comparison, the other drugs (fentanyl, cocaine, and
morphine) have been used in the sorption modeling and hence the
representability of 4-MMC sorption in NU-1000 and UiO-66 has been
shown (Table S3). Namely, the Monte-Carlo rigid host modeling has
been performed and the resultant positions of drug molecules in the
MOF frameworks have been refined by the DFT optimization. Upon
comparing the modeled sorption to the experimental data, it can be
clearly seen that the studied MOFs can be used as generic sorbents of a

wide set of abused drugs.

3.3. Metal-organic frameworks displayprotection against4-M M C toxicity

and cardioprotective properties

The use of MOFs allowed for avoiding developmental malformation
at 1000 pM mephedrone and saved from death at higher mephedrone
concentrations (Fig. 7A and B, Fig. S17). Based on our study we observed
the protective effects of MOFs on 4-MMC treatment (Fig. 7 B). Out-of-

toxicity tests revealed the dose-dependent influence of 4-MMC on the
developmentof heart malformations and dysfunctions (Fig. 8 A, B). With
increasing 4-MMC doses, we have observed the occurrence of heart
malformation starting at 300 pM and disturbances in heart functions
(heart rate) even earlier, at 150 pM. Moreover, the use of MOFs signif-
icantly improved heart functions, measured as heart rate, after 4-MMC
administration at doses 200 and 250 pM (Fig. 8C and D).

3.4. The effect of metal-organic frameworks on the expression of

mephedrone-induced locomotor activity and color preference

Locomotor activity tests revealed that MOFs, statistically significant,
influence on locomotor activity of 5 dpf zebrafish [two-way ANOVA:
MOF pretreatment F (3, 149) = 5.952; p = 0.0023, 4-MMC treatment F
(1, 149) = 13.60; p = 0.0014, MOF treatment X 4-MMC treatment F (3,
149) = 13.45; P < 0.0001, Fig. 9 A, Fig. S18]. Post hoc Tukey’'s showed
that 4-MMC (200 pM) increased observed parameter (p < 0.001) in
comparison with E3 treated control group, whereas 4-MMC molecules in
MOFs: UiO-6625% Hci (p < 0.001), UiO-66 (p < 0.001), and NU-1000 (p
< 0.05) decreased hyperlocomotion in 5 dpfzebrafish as compared with
4-MMC treated group. None of the used MOFs change locomotor activity
as compared with E3 treated control group.

Fig. 9B indicates the effect of MOFs on the expression of 4-MMC-
induced color preference in 5 dpf zebrafish [two-way ANOVA: MOF
pretreatment: F (3, 139) = 6.042; p = 0.0009; 4-MMC - treatment: F(1,
139) = 0.4934; p = 0.4845; interaction: MOF treatment X 4-MMC -
treatment: F(3, 139) = 5.968; p = 0.0010]. As the results showed, in-
cubation in 4-MMC (25 pM) in the initially non-preferred part of the
plate (yellow) increased the time spent in this part during the test time
(p < 0.05). The addition of 1 mg of MOF to the 4-MMC solution reverse
this color preference during the test day: UiO-6625% Hci (p < 0.05), UiO-
66 (p < 0.05), and NU-1000 (p < 0.05). None of the used MOFs changed
color preference as compared with E3 treated control group. In vivo
studies show, for the first time, that MOF matrices prevent toxic, cardiac

as well as central nervous system effects of 4-MMC.

4. Conclusions

In this work, we aimed at the application of metal-organic frame-
works for the efficient removal of novel psychoactive substances-
mephedrone. The successful 4-MMC adsorption was performed on
UiO-66, UiO-6625% Hci prepared under modulated synthesis with hy-
drochloric acid and NU-1000 MOFs. The adsorption tests revealed that
the adsorption kinetics is not only a derivative of MOF pore volume but
is correlated with the structure of the MOF and 4-MMC location in MOF
pores. Among prepared MOFs, NU-1000 achieved maximum 4-MMC
adsorption, reaching 44.75 wt%. More importantly, the NU-1000

Fig. 7. Toxicity of 4-MMC alone and with MOFs. (A) the value of LC50 for 4-MMC at 96 hpf. (B) Effectiveness of MOFs: NU-1000, UiO-6625% nci, UiO-66, against

toxicity of 4-MMC at 1000, 1500 and 2000 pM.



Fig. 8. Cardiotoxicity of 4-MMC in zebrafish. (A) Dose-dependent occurrence of heart developmental malformations - pericardial edema. (B) Cardiotoxic effects of 4-
MMC expressed as heart beats per minutes (bpm). (C) Cardioprotective effects of MOFs: NU-1000, UiO-6625% HCl, UiO-66, against toxicity of 4-MMC at 200 pM, (D)
Cardioprotective effects of MOFs: NU-1000, UiO-6625% HC, UiO-66, against toxicity of 4-MMC at 250 pM. Data are presented as single values, mean = SD. n = 20; *p
< 0.05; **p < 0.005, ***p < 0.001 vs E3 treated control group, Qp < 0.05: Nnnp<0.005: Nnnnp<0.001 vs 4-MMC treated group, post hoc Tukey's test.

exhibited a mild adsorption profile, which is necessary when consid-
ering its potential application for the cathinone overdose treatment.

We found that the spectroscopic characterization of 4-MMC over Zr-
based MOFs may be challenging due to molecular similarities between
adsorbed 4-MMC and the molecules building MOFs structure. The
overlapping of both metal-organic-frameworks and adsorbed 4-MMC
molecules may blur the overall spectroscopic characterization of ob-
tained systems and a comprehensive approach utilising several methods
including FTIR, pRaman, 1H NMR, DR-UV-Vis and DFT studies provide
the actual state of the 4-MMC@MOFs system. Due to the both 4-MMC
and MOFs overlapping, the characterization by conventional FTIR and
pRaman techniques did not give unequivocal information about the
system. The use of combined DR UV-Vis/1H NMR allowed us to
comprehensively characterize described systems.

The 1H NMR dissolution spectroscopy results have confirmed that
the 4-MMC was successfully adsorbed in prepared MOFs. The in-depth
analysis of 1H NMR has confirmed that under highly basic dissolution
conditions, 4-MMC degrades to 1-(4-methylphenyl)-1,2-propanedione.

The DFT calculations showed that the 4-MMC can be adsorbed in the
large channels 0of NU-1000 and the sorption energies were in the range of

—0.345 eV to —0.775 eV in large channels whereas in the small channel,

the sorption was stronger, and the energy was equal to —0.921 eV. The
total bond order between the 4-MMC molecule and the MOF linker was
in the range 0f 0.677-1.033 (large channel) and equal to 0.885 for the
small channel. The charge transfer between the molecule and the linker
was negligible (<0.08 atomic unit, to the absolute value) in all studied
cases. The introduction of the polarizable continuum environment
weakened the sorption in all cases, as expected.

The sorption in UiO-66 in its tight channel is much stronger,
compared to NU-1000. The sorption energy is a few times higher (to the
absolute value), which is caused by a much stronger perturbation of the
electronic structure: the bond order between the 4-MMC molecule and
the MOF linker is almost 1.5 and the charge transfer is significant, higher
than 0.5 at. u. (partial electron density depletion of the 4-MMC
molecule).

The in vitro and in vivo experiments have confirmed the low cyto-
toxicity of prepared MOFs. The superior cardioprotective and embryo
protective effect of metal-organic frameworks has been confirmed by the
in vivo experiments using the Danio rerio model organism. Based on
experimental results the calculated LC50 of 4-MMC was equal to 609.9
pM. Furthermore, based on in vivo experiments we confirmed the car-

dioprotective effect of metal-organic frameworks which avoid cardiac



Fig. 9. (A) The effects of mephedrone (4-MMC, 200 pM), MOFs and 4-MMC + MOFs on distance moved by 5 dpf zebrafish larvae (in cm) under continuous illu-
mination, (B) The effects of 4-MMC (25 pM), MOFs and 4-MMC + MOFs on zebrafish larvae color preference. Data are presented as mean + SEM. n = 20; *p < 0.05;
***p < 0.001 vs E3 treated control group, #p < 0.05; ###p <0.001 vs 4-MMC treated group, post hoc Bonferroni s test.

hypertrophy and the decrease of average heart rate at the concentration
above 200 pM of 4-MMC.

Zebrafish larvae display swimming at 4-5 dpf, after the development
of a swim bladder, and they exhibit awide repertoire of behaviors such
as memory, depression, aggression, anxiety, and social interaction
[72-75].
noradrenalin as neurotransmitters have been identified in the zebrafish

Furthermore, neurons using serotonin, dopamine, and

central nervous system. Their eyes have cells in the retina similar to
these of other vertebrates, including humans, and detect light from 3.5
dpf [76]. This small organism distinguishes a rich palette of colors,
which is a clear advantage over rodents in behavioral studies [77]. The
innate color preference of zebrafish was used to assess the rewarding
effects of psychoactive substances. Our experiments confirmed that
zebrafish larvae prefer blue color compared to yellow one [78]. Subse-
quently, we observed that incubation at the solution of 4-MMC in the
less preferred color reversed initial preference, observed as more time
spent in the yellow (initially less preferred) during the test. Our exper-
iment confirmed that 4-MMC possesses reinforcing properties and these
results correspond with our studies in rodent models [79]. Interestingly,
incubation of zebrafish larvae at the solutions of MOFs blocked changes
in color preference. Similar effects of MOFs were observed in the test of
locomotor activity. The selected dose of 4-MMC (200 pM) increased
locomotor activity. Most probably, the 4-MMC-induced increase in
mobility is due to alterations in serotonergic and dopaminergic neuro-
transmission. This hyperlocomotion was reversed by incubation in
MOFs solution. Thus, we may suggest that 4-MMC did not obtain the
appropriate concentration to induce rewarding or locomotor effects.

The result of our study clearly indicates that the MOFs may be
considered an efficient adsorbent of illicit drugs. The performed in vivo
and in vitro experiments have clearly confirmed their superior efficiency
in the removal of 4-MMC from the testing environment. The obtained
results have demonstrated that the use of MOFs can be potentially
considered efficient adsorbents during illicit drug overdose treatment.

Due to the significant high sorption efficiency of prepared materials
for the removal of illicit drugs, we are currently planning in vivo ex-
periments on higher organisms to develop effective doses of MOFs for
the 4-MMC overdose treatment.

The practical aspects, like activity in the sorption or the exhibition of
high biocompatibility, were regarded as the selection criterion, rather
than the ligand similarity. Obviously, both studied materials have high
surface area while possessing different channel systems which was re-

flected in the modeling studies. Based on our experimental and

simulation studies, we have shown that the necessary condition for the
efficient sorption was the presence of the n-n interactions which
occurred in both MOF structures, while in NU-1000 the sorption was
particularly efficient due to the presence of two kinds of channels.
Therefore, NU-1000 for its high 4-MMC sorption capacity, durability,
high biocompatibility, and cardioprotective properties may be consid-
ered as a prospective material for the removal ofillicit drugs being, at

the same time, safe for living organisms.

5. Outlook

The method ofthe removalof4-MMC from liquid solutions presented
in this study opens new strategies in one hand for the purification of
water that is contaminated by drugs of abuse and the potential 4-MMC
removal during the detoxification treatment. The obtained results
clearly indicate the possible routes of the development of MOF as effi-
cient 4-MMC adsorbents. The potential consideration of the application
of Zr-MOFs to the removal of 4-MMC from liquid media should also
consider raw materials and the possibility of large-scale synthesis.
However, due to their well-known stability, durability, and reported
numerous possible scale-up syntheses, NU-1000 and UiO-66 seem to be
the most promising candidates for future applications.
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